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Abstract Active transport is essential for cellular func-

tion, while impaired transport has been linked to diseases

such as neuronal degeneration. Much long distance trans-

port in cells uses opposite polarity molecular motors of the

kinesin and dynein families to move cargos along micro-

tubules. It is clear that many types of cargo are moved by

both sets of motors, and frequently in a reverse direction.

The general question of how the direction of transport is

regulated is still open. The mechanism of the cell’s dif-

ferential control of diverse cargos within the same

cytoplasmic background is still unclear as is the answer to

the question how endosomes and mitochondria move to

different locations within the same cell. To answer these

questions we postulate the existence of a local signaling

mechanism used by the cell to specifically control different

cargos. In particular, we propose an additional physical

mechanism that works through the use of constant and

alternating intrinsic (endogenous) electric fields as a means

of controlling the speed and direction of microtubule-based

transport. A specific model is proposed and analyzed in this

paper. The model involves the rotational degrees of free-

dom of the C-termini of tubulin, their interactions and the

coupling between elastic and dielectric degrees of freedom.

Viscosity of the solution is also included and the resultant

equation of motion is found as a nonlinear elliptic equation

with dissipation. A particular analytical solution of this

equation is obtained in the form of a kink whose properties

are analyzed. It is concluded that this solution can be

modulated by the presence of electric fields and hence may

correspond to the observed behavior of motor protein

transport along microtubules.
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Ferroelectric Properties of Microtubules

The methods of biochemistry have been instrumental in

advancing our knowledge of cell biology over the past

several decades. However, they mostly focus on binary

interactions between proteins and other biomolecules.

Biochemistry also considers various complicated signal

transduction pathways to evoke long-range effects or

responses, but some difficulties still persist in explaining

various long-range effects that undoubtedly take place in

cells. We believe that electrostatic and electrodynamic

effects may play a much greater role in cell processes than

hitherto assumed. It is known that associated proteins such

as dynactin, klar, and rabs play a role in switching kinesin

and dynein molecules on or off. However, this does not

exclude the possibility that these interactions could be

initiated, affected, or time- and space-ordered by moving

ionic waves or dipole moment changes brought about by

propagating kinks with a finely tuned amplitude and speed.

A propagating kink wave moving in one direction could

cause a kinesin molecule to switch on or off depending on

the particular situation. In this connection, dipole moments

and ferroelectric properties of biomolecules may be of

crucial importance.

Large polar molecules, ferroelectric (FE) polymers, and

ferroelectric/ferroelectric liquid crystals, represent
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electrically active materials that are crucially important in

many functions of living cells and have a great potential for

biotechnology applications. It has been suggested that

ferroelectricity and pyroelectricity is an essential and uni-

versal property of biomaterials [1]. There is a substantial

body of evidence suggesting FE mechanisms for a number

of biological processes such as conducting membrane

functions [2], memory [3], and post-synaptic membrane

function [4]. Two decades ago Kubisz et al. [5] investi-

gated FE and ferroelectric properties of collagen [6]. It is

very likely that the documented ferroelectricity of bone

material and tendon is largely due to the presence of col-

lagen in these structures [7]. Leuchtag and Bystrov [8]

edited a collection of papers on Ferroelectric and Related

Models in Biological Systems which focused on two types

of biological structures suspected of having FE properties

(a) microtubules and (b) voltage-dependent ion channels.

Both types of structures are proteins involved with sig-

naling and information processing at the cell level.

The idea that microtubules (MTs) are ferroelectric was

proposed over 20 years ago [9]. This was then quantita-

tively modeled by Satarić et al. [10] on the basis of

ferroelectric properties of MTs and improved by the newly

acquired knowledge of the detailed secondary and tertiary

structures of tubulin (see Fig. 1) [11, 12].

The cytoskeleton consists of three major types of thin

rod-like filaments that span the cytoplasm: actin-based

filaments (i.e., microfilaments), tubulin-based filaments

(i.e., microtubules), and intermediate filaments (e.g., neu-

rofilaments, keratin). There are at least three well-studied

mechanical functions of the cytoskeleton in vivo: provid-

ing the mechanical strength of the cell, segregating the

chromosomes, and participating in the transport of mac-

romolecules via motor proteins [13]. Microtubules are

formed as a ferroelectric polymer whose building block is a

protein called tubulin. A microtubule is a hollow cylin-

drical structure whose wall is made up of parallel chains, or

protofilaments, of tubulin hetero-dimer molecules longitu-

dinally shifted from each other so as to result in a helical

structure. Each dimer, 8 nm in length, is composed of two

units, an a- and a b-tubulin monomer. Each MT is gener-

ally made up of 13 protofilaments which results in an outer

diameter of *25 nm, and the length that varies from

microns to centimeters [10]. In addition to providing

structural strength and flexibility to the cells, MTs guide

and transport cellular material toward or away from the

center of the cell (see Sec. 3), play a key role in cell

division, and are also believed to be involved in intra-

cellular signaling [14]. A number of authors have sug-

gested that these functions can be understood based on the

hypothesis that MTs exhibit FE-like properties [10, 14, 15].

