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Material and Methods 
Molecular Dynamic: Preparation and Simulation protocols 

All Molecular Dynamics (hereafter MD) simulations were performed with Amber11 
software package [1]. FF-10 (in particular ff99bsc0 [2]) parameters were used for DNA, 
GAFF parameters [3] – for Λ and ∆-[Ru(phen)3]2+, excluding parameters of the 
ruthenium(II) ion coordination sphere: Ru-N bonds, Ru-N-C and N-Ru-N angles, and all 
torsion angles, which involve ruthenium. These additional parameters, compatible with 
GAFF force fields to be used with AMBER energy functional form, were calculated 
analogously to the procedure described in [4, 5], values given in the table S1. RESP 
charges [6] and geometry optimization of [Ru(phen)3]2+, as well as Ru(II)-coordinating 
sphere parameters were obtained with Gaussian09 software package [7] using B3LYP 
functional [8-10] with LANL2DZ basis set [11], phenanthroline ligands were also 
calculated with B3LYP/6-31G* for comparison. The prep files of Λ and ∆-[Ru(phen)3]2 are 
available upon request. 

Unrestrained MD simulations, aiming to find stable geometries of DNA-[Ru(phen)3]2+ 

complexes, starting from the “pre-intercalated” state at the DNA minor groove: peripheral 
hydrogen atoms of the interacting phen-ligand were overlapping, when viewed from top, 
with the O2 and C2 atoms of A-T base pairs, or O2 and N2 atoms of G-C base pairs, 
forming potential intercalation pocket, were performed according to the following protocol. 
The system (DNA-[Ru(phen)3]2+ complex, neutralized by sodium ions and solvated by 
10 Å octahedron of explicit TIP3P waters [12]) was initially minimized by 1000 steps of 
steepest descent followed by 1000 steps of conjugate gradient, followed by fast heating 
(50 ps) from 0 to 300 K with the Langevin thermostat [13] temperature control scheme 
with collision frequency of 2 ps-1, with harmonic restraints of 20 kcal/mol/Å2 on the heavy 
atoms of the solutes, performed in constant volume. The restraints then were gradually 
reduced to zero in a series of equilibration runs of 100 ps each, at constant pressure (1 bar) 
and temperature (300 K) sustained using Langevin thermostat but with collision frequency 
of 1 ps-1. Productive MD trajectories were recorded at constant pressure and various 
temperatures. An integration time step of 2 fs was used and all bond lengths involving 
hydrogen atoms were constrained using SHAKE [14]. Long-range interactions were 
treated using the PME approach with a 9 Å direct space cut-off. 
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6 ns were recorded at unrestrained MD conditions coupled to replica exchange MD for 
better sampling of the conformational space, allowing the metal complex to “choose” by 
itself the mode of binding. Taking into account the properties of DNA, as well as that all 
simulations were performed with explicit solvent model, the temperature span was only 9 
degrees, form 300 to 309.5 K with a temperature step of 0.5 K, resulting in total 20 replicas 
for each of combinations of the DNA sequence and the Ru(II)tris(phen) enantiomer.  

Those of trajectories that resulted in stable association of [Ru(phen)3]2+ were subjected to 
the MMPBSA analysis [15] of association free energies, performed with MMPBSA.py 
utility of AmberTools [1]. For the Λ-[Ru(phen)3]2+ the percentage of stable trajectories was 
evenly distributed among the 4 DNA sequence resulting in 50-60% of “successful” 
trajectories, while for the ∆-[Ru(phen)3]2+ the distribution was uneven: (GC)6 – 45%, 
(GC)2GTAC(GC)2 –25%, (GC)2ATAT(GC)2 – 30% and GCG(AT)3CGC – 45%. The 
results presented in the Table 1 (main text) were averaged for each of the enantiomers over 
all stable trajectories for all 4 DNA sequences. The resulting association energies were 
calculated according to the formulas: 

∆Gbind = ∆H – T∆S ≈ ∆EMM + ∆Gsolvation - T∆S 

∆EMM = ∆Einternal+∆EElectrostatic+∆EVDW 

∆Gsolvation=∆GPB+∆GSA 

MMPBSA Calculations 

The gas-phase interaction energy between the DNA and [Ru(phen)3]2+, ∆EMM, is the sum 
of electrostatic and van der Waals interaction energies. The solvation free energy ∆Gsolvation 
is the sum of polar (∆GPB) and nonpolar (∆GSA) parts. The ∆GPB term was calculated by 
solving the finite-difference Possion-Boltzmann equation using the grid spacing of 0.5 Å. 
For Ru(II) compound as well as DNA the van der Waals radii, specified by corresponding 
force field were used. The value of the exterior dielectric constant was set to 80, and the 
solute dielectric constant was set to 2. For the calculations of ∆EMM, ∆GPB, and ∆GSA, 1200 
snapshots evenly extracted from the “successful” MD trajectory of complex from 1 to 7 ns 
of unrestrained REMD were used. 

