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Abstract Dimethyl phosphate (DMP) anion has been
used extensively as a model compound to simulate the
properties of phosphate group. A 35-point DMP anion
potential model is constructed based on the atom-bond
electronegativity equalization fluctuating charge molecular
force field (ABEEM/MM), and it is employed to study the
properties of gas-phase DMP anion and DMP-(H,0),
(n = 1-3) clusters. The ABEEM/MM model reproduces
well the properties obtained by available experiments and
QM calculations, including charge distributions, geo-
metries, and conformational energies of gas-phase DMP-
water complexes. Furthermore, molecular dynamics
simulation on the DMP anion in aqueous solution based on
the ABEEM/MM shows that a remarkable first hydration
shell around the nonesterified oxygen atom of DMP anion
is formed with a coordination number of 5.2. It is also
found that two hydrogen atoms of one water molecule
form two hydrogen bonds with two nonesterified oxygen
atoms of DMP anion simultaneously. This work could be
used as a starting point for us to establish the ABEEM/
MM nucleic acid force field.
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1 Introduction

Dimethyl phosphate (DMP) anion represents the smallest
realistic model systems of the phosphodiester linkage in the
highly charged backbone of nucleic acids. It has been used
extensively as a model compound to simulate the proper-
ties of phosphate group [1, 2]. Furthermore, DMP is a vital
first step toward developing and validating of a new nucleic
acid force field. Three conformations of DMP anion, shown
in Fig. 1 in the gauche-gauche (gg), gauche-trans (gt), and
trans—trans (tt) conformations, are found to be significant
for the phosphodiester torsions from both experimental and
theoretical studies [3, 4].

There have been many theoretical studies on DMP anion
[5-19]. For example, Landin et al. [7] have investigated the
DMP anion at the Hartree-Fock level using the 3-21G, 3-
21G(*), 6-31G*, and 6-314+G* basis set in 1995. Florian
et al. [9] have carried out several quantum chemical cal-
culations at HF/3-21G(*), HF/6-31G*, MP2/6-31+G¥*, and
B3LYP/6-31G* levels in 1996, and they found that the best
results were obtained by using the B3LYP gradient cor-
rected density functional. Very recently, Petrov et al. [18]
performed calculations at the B3LYP/6-31G** level of
theory within the framework of the COSMO polarized
continuum model. Kuo and Tobias [15] reported an
ab initio molecular dynamics simulation study of sodium
DMP in aqueous solution. However, the ab initio molecular
dynamics simulation was only possible to simulate small
and medium-size molecules and their complexes.

Computer simulations based on molecular mechanics
(MM) are now an informative source for investigating
dynamical structures and properties of biomolecules [20—
24]. Up to date, a majority part of the potential functions
for studying nucleic acid systems employ the fixed-charge
potential models [25-31]. Shaik et al. [29] have
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Fig. 1 Graphical representation of DMP anion in gg, gt, and tt
conformations

scrutinized the performance of popular point charge
models such as AMBER, CHARMM, OPLS, MMFF,
TAFF, and TIP4P. The crucial problem in many force
fields arises from the calculation of Coulomb interactions
with the fixed charges that neglect all mutual polariza-
tions and charge-transfer effects. Previous studies [17]
showed that empirical force field significantly underesti-
mated the total interaction energies of DMP complexes,
due to an inaccurate description of the electrostatic
interaction between monomer at close distances. The
atomic charges, however, should vary with the environ-
mental field and the geometry of the system. There has
been steady interest since the 1970s in the development
and use of polarizable force fields [32]. Some electrostatic
protocols including polarization effects have been widely
developed in the past few years [32-51]. Furthermore,
some fluctuating charge models based on the electro-
negativity equalization principle (see reference [52] and
references therein) were proposed to overcome the limi-
tation of the fixed charge model. Based on the atom-bond
electronegativity equalization method (ABEEM) [53-56],
Yang et al. have developed the ABEEM/MM fluctuating
charge model, which has been applied successfully to the
water system [57-62], organic molecules and peptides
[52, 63-65]. It has also been used to study the solvation
of atomic ion, such as alkaline cation, alkaline-earth
cation, halogen anion and so on [59-61].

In the present paper, we investigated the properties of
isolated DMP anion, DMP-water clusters and DMP anion
in aqueous solution with quantum mechanics (QM)
methods and/or the newly constructed ABEEM/MM
model. This is the first time for ABEEM/MM to cover
DNA fragment, and this work will be used as a starting
point for us to develop a new nucleic acid force field.
The remainder of this article is organized as follows.
Section 2 describes the theoretical model and computa-
tional details. Section 3 gives the results and discussion
of the system concerned. Finally, a conclusion is pre-
sented in Sect. 4.