Table 1 summarizes the results of calculations [16] of

tubulin’s net charge and the dipole moment using the data

from the entry 1TUB in the PDB (protein Data Bank), i.e.

excluding the C-termini that are known to account for

approximately 40% of the total charge of the protein. The

x-direction in Table 1 coincides with the MT protofilament

axis. The y-axis is oriented radially toward the MT center

and the z-axis is tangential to the MT surface.

The MT structure can be viewed as a FE system with the

dipole moments of tubulin oriented roughly perpendicu-

larly to the MT surface [16]. Figure 2 illustrates the MT

with the axes labeled. While much of the dipole moments

cancel due to the cylinder’s rotational symmetry with

regard to its axis, a net axial component remains as the

ends of a MT exhibit a different net charge [17]. Thus, the

Fig. 1 An individual dimer with its dipole decomposed, a protofil-

ament with the dipoles of individual dimers, and a MT with the giant

dipole due to these individual contributions

Table 1 Key electrostatic properties of tubulin based on the Nogales

structure excluding the C-termini

Tubulin properties Dimer a-Monomer

Charge (electron units) -10 -5

Dipole (Debye)

Overall magnitude 1714 556

x-component 337 115

y-component -1669 554

z-component 198 -6
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MT cylinder supports an intrinsic electric field, E, giving it

an axial polarity, as has been known to biologists for a long

time. Interestingly, Maniotis et al. [18] and others dem-

onstrated that MTs can transduce mechanical forces over

micron-long distances inside the cell, even into the nucleus,

suggesting an efficient signaling phenomenon that can be

related to MT ferroelectricity.

In proteins, virtually every peptide group in an a-helix

possesses a dipole moment on the order of p0 ¼ 1:2�
10�29cm (=3.5 Debye). Being almost parallel to the helical

axis these dipole moments give rise to an overall large

dipole moment of this particular helix which plays an

important biological role [9]. Since the tubulin dimer con-

tains several a-helices which are not oriented randomly, it is

not surprising that each tubulin dimer possesses a large net

dipole moment. Tuszyński et al. [16, 19] have recently

recalculated the values of the dipole moments and net

charges using the sequences of the various homologous

isotypes of tubulin. In order to experimentally determine the

dipole moment of tubulin, Mershin et al. [20] and Schu-

essler et al. [21] performed a surface plasmon resonance

study on tubulin dimers in solution. Analysis of their data

yielded for tubulin a refractive index n = 2.9 and hence a

dielectric constant eð¼n2Þ ¼ 8:4 and pj j � 1; 000 Debye

which agrees with the order of magnitude of the calculated

dipole moment.

Finally, there have been some preliminary experiments

aimed at measuring the electric field around MTs [22, 23]

indicating that MTs could be FE. Stracke et al. [24] applied

moderate electric fields to suspended MTs and to MTs

gliding across a kinesin-coated glass surface. In suspen-

sion, MTs without MAPs moved from the negative to the

positive electrode at a pH of 6.8, indicating a negative net

charge which has been significantly screened due to the

counter ions surrounding them. Experimental evidence of a

significant electric charge in tubulin has been provided in

[25]. Recently, Dombeck et al. [26] used uniform polarity

MT assemblies imaged in native brain tissue by second-

harmonic generation microscopy which only worked for

uniform polarity bundles but not for anti-parallel arrange-

ments indicating a nonlinear polarization effect. Other than

the above observations, there exists little experimental

evidence concerning tubulin and MT electrical properties,

especially at in vivo conditions. However, the importance

of electrostatics in the behavior of microtubules, including

cell division, has been discussed in detail in [27].

The idea that MTs are ferroelectric was more recently

argued for by Nanopoulos et al. [28]. Due to the strong

curvature of an MT cylinder, the inner parts of the dimer

structure are compressed in order to fit into an MT while

the outer ones are stretched out which causes additional

redistribution of excess negative charge. This effect is

analogous to that observed for cylindrical hair cells [29].

