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Abstract We investigate the descriptions of several

density functional theory functionals in modeling the

interactions between DNA and magnesium, the divalent

cation with the largest intracellular concentration. Pre-

cisely, the metal-induced proton transfer (PT) in the

guanine-cytosine base pairs is analyzed within an hybrid

two-layers QM/QM approach (ONIOM) by combining

several functionals: BP86, B3LYP, B97-D, xB97x-D and

M06-2X, as well as the MP2 approach. The aqueous

environment is simulated through, on the one hand, explicit

solvent molecules present in the first hydration shell and,

on the other hand, the well-known polarizable continuum

model for the effects of solvation beyond this first shell.

Calculations with all methods indicate that the Mg2? cation

coordination to DNA promotes a single PT reaction from

the guanine to the cytosine base, characterized by a low

back-reaction barrier. M06-2X and xB97x-D functionals

provide consistent results for the simulation of PT reac-

tions. These methods can be combined with B97-D func-

tional in ONIOM partition for the description of the

stacking effects.

Keywords DNA � Magnesium � Tautomerism �
Density functional calculations � ONIOM

1 Introduction

Although DNA is protected by the surrounding cellular

environment, it is constantly exposed to external agents that

may induce variations of its nature and hence alter its bio-

logical functions. In that framework, Prof. Barone and col-

laborators have demonstrated that theoretical chemistry

provides a useful and deep understanding of the interactions

between UV–visible radiation and DNA. Their studies unravel

the nature of the excited state of nucleic acids [1–5] and the

subsequent implications for life that they rationalize as radi-

ation-induced changes in DNA canonical structure [6–8].

Interestingly, not only external factors might tune the bio-

logical functions of DNA but natural components such as

metallic cations (mainly Na?, K?, Ca2?, and Mg2?) also play

a major role in the stabilization (or unstabilization) of the

double-helix structure [9]. Among these compounds, magne-

sium can be considered as one of the most important because it

is present in most of nucleic acids activation processes

[10–12]. Furthermore, recent studies suggested that the

Mg2?–DNA interaction is a prerequisite for the activity and

therapeutic efficiency of some antitumorals drugs, such as

mithramycin [13–19]. However, at high concentrations, met-

als, including Mg2?, may play an opposite role by distorting

the DNA structure or by inducing tautomeric changes in the

base pairs, which might eventually yield an error in the genetic

information [20–23]. It is therefore unsurprising that the

influence of cations in life tissues has attracted a considerable

attention and has initiated numerous experimental [24–28] and

theoretical studies [29–37] aiming to unravel the biological

consequences of such metal–nucleic acids interactions.
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For DNA, it is well-recognized that metal cations are

predominantly coordinated to the guanine–cytosine (GC)

base pairs and more precisely on the N7(G) site [38, 39]

(see Fig. 1). As a possible consequence of this binding, the

amount of so-called rare tautomers, that is, structures

arising from exchanging protons with respect to the origi-

nal canonical form, might be increased [23]. Indeed,

though proton transfer (PT) reactions in DNA are ener-

getically unfavorable in the absence of external perturba-

tions [40–50], metalation at N7(G) can possibly activate

the transfer of the H1 proton from the N1(G) position to

N3(C) leading to a rare tautomer form [51–57]. For the

Mg2? cation, Šponer and co-workers have evaluated the

importance of PT mechanism on the global mutagenicity of

DNA [58]. In agreement with experiments [52, 53], their

calculations on deoxyribonucleotide monophosphate–GC

model indicate that Mg2? cation promotes the transfer of

H1 proton between GC base pair. However, as these

authors pointed out, a more refined DNA model is neces-

sary to quantify the Mg2?-induced PT energetic profile

[58]. Indeed, for free DNA, we have recently demonstrated

that this mechanism is qualitatively changed when the base

stacking and confinement effects are considered [59].

In this work, we assess density functional theory (DFT)

approaches in the framework of simulations of the inter-

actions between the DNA molecule and the Mg2? cation.