2 Methods

The potential energy function in ABEEM/MM can be
expressed as follows:
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which includes the bond stretching, angle bending, tor-
sional rotation, and nonbonded interaction terms, i.e., a
Coulomb term for the charge-charge interactions and a
Lennard-Jones 12-6 term for the van der Waals repulsion
and dispersion interaction. Here, k, ko represent the
force constants of bond stretching, angle bending, and vy,
vo, v3 represent the force constants of dihedral angle
torsion, respectively. roq and O are used to denote the
equilibrium values of the bond length and bond angle; r,
0, and ¢ stand for the actual values of bonds, angles,
and dihedral angles, respectively. Geometric combining
rules for the Lennard—Jones coefficients are employed:
o = (a,-,»ajj)l/2 and ¢; = (sfisjj)llz. Furthermore, the
coefficient f;; is set to 0.0 for any i—j pair separated by
one or two bonds, f;; = 0.5 for 1,4 interactions (atoms
separated by exactly three bonds) and f; = 1.0 for all of
the other cases. For the Coulomb term, the partial
charges ¢; are obtained by ABEEM model [53, 54],
which makes a full consideration on the conformational
changes and gives the explicitly quantitative charges of
all molecular regions, including atoms, bonds, and lone
pairs. R;; is the distance between the site points i and j,
k; is equal to 0.57, which is an overall optimized cor-
rection coefficient. In the hydrogen bond interaction
region [57, 58], k;; is replaced by a kppona(R;;) function
to describe the electrostatic interaction between the
hydrogen atom and the lone pair electrons.

Figure 2 depicts the atom and lone pair electron charge
sites of DMP anion by the ABEEM model. There are
totally 35 sites including 13 atoms, 12 bonds, and 10 lone
pairs. It provides a more delicate consideration of the
electrostatic interaction. In Fig. 2, O1* and O2* are non-
esterified oxygen atoms, and Ol and O2 are esterified
oxygen atoms. Correspondingly, the lone pairs located in
the DMP anion can be classified into two classes: (1) the
nonesterified oxygen lone pairs located on the O1* and
02* atoms; (2) the esterified oxygen lone pairs located on
the Ol and O2 atoms. The presence of multiple lone pairs
leads to additional contributions to the anomeric effect,
especially involving the nonesterified oxygen (O*) lone
pairs [14]. The charge center of lone pair is placed on the
point that is covalent atomic radius far from the bonded
atomic nucleus. The bond charge is located on the point
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Fig. 2 Atom and lone pair charge sites of DMP anion assigned by the
ABEEM model. The nonesterified oxygen atoms are denoted as O1*
and O2%*, and the esterified oxygen atoms are denoted as Ol and O2.
‘Ip’ represents lone pair. For example, ‘Ipo;+;’ denotes the first lone
pair of O1*. In the text the nonesterified oxygen atoms are frequently
referred together as O* and the esterified oxygen atoms as O

that partitions the bond length according to the ratio of
covalent atomic radii of two bonded atoms.

It is very important to include the effects of hydrogen
bonding in molecular simulation based on classical force
fields if one hopes to reproduce and explain a wide range of
chemical phenomena. As there are two types of lone pairs,
we considered two types of hydrogen bonds between DMP
anion and water molecule. The first one is the hydrogen
bond forming between the lone pair of nonesterified oxy-
gen and the hydrogen of water molecule (i.e. [pO*---Hw);
the second one is the hydrogen bond forming between the
lone pair of esterified oxygen and the hydrogen of water
molecule (i.e. [pO---Hw). In order to well depict the nature
of the two types of hydrogen bonds, we take the special
treatments by introducing the parameters kj,o«....
awRipo#...aw) and  kppo...pp(Ripo-..w) to  describe the
electrostatic interactions of the two types of hydrogen
bonds. The fitted expressions of kj,ox+...a(Ripo+...w) and
kipo...ew(Ripo...aw) are expressed as follows:

k(Ripow.tr) = 0.630

- 0.1086
1+ exp[(Rpos.iw — 1.286)/0.1910]
(2)
k(Ripo...w) = 0.603
0.0683
(3)

1+ exp[(Rpo-aw — 2.085)/0.0862]

Minimizations of isolated DMP anion and DMP-water
clusters were performed using the modified Tinker 4.2
program with the limited memory BFGS quasi-Newton
nonlinear optimization routine. The criterion used for
convergence was the root-mean-square energy gradient,

which was less than 0.01 kcal/mol/A. No restrictions were
applied, that is, all atoms are allowed to move freely. By
the way, the original orientations were identical to those
used in the QM calculations.

A classical molecular dynamics (MD) simulation was
performed in terms of the ABEEM/MM and AMBER ff99,
respectively, starting with a DMP anion in gg conformation
and a sodium counterion (Nat was placed arbitrarily) in a
cubic box of length 18.64 A containing 220 preequilibrated
H,0 molecules. The system was optimized first, and then
the MD simulation was carried out in a canonical ensem-
ble, with periodic boundary condition and the minimum
image convention. Temperature was kept constantly at
300 K by Berendsen algorithm. The equations of motion
were solved using the velocity Verlet algorithm with a time
step of 1 fs. The long-range interactions were truncated
using a molecule based cutoff distance of 9.0 A. The Sys-
tem was equilibrated within 500 ps, and the following
500 ps trajectory was collected for dynamical property
analysis. It should be mentioned that, during the ABEEM/
MM MD, the charges of atoms, bonds, and lone pairs were
recalculated every picosecond instead of each time step.

