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ABSTRACT: A series of molecular dynamics (MD) simulations up to 1 μs for
bovine insulin monomer in diﬀerent external electric ﬁelds were carried out to study
the eﬀect of external electric ﬁeld on conformational integrity of insulin. Our results
show that the secondary structure of insulin is kept intact under the external electric
ﬁeld strength below 0.15 V/nm, but disruption of secondary structure is observed at
0.25 V/nm or higher electric ﬁeld strength. Although the starting time of secondary
structure disruption of insulin is not clearly correlated with the strength of the
external electric ﬁeld ranging between 0.15 and 0.60 V/nm, long time MD
simulations demonstrate that the cumulative eﬀect of exposure time under the electric
ﬁeld is a major cause for the damage of insulin’s secondary structure. In addition, the
strength of the external electric ﬁeld has a signiﬁcant impact on the lifetime of
hydrogen bonds when it is higher than 0.60 V/nm. The fast evolution of some
hydrogen bonds of bovine insulin in the presence of the 1.0 V/nm electric ﬁeld shows
that diﬀerent microwaves could either speed up protein folding or destroy the secondary structure of globular proteins
deponding on the intensity of the external electric ﬁeld.
explained the observed spectral data,35−39 revealed the chemical
reaction mechanism40−44 and given a more detailed interpretation for dynamic behavior of peptides or proteins in an
external electric ﬁeld4,6,8,10,16,24,25,27 with the help of molecular
dynamics (MD) simulations.
Previous MD simulations have given evidence that the
protein could be denatured in several nanoseconds under the
action of a strong external electric ﬁeld.4−8,16,18,24,25 Most MD
simulations have demonstrated that the external electric ﬁeld
should be greater than 0.5 V/nm to cause damages on the
secondary structure and disrupt the hydrogen bonds in
proteins, whereas an external electric ﬁeld of 0.1 V/nm has a
signiﬁcant impact on the dynamical behavior of proteins.4−8,16,18,25 Budi and co-workers4,16,18 performed MD
simulations on the insulin chain-B in both static and oscillating
external electric ﬁelds and predicted that speciﬁc frequencies of
oscillating external electric ﬁelds have more destabilizing eﬀect
on the protein than the static electric ﬁeld with the same
strength. A similar phenomenon has also been observed in MD
simulations of chignolin,6,45 a typical β-hairpin peptide. As a
result of the deﬁciency of ﬂexibility for proteins under a strong

1. INTRODUCTION
The maintenance of correct conformation of a protein is critical
to its function. The thermodynamic equilibrium of protein
could shift to its denatured state under strong exogenous
stimulations.1−8 Several theoretical and experimental works
have been carried out to detect the eﬀect of the exogenous
perturbation on protein folding and unfolding processes such as
temperature,9−12 pressure,11−13 pH changes,14 and laser
excitation.15 Currently, an active research ﬁeld is to study the
eﬀect of external electric ﬁelds acting on proteins.1,3,5,7,8,11,16−31
It has been experimentally conﬁrmed that microwave radiation
could alter protein conformation without bulk heating.1 The
fact that the change of protein conformation can alter the
function of protein has been veriﬁed by theoretical7,24 and
experimental1 works using amyloid, whose formation of ﬁbrils
would result in diseases such as Alzheimer’s disease, cystic
ﬁbrosis, and variant Creutzfeldt−Jakob disease. The rates of
protein folding and unfolding in solution could be accelerated
under the microwave conditions, which is also reported and
demonstrated experimentally.3 Despite extensive experimental
literatures on the study of nonthermal eﬀects on the protein
structure and function in far-infrared and microwave ﬁelds, it is
still diﬃcult for traditional experimental approaches to provide
the details of these processes at the atomic level.
In recent years, computer simulation has emerged as a
powerful tool to study dynamical processes of proteins in
nanoseconds or microseconds and even longer time at the
atomic level.32−34 Therefore, many studies have successfully
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Figure 1. Evolution of the secondary structure of the bovine insulin as a function of MD simulation time in the absence of an external electric ﬁeld
(a) and in the presence of external electric ﬁelds of 0.15 (b), 0.25 (c), 0.35 (d), 0.45 (e), 0.50 (f), and 0.60 V/nm (g), respectively.

