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a b s t r a c t

Kinesin is a motor protein essential in cellular functions, such as intracellular transport and cell-division, as 
well as for enabling nanoscopic transport in bio-nanotechnology. Therefore, for effective control of function 
for nanotechnological applications, it is important to be able to modify the function of kinesin. To cir-
cumvent the limitations of chemical modifications, here we identify another potential approach for kinesin 
control: the use of electric forces. Using full-atom molecular dynamics simulations (247,358 atoms, total 
time ∼ 4.4 μs), we demonstrate, for the first time, that the kinesin-1 motor domain can be detached from a 
microtubule by an intense electric field within the nanosecond timescale. We show that this effect is field- 
direction dependent and field-strength dependent. A detailed analysis of the electric forces and the work 
carried out by electric field acting on the microtubule–kinesin system shows that it is the combined action 
of the electric field pulling on the β-tubulin C-terminus and the electric-field-induced torque on the kinesin 
dipole moment that causes kinesin detachment from the microtubule. It is shown, for the first time in a 
mechanistic manner, that an electric field can dramatically affect molecular interactions in a heterologous 
functional protein assembly. Our results contribute to understanding of electromagnetic field–biomatter 
interactions on a molecular level, with potential biomedical and bio-nanotechnological applications for 
harnessing control of protein nanomotors.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Molecular motor proteins, such as microtubule-associated kine-
sins, can be considered as highly evolved nanoscopic biological 
machines that have been perfected over billions of years of evolu-
tion. Kinesins are a superfamily of motor proteins with a diversity in 
structure and function [1]. Kinesin plays a key role in many cellular 
processes, from cell division to intracellular transport. In cell divi-
sion, kinesins enable the generation of forces leading to spindle pole 
separation, spindle bipolarity and organization, chromosome posi-
tioning and congression [2,3]. Furthermore, kinesin is crucial for the 
transport of subcellular cargo such as vesicles and organelles. For 
example, it can transport synaptic vesicles from the cell body to the 
axon terminals in neurons, thus ensuring that neurotransmitters and 
neuroreceptors are transported to the correct locations [4]. Overall, 
kinesin is an essential motor protein involved in many cellular 
processes, from mitosis to the transport of proteins and other cargo. 
Without kinesin, these processes would be impossible. There are 
two major and complementary approaches for exploring the role 

and function of kinesin:in vitro and in in vivo. The in vitro approach 
typically relies on reconstituting the motor protein outside the cell 
in a well-controlled environment and provides a clearer inter-
pretation between the structure and function of the motor protein. 
Such studies usually employ microscopy and molecular force mea-
surement and enable, for example, understanding of the ATPase 
activity of kinesin and the kinesin stepping mechanism [5]. The in 
vivo (in cells and in organisms) approach enables researchers to 
observe the kinesin behavior in its native environment. Targeted (in 
cell and animal models) or natural (in humans and animals) muta-
tions, allow the correlation of structural changes in kinesin to 
functional and patho/physiological changes in organism. For ex-
ample, the dysfunction of kinesin is associated with diseases such as 
cancer [6] and neuropathies, mental impairment, and parkinsonism. 
[7,8]. In bionanotechnology, kinesin is a highly attractive nanomotor 
and has been used for nanoscale force generation [9], cargo shuttling 
[10], biomolecule sorting by charge [11], and parallel computation 
[12] Therefore, both in biomedicine and bionanotechnology, it is 
important to be able to modify the function of kinesin. To serve 
various tasks for nanotechnology purposes, a new motor has to be 
designed and produced, which is expensive and cumbersome. To 
circumvent the design and production of a new nanomotor to 
achieve a different function, we propose that an external intense 
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pulsed electric field could be used to modify the kinesin–microtu-
bule interaction, hence affecting and potentially controlling the ki-
nesin function. There are two main lines of argument that support 
this proposal. First, electrostatic interactions are crucial for protein 
function [13–15] and protein-protein interactions [16,17] and kinesin 
itself was termed an electric machine [18]. Second, there is solid 
evidence that an electric field (EF) can affect protein structure [19]
resulting in a change of protein function [20]. The prominent com-
putational molecular dynamics simulation examples comprise pro-
tein rotation [21], change of the secondary structure [22] or 
dissociation of polymeric protein complexes [23], unfolding [24] and 
many more [25]. Experiments have confirmed that protein sec-
ondary structure can be affected by an EF [26] and, furthermore, 
have shown that EF can affect protein enzymatic function [20,26,27], 
self-assembly ability [28] or cause dissociation of protein ag-
gregates [29].

Although there are several experimental [28,30–32] and theo-
retical works [21,23,33] demonstrating, for example, that an EF can 
affect the structure of tubulin and microtubules (MTs) [23] and can 
be used to steer MTs in kinesin gliding assays [11], little is known 
about the direct effect of an external EF on kinesin itself. Molecular 
dynamics simulations, in which EF and mechanical pull were com-
bined, have shown that an intense oscillating EF (up to 10 GHz) af-
fects (mostly decreases) the affinity of kinesin toward tubulin 
[34,35]. In our recent preliminary work [36], we demonstrated that 
under the influence of a static EF with a duration of several tens of 
nanoseconds, the kinesin dipole and contact surface area with the 
tubulin dimer were affected. However, until now, no major effect of 
EF has been observed on the interaction between kinesin and its 
microtubule track.

In this paper, we focus on kinesin-1, the first reported and one of 
the most explored kinesin families, which is known to play a role in a 
vesicle, organelle and mRNA transport [2]. The complete kinesin-1 is 
a heterotetramer consisting of two kinesin heavy chain and two 
kinesin light chain subunits [37]. However, there is evidence that a 
heavy chain kinesin subunit itself can act functionally in the absence 
of the light chain subunit, for example in the transport of mRNA 
granules [38], mitochondrial transport [39], cytoplasmic streaming 
[40], and microtubule–microtubule sliding [41]. In this work, we 
focus on the N-terminal motor domain of one of the kinesin heavy- 
chain subunits, since it is a force-producing subunit in a kinesin 
stepping process powered by ATP hydrolysis.