Quantum mechanical calculations were performed by
using the Gaussian 03 program package [66]. Geometries
were determined at the DFT level by means of B3LYP
nonlocal exchange-correlation functional [67, 68] with
6-311+4-G** basis set. Calculations of vibrational fre-
quencies were performed to confirm that the optimized
structures were at their energy minima. Energies were
determined within the Mgller-Plesset perturbation method
(MP2) [69] with the same basis set, and BSSE corrections
[70] were included for DMP(H,0),, (n = 1-3) clusters. All
the calculations were performed on an SGI Altix 3700
server with 64 Itanium CPUs.

3 Results and discussion
3.1 Properties of isolated DMP anion

The charge distributions of isolated DMP anions (gg, gt, tt)
calculated by the ABEEM model are listed in Table 1 in
detail, from which we can see that the charge distributions
of gg, gt, and tt are different from each other, especially
those of the atoms and lone pairs, which is mainly due to
the intramolecular environment changes. For all the three
conformations, the positive charges are located on the
atoms including phosphorus, nonesterified oxygen, and
methylic atoms, and the negative charges are located on the
esterified oxygen atoms, all the bonds and lone pairs. The
total charge of each DMP anion is —1.

The internal geometries corresponding to the gg, gt, and
tt conformations are listed in Table 2, which are obtained
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Table 1 Charge distributions for DMP anion by the ABEEM/MM model

Atom gg gt tt Bond gg gt tt Ip gg gt tt
qp 1.405 1.401 1.392 qpr-01* —0.090 —0.090 -0.090 qipo1+1 —0.266 —0.257 —0.264
qor* 0.126 0.126 0.125 qp_o2+* —0.090 —0.091 —0.090 qipo1+2 —0.261 —0.260 —0.266
oo+ 0.126 0.126 0.125 gp-o1 —0.079 —0.078 -0.077 q1poi+3 —0.266 —0.267 —0.270
qo1 —0.022 —0.021 —0.021 qpr-o2 —-0.079 —0.078 -0.077 q1po2+1 —0.266 —-0.272 —0.264
qo2 —0.022 —0.022 —0.021 qoi-c1 —0.085 —0.085 —0.085 qipo2+2 —0.261 —0.270 —0.266
qci 0.117 0.119 0.117 qo2-c2 —0.085 —0.085 —-0.085 q1p02+3 —0.266 —0.266 —0.270
qc2 0.117 0.115 0.117 qci-H11 —0.100 —0.100 —0.100 qipoii —0.186 —0.186 —0.184
qu11 0.097 0.103 0.098 qci-H12 —0.101 —0.100 —0.100 qipo12 —0.190 —0.182 —0.180
qu12 0.100 0.098 0.104 qci1-H13 —0.100 —0.100 —0.101 qipo21 —0.186 —0.189 —0.184
qu13 0.103 0.102 0.098 qca-n21 —0.100 —0.101 —0.100 qipo22 —0.190 —0.185 —0.180
qu21 0.097 0.098 0.098 qca-n2 —0.100 —0.100 —0.101
qu22 0.103 0.097 0.098 qcr-n23 —0.101 —0.101 —0.100
qm23 0.100 0.101 0.104
All calculated charges in au
Table 2 Comparison of the geometries of DMP anion
gg gt tt
ABEEM DFT* Exp° ABEEM DFT* ABEEM DFT*
Bond length
P-O1%* 1.498 1.498 1.497 1.495 1.499 1.504
P-02* 1.498 1.498 1.501 1.507 1.499 1.504
P-0O1 1.623 1.680 1.619 1.661 1.630 1.672
P-02 1.623 1.680 1.631 1.688 1.630 1.672
01-C1 1.420 1.417 1.420 1.418 1.423 1.415
02-C2 1.420 1.417 1.421 1.414 1.423 1.415
Cl-C2 3.962 3.955 4.276 4.263 5.036 5.024
Bond angle
O1*-P-02* 121.5 125.7 119.7 120.7 123.4 120.4 122.4
01-P-02 101.7 99.5 104.8 98.5 96.1 97.2 95.0
P-01-Cl1 119.9 117.9 121.7 119.9 118.5 120.6 118.4
P-02-C2 119.9 117.9 121.7 120.2 117.2 120.6 118.4
Torsional angle
C1-01-P-02 73.8 74.2 73 69.2 70.2 141.7 142.2
01-P-02-C2 73.8 74.2 73 —163.5 —164.2 141.7 142.2
0O1*-P-02*-C1 125.1 126.4 126.5 127.8 127.8 129.2
01*-P-02*-C2 —125.7 —127.6 —127.4 —128.9 —127.1 —128.4

