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ABSTRACT: Potassium ion channels are the structural basis for excitation transmission,
heartbeat, and other biological processes. The selectivity filter is a critical structural
component of potassium ion channels, whose structure is crucial to realizing their function.
As biomolecules vibrate and rotate at frequencies in the terahertz band, potassium ion
channels are sensitive to terahertz waves. Therefore, it is worthwhile to investigate how the
terahertz wave influences the selectivity filter of the potassium channels. In this study, we
investigate the structure of the selectivity filter of Kv1.2 potassium ion channels using
molecular dynamics simulations. The effect of an electric field on the channel has been
examined at four different resonant frequencies of the carbonyl group in SF: 36.75 37.06,
37.68, and 38.2 THz. As indicated by the results, 376GLY appears to be the critical residue
in the selectivity filter of the Kv1.2 channel. Its dihedral angle torsion is detrimental to the
channel structural stability and the transmembrane movement of potassium ions. 36.75 THz
is the resonance frequency of the carbonyl group of 376GLY. Among all four frequencies explored, the applied terahertz electric field
of this frequency has the most significant impact on the channel structure, negatively impacting the channel stability and reducing
the ion permeability by 20.2% compared to the absence of fields. In this study, we simulate that terahertz waves in the mid-infrared
frequency region can significantly alter the structure and function of potassium ion channels and that the effects of terahertz waves
differ greatly based on frequency.

1. INTRODUCTION
Ion channels are an essential class of membrane proteins,
which play a vital role in many physiological processes such as
neural signal generation, transmission, and heart beating.1

Regulating ion channel function is considered a means of
modulating physiological processes and treating channelop-
athy.2 Research over the past few decades has indicated that
ion channels can be modulated by a variety of factors, such as
temperature,3 pH,4,5 and electromagnetic fields.6−14 In the
context of electromagnetic fields, the terahertz wave has
emerged as a recent focal point of research and is regarded as a
novel tool for biological modulation. It has been proved that
living organisms are sensitive to terahertz waves, as
biomolecules vibrate and rotate in the terahertz band.15,16

Therefore, terahertz is known as the light of life,17 and the
development of terahertz technology has attracted the
attention of many fields, such as physics, biology, and
medicine.18−20 Researchers are dedicated to exploring which
frequencies in future terahertz technology applications might
aid in disease treatments and which frequencies might need to
be avoided.

Liu and his colleagues demonstrated that the physical field of
neural information should be high-frequency electromagnetic
fields within the range of terahertz to infrared,21 with the most
probable frequency range being 0.5−100 THz, referred to as
generalized terahertz waves.18 In recent decades, the

interaction of terahertz electromagnetic waves with organ-
isms,10−13 cells,22−24 and molecules8,9,14,25−27 have been
extensively studied. An important object among them is the
ion channel due to their vital physiological roles previously
mentioned. Many studies have proved that terahertz waves can
modulate ion channel structure28 and function10−13 and have
been proposed as an emerging method of neuromodulation
and disease treatment. It has been demonstrated by Li et al.
that a 42.55 THz electric field can resonate with the carboxyl
group of the Cav1.2 selectivity filter, lowering the potential
barrier for calcium ions to pass through the channel, increasing
calcium ion flux, which may be used for synaptic stimulation.8

An electric field centered at 53.6 THz has been demonstrated
to resonate with the carbonyl group in a selectivity filter of
potassium ion channels, improving the permeability of
potassium ion channels, as demonstrated by Liu et al. They
have also shown experimentally that terahertz waves of this
frequency can modify zebrafish excitability, indicating that
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neuromodulation could be possible using terahertz waves.10 A
study by Tan et al. found that an electric field at 34.88 THz
resonates with the carbonyl group in the potassium channel
selectivity filter and improves the sensitivity of the cochlea in
mice, suggesting possible applications for terahertz waves in
the treatment of diseases.12 The work of Hu et al.
demonstrated that a 0.1 THz electric field resonates with
potassium ions in potassium ion channels and improves
permeability, which is a novel method of regulating channel
functions.14 Our previous study found that an electric field of
15 THz could resonate with water molecules, reducing both
the frozen and relaxation durations of potassium ion
transmembrane movement and enhancing permeability.29 In
addition, some studies have investigated the terahertz effect of
bionic artificial channels.30,31 These studies can improve our
comprehension of the physical mechanisms governing the
interaction between terahertz waves and channels. Many of
these studies, however, have been conducted using simplified
channel models, which may overlook the subtle structural
details of the ion channel as a biological protein. Moreover,
most of these studies reported that terahertz waves increased
permeability. However, we believe that the effects of terahertz
waves on ion channels should be multifaceted and deserve in-
depth studies.