We uncovered qualitative new effects of EF on the kinesin–tu-
bulin interaction of major importance, which have not been 

observed earlier. We first show that an external EF can detach a 
single kinesin motor domain from the microtubule. Then we clarify, 
in a quantified manner, the dependence of this effect on the EF di-
rection, field strength and on coupling to the dipole and charge of 
the kinesin motor domain and β-tubulin C-terminus tail. Our results 
will inspire experimental work and open new avenues for electro-
magnetic modulation of biological and artificial active matter 
through action on noncovalent molecular interactions.

2. Methods

2.1. Molecular system and molecular dynamics simulations

Our molecular system (Fig. 1) is comprised of three tubulin 
heterodimers (from neighboring protofilaments of B-lattice micro-
tubule and not neighboring the seam) [23] with a docked ADP-ki-
nesin-1 motor domain (kinesin, in short). See the full structure 
topology files (.tpr gromacs file) in https://doi.org/10.48700/datst. 
3q9we-bks74.

Our kinesin corresponds to the kinesin-1 type (kif5b gene 
https://www.ncbi.nlm.nih.gov/gene/3799- present in variety of or-
ganisms including humans) and its structure is identical to that in 
[36,42] i.e., the kinesin model was built on the basis of an ADP- 
bound kinesin-1 structure (PDB ID: 1BG2, with neck linker truncated 
at residue 325), see details in [42]. The selection of this kinesin, 
which typically operates in a dimeric form, was motivated by our 
experimentally available kinesin constructs. For a detailed descrip-
tion of the MD simulation setup please see our associated Data in 
Brief paper.

Three tubulin heterodimers have a curvature corresponding to 
that as being in the microtubule wall [23]. The structure of the tu-
bulin is available in the full structure topology files (.tpr gromacs 
file) in https://doi.org/10.48700/datst.3q9we-bks74. The tubulin 
structure is identical to that in [23], i.e., it contains GTP and origi-
nates from PDB structure ID 3J6E, see [43] for details.

In the simulation production run, all heavy atoms of the two 
outer heterodimers are kept in place by harmonic potential with the 
force constant 1000 kJ mol−1 nm−2 to represent the fact that the tu-
bulin is bound in the microtubule lattice. The C-terminus of tubulin 
mentioned in all the quantitative analyses is defined as the chain of 
all residues from residue 403 to the end of the β-tubulin sequence.

Total number of atoms in simulations was 247,358 (For details 
see Table 1).

Fig. 1. The molecular system analyzed in this paper: a kinesin motor domain on a segment of a microtubule. a) A picture of the whole kinesin heavy chain nanomotor (yellow), 
which is a dimeric protein, bound to a microtubule (α and β tubulin in light and dark gray, respectively). Kinesin executes a stepping motion along the direction towards β-tubulin 
end of MTs, also called as plus end, it is -Z direction in the coordinates in this paper. b) Cartesian coordinates with a schematic of the segment which represents our system: three 
tubulin heterodimers with a single motor domain (head) of kinesin, periodically repeated to represent a microtubule (α and β tubulin in blue and red, respectively). c) snapshot of 
our system from a molecular dynamics simulation including the water box and ions.
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The EF was applied to the molecular system through a force Fi

acting on each charged atom i in a simulation box: =F q Ei i , where qi 

is the charge of that atom and E is the vector of the electric field.
We obtained 40, 10, 10, 10 trajectories for 100 MV/m EF strength 

in the X, -X, Z, -Z EF directions, respectively. Additionally, we ob-
tained 30, 20, 10 trajectories for 75 MV/m, 50 MV/m, 30 MV/m, re-
spectively, for the X direction of EF. We did not explore lower field 
strengths, as the simulations required to observe the key effects, 
which we observe for the selected EF strength values, would be 
impractically long. The total simulation time was ∼ 4.4 μs.

Additionally, we also ran a simulation in a big simulation box (see 
details in the associated Data in Brief paper), which was used for the 
potential of mean force analysis.

2.2. Analyses

2.2.1. Dipole moment of kinesin, dipole moment of β-tubulin C- 
terminus

The dipole moment was calculated using eq. (1).

=p q r ,
i

N
i i (1) 

where qi is the charge of atom i, ri is its position vector with respect 
to kinesin (or β-tubulin C-terminus) center of mass and N total 
number of atoms in kinesin (or β-tubulin C-terminus).

2.2.2. Angle of kinesin, angle of β-tubulin C-terminus
We calculated the angle α between the dipole moment of kinesin 

(or β-tubulin C-terminus) p and vector pointing in the direction of 
the applied EF as:

=
p

p
arccos , for EF in X and -X directionx

(2) 

and

=
p

p
arccos , for EF in Z and -Z directionz

(3) 

where px and pz are dipole components in x and z direction, re-
spectively.

2.2.3. Number of contacts
The number of contacts between the kinesin and tubulin served 

as a metric to define a moment of kinesin detachment from the 
tubulin: the time when the number of contacts reached zero. For the 
analysis of the number of contacts, we first selected a subset of tu-
bulin (alpha or beta) atoms that lie within a distance of 11 Å, from 
kinesin in the first frame, where we start to apply the EF. The dis-
tance of 11 Å corresponds to the cut-off of van der Waals interactions 
in our simulations. We excluded part of the C-terminus (residues 
number >  427) of β-tubulin from this subset, because the un-
structured part of the β-tubulin C-terminus often sticks to the ki-
nesin and follows it, even though the interaction energy between the 

kinesin and tubulin is practically at zero. This approach is justified by 
our energetics calculations (Fig. SI 1–13), which show that when the 
interaction energy reaches a plateau (corresponding to zero inter-
action), the distance of the kinesin displacement corresponds to 
distances when zero contacts are observed (as calculated by our 
approach). Then, for each frame from the trajectory, we took the 
number of kinesin atoms residing within this cut-off distance of 
11 Å, from the original set of tubulin atoms as the number of con-
tacts.

2.2.4. Distance of kinesin displacement and distance between kinesin 
and tubulin

The distance of kinesin displacement is the distance between the 
center of gravity between kinesin at frame 0 and kinesin at frame t. 
The kinesin–tubulin XY distance is the XY distance component be-
tween the center of gravity of the three tubulin heterodimers and 
kinesin at time t. Note that in trajectories with an EF in the X di-
rection, the two quantities are approximately related to each other 
with an offset; e.g., a kinesin displacement of 2 nm (20 Å) corre-
sponds to a kinesin–tubulin XY distance of approximately 7 nm.