Bond lengths in angstrom. Angles in degree. For atomic numbering, see Fig. 2
* DFT calculations at B3LYP/6-3114++G** level

b Experimental values from Ref. [71]

from the ABEEM/MM model and QM calculations at
B3LYP/6-311++G** level, along with the experimental
data [71] for the gg conformation. Comparison of the
structures for bond lengths, angles, and torsional angles
shows satisfactory agreement between the ABEEM/MM
results and the B3LYP/6-3114-+G** level calculations.
For bond length, the RMSD is 0.027 A and the most
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obvious discrepancy occurs to the P-O bonds. For instance,
the bond length of P-O in gg conformation from ABEEM/
MM model is 1.623 A versus the value of 1.680 A from
B3LYP calculations. However, the P-O bonds in crystal
structure of barium diethyl phosphate are 1.59 and 1.62 A
[9]. So the shorter ABEEM/MM bond length is more
adequate to reproduce the condensed phase properties. The
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RMSD of angles is 2.4°, the biggest discrepancy occurs to
the O*-P-O* angle of gg conformation with difference of
4.2°. The experimental value of the O*-P-O* angle
obtained by X-ray diffraction is 119.7°. We can see that,
the ABEEM/MM value (121.5°) is closer to the experi-
mental data than the B3LYP result (125.7°). The RMSD of
torsional angles between ABEEM/MM and B3LYP results
is merely 1.1°, which is also acceptable. Furthermore, the
torsional angle of 73.8° for C—O-P-O of gg conformation
from ABEEM/MM model is in good agreement with
experimental result (73°).

It is well known that the gg conformation is more stable
than the gt, and tt conformations due to the conventional
anomeric effect. Proper energy ordering of the three gas
phase conformations (gg, gt, and tt) is essential for simu-
lating DMP anion. Table 3 listed the conformational
energies of these three conformations by using the present
ABEEM/MM model, AMBER force field [27], and several
ab initio methods [9, 14, 18]. The common point among all
the methods is the energy order of gg, gt, and tt configu-
rations, i.e., the gg conformation has the lowest energy in
the gas phase, followed by the gt and tt conformations. The
gt conformation is 1.11 kcal/mol higher than the gg
geometry, and the tt is 3.32 kcal/mol from the ABEEM/
MM model. The conformational energies obtained by
MP2/6-3114++G** level ab initio calculations for gt and tt
conformations are 1.14 and 3.35 kcal/mol, respectively.
Agreements between the ABEEM/MM force field results
and the ab initio calculations concerning both the order and
relative energy differences of the conformations are quite
well. The calculated gg/gt and gg/tt energy difference is
1.42 and 2.83 kcal/mol from earlier AMBER force field
[27]. Obviously, the ABEEM/MM results are in better
agreement with the ab initio data.

Table 3 Comparison of relative energies for DMP anions

DMP gg gg—gt gt gttt tt

ABEEM/MM 0.00 241 .11 420 332

MP2/6-3114++G**// 0.00 191 1.14 339 335
B3LYP/6-3114++4G**

MP2/6-31+G*//HF/6-31G**  0.00 2.26 1.45 3.66

B3LYP/6-31G**// 0.00 0.98
B3LYP/6-31G**°

MP2/6-314+G*// 0.00 1.37 3.34
MP2/6-31+G*¢

AMBER* 0.00 1.42 2.83

All calculated energies in kcal/mol

* Ref. [9]

" Ref. [18]

¢ Ref. [14]

4 Ref. [27]

As shown in Table 3, the torsional barriers going from
gg to gt and from gt to tt were also computed at MP2/6-
3114++G**//B3LYP/6-311++G** level, as well as the
ABEEM/MM method. The conformational transition from
gt to tt is less favorable than that of gg to gt, due to the
higher energy barrier of gt to tt. The ABEEM/MM tor-
sional barriers going from gg to gt to tt for DMP in the gas
phase are a little higher (less than 1.0 kcal/mol) than the
corresponding ab initio results.

3.2 Properties of DMP(H,0),, (n = 1-3) clusters

Water is a basic and integral part of nucleic acid structure.
Interactions with water molecules are important for the
stabilization of three-dimensional structures of nucleic
acids and for their functioning, such as double helix for-
mation in DNA or chain folding in RNA. Even under
extremely dehydrating conditions, nucleic acids still have
some tightly associated water [72]. Previous QM calcula-
tions suggested that water molecules play an important role
in the conformational flexibility of DMP anion [73]. Here,
we studied 11 DMP(H,0),, (n = 1-3) complexes, in which
the gg conformation is adopted for the DMP anion.