In the family of ion channels, the potassium ion channel was
the first to be resolved and has the most experimental
structures with important physiological implications.32 More-
over, extensive research has been conducted regarding the
properties of this channel.33−37 In addition, the existing studies
suggest that potassium ion channels are potential molecular
targets for terahertz waves. Modulating potassium channel
permeability as a means of modulating neural activity has been
studied extensively.10−13 However, the research on the
interaction mechanisms between terahertz waves and the

internal structure of potassium ion channels is still not
thorough enough.

Therefore, we investigated the terahertz effects of Kv1.2
potassium ion channels in greater depth. In addition, the
research on Kv1.2 ion channels may be more generalizable
than research based on KcsA channels derived from bacteria17

because the Kv1.2 channel is one of a class of voltage-gated ion
channels widely expressed in mammals’ nervous system38,39

and is associated with a wide variety of neurological diseases,
making it therapeutically targeted.2 The selectivity filter (SF)
and its adjacent residues play a fundamental role in the proper
function of potassium ion channels, thus attracting extensive
research attention.40−43 SF has been found to function as an
external gate in potassium ion channels.44,45 Hence, in this
study, we focused on the structural analysis of the Kv1.2
channel’s selectivity filter (SF), exploring the response of
different SF residues to terahertz waves and investigating their
influence on its structural characteristics and functional
properties.

In this study, an analysis of the SF structure of the Kv1.2
voltage-gated potassium ion channel was carried out using
molecular dynamics simulations. In addition, simulations with
the applied terahertz electric fields of 36.75 37.06, 37.65, and
38.2 THz were used to explore the effects of the carbonyl
resonance of each site on the channel. It has been found that
the dihedral angle orientation of the 376GLY residue, which
constitutes the S2 site of the Kv1.2 potassium ion channel, has
a significant effect on its structure and permeability; 36.75 THz
is the resonance frequency of the carbonyl group of this
residue. Applying a terahertz electric field at this frequency is
unfavorable to the channel’s structural stability and perme-
ability.

Figure 1. Schematic diagram of the simulation model. (a) Pore domain of the Kv1.2 potassium channel and the initial potassium ion loading state
in the selectivity filter (SF). For clarity, only two of the four protein subunits are shown in the New Cartoon. For the SF, the licorice modality is
employed where S0−S4 and Sc represent six potassium ion sites. The six sites are composed of oxygen atoms O1−O6. O1−O5 are carbonyl oxygen
atoms from the conserved sequence TVGYG in the potassium channel. O6 is the oxygen atom for the threonine side chain at the SF entrance; (b)
Bilayer model. VDW spheres are used to represent ions, with green spheres representing potassium ions and orange spheres representing chloride
ions. Water molecules are represented by blue QuickSurf, while membrane molecules are represented by silver lines. The membrane divides the
system into two layers: ComA and ComB. As shown in the figure, the dotted line represents the position of the channel protein’s center of mass.
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2. METHODS
2.1. Simulation Model. Kv1.2 voltage-gated potassium ion

channel structure in an open and conductive state was
obtained from Protein Data Bank entry 3LUT.46 Pore domains
consisting of residues 312−421 were selected to provide a
pathway for potassium to traverse the membrane, as shown in
Figure 1a. The ion channel was embedded in a 9 × 9 nm
POPC membrane with a natural solution environment of
potassium chloride. The original model was constructed using
the CHARMM-GUI Web site,47 and it consists of 178 POPC
molecules, 12131 water molecules, 213 potassium ions, and
205 chloride ions. It forms a similar environment for the Kv1.2
channel to the literature48 and is identical to the model we
used previously.29 Molecular graphics images were rendered by
visual molecular dynamics (VMD).49

To use the computational electrophysiology (CompEL)50,51

method to induce a transmembrane potential, the original
model was translated to a bilayer system. As illustrated in
Figure 1b, the membrane divides the system into two parts:
ComA and ComB. According to the CompEL code, the
number of potassium and chloride ions in ComA and ComB
can be adjusted to create a charge difference between the two
sides of the membrane. Once the transmembrane movement of
ions occurs, the CompEL code will exchange water molecules
and ions in the two reservoirs to maintain the imbalance. Thus,
the code can form a transmembrane potential on both sides of
the membrane to provide a driving force to facilitate the
transmembrane movement of potassium ions. A more detailed
description of the computational electrophysiology method
can be found in the literature.50,51

