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Abstract The interactions of Mg>" and Ca*" binding to
adenine, cytosine, guanine, and thymine at various binding
sites were studied by a high-level quantum chemical
method and ABEEMon/MM fluctuating charge model. The
geometries and binding energies of M*"-bases complexes
were determined at CCSD(T)/6-311 ++4G(2d,2p)//MP2/6-
311 +4+G(2d,2p) level of theory, with the basis set
superposition error corrections for the binding energy cal-
culations. In comparison with the ab initio results, an
accurate classical metal cation—base interaction potential
was constructed and parameterized in terms of ABEEMant/
MM model. It is revealed that Mg>"/Ca*" prefers to bind
with bases at the bidentate position (between two nitrogen
atoms or oxygen and nitrogen atoms in purine and
pyrimidine), where the binding energy is the largest.
Moreover, the distance between M>" and the base increa-
ses from Mg?" to Ca®", while the binding energy of
Mg®T-base is greater than that of Ca®'-base. The
ABEEMon/MM potential gives reasonable geometries and
binding energies compared with the present quantum
chemical calculations, and the overall percentage RMSDs
are 1.4 and 1.6% for geometries and binding energies,
respectively. Furthermore, the transferability of the
parameters of the new potential is validated by investiga-
tion of Mg>"/Ca®" binding to tautomer of bases, and
results from our potential also show quite good consistency
with  those of MP2/6-311 ++G(2d,2p)//B3LYP/6-
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311 ++G(d,p) method, with the overall percentage
RMSDs of 2.2 and 4.7% for geometries and binding
energies, respectively. This work will serve as a basis for
further investigations of the mechanisms of cation effects
on the structure and property of nucleic acids.
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1 Introduction

It is undisputable that metal ions play a crucial role in
many biochemical processes that sustain life, and they are
essential for several cell reactions and varied metabolic and
physiological functions. Small deviations from normal
levels of concentrations of some metal ions are recognized
as symptoms of malfunctions or diseases [1-3]. These
cations can modify electron flow in a substrate or enzyme,
thus effectively controlling an enzyme-catalyzed reaction.
The structure, stability, and function of DNA and RNA
nucleic acids are also influenced by the presence of metal
ions due to the negatively charged phosphate—sugar back-
bone [4—-13]. Although the binding of metal ions to nucleic
acids has been a subject of study for many years, the
mechanisms of the cation effects on the structure and
physical properties of DNA have not yet been clarified. The
divalent cations can stabilize purine—purine—pyrimidine
DNA triplexes [2], can favor the formation of rare tau-
tomers and mispairs [5], can induce proton transfer
between guanine N1 and cytosine N3 positions in Watson—
Crick base pairs [6], and can interact favorably with
n-systems causing the bases to unstuck [7]. The main effect
of metal cations to DNA is to neutralize the negatively
charged backbone phosphate—sugar groups through
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non-specific electrostatic interactions. In addition, metal
bindings may occur through a specific coordination of the
metal ion either directly to the phosphate as well as (very
rarely) to the sugar oxygen atoms and to the base nitrogen
and oxygen sites (inner-sphere coordination) or via bridg-
ing water molecules (outer-sphere coordination), and the
different coordinations depending on the concentration and
on the kind of metal cation. For instance, metal ions that
preferentially bind to nucleobases may cause more dra-
matic effects on DNA conformation than those binding to
the phosphate and sugar backbone [8]. Therefore, although
cation—phosphate interactions are predominant, the binding
of metal ions to the bases is not negligible. One illustrative
case is the cisplatin molecule, which links two consecutive
bases together and is used as an anticarcinogenic drug [14,
15]. Many efforts have been devoted to investigate the
fundamental nature of these interactions as well as to
determine the cation affinity of nucleobases, both experi-
mentally [16-24] and theoretically [25-48].

Recent advances in ab initio quantum chemistry and
computer technology have greatly facilitated theoretical
investigations of the interactions of metal ions with
nucleobases. Despite the large computational cost of
quantum chemistry methods (QM), they are the most useful
approach in this field. Here, we will only introduce some of
the many excellent works. Hobza and §poner et al. pre-
sented systematic investigations on the interactions
between the DNA bases, base pairs, and nucleotides with
various mono- and divalent metal cations using quantum
mechanical methods [28-32]. They found that intermo-
lecular metal-N, distances for complexes containing ade-
nine are shorter than those for complexes containing
guanine, and the stabilization energies for guanine...metal
complexes are larger than those of adenine...metal com-
plexes. Recently, they studied the interactions of all tau-
tomers of adenine, cytosine, thymine, and the eight most
stable Keto/Enol tautomers of guanine with Na®, Mg*"
and Zn>" using a high-level ab initio method and found
that the interaction of Na™, Mg”, and Zn®* cations with
cytosine in the gas phase will not induce a change from the
canonical form to the rare tautomeric form. In the case of
isolated guanine, the equilibrium of the canonical form
with rare tautomers can be found. For isolated adenine and
thymine, the presence of rare tautomers is highly probable.
Russo and Toscano et al. employed density function theory
(DFT) using the B3LYP hybrid potential to investigate
Lit,Na™, K™, Mg2+, Ca2+, A13+, and transition metal ions
affinities to DNA and RNA bases in the gas phase. The
effects of the size and charge of each cation on the orga-
nization of the surrounding water molecules were also
analyzed [33-35]. The tautomerism in the most stable
isomers of Al-guanine complexes and their cations, as well
as the solvation of Al-guanine with an ammonia molecule,
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are researched with DFT and MP2 calculations by Vazquez
and Martinez et al. More recently, they also studied the
stabilization of different tautomers of cytosine Ca-, Zn-,
and Cd-cytosine in neutral and ionic forms at the B3LYP/
LANL2DZ level [38-40]. Sodupe and his colleagues
studied the binding of first-row transition metal monoca-
tions (Sc™-Cu™) to N7 of guanine and N7 or N3 of adenine
nucleobases, as well as the intermolecular proton-transfer
processes in the Watson and Crick guanine—cytosine,
adenine—thymine Cu™/Cu?*/Ca*" cationized base pairs by
using the B3LYP method [41-43].