The calculated equilibrium geometries (such as H-bond
lengths and H-bond angles) of DMP-H,O dimers are shown
in Fig. 3. The ABEEM/MM optimized H-bond lengths (A)
and H-bond angles (°) are shown first, followed by B3LYP/
6-311+4-G** values in parentheses. There are mainly two
possible positions (I and II) for forming hydrogen bonds
around DMP anion: (1) One water molecule lies close to
the O*~P-O* plane at position I. Two O*-.-Hw—Ow type
hydrogen bonds are formed. We call this complex DMP1-
1, which is shown in Fig. 3 (left). A six-member-ring in
DMPI1-1 is clearly seen; (2) One water molecule interacts
with one O and one O* at position II shown in Fig. 3
(right), and the complex is called DMP1-2. There are two
kinds of H-bonds in DMP1-2: the first one (O*:--Hw—Ow)
is similar to that of DMPI-1, but the H-bond length
becomes shorter and the angle becomes linear, which
indicates that the H-bond of O*-Hw-Ow in DMPI1-2 is
stronger than that in DMP1-1; the second one is formed
between the esterified oxygen atom (O) and Hw, and it has
the longest H-bond length and the smallest angle, which
shows that it is the weakest.

As mentioned above, two types of H-bonds (O*:--Hw—
Ow and O---Hw-Ow) are found due to the difference of
nonesterified (O*) and esterified (O) oxygen atoms. With
respect to the equilibrium geometry values for H-bond
lengths and H-bond angles in DMP-H,O dimer, the RMSD
between the ABEEM/MM and B3LYP results are 0.020 A
and 1.2° respectively. The ABEEM/MM results are in
exceptional accordance with the corresponding DFT
results. The ABEEM/MM equilibrium geometry for bond
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Fig. 3 Structures of DMP-H,0O
dimer. The ABEEM/MM
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Table 4 Charge distributions for DMP-H,0 dimers by the ABEEM/MM model
Atom DMPI-1 DMP1-2 Bond DMPI-1 DMPI1-2 ip DMP1-1 DMP1-2
qp 1.415 1.413 gp_o1* —0.090 —0.089 Gipo1+1 —0.254 —0.294
qo1+ 0.113 0.109 qp_oo+ —0.090 —0.090 qipo12 —0.275 —0.283
oo+ 0.113 0.127 qpr-o1 —0.079 —0.079 qipo1+3 —0.279 —0.253
qo1 —0.022 —0.023 qr-02 —0.079 —0.079 qipoa+1 —0.254 —0.262
qo2 —0.022 —0.022 qoi-ci —0.085 —0.085 qipo2+2 —0.274 —0.256
qci 0.122 0.121 qor-c2 —0.085 —0.085 q1po2+3 —0.279 —0.261
qc2 0.122 0.122 qciui —0.100 —0.100 qipo11 —0.183 —0.189
qu1 0.101 0.101 qci_niz —0.100 —0.100 qipo12 —0.187 —0.193
qui2 0.103 0.102 qci-H13 —0.100 —0.100 qiponi —0.183 —0.183
qu13 0.106 0.106 qca-n21 —0.100 —0.100 qipo22 —0.187 —0.187
qu21 0.101 0.101 qcann —0.100 —0.100 qipowt —0.242 —0.236
qun 0.106 0.107 qca-nos —0.100 —0.100 qipow2 —0.242 —0.237
qH23 0.103 0.103 qow-Hw1 —0.151 —0.146
qow 0.103 0.102 dow-Hw2 —0.151 —0.152
qHw1 0.342 0.419
quw2 0.340 0.251

All calculated charges in au, for numbering, see Fig. 2

lengths of O*.--Hw-Ow and O---Hw-Ow are systemic
longer than those of the B3LYP calculations by 0.001-
0.034 A in contrast, the values of angle O*-.-Hw—Ow and
angle O---Hw—Ow are a bit smaller by 0.8-1.4°.

The charge distributions of DMP-H,O dimers are listed
in Table 4. For the water molecule, ABEEM-7P model [57,
58] gives the explicitly quantitative charges of all atoms,
bonds, and lone pairs. The positive charges located on the
Ow atom (0.113) and Hw atoms (0.290) are balanced by
the negative charges located on the Ow-Hw bonds
(—0.155) and the lone pairs (—0.191). As seen from data in
Tables 1 and 4, the charges of all sites for each DMP-water
dimers are different from the isolated water and DMP
anion, which is consequential upon the environmental
changes. The remarkable change of charges takes place at
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the position where the hydrogen bond forms. For example,
obvious polarization takes place for the charges of Hwl,
Hw2, IpO1*2, IpO1*#3, [pO2*2, and I[pO2*3 in complex
DMP1-1 (See Fig. 2 for notation of charge sites of DMP
anion), i.e., gHwl and gHw?2 are 0.342 and 0.340 versus
0.290 in isolated water hydrogen, and the charges of
IpO1*2 (—0.275), IpO1*3 (—0.279), [pO2*2 (—0.274), and
IpO2*3 (—0.279) are more negative than those of the iso-
lated DMP anion (—0.261, —0.266, —0.261, and —0.266),
respectively. In the same way, this obvious polarization
also takes place for complex DMP1-2 for the charges of
Hwl, Hw2, I[pO1*1, I[pO1*2, IpO11, and [pO12. In addi-
tion, we can predict the orientation of the water molecules
interacting with DMP anion by the charge distributions.
For example, the water hydrogen atoms have more positive
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charge and the lone pairs of O1* and O2* have more
negative charge in complex DMP1-1, which means that
two water hydrogen atoms will interact with both non-
esterified oxygen atoms of DMP anion at position I,
respectively. Compared with the isolated water and DMP
anion, in complex DMP1-2, the charges of Hwl, Hw2 and
lone pairs of O1* and O1 change obviously, which means
that there are hydrogen bonds at position II. To summarize,
the fluctuating charges of the DMP anion and water mol-
ecule can correctly reflect the redistribution with the
changed ambient environment and provide insight into the
intermolecular interaction of the system.