2.2. Simulation of Terahertz Electromagnetic Field.
The molecular dynamics model size in this paper is [8.6 nm
8.6 nm 17.7 nm] on a nanoscale, and electromagnetic
wavelength is on a microscale. In molecular dynamics
simulations, we can disregard the wave characteristics of the
terahertz electromagnetic fields, focusing solely on its field
properties because terahertz waves have a significantly larger
wavelength than the model’s dimensions. Furthermore, the
ratio of the force applied by the magnetic field to that applied
by the electric field on a charged particle is v/c, where v
represents the particle’s velocity and c is the speed of light.
Given that v ≪ c, the influence of the magnetic field can be
neglected. These two approximate treatments of electro-
magnetic fields have been widely used in molecular dynamics

simulation studies.8,9,14,27,31,52 In our simulations, an electric
field of E = E0cos(ωt) was employed to simulate the influence
of an electromagnetic field, where E0 represents the field
strength and ω signifies its angular frequency. The strength of
the electric field used in this study is 0.4 V/nm, which is on the
same order of magnitude as the field strength used in other
molecular dynamics simulation studies.8,27,52−56 According to
English et al., an electric field of this magnitude is reasonable
and necessary in molecular dynamics simulations,57 since the
intermolecular localized electric field is usually on the order of
V/nm.58−60 The frequencies we focus on in this paper are
carbonyl vibrational frequencies in SF. This is because the
carbonyl groups in SF are critical to the potassium ion channel
function. ATR-FTIR spectroscopy experiments conducted by
Furutani et al. have revealed that the SF of the potassium ion
channel has abundant vibrational information at the terahertz
frequency range.61,62 Applying an electric field of the frequency
associated with their vibration will create a resonance, which
may significantly impact the channel’s structure and functional
properties. In order to obtain the vibrational power spectrum
of SF carbonyl groups, their atomic velocities were recorded
every 4 fs, and then the autocorrelation function was
transformed by using a Fourier transform. According to the
following formula, vibrational power spectra are calculated:

I w C t wt t( )
2

( )cos( )d
0

=

C t v t v v( ) ( ) (0) / (0) 2= ·

where c(t) refers to the autocorrelation function, v(t) refers to
the atomic velocity, and ω refers to the vibrational frequency.
The vibration power spectrum of each carbonyl is shown in
Figure 2. As can be seen, each carbonyl group has its first main
vibration peak around 51.8 THz. This frequency corresponds
to the amide I vibration, which represents the stretching
vibration of the carbonyl group.63 When an electric field is
applied at this frequency, it is not easy to distinguish the effect
of carbonyl resonance at each site. Further, at the second main
peak around 35−40 THz, the carbonyl vibration frequencies of
each site are separated. Furthermore, vibrations within this
frequency range are known as amide III vibration, for the
carbonyl group, primarily involving an in-plane bending
motion.63 The excitations at this band will induce a structural
change in C�O bending, which might affect the SF structure;

Figure 2. Vibrational power spectra of the carbonyl group of the conserved residue TVGYG in SF. They correspond to the residue sequence
numbers 374−378 in 3LUT, as shown in the figure. TVGY is the single-letter abbreviation for threonine, valine, glycine, and tyrosine, respectively.
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therefore, we chose to study in this frequency range. The
applied electric field frequency corresponds to the vibration
peaks in this area, which are 36.75THz, 37.06THz, 37.68THz,
and 38.2THz, corresponding to the wave numbers of 1225,
1235.3, 1256, and 1273.3 cm−1, respectively. The direction of
the electric field is along the z-axis perpendicular to the
membrane surface.

2.3. Simulation Settings. All simulations were conducted
using GROMACS software version 2019.4.64 CHARMM36m
force field65 and CHARMM TIP3P66 water model were used
due to their robustness and wide application in molecular
dynamics studies of protein. An extended CHARMM-GUI
equilibration protocol was followed before production
simulation with a total duration of approximately 100 ns.
During the relaxation simulation, restraints on the protein and
lipid were gradually released. After that, the system was
simulated in an NPT ensemble with no constraints imposed.
Temperature and pressure were maintained at 310 K and 1
atm, respectively, using a V-rescale thermostat and a
Parrinello−Rahman barostat. Particle mesh Ewald (PME)
method was used to treat the long-range electrostatic force.
Both electrostatic and van der Waals interactions were cut off
at 1.2 nm. Under all conditions, a charge imbalance was
maintained at 4e between the two sides of the membrane by

using the CompEL method. The results of all analyses are
averages of six repetitions of 400 ns simulations for each
condition, unless otherwise stated.

