
 S1

The silver-mediated double helix: structural parameters for a 

robust DNA building block 

 

Xi Chen†, Alexander Karpenko†, and Olga Lopez-Acevedo†‡* 

†COMP Centre of Excellence, Department of Applied Physics, Aalto University, P.O. Box 11100, 00076 Aalto, 
Finland 
‡ Facultad de Ciencias Básicas, Universidad de Medellín, Carrera 87 No. 30-65, Medellín, Colombia 

 
 
I. The parameters fitting for Ag+-Cytosine interactions  
 
1) The bonded interactions 

In this work we used the Gromacs 4.6 package1 and Amber99sb force field2 with the ParmBSC03 nucleic 
acid parameters added, for the classical MD simulations. The potential energy from bonded interactions 
can be written as: 
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The bonded interactions in DNA strands were well described in the AMBER force field, however, the 
parameters for Ag+-DNA interactions were missing. In order to properly describe the bonded interactions 
between Ag+ and Cytosine, we derived the parameters from DFT simulations based on a model system 
that is the ground state of C-Ag+-C (C: Cytosine)4 (Figure S1.a). First, we fixed one Cytosine and changed 
the distance between Ag+ and N3* to optimize the bond-stretching interaction (Figure S1.b). Then we 
fixed the Ag+-N3 and Ag+-N3* at the optimal distance and investigated the angle-bending of N3-Ag+-N3* 
(Figure S1.c).  Because the force constants kθ of Ag-N3-C2 (C4) and Ag-N3-C2*(C4*) cannot be derived 
directly, we assumed that they are same as kθ of N3-Ag-N3*. At last, keeping Ag+-N3, Ag+-N3* and N3-
Ag+-N3* at equilibrium values and rotating one of the Cytosine along the Ag-N3* axis, we obtained the 
variation of torsional energies (Figure S1.d). The energy of each step was calculated with GPAW code5. 
Tkatchenko-Scheffler scheme6 in combination with a gradient-corrected exchange correlation functional 
(PBE+TS09) was chosen to account van der Waals dispersion interactions. In the implementation, the 
values for the static polarizability and the van der Waals dispersion coefficient have been taken from Chu 
and Dalgarno7. The bonded parameters for Ag+-Cytosine obtained from energy curves fitting are listed in 
Table S1. 

                   Table S1: The parameters for bonded interactions of Ag+-Cytosine  

       Bond kr (kJ mol-1nm-2)  r0 (nm) 

 Ag-N3     80883.2 0.214 

 Ag-N3*     80883.2 0.214 

       angle kθ  (kJ mol-1rad-2) θ0 (deg) 

N3-Ag-N3*    102.628 175 

Ag-N3-C2    102.628 114.5 

Ag-N3-C4    102.628 128.5 

Ag-N3*-C2*    102.628 114.5 



 S2

Ag-N3*-C4*    102.628 128.5 

     dihedral    kϕ  (kJ mol-1) ϕ0 (deg) n 

N3*-Ag-N3-C2       4.4 180.0 1 

N3*-Ag-N3-C4       4.4 0.0 1 

N3-Ag-N3*-C2*       4.4 0.0 1 

N3-Ag-N3*-C4*       4.4 180.0 1 

 

 

 

 

 
We also did the same parameter fitting for non-ground state C-Ag+-C in cis configuration. The kr and kϕ 
are exactly the same, while a close kθ= 151.67 kJ.mol-1rad-2. In order to make our force field parameters 
more general, we just use ground-state kθ for both cis and trans configurations. 
 
2) The non-bonded interactions 
 
Adding Ag+ to Cytosine strands rearranges the charge distribution of atoms. Therefore, the partial charges 
of the atoms need to be recalculated. In this work, the atomic partial charges were optimized with 
Ambertools12,8 following the two-step RESP (Restrained Electrostatic Potential)9 charge fitting 
procedure recommended for AMBER. The electron density used to calculate the electrostatic potential 
was calculated by Gausssian 09 with B3LYP function and LANL2DZ basis set.10 Charges were also 
derived from a C-Ag+-C model system, where sugar bones are replaced by CH3. The partial charge of Ag+ 
is 0.38272. The charges of other atoms are given in Table 2. The 12−6 Lennard-Jones (LJ) model was 
used for van der Waals interactions. The van der Waals radii (Rmin/2) of 1.500 and energy parameter (ε) of 