Moreover, classical molecular mechanics (MM) using
predefined potentials are well established as a powerful
tool serving to investigate biomolecular systems [49].
However, one of the major limitations with respect to the
accuracy of the majority of MM force fields is the way in
which the charge distribution of the molecules is treated.
Typically, effective partial fixed charges are assigned to the
atoms independent of the environment, and thus the created
Coulomb interaction potentials are certainly not capable of
adapting the charge distributions to changes of polarity in
the environment, especially for cation-containing systems,
where polarization and charge transfer are very important.
In view of the significance of the polarization effect, much
has been achieved since the 1970s in the development and
employment of the polarizable force field (PFF) [50, 51]
for biomolecular simulation. Three approaches are com-
monly used to treat the polarization effect, that is, the
induced dipole model, the classical Drude oscillator model,
and the fluctuating charge model. The induced dipole
model consists of both partial atomic charges and inducible
dipoles on the atoms comprising the molecular system [52—
54]. In the classical Drude oscillator model, also known as
the “‘shell’” or ‘‘charge on spring’’ model, the polariz-
ability is introduced via the inclusion of a single auxiliary
charge (Drude) particle attached to each non-hydrogen
atom by a harmonic spring. It is noteworthy that the
CHARMM Drude PFF has been successfully developed for
a wide range of systems encompassing water [56, 57], ions
[58], and organic molecules [59-62], especially for the
significant progress for nucleic acid bases by Baker and
Anisimov et al. [63] most recently. The fluctuating charge
models introduce polarizability into standard energy func-
tions by allowing the values of the partial charges to
respond to the electric field of their environment, thereby
altering the molecular polarizability [64, 65]. This may be
performed by coupling the charges to their environment
using electronegativity equalization (EE) or chemical
potential equalization (CPE) schemes. Simulations of ionic
systems using non-polarizable additive force fields have
shown that consideration of non-additive effects is impor-
tant to accurately reproduce the atomic details of ions-
related system [58]. The hybrid QM/MM [66—68] approach
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is a nice tool to investigate ionic system. But, the choice of
the size of the QM region is still something of an art.
Meanwhile, although the QM region polarizes in response
to the MM partial charges, the reverse is not also true
(although fully polarizable QM/MM methods are being
developed). Based on the atom-bond electronegativity
equalization method (ABEEM) [69-71] fused into MM,
Yang et al. [72-74] have established a new generation of
polarization molecular force field, that is, the ABEEMon/MM
fluctuating charge model. It has been applied successfully to
the water system [72, 73], ion solvation [75-77], organic
molecules [78], peptides [79], and nucleic acid [74, 75].

The present paper places emphasis on constructing an
accurate fluctuating charge interaction potential between
Mg®"/Ca*" and DNA bases in terms of ABEEMon/MM
model. The interactions between isolated bases and bare
cations are the first step in explaining the effective role of
metalation in the biophysics of nucleic acids. We selected
the two metal ions because Mg and Ca®" are certainly
the most abundant divalent cations within cells and because
of their biological influence on the structure and property
of DNA bases. Firstly, the ABEEMon/MM fluctuating
charge potential is proposed and parameterized with ref-
erence to the binding energy from high-level ab initio
results. Then the potential was applied to investigate the
structures, binding energies, and charge distributions of the
Mg*"/Ca>™—DNA base complexes. Finally, the reliability
and transferability of the newly constructed potential were
further validated by investigating Mg>™/Ca®" binding to
some tautomers of bases. The present work will serve as a
basis for further investigations on the mechanisms of cation
effects on the structure and property of nucleic acids, as
well as other relevant important biological processes.

2 Theoretical model and computational methods
2.1 Quantum mechanical calculations

It is obvious that the nitrogen atom and oxygen atom of the
DNA bases are the preferential sites for metal binding, and
the bidentate position (between nitrogen atom and nitro-
gen/oxygen atom) is more favorable than the unidentate
nitrogen/oxygen position indicated by QM calculations
[32]. By a high-level QM calculation, we determined the
favorable binding positions shown in Fig. 1. Adenine
includes three favorable positions, two bidentate positions
of (I) and (II) and one unidentate position (III); guanine
includes three favorable bidentate positions (I)-(II);
cytosine includes one bidentate position between O2 and
N3; thymine includes two unidentate positions of O2 and
04, because of the repulsion between cation and the imino
hydrogen (N3-H).