It is essential to emphasize that we utilized a classical,
nonpolarized molecular dynamics simulation method. While
this method is efficient and widely employed in the study of
terahertz biological effects,8−14,25,27,29−31 it does have its
limitations. Notably, it lacks the capability to account for
polarization, quantum effects, and other factors. The
interaction of terahertz waves with biomolecules may not be
fully described by the current method. Nevertheless, this
method seems to be the most feasible to study the interactions
between terahertz waves and biomolecules, at present, due to
the high computational costs associated with complex
methodologies such as polarized force fields and quantum
computing, which are currently challenging to employ in the
study of such extensive systems.8,56,67,68

3. RESULTS AND DISCUSSION
3.1. Structure of Kv1.2 Channel Selectivity Filter. The

SF structure of the Kv1.2 voltage-gated potassium ion channel
is shown in Figure 1a, which consists of the conserved residue
sequence of TVGYG. The carbonyl oxygen atoms of these five
residues and the hydroxyl oxygen atoms of the 374THR

Figure 3. Distribution of dihedral angles in SF. (a) Schematic structure of SF of Kv1.2, where the green balls represent the five sites S0−S4. Licorice
denotes SF; the small green balls represent the carbonyl carbon atoms (C) or the side-chain carbon atoms (CB) of 374THR; the red balls represent
the carbonyl oxygen atoms (O) or the hydroxyl oxygen atoms (OG1) of 374THR; the gray balls represent the α carbon atoms (CA); and the blue
balls represent the amido nitrogen atoms (N). (b) Distribution probability of each dihedral angle in SF. (c) Probability of the number of N-CA-
CB-OG1 dihedral angles of the 374THR side chain flipped in four chains. (d) Probability of the number of N−CA−C−O dihedral angles of
376GLY torsion in four chains. (e) Probability of the combined state of the N−CA−C−O dihedral angle of 375VAL in four chains.
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residues constitute five sites: S0−S4. These oxygen atoms can
bind tightly to potassium ions, providing a pathway for their
transmembrane movement. Normally, the aperture of the SF is
about 0.8 nm, and the distance between two adjacent sites is
about 0.3 nm. When potassium ions pass through SF, there are
charge and space conflicts with the atoms in SF, which cause
structural fluctuations, and studies have shown that slight
changes in the structure of these sites have a significant impact
on the function of the potassium ion channel.40 The
orientation change of the main-chain dihedral angle of residues
in SF significantly affects its structure and is regarded as an
external gating mechanism. Thus, first, we examined the
distribution of the dihedral angle of the residue main chain in
the SF.
3.1.1. Dihedral Angle Distribution in SF. According to

Figure 3a, the main chains of residues 378GLY, 377TYR,
376GLY, and 375VAL constitute the S0, S1, S2, and S3 sites,
respectively. The S4 site is formed by the main chain and side
chain of 374THR. Therefore, the N-CA−C-O dihedral angles
of 378GLY, 377TYR, 376GLY, 375VAL, and 374THR
residues, as well as the N-CA-CB-OG1 dihedral angles of
374THR’s side chain, were analyzed to assess the stability of
each site. In each residue, N represents the nitrogen atom in
the amino group, CA represents the α carbon atom, and C and
O represent the carbon and oxygen atoms in the carbonyl
group. CB and OG1 represent the carbon and hydroxyl oxygen
atoms, respectively, in the side chain of 374THR. The
probability distribution for each dihedral angle value is
shown in Figure 3b. Figure 3c−e illustrates the statistics of
the number of flips or torsions in the four chains of each angle.
Flip is defined as the dihedral angle deviating outside the major
peak (i.e., the normal state) and bearing the opposite sign to
that of the major peak, whereas torsion is defined as the
dihedral angle deviating outside the major peak and sharing the
same sign as the major peak.

As shown in Figure 3b, there is no apparent flipping or
torsion associated with the 374THR, 377TYR, and 378GLY.
They fluctuate within a certain angular range and are relatively
stable. In the case of the 374THR side chain, the N-CA-CB-
OG1 dihedral angle has two peaks: 68 and −38°, which
suggest that the dihedral angle may flip. Additionally, most of
this dihedral angle has only one chain flip in four chains, as
shown in Figure 3c. For 376GLY, the dihedral angle exhibits
two peaks at −117 and −54°, indicating its potential for
torsional motion. Moreover, torsion of one or four chains is
more likely to occur, as shown in Figure 3d, and the torsion of
two or three chains may be unstable. For 375VAL, the dihedral
angle exhibits peaks at −125, 131, and 97°, suggesting that the
dihedral angle can show both flip and torsion. Therefore, the
375VAL dihedral angle exhibits a more complex combinatorial
state among the four chains, as shown in Figure 3e.
Furthermore, 375VAL and 376GLY exhibit the highest
proportion of abnormal (flip or torsion) dihedral angles. In
previous simulation studies of potassium ion channels, these
two dihedral angles were also observed to be torsion and flip
frequently.40,69 Thus, we will analyze in more detail the effects
of these two dihedral angle states on ion permeation events.
3.1.2. Correlation between Dihedral Angle Orientation