2.2.5. Solvent accessible surface area - SASA
The solvent accessible surface area for central β-tubulin (ex-

cluding C-terminus tail) was obtained with the VMD built-in feature 
“measure sasa” with atom radii inherited from CHARMM36 force-
field.

2.2.6. Root-mean square displacement - RMSD
We measure the RMSD (as traditionally defined) by using the 

built-in VMD plugin RMSD. RMSD is evaluated for kinesin at frame 0 
and frame t (fig. SI 1–8) and also per each kinesin residue (SI 1–9, 
SI 1–10).

2.2.7. Potential of mean force
We calculated the potential of mean force along the pathway of 

kinesin dissociation caused by the EF in the X direction in the big box 
with the weighted histogram analysis method (WHAM), as im-
plemented [44] in GROMACS software package. We sampled the 
center of mass (COM) XY distance between kinesin and tubulins 
(allowing the Z dimension to move freely) in the range from 
∼ 5–10 nm with 27 separate windows. Each window was sampled 
with 15 ns MD simulation with restrained XY COM distance by 
umbrella (harmonic) potential with a depth of 500 kJ mol−1 nm−2.

2.2.8. Force and work
The force acting on a molecule can be expressed from multipole 

expansion of the EF:

= + + +F qE p E E( )
1
2

( )
(4) 

where is quadrupole moment of molecule.
And the work performed by the field:

= + + +W E p E E
1
2

( )
(5) 

where ϕ stands for EF potential. Because we applied only a static 
(time) and homogeneous (space) external EF, we evaluated the work 
done by the field only from the two first terms in equation (5). The 
first term represents a translation (linear motion) work of the EF on 
a molecule. The translation work carried out in frame t was calcu-
lated as a product of the force acting on the sum charge of a mole-
cule (kinesin and or β-tubulin C-terminus) displacement vector of 

the geometric center of molecule d during period t − 1 to t.

Table 1 
Molecular and atomic content of the simulated system. 

— molecules number of atoms

Water (TIP3P) 66,653 199,959
K+ 456 456
Cl- 300 300
α-tubulin 3 20,739 (6913 × 3)
β-tubulin 3 20,526 (6842 × 3)
Kinesin 1 5068
ADP 1 39
GTP 6 264 (44 × 6)
Mg2 + 7 7
Total — 247,358
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=W q E dt
i

kin

i,trans
(6) 

The second is the work done by the field on dipole moment 
(rotational work) at frame t was calculated as:

=W E dpt,rot (7) 

3. Results and discussion

3.1. Detachment of kinesin is EF direction-dependent

First, we asked the question if the direction of the EF has any 
effect on the kinesin–tubulin interaction (for brevity, under kinesin, 
we refer to the kinesin-1 motor domain in all further text). Our 
earlier work suggested [36] that an EF acting parallel to kine-
sin–tubulin heterodimer (K-T) connection axis (direction Y and -Y in 
this paper) has a small effect on K-T interaction, in contrast to the EF 
perpendicular to the K-T connection axis. Therefore, in this paper, we 
focused on all four EF directions (100 MV/m field strength) that are 
perpendicular to the K-T connection axis, i.e., X,-X, Z, -Z and included 
the tubulin heterodimers from neighboring protofilaments (see 
Fig. 1). We chose an EF strength of 100 MV/m based on our prior 
experience [21,23,36] with molecular dynamics simulations of pro-
teins with EF – although this value might seem huge microscopically, 
it is actually comparable to the effective EF in cell membranes due to 
transmembrane voltage [45] and quite small compared to the values 
of molecular EF (GV/m) [15,46].

The representative snapshots of the structure of kinesin with the 
underlying tubulin heterodimer (in short: tubulin) for a selected 
trajectory in each EF direction are shown in Fig. 2a-d. Our major 
finding is that the EF detaches kinesin from tubulin and also pulls 
the C-termini of the underlying tubulin. Qualitative observations are 
the following: the kinesin is always being detached in the direction 
towards the anode (+ sign of the EF). This electrophoretic effect is 
understandable due to the Coulomb force of EF on negative (− 5 e) 
kinesin net charge (see S1 in [36]). Apart from this strong and ob-
vious EF-direction-dependent effect, we also observed that the ki-
nesin detachment proceeded along qualitatively different pathways 
for each EF direction. For the X direction, the detachment of kinesin 
was accompanied by a strong effect on the β-tubulin C-terminus tail 
(CTT, unstructured part of the C-terminus starting at the residue 
427): it was not only pulled away from the tubulin body, but also 
caused the last α-helix of the β-tubulin C-terminus to be levered 
away from the tubulin body so that it loses its secondary structure, 
see Fig. SI 1–1. In contrast, for the -X EF direction, the last α-helix 
was not levered from the tubulin body during the kinesin detach-
ment, yet the CTT underwent a strong pull so the last α-helix ends up 
denatured. The detachment process proceeded somewhat differ-
ently for the Z and -Z EF directions and is much more stochastic than 
for the X and -X directions. Hence, the following descriptions of the 
kinesin–tubulin system represent a typical qualitative behavior, with 
varying details in individual trajectories. For Z, only a smaller 
number of trajectories resulted in kinesin detachment within our 
simulation time; if it occurred, the effect on CTT was milder than in 
the X and -X directions. Interestingly, for the -Z EF direction, the 
detachment of kinesin was more frequent and accompanied by 
pulling of both α- and β-tubulin CTT from the body of tubulin.