exogenous stimulation, their biological activity could be
seriously aﬀected.
Most MD simulation studies focused on the study of
dynamical behaviors of proteins under external electric ﬁelds
ranging from 10 to 100 ns time scale. This time scale is likely
too short to observe disruption of protein’s secondary structure,
which may only be observed after a suﬃciently long time MD
simulation. In this study, we investigate the eﬀect of an external
electric ﬁeld on the integrity of the secondary structure of
insulin with relatively long MD simulations of up to 1 μs. In

this work, we choose bovine insulin, which was used in the
treatment of diabetes by injection as a model system. Bovine
insulin diﬀers from human insulin with only three residues in
the amino acid sequence and has a three-dimensional structure
similar to that of human insulin, thus having physiological
eﬀects similar to those of its human counterpart. Because of its
biological signiﬁcance in promoting growth and regulating
blood sugar levels, insulin has been studied by many
experimental and theoretical researchers.1,4,16,18 Although the
insulin is produced and stored as a hexamer in the body, it
B
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Several production runs of 1 μs MD simulation were
performed in the presence of static external electric ﬁelds with
intensities of 0.15, 0.25, 0.35, 0.45, 0.50, and 0.60 V/nm,
respectively. For comparison, a MD simulation in the absence
of an external electric ﬁeld was also carried out for 1 μs. All the
electric ﬁelds were applied in the same arbitrary direction, i.e.,
along the X-axis of the equilibrated system. In addition, some
shorter MD runs were performed under higher external electric
ﬁelds, because conformational changes of the protein occur in
several nanoseconds under those high electric ﬁelds.

exercises its biological activity in the form of a monomer.
Hence, the monomer of bovine insulin was chosen as the
model system in MD simulations.
In this study, we applied static electric ﬁelds with diﬀerent
strengths ranging from 0.15 to 1.0 V/nm to act on the bovine
insulin. Our main goal is to investigate the eﬀect of external
electric ﬁelds on protein’s secondary structure with relatively
long MD simulations of up to 1 μs. Our work also aims to
understand the underlying mechanism of the disruption of the
intraprotein hydrogen bond under external electric ﬁelds, by
virtue of which we aim to elucidate the origin of denaturation of
protein secondary structures under strong external electric
ﬁelds at the atomistic level.