and Ion Permeation Events. To investigate the effect of
375VAL and 376GLY dihedral angles on ion permeation
events, we plotted residue dihedral angle-ion permeation event
maps, as shown in Figure 4. The 400 ns trajectory is divided
into 1 ns segments, where the x-axis represents the average

dihedral angle over 1 ns, and the y-axis represents the number
of permeation events within each segment. Figure 4a,b shows
the correspondence between the dihedral angle of 375VAL/
376GLY residues and ion permeation events, respectively. As
can be seen, ion permeation events can occur over a wide
range of 375VAL dihedral angles. However, permeation events
are highly dependent on the state of the 376GLY dihedral
angle and can occur only at dihedral angles −130 to −100°.
Accordingly, we believe that the dihedral angle of 376GLY has
a more significant influence on the channel permeability.

To demonstrate more clearly the relationship between the
376GLY dihedral angle and the channel permeability, we show
a comparison of the ion flux with the change of the 376GLY
dihedral angle over time in a single simulation, as shown in
Figure 5a. A visual representation of the variation in the
376GLY dihedral angle is provided in Figure 5b. We can see
that the ion flux ceases when the dihedral angle deviates from
−117° and resumes when it recovers. Hence, why is the
376GLY dihedral angle torsion unfavorable for ion flux events?
We attempt to provide an answer to this question.

When 376GLY is torsioned (at 108 ns), it seems clear from
Figure 5c that the distance dK−O376, which represents the
distance between the potassium ion in the S2 site and the
carbonyl oxygen atom of 376GLY, decreases. Consequently,
the Coulomb potential energy between the carbonyl oxygen
atom of 376GLY and the potassium ion in S2 increases, as
illustrated in Figure 5d. It means the affinity of the S2 site for
the potassium ion is enhanced. Furthermore, as shown in
Figure 5e, the distance between the atoms of O376 and the
atom of O377 increases, making it more difficult for potassium
ions to jump between the atoms of S0 and S2 sites.

Our analysis suggests that there is a significant correlation
between 376GLY and ion permeation events. Additionally,
Julio F. Cordero-Morales has highlighted the critical role of
this residue in the KcsA channel as well.70 As TVGYG is a
conserved sequence in potassium channels, we postulate that

Figure 4. Relationship between the dihedral angle states of 375VAL,
376GLY, and ion permeability events. md1−md6 denote six
independent simulations. (a) Relationship between the 375VAL
dihedral angle and ion permeation events. (b) Relationship between
the 376GLY dihedral angle and ion permeability events.
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the pivotal role of this amino acid within the potassium ion
channel may possess a universal character. Consequently, what
accounts for the distinctiveness of this particular amino acid?
3.1.3. Crucial Role of 376GLY Residue in the Selectivity

Filter. We posit that the pivotal role and distinctive status of
376GLY in the potassium channel can be attributed to several
key factors.

First, in terms of the channel structure, the 376GLY residue
is located in the central region of the SF. Its orientation change
will be transmitted to other residues in the SF, which will have
a significant effect on the structure. The aperture and the
length of the sites, as the main structural features in the SF, are
significantly influenced by the dihedral angle torsion of
376GLY, as indicated in Figure 6a,b. In addition, the structure
is affected differently by different numbers of 376GLY dihedral
angle torsions. SF structures suffer more damage from the
simultaneous torsion of four chains. It can change the aperture
by more than 7.6% and the site length by more than 23.5%.

Second, SF serves as a pathway for the transmembrane
movement of potassium ions. The main chain of 376GLY
constitutes the S2 site of this pathway, as shown in Figure 3. As
can be seen in Figure 6c,d, the S2 site has the highest ion
occupancy among all of the sites in the SF, and the ions
oscillate for the longest time at this site. Therefore, the change
at this site will significantly affect potassium ions’ trans-
membrane movement.

Finally, as depicted in Figure 6e, the RMSF of each residue’s
Cα atom was employed to characterize its fluctuation behavior.
Notably, 374THR, 376GLY, and 378GLY residues exhibit
higher flexibility than others. Considering that 374THR and
378GLY directly interact with aqueous solutions, it is
conceivable that 376GLY may be more sensitive to external

influences such as the electromagnetic environment, which will
be examined in this paper.