Fig. 1 The possible coordination sites for metal cations in adenine
(a), guanine (b), cytosine (c), and thymine (d)

The geometries and single-point energy of M”**—base
were determined at the CCSD(T)/6-311 ++4G(2d,2p)//
MP2/6-311 ++G(2d,2p) and MP2/6-311 ++G(2d,2p)//
B3LYP/6-311 ++G(d,p) level of theory with the coun-
terpoise correction for the basis set superposition error
(BSSE) [80]. All the QM calculations were performed on
an SGI Altix 3700 server by using the Gaussian 03 program
package [81].

2.2 The ABEEMon/MM interaction potential
and parameterization

To better account for the polarization effect in the
ABEEMon/MM model, a molecular system is decomposed
into regions of atoms, ¢ and 7 bonds, and lone-pairs, and
each region is assigned by a partial charge. In Fig. 2, as an
example, we present all charge sites of cytosine in
ABEEMo7n model. Better elucidation of the polarization
effect from this partition scheme comes from the greater
freedom and larger flexibility in calculating the fluctuating
partial charge associated with each of the regions. In
principle, if the total number of charge sites approaches
infinity, the partial charge will resemble the continuous
charge density, the fundamental variable of DFT. This is
the essence and foundation of our ABEEMon model. In
addition, the cation—m interactions have proven to be
important in protein structures and biomolecule associa-
tions. Eric and his coworkers’ calculations show that the
major contribution to cation—r interactions with DNA
bases is of electrostatic nature [82]. Here, we just employ
the Coulomb interaction between cation and 7 charge sites
in ABEEMon base model.
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Fig. 2 The sketch of ABEEMor charge sites in cytosine

The potential function Exppemmm of Mg /Ca* —bases
system is expressed as
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which stands for the bond stretching, the angle bending,
dihedral angle torsion, improper torsion, van der Waals,
and electrostatic interaction, respectively. kj, k., Vi, Voo,
vy, and v; represent the force constants of the bond
stretching, angle bending, dihedral angle torsion, and
improper torsion, respectively. 7 and 6 are used to denote
the equilibrium values of the bond lengths and angles. ry,
0,, and @, stand for the real bond lengths, angles, and

dihedral angles. Geometric combining rules for the Len-

2

nard—Jones coefficients are employed: ¢;; = (aiiajj)l/ and

& = (eiisjj)l/ 2, R;; is the distance between the site points
i and j. f;; is the coefficient of vdW interactions in the
ABEEM/MM. If i and j are intramolecular, the coefficient
/i = 0.0 for any i — j pair connected by a valence bond
(1-2 pairs) or a valence bond angle (1-3 pairs), f;; = 0.5
for 1-4 interactions (atoms separated by three bonds), and
fi = 1.0 for all other intramolecular and intermolecular
cases. For the Coulomb term, g; and g; denote the site
charges obtained from the ABEEMor method (see Eq. 7 in
Ref. [70]).

Parameters of the ABEEM/MM fluctuating charge
model involves the ABEEMon charge distribution
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Table 1 ABEEM and force filed parameters for Mg®" and Ca*"

Metal cation Va 2P 1 &
Mg2+ 1.5830 2.8530 2.1445 0.8750
Ca** 1.2040 2.5850 2.4520 0.5497

* y* is the valence-state electronegativity

° y* is the valence-state hardness parameters

parameters, that is, the valence-state electronegativity y*,
valence-state hardness #*, and the force field parameters.
Firstly, the ABEEMon parameters of each charge site are
obtained by fitting the QM Mulliken charge distribution
through a regression and least-squares optimization pro-
cedure. The detailed formalisms and calibration of the
parameters of ABEEMon model can be found in Ref. [69—
71]. In this study, the ABEEMon parameters of the bases
were taken from our previous work [74] without modifi-
cation, and those for Mg>™/Ca®" are listed in Table 1.

Then, we determined the force field parameters in Eq. 1,
of which those for the bases were also taken from Ref. [74],
including the bond stretching, angle bending, dihedral angle
torsion, improper torsion, and vdW parameters. The param-
eters for the hard degrees of freedom (bond stretching and
angle bending) were taken from AMBER. As for the “soft”
degrees of freedom, the torsional and improper torsional
parameters of AMBER were taken as a reference, and we
refitted them through the least-squares optimization proce-
dure to make the conformation energies and the key dihedral
angles of the model molecules be in good agreement with
those calculated by QM. In addition, the Lennard—Jones (LJ)
parameters are determined by fitting QM conformational
energies, base pair binding energies, dipole moments, and so
on, using a regression and least-squares method.

The factor k;;is set to be 0.57 empirically in the ABEMMo
model [69-71] to correct electrostatic interactions between
the charge sites, except for hydrogen bond regions. In order to
effectively describe the hydrogen bond interaction, which is
quite different from the common electrostatic interactions, we
introduce a new parameter k(R;;) in the hydrogen bond inter-
action region [72-74]. k(R;;) is dependent on the distance of
metal cation and lone-pair electron, R;;, in the present study
(Eq. 2). In terms of the Boltzmann function, we determined
k(R;) by fitting the geometry and energy differences between
QM and ABEEMon/MM at different distances near the
equilibrium position between the metal cation and lone-pair
for training set systems. The parameters of A, B, C, and D are
listed in Table 2.