Figure S1: a) The model system used for parameterization. b) The Ag+-N3* bond-stretching energy curves. c) 
The N3-Ag+-N3* angle-bending energy curves. d) The energy variation versus the angle of right cytosine 
rotated alone the Ag-N3* axis. The ground-state energy is set to be 0. The black dots are the values from DFT 
calculations, and the red dashed curves are from our fitting. 
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0.03899838 Kcal/mol were taken for Ag +. 11 
 
                      Table S2:   Partial charges of the atoms in the simulations                                   

Atom (DC5)   Charge ATOM (DC)  Charge ATOM (DC3)  Charge 

     P 1.16590    P 1.16590 

   H5T -0.44220    O1P/O2P -0.77610    O1P/O2P -0.77610 

   O5´ -0.63180    O5´ -0.49540    O5´ -0.49540 

    C5´ -0.00690     C5´ -0.00690     C5´ -0.00690 

H5´1/H5´2 0.07540 H5´1/H5´2 0.07540 H5´1/H5´2 0.07540 

    C4´ 0.16290     C4´ 0.16290     C4´ 0.16290 

   H4´ 0.11760    H4´ 0.11760    H4´ 0.11760 

    O4´ -0.36910     O4´ -0.36910     O4´ -0.36910 

   C1´ -0.01160    C1´ -0.01160    C1´ -0.01160 

   H1´ 0.19630    H1´ 0.19630    H1´ 0.19630 

   N1 0.01558    N1 0.01558    N1 0.01558 

    C6 -0.00323     C6 -0.00323     C6 -0.00323 

    H6 0.21063     H6 0.21063     H6 0.21063 

    C5 -0.49981     C5 -0.49981     C5 -0.49981 

   H5   0.24215    H5   0.24215    H5   0.24215 

   C4 0.76757    C4 0.76757    C4 0.76757 

   N4 -0.97659    N4 -0.97659    N4 -0.97659 

  H41/H42 0.47757   H41/H42 0.47757   H41/H42 0.47757 

  N3 -0.57412   N3 -0.57412   N3 -0.57412 

  C2 0.72192   C2 0.72192   C2 0.72192 

  O2 -0.61370   O2 -0.61370   O2 -0.61370 

  C3´ 0.07130   C3´ 0.07130   C3´ 0.07130 

 H3´ 0.09850  H3´ 0.09850  H3´ 0.09850 

  C2´ -0.08540   C2´ -0.08540   C2´ -0.08540 

H2´1/H2´2 0.07180 H2´1/H2´2 0.07180 H2´1/H2´2 0.07180 

O3´ -0.52320 O3´ -0.52320 O3´ -0.65490 

    H3T 0.43960 

 
   

3). C2-N3-N3*-C2* dihedral angle of C2-Ag+
2-C2  and use of LINCS in classical MD 

simulations  
 
In the QM/MM simulations, the two possible dihedral angles C2-N3-N3*-C2* have averages of 
90° ± 14° and 71° ± 7°, showing a close-to-perpendicular disposition (atom numbers are 
specified in the schematic in main text Fig. 1b). The classical simulation (Figure S2), shows an 
increased dihedral angle average of 153° ± 36° and 159° ± 36° calculated from five independent 
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100 ns simulations. The classical simulation correctly predicts that both strands orient tilted to 
each other but with a tendency towards the formation of the C-Ag+-C trans state (which would 
correspond to a dihedral angle of 180º).   
 

 
              Figure S2: The two possible dihedral angles C2-N3-N3*-C2* in last 50 ns of a 100 ns MD simulations. 
Subpanel a) shows dihedral 1 and subpanel b) dihedral 2. 

 
We would like to comment also that by relaxing the LINCS constraints on all bonds except those 
involving hydrogen atoms, the classical dynamics lead to a structure that fluctuates about the Ag-
Ag distance of 3.51 Å, but with a too large standard deviation of 1.95 Å. The H-bond residence 
time is also smaller (35% and 37%). It was already reported that classical bonds better reproduce 
quantum strengths when constraints on the bond lengths are imposed and we have followed the 
recommendation to avoid restricting the search of the configurational space when using LINCS 
is the specific application to bonds (not angles or dihedrals). 
 