Specifically, we test the impact of the functional in the

predicted metal-induced H1 PT in the tautomeric equilib-

rium connecting the canonical system to the rare tautomer,

hereafter denoted simply as Mg–GC and Mg–GC1,

respectively. This paper is divided as follows: in Sect. 2,

we describe the theoretical methods employed for the

treatment of metal–DNA interactions; in Sect. 3, we

explore the results of different functionals for describing

the induced PT reaction and the biological implications of

the metal–DNA interaction.

2 Computational methods

The DNA structure and properties are mainly governed by

two non-covalent interactions: interbase bonds and base

stacking [60–62]. As recently demonstrated by Acosta-

Silva et al. [63], these two interactions are not independent.

Consequently, to obtain reliable predictions of the DNA

changes induced by the Mg2?, an adequate treatment of

both interactions is needed. The minimum DNA fragment

able to cover the stacking influence on interbase bonds is a

three base pair sequence, where a central base pair is under

the influence of two neighboring bases pairs, located below

and above the investigated moiety [64]. Here, a DNA tri-

mer model is built up by inserting the Mg2?–GC system

into a double-stranded B-form trimer d(50-GGG-30)d(30-

CCC-50) inspired by the study of DNA’s radical anion of

Chen et al. [65]. As solvent affects both the metal bonding

and the GC tautomeric equilibrium [66, 67], we have

combined the first hydration shell of Mg2? cation with the

first hydration shell for the GC base pair. For the former,

the Mg2? cation exists in its hexahydrated form in bulk

water, but it looses one water molecule when bonded to

N7(G) of the nucleotide, and therefore five explicit water

molecules are included to saturate the first hydration shell

of the cation [68]. For the latter, four water molecules have

been placed in the vicinity of the N3(G), O6(G), O2(C),

and N4(C), which is a suitable representation of the

experimentally observed hydration shell of the GC base
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Fig. 1 Structure of the hydrated Mg2?–GC complex and atomic

numbering. Mg–GC and Mg–GC1 refers to the canonical and rare

tautomer forms, respectively. The transferred proton in the central

hydrogen bond is highlighted in pink. The explicit water molecules of

the first hydration shell around the magnesium cation and the GC pair

are shown as W
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pair embedded in DNA [69] and is also consistent with

previous molecular dynamics simulations [70, 71].

Accordingly, nine explicit water molecules are included in

our model as shown in Fig. 1. Since lateral sugar-phos-

phate backbones are known to have a trifling influence on

the PT reactions [59, 64], only the base pairs are included

in the model, subsequently allowing to test several theo-

retical schemes. The resulting model is shown in Fig. 2 and

allows a straightforward partition of the molecular system

in two well-defined regions: (1) the central GC base pair,

the Mg2? cation and all explicit water molecules (in ball-

and-sticks), and (2) the two GC neighboring bases (in

tube). These two regions have been described within the

partitioning approach developed by Morokuma and co-

workers (ONIOM) [72] as implemented in Gaussian09

[73]. When the ONIOM scheme is adopted the choice of

the combined methods become a crucial factor. From a

theoretical point of view, CCSD(T) is the reference method

[74]. Based on the rather similar dependences with respect

to the basis set of CCSD(T) and MP2 energies, Hobza and

Šponer proposed to use the difference between

CCSD(T) and MP2 energies computed with medium basis

to extrapolate the CCSD(T)/CBS, where CBS refers to the

complete basis set limit [75]. Unfortunately, even within

this approach, the CCSD(T) calculations are beyond reach

for large systems as the one required in our investigation

(115 atoms). As alternative, the DFT methods provide a

computational tractable approach to biological systems.

However, though early functionals provide a quite

acceptable description for the covalent bonds, they fail to

model correctly dispersion energy that is essential to

describe the stacking effect and are not always very effi-

cient for H-bonds [76, 77]. To partially overtake these

limitations, Grimme proposed a dispersion corrected DFT

scheme (DFT-D), where an empirical C6R-6 term is added

to usual DFT equations [78]. With this correction, DFT

methods can be successfully applied to study intermolec-

ular interactions in biological systems [79–82]. Addition-

ally, novel meta-hybrid functionals developed by Zhao and

Truhlar, and more precisely the M06-2X variation, have

also been shown to adequately model non-covalent inter-

actions [83–85].