B
— 2
[+ expl(R, — C)/D] 2
In practice, k(R;) and LJ parameters of metal cations
were conducted in concert to reproduce the QM geometries

k(Ry) = A
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Table 2 Parameters in the
function k(R;j)pase for different

metal cations, O/N pairs

Type A B C D

Lp of N7 in A and Mg*" 0.840 0.1306 1.1959 0.1197
Lp of N6 in A/N9 in G and Mg*" 0.727 0.1272 1.5664 0.0118
Lp of N1, N3 in A/N3 in G and Mg**" 0.776 0.1438 1.0108 0.0390
Lp of N7 in G and Mg**" 0.591 0.1420 1.1559 0.1369
Lp of N2 in G and Mg*" 0.600 0.1821 1.1989 0.1684
Lp of N3 in C and Mg*" 0.720 0.1337 1.2219 0.1177
Lp of O4 in T and Mg*" 0.650 0.1290 1.2375 0.1569
Lp of 02 in C/02 in T and Mg>" 0.630 0.1205 1.1270 0.1287
Lp of N7 in A and Ca** 0.735 0.1473 1.1256 0.1437
Lp of N6 in A/N9 in G and Ca®* 0.590 0.1517 1.2115 0.1602
Lp of N1, N3 in A/N3 in G and Ca*" 0.673 0.1031 1.2027 0.1107
Lp of N7 in G and Ca*" 0.615 0.1031 1.1244 0.1413
Lp of N2 in G and Ca*" 0.570 0.1917 1.2115 0.1037
Lp of N3 in C and Ca*" 0.760 0.1072 1.1943 0.1529
Lp of O4 in T and Ca®" 0.580 0.1985 1.5008 0.1857
Lp of 02 in C/O2 in T and Ca** 0.560 0.1941 1.5180 0.1857

and binding energy of Mg>*/Ca*"—bases complexes, and
additional manual iterative adjustment was involved.

3 Results and discussions
3.1 Mg*"/Ca®"—bases complexes
3.1.1 Geometries

Figure 3 depicts the graphical representation of different
M?*"—base complexes studied in the present paper. As the
most important structural parameters, the distances
between Mg”"/Ca®" and the N/O atom of the bases are
listed in Fig. 3, in which the ABEEMon/MM results
are shown firstly and the MP2/6-311 ++G(2d,2p) results
are listed in parentheses. It is also meaningful to mention
that our results, both the geometry and binding energy,
from MP2/6-311 ++G(2d,2p)//B3LYP/6-311 ++G(d,p)
are quite close to those from CCSD(T)/6-311 ++G(2d,2p)//
MP2/6-311 +4+G(2d,2p) calculations. The ABEEMoaon/
MM geometries are in good agreement with those from the
QM calculations, with small root mean square deviations
(RMSDs) of 0.03 and 0.03 A, and the maximum deviation
of only 0.06 and 0.07 A, relative to the MP2 and B3LYP
results, respectively. The overall percentage RMSDs are
1.4% compared with the MP2 results.

As shown in Fig. 3, there are three cation-binding sites
for adenine, and the complexes are denoted as a-M2+—1,
a-M?"-2, and a-M?*-3, respectively. In the case of a-M>"-
1, it favors the binding of Mg?"/Ca®" in the bidentate
position between the Ng and N; atoms. The configuration

of isolated adenine is planar, and the amino group is dis-
torted when adenine interacts with the ion, which is due to
the repulsion between the cation and hydrogen atoms in
amino group. A similar situation occurs when Mg”™ interacts
with the N and Ng atoms in a-Mg>*-2. However, the planar
structure of amino group does not distorted in a-Ca>"-2, which
may be due to the much longer distance between the Ng atom
and Ca>". In a-M2+-3, Mg2+/Ca2+ interacts with the N5 atom
solely, and the distance for M**-Nj is reasonable to be shorter
than those in a-M>"-1 and a-M*"-2.

In guanine there are also three sites to interact with
Mg®"/Ca*". The cation simultaneously interacts with the
Og¢ and Ny atoms in g-MH—l, and the distance of M2+-O6
is shorter than that of M2+-N7, about 0.1 and 0.2 A for
Mg”*" and Ca’*, respectively. Moreover, g-M>*-2 and
g-M?>"-3 are fairly similar, and the amino and imino groups
are distorted by the repulsion between the N,-H or No-H
hydrogen atom and the cation. Compared with g-Mg>"-2,
the distance of Mg?*-N5 in g-Mg?"-3 extends by 0.02 A
(0.0IA by MP2 and 0.02 A by B3LYP), while the distance
of Ca’*-N; in g-Ca>*-3 contracts by 0.02 A (0.01 A by
MP2 and 0.01 A by B3LYP). But the distance of M>*-N,
in g-M*>"-2 is shorter than that of M*"-Ny in g-M>"-3 by
0.07/0.08 A for Mg>*/Ca’>* by ABEEMon/MM model
(0.05/0.09 A by MP2 method, 0.04/0.07 A by B3LYP
method), respectively.