In order to further examine whether the ABEEM/MM
potential model can reproduce the ab initio interaction
energies, the interaction energies AE of DMP(H,0),
(n = 1-3) clusters are calculated and compared with
the quantum chemical results. The interaction energy AFE is
defined as the difference between the total energy of
a complex and the sum of each separated molecules.
Eleven complexes have been studied here: DMPI-1
and DMP1-2 are DMP-H,O dimers as describing
above; DMP2-1, DMP2-2, DMP2-3, and DMP2-4, are
DMP(H,0), trimers; five DMP(H,O); clusters are studied,
i.e., DMP3-1, DMP3-2, DMP3-3, DMP3-4, and DMP3-5.
The geometric structures of the complexes of DMP(H,0),,
(n = 2, 3) are shown in Fig. 4. For all the complexes,
there are mainly two types of hydrogen bonds between
DMP anion and water molecule. And the hydrogen bonds
between two water molecules cannot be neglected.
The interaction energies of DMP(H,0), (n = 1-3)
clusters calculated at the MP2/6-3114++G**//B3LYP/
6-311++4G** level with BSSE corrections are listed in
Table 5. For DMP-H,O dimers, the interaction energy of
DMPI1-1 (—14.57 kcal/mol) is a little lower than DMP1-2
(—14.45 kcal/mol). In the case of DMP(H,0), clusters,
two water molecules attached to the DMP anion as two
water monomers (DMP2-1 and DMP2-2) or a water dimer
(DMP2-3 and DMP 2-4), and the energy differences
between them are fairly small, with the interaction ener-
gies varied from —26.87 to —27.90 kcal/mol. For the
DMP(H,0); clusters, almost the same interaction energies
are obtained.

Table 5 also lists the interaction energy of DMP(H,0),
(n = 1-3) calculated by the ABEEM/MM model, which
are found to be in good agreement with the foregoing QM
calculations with an RMSD of 0.87 kcal/mol. The largest
discrepancy occurs at the DMP3-4 complex, and the
difference is —1.94 kcal/mol, which is less than 5% of
the interaction energy. On the other hand, the order of
DMP(H20), (n =1, 2) is in good agreement with the
ab initio calculations, with the only exception of DMP2-2,
which is 1.29 kcal/mol higher than the QM result
(—27.90 kcal/mol). In the cases of DMP(H,0)s, we failed
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Fig. 4 Graphical representation of the DMP(H,0), (n =2, 3)
clusters

in calculating the order of interaction energies, due to
the small energy differences between the five complexes.
In a word, the differences of stabilization energy of
DMP(H,0),, complexes are acceptable, and we can draw a
conclusion from the above analysis that the ABEEM/MM
model can well give rise to and correctly calculate the
static properties of DMP(H,0), complexes, and compare
well with the ab initio calculations.
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Table 5 Interaction energies of DMP-(H,0), (n = 1-3) clusters

ABEEM/MM Ab initio® Deviation
DMPI1-1 —14.51 —14.57 0.06
DMP1-2 —13.77 —14.45 0.68
DMP2-1 —27.74 —27.76 0.02
DMP2-2 —26.61 —27.90 1.29
DMP2-3 —27.20 —27.13 —0.07
DMP2-4 —26.88 —26.87 —0.01
DMP3-1 —39.98 —39.98 0.00
DMP3-2 —41.08 —39.56 —1.52
DMP3-3 —39.51 —39.56 0.05
DMP3-4 —41.47 —39.53 —1.94
DMP3-5 —39.31 —39.69 0.38

All energies in kcal/mol

% Ab initio calculations at the MP2/6-311++G**//B3LYP/6-
3114++4G** level with BSSE corrections

3.3 MD simulation of DMP anion in aqueous solution

In order to further test and verify the reasonableness of the
ABEEM/MM model and the correctness and transferability
of the parameters, we performed a MD simulation of DMP
anion in aqueous solution. The results are compared with
AMBER {99, CHARMMZ22, and ab initio MD simulations
[15]. Qualities such as the radial and angular distributions
of water around the nonesterified oxygen atoms (O*) in
DMP anion are reported.