To evaluate the impact of the selected functional in the

study of magnesium–DNA interaction, pure (BP86 [86,

87]), pure dispersion corrected (B97-D [88]), hybrid

(B3LYP [89, 90]), meta-hybrid (M06-2X [91]), and range-

separated dispersion corrected (xB97X-D [92]) functionals

are combined as summarized Table 1. We should note that

the inclusion of high percentage of Hartree–Fock exchange

in the functional might be problematic in certain cases as

transition metals [85]. However, they can be successfully

used for the study of light element like Mg. For instance,

the good performance of M06-2X functional (54% of exact

exchange) has been demonstrated in a study of the

absorption of CO on MgO surfaces [93]. The listed func-

tionals are combined with the 6-311??G(d,p) and

6-31?G(d) basis sets for the description of the atoms in the

high and low layers, respectively. For each scheme, we

follow the H1 proton exchange by scanning the H1–N3(C)

bond distance. More specifically, the ONIOM potential

energy curves are computed through the partial optimiza-

tion of the high layer (the H1–N3(C) distance is fixed along

the scanning), whereas atoms in the low layer are frozen in

space because their relaxation is expected to have a minor

effect on the whole energy profile [64, 65]. In a second

step, the resulting three critical points in the energy curves,

namely the two minima and the maximum, are selected as

starting point for a full optimization of the high layer,

keeping the restriction in the low layer. Although the

Fig. 2 Designed DNA fragment. The central Mg2?–GC complex

corresponding to the high layer level in the ONIOM scheme is

represented with balls-and-sticks. The border base pairs confining the

central GC included in the low layer, are displayed in tube

Table 1 Theoretical methods for the description of the high and low

layer within the two-layers ONIOM approach

Method High layera Low layerb PCM

1 M06-2X B97-D –

2 xB97X-D B97-D –

3 B97-D B97-D –

4 B3LYP B97-D –

5 BP86 B97-D –

6c MP2/6-31G(d)(0.25) –

7 M06-2X M06-2X –

8 M06-2X PM6 –

9c M06-2X B97-D Single-point

10 M06-2X B97-D Optimization

a Combined with the 6-311??G(d,p) basis set
b Combined with the 6-31?G(d) basis set
c Single-point calculation using the geometry of method 1
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vibrational calculations in non-stationary points (frozen low

layer) should be analyzed cautiously, the absence of imagi-

nary frequency for minima (Mg–GC and Mg–GC1) and

presence of a single imaginary mode for the transition state

(Mg–GC1z) related to the H1–N3(C) stretching confirm the

nature of the structures. The vibrational corrections obtained

in the same approximate way have been used to estimate the

Gibbs energies. Additional MP2 calculations have been

carried out, that is the energy of hydrogen bonding and

stacking interactions was calculated through a MP2/6-

31G(d)(0.25) single-point calculation on the geometries

obtained through method 1. In the 6-31G(d)(0.25) basis set,

originally proposed by Hobza and Šponer [94, 95], a more

diffuse polarization d-functions are used for the element

belonging to the first period by replacing the exponent of 0.80

by 0.25 in the standard Pople’s basis set to account for dis-

persion attraction. This choice provides an improved

description for base stacking in nucleic acids at a reasonable

computational cost [96, 97] but remains less potent than

6-311??G(d,p). Finally, since solvent affects both the metal

bonding and the GC tautomeric equilibrium [98–100], the

influence of aqueous environment beyond the first hydration

shell has been also assessed by including the well-known

polarizable continuum model (PCM) [101–103] in our model

following two strategies. On the one hand, PCM corrections

are included through single-point energy calculations per-

formed on the optimized geometries, and on the other hand,

PCM optimizations have been carried out.

3 Results and discussion

3.1 The high-layer method

As shown Table 1, methods 1–5 have been designed to

assess the impact of the high-layer method (M06-2X,

xB97X-D, B97-D, B3LYP, and BP86) on the global PT

reaction, the low layer being treated through the dispersion

corrected B97-D functional. The computed potential

energy curves along H1 PT are represented in Fig. 3

whereas the hydrogen bond distances and relatives energies

for the optimized high layer are collated in Table 2. All

selected theoretical methods predict the canonical Mg–GC

structure to be more stable than the rare tautomer form,

Mg–GC1, and do provide a similar picture for the changes

in the interbase bonds pattern related to the PT. The major

effect of the H1 PT is a shortening of the O6(G)–N4(C) and

N1(G)–N3(C), whereas the N2(G)–O2(C) bond is slightly

elongated. However, the inspection of Fig. 3 reveals sig-

nificant differences in the energetic profiles showing the

impact of the selected DFT functionals on the description

of DNA interactions.