This has also been corroborated by a map of the electric

charge distribution for the tubulin dimer obtained using

molecular dynamics simulations for the tubulin structure

listed in PDB [30].

The presence of oriented assemblies of dipoles in the wall

of an MT can be shown to be responsible for the observed

ferroelectricity of MTs [10, 14]. It has been demonstrated

that it is possible to orient arrays of MTs by the application

of an electric field and it has been further speculated that

inter-cellular electric fields may induce MT orientation [14].

That such orientation is possible can be concluded by noting

that MTs are sensitive to fields *100 mV/lm, or *103 V/

Fig. 2 The coordinate axes in the 1TUB and 1JFF data sets relative

to tubulin orientation in a microtubule. The dimer is oriented so that

the microtubule axis runs up–down the page and a radial vector

outward from the microtubule center is toward the left edge of the

image. Note the rotation about the yz-plane relative to the zinc-

induced sheet axes. Image prepared with VMD [69]
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cm, whereas fields measured across cellular membranes are

105 V/cm [10, 14]. The mentioned orientation of MTs refers

to experiments in vitro. The strength of electric fields

responsible for the kink’s motion in our model should be

much smaller than 103 V/cm.

A theoretical model demonstrated how coherent lattice

excitations propagate coupled electrostatic and elastic

energy packets via solitary waves, which originate from the

hydrolysis of a guanosine triphosphate (GTP) molecule

bound to the b-tubulin monomer [15]. External electric

fields consistent with the axonal action potential were

shown capable of reordering these local dipoles. Energy

loss-free transport along MTs has been shown possible [10,

15, 31] as a result of ‘‘kink-like excitations’’, or solitons, as

an energy-transfer mechanism in MTs. This feature arises

from nonlinear coupling between the dielectric and elastic

degrees of freedom of the tubulin dimers and from the

inclusion of a viscous force representing the damping

effect of the surrounding water molecules. Depending on

the model and the parameters assumed, the speed of such

waves has been estimated to be 102±1 m/s [15].

Kinesin Processivity on Microtubules

The two principal motor proteins that attach to MTs are

kinesin and dynein. While kinesin moves toward the plus

end of a MT, dynein is negative-end directed. Each of these

proteins consists of two globular head regions and an

extended coiled-coil tail section linking them.

Kinesin moves from the minus toward the plus end of a

MT and is a force-generating motor protein, which con-

verts the free energy of the gamma phosphate bond of ATP

into mechanical work used to power the transport of

intracellular organelles along MTs. The current model

force generation by motor proteins hinges on the fact that

the motor contains an elastic element, a spring, that

becomes strained as a result of one of the transitions

between chemical states. The relief of this internal strain is

the driving force for the forward movement [32]. The so-

called head-over-head mechanism has been accepted as a

consensus mode of operation although recently doubts have

been expressed whether this is the correct picture [33–35].

Studies of motor proteins have shown that the essential

components for force generation are located within each of

the two globular heads.

Models of motor protein movement can essentially be

divided into those with diffusion and those with a power

stroke [36]. The efficient propagation of these proteins,

often involving pairs such as kinesin and dynein moving

simultaneously in opposite directions and seemingly

avoiding collisions led to the proposal that they may be

directed or controlled by electrostatic interactions with the

MT [37] and it is interesting to note that the binding of

kinesin to MTs has since been shown to be primarily

electrostatic [38].

The diffusion models require an oscillating potential that

is presumably driven by a conformation change of the

motor-MT bond. Activation of the complex by ATP leads to

a potential that is relatively flat. Diffusion occurs in this state

and once the potential reverts to its asymmetric form, the

geometry of the potential is such that forward propagation of

the motor protein is favored. A review of such schemes may

be found in [39]. In the power stroke models by contrast, it is

the motor protein whose structure changes. The motor

protein has two or more distinct states where at least one

conformational change occurs and is driven by ATP

hydrolysis as has been experimentally demonstrated for

myosin [40]. It is interesting to note that the use of GTP to

control MT dynamics and ATP to control motor protein

motion along MTs, allows the cell to have control over both

the cars (motor proteins) and the track (MTs) individually.

Buttiker [41] and Landauer [42] proposed a model for

molecular motors which results in uni-directional motion

of a molecule along a quasi-one-dimensional protein fiber.