3.3.1 Geometries of the DMP anion in gas phase
and aqueous solution

The averaged geometry parameters of DMP anion obtained
by ABEEM/MM, AMBER {f99, CHARMM22 and ab initio

MD simulations are listed in Table 6. The standard devia-
tions are given in parentheses. The small deviations for
bond lengths (about 0.03 A) and angles (about 2°) indicate
that the present system is equilibrated. As expected, the
geometric parameters from ABEEM/MM and AMBER {f99
are quite close to each other. Furthermore, the ABEEM/
MM MD simulation results are identical to those obtained
previously by Kuo et al. [15] using the ab initio MD and
CHARMM22 force field. Comparing the average structure
of ABEEM/MM MD simulation with the geometry from the
ab initio MD shows that the bond lengths are quite similar
with differences of 0.03-0.06 A and 1-3° differences
are observed for angle bending. In addition, the average
structure from the ABEEM/MM MD is very close to the
crystalline structure listed in Table 2. The optimized geo-
metrical parameters of the DMP anion obtained at MP2/6-
31G** level in gas phase and at BALYP/6-311+4+G** level
in aqueous solution are listed in Table 6. Comparing the
average structure from the ABEEM/MM MD simulation
with the optimized geometry in gas phase, a 6° opening of
the O1-P-0O2 angle and a 7° closing of the O1*-P-02*
angle are observed, which indicate that there are small but
significant solvent effects on the phosphate geometry.

3.3.2 Radial distribution

Besides the geometrical changes of DMP anion, the
arrangement of water around the DMP anion is remarkably
varied, with the most interesting results appearing in the
highly ionic regions between the nonesterified oxygen
atoms in DMP anion [74]. Radial distribution function
(RDF) is a useful tool to describe the structure of a system,
particularly of liquids, and the peaks of the RDF can reflect
the shell structure of the solvent. Here, the structure feature
of the water molecules surrounding the DMP anion is

Table 6 Geometric parameters for the DMP anion from molecular dynamics simulations in aqueous solution and geometry optimizations

Geometry Al MD* ABEEM/MM AMBER CHARMM? Al opt® (gas) DFT opt® (aqueous)
P-O1* 1.52 (0.02) 1.48 (0.03) 1.48 (0.02) 1.48 (0.02) 1.50 151
P-02 1.52 (0.02) 1.48 (0.02) 1.48 (0.02) 1.48 (0.02) 1.50 1.51
P-Ol1 1.63 (0.03) 1.60 (0.03) 1.60 (0.03) 1.58 (0.03) 1.68 1.65
P-02 1.63 (0.03) 1.60 (0.03) 1.60 (0.03) 1.58 (0.03) 1.68 1.65
O1-Cl1 1.48 (0.04) 1.42 (0.03) 1.42 (0.03) 1.43 (0.03) 1.42 1.43
02-C2 1.48 (0.04) 1.42 (0.03) 1.42 (0.03) 1.43 (0.03) 1.42 1.43
O1-P-02 104 (4) 105 (2) 105 (4) 103 (3) 99 102
01-P-02* 107 (5) 108 (2) 108 (3) 109 (3) 106 105
02-P-O1* 105 (4) 109 (2) 108 (3) 109 (3) 106 105
O1*-P-02% 117 (3) 119 (2) 119 (3) 116 (3) 126 122

Bond lengths in angstrom. Angles in degree. MD results are average values, with the standard deviations given in parentheses

* Ref. [15]

 DFT optimization at B3LYP/6-3114+4G** level with continuum model
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Fig. 5 Radial distribution function for water oxygen atoms around
the nonesterified (a) and esterified (b) oxygen atoms of a DMP anion
from the ABEEM/MM (solid line) and AMBER ff99 (dashed) MD
simulations

described by the RDF of the Ow atoms around the non-
esterified (Fig. 5a) and esterified (Fig. 5b) oxygen atoms.
The well-pronounced feature of the ABEEM/MM O%*---Ow
RDF (solid line) is a sharp peak corresponding to the first
hydration shell, followed by a lower and broader second
peak. The third peak is very weak. It implies that the DMP
anion can influence about two solvation shells from the
ABEEM/MM MD simulation. The water becomes fully
bulk like at the third solvation shell at about 7.5 A distance.
The sharp first peak with a maximum at 2.75 A marks a
tight first hydration shell of the O* atoms in DMP anion,
which is shifted outward about 0.05 A when comparing to
the ab initio simulation (2.7 A) [15]. The average coordi-
nation number of the two O* atoms within the first
hydration shell determined by integration of the first peak
in the RDF is 5.2, which is close to 5.0 and 5.5 from
ab initio and CHARMM MD simulations [15]. However,
the first peak is shorter and there is no evident second peak
in the O*..-Ow RDF (dashed) from the AMBER simula-
tion. For the esterified oxygen atoms, the RDF of O—Ow do
not show a clear structure in both curves. We believe that
the stronger interaction of O*~Ow in the ABEEM/MM
curve is a consequence of the multi [pO* charge sites (see
Fig. 2), which have more negative charge than IpO. In
addition, the methyl connecting to the esterified O atom
could block the water molecules binding to the esterified
oxygen atoms.