Let us start by analyzing the results obtained with the

more recently designed M06-2X and xB97X-D function-

als, methods 1 and 2, respectively. Since both M06-2X and

xB97X-D have been shown to accurately reproduce non-

covalent interactions in biomolecules [104–108] and, spe-

cifically, the stacking in DNA [109, 110], it is expected that

methods 1 and 2 provide an accurate description of the

induced PT reaction. It is therefore satisfying that these two

functionals yield extremely similar results, as evidenced by

the potential energy curves in Fig. 3 and the relative

energies in Table 2. When both layers are described with

the B97-D functional (method 3), the generated potential

Fig. 3 ONIOM potential energy curves along the H1 proton

transference

Table 2 Computed relative energies (DE in kcal/mol) along H1

proton transfer with selected high-layer methods. The interbase bonds

(in Å) are also listed

Method

1 2 3 4 5

Mg–GC

DE 0.00 0.00 0.00 0.00 0.00

O6(G)–N4(C) 2.84 2.80 2.79 2.83 2.79

N1(G)–N3(C) 2.95 2.92 2.87 2.94 2.88

N2(G)–O2(C) 2.98 2.96 2.91 2.96 2.91

Mg–GC1z

DE 8.04 8.58 5.44 9.97 5.58

O6(G)–N4(C) 2.65 2.63 2.65 2.65 2.65

N1(G)–N3(C) 2.69 2.68 2.68 2.69 2.68

N2(G)–O2(C) 2.91 2.92 2.90 2.93 2.87

Mg–GC1

DE 3.24 2.91 1.99 4.71 1.55

O6(G)–N4(C) 2.67 2.67 2.67 2.67 2.66

N1(G)–N3(C) 2.87 2.87 2.84 2.88 2.84

N2(G)–O2(C) 3.03 3.03 2.98 3.05 3.00
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energy curve significantly differs from the ones produced by

the M06-2X and xB97X-D functionals. Indeed, while M06-

2X and xB97X-D locate the transition state ca. 8 kcal/mol

above the canonical structure, the corresponding B97-D value

is ca. 5 kcal/mol. A similar trend is found for the relative

energy of the rare tautomer, which lies ca. 3 kcal/mol above

the canonical structure with M06-2X and xB97X-D, in con-

trast with the ca. 2 kcal/mol prediction of B97-D. This dis-

similarity can be analyzed in terms of the definition of these

three models. B97-D is a local functional, whereas in M06-2X

and xB97X-D, exact exchange is added which generally

yields larger (and more realistic) transition energies. Indeed,

as Barone et al. demonstrated that the inclusion of exact

exchange improves the description of hydrogen bonds and

provides more accurate PT energies [111, 112].

Turning to the most widely used functional, namely

B3LYP (method 4), sizable energetic barrier (9.97 kcal/

mol) and rare tautomer energies (4.72 kcal/mol) are

reached, ca. 2 kcal/mol larger than the predicted by M06-

2X and xB97X-D. As Bickelhaupt and coworkers dis-

cussed, B3LYP often fails to reproduce the reaction barrier

[77] so that this outcome is unsurprising. Additionally,

these authors demonstrated that B3LYP is not adequate for

mimicking biological systems involving p-stacking inter-

actions [82]. Interestingly, B3LYP seems to overestimate

the reactions barrier for the Mg-induced PT, an unexpected

error sign. B3LYP is probably not adequate for the study of

stacked DNA. We have also evaluated the performance of

BP86 (method 5). Unlike methods 1–4, where two well-

defined minima and one transition state are found, method

5 produces a rather erratic dependence of the energy along

the H1 PT. This markedly different behavior arises from

the changes in the hydration pattern of the central GC base

pair. As shown in Fig. 4, the water molecule close to

O2(C) site (see Fig. 1) ‘‘escapes’’ from the central base

pairs and goes toward one of the borders in the Mg–GC1

form. As a consequence, the observed energy oscillation

results from the combination of two effects (the tautomeric

equilibrium and the change in the hydration shell), which

prevents an adequate comparison of its energies. Of course,

we could have frozen the position of this water molecule,

but we wished to illustrate the difficulty to reach valuable

results. It should also be noted that, though BP86 has been

shown to adequately describe interbase bonds in gas-phase

and microsolvated single base pairs [113–116], it fails in

the description of stacking interactions in DNA [76, 82].