3. RESULTS AND DISCUSSION
3.1. Applied Electric Field under 0.6 V/nm. Secondary
Structure Analysis. Previous MD studies demonstrated that
only the external electric ﬁelds stronger than 0.50 V/nm can
induce signiﬁcant structure changes, whereas the lower electric
ﬁeld strength around 0.1 V/nm does not alter the overall
structure of the protein within 100 ns MD simulations. In this
study, we investigate long-time eﬀects on insulin’s secondary
structure under a series of electric ﬁelds ranging from 0.15 to
0.6 V/nm during 1 μs MD simulation. We initially performed
MD simulation with the Amber99SB56 force ﬁeld and TIP3P
water model. However, this force ﬁeld did not maintain the
overall secondary structure of the bovine insulin in our MD
simulation even in the absence of an external electric ﬁeld.
Because this protein is mainly composed of α-helical structures,
it has been shown that the Amber03 force ﬁeld gives a more
stable description of intramolecular interaction for helical
protein structures.57,58 Therefore, the Amber03 force ﬁeld and
TIP3P water model were adopted for the protein and solvent,
respectively, in all MD simulations.
The evolutions of protein secondary structure as a function
of simulation time under diﬀerent external electric ﬁelds
ranging from 0 to 0.60 V/nm were plotted in Figure 1a−g. As
shown in Figure 1g, under the external electric ﬁeld of 0.60 V/
nm, part of the α-helix (residues 2−6, colored in blue) started
to change into the turn structure (colored in yellow) in about
10 ns. This part of the α-helical structure was destroyed and
turned into the coil structure completely in around 150 ns
(marked with the red border in Figure 1g). For comparison,
this helical structure remained stable during 500−1000 ns in
the absence of an external electric ﬁeld (Figure 1a). Moreover,
the time evolution of the secondary structure for chain-B
(residues 22 to 51) under 0.6 V/nm (Figure 1g) is quite
diﬀerent from that in the absence of an external electric ﬁeld
(Figure 1a). In particular, the section (residues 38−42)
centered at residue 40 in both Figure 1g (highlighted with
the red brace) and Figure 1a changed into something between
turn (colored in yellow) and α-helical (colored in blue)
structures during MD simulation. Nevertheless, it tends to be
more helical in the absence of the electric ﬁeld than in the
electric ﬁeld of 0.6 V/nm. On the contrary, the section
(residues 17−21) centered at residue 19 (highlighted with the
red brace) became more helical in the electric ﬁeld of 0.6 V/nm
than in the absence of an electric ﬁeld. Furthermore, the section
(residues 29−33) centered at residue 31 changed into a turn
structure from the α-helix under 0.6 V/nm external electric ﬁeld
in about 210 ns and it further turned into a bend structure
(colored in green) in about 360 ns (marked with the red
border). For comparison, this section of the protein was always
in the α-helical form in the absence of the electric ﬁeld. A
previous study18 on pig insulin by Budi et al. has demonstrated
that the presence of chain-A aﬀected the stability of chain-B in

2. COMPUTATIONAL APPROACH
All MD simulations were performed using the GROMACS
package v4.5.4.46 The Amber03 force ﬁeld47 and TIP3P48 water
model were adopted for the protein and solvents, respectively.
The uniform external electric ﬁeld Eext acts directly on the point
charges of protein. Therefore, the modiﬁed equation of motion
is given by
mi rï = fi =

∂
U + qi Eext
∂ri

(1)

where fi is the force on atom i of the protein when the external
electric ﬁeld was applied, U is the intramolecular potential, and
qi is the charge of atom i.
The starting geometry of bovine insulin was taken from the
Protein Data Bank (PDB accession code 2A3G).49 This protein
is composed of 51 amino acids with chain-A (21 amino acid
residues) and chain-B (30 amino acid residues). The two chains
are linked together by two disulﬁde bonds between residues
A7-B7 and residues A20-B19. Another disulﬁde bond is
between residues A6 and A11. The ﬁrst monomer was selected
from the X-ray structure. The amine groups were fully
protonated (Lys, Arg residues, and N-terminal), and the
carboxylic groups were deprotonated (Asp, Glu residues, and
C-terminal). All His residues were left neutral and protonated
at the ND1 or NE2 position base on the local electrostatic
environment. The protein was placed in an octahedral box
whose surface to the closest atom of the solute was set to 10 Å.
Subsequently, 3836 water molecules were ﬁlled in the box and
two sodium ions were added for neutralizing the entire system.
The system was ﬁrst energy minimized using the steepest
descent algorithm for 50 000 steps to remove close contacts.
Then, two 100 ps equilibrations were carried out in the
constant temperature, constant volume (NVT) ensemble and in
the constant temperature, constant pressure (NPT) ensemble,
successively. Before the external electric ﬁeld is switched on, a
pre-equilibrium MD simulation was run for 60 ns at 300 K
using the Berendsen thermostat50 with a time constant of 0.1
ps. The pressure was maintained at 1 atm using the Parrinello−
Rahman barostat51 with a time constant of 2.0 ps. A time step
of 2 fs was chosen for all the MD simulations. All bond lengths
were constrained using LINCS algorithm.52 Particle mesh
Ewald53 summation was employed to account for long-range
electrostatics and a 10 Å cutoﬀ for the van der Waals
interaction was implemented. DSSP program54 was utilized to
calculate the time evolution of the secondary structure along
the MD trajectory. Other data were analyzed by GROMACS or
in-house programs. VMD software55 was utilized to draw
structural diagrams.
C
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Figure 2. Representative three-dimensional protein structures of the bovine insulin. The disulﬁde bond is represented by balls and sticks. The
structures without external electric ﬁeld (a) and in the external electric ﬁeld of 0.15 V/nm (b) are the ﬁnal structure from 1 μs MD simulations. The
other structures in external electric ﬁelds of 0.25 (c), 0.35 (d), 0.45 (e), 0.50 (f), and 0.60 V/nm (g) are taken from the snapshots when the
secondary structures have just had dramatic changes.

