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ABSTRACT: DNA oligomers can form silver-mediated duplexes, stable in gas phase and
solution, with potential for novel biomedical and technological applications. The
nucleobase-metal bond primarily drives duplex formation, but hydrogen (H−) bonds
may also be important for structure selection and stability. To elucidate the role of Hbonding, we conducted theoretical and experimental studies of a duplex formed by silvermediated cytosine homopobase DNA strands, two bases long. This silver-mediated
cytosine tetramer is small enough to permit accurate, realistic modeling by DFT-based
quantum mechanics/molecular mechanics methods. In gas phase, our calculations found
two energetically favorable conﬁgurations distinguished by H-bonding, one with a novel
interplane H-bond, and the other with planar H-bonding of silver-bridged bases. Adding
solvent favored silver-mediated tetramers with interplane H-bonding. Overall agreement of
electronic circular dichroism spectra for the ﬁnal calculated structure and experiment
validates these ﬁndings. Our results can guide use of these stabilization mechanisms for
devising novel metal-mediated DNA structures.
ecent experimental advances in the ﬁeld of metal−DNA
interactions have attracted attention due to their possible
biomedical and technological applications, such as nanoconductors, magnetic storage,1 nanophotonics,2,3 toxic metals
detection,4 and DNA sequencing5 among others.6−8 Among
these advances, some occurred using modiﬁed DNA with
synthetic nucleobases.9−11 However, proof has emerged in the
past few years that Ag+ can form duplexes of natural DNA
strands via cytosine-Ag+-cytosine, guanine-Ag+-guanine, and
adenine-Ag+-thymine pairings.12−14 In the case of cytosine
mismatches embedded in otherwise complementary DNA
strands, experiments found that the constraints imposed by
Watson−Crick pairing of the surrounding duplex preserved the
antiparallel strand orientation upon formation of the cytosineAg+-cytosine pair.12 In the conformationally unconstrained
conditions discussed in this Letter, silver-mediated duplexes of
cytosine dinucleotides are evidenced to be most stable in
parallel strand orientation corresponding to a trans conﬁguration of the bases (Figure 1), as is also supported
experimentally.13−15 In solution, DNA double-helical strands
are stabilized mainly via H-bonds and π-stacking interactions.
In silver-mediated DNA duplexes, several more interactions
come into play. Silver cations interact strongly with nitrogen
and oxygen atoms on the nucleobases, following simple
electrostatic rules and with calculated strengths of 100 kcal/
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Figure 1. Ground state of cytosine-Ag+-cytosine complex with the two
cytosines in a trans conﬁguration with the silver cation bonded to the
central nitrogen atoms and with one planar H-bond.

mol for Ag+-bridged bases in vacuum, roughly 4 times the
binding energy of a canonical H-bonded C-G base pair and 10
times that for a canonical A−T pair calculated at the same level
of theory.14,16 Experiments on aqueous solutions found silvermediated base pairings with high thermal stability, up to 90 °C
according to circular dichroism spectra for cytosine homopolymer strands only 6 bases in length.14 Although binding
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energies of H-bonds are much weaker than the metal−base
interactions, H-bonding will remain an important interaction
for tuning overall structure, particularly in solution, where
entropic contributions to the free energy are signiﬁcant. While
computational studies of simple nucleobase−metal−nucleobase
complexes in vacuum show that H-bonds help stabilize
particular isomers,14,17 one can only expect to understand the
role of H-bonding in solution from a realistic model including
backbone and a solvent that examines both π-stacking and
metallophilic interaction eﬀects on the structure. In particular,
some have suggested that metallophilic interactions play an
added role not only in the stability, but also in the luminescence
properties of silver(I) compounds.18
Structural arrangements in these new metal−DNA hybrids
are particularly diﬃcult to obtain experimentally via crystallization.19 Therefore, theoretical calculations using quantum
chemistry methods appear as the most promising tool to
propose geometries and interpret the experimental data.
Experimentally, electronic circular dichroism (ECD) spectroscopy is the preferred tool used in characterizing DNA’s
secondary (and higher) structure, because this technique is
highly sensitive to small geometric changes. Hence, we
extended this method to study the ECD signatures of silvermediated cytosine duplexes, with four cytosine bases total,
which we call Ag+-bridged or silver-mediated cytosine tetramers
below. Calculations of the excited states of DNA, in particular
optical absorption spectroscopy of nanostructures, have been
carried out successfully in the past using diﬀerent computational methodologies.20−22 However, modeling ECD in DNA
using ab initio methods is a diﬃcult task (vide supra).
Simulating the ECD for a silver-mediated tetramer of cytosine
then represents a challenge that requires appropriate density
functional theory (DFT) techniques. For instance, interactions
present in DNA such as H-bonding and π-stacking are
inaccurately estimated with standard DFT functionals; they
need the inclusion of van der Waals (vdW)-DFT corrections.23
Metallophilic interactions and cation−π interactions are
potentially present, and therefore we must test the vdW-DFT
functionals. Moreover, once we include the solvent, the
system’s size is prohibitive for a full quantum calculation, and
thus requires multiscale strategies such as hybrid quantum and
molecular mechanics (QM/MM). Finally, charge-transfer
excitations are poorly described with standard DFT functionals,
so hybrid or long-range corrected DFT functionals are required.
Here, we report the ﬁrst complete analysis of the structure of an
Ag+-bridged cytosine tetramer through a combined theoretical
and experimental study. The study’s purpose is to obtain the
underlying physicochemical stabilization mechanisms with the
use of accurate and realistic computational methods validated
by experiment.
The vacuum ground-state of the Ag+-bridged cytosine dimer
(i.e., the cytosine-Ag+-cytosine complex) has the two cytosines
in a trans conﬁguration with the silver cation bonded to the
central nitrogen atoms and with one interbase H-bond favoring
the overall planarity15,17 (see Figure 1). Henceforth, we denote
this interbase bond in overall planar symmetry as a planar Hbond. This type of structure was reported recently24 as a
possible model for the Ag+-bridged cytosine tetramer from a
quantum dynamics simulation at room temperature with
implicit water. The stable planar H-bonded tetramer has one
planar H-bond out of the four possible (see bottom of Figure
2A) and a Ag−Ag distance of about 3.9 Å. We optimized this
planar H-bonded structure with vdW-corrected PBE functional