This finding clearly reflects that the performance of DFT

for DNA is connected to the nature of the selected chemical

model. Our ONIOM results suggest that both M06-2X and

xB97X-D functionals provide a consistent description of

the induced Mg–PT process.

Eventually, we compare ONIOM results with single-

point calculations at MP2/6-31G(d)(0.25). The MP2

relative energies for the transition state and rare tautomer

are 2.47 and 0.34 kcal/mol, respectively. These values are

significantly below than their DFT counterparts. Precisely,

the predicted energy for the transition state is ca. 6 kcal/

mol smaller than the M06-2X and xB97X-D data. Fur-

thermore, according to this MP2 approach, the rare tautomer

is practically isoenergetic with the canonical form, a

rather unexpected result. Although the MP2/6-31G(d)(0.25)

approach accurately describes the stacking effect [94, 95],

we attribute the origin of such discrepancy to the size of the

basis set. Indeed, MP2 calculations show a larger depen-

dence with respect to basis set size than the DFT approa-

ches when applied to stacked systems [117]. To verify this

point, MP2 calculations with larger basis set would be

necessary but are, unfortunately, computationally impos-

sible due the size of the system.

3.2 The low layer method

Comparison between methods 1, 7, and 8 allow to assess

the influence of the selected method in the description of

the border base pairs effects. As shown in Table 1, in these

Fig. 4 ONIOM(BP86:B97-D) optimized structures for the canonical

and rare tautomer forms, Mg-GC and Mg-GC1, respectively. The

circles highlight the position of the ‘‘moving’’ water molecule
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methods, the same functional (M06-2X) is used in the high

layer, whereas the low layer is treated with the B97-D

(method 1) and M06-2X (method 7) functionals, as well as

with the semiempirical PM6 model (method 8) [118].

According to the values listed in Table 3 and plotted in

Fig. 5, methods 1 and 7 provide very similar results for both

optimized geometries and relative energies. Indeed, the pre-

dicted interbase bonds distances are practically the same,

whereas the difference in the relative energies is smaller than

0.30 kcal/mol. Therefore, M06-2X and B97-D similarly

describe the stacking effects and, consequently, both methods

could be used for the description of the low layer, though

B97-D is apparently not adequate to model the region where

PT reaction takes place as discussed above.

Moving to the PM6 description of border base pairs, we

observe that the relative energy of the rare tautomer agrees

with the more refined DFT calculations, while the transi-

tion state is dramatically stabilized. Consequently, the

transition state and the rare tautomers structures are nearly

isoenergetic. Like for method 5, this is a consequence of

the changes in the hydration pattern: one of the water

molecules moves from the N4(C)H4’ site to the metal

hydration shell. Since the evolution of the relative energies

does not reflect exclusively the H1 proton transference, the

energy of the calculated Mg–GC1z structure cannot be

used for the study of the metal-induced PT. For this reason,

the complete PM6 scan was not performed.

Our calculations reveal an inherent limitation of the

local microhydrated model: the optimized positions for the

water molecules are deeply connected to the selected

methods, which eventually affect the stability of the entire

system. Such limitation could be overtaken by increasing

the number of water molecules, for example, including the

first hydration water molecules for the border basis pairs or

by adding constraints, but at the price of more demanding

calculations or less satisfying simulations. Alternatively,

one can rely on a partial hydration model as the one of

Fig. 2, but it is necessary to systematically check that there

are no changes in the hydration pattern resulting from the

PT.