A series of MD simulations which are up to 1 μs in external
electric ﬁelds of 0.50, 0.45, 0.35, 0.25, and 0.15 V/nm, were
carried out to probe the threshold value of the electric ﬁeld,
which could cause the disruption of the secondary structure of
the protein. The total dipole moment of the protein aligns with
the direction of the external electric ﬁeld quickly (within 1 ns)
under the action of those electric ﬁelds (Figure S1 of the
Supporting Information). As shown in Figure 1, the secondary
structure of residues 2−6 was destroyed (from the helical
structure to coil structure) under the action of 0.25, 0.45, and
0.50 V/nm (Figure 1c,e,f, respectively) external electric ﬁelds
during 1 μs MD simulation, whereas this section kept the
helical structure in the action of 0.15 and 0.35 V/nm (Figure

external electric ﬁelds by changing the total dipole moment of
the protein and lowered the threshold value of the electric ﬁeld
that can cause the disruption of the secondary structure from
1.0 to 0.5 V/nm. Nevertheless, our study shows that the
secondary structure of chain-B was not obviously destroyed
under the external electric ﬁeld of 0.6 V/nm in 10 ns, which is
within the MD simulation time frame in Budi et al.’s study.18
The disagreement may come from the diﬀerence of the force
ﬁelds used in MD simulations. As mentioned above, we
adopted the Amber03 force ﬁeld in this study, whereas the MD
simulation carried out by Budi et al. used the Charmm27 force
ﬁeld.
D
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1b,d) external electric ﬁelds. Therefore, the time when this
helical region began to be disrupted is not directly correlated
with the intensity of the external electric ﬁeld when its strength
ranges from 0.15 to 0.60 V/nm. For comparison, the
representative secondary structures of the bovine insulin
under diﬀerent external electric ﬁelds ranging from 0 to 0.60
V/nm are shown in Figure 2a−g. One of the helices (residues
13−20) of the protein was placed in the parallel direction for all
the structures. One can see from Figure 2 that the red helical
section (residues 1−8) was disrupted in the action of 0.25, 0.45,
0.50, and 0.60 V/nm (Figure 2c,e−g, respectively) comparing
with that in the absence of an external electric ﬁeld (Figure 2a).
There is no dramatic change in the secondary structure of this
section in the action of 0.15 and 0.35 V/nm (Figure 2b,d) from
that in the absence of an external electric ﬁeld. However, a
signiﬁcant diﬀerence exists for the section (residues 22−29)
centered at the residue 25 between in the presence and in the
absence of an external electric ﬁeld, which is mainly because the
external electric ﬁeld has a signiﬁcant eﬀect on the dynamical
behavior of the loop region of the protein. Similar to the
diﬀerence of time evolution of the secondary structure between
under the 0.60 V/nm electric ﬁeld and in the absence of an
electric ﬁeld for the section (residues 17−21) centered at
residue 19, this region shows more α-helical feature than the
turn structure in the action of 0.35, 0.45, and 0.50 V/nm
(Figure 1d−f) external electric ﬁelds, as compared to the case
in the absence of an electric ﬁeld (Figure 1a) during MD
simulation. However, this section shows more 310 helical
feature (colored in gray) under external electric ﬁelds of 0.15
and 0.25 V/nm (Figure 1b,c). Furthermore, for the section
(residues 38−42) centered at residue 40, it shows more turn
structure under the action of 0.15, 0.25, 0.35, 0.45, and 0.50 V/
nm electric ﬁelds than in the absence of an electric ﬁeld, which
is similar to the case in the action of 0.60 V/nm electric ﬁeld.
The secondary structure of the section (residues 6−9) centered
at residue 7 shows the turn structure during the whole 1 μs MD
simulation in the absence of the external electric ﬁeld. In
contrast, the secondary structure of this section becomes the αhelix occasionally under external electric ﬁelds of 0.15 and 0.25
V/nm (Figure 1b,c) during 1 μs MD simulation, whereas this
section mostly becomes the α-helix under external electric ﬁelds
of 0.45 and 0.60 V/nm, as shown in Figure 1e,g, respectively.
Eﬀect on Hydrogen Bonds. It was found that the secondary
structure of the bovine insulin was destroyed under the action
of the 0.25 V/nm or higher electric ﬁeld. However, the time
evolution of the secondary structure under the external electric
ﬁeld of 0.15 V/nm also shows a clear diﬀerence in comparison
to that without the external electric ﬁeld. Herein, we investigate
the eﬀect of electric ﬁeld on the hydrogen bond length. In this
study, we deﬁne the distance between the main-chain nitrogen
atom and oxygen atom as the hydrogen bond length. Figure 3
shows the hydrogen bond (between residues 5 and 9) length
distribution in the absence of an electric ﬁeld and under
external electric ﬁelds of 0.25 and 0.60 V/nm, respectively. As
can be seen from Figure 3, the hydrogen bond length at the
peak position of its distribution became shorter in the presence
of external electric ﬁelds. Because the hydrogen bonds are
closely associated with the secondary structure of this subunit
(residues 5−9) centered at residue 7, the secondary structure
transferred into the α-helix from the turn structure under the
external electric ﬁelds, as discussed in the previous section.
There are two disulﬁde bonds in this subunit, one is formed
between residues 6 and 11 in chain-A and the other one is