Figure 2. (A) Two minimal Ag+-bridged cytosine tetramers in gasphase with interplanar H-bond and planar H-bond reoptimized from
the work of Fortino et al.24 (B) Total energy obtained from diﬀerent
minimizations keeping constant the Ag−Ag distance. We use DFT at
the PBE+TS09 level by using the Minima Hopping algorithm. The
green line corresponds to structures similar to the upper, interplanar
form and the red line to structures similar to the lower, planar form.

(PBE+TS0925,26) in vacuum and obtained similar results, but
with a longer Ag−Ag distance (4.2 Å), where no metallophilic
interaction is expected.27
To explore the possible role of metallophilicity, we began
with a structure with planar H-bonds but shorter Ag−Ag
distance (2.8 Å) as the input of a Minima Hopping algorithm
(Supporting Information (SI)).28 Our optimization found a
new type of H-bond that links the bases of diﬀerent planes of
the duplex (see top of Figure 2A and SI for the optimization’s
details). We denote this bond as an interplanar hydrogen bond.
We stretched both structures by changing the distance between
silver atoms by 0.2 Å per step, and we applied the Minima
Hopping optimization, while keeping the silver atoms’ positions
constant. Figure 2B shows the results of the total energy versus
the Ag−Ag distance. The procedure of changing the Ag−Ag
distance by small steps preserves the overall structure, type, and
number of H-bonds; meanwhile, the dihedral angles formed
between the cytosines, and the silver ions can change when the
geometry approaches its energetic minima (see SI). At larger
distances, the tetramer with a planar H-bond is lower in energy
and has a minimum at around 4.4 Å, while at shorter Ag−Ag
distances, the interplanar H-bond structure is preferred and has
a minimum at around 2.8 Å. Thus, in the gas phase, there are
two energetically favorable, stable structures diﬀerentiated by
the expected Ag−Ag distance and the H-bond conﬁguration.
The interplanar H-bond stabilizes the tetramer at short Ag−Ag
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Figure 3. One solvated structure from the ﬁnal 0.5 ps of the QM/MM run. The quantum region in the simulation includes the full tetramer and 10
water molecules. The interplanar H-bonds are highlighted with a green dashed line and a gray line indicates the Ag−N bonds. Other hydrogen atoms
than those involved in the interplanar bond are removed for clarity.

Figure 4. (A) Experimental ECD for the bare C2 strand solution (black), for the C2Ag+ solution (green), and for the estimated contribution of the
Ag+-bridged cytosine tetramer only (red). (B) Vacuum interplanar H-bond ECD spectrum at various Ag−Ag distances. The lowest energy structure
is solid red. (C) Vacuum planar H-bond ECD spectrum at various Ag−Ag distances. The lowest energy structure is solid red. (D) Solvated model
ECD spectrum (red) with rotatory strengths as sticks (black).