In addition to the qualitative differences in the detachment 
process observed for different EF directions, there is also a quanti-
tative difference in terms of kinetics. To explore the speed of the 
kinesin detachment process, we analyzed the time evolution of two 
parameters: the number of residue contacts and the distance be-
tween kinesin and tubulin (see Methods for the definitions), see 
Fig. 2e,f. The distribution of detachment times for each EF direction 

is plotted in Fig. 3. It is clear that, by median, the fastest detachment 
occurs under an EF in the X direction, followed by -X, Z, and then -Z, 
as also evidenced by both the number of contacts and distance 
analysis. The variability of the trajectories, particularly for X, Z, and 
-Z EF directions, is highlighted in Fig. 2. Why are the faster kinetics 
observed in EFs in the X and -X EF directions than in the Z and -Z 
directions? At first, this might be counterintuitive because a net 
linear motion of a whole kinesin nanomotor proceeds towards the β- 
tubulin end of the microtubule, also called the microtubule plus end 
(here -Z direction) [37]. However, the first part of a natural detach-
ment of kinesin proceeds along the X axis because kinesin steps 
proceed in a rotational manner around its stalk axis [47,48], which 
might explain the effective detachment along the -X EF direction. 
The fast detachment along the X EF direction is also related to the 
fact that the EF also detaches (levers open) the β-tubulin C-terminus 
end (including the last α-helix) of β-tubulin from the tubulin body 
(see 1–4 ns in the animation S06), which represents a substantial 
fraction of the kinesin binding site on the tubulin.

Visually observing the evolution of the K-T structure, we also 
found that the detachment of kinesin was accompanied by the 
alignment of the kinesin dipole moment with the EF vector (see 
endpoints in all four EF directions in Fig. 2a-d) and supplementary 
information - animations S06-S12. To further understand this aspect 
of detachment, we performed analysis focusing on the evolution of 
the kinesin dipole moment (DM) magnitude and its angle in time, 
see Fig. 4a,c. We also analyzed the dipole moment of the β-tubulin C- 
terminus (Fig. 4a,c), since the C-terminus also seems to be affected.

The kinesin DM magnitude fluctuated at approximately 1200 
debye (D) under no-EF condition, whereas it significantly increased 
up to 1700 D in an EF. The strongest and fastest effect was mani-
fested by the EF in the X direction, followed by -X, Z and -Z. The DM 
magnitude of β-tubulin C-terminus had the no-EF value around 500 
D and increased up to 800 D at the time of detachment. Similar 
behavior was observed for the DM angle of kinesin and β-tubulin C- 
terminus, where X and -X dominate over Z and -Z EF directions. 
Furthermore, there seems to be a correlation between the time 
evolution of the number of K-T contacts and K-T distance and the DM 
magnitude and angle. To analyze this further, we plotted these 
parameters in a single figure for each trajectory, see sections SI 1–10, 
SI 4–1. The results showed that the DM magnitude, DM angle and 
number of contacts seem to be mutually correlated most strongly for 
100 MV/m EF strength for all analyzed EF directions. To determine if 
the detachment of kinesin occurs in a characteristic range of values 
of DM magnitude and the angle at which kinesin detachment occurs, 
we plotted the distributions of the values of these parameters at the 
detachment time (defined as the time when the number of contacts 
approaches zero for the first time) - see the distributions on the right 
of Fig. 4a. We found that the DM magnitude increased by approxi-
mately 100–400 D at the detachment time compared with the case 
in which there was no EF and the mean value depends on the field 
direction. The DM magnitude of β-tubulin C-terminus also increased 
by 100–300 D by the time of the detachment. The angle of DM also 
changed significantly at the detachment time: the DM tilted by 40∘ 

to 80∘ from the no-field value for kinesin and for β-tubulin C-ter-
minus by 40–90∘ X, -X, see Fig. 4c.

3.2. Both EF pull on β-tubulin C-terminus and EF torque on kinesin are 
crucial for detachment

The detachment of kinesin is accompanied by the effects on β- 
tubulin C-terminus but is there a causality relationship? In other 
words, is the mechanical action of EF on β-tubulin C-terminus a 
prerequisite necessary for the kinesin detachment from the tubulin?

To answer this question, we used the unique capability of com-
putational simulations to fully control the system at the atomic level 
and restrained the tubulin heterodimer underlying the kinesin, 
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which would be practically impossible in experiments. Under such 
conditions, all tubulin α-carbon atoms were held in place so that the 
EF could practically affect only the kinesin atoms. The simulations 
were carried out under these conditions for the 100 MV/m EF, -X 
direction. We found (Fig. SI 1–2) that the detachment effect was 
dramatically reduced and delayed: only three out of ten trajectories 
showed a sign of kinesin detachment within 10 ns. These findings 
demonstrate that the displacement action of EF on the β-tubulin C- 
terminus is crucial for the effect observed under our EF conditions.

As we observed the rotation of kinesin and alignment of its di-
pole moment with EF, we wanted to dissect the pure pulling (EF- 
induced linear force due to the net charge of kinesin) and rotation 
(EF-induced torque due to the kinesin dipole) effects. To distinguish 
the mere pulling and rotation effect of the EF on the kinesin, we 
compared the effect of the pure pulling force with the electric force. 
We pulled the center of mass of the kinesin by a constant force 
(80.1 pN, the same force due as F = ∣qt. E∣, where qt is the net kinesin 
charge, see section SI 1–3) in the -X direction. We found (see Fig. SI 

Fig. 2. Various EF directions cause different pathways of kinesin detachment. (a), (b), (c), (d) are schematic diagrams depicting a representative pathway of kinesin (in yellow) 
detachment from microtubule (only one heterodimer depicted for clarity - α tubulin light gray, β tubulin dark gray) for a 100 MV/m EF in the X, -X, Z, and -Z directions, 
respectively. See supplementary information (animations S06-S12) for molecular details or load the raw trajectories we share to any molecular viewer for the full 3D information. 
e) The number of contacts between kinesin and tubulin. (f) The distance kinesin is displaced relative to the position at time zero of the simulation is a metric of kinesin–tubulin 
distance. Distributions on the right are from individual simulations and show the values of the kinesin distance at the time of the detachment (i.e., when zero number of contacts 
between kinesin and tubulin was reached), straight lines show the mean of the distribution.
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1–3) that while the pulling force itself does not detach kinesin, the 
EF does. These findings indicate that other EF force components, 
probably the torque, are crucial for the detachment to occur.

To understand this quantitatively, we analyzed the work carried 
out by the EF on kinesin and β-tubulin C-terminus decomposed to a 
translation and rotation component, Fig. 4b,d. For each EF direction, 
the kinetics of the translation work exerted on the β-tubulin C-ter-
minus dominates the work exerted on kinesin. The kinetics of the 
rotational work is dominated by the contribution of kinesin over the 
β-tubulin C-terminus from the beginning of the simulation for X and 
-X EF directions, but for Z and -Z EF directions, the dominance be-
came visible only in later stages after 5 ns. The mean of the dis-
tributions in Fig. 4b,d enables ranking of the contributions of 
translational work, rotational work on kinesin and β-tubulin C-ter-
minus at the moment of kinesin detachment. β-tubulin C-terminus. 
As the distribution is very wide and hence barely visible for X β- 
tubulin C-terminus (dotted blue line distribution) in Fig. 4b,d, see 
Fig. SI 1–6 for the individual depiction of distributions.