In general, cytosine has fewer available binding posi-
tions than adenine and guanine. As shown in Fig. 3, only
one stable structure denoted as c-M>* was found, in which
the bidentate position O,---M**-.-Nj is available. Similarly
as g-M?*"-1, the ABEEMon/MM distance of M>'-O,
(1.95/2.15 A) is shorter than the corresponding distance of
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Fig. 3 ABEEMon/MM-
calculated structures of Mg
Ca?*—DNA base complexes,
and the MP2/6-

311 +4G(2d,2p) results (in
parentheses) are also provided
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M?T-N; (2.11/2.46 A) for Mg>* and Ca*, respectively,
which is due to the attraction for the O, atom to Mg*"/
Ca”" is greater than that for the N5 atom. Thymine has two
carbonyl oxygen atoms, which provides two corresponding
binding sites with cation, and the distance of M>t.0
changes inevidently from t-M>"-1 to t-M>"-2,

To summarize, three points should be mentioned: (1)
When Mg*"/Ca®" interacts with two nitrogen atoms, one
of which belongs to an amino/imino group, the distance of
M?*-N is shorter than that of M>"™-NH, or M**-NH by at
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least 0.1 A. This is mainly because of the repulsion
between the cation and the H atoms of amino/imino group,
which weakens the attraction between the nitrogen atom
and Mg”**/Ca*. (2) For guanine and cytosine, the distance
of M*™-O is shorter than that of M>"-N by about
0.1 ~ 0.2 A for Mg?>" and Ca®", respectively, owing to
the fact that oxygen atom has stronger electronegativity
than nitrogen. (3)As the ionic radius increases from Mg*"
to Ca®", it is reasonable to find the increasing distance
between M?* and the same base from Mg>" to Ca**.
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e Binding e o ABEEVNY cesoiy e ez
mol) a-Mg>*-1 156.92 157.64 156.92 156.0
a—Mg2+—2 151.93 153.36 152.41 151.6
a-Mg>™-3 124.38 125.49 124.32 95.5
a-Ca*™-1 106.56 106.19 106.56
a-Ca’*-2 87.00 84.12 85.35
a-Ca’**-3 88.96 85.49 86.42
g-Mg>t-1 190.04 191.05 190.05 189.0
g—Mg2+—2 133.75 132.95 133.75 1324
— g—Mg;:—S 119.15 120.03 116.78
311 ++G(2d,2p)//MP2/6- g-Ca”"-1 141.28 140.95 141.28
311 ++G(2d,2p) from this g-Ca> -2 91.15 85.69 87.35
work g-Ca®*-3 75.95 76.88 75.95
® MP2/6-311 ++G(2d,2p)// c-Mg?* 175.63 176.55 175.63 173.9
ESSLEZ ﬁ'?’“ ++Gdp) from - op2s 130.67 130.42 130.68
¢ MP2/TZVPP//MP2/TZVPP t—Mg2+—1 132.46 131.28 132.46 130.4
from Ref. [32] t-Mg>+-2 126.19 125.75 126.19 124.3
4 RMSD is of the ABEEM/MM t-Ca®"-1 98.51 96.36 98.51
binding energy in comparison t-Ca’t-2 93.48 91.82 93.48
with the CCSD(T) and MP2 RMSD¢ 1.93 1.28
results
3.1.2 Binding energies 200
L}
The total binding energies, AEgg, of all the stable struc- 180 R=0.9989 =
tures were calculated in terms of two QM methods men- 5
tioned above and ABEEMon/MM model, and the results E Ll | i
are listed in Table 3. The binding energy is defined as: é 140 |- a
AEgg = Eyp+ + Epae — Eypr _pgse 3 = 2
As can be seen from Table 3, ABEEMon/MM results are S 120 - s
in excellent agreement with those of the QM calculations. ﬂ o
Compared with the CCSD(T) and MP2 results, the RMSDs 2 or e
are only 1.93 and 1.28 kcal/mol, with the percentage o ’
RMSDs of 1.6 and 1.0%, and the linear correlation coeffi- -
cient reaches 0.9989 (Fig. 4) and 0.9994, respectively. 60 A R . .

For the adenine-Mg>" complexes, the most stable
position is a-Mg”"-1, and the binding energy is 156.92
kcal/mol by ABEEMon/MM. The binding energy in
a-Mg2+-2 is 151.93 kcal/mol, which is a little smaller than
that of a-Mg”>"-1 and much greater than that of a-Mg>*-3
by about 30 kcal/mol. However, the binding energy of
a-Ca®"-1 is larger than those of a-Ca®™-2 and a-Ca®"™-3
about 20 kcal/mol, and the AEgg of a-Ca®*-2 is approxi-
mately equal to that of a-Ca**-3; the deviation between
them is only 1.96 kcal/mol by ABEEMon/MM.

In the case of guanine-Mg”" complexes, g-Mg” -1 is the
most stable one, and its binding energy reaches 190.04 kcal/
mol. The binding energies for g-Mg*"-2 and g-Mg>"-3 are
133.75 and 119.15 kcal/mol, respectively. Although the
guanine—Ca>" complexes are similar to guanine—Mg>"
complexes, the corresponding binding energies decrease

60 80 100 120 140 160 180 200
CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) (kcal/mol)

Fig. 4 The ABEEMon/MM binding energies versus the correspond-
ing CCSD(T) results of Mg?*/Ca’>"—DNA base complexes

from 42.60 to 48.76 kcal/mol by ABEEMon/MM
(43.15-50.10 kcal/mol by CCSD(T) method, and 40.83—
48.77 kcal/mol by MP2 method).