In conclusion, the various residues within the SF exert
distinct influences on both the structural features and the
permeation events. The 376GLY residue is one of the most
important among them. Previous studies have shown that the
carbonyl group in the SF of potassium ion channels can
respond to an applied terahertz electric field and have an effect
on the channel properties.10−12 This suggests that terahertz
electric fields can modulate the functionality of potassium ion
channels with the carbonyl group in the SF serving as a target
for such modulation. Hence, our investigation will delve into
the impact of electric fields with varying frequencies on the
structure and function of the Kv1.2 channel’s selectivity filter.
Specifically, we will explore the effects of electric fields applied
at four distinct frequencies: 36.75, 37.06, 37.68, and 38.2 THz,
which correspond to the four resonant frequencies of the
carbonyl group within the selectivity filter.

3.2. Effect of Terahertz Electric Field on Kv1.2
Potassium Ion Channel. 3.2.1. Effect of Terahertz Electric
Field on the Channel Structure. To investigate the terahertz
field’s impact on various segments of the channel, we divided
the S5 and S6 helices into six distinct regions: the outer helix,
turret, pore helix, selectivity filter, S6 loop, and inner helix, as
depicted in Figure 7a. The mean and standard deviation of the
RMSD were computed for distinct regions under varying
terahertz electric field conditions, illustrated in Figure 7b. In
the figure, the bar heights represent the average extent to
which the channel structure deviates from its initial state under
different conditions. The error bars on bars indicate the
average fluctuation level of the structure. As can be seen,
different frequencies of terahertz electric fields affect the

Figure 5. Effect of 376GLY dihedral angle torsion on ion transmembrane motion. (a) Evolution of the 376GLY dihedral angle and ion flux over
time. (b) Schematic diagram of 376GLY dihedral angle torsion. (c) Effect of 376GLY dihedral angle torsion on the distance between the 376GLY
carbonyl oxygen atom O376 and the potassium ion in the S2 site. (d) Effect of 376GLY dihedral angle torsion on the Coulomb potential energy
between O376 and the potassium ion in the S2 site. (e) Effect of 376GLY dihedral angle torsion on the distance between the carbonyl oxygen atom
O376 of 376GLY and the carbonyl oxygen atom of 377TYR.
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channel structure differently and have varying effects on
different regions. The mean of RMSD of the outer helix
decreases under a terahertz field and the effects of different
electric field frequencies are similar. Other regions, however,
behave similarly. The turret, SF, S6 loop, and pore helix

regions have the most significant deviation from the initial state
and the most substantial fluctuations under the action of the
36.75 THz electric field, indicating that the electric field at this
frequency is not conducive to the stabilization of the Kv1.2
structure. In contrast, the 37.06THz electric field stabilizes the

Figure 6. Critical role of 376GLY in Kv1.2 potassium ion channels. (a) Effect of different numbers of 376GLY dihedral angle torsions in the four
chains on the SF pore diameter. For each site, the pore diameter is measured as the distance between the α carbon atoms of the residues forming
the site in the two chains opposite each other. The figure displays the changes in the aperture under different numbers of torsions compared to the
untorsioned state, with the unit in Ångströms (Å). The pore diameters of the S0−S4 sites in the untorsioned state are 9.15, 8.3, 8.2, 8.1, and 8.8 Å,
respectively. (b) Effect of different numbers of 376GLY dihedral angle torsions in the four chains on the lengths of each SF site. Site length is
defined as the distance between the upper and lower oxygen atoms corresponding to the site. The figure displays the changes in site length under
different numbers of torsions compared to the untorsioned state, with the unit in Ångströms (Å). The lengths of sites S0−S4 in the untorsioned
state are 4.32, 3.6, 3.4, 3.6, and 3.3 Å, respectively. (c) Probability of each site in the SF being occupied by a potassium ion. (d) Retention time of
potassium ions at each site. (e) RMSF values of α carbon atoms of residues at each site.

Figure 7. Effect of a terahertz electric field on the structure of the Kv1.2 potassium ion channel. (a) Kv1.2 potassium ion channel structure, with
orange representing the outer helix, light purple representing the turret, gray representing the pore helix, yellow representing the selectivity filter,
dark green representing the S6 loop, and blue representing the inner helix. It should be noted that the S4−S5 linker is included within the outer
helix for convenience in our analysis. (b) Effect of terahertz fields on the structure of various regions of the channel. The height of the bars
represents the average value of RMSD from six simulations, indicating the average extent of deviation of the channel structure from its initial state.
The error bars on the bars illustrate the average standard deviation of the RMSD from six simulations, indicating the average fluctuation level of
structures.
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structures in various regions. Electric fields applied at 38.2 and
37.68 THz induce structural damage of a similar nature,
though with a lesser degree of severity compared to the 36.75
THz field. As can be seen, carbonyl resonances at different sites
affect the channel structure differently. Moreover, there is a
correlation between structural changes in various channel
segments. This supports the conclusion drawn by Ceĺine
Boiteux’s research:45 there exists a complex conformational
network within the channel, where changes in the SF can be
transmitted to other structural elements, such as inner helices,
and vice versa.