II. Ag-Ag distances in C11-Ag+
11- C11 (parallel) and C20-Ag+

20-C20 
 
Table S3 gives average distances between nearest Ag atoms in C11-Ag+

11- C11 (parallel) and C20-Ag+
20-C20 

in last 50 ns simulations. The standard deviation of each distance was also calculated based on the last 50 
ns simulations.  For C11-Ag+

11- C11, the middle Ag atoms have Ag-Ag distances around 3.1-3.2 Å, while 
the edge ones have slightly longer distances. C20-Ag+

20-C20 is much more flexible. It can bend to different 
directions (Figure S5), thus there are some Ag-Ag atoms have long distances with large standard 
deviations, for example Ag5-Ag6, Ag13-Ag14, Ag15-Ag16 in our simulation. The different flexibility 
cause different average Ag-Ag distance in C11-Ag+

11- C11 (3.17Å) and C20-Ag+
20-C20 (3.53Å).  

                    

             Table S3. Ag-Ag distances in C11-Ag+
11-C11 and C20-Ag+

20-C20 

C11-Ag+
11+C11 Average (Standard deviation) C20-Ag+

20-C20 
Average (Standard 
deviation) 

Ag1-Ag2 3.4 Å (0.4 Å) Ag1-Ag2 3.6 Å (0.6 Å) 

Ag2-Ag3 3.2 Å (0.2 Å) Ag2-Ag3 3.4 Å (0.4 Å) 

Ag3-Ag4 3.1 Å (0.2 Å) Ag3-Ag4 3.3 Å (0.3 Å) 

Ag4-Ag5 3.1 Å (0.2 Å) Ag4-Ag5 3.6 Å (0.4 Å) 
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Ag5-Ag6 3.1 Å (0.2 Å) Ag5-Ag6 4.6 Å (0.8 Å) 

Ag6-Ag7 3.1 Å (0.2Å) Ag6-Ag7 3.3 Å (0.2 Å) 

Ag7-Ag8 3.1 Å (0.2 Å) Ag7-Ag8 3.2 Å (0.2 Å) 

Ag8-Ag9 3.2 Å (0.2 Å) Ag8-Ag9 3.2 Å (0.2 Å) 

Ag9-Ag10 3.2 Å (0.2 Å) Ag9-Ag10 3.2 Å (0.2 Å) 

Ag10-Ag11 3.3 Å (0.2 Å) Ag10-Ag11 3.2 Å (0.2 Å) 

    Ag11-Ag12 3.2 Å (0.2 Å) 

    Ag12-Ag13 3.3 Å (0.2 Å) 

    Ag13-Ag14 4.0 Å (1.1 Å) 

    Ag14-Ag15 3.3 Å (0.2 Å) 

    Ag15-Ag16 4.5 Å (1.0 Å) 

    Ag16-Ag17 3.5 Å (0.3 Å) 

    Ag17-Ag18 3.6 Å (0.3 Å) 

    Ag18-Ag19 3.6 Å (0.4 Å) 

    Ag19-Ag20 3.5 Å (0.3 Å) 
 

  
III. Snapshots 



 S6

 

 

 

Figure S4: Snapshots of antiparallel C11-Ag+
11-C11 from last 50 ns MD simulations. Color of atoms: pink Ag, blue N, 

gray C, and red O. The Hydrogen bonds are marked by green dashed lines. 
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Figure S5: Snapshots of parallel C20-Ag+
20-C20 from last 50 ns MD simulations. Color of atoms: pink Ag, blue N, 

gray C, and red O. The Hydrogen bonds are marked by green dashed lines. 
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IV. The twist angles htwi of parallel and antiparallel C11-Ag+
11-C11 

Figure S6 and Figure S7 show the calculated twist angle of parallel and antiparallel C11-Ag+
11-C11 against 

time. The middle 9 base pairs were used in the calculations. The parallel one has average htwi 41° and 
standard deviation around 10° at each snapshot, which behaves like helix. However the antiparallel one 
has htwi in a wide range with large standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V. Base fraying 

Figure S6: htwi of parallel C11-Ag+
11-C11 during the last 50 ns MD simulations. The 

standard deviations at each snapshot are given as error bar. 

Figure S7: htwi of antiparallel C11-Ag+
11-C11 during the last 50 ns MD simulations. The 

standard deviations at each snapshot are given as error bar. 
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We plotted in Figure S8 the dihedral X( O4'-C1'-N1-C2) of two 5'-end and two 3'-end  Cytosine from 50 

ns to 100 ns during the  simulation.  In most time, the dihedral is between 200° and 300°, which is 

typical for B-DNA. Only very short time one 5'-end was not in this region.  This result rule-out frequent 

transient opening events (fraying) for CC20 that are related to edging problems caused by errors in the 

force-field.
12

  

 

 

 Figure S8: Dihedral X( O4'-C1'-N1-C2) of two 5'-end and two 3'-end  Cytosine from 50 
ns to 100 ns during the  simulation. 
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