For the thymine-M?* complexes, Mg>"/Ca®" interacts
with two oxygen atoms of the bases, respectively. Complex
t-M>*-1 is relatively more stable than that of t—M2+—2, and
the binding energy of t-M>"-1 is greater than that of t-M>"-
2 by 6.27 kcal/mol for Mg®" and by 5.03 kcal/mol for
Ca”". The binding energy of cytosine-M>" complexes is
greater than that of the same position of thymine—-M>"

@ Springer
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complexes, because N3 atom in cytosine replaces N-H bond
in thymine at the same site, so there is much more electrostatic
attraction to metal cations. The binding energies of cytosine-
M?** complexes by ABEEMon/MM are 175.63 and
130.67 keal/mol for Mg*" and Ca*™, respectively.

To sum up, the following order of relative binding
ability of different sites with the metal cation in the DNA
bases holds: N, (guanine) > Nj (cytosine) > N5 (adenine),
and the other sites are uncertainty. Moreover, because the
radius of Mg>" is smaller than that of Ca®™, it is reasonable
to find the binding energies of Mg®"—base complexes are
larger than those of corresponding Ca**t—base complexes.
The whole stabilization order of M*T—base complexes are
g-Mg>t-1 > c-Mg*>™> a-Mg® "1 > a-Mg*"-2 > g-Mg**-
2 > t-Mg® -1 > t-Mg*"-2 > a-Mg*™-3 > g-Mg**-3  for
Mg®", and g-Ca®™-1 > c-Ca’*> a-Ca’*-1 > t-Ca®*-1 >
t-Ca’"-2 > g-Ca’™-2 > a-Ca?"-3 > a-Ca’™-2 > g-Ca*"-3
for Ca**—base complexes.

As shown above, the ABEEMon/MM results are con-
sistent with those from the two present quantum chemistry
calculations.

3.1.3 ABEEM charge distribution

The ABEEMon model computes the explicit charges of
atoms, bonds, and lone-pair electrons, which are fluctuating
with the different ambient environment. Moreover, we
have specially treated the pairwise electrostatic interaction
between metal ion and the lone-pair electron of atoms
nitrogen and oxygen of bases, and given the specific
expression of the interaction parameter k(R;) function in
Eq. 2. In addition, the ABEEM/MM not only contain the
fluctuating charge but also use the non-rigid-body molecule
permitting vibration of bond length and angle of the bases.
The ABEEM charge distributions of selected sites of the
M*"—bases complexes are presented in Table 4, from
which we can see that the presence of Mg®"/Ca®" near
bases has strongly affected the charge distributions in the
bases. The charges of both cations and bases are different
compared with the isolated bases in all the selected sites
and cations, which is consequential upon the interactions
between cation and base. The significant changes take
place in the cation, and the lone-pair directly interacts with
the cation. For example, for complex a-Mg®"-1, obvious
polarization and charge transfer can be seen from the
charge variations of the sites IpN5, IpNg, and Mg”, which
are —0.49, —0.25, and —0.42, respectively. We can also
find that the charge transfer from cation to base is generally
larger for Mg”—base complex than that for the corre-
sponding Ca”*"—base complex. For example, the charge
transfer of M*" in a-M?*-1 is 0.42 and 0.39 for Mg*" and
Ca2+, respectively, which is also because of the smaller
radius of Mg?*. It is also meaningful to notice the greater

@ Springer

charge transfer for Ca*™ (0.61) than Mg>™ (0.53) in a-M*"-
2 complexes. This is due to the distorted amino group in
a-Mg”"-2 (Fig. 3), which further manifests that our model
can represent responses as the structure of the system
changes. To summarize, the fluctuating charge ABEEMant/
MM model can reasonably reflect the changed ambient
environment or structure and make a compensation for the
shortage of fixed-point charge models.

3.2 Mg*"/Ca®"—tautomeric base complexes

In this section, we will validate the transferability of the
parameters and examine the newly constructed ABEEMan/
MM potential by comparing the optimized geometries and
binding energies of Mg®"/Ca*"—tautomeric bases from
ABEEMon/MM and the ab initio results. As has been
shown above, the MP2/6-311 ++G(2d,2p)//B3LYP/6-
311 +4+G(d,p) method can give results as accurately
as CCSD(T)/6-311 ++G(2d,2p)//MP2/6-311 ++G(2d,2p)
method does for Mg>™/Ca**—bases complexes. Hence, the
MP2/6-311 ++G(2d,2p)//B3LYP/6-311 ++G(d,p) level of
theory was employed for the computational efficiency to study
complexes of Mg®t/Ca®" with tautomeric bases. Here, we
selected 14 typical tautomers of bases for the present study.

3.2.1 Geometries

Figures 5 and 6 depict the graphical representation of
M?*—tautomers of bases complexes in the present study.
We can see that the ABEEMon/MM potential gives rea-
sonable geometries compared with those of the B3LYP
calculations, and the RMSD is only 0.06 A, which equates
a percentage RMSD of 2.2%.