3D structures. The other conﬁguration, with planar H-bonds
and no argentophilic interaction, has a wide interbase and
interplane free space that can potentially be used as a host space
for clusters or other molecules. For the more practically
important case of aqueous solution, it is important to determine
the hydration eﬀect on these structures, as we discuss next.
To test the eﬀects of water, we performed calculations on the
Ag+-bridged tetramer using the QM/MM methodology (see

distances, while the planar H-bond stabilizes the tetramer at
long Ag−Ag distances.
Experimentally, Ag+-bridged cytosine tetramer structures are
stable in the gas phase as evidenced by mass spectrometry (see
SI). Our calculations predict that in such conditions there are
two stable conﬁgurations for the Ag+-bridged cytosine tetramer.
One conﬁguration has argentophilic interaction, with an
interplanar H-bond that could yield completely new types of
4063
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To study solvation eﬀects, we extracted a structure from the
last 0.5 ps of the QM/MM run, including the ﬁrst water
solvation shell of the nucleobases and optimized it at the PBEvdW corrected level. The optimized structure has a ﬁnal Ag−Ag
distance of 3.2 Å and dihedral angles of 129.7° and 104.7°. The
optimized Ag−Ag distance is 0.4 Å longer than the gas-phase
minima of the interplanar structure. The presence of the water
molecules directly interacting with the nucleobases allows the
overall structure to relax to a potential energy minimum away
from the vacuum one. We use this structure as a representative
of the solvated one since it preserves the characteristic solvated
longer Ag−Ag distance. The simulated ECD is shown in Figure
4D. It has the same overall good agreement with the
experiment as the gas-phase interplanar structure, but it has
improved relative intensities. The main peaks of the solvated
ECD are 257.5, 251.1, 222.0, 207.5, and 193.7 nm, which can
be then related to the experimental a, b, c, and e peaks. Peak d
is not resolved in the experiment, and the inclusion of solvent
corrects the overestimated intensity present in the vacuum
interplanar H-bond ECD spectrum. In general, the calculated
peaks are shifted to higher energies relative to experiment by
only 6% to 11% in agreement with similar calculations with the
same functional.21 From the ECD comparison we conclude that
the careful choice of accurate and realistic methods gives a
satisfactory agreement of the interplanar structure to the
experiment.
What we discovered is that H-bonds determine the structure
of the solvated silver-mediated cytosine tetramer through novel
interplanar bonds. This ﬁnding provides the opportunity to
devise 3D metal-mediated duplexes using the interplanar Hbond as a building block. Future studies should consider longer
strands and homopolymers with other nucleobase compositions.

details in the Computational Methods section and SI). The
interplanar H-bond structure was initially solvated and
thermalized at 300 K with a classical MD run of 400 ps. The
QM/MM simulations were performed then for 22 ps and the
last 5 ps were used for analysis. The solvated structure at 5 ps of
the trajectory is shown in Figure 3. It was found that the Ag−
Ag distance oscillates around an average value of 3.5 Å with
0.21 Å standard deviation. The solvated Ag−Ag distance
strongly deviates from the gas-phase minima at 2.8 and 4.2 Å
for the interplanar and the planar structures, respectively. The
distances between the O−H atoms forming the two potential
interplanar H-bonds remained mostly bonded (average of 1.91
and 1.81 Å with standard deviation of 0.17 and 0.14 Å,
respectively). Moreover, the residence time of the interplanar
H-bonds are 81 and 91% calculated with a cutoﬀ of 2 Å. The
dihedral angle C2−N3−N3′-C2′ showed a perpendicular
disposition between pairs of dimers (dihedral averages of 90°
and 71° with standard deviation of 14° and 9° respectively).
The solvated structure is therefore similar to the interplanar
structure found in vacuum but more symmetric with two Hbonds and a longer Ag−Ag distance in a region where the
argentophilic interaction is very weak. In summary, water aﬀects
the overall structure by stabilizing the Ag−Ag distance away
from the gas-phase minima and into a symmetric interplanar
geometry.
To test the relevance of the diﬀerent simulated structures, we
compare their simulated ECD spectra to experiment (Figure
4A). The experimental ECD of solutions containing silvermediated cytosine tetramers (green, labeled C2Ag+) and that of
the C2 dinucleotide strands alone (black) diﬀer strikingly. To
correct for the possible presence of unbound C2 in the C2Ag+
solution, we weighted the ECD spectra for the C2 strands by
the relative contributions of the bare strand and the Ag+bridged tetramer found in ESI-MS. The red curve in Figure 4A
shows the estimated contribution of the Ag+-bridged tetramer
alone, with positive peaks at 287.5 and 245.2 nm, negative
peaks at 266.7 and 218 nm, and no detectable structure at
wavelengths beyond ∼300 nm.
We used the time-dependent DFT (TDDFT) in our
calculation of the ECD, with a long-range corrected
exchange-correlation functional (CAM-B3LYP) on the diﬀerent
systems to test the silver-mediated cytosine tetramers simulated
geometries. In all cases, we modiﬁed the structures (gas phase
or solvated) by replacing the sugar−phosphate backbone with
hydrogen atoms and then relaxed the hydrogen atoms. The
main results including the experimental data are summarized in
Figure 4. We have identiﬁed ﬁve peaks labeled as a, b, c, d and
e. The labeling of the experimental data (Figure 4A) suggests
the corresponding peaks.
We ﬁrst performed calculations on the lowest energy gasphase structures. In Figure 4B, the interplanar structure has
overall better agreement to the experiment than the planar one
(see Figure 4C). The interplanar ECD main peaks are at 256.6
nm, 250.0 nm, ∼ 218.0 nm, 210.0 and 192.8 nm, labeled a−e,
respectively. The interplanar simulated ECD peaks a, b, c, and e
follow a similar pattern to the relative positions and signs of the
experimental peaks at 287.5, 266.7, 245.2, and 218 nm. The
ECD of all the structures obtained from the study in vacuum
were also computed (see SI), and they show that the
interplanar structure possesses a more stable ECD spectrum
when the structure is stretched. The ECD of the planar
structure, conversely, has large variation with Ag−Ag distance.