Figure 3. Comparison of the hydrogen bond (between residues 5 and
9) length distributions in the absence of the electric ﬁeld and in the
presence of electric ﬁelds of 0.25 and 0.60 V/nm, respectively.

formed between residue 7 of chain-A and residue 7 of chain-B.
The two disulﬁde bonds make this subunit very diﬃcult to
stretch. When the secondary structure of residues 2−6
transferred from the α-helix into the coil structure, the dipole
moment of this part tended to point to the direction of the
external electric ﬁeld, causing the segment of residues 2−6 to
drift away from the disulﬁde bond between residues 6 and 11,
which resulted in compressing the hydrogen bond length
between residues 5 and 9.
From the secondary structure analysis, we have shown that
the applied external electric ﬁeld makes signiﬁcant changes on
the helical region centered at residue 4 for bovine insulin. The
α-helical structure of this section would disappear completely
under high electric ﬁelds. To further investigate the eﬀect of the
external electric ﬁeld on the protein, we plot the time evolution
of the hydrogen bond length between residues 2 and 6 under
diﬀerent external electric ﬁelds in Figure 4. In general, when the
hydrogen bond length is more than 3.5 Å, the hydrogen bond is
disrupted. As shown in Figure 4, the hydrogen bond length is
less than 3.5 Å in the absence of an electric ﬁeld. On the
contrary, the hydrogen bond would be disrupted and its length
was stretched to more than 9 Å under external electric ﬁelds of
0.25, 0.45, 0.50, and 0.60 V/nm, which indicates that this αhelical region becomes almost ﬂat under the action of
suﬃciently high electric ﬁeld. There are only small
perturbations on this hydrogen bond under the action of the
0.15 V/nm electric ﬁeld. However, there is no clear correlation
between the intensity of applied electric ﬁeld and the time
when the hydrogen bond began to be disrupted. For example,
the hydrogen bond was stable during 1 μs MD simulation
under the 0.35 V/nm electric ﬁeld. This implies that the
damage on the hydrogen bond by the electric ﬁeld is still a
random event when the applied electric ﬁeld is less than 0.60
V/nm. Longer MD simulation may be desired to further
investigate the dynamic behavior of the bovine insulin under
the 0.35 V/nm electric ﬁeld.
Figure 5 shows the evolution of the number of hydrogen
bonds between the insulin and water molecules as a function of
MD simulation time under various external electric ﬁelds. One
can see from the ﬁgure that the number of hydrogen bonds
increased signiﬁcantly under the action of the 0.60 V/nm
external electric ﬁeld as compared to the case in the absence of
an external electric ﬁeld. The number of hydrogen bonds also
E