In general, it is the translation work on the β-tubulin C-terminus 
tail and the rotational work on the kinesin dipole that is dominant 
for the detachment, see Fig. SI 1–5. This is corroborated by our above 
findings that, during the detachment:

1. the kinesin  
(a) dipole moment magnitude (hence the force of EF and work) 

is higher than that of the tubulin tail (Fig. 4
(b) dipole rotation hence also the rotation of whole protein is 

observed (Fig. 2) and required (Fig. SI 1–2) for the de-
tachment

2. the β-tubulin C-terminus  
(a) net charge is almost 4-fold higher than that of the kinesin 

(− 19 e vs. − 5 e, see Section SI 1–3)
(b) mobility constraint hampers the kinesin detachment (Fig. 

SI 1–2)

3.3. Electric field causes kinesin detachment in a field strength- 
dependent manner

In all further work presented here, we focused on the X EF di-
rection as it seems to be effective for kinesin detachment (Fig. 3, 4). 

To understand the energetics of the kinesin–tubulin interaction, we 
calculated the potential of the mean force as a function of X-Y ki-
nesin-tubulin distance along the detachment trajectory, see Fig. SI 
1–13. We see that starting from a K-T distance of 7 nm (calculated as 
the distance between the geometrical centers of the kinesin and 
tubulin heterodimer), that is, 2 nm from the initial distance (5 nm), 
there is almost zero interaction energy. This finding reasonably 
justifies the zero number of contacts criterion as the criterion for the 
detachment – as shown in Fig. 2, the K–T distance at the time of 
kinesin detachment is indeed approximately 2 nm (20 Å) for the X EF 
direction.

The pertinent question was: how does the EF strength affect the 
kinesin detachment process? To answer this, we ran the simulations 
for the EF in the X direction for field strengths of 30, 50, 75 MV/m, in 
addition to the data for 100 MV/m shown above (see all results in 
Fig. 5). The time evolution of the number of contacts and K–T dis-
tance demonstrate that the kinetics of detachment slows and be-
comes more stochastic with decreasing EF strength, Fig. 5a,b. 
Similarly, the DM magnitude and angle of both kinesin and β-tubulin 
C-terminus also manifested EF-dependent time evolution. The ki-
nesin DM magnitude at the detachment time depends on the EF 
strength: an EF strength of 100 MV/m increases the DM magnitude 
by approximately 30 % compared with no-field conditions, whereas 
an EF strength of 30 MV/m EF had a negligible effect on the DM 
magnitude (Fig. 5c). Although EF also affected the DM magnitude of 
the β-tubulin C-terminus in an EF-strength dependent manner, there 
is only a small variation of the mean DM magnitude values at the 
time of the detachment (from 680 D at 100 MV/m to 754 D at 30 MV/ 
m, see distributions on the right of Fig. 5c) across different EF 
strength values. However, there is quite some variation within the 
data at a particular field strength.

The change of the kinesin DM angle is also EF-dependent. 
However, the values of the DM angle at the detachment time were 
slightly less spread than the DM magnitude values, and even 30 MV/ 
m can exert substantial influence on the angle, albeit often this has 
to be accumulated over a longer time scale (Fig. 5d). These results 
suggest that the change of the DM magnitude is not necessary for 
the detachment, whereas tilting the kinesin (the change of angle) 
seems to be much more important. This is supported by the analysis 
of time evolution of individual parameters for 30 MV/m EF, see 

Fig. 3. Box plots of detachment times of the kinesin motor domain from tubulin for 100 MV/m X, -X, Z, and -Z EF direction. Dots represent individual data points. Black lines are 
medians. The statistical significance of differences between X and -X EF directions data has p  <  0.05 (Kolmogorov-Smirnov test), other data could not be tested due to a low 
number of data points, see Section SI 1–9.
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section SI 3–2, where often the change of number of contacts and 
DM angle is substantial, whereas almost no change of DM magni-
tude occurs, see e.g., Fig. SI 3–29 or SI 3–30. Nevertheless, the torque 
depends on the DM magnitude, so necessarily the increase of the DM 
magnitude increases the torque and has to facilitate the detachment. 
Overall, these results underline the importance of the EF torque 
action for the kinesin detachment process. The behavior of the β- 
tubulin C-terminus DM angle is different from the kinesin DM angle. 
The change of the DM angle during the action of EF from the start of 
the simulation until the time of the detachment is much higher for 
the β-tubulin C-terminus (from 120∘ to 20∘) at 100 MV/m than for 
kinesin (from 70∘ to 20∘), which is due to the high flexibility of this 
part of tubulin. Also, the spread of the DM angle values at the time of 
the detachment for each field strength is much wider than that for 
kinesin.

Subsequently, we analyzed the rotational and translational 
components of work carried out by EF on the kinesin and β-tubulin 
C-terminus (Fig. 5e,f) for various EF strength values for an EF in the X 

direction. The rotational work on kinesin and the translational work 
on the β-tubulin C-terminus evolved comparably until 1 ns, but then 
the translational work of EF on the β-tubulin C-terminus takes over 
and is the major contribution to the total work carried out at the 
time of the detachment Fig. SI 1–5. Nevertheless, the work carried 
out by EF on kinesin is also substantial (Fig. SI 1–5). We found that 
the rotational component had a higher value than the translational 
one. However, the ratio of rotational to translational decreased with 
decreasing EF strength – what are the reasons for this trend? There 
are at least two reasons: the first one is the fact that the DM change 
is lower, and hence the rotational work is also lower at lower EF 
strength. The second reason is that the change of the dipole angle, 
which is proportional to the rotational work, is also lower at lower 
EF strength compared to higher EF strength.

