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The effects of an external electric field on the binding affinity for protein–ligand complexes was determined by
applying electric field Eext to a water cluster containing two electric dipoles separated by a certain distance.
The mean forces on these two dipoles were computed from the trajectories of molecular dynamics simulations.
The results showed that the mean attractive force and the binding affinity between these two dipoles decreased
with increasingEext. Two factors governing the effects ofEext on the binding affinity of protein–ligand interactions
were proposed. (1)When Eext is applied to a water cluster containing protein–ligand complexes, the water mol-
ecules neighboring ligandwill be repelled from the ligand; themeanvan derWaals repulsive force exerted on the
ligand by thesewatermoleculeswould decrease, leading to a decrease in the binding affinity between theprotein
and the ligand. (2) Themean electrostatic force exerted on the ligand by thewatermolecules polarized by Eext is
thought to result from the dielectric polarization (Pprotein) in the region occupied by the protein, where Pprotein is
proportional to−Eext.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Various devices used for convenience in daily life are powered by
electricity. These electrical devices generate electromagnetic radiation.
The power lines that transmit electrical power from power plants to cit-
ies also generate large amounts of low-frequency electromagnetic radi-
ation. Electromagnetic radiation from power lines, cell phones,
microwave ovens, hair dryers, and other home appliances may be
harmful to humans, because electric force dominates the interactions
between atoms in biomolecules such as proteins, DNA, and RNA. Elec-
tromagnetic radiation can be reduced using various methods; however,
thesemethods are not generally cost-effective. Understanding the effect
of electromagnetic radiation on humans is helpful in determining the
level of effort required to reduce electromagnetic radiation.

Consider the cell under an external electric field (Eext); Eext will alter
the electric force on the biomolecule atoms and the polarization of
water molecules present in the cell. It may also disturb the binding af-
finity of protein–protein/ligand interactions, stability of protein confor-
mations, activity of proteins, and expression of biomolecules in
organisms. Although these effectsmay not immediately induce diseases
in humans, they may increase the possibility of diseases. At the same
time, Eext also has many useful applications; for example, it may be
used to destroy bacteria and thus aid in food preservation. The dangers
of Eext have previously been studied [1] by protein experiments [2–6],

cell experiments [7–10], animal experiments [11], and public health
studies [12].

Most biomolecules, including proteins, DNA, and RNA, exist in an
aqueous environment.Watermolecules have a large permanent electric
dipole moment and can be rotated and translated freely in solution.
Water molecules polarized by charged atoms can shield the atoms
from the electric interactions that occur between the charged atoms.
For two charged atoms separated by a large distance, the electric force
between them in water is 1/80 of the equivalent electric force in a vac-
uum. Another effect of water is to reduce the contact area between the
hydrophobic part of solutes and water molecules. Water molecules
readily form hydrogen bonds with neighboring water molecules. The
hydrophobic part of the solute breaks the hydrogen bonds among the
water molecules. Therefore, the hydrophobic interactions play an im-
portant role in the stability of protein conformations and binding affin-
ity of protein–protein/ligand interactions [13]. Many strategies had
been developed to treat these solvent effects, and can be classified as ex-
plicit [14], hybrid [15–18], or implicit [19–27] solventmodels. Themost
popular method used in recent years to calculate protein–ligand bind-
ing affinities was based on an implicit solvent model such as Molecular
Mechanics/Poisson–Boltzmann SurfaceArea (MM/PBSA) andMolecular
Mechanics/Generalized Born Surface Area (MM/GBSA) [28–32].

The effect of Eext on the stability of protein conformations has previ-
ously been studied using molecular dynamics (MD) simulations
[33–36]. The effects of Eext on the stability of β sheet structures, depen-
dence of Eext on the polarization of water molecules, mean force on the
charged atom in a water cluster, and interaction forces between two
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charged or neutral atoms in a water cluster have been explored using
MD simulations [37,38]. Maxwell's equations have been modified for
treating the electromagnetic interactions between molecular solutes
[39]. Hydrogen bonds play an important role in the stability of protein
conformations and binding affinity of protein–protein/ligand interac-
tions. To understand the bases of these hydrogen interactions, Eext was
applied to a water cluster containing two electric dipoles exposed to
or buried in water. This was done to mimic the interactions between
the hydrogen-bond donor and acceptor; the factors that govern the ef-
fects of Eext on protein–ligand interactions were proposed.