This model was essentially a generalization of the thermal

ratchet model of Feynman [43]. Recent attempts at

explaining the motor protein behavior use isothermal

ratchets in which the motor is subjected to an external

potential that is periodic and asymmetric. In addition, a

fluctuating force F(t) is acting on the motor. A review

article on this topic [39] distinguishes three classes of such

models, namely: (i) a Langevin-based approach in a con-

stant potential [44], (ii) an approach in which the potential

fluctuates in time [45], and (iii) a generalized model with

several internal particle states which is described by the

Langevin equation that depends on the state it is in. A more

convenient and elegant approach is through the Fokker-

Planck formalism [46] for the probability distribution

function P(x, t) that describes the motion of the motor in a

statistical manner. So far, models of the above types have

been fairly successful in representing the gross features of

the experimental data obtained [47] although they do not

address specific molecular mechanism issues.

A recent paper [48] proposed a new physical mechanism

intended to describe the mode of processive motion along

MT filaments for two-headed motor proteins such as

kinesin. It treats the two motor domains as extended

objects that are connected by a neck linker region. The

head domains feel the 2D periodic potential on the surface

of the MT and are also subjected to thermal noise. In the

mathematical model developed in this paper, ATP hydro-

lysis provides the chemical energy while directed binding

plays the key role in mechanical force generation coupled

with the presence of a pair of torsion springs to store and

release elastic energy.
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Although kinesin and dynein motors are uni-directional,

many cargoes move bi-directionally, reversing their course

every few seconds. There are many examples of such

motion. Chromosomes, mitochondria, endosomes, viruses,

and various vesicles exhibit back and forth motion.

Mitochondria are typically observed to move along

microtubules in both directions, and appear to move to

cellular locations where ATP production is needed. Indeed,

many generally uni-directional cargoes may in fact have

bi-directional motion with such short direction reversals

that the bi-directional character of their motion may be

missed. In many experiments it has been shown that both

kinesin and dynein are attached to the same cargo at the

same time, while none has suggested that only one set of

motor proteins is bound at a time. The findings from a

number of systems [49, 50] suggest that opposing motors

are co-ordinated so that they tend not to interfere with each

other. When dynein is active, kinesin is inactive, and vice

versa. Since the mechanism of such co-ordination is

unknown, we believe this paper offers an appealing and

plausible insight into how such coordination may be

achieved.

The Model of Tubulin Tail Kink Excitations

When Nogales et al. [51] determined a 3D structure for

tubulin, the extreme carboxyterminal ends of the peptide

were not crystallographically resolved since these regions

seem to be highly flexible and lacking a fixed preferred

conformation. Using NMR Jiminez et al. [52] have studied

the helicity of isolated a and b tubulin C-terminal peptide

sequences. Below we use CT as an abbreviation for the

tubulin carboxy-terminus. Located on the outside of the

MT, CTs interact strongly with other proteins, such as

MAP2 and kinesin [53]. The processivity of kinesin

appears to critically involve an interaction with CTs. CT

removal profoundly affects kinesin processivity; in partic-

ular cleavage by subtilisin results in a fourfold decrease of

the rate of kinesin transport [54]. However, the impact on

dynein has been less extensively investigated.

Ion condensation may be expected to take place on MT

CTs due to their strong negative charge, and exposure to

the aqueous environment. Manning [55] developed an

elegant theory that poly-electrolytes may ‘‘condense’’

neutralizing ions from their surroundings if a sufficiently

high linear charge density is present on the polymer’s

surface. Although originally postulated for such poly-

electrolytes as DNA, this theory applies to highly charged

quasi-one-dimensional polymers such as the MT CTs. CTs

have a net charge of up to 11 electrons each and interact

electrostatically with: (a) the surface of the tubulin dimer

(which is generally negatively charged but which also

exhibits positively charged regions on its exposed surface),

(b) with neighboring CTs, and (c) with adjacent proteins

such as kinesin or MAP2.

Computer simulations [56] suggest that the CTs are

likely to exist in two major conformational states: (a) a

flexible conformation pointing away from the MT surface

and subject to thermal fluctuations, or (b) a state in which

CTs bind to the MT surface. Each dimer has two CTs that

may either extend outward from the surface of the proto-

filament or bind to it. The states of the CTs may affect

other sub-cellular processes, e.g. the processive motion of

kinesin motor proteins transporting cargo such as mRNA as

they walk on the MT. In the present paper we are interested

in finding out if these states can become collectively cou-

pled and also if they are responsive to external electric

fields that may control their dynamics and hence the pro-

cessivity of kinesin molecules and their cargo transport.