Since SF constitutes a critical component of the Kv1.2
potassium channel, we examined in depth how terahertz
electric fields interact with it at different frequencies. According
to Figure 8a−d, different frequencies of terahertz electric fields
have different effects on the anomalous ratio of the dihedral
angle, RMSF values of residues, aperture, and site length. It is
evident that the impact of a terahertz electric field is more
pronounced on the upper half of the SF compared to the lower
half. Other studies have found greater stability in the lower half
of the potassium channel SF71 as well. We attribute this
phenomenon to the higher probability of potassium ions
occupying the lower part of the SF, which contributes to the
structural stability. Moreover, the effects of different
frequencies of the electric field on the SF structure vary
significantly. An electric field with a frequency of 36.75 THz
exerts the most significant impact on the SF structure, leading
to the highest percentage of anomalies in the dihedral angle.
This effect is particularly pronounced in the upper segment of
the SF, notably at positions 376GLY, 377TYR, and 378GLY.
The electric field at this frequency causes significant distortions
in the upper region of the SF and increases the number of
fluctuations of the sites. This indicates that the 36.75 THz

electric field is detrimental to the stability of the SF and may
impair its functionality. The reason for this may be that 36.75
THz is the vibration frequency of the key residue 376GLY
carbonyl, as shown in Figure 2. Therefore, SF exhibits a higher
sensitivity to the electric field at this particular frequency,
resulting in a more pronounced effect on its structure. This is
because the 36.75 THz electric field alters the bending state of
the 376GLY carbonyl, making it more prone to a torsional
state compared with that when no external field is applied. As
evident from the analysis in Figure 6, this is unfavorable for the
stability of the SF structure. Consequently, the electric field at
this frequency induces a more pronounced deformation in the
channel. Carbonyl vibration frequencies of residues 375VAL
and 377TYR, located close to the 376GLY residue, are 38.2
and 37.68 THz, respectively. At these two frequencies, the SF
also demonstrates sensitivity to electric fields, and there are
noticeable structural changes; however, the magnitude of the
effect is less pronounced compared to the impact observed at
36.75 THz. The effects of the electric field at these two
frequencies on the various regions of the channel are
approximate, as shown in Figure 7b. However, there is a
more pronounced difference in the effects on the various sites
in the SF. This suggests that the SF internal structure may be
more sensitive to electric fields. Additionally, channel stability
improves significantly when an electric field at 37.06 THz is
applied. We hypothesize that the resonance of the 378GLY
carbonyl at the SF exit with the 37.06 THz electric field may
contribute to its increased capacity for coordinating potassium
ions. As a result, as shown in Figure 9a, the S0 site can be more
effective at stabilizing potassium ions under this electric field. It
has been shown by Wojciech Kopec’s study that S0 loss of
potassium ions is detrimental to SF stabilization,72 which is a

Figure 8. Effect of a terahertz electric field on the structure of the Kv1.2 selectivity filter. (a) Effect of terahertz electric fields on the ratio of dihedral
angle anomalies at each site of the SF. (b) Effect of terahertz electric fields on the RMSF of each residue α carbon atom in SF. (c) Effect of
terahertz electric fields on the SF aperture. For each site, the pore diameter is measured as the distance between the α carbon atoms of the residues
forming the site in the two chains opposite each other. The figure illustrates changes in the average aperture when subjected to a terahertz electric
field, in comparison to the scenario without an applied field. In the absence of an applied field, the average apertures at S4−S0 sites measure as
follows: 9.1, 8.3, 8.1, 8.1, and 8.8 Å. (d) Effect of the terahertz electric fields on the length of SF sites. The figure illustrates changes in the average
site length when subjected to a terahertz electric field in comparison with the scenario without an applied field. In the absence of an applied field,
the average length of S4−S0 sites measured as follows: 3.3, 3.6, 3.3, 3.7, and 4.3 Å.
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plausible explanation for the increased channel stability caused
by this electric field.
3.2.2. Effect of Terahertz Electric Field on the Potassium

Ion Movement within the SF. The SF of Kv1.2 is a pathway
for potassium ions to achieve transmembrane movement;
therefore, its structure alterations will impact the distribution
of potassium ions within the SF. Based on Figure 9, when
exposed to a 36.75 THz electric field, there was a reduction in
potassium ion occupancy at S1 and S0 sites within the SF, an
increase in water molecule occupancy at these sites, and the
state of three potassium ions existing simultaneously in SF
decreased. On the contrary, the 37.06 THz electric field
reduces the water molecule occupancy and increases the
potassium ion occupancy at the S1 and S0 sites, and the state in
which three potassium ions occupy SF simultaneously is
significantly increased. It is thought that this is due to the 37.06
THz electric field improving the stability of the SF structure, so
that it is able to accommodate more potassium ions.
Conversely, at 36.75 THz, the SF structure deviates further
from its normal state, leading to a diminished capacity for
potassium ion accommodation. At 37.68 and 38.2 THz electric
fields, the average number of potassium ions in the SF is
similar, slightly lower than that in the absence of an external
field. However, there are significant differences in their
distribution across the sites. This implies that the effect of
terahertz electric fields of different frequencies on the channel
is highly specific.