The Entropy Calculations 

The normal-mode analysis was performed to evaluate the conformational entropy change 
upon Ru(II)tris(phen) binding (-T∆S) using the nmode program in Amber11 [1]. The 
normal-mode analysis is more computationally expensive than the actual MMPBSA 
calculation, we only considered the residues within a 10 Å sphere centred at the 
intercalation, corresponding residues were retrieved from each of the MD snapshots, all 
open valences were saturated by adding hydrogen atoms using tleap utility of AmberTools. 
Then, each structure was minimized for 5000 steps using a distance-dependent dielectric of 
4rij (rij is the distance between two atoms) to mimic the solvent dielectric change from the 
solute to solvent until the root-mean-square of the elements of the gradient vector was less 
than 10-2 kcal/mol*Å. To reduce the computational demand, 125 snapshots were taken 
from 1 to 7 ns to estimate the contribution of the entropy to binding. The final 
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conformational entropy was obtained from the averaging over all snapshots. It should be 
noted that, different from the other energy terms, the entropy contribution is computed in a 
way independent of the internal dielectric constant.  

 

References 
 
1. Case, D.A., et al., 2010. AMBER 11, University of California, San Francisco. 
2. Pérez, A. et al., 2007. Refinement of the AMBER force field for nucleic acids: 

improving the description of alpha/gamma conformers. Biophys. J., 92, 3817-3829. 
3. Wang, J.M., et al., 2004. Development and testing of a general amber force field. J. 

Comput. Chem., 25, 1157–1174. 
4. Norrby, P.-O., Liljefors, T.,1997. Automated Molecular mechanics parameter-

rization with simultaneous utilization of experimental and quantum mechanical 
data. J. Comput. Chem., 19, 1146–1166. 

5. Brandt, P., Norrby, T., Åkermark, B., Norrby, P.-O., 1998. Molecular mechanics 
(MM3*) parameters for ruthenium (II)–polypyridyl complexes. J. Inorg. Chem., 37, 
4120–4127. 

6. Bayly, C. I., Cieplak, P., Cornell, W., Kollman, P., 1993. A well-behaved 
electrostatic potential based method using charge restraints for deriving atomic 
charges: the RESP model, J. Phys. Chem., 97, 10269-10280. 

7. Frisch, M. J., et al., 2003. Gaussian 03 (Gaussian, Inc., Wallingford, CT, 2003). 
8.  Lee, C., Yang, W., Parr, R. G., 1988. Development of the Colle-Salvetti 

correlation-energy formula into a functional of the electron density. Physis. Rev. B, 
37, 785-789.  

9.  Becke, A. D., 1993. A new mixing of Hartree-Fock and local density-functional 
theories. J. Chem. Phys., 98, 1372. 

10. Stephens, P. J., Devlin, F. J., Chabalowski, C. F., Frisch, M. J., 1994. Ab Initio 
Calculation of Vibrational Absorption and Circular Dichroism Spectra Using 
Density Functional Force Fields. J. Phys. Chem., 98, 11623-11627. 

11.  Hay, P. J., Wadt, W. R., 1985. Ab initio effective core potentials for molecular 
calculations. Potentials for the transition metal atoms Sc to Hg. J. Chem. Phys., 82, 
270. 

12. Jorgensen, W.L., Chandrasekhar, J., Madura, J.,Klein, M.L., 1983. Comparison of 
simple potential functions for simulating liquid water. J. Chem. Phys., 79, 926–935. 

13. Izaguirre, J. A., Catarello, D. P., Wozniak, J. M., Skeel, R. D., 2001. Langevin 
stabilization of molecular dynamics. J. Chem. Phys., 114, 2090. 

14. Ryckaert, J.-P., Ciccotti, G., Berendsen, H.J.C., 1977. Numerical integration of the 
Cartesian equations of motion of a system with constraints: Molecular dynamics of 
n-alkanes. J. Comput. Phys., 23, 327–341. 

15. Kollman, P. A., Massova, I., Reyes, C., Kuhn, B., Huo, S. et al., 2000. Calculating 
structures and free energies of complex molecules: combining molecular mechanics 
and continuum models. Acc. Chem. Res., 33, 889-897. 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012