■

COMPUTATIONAL AND EXPERIMENTAL
METHODS
Computational Methods. To calculate the electronic ground
state we used DFT with a real space basis and the projectoraugmented wave method.29 The exchange correlation functional PBE+TS09 was chosen to account for vdW dispersion
interactions.25,26 In the SI we document our tests on their
performance describing systems where the cation−π or
argentophillic interaction is dominant (SI Section 1). The
grid spacing was 0.18 Å and the calculation was spinunpolarized. Per atom, the electronic conﬁguration of the
valence electrons are H(1s1), O(2s22p4), C(2s22p2), N(2s22p3),
Ag(4p64d105s1), including a scalar relativistic correction and a
frozen core. Simulations of the ECD spectra are performed on
PBE+TS09 geometries with TDDFT using the long-range
corrected CAM-B3LYP functional. The Gaussian code30 is used
with a LANL2DZ/ECP basis set for the silver atom and aug-ccpVDZ for the rest.
The QM/MM calculations were performed using the CPMD
package,31 which combines Car−Parrinello MD, based on
DFT, with Amber force-ﬁeld32,33 used in classical calculations.
The QM/MM interface is modeled by the use of a link-atom
pseudopotential that saturates the QM region. Norm
conserving Goedecker−Teter−Hutter pseudopotentials 34
were used to describe the nuclei and core electrons of the
QM atoms. For Ag+, a 19 valence electron semicore
pseudopotential was used. The electronic orbitals were
expanded in plane waves using a reciprocal space kinetic
energy cutoﬀ of 90 Ry. The total size of the system was 2/118/
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Espoo, and the Applied Physics Department of Aalto University
for computational resources.

2441 Ag, tetramer and water atoms, respectively. The
electrostatic interactions between the QM and MM regions
were handled via a fully Hamiltonian coupling scheme,35 where
the short-range electrostatic interactions between the QM and
the MM regions are explicitly taken into account for all atoms.
An appropriately modiﬁed Coulomb potential was used to
ensure that no unphysical escape of the electronic density from
the QM to the MM region occurs. The electrostatic
interactions with the more distant MM atoms were treated
via a multipole expansion. Bonded and van der Waals
interactions between the QM and the MM regions were
treated with the standard AMBER force ﬁeld. Long-range
electrostatic interactions between MM atoms were described
with the P3M implementation36 using a 64 × 64 × 64 mesh.
Analysis of the trajectories was carried out using standard tools
of the VMD program.37 QM/MM MD simulations were
performed without any restriction on the motion of tetramer,
silver ions, and solvent. Further computational details are given
in the SI.
Experimental Section. The cytosine dinucleotide, C2, was
ordered from Trilink BioTechnologies at a reported 95%+
purity and used without further puriﬁcation. Analytical grade
AgNO3 and ammonium acetate were purchased from SigmaAldrich. All solutions were prepared using Integrated DNA
Technologies nuclease free water. All solutions containing
DNA were annealed at 90 °C for 5 min and allowed to slowly
cool to room temperature prior to analysis. Samples for ESI-MS
were prepared in 10 mM ammonium acetate buﬀer at pH 7.0.
The solutions contained 40 μM DNA and AgNO3 at a 1 Ag+/
base ratio. The dinucleotide solutions were injected into the
MS (Waters QTOF2) at 10 μL/min in ESI negative mode with
a 2 kV capillary voltage, 30 V cone voltage and 14 V collision
energy. The signal was integrated over approximately 5 min.
The ECD spectra were collected on an Aviv 202 circular
dichrometer at 25 °C. Solutions contained 40 μM DNA in a 7.5
mM MOPS buﬀer at pH 7.0. Ag+-bridged cytosine tetramers
were formed by the addition of AgNO3 at 1 Ag+/base.
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