Finally, we analyzed the dependence of the time required to 
detach the kinesin on the applied EF strength, see Fig. 6a. The de-
tachment time decreased with increasing field strength, as expected 
because a higher field strength will act by a larger force, hence 

Fig. 4. Effects of 100 MV/m EF on kinesin (solid line) and β-tubulin C-terminus (dotted line) for various EF directions. a) Kinetics of the dipole moment magnitude and c) angle 
projection (see Eqs. (2) and (3)). b) translational and d) rotational work carried out by the EF on the protein. Color coding: X (blue), -X (cyan), Z (red), and -Z (violet) EF directions 
and gray is the trajectory with no EF. The colored lines are the mean from N = 40 for X, N = 10 for -X, N = 10 for Z, N = 10 for -Z trajectories. In c), the gray lines are the reference (no 
EF) trajectories: solid dark gray and solid light gray for kinesin and β-tubulin C-terminus respectively, in X and -X EF direction (from Eq. (2)), dashed dark gray and dashed light 
gray for kinesin and β-tubulin C-terminus respectively, in Z and -Z EF direction (from Eq. (3)). Distributions on the right display relative probability of the occurrence and the mean 
of the value for each quantity at the time when zero number of contacts between kinesin and tubulin (see Fig. 2e) was reached. For example, in a), for the trajectories with X EF 
direction, the value of the kinesin dipole moment magnitude at the time when zero number of contacts was reached was between 1400 D and 1750 D and the mean value was 
1575 D. The probability density functions were obtained by fitting with kernel density estimation utilizing MATLAB 2021a histfit function with five bins.
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Fig. 5. Dependence of the electric field effects on the kinesin (solid lines) and β-tubulin C-terminus (dotted lines) on the EF strength for the X EF direction. Kinetics of a) the 
number of contacts between kinesin and tubulin, b) the kinesin displacement. c) the kinesin and β-tubulin C-terminus dipole moment magnitude d) the dipole angle projection, e) 
rotational, and f) translational work carried out by the EF on the kinesin and β-tubulin C-terminus. Color coding: 100 MV/m (blue), 75 MV/m (cyan), 50 MV/m (red), and 30 MV/m 
(violet) electric field strength and gray is the trajectory with no EF. The colored lines are the mean from N = 40 for 100 MV/m, N = 30 for 75 MV/m, N = 20 for 50 MV/m, N = 10 for 
30 MV/m trajectories. The density functions were obtained from kernel density estimation utilizing MATLAB 2021a histfit function with five bins.
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increasing the probability of kinesin detachment. This direction of 
the effect can be intuitively understood, but how do we quantita-
tively relate these results in terms of energetics?

3.4. Electric field affects the kinesin detachment rate

To conceptually understand the EF-strength dependence in terms 
of the energetics underlying the rate of kinesin detachment (dis-
sociation) from MT, we can apply the Arrhenius equation [49,50]
(assuming a single activation energy barrier)

=k AeOFF

E
k T

a

B0 (8) 

where kOFF0 is the rate of detachment at zero EF, A is a preexponential 
factor, kB is the Boltzmann constant, T is the absolute temperature 
and ΔEa is the height of the activation energy barrier. The external 
force applied along the reaction coordinate modifies the Arrhenius 
equation [51]. Within this framework, we propose that when the EF 
force is considered, the activation barrier can be altered (lowered in 
our case) and we may write

= =k E Ae k e( )OFF

E EI
k T OFF

I
k T

E
( )a E

B

E

B0 (9) 

where E is the external EF and IE is the term that describes the EF 
interaction with the system, having units of [C.m]. We consider that 
the detachment time tOFF in Fig. 6 is related to the detachment rate 
as kOFF = 1∕tOFF and we plotted the natural logarithm ln() of the rate 
having on the vertical axis, since the ln() transforms the exponential 
form of the equation to a linear one, enabling easier processing,

= +k E k
I

k T
Eln ( ) lnOFF OFF

E

B
0 (10) 

see Fig. 6. Then, we determined the value of the slope IE∕kBT by 
fitting to be 0.04 (using ns and MV/m), which, using the units of s 
and V/m, translated to the value of the slope 4 × 10−8 [m/V], hence IE 

= 1.85 × 10−28 [C.m]. The value of the interaction term quantitatively 
informs about the degree to which EF couples with the system to 
lower the activation energy barrier Ea. Where does this interaction 
term arise from? We know from the results earlier in this paper that 
EF exerts both rotational work (through torque) on kinesin and β- 

tubulin C-terminus dipole) and also translational work (through 
kinesin and β-tubulin C-terminus charge) play a role in the kinesin 
detachment. Therefore, we reasonably expect that the interaction 
term will be proportional to the following components:

+ +I p p q x( ) cosE P I (11) 

where pP is the magnitude of permanent DM of the protein, pI is the 
DM induced due to structural changes of the protein, 

=cos cos cosEND START , where ΦEND is the ending angle and 
ΦSTART is the starting angle between the EF and the DM vector, q is 
the charge of the protein and Δx is the distance change during the 
transition.

We made independent analytical estimates of the order of 
magnitude of the values of interaction terms, see Table 2. These 
estimates were approximately two orders of magnitude higher than 
the value found from the molecular dynamics simulations (Fig. 6b). 
That means that some of the quantities involved were effectively 
lower in MD simulations than in the analytical estimates.

The exact underlying reason is likely complex. However, we argue 
here that the most impotant factor is the dielectric screening. If we 
consider the protein in water from the perspective of electrostatics, a 
protein represents a cavity in dielectric material (water, here the 
TIP3P has a static dielectric constant ε of ca. 101 [52]. We assume that 
the effective dielectric constant of protein is close to 1 since we use 
non-polarizable force field in our MD simulations. In such case the 
field in the center of the cavity is given by ECAV = 3 / (2ε + 1) EEXT [53]. 

Fig. 6. a) Distributions (alpha distributions fit – Eq. SI 1–1) and box plots of detachment times of kinesin motor domain from tubulin for 30, 50, 75, and 100 MV/m EF strength (all 
in X direction). Dots represent individual data points, the black line in box plot is median. The statistical significance of differences between individual pairs of data sets has 
p  <  0.05 (Kolmogorov-Smirnov test), see Section SI 1–9 for details. b) Natural logarithm of detachment rate (1/detachment time, considering time in ns) plotted against EF 
strength with a linear fit. The intercept from the fit is at − 5.8.