The mass of the molecular chain of peptides comprising a

CT is estimated as 2 kD. The net charge of a CT is

assumed to be -10e. The nominal length of the CT is taken

to be L = 4.5 nm.

b-tubulin has an exchangeable GTP site that is an

active domain. The chemical potential energy of GTP

hydrolysis is proposed to be converted into mechanical

motion as follows. The dissociation of the inorganic

phosphate group (Pc) in the reaction (GTP! GDPþ Pc)

causes a shift of a few angstroms in the GTP binding site

that contains a polypeptide protruding loop called a sensor

or switch loop. This displacement could then cause a

further conformational change that propagates along a

tightly associated a-helix called the relay-helix (RH). This

serves as a ‘piston’ that transmits the sensor stimulus to a

site on the opposite side of the same b-tubulin latching it

in a ‘‘closed’’ conformation. See Fig. 3 for two views of

the tubulin dimer.

This state of the RH corresponds to that of a pre-stressed

spring, to use a mechanical analogy. This transformation is

evolutionarily consistent with the conformational strategies

exhibited by motor proteins due to ATP hydrolysis [57].

We propose that as a next stage in the conformational

transformation of b-tubulin, triggered by the unlatching of

the RH, an a-helix (H12) is pushed, which causes the

connected CT to rotate by h in the (x, r)-plane as shown in

Fig. 4. The released RH force estimated in [58] results in

the CT tilting by the angle h & 0.5 rad. We have also

calculated the work done by the piston-like RH translation

to be approximately 2� 10�20J � 0:13 eV. Since the

energy released in one GTP hydrolysis event is about

0.25 eV it follows that most of it would be used in the

tilting of the CT [59].

Therefore, we treat a b-tubulin CT after GTP hydro-

lysis as a rotational pendulum with respect to the tilt

angle h, and with the corresponding CT rotational inertia

Cell Biochem Biophys (2008) 52:113–124 117



per unit volume J, possessing the kinetic energy density

given by

wkin ¼
1

2
J

oh
ot

� �2

ð1Þ

The splay elastic energy density has the form

wsp ¼
1

2
j

oh
ox

� �2

ð2Þ

where j denotes the splay elastic modulus.

Crucial to the total CT energy, is the energy of CT–CT

coupling within a protofilament. If we ignore the differ-

ences in the mass and shape of CTs between a and

b-monomers we can expand this energy in terms of the tilt

angle h as an even function, up to the fourth order as

follows:

wcoup ¼
1

r2
�Ah2 þ Bh4
� �

ð3Þ

where A and B are coefficients that are expressed in terms

of cylindrical components of the elasticity tensor, and r is

the radial co-ordinate along with CTs. The reason for

Fig. 3 Two views of a tubulin

dimer with 90� rotation between

them, showing the location of

guanosine-phosphates, Helix 12,

and the C-terminal tail. The tail

is the darker (horizontally

centered) collection of balls and

H-12 the adjacent lighter toned

group. The guanosine-

phosphate is the smaller group

near the right edge and below

the H12 collection in both

views. In both images the

microtubule axis runs left–right.

A radial vector from the

microtubule center is toward the

viewer in the upper image and

up the page in the lower image.

Image prepared with VMD [69]

Fig. 4 GTP hydrolysis creates a piston-like movement which causes

significant tilt of the tubulin dimer’s CT
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expanding the energy to the fourth order is that the trig-

gering tilt angle ranges up to h0 & 0.5 rad leading to

h4 � 1
16

, which is not negligible when compared to the h2 �
1
4

term.

The last part of the total CT pendulum energy consid-

ered here is the polarization energy density:

wpol ¼
1

2

p2
l

vl

þ p2
t

vt

� �
� plE � lppth ð4Þ

where pl and pt are longitudinal and transverse projections

of the tubulin polarization, vl and vt are the anisotropic

dielectric susceptibilities of a MT, while lp is a phenom-

enological model parameter, and E the intrinsic electric

field within a MT (see Fig. 1).

We also account for viscosity of the medium sur-

rounding the MT (cytosol). This was modeled by including

a friction term in the equation of motion, by the corre-

sponding torque

svis ¼ �C
oh
ot

ð5Þ

where C depends both on the viscosity and the structural

details of the CT through the Stokes-Einstein formula.