dx.doi.org/10.1021/jp501051r | J. Phys. Chem. A XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry A

Article

Figure 4. Hydrogen bond length between residues 2 and 6 as a function of simulation time. The black line shows the result in the absence of the
external electric ﬁeld (as the reference), whereas the red lines denote the results for diﬀerent external electric ﬁelds.

Figure 5. Number of hydrogen bonds (Hbond) between the insulin and water molecules as a function of the MD simulation time. The black line
represents the result in the absence of the external electric ﬁeld (as the reference), whereas the red lines denote the results under various external
electric ﬁelds.

increased slightly under lower electric ﬁelds (0.25, 0.45, and
0.50 V/nm). Because the secondary structure of insulin was
stretched under those electric ﬁelds, the residues which
previously interacted with other parts of the protein were
now more accessible by the solvent, resulting in the number of
hydrogen bonds between the protein and water molecules
increasing accordingly.
RMSD Analysis and Dipole Moment. The external electric
ﬁeld had diﬀerent eﬀects on the evolution of the α-helical
region of residues 1−6 and its neighboring section (residues 7−
10). To investigate the stability of these two parts in the
external electric ﬁelds, we plotted the backbone RMSDs of
residues 1−6 and residues 7−10 under diﬀerent external
electric ﬁelds in Figure 6. The RMSD is calculated with respect

to the starting geometry of 1 μs MD simulation. As can be seen
from Figure 6, the RMSD of residues 1−6 increases
signiﬁcantly under external electric ﬁelds of 0.25, 0.45, 0.50,
and 0.60 V/nm, which shows a remarkable change in the
secondary structure of this helical region, whereas the RMSD of
residues 7−10 is quite stable under diﬀerent electric ﬁelds.
Figure 7 shows the total dipole moment of the bovine insulin
as a function of simulation time in diﬀerent electric ﬁelds. The
total dipole moment in the presence of electric ﬁelds grows
larger than that in the absence of an external electric ﬁeld. The
total dipole moment of the protein is not stable in 1 μs MD
simulation under external electric ﬁelds of 0.25, 0.45, 0.50, and
0.60 V/nm, which indicates that the inﬂuence of electric ﬁeld
on the total dipole moment of protein is a cumulative eﬀect
F
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Figure 6. Comparison of backbone RMSDs for residues 1−6 and residues 7−10 of the bovine insulin in the presence of diﬀerent external electric
ﬁelds.