2. Method

2.1. Molecular dynamics simulations

The source code of the CHARMMpackage [40]wasmodified and ap-
plied in the following scenarios to verify that it could be applied to an
Eext. (1) Eext was applied to a simulation system containing one or two
charged atoms in a vacuum. The results showed that the accelerations,
velocities, and positions of atoms from MD simulations using the
modified CHARMMwere consistentwith those obtained fromanalytical
solutions (data not shown). (2) Eext was applied to a pure water cluster,
and the relation between the time-averaged dipole moment of
water molecules and the time-averaged electric field at the water
molecules was consistent with the results obtained in previous works
[41,42].

In this project, Eext = 0, 40, 60, or 100 MV cm−1 was applied to a
water cluster with radius Rcluster = 2 nm, containing two exposed (DI,
DII) (Scheme 1a) or buried (DIII, DIV) (Scheme 1b) electric dipoles. The
center of the two dipoles was at the center of a water cluster. The dis-
tance, d, by which the two dipoles were separated in the x direction
ranged from 0.3 to 0.6 nm at intervals of 0.02 nm. The electric dipoles,
with an amplitude of dipole moment of 8 ∗ 10−30 C m, were mimicked
by two charged atoms with charge −1.6 ∗ 10−19 and +1.6 ∗ 10−19 C
separated by a distance of 0.05 nm. The van derWaal (vdW) parameters
of atoms in DI and DII were assigned the same values as those of the ox-
ygen atom of TIP3P water; this is because the vdW radii of N, Cα, C, and
O atoms in the amino acids and that of the oxygen atom of TIP3P water
are similar,with ε=−0.6364 kJmol−1, andRmin / 2=0.17682nmand
Rmin / 2=0.4 nm for DIII and DIV. The simulations were carried out in an
NVE (i.e., moles (N), volume (V), and energy (E)) ensemble using the
CHARMMpackage [40] and spherical boundary conditionswithout cut-
off. The ion–water and water–water interaction energies were calculat-
ed by using the sum of electric and vdW pairwise energies. The O–H
bond length (0.09572 nm) and H–O–H bond angle (104.52°) of the
TIP3P water molecule were constrained during the simulations per-
formed using the SHAKE algorithm [43]. The two exposed or buried
electric dipoles were fixed during the MD simulations; the other
atoms propagated according to Newton's equations using the leapfrog
Verlet algorithm and a time step of 2 fs at a mean temperature of
300 K. Each of the systems was first minimized for 1000 steps, equili-
brated for 200 ps, and then subjected to 4 ns of production dynamics.
The configurations were stored every 20 fs.

2.2. Calculation of the mean forces

Eext was applied to thewater cluster containing DI and DII. Its contri-
butions to the mean force on D1 (FI) were as follows: the contribution
from Eext (FI,E) and DII (FI,II); the contribution from the solvent mole-
cules (FI,solv) was computed using the MD-simulation trajectories. FI,E

was zero because the net charge of D1 was zero. Therefore, FI can be
computed as follows:

F I ¼ F I;II þ F I;solvent
: ð1Þ

FI,II can be computed as the sum of the electric component (FeleI,II ) and
vdW component (FvdWI,II ) as follows:
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where qiI is the charge state of atom i in DI, qjII is the charge state of atom
j in DII, and NI and NII represent the number of atoms in DI and DII,
respectively. NC is the number of configurations collected in the MD
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Scheme 1. (a) Eext is applied to a water cluster (gray background) containing DI and DII. DI

contains two atoms with charges −1.6 ∗ 10−19 and +1.6 ∗ 10−19 C positioned at (x, y,
z) = (d / 2 − 0.025 nm, 0, 0) and (d / 2 + 0.025 nm, 0, 0), respectively. DII contains two
atoms with charges −1.6 ∗ 10−19 and +1.6 ∗ 10−19 C positioned at (x, y, z) = (−d /
2 − 0.025 nm, 0, 0) and (−d / 2 + 0.025 nm, 0, 0), respectively. FI and FII are the mean
forces on DI and DII, respectively. (b) Eext is applied to the water cluster containing DIII

and DIV, with van der Waals radii of the atoms assigned double that of the oxygen atom
of TIP3P. FIII is the mean force on DIII. (c) The relative solvent molecular densities are cal-
culated on the right side of DI+ (gI + r) and left side of DII− (gII–l). gI + r and gII–l are calcu-
lated from the water molecules in the region θI + r b 36° and θII–l b 36°, respectively.
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