Minimizing the corresponding free energy functional,

combining Eqs. 1–5 in the context of the Euler-Lagrange

equation of motion, using scaled variables, and a traveling

wave form for the CT pendula excitations, one obtains the

following nonlinear ordinary differential equation govern-

ing the process

d2g

dn2
þ b

dg
dn
� g3 þ gþ e ¼ 0 ð6Þ

where the following parameterization has been used

g ¼ h
h0

;

n ¼ a x� vtð Þ;

b ¼ CRvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RJl v2

0 � v2
� �q ;

e ¼
l
ffiffiffiffiffiffiffiffiffi
pBR
p

sin 2cð Þlp

r Al=R� Rlrl2
pcos2c

� �3=2
E;

r ¼ sin2c
vl

þ cos2c
vt

� ��1

;

ð7Þ

where n is a moving coordinate, and R = 12.5 nm is the

MT radius, l = 4 nm the length of a CT, c the angle

between p~ and p~t (see Fig. 1), v0 = 300 m/s is the sound

velocity in the medium, and v the velocity of kink excita-

tions which amazingly emerges as special exact analytical

solutions of this nonlinear ordinary differential equation

with damping. This solution has been found earlier in a

different context [60] and the reader is referred to it for a

thorough mathematical analysis.

The most important consequence of Eq. 6 is the emer-

gence of kink and anti-kink excitations resembling a

domino-effect. The exact analytical form of the solution

has the well-known hyperbolic tangent shape, (see Fig. 5)

h nð Þ ¼ �h0tanh
ffiffiffi
2
p

n
� �

ð8Þ

that propagates with a constant terminal velocity vt obeying

an analog of Ohm’s law

vt ¼ lE ð9Þ

The kink’s mobility l depends on the model parameters,

the ferroelectric features of MTs, and the elastic properties

of CTs, as well as on viscous dissipation according to:

l ¼
3v0rl2lpsin 2cð Þ

ffiffiffiffiffiffiffiffiffiffiffi
2pJB
p

2RC Al=R� RLrl2
pcos2c

� � ð10Þ

Interestingly, this linear response law holds even for fields

on the order of 105 V/m.

Thus, a kink involves several neighboring CTs which

splay apart, much like wind-blown grass. This is due to the

CTs having a dynamic electric dipole moment. We expect

that a kink might influence motor proteins directly or

through activation of co-ordinating proteins which thus

regulate a corresponding class of motor proteins.

Even processive motors eventually unbind from the fil-

ament. This unbinding process can be characterized by an

average walking time, which is on the order of seconds,

and the corresponding walking distance, which is on the

order of micrometers. Both quantities depend on the

molecular roughness of MT filaments arising from the

adsorbed tau protein or from the presence of unfavorable

CT conformations. We argue that the presence of a kink

Fig. 5 a The kink’s spatial dependence in terms of the local dipole

moment’s orientation. b The sketch of kink and anti-kink excitations
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with the same direction of movement could help corre-

sponding motor proteins to persist over longer walking

distances.

How Intrinsic Electric Fields Could Control the Kink’s

Propagation

Let us first analyze the role of a constant intrinsic electric

field (IDCF), E from (Fig. 1).

The most interesting case is presented by MTs in long

neuron cells. Besides the chromosomes, many other large

objects within the cell must be moved rapidly to particular

locations by directed intra-cellular transport. The need for

directed transport rather than reliance on simple diffusion

and random walk processes is best understood in large

cells, such as neurons. The longest neuron in the human

body has a single thread-like projection (the axon) that

reaches from the base of the spine to the foot, a distance of

up to one meter.

Most cellular components, including large organelles,

such as the aforementioned mitochondria, are synthesized

within the cell body that lies in the spinal cord. They must

be delivered down the axon to the synapse, where the

neuron forms an electrically active connection with the

muscles that flex the toe. One can estimate the time it

would take for a mitochondrion to diffuse that distance to

be on the order of 100 years! In fact, this journey is

achieved in just a few days. Hence, there is a need for a

mechanism other than simple unbiased diffusion.

The axon potential propagating along the neuron carries

an electric field on the order of 104 V/m. This field, even

when partially screened, oriented along MTs leads to the

achievement of terminal velocities by kinks on the order of

cm/s. We already stressed that experimental findings sug-

gest opposite polarity motors are coordinated so that they

usually do not interfere with each other’s functions [61].

We propose that kinks are responsible for plus-end runs of

kinesin while anti-kinks for switching to minus-end runs of

dynein. Since they are much faster than loaded motors,

such kinks (anti-kinks) can coordinate several motor pro-

teins, producing enabling regions with strong transport in

one direction.