3.3.3 Angular distribution
To quantify the orientation of water molecules in the

vicinity of the phosphate group, we used 6 as the angle
between the Ow—O* vector and the Ow—Hw vector. The
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Fig. 6 Orientational probability distributions for water molecules
within the first hydration shell of the nonesterified oxygen atoms of a
DMP anion from the ABEEM/MM (solid line) and AMBER {99
(dashed) MD simulations

angular distribution calculated up to the first minimum in
the O*~Ow RDF gives some insight into the overall
arrangement of the water molecules around the DMP anion
in aqueous solution. The probability distributions of
angle 0 from ABEEM/MM (solid line) and AMBER {f99
(dashed) are plotted in Fig. 6. For the ABEEM/MM curve,
the first sharp peak at 0 = 8° arises from tightly bound
water molecules within the first hydration shell pointing
one of the Hw toward a nonesterified O* oxygen atom of
DMP anion in a nearly linear hydrogen bond. The second
sharp peak at 0 = 101° corresponds to the hydrogen atoms
of water molecules that do not form hydrogen bonds with
the DMP anion. There are two sharp peaks at 9 and 100°
from the AMBER MD simulation. These two sharp peaks
reveal the most populated type of DMP-water interactions
in DMP solution, i.e., the two hydrogen atoms of a water
molecule do not simultaneously interacting with an O*
atom in DMP anion (as shown in the upside of Fig. 6).
At a glance of Fig. 6, it is obvious to see a short peak
located at about 6 = 40° in the ABEEM/MM curve, which
is the biggest difference between ABEEM/MM and fixed
charge force fields or ab initio MD simulations. This peak
arises from a particular case that two hydrogen atoms of
one water molecule form two hydrogen bonds with two O*
of the DMP anion simultaneously, corresponding to the
interaction mode of water with DMP anion at position I as
shown in Fig. 3 (left) and Fig. 6 (underside). It is reason-
able and important due to the lower interaction energy of
DMP1-1 (Fig. 3). The reason why the probability of this
interaction mode is smaller lies in two aspects: (1) The
space between two O* (region I in Fig. 3), accommodating
one water molecule to form two H-bonds with the
DMP anion is relatively small. (2) The energy difference
between the two interaction modes observed in the angular
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distribution curve is not very big (about several kcal/mol),
and it can be easily overcome by the intermolecular col-
lisions at the room temperature. So the interaction mode of
the lowest interaction energy can convert to another
interaction mode of higher interaction energy.

All in all, it is clear that the obtained statistically aver-
aged solvation shell is different between ABEEM/MM and
AMBER MD simulations. There is a shorter first solvation
shell and no evident second solvation shell when the stan-
dard AMBER ff99 force field is used, but the first and
second hydration shells of DMP anion are very well defined
around the nonesterified O* atoms from the ABEEM/MM
MD simulation. Furthermore, the energy advantaged
interaction mode in DMP-water cluster (DMP1-1) was only
found in the ABEEM/MM MD simulation. From the
above analyses, we concluded that using the environment-
dependent atomic charge model is reasonable and important
for the simulation of DMP system.

4 Conclusion

This work presents potential energy function and para-
meters for DMP systems based on the ABEEM/MM fluc-
tuating charge model. The essence of this potential model
is to take the ABEEM charges of all atoms, bonds, and lone
pairs of DMP anion and water molecules into the electro-
static interaction term in molecular mechanics. Here, the
DMP anion is modeled by 35 charge sites, including 13
atoms, 12 bonds, and 10 lone pairs, and it provides a more
delicate consideration for DMP anion in the electrostatic
interaction. The model has the following characters: (1) it
allows the charges in system to fluctuate corresponding to
the ambient environment; (2) special treatments are taken
for intermolecular hydrogen bonds in describing the elec-
trostatic interaction by the use of function ky_ponda(R;)-

In the present paper, we systemically investigated the
geometry and energy properties of isolated DMP anion and
DMP-water complexes based on the ab initio method and
ABEEM/MM fluctuating charge model. The ABEEM/MM
conformational energies and geometries of three DMP
minima are in good agreement with the QM calculations or
available experimental data. Studies of the DMP-(H,0),
(n = 1-3) clusters further indicate that the present model is
adequate in treating hydrogen bonds in the DMP-water
complexes. MD simulation of DMP anion in aqueous
solution with explicit water molecules was performed in
terms of the present new potential function and parameters.
Some properties are in good agreement with the previous
ab initio MD simulation. There are small but significant
solvent effects on the DMP anion geometry. We verified
that the ABEEM/MM based MD simulation observed a
structured and oriented first hydration shell around the

@ Springer

nonesterified oxygen atoms of DMP anion. The average
coordination number of the two O* atoms within the first
hydration shall is 5.2. A special case that the two Hw
belongs to one water molecule could form two hydrogen
bonds with two nonesterified oxygen atoms of DMP anion
at the same time is found. This is the biggest difference
between ABEEM/MM and AMBER {f99 MD simulations,
and this also shows that a fluctuating charge force field can
provide more informative results than the conventional
fixed charge force fields. In a word, the ABEEM/MM
fluctuating charge model can reasonably simulate the
phosphate groups, and this work could be used as a starting
point in developing a new ABEEM/MM nucleic acid force
field.
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