As shown in Fig. 5, the amino group is distorted when
tautomers al and a2 interact with Mg?*, which is the same
as Mg " interacted with canonical adenine. However, alca
and a2ca have the opposite situations owing to the longer
distances between Ca’" and N atom, and the ABEEMon/
MM model and B3LYP method give the same value of
4.63 and 3.97 A, respectively. The metal cations interacted
with imino N atom in a3 M*"1 and a3 M*"2 complexes
directly. And the distances of Mg®>™-N in both are 1.96 A
by ABEEMon/MM (1.95 and 2.01 A by B3LYP, respec-
tively). Meanwhile, the distances of Ca®*-N are 2.18 and
2.30 A by ABEEMoni/MM (2.16 and 2.30 A by B3LYP
method), respectively. The difference between a3 and a4 is
the directions of the imino H atom. However, the structure
of complex a3 M?>*2 is very similar to a4 M*"1 because of
repulsion between metal cations and hydrogen atom.
Complexes a3 M*"3 are similar to a-M>"-3, in which M*"
binds to N3 atom, and the distances of M>*_N are 2.06 and
2.01 A for Mg?>*, and 227 and 221 A for Ca>* by
ABEEMon/MM potential, respectively.
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Table 4 ABEEM charge distributions of selected sites for M*"—bases complexes

IpN; IpN3 IpN, IpNg Mg>t/Ca®t
Adenine —0.18 —-0.17 —0.18 —0.10
a-Mg-1 —-0.22 —0.21 —0.67 -0.35 1.58
a-Mg-2 —0.62 —0.21 —-0.22 —-0.33 1.48
a-Mg-3 —-0.23 —0.63 —0.22 - 1.42
a-Ca-1 —0.23 —0.22 —0.55 —0.29 1.61
a-Ca-2 —0.50 —-0.23 —-0.23 - 1.39
a-Ca-3 —-0.24 —0.50 —-0.23 - 1.40

le7 lPOG 1p06 le3 lez leg
Guanine —0.32 —-0.21 —-0.23 —-0.19 —-0.14 —-0.09
g-Mg-1 —0.83 —0.66 —0.30 —-0.22 - - 1.62
g-Mg-2 —0.38 —-0.25 —0.27 —0.60 —0.28 - 1.41
g-Mg-3 —0.38 —-0.25 —0.27 —-0.53 - —-0.35 1.37
g-Ca-1 —0.84 —0.45 —0.34 -0.23 - - 1.67
g-Ca-2 —-0.39 —0.26 —0.28 —0.48 —-0.25 - 1.49
g-Ca-3 -0.39 —0.26 —0.28 —0.42 - —0.24 1.41

le3 lp02 1p02
Cytosine —-0.17 —0.20 —0.18
c-Mg —0.50 —0.28 —0.62 1.53
c-Ca —-0.50 —-0.32 —0.45 1.60
1p04 1p04 1p02 1p02

Thymine —0.20 —0.20 —0.20 —0.20
t-Mg-1 —0.58 —0.48 —0.25 —0.26 1.51
t-Mg-2 —0.25 —0.26 —0.49 —-0.53 1.35
t-Ca-1 —0.46 —0.45 —0.27 —-0.27 1.49
t-Ca-2 —-0.27 —0.28 —0.43 —0.44 1.45

For tautomeric guanine, there still exists bidentate position
in complexes gl M>"1 and g2 M**. In gl M**1, M*" binds
with two N atoms, while in gl M2+2, M>* binds with the
carbonyl O atom. For g2 M**, M** binds with N and O atoms,
in which the distance of M*T—0 is shorter than that of M>™-N
by about 0.15-0.30 A. For the cytosine tautomers, only one
metalated structure can be found, and it corresponds to the
metal binding with O2 and N3. The distances between the
cation and tautomeric cytosine in ¢c1 M>" and ¢2 M>" have
tiny differences due to different positions of imino H atoms.
Similar situation can also be seen for the tautomeric thy-
mine,that is, t1 M+ and 2 M?*.

3.2.2 Binding energies

Table 5 lists the binding energies of the M**—tautomer of
base complexes from the ABEEMan/MM potential and the
MP2 methods, from which we can see that the ABEEMon/
MM binding energies are in fair agreement with those from

MP2 method, and the RMSD is 6.29 kcal/mol, equating to
a percentage RMSD of 4.7%, with a linear correlation
coefficient of 0.9886 (Fig. 7).

It should be mentioned that the binding energy of the
most energy-favored structure of the metalated tautomer,
that is, admgl, exceeds the canonical form, a-Mg”-l, by
as much as 36 kcal/mol, calculated from ABEEMon/MM
(41 kcal/mol by MP2 method). This shows that binding of
metal cation to the bidentate position will dramatically
change the relative stabilities of various tautomers and
even cause the preference of unusual tautomer to be more
pronounced. The binding energies of g2 mg/g2ca are
greater than those of g-Mg-1/g-Ca-1 by 13.78/11.04 kcal/
mol from ABEEM/MM calculations (15.52/14.26 kcal/mol
by MP2 method), respectively. It should be mentioned that
the energy differences between these structures are mainly
due to the different position of hydrogen atom. The other
reason is because the cation binds to the base at a bidentate
position of N and O, which is more energy-favored.