Let us now estimate the speeds of kink (anti-kink)

motions in MTs of nonneuronal cells. For a stable MT with

a typical length L = 4 lm the IDCF in the central region of

a MT can be calculated to be

E ¼ Q

pe0erL2
ð11Þ

Taking Q = 13 e, i.e. one excess charge per filament tip

and letting the relative dielectric constant lie in the range

10 \ er \ 80 since it depends on the solution’s

composition, one finds the values of the resultant field to

be in the range (1 \ E \ 8) V/m resulting in the window

of kink’s terminal velocities to be given by

0:2
lm

s
\vt\1:6

lm

s
ð12Þ

Experimental evidence shows that depending on the ATP

and salt concentration and the load placed on the kinesin

molecule, it propagates along the MT with velocities

ranging in the window 0 \ vt \ 1 lm/s, i.e. giving a

healthy overlap with the velocities of biological motions

that may interact with each other, (see Fig. 6). Let us focus

now on the other important aspect of the possible role of

electric fields in active transport along MTs.

It is believed that ordered (vicinal) water molecules

generate an electric dipole field (WEDF) occurring on

either side of the cell membrane. Within the interior of the

cell the water molecules generate a WEDF in the vicinity

of the cytoskeleton. Del Guidice et al. [62] have proposed

that electromagnetic fields arising from WEDF coherent

oscillations create electromagnetic signals comparable in

size to the dimensions of MTs. These fields could couple

with the already existing IDCFs in order to cooperatively

control the kink’s motion and consequently regulate the

intense traffic of motor proteins along MTs.

This is particularly significant in view of the recent

discovery of the existence of strong transient heteroge-

neous electric fields inside cells whose magnitudes can be

comparable to those across membranes [63]. These fields

can directly influence MTs located nearby which can

subsequently transmit electrical signals throughout the cell

using the mechanism proposed in the present paper. These

electrical signaling mechanisms can be directly translated

into the regulation of mass transport via motor proteins that

propagate on microtubules.

Let us now consider the motion of a kink, Eq. 9, driven

by a harmonic electric force generated by WEDF. We

Fig. 6 The kink’s velocity matches the kinesin’s propagation speed

and hence kinesin is ‘‘surfing’’ on it

120 Cell Biochem Biophys (2008) 52:113–124



assume that the dimensionless driving force has a wave-

length that is greater than the average MT length and it

harmonically depends on time s as:

f sð Þ ¼ f0cos Xsþ u0ð Þ ð13Þ

Henceforth, we will term it the intrinsic alternative current

field WEDF, where f0 is the amplitude, X the frequency,

and u0 the initial phase of the driving force. Adding Eq. 13

to Eq. 6 we could examine numerically the kink’s

dynamics in the new regime. First we examined the case

where a strong IDCF, carried by the action potential in a

nerve cell, is switched on in parallel with the harmonic

WEDF, Eq. 14. An examination based on our model

Eqs. 6, 7 provides the order of magnitude for the damping

and forcing parameters, respectively as b = 0.001 and

e = 0.01. Choosing f0 = 0.01 and X = 0.01, with the ini-

tial conditions u0 = 0 and dg
ds
ð0Þ ¼ 0, we find that the

kink’s uni-directional motion on entering the terminal

regime attains the dimensionless speed of v = 0.00004,

(see Fig. 7a). The actual kink speed is on the order of

mk = v � v0 & 1 cm/s.

If the initial phase of WEDF is u0 ¼ p
2
, under the same

remaining conditions, uni-directional kink motion is faster

(v = 0.0001, mk & 3 cm/s) and accompanied by oscilla-

tions (Fig. 7b). When the initial phase is u0 ¼ � p
2

the

direction of motion reverses and proceeds with velocity

v = 0.00006, (Fig. 7c). By increasing the amplitude of

WEDF to f0 = 0.1 the velocity of uni-directional motion

does increase too (Fig. 7d). The uni-directional oscillating

motion is a combined effect of influences from AC and DC

fields, so it may depend on the frequency and even on the

initial phase, which is the most striking effect of our sim-

ulations. In Figs. 7 and 8, we use dimensionless axes such

that the slope of the graph gives a dimensionless velocity,

as introduced above. The actual velocity can be found

through the scaling relationship vk = v � v0 where v0 is the

speed of sound.

If the intrinsic field E is weaker, say on the order of a

few (V/m), we test the kink’s dynamics for a comparable

set of parameters, namely: (b = 0.001, e = 0.0002,

f0 = 0.01, X = 0.01, u0 ¼ � p
2
; dg

ds
ð0Þ ¼ 0). The uni-

directional motion of the kink is now slower and accom-

panied by oscillations of the same frequency (Fig. 8a).