Table 2 
Analytical estimates of the values of the terms (values are in 10−28 [C.m]) that facil-
itate the kinesin detachment due to the kinesin and β-tubulin C-terminus dipole and 
charge coupling with an EF. Assumed values for the kinesin: pP = 1200 D, pI = 130 D, 
q = − 5 e, Δx = 2 nm, for the β-tubulin C-terminus: pP = 500 D, pI = 150 D, q = − 19 e, 
Δx = 2 nm. For the kinesin (and β-tubulin C-terminus), the DM angle β with respect to 
the EF vector changes from ca. 80∘ to 20∘ (and from 120∘ to 30∘) by the time of de-
tachment, see. See the details of the calculations in Supplementary information 5. 

term kinesin β-tubulin C-terminus

pP 31 23
pI 3 7
q Δx 16 61
sum 50 91
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ECAV corrresponds to the effective EF strength acting on a protein and  
EEXT is the value of the EF strength we apply in MD simulation. The 
ratio of ECAV/EEXT from the equation above is 0.0148 which is an ex-
cellent agreement with the ratio of the IE-MD / IE-Analytical = 1.85/141 = 
0.013. 141 is the sum of contribution from the kinesin (50) and tu-
bulin (91) from the Table 2. This result underlines the effect of di-
electric screening in the EF effects on proteins.

3.5. Discussion: prediction of the effect on kinesin function

Our MD simulation results indicate that EF facilitates ADP-bound 
kinesin motor domain (head) detachment (dissociation) from MTs. 
The effect is due to both the direct effect on the kinesin as well as on 
the β-tubulin C-terminus. Lets first discuss the major outcome – the 
detachment of the kinesin motor domain (head). How would this 
detachment affect the function of the whole kinesin and how can 
these results be verified experimentally? The minimal functional 
state of the kinesin-1 comprises a dimer (Fig. 1) that undergoes a 
complex mechano-chemical cycle [5] that generates a directional 
movement on MTs, so we can not interpret the results in isolation. 
There are several potential fates of a single kinesin dimer after the 
kinesin head is detached. One option is that the second head is also 
detached by the EF, if not already untethered during the kinesin 
stepping, and the whole kinesin dimer dissociates from the MT. The 
second option is that in a certain parameter range of EF strength and 
EF application duration, it could happen that the EF would detach 
one head and the second would remain tethered to the MT. If the EF 
acted further and pulled the detached kinesin away, it might initiate 
the dissociation of the two monomers of kinesin from each other by 
unzipping the connecting neck linker. The third option offers a 
whole range of possibilities based on the assumption that the second 
motor domain remains tethered to the MT and kinesin retains its 
dimeric state. The outcome depends on when (in the phase of the 
kinesin stepping cycle) the EF hits the system, and EF direction and 
strength: . 

1. speed up the detached head diffusion to facilitate the step (-Z EF 
direction facilitating the forward (along Z axis direction) motion 
of the negatively charged kinesin head)

2. hold back the free head (would require much longer EF duration 
than the 1HB state (∼ 3 ms) [5], when the free head is diffusively 
searching for the landing site of the next step) and slow down the 
whole step (-Z EF direction)

3. the kinesin would side-step on the neighboring protofilament (X 
and -X EF)

4. when the EF is switched off, the detached head would re-attach 
back to the same spot on MT

Combining some of these effects, one can imagine a time and space- 
tailored EF to facilitate fast detachment (X EF direction) and then 
speed up the diffusive search of kinesin to the next docking position 
(Z EF direction). Furthermore, the EF can act on many kinesin motors 
in parallel, hence it could be used to create effects such as syn-
chronization of kinesin stepping. Although most of the kinesin mo-
tors are dimeric, there are also kinesin motors that operate as 
monomers such as KIF1A [54]. Such motors do not operate in a hand- 
over-hand motion, as the dimeric kinesins, but diffusively progress 
along the MTs interacting with the charged C-terminus of tubulin 
[55] and work cooperatively in teams to transport the cargo [56]. If 
the monomeric kinesin is exposed to a sufficiently intense EF, the 
effects could be more straightforward than for the dimeric kinesin: 
the detachment of the single head would lead to the dissociation of 
the motor from its microtubule track, since there would be no 
second head to keep the motor anchored on the microtubule.

Mastering these EF effects on kinesin would have a significant 
impact on bionanotechnology, where the control of nanomotors is 

desired. On the other hand, an EF could be used as an additional load 
to explore the function of the kinesin itself. For example, an EF ap-
plied in the Z or -Z direction would act as an assisting or hindering 
load facilitating or hindering the step of the kinesin, which could be 
used to explore the role of neck linker, such as in [57].

Future analysis should include kinesin states where ATP is bound 
to the kinesin motor domain (ATP-state) or no nucleotide at all 
(APO-state). It is known there is a higher contact surface area and 
also stronger binding of kinesin motor domain to an MT in ATP-state 
and also APO-state than in ADP-state [42]. Therefore, we expect that 
a higher EF strength or EF application time would be required to 
detach the kinesin motor domain for ATP-state and APO-state, than 
for ADP-state.

3.6. Discussion: EF effects on kinesin in vitro vs. in vivo

While the potential effects of EF on kinesin in vitro are elaborated 
above, here we discuss potential implications in vivo. The only work 
that has addressed the question of effects of the intense pulsed EF in 
vivo focused on plant-specific KCH kinesin from the kinesin-14 fa-
mily [58]. There, N = 25 of 25 ns pulses of EF strength up to 1 MV/m 
were applied to BY2 cells and the effect of EF together with over-
expression of KCH kinesin was evaluated. The authors concluded, 
that the nanosecond pulsed EF targets, apart from the membrane, 
also the microtubule-KCH-actin cross-linking complex. However, the 
complexity of the biological response to pulsed EF obscures this 
interpretation. These in vivo results beg for in vitro experiments, 
where individual components (MTs, actin and kinesin cross-linking 
domain) can be reconstituted under well-controlled out-of-the cell 
environment. In such reconstituted systems, any observed effect of 
pulsed EF would provide a more convincing and cleaner inter-
pretation and would complement the observations from in in vivo 
experiments.