Figure 7. Total dipole moment of the bovine insulin as a function of MD simulation time. The data refer to the results in the absence (black line)
and in the presence (red line) of diﬀerent external electric ﬁelds.

investigate the stability of this hydrogen bond if the applied
external electric ﬁeld is less than or equal to 0.60 V/nm. The
hydrogen bond was not disrupted in 120 ns MD simulation
under 0.70 V/nm electric ﬁeld, whereas the other hydrogen
bond between residues 13 and 17 was broken in 10 ns under
0.70 V/nm. Although the hydrogen bond between residues 13
and 17 was not completely disrupted under external electric
ﬁelds of 0.50 and 0.60 V/nm, the ﬂuctuation of this hydrogen
bond length is more notable under 0.50 and 0.60 V/nm than in
the absence of an external electric ﬁeld. Both of the hydrogen
bonds were broken in about 5 ns under 0.90 and 1.00 V/nm.
Only when the external electric ﬁeld is higher than or equal to
0.90 V/nm were these two hydrogen bonds disrupted in short
MD simulations (within 10 ns).
Figure 9 shows the backbone RMSDs of three α-helices with
respect to those in the starting structure of the bovine insulin.
The obvious changes of the RMSDs mostly happened in 10 ns

over time. The gradual change of the total dipole moment was
related to the polarization eﬀect on the protein induced by the
external electric ﬁeld, whereas those dramatic changes were
corresponding to denaturation of the protein secondary
structure. As shown in Figure 7, some dramatic changes of
the total dipole moment happen after 400 ns MD simulation
under electric ﬁelds of 0.25, 0.45, and 0.50 V/nm. Therefore,
we conclude that long time MD simulation (longer than 400
ns) is necessary for investigating the eﬀect of external electric
ﬁeld on proteins for the electric ﬁeld below 0.6 V/nm.
3.2. Applied Electric Fields above 0.6 V/nm. Figure 8
shows the time evolution of the two hydrogen bonds between
residues 2 and 6, residues 13 and 17 under external electric
ﬁelds of 0.50, 0.60, 0.70, 0.90, and 1.00 V/nm, respectively. The
lifetime of the hydrogen bond between residues 2 and 6 is less
than 10 ns in external electric ﬁelds of 0.90 and 1.00 V/nm. In
contrast, more than 150 ns MD simulation is needed to
G
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Figure 8. Comparison of hydrogen bond length in the presence of diﬀerent external electric ﬁelds (red line) and without the external electric ﬁeld
(black line) for two typical hydrogen bonds. One hydrogen bond (left column) is between the main chain atoms of residues 2 and 6, and the other
one (right column) is between the main chain atoms of residues 13 and 17.

Figure 9. Comparison of RMSDs of diﬀerent helical regions in the bovine insulin under external electric ﬁelds of 0.70, 0.90, and 1.00 V/nm. Helices
1, 2, and 3 represent residues 1−8, 13−20, and 30−40, respectively.

under electric ﬁelds of 0.70, 0.90, and 1.0 V/nm. These RMSD
changes were closely related to the damage of protein
secondary structure and the destruction of hydrogen bonds.
As shown in Figure 9, helix 2 (residues 13−20) is more
vulnerable to electric ﬁelds than helix 1 (residues 1−8) and
helix 3 (residues 30−40) under 0.70 V/nm. However, the
ﬂuctuation of helix 1 is most signiﬁcant under 0.90 V/nm. The
RMSDs of these three helices all went up in very short time
under 1.0 V/nm, which reveals that the 1.0 V/nm electric ﬁeld
would destroy the secondary structure of the protein very
rapidly.
Figure 10a shows the time evolution of the protein secondary
structure both in the absence of an external electric ﬁeld and in
the presence of the 1.0 V/nm electric ﬁeld. As shown in the

right panel of Figure 10a, the proportion of blue color was
reduced as soon as the external electric ﬁeld of 1.0 V/nm
switched on, indicating that the proportion of α-helix in the
protein decreased dramatically. In particular, the region from
residues 15−20 interchanged between the turn structure and αhelix in the ﬁrst 300 ns and the α-helical structure disappeared
completely after 300 ns. Moreover, the α-helical region
centered at residue 4 (shown in the absence of an external
electric ﬁeld) was transformed to the random coil structure in
the whole MD simulation under the external electric ﬁeld of 1.0
V/nm. The neighboring region centered at residue 7, which was
shown as the turn structure in the absence of an external
electric ﬁeld, sometimes became the α-helix in the 1.0 V/nm
electric ﬁeld.
H
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Figure 10. (a) Time evolution of the secondary structure of the bovine insulin in the absence (left) and in the presence of the 1.0 V/nm electric ﬁeld
(right). (b) Comparison of the hydrogen bond length under the 1.0 V/nm electric ﬁeld (red line) and without the external electric ﬁeld (black line)
for four hydrogen bonds.