@ Springer
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Fig. 5 The ABEEMon/MM-
calculated structures of Mg>*—
tautomer of DNA base
complexes, and the B3LYP/6-
311 ++G(d,p) results (in
parentheses) are also provided

@ Springer
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Fig. 6 The ABEEMon/MM-
calculated structures of Ca>"—
tautomer of DNA base
complexes, and the B3LYP/6-
311 +4G(d,p) results (in
parentheses) are also provided

4 Conclusions

We have systematically investigated the interaction of
Mg?*/Ca*" with canonical DNA bases by high-level
quantum mechanical method, and then we constructed an

t2ca

accurate interaction for the above system in the spirit of
ABEEMon/MM fluctuating charge model. The parameters
were determined in comparison with the quantum
mechanical results. Results show that: (1) When Mg2+/
Ca’" interact with O and N atom of the bases

@ Springer
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Table 5 The binding energy of

M totomer of base Type ABEEM/MM MP2* Type ABEEM/MM MP2*
complexes (kcal/mol) almg 157.01 153.73 alca 102.87 95.43
a2mg 146.03 146.58 a2ca 64.61 82.63
a3mgl 126.75 144.37 a3cal 94.89 103.03
a3mg2 192.84 191.54 a3ca2 136.34 138.62
a3mg3 107.08 107.52 a3ca3 71.60 68.73
admgl 193.59 198.01 adcal 137.02 145.08
admg?2 107.55 106.91 adca2 71.93 74.51
glmgl 167.26 171.30 glcal 123.36 125.22
glmg?2 12491 132.63 glca2 94.46 99.24
22mg 202.78 205.57 g2ca 152.32 155.54
@ MP2/6-311 ++G(2d,2p)// clmg 162.03 163.80 clca 120.67 121.87
B3LYP/6-311G(d,p) from this c2mg 169.04 177.19 c2ca 135.46 135.31
work tlmg 135.26 139.27 tlca 97.67 101.97
° RMSD is of the ABEEM/MM  12mg 134.74 137.53 t2ca 98.33 99.08
binding energy in comparison b
with the MP2 results RMSD 6.10 648
220 The ABEEMon/MM results are in good agreement with
200 - » those of QM results, with a small root square deviation
w (RMSD) of 0.03 A, equating to a percentage RMSD of
5 180 1.4%. For the binding energies, compared with the
s o an results, the 0 oT
£ Reiieh ol CCSD(T) and MP?2 results, the RMSD of ABEEMan/MM
= 180 - . .
S o is only 1.93 and 1.28 kcal/mol, equating to percentage
E 140l» sl RMSDs of 1.6 and 1.0%, and the linear correlation coef-
§ I ficient reaches 0.9989 and 0.9994, respectively. Further-
= L ey
2 120[ : more, the transferability of the parameters of the new
2 100 - "uy potential is validated by investigation of Mg*™/Ca®"
o
< i 3 binding to tautomers of bases, and results from our
o - potential also show quite good consistency with those of
60 - - MP2/6-311 ++G(2d,2p)//B3LYP/6-311 ++G(d,p) method,
1 1 1 1 1 1 1 1

60 80 100 120 140 160 180 200 I 220
MP2/6-311++g(2d,2p)//B3LYP6-311++g(d,p) (kcal/mol)

Fig. 7 The ABEEMon/MM binding energies versus the correspond-
ing MP2 results of Mg>+/Ca®>"—tautomer of DNA base complexes

simultaneously, the distance of M*>T—O is shorter than that
of M**-N. (2) The distance of M*"-N is shorter than that
of M*"-NH, and that of M*™-NH. (3) From Mg>" to
Ca2+, the distance from M?* to the same base increases
with the increasing radius, while the binding energies
decreases. (4) The binding energy order for DNA bases is:
g-Mg?t-1 > c-Mg**> a-Mg?t-1 > a-Mg**-2 > g-Mg**-
2> t-Mg® "1 > t-Mg*"-2 > a-Mg*™-3 > g-Mg**-3  for
Mg®", and g-Ca®™-1 > c-Ca’*> a-Ca®*-1 > t-Ca®*-1 >
t-Ca’"-2 > g-Ca’"-2 > a-Ca?"-3 > a-Ca’"-2 > g-Ca®"-3
for Ca**. For both Mg?" and Ca®", the order of preferred
binding sites in different bases is N; (guanine) > Nj3
(cytosine) > N5 (adenine).

@ Springer

with the overall percentage RMSDs of 2.2 and 4.7% for
geometries and binding energies, respectively.

To sum up, the newly constructed ABEEMon/MM
potential can accurately reproduce the ab initio structures
and binding energies of Mg”>"/Ca®"—base complexes. The
presented potential will be applied and generalized to study
hydrated metal cation binding to bases, base pairs, nucle-
otides, and dynamic simulations on the cation containing
nucleic acid systems in the aqueous solution. Up to now,
we have developed the ABEEMon/MM parameters for the
bases, sugar ring, and phosphate group. The parameter-
izations for the interactions of metal cations and water,
cation and phosphate, cation and sugar, etc. are still in
process, and they will be conducted in concert to achieve a
balanced description of all the interactions. In addition, as
Baker et al. [63] pointed out most recently, to complete the
development of a reliable force field for simulations of
nucleic acids, the optimization of bond, angle, and dihedral
parameters associated with different moieties in the com-
bining process of these parameters, as well as the valida-
tion of the final models against condensed-phase data for
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the full oligonucleotides, are still significant tasks. Shed-
ding light on the mechanisms of metal ions effects on the
structure and property of nucleic acids will be pursued in
our future projects.
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