3.7. Discussion: EF effects on tubulin

Next, we discuss the effects of EF on the tubulin heterodimer that 
binds the kinesin. The major effects we saw were on the C-terminus 
tail of the tubulin, particularly that of β-tubulin, which carries a 
higher electric charge than that of α-tubulin. Earlier works on a tu-
bulin heterodimer in an EF [21,23,33] corroborate these findings. The 
free tubulin shows the displacement of loose, charged segments, 
including the C-termini tails, in response to EF up to 75 MV/m [33]. 
In [21], an EF starting from 20 MV/rotates the free tubulin, sig-
nificantly pulls the C-terminus starting from 50 MV/m and dena-
turation of the secondary structures (α-helices on the C-terminus 
end of tubulin) was observed only for very high EF strengths 
(300 MV/m). In our recent work [23], where the whole microtubule 
lattice was analyzed in an EF, no denaturation effects were observed 
on the level of individual tubulin in the MT lattice were observed. In 
light of these earlier data, it is very interesting that in this work, we 
observed the denaturation of one tubulin, particularly the α-helix 
proximal to the C-terminus of the β-tubulin, already at an EF 
strength of 100 MV/m in the X-direction, see SI 1–1. We suggest that 
the binding of the kinesin to the last α-helix of the β-tubulin [59] and 
the rotational force (torque) on the kinesin facilitates the levering of 
the α-helix from the tubulin body and its denaturation, additional to 
the EF pull on tubulin C-terminus charge. From the tubulin-centric 
perspective, this suggestion means that the presence of the kinesin 
bound to the tubulin renders the tubulin more susceptible to an EF, 
since the kinesin represents another handle through which the tu-
bulin can be affected. Interestingly, the denaturation of the last tu-
bulin occurred at an EF field strength of 100 MV/m in the X and -X 
direction but was practically absent in the Z and -Z EF directions.
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3.8. Discussion: ionic strength, heating and electrochemistry

Our simulations included physiologically relevant concentrations 
of ions (K+ and Cl−) and water, see Table 1. Therefore, the effect of an 
EF on ions and water is included in the effects we observed. We did 
not carry out any particular analysis on the dynamics of ions and 
water, but visualizing the trajectory we observe that (i) ions undergo 
electrophoretic motion and (ii) water undergoes polarization to align 
with an external EF. In our earlier work [23], we found no significant 
effect of ionic strength on the electro-opening of MT, i.e., the de-
tachment of two neighboring tubulin molecules by EF. Instead, the 
EF effects were mainly due to the effect on protein charges and di-
pole moments. Therefore, we speculate that ionic strength is not a 
crucial parameter in our current simulation work, except for the 
heating of the system. The system in our simulations is coupled to 
external thermostat keeping the temperature constant. This situa-
tion corresponds to real experiment in laboratory conditions where 
the system is in thermal contact with its surrounding. In an ex-
periment, the actual temperature change would depend on the input 
heating power delivered by the EF (which is related to the effective 
conductivity of the sample) and heat dissipation from the sample. 
Practically, heating effects are mostly negligible when EF of MV/m 
scale is applied on the nanosecond timescale [28]. The electro-
chemical effects depend on the amount of charge that flows through 
Faradaic currents. When an EF is delivered in pulses on the nano-
second timescale, a large proportion of the total current is of capa-
citive character and does not involve Faradaic charge transfer that 
causes electrochemical effects. Apart from the pulse duration, it is 
the conductivity and dielectric properties of the sample as well as 
material of the electrode that modulates the proportion of Faradaic 
versus capacitive currents. Therefore, to get close to the simulation 
conditions in experiments, one has to appropriately set the para-
meters of the experiment (EF parameters, geometric, material, and 
sample arrangements), but they seem to be physically and technical 
achievable.

3.9. Discussion: proposed experimental tools for verification

Overall, our computational results have a profound importance 
for the guidance of the experimental design: not only EF strength, 
but also EF direction, with respect to the microtubule and kinesin 
orientation, significantly affect the detachment process. To ex-
perimentally verify the predictions, one would ideally need to 
collect the data from single-molecule imaging techniques, such as 
TIRF microscopy [60], but with a high temporal resolution to re-
solve EF effects within the time step, such as iSCAT [61–64]. Fur-
thermore, suitable chip technology is required that integrates 
microfluidics for the sample position and manipulation, electrodes 
system capable of delivering high EF strengths at sufficiently broad 
frequency bandwidth (required for ns and shorter electric pulses) 
and compatibility with the advanced microscopy techniques 
mentioned above. The integrated technology platforms presented, 
e.g., in [30,65], fulfill all such requirements when coupled to proper 
imaging techniques.

Finally, the electric-field-modified activation energy model is an 
important first step towards understanding the relationship be-
tween the EF strength and the time scales needed to observe the 
effects of the electromagnetic field at the molecular scale. The model 
conceptually enables scaling of the effects of the EF down to a lower 
field strength experienced by kinesin in an organism under a variety 
of circumstances, such as exposure to an electromagnetic field 
generated by various telecommunication or industrial devices. 
Therefore, it would be of interest for bioelectromagnetics research.

4. Conclusion

Molecular dynamics simulations were used to show that an in-
tense EF can be used to detach the motor domain of a kinesin na-
nomotor from its microtubule track. We demonstrated that this 
effect depends on the EF direction as well as EF strength. Different EF 
orientations tend to detach kinesin via different pathways, but 
overall the X EF direction (i.e., perpendicular to the direction of ki-
nesin transport, and parallel to the microtubule surface) was shown 
to be the most effective for kinesin detachment. During the de-
tachment process, the number of contact residues between kinesin 
and tubulin decreases, while the mutual distance between them 
increases. We suggest that the major mechanism of detachment is 
the action of EF on the β-tubulin C-terminus charge and kinesin 
dipole moment, as demonstrated by the effect on its magnitude and 
angle. This was confirmed by the finding that the rotational com-
ponent of the work carried out by EF on kinesin-1 was found to be 
dominant over the translational component. We introduced an 
Arrhenius-equation-based model to interpret the rate of detachment 
at various EF strengths. The results provide a better understanding of 
the EF–kinesin interaction and highlight the directions for future 
work. Finally, based on our findings, we discussed potential effects of 
the EF on kinesin nanomotor function in terms of applications in 
bionanotechnology and bioelectromagnetics, once the experimental 
data for our computational predictions are available.
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