Most hydrogen bonds were disrupted in the 1.0 V/nm
electric ﬁeld in less than 10 ns. It is worth noting that the two
hydrogen bonds between residues 12 and 15 and between 16
and 19 were broken in less than 1 ns (hydrogen bond length is
more than 6.0 Å, see Figure 10b), but these two hydrogen
bonds formed again after 30 ns MD simulation (hydrogen bond
length is less than 3.5 Å). These two hydrogen bonds are
associated with two α-helical regions centered at residue 13 and
at residue 17, respectively. As shown in the right panel of Figure
10a, these two regions show a more complicated evolution
pattern in color. As for the other two hydrogen bonds between
residues 35 and 39 and between residues 36 and 40, they were
broken at around 30 ns, and then both tended to form the
hydrogen bonds again after 300 ns. The two regions associated
with these two hydrogen bonds interchanged between the turn
structure and α-helix during the time evolution of the
secondary structure. The rapid evolution (forming and
breaking) of the four hydrogen bonds in the high electric
ﬁeld demonstrates that diﬀerent microwaves could either

faciliate protein folding or destroy the secondary structure of
globular proteins deponding on the intensity of the external
electric ﬁeld.3

4. CONCLUSION
Our MD simulation shows that there is a threshold value of the
external electric ﬁeld that could destroy the secondary structure
of proteins. This threshold value for the bovine insulin is
between 0.15 and 0.25 V/nm. The extent of damage on
diﬀerent domains of insulin in the external electric ﬁeld is
diﬀerent. The α-helical region (residues 1−6) centered at
residue 4 is the easiest to destroy, whereas its neighboring
helical section of residues 7−10 is relatively stable due to the
disulﬁde bond between residues 6 and 11. Although the
external electric ﬁeld that could disrupt the helical section of
residues 1−6 did not obviously destroy the secondary structure
of other domains of insulin, the time evolution of the secondary
structure for those domains is quite diﬀerent from that without
the external electric ﬁeld. In addition, longer MD simulation
I

dx.doi.org/10.1021/jp501051r | J. Phys. Chem. A XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry A

Article

(more than 1 μs) may be also needed to further investigate the
dynamical behavior for those domains of the bovine insulin
under the external electric ﬁeld of 0.35 V/nm.
Although the external electric ﬁeld between 0.25 and 0.60 V/
nm can disrupt the secondary structure of the bovine insulin,
the variation of the total dipole moment of insulin during MD
simulation shows that the cumulative eﬀect over long
simulation time is the major cause of the damage on the
secondary structure of insulin. The time when the helical region
began to be disrupted is not clearly correlated with the intensity
of the external electric ﬁeld when its strength ranges from 0.15
to 0.60 V/nm, which indicates that there is still some
randomness for the damage on the secondary structure in
this range of the electric ﬁeld. When the external electric ﬁeld is
higher than 0.70 V/nm, the damage of the secondary structure
of insulin would happen in a very short time.
The time evolution of some key hydrogen bond lengths
demonstrates that the damage of the secondary structure under
the external electric ﬁeld stems from the breakdown of
corresponding hydrogen bonds. In addition, the hydrogen
bonds were disrupted in short MD simulations when the
applied external electric ﬁeld is higher than 0.70 V/nm. The fast
evolution (forming and breaking) of some hydrogen bonds of
the bovine insulin under 1.0 V/nm electric ﬁeld implies that
diﬀerent microwaves could either speed up protein folding or
destroy the secondary structure of globular proteins depending
on the intensity of the applied electric ﬁeld.
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