Permeability is one of the most important functional
characteristics of potassium ion channels. The comparison of

channel permeability under different electric field effects was
conducted based on the cumulative potassium ion flux through
the channel within 2.4 μs. In Figure 9 d, it is evident that the
permeability of the Kv1.2 potassium ion channel was reduced
by 20.2% with an electric field of 36.75 THz, while it was
increased by 12.8% with an electric field of 37.06 THz. In
Figures 5 and 6, we show that the torsion of the 376GLY main-
chain dihedral angle hinders the transmembrane movement of
potassium ions, resulting in a distorted potassium-depleted
state at the S1 and S0 sites. Furthermore, the state of
deformation and nonoccupancy of the S1 and S0 sites is
generally considered to be associated with the inactivation of
potassium ion channels, which impairs their permeabil-
ity.34,69,71 Therefore, from the previous analysis of the structure
and the distribution state of potassium ions, it makes sense that
an electric field of 36.75 and 37.06 THz would have the effect
on permeability described above. Unexpectedly, despite the
similarities in the structural impact of electric fields at 37.68
and 38.2 THz on potassium ion channels, their effects on
permeability are, in fact, contrasting. The permeability was
reduced by 12.8% when the electric field was 37.68 THz, while
it increased by 11.7% when it was 38.2 THz. This indicates
that even subtle changes in the SF structure are sufficient to
lead to alterations in its functionality.

4. CONCLUSIONS
The selectivity filter represents a pivotal structure within
potassium ion channels, and its configuration plays a
fundamental role in facilitating the transmembrane passage of

Figure 9. Terahertz electric field effects on potassium ion transmembrane movement. (a) Potassium ion occupancy probability at each site. (b)
Water molecule occupancy probability at each site. (c) Probability of the simultaneous presence of two or three potassium ions in SF. (d) Ion flux
within 2.4 μs.
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potassium ions. In this paper, molecular dynamics simulations
were conducted to examine the structure of the selectivity filter
of the Kv1.2 voltage-gated potassium ion channel as well as the
effects of terahertz electric fields of different frequencies on the
channel properties. We investigated four frequencies in this
paper, which correspond to the vibration frequencies of
carbonyls in SF, namely 36.75 37.06, 37.68, and 38.2 THz. It
was concluded that the dihedral angle orientation of 376GLY
in the SF of the Kv1.2 channel is critical to the stability of the
SF structure and the transmembrane movement of potassium
ions in the channel. Moreover, the residue was sensitive to an
electric field of 36.75 THz, as this frequency corresponded to
the resonance frequency of the carbonyl group in this amino
acid. The 36.75 THz electric field makes the 376GLY main-
chain dihedral angle more prone to a torsional state compared
with that when no external field is applied, resulting in an
18.7% increase in anomalies of the 376GLY dihedral angle.
This is considered detrimental to the stability and permeability
of the channel, thereby leading to a 20.2% decrease in ion
permeability. In contrast, the 37.06 THz electric field
significantly enhances the capability of the S0 site to
accommodate potassium ions, thereby promoting channel
stability, and resulting in a remarkable 12.8% increase in ion
permeability. Both the 37.68 and 38.2 THz electric fields
induce structural perturbations in the channel, albeit with
slight variations in their effects. As a result, they have opposite
effects on permeability, with the former reducing ion
permeability by 12.8% and the latter increasing it by 11.7%.
This suggests that slight differences in the structural properties
of SF are sufficient to alter the function of potassium channels.

This study indicates that terahertz electric fields are
extremely complex in their interaction with biomolecules,
and their effect on ion channels has a significant frequency
specificity. The terahertz electric field can have a dual impact:
it can enhance the ion channel functionality, serving as a
potential therapeutic approach for ion channel-related diseases.
However, it can also disrupt the channel structure and
function, which may be detrimental to biological systems.
Hence, it is highly desirable to conduct further investigations
into the mechanisms of interaction between terahertz fields
and biomolecules. In addition, this study also offers novel
insights for the design and manipulation of nanodevices
inspired by biological channels: the applied terahertz electric
field may serve as a novel modulation method for improving
their flexibility and functionality.
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