3.3 Continuum solvent models

We have evaluated the impact of the aqueous environment

beyond the first hydration by combining the explicit nine

water molecules to the PCM model. First, PCM corrections

are included through single-point energy calculations

(method 9) performed on the geometries of method 1. As

shown Fig. 5, consideration of the continuum solvent gives

a small stabilization (ca. 2 kcal/mol) for both Mg–GC1z
and Mg–GC1 with respect to the PCM-free model, which is

consistent with the larger charge separation in these two

cases compared to the canonical structure. However, when

PCM corrections are included during the optimization

(method 10), the bulk solvent effects are in fact less

important. As shown in Table 3, the differences between

method 1 (without PCM correction) and method 10 (PCM

optimization) are less than 0.30 kcal/mol. Furthermore,

practically the same hydrogen bond distances are obtained

with both methods 1 and 10, and only a slight increase of

the O6(G)–N4(C) and decrease of N1(G)–N3(C) and

N2(G)–O2(C) bond lengths are observed. Overall, the

PCM optimization provides the same picture for the

Table 3 Computed relative energies (DE in kcal/mol) along H1

proton transfer with selected low layer methods. The interbase bonds

(in Å) are also listed

Method

1 7 8 9 10

Mg–GC

DE 0.00 0.00 0.00 0.00 0.00

O6(G)–N4(C) 2.84 2.82 2.80 2.87

N1(G)–N3(C) 2.95 2.94 2.92 2.93

N2(G)–O2(C) 2.98 2.98 2.96 2.90

Mg–GC1z

DE 8.04 7.74 3.69 6.90 8.02

O6(G)–N4(C) 2.65 2.65 2.63 2.67

N1(G)–N3(C) 2.69 2.69 2.68 2.68

N2(G)–O2(C) 2.91 2.91 2.92 2.86

Mg–GC1

DE 3.24 3.14 3.68 1.49 2.99

O6(G)–N4(C) 2.67 2.65 2.67 2.70

N1(G)–N3(C) 2.87 2.86 2.87 2.87

N2(G)–O2(C) 3.03 3.03 3.03 2.99

Fig. 5 ONIOM potential energy curves along the H1 proton transfer

with methods 1, 7 and 9
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structural changes induced by PT reaction as in the original

method, as evidenced by Fig. 5. This finding suggests that

explicit solvent model could be enough to reproduce the

main effects of solution in the induced PT, at least for the

comparison of the relative energies between different tau-

tomers of the same base pairs.

3.4 Biological implications

To clarify the actual impact of the theoretical approaches in

the predicted magnesium–DNA interactions, we use

methods 1–5 to calculate the PT equilibrium constant (Keq)

as well as the forward (kf) and reverse (kr) rate constants at

298.15 K. For the latter, we considered tunneling effects by

introducing the Wigner term correction [119–121] in the

conventional transition state theory:

k ¼ 1þ 1

24

hjmj
kBT

� �2
 !

kBT

h
e�DGz=RT ð1Þ

where |m| is the (imaginary) frequency characteristic of the

transition state, h is the Planck’s constant, kB is de Boltz-

mann’s constant, and DGz is the activation Gibbs free

energy.

As showed in Table 4, the order of the predicted equi-

librium constant range between 10-1 and 10-4, depending

on the method, which significantly exceeds the natural

mutation rate, between 10-8 and 10-10 [122] when no

bonding between DNA and metals cations is considered.

Moreover, the forward rate constants, which lies in the

range of 107–1011 s-1, are large enough to allow the for-

mation of the Mg–GC1 structure during the cell life [40].

Particularly, the extreme values agrees with our previous

discussion: on the one hand, smallest kf (*107 s-1) cor-

respond to the method 4 (B3LYP), which overestimates the

potential energy barrier, and on the other hand, method 5

(BP86) provides the largest kf (*1011 s-1) due to the

change in the hydration pattern. Accordingly, all methods

(including the most accurate methods 1 and 2) predict a

high mutagenicity effect of the Mg2?. This conclusion

seems to contrast with the reality: magnesium is essential

for the life and its adverse effects appears only at large

doses. To explain this a priori conflicting result between

theory and experience it should be noted the short life time

of the Mg–GC1 form that can be quantified by means of the

reverse rate constant (kr). As Florián and Leszczyński

demonstrated, only rare tautomers associated to a enough

stable minimum of energy may yield permanent genetic

errors [40]. According to the energetics requirements

related to the time for DNA replication process, if the

reverse rate constant exceeds ca. 1010 s-1, the lifetime of

the rare tautomer will be too short to induce a mutation

[40]. The reverse constants listed in Table 4 rise above that

limit regardless the selected high-layer method, and

therefore, Mg–GC1 will reverts so quickly to the canonical

structure that its impact on life is rather negligible. To

confirm our results, we have also considered the tunneling

correction method by Skodje and Truhlar, which depends

not only on the imaginary frequency of the transition state

but also on the energy barrier [123]. It is observed that both

corrections predict reverse rate constants with the same

order of magnitudes (e.g. 2.35 9 1011 and 2.64 9 1011 s-1

for method 2 and 3, respectively), with the only exception

of method 1, for which the Skodje and Truhlar correction

gives rise to kr = 1.36 9 1011 s-1. However, this finding is

consistent with the good agreement between both tunneling

corrections since the Wigner-corrected value is close to this

order of magnitude (9.72 9 1010 s-1). Finally, we notice

that none of the methods are in total agreement in the

magnitudes of rate and equilibrium constant, which clearly

shows that the selected methods have a decisive impact on

the study of metal–DNA interactions, and therefore, DFT

functionals need to be cautiously combined. Among

selected ONIOM schemes, methods 1 and 2 provide a

similar picture of the magnesium effects, showing the

reliability of the M06-2X and xB97X-D functionals to

perform these calculations.

4 Conclusions

In this work, we have compared the description of DFT

functionals for investigating PT reaction related to the

metalation of nucleic acids. To this end, a chemical model

that accounts for the main interactions inside DNA, namely

hydration, interbase bonds and base stacking, has been

used. Our calculations hints that both the B3LYP and BP86

functionals are probably not adequate to describe the PT

transition state in DNA bases when applied in a ONIOM

scheme. Since the barrier for the H1 PT is crucial for the

stability of rare tautomeric form and hence for the possible

biological impact of Mg2?, alternative approaches offer a

better compromise. As the M06-2X and xB97X-D yield

Table 4 Calculated activation and reaction Gibbs free Energies at

298.15 K (DGz and DG, respectively, in kcal/mol), forward and

reverse rate constants (kf and kr, respectively, in s-1) and equilibrium

constants (Keq) along the PT reaction

Method DGz DG kf kr Keq

1 5.02 1.98 3.44 9 109 9.72 9 1010 3.54 9 10-2

2 6.48 3.51 3.42 9 108 1.29 9 1011 2.65 9 10-3

3 3.25 1.16 6.51 9 1010 4.63 9 1011 1.41 9 10-1

4 7.19 4.68 9.75 9 107 2.66 9 1011 3.67 9 10-4

5 2.54 2.00 2.01 9 1011 5.93 9 1012 3.39 9 10-2
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consistent results and have been shown previously to ade-

quately model biochemical systems, this work corroborates

the improved performance of refined hybrid functionals in the

description of PT reactions. With respect to stacking effect,

the pure dispersion-corrected B97-D functional provides a

description for the border base pairs similar to the one of

M06-2X. However, B97-D underestimates the energetic

barrier and therefore it should be used cautiously for the

description of the region where PT reactions takes place. Our

calculations also revealed the decisive influence of the water

molecules position in the PT energetic profile of the PT

transition state as well as the relative small impact of bulk

solvent effects on relative energies. Indeed, very similar

results are obtained with or without PCM corrections once

full geometry optimizations are carried out. We conclude that

the predicted biological role of the magnesium strongly

depends on the selected level of theory. This investigation is

an illustration that the developments of new efficient func-

tionals allows to tackle key biological problems.
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C, Jacquemin D (2011) Phys Chem Chem Phys 13:14585–14589

60. Gil A, Branchadell V, Bertran J, Oliva A (2009) J Phys Chem B

113:4907–4914
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EA, Jacquemin D (2009) J Phys Chem A 113:10549–10556

68. Solt I, Simon I, Császár AG, Fuxreiter M (2007) J Phys Chem B

111:6272–6279

69. Schneider B, Berman HM (1995) Biophys J 69:2661–2669

70. Auffinger P, Westhof E (2000) J Mol Biol 300:1113–1131

71. Makarov V, Pettitt B, Feig M (2002) Acc Chem Res 35:376–384
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