Under realistic conditions it is expected that the kink has a

nonzero initial velocity. Put under the same other condi-

tions dg
ds
ð0Þ ¼ 0:001

� �
the average kink’s velocity is the

same but the oscillations are more conspicuous (Fig. 8b).

Eventually if the frequency of WEDF is increased, the

velocity of the uni-directional motion of the kink is low-

ered (v = 0.00005) and the amplitude of oscillations is

increased, (Fig. 8c).

The numerical evidence presented here suggests that the

combined action of IDCF and WEDF can control the

direction, the velocity, and the frequency of the superim-

posed oscillations of the kinks involved. This makes these

fields a powerful means for tuning the kink’s dynamics and

consequently creating their catalytic roles in the regulation

of motor protein traffic.
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Fig. 7 The kink movement governed by the force of IDCF

(e = 0.01) and coupled with WEDF with the dimensionless frequency
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There is ample experimental evidence indicating that

endocytic vesicles exhibit an oscillatory bi-directional

process along MTs [64]. It could be attributed to the con-

trol mechanism provided by oscillating kinks as described

above.

It is worth noting that the general analysis of this

mechanism was first introduced by Savin et al. [65].

Discussion and Conclusions

In this paper we have argued that the GTP hydrolysis

taking place as a result of tubulin assembly into MTs is

involved in a chemical energy transduction as a combina-

tion of mechanical and electrical energy propagating along

the MT axis in the form of a kink excitation. The first point

made in this connection was the difference in the electrical

properties of the two MT ends [17] that leads to the

emergence of ferroelectric properties of MTs. Moreover, it

creates IDCF along the MT axis. The intensity of IDCF

depends on the length of the MT as well as on the physi-

ological conditions of the solution and on the presence or

absence of action potentials (neurons).

We then turned our attention to the role played by MTs

in motor protein transport involving the kinesin and dynein

superfamilies. How are proteins, with their very diverse

functional roles in the cell, able to produce mesoscopic and

even macroscopic movements in a co-ordinated fashion?

The answer to this question is still largely unknown. For

example, the formation of the mitotic spindle apparatus and

the process of chromosome segregation require concerted

efforts of force generation by kinetochore MTs and a

simultaneous action of kinesin and dynein motors. In a

process as important as cell division, mistakes that would

be a frequent occurrence if random thermal fluctuations

were to rule, must be necessarily eliminated.

Within the framework of our model proposed in this

paper, MTs are not only passive tracks for mass transport in

the cell but also signal relays for electrical, mechanical,

and chemical stimuli that may be transduced over distances

comparable to the cell size. Additionally, the cell can

control the amplitude, frequency, and the phase of the

electric field induced in a MT by changing WEDF, ionic

concentrations or pH values. It is expected that the com-

bined action of IDCF and WEDF resulting in uni-

directional translation accompanied by oscillations could

enable stuck cargoes to back up, thus getting them out of

potential traffic jams [66]. For instance, moving down an

axon, a cargo might encounter a blocked MT (e.g. with too

many microtubule-associated proteins bound to it, pre-

venting the motor from continuing on its way). If the

opposite motors where switched on, the cargo would

reverse its course and then switch to a second MT that

crossed the path of the first.

It is quite feasible that local dipolar fields carried by a

kink could play the role of a switch which turns off one

class of motors and turns on another. Then, the cargo

enabled with both kinds of motors could be ready to go in

either direction at any time. The decision as to which

direction should be chosen would depend on the kink

encountering the particular cargo.

It should be kept in mind that even processive motor

proteins (MP) eventually unbind from the MT. This

unbinding process can be characterized by an average

walking time, which is on the order of seconds, and the

corresponding walking distance which is on the order of

micrometers. It was found experimentally [67] that the on-

rates and off-rates of the engaged MPs can be regulated via

their interactions with various proteins or due to other
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factors which affect cargo processivity by providing addi-

tional links between the cargo and the MT. For instance,

kinesin-MT binding is strongly ionic and hence very sen-

sitive to MT charge distribution which dramatically

depends on pH, for example [68]. We argue that the

presence of a kink with an appropriate direction and speed

of movement could help in the regulation of MP-MT

affinity and result in the MP persisting over longer dis-

tances in its walk. On the other hand, it could cause

oppositely moving MPs to disengage from the same MT

protofilament thus avoiding the emergence of potential

traffic jams. The applied load could significantly reduce the

distance over which a single MP would be expected to

transport the cargo, as well as how fast it would go. In that

case the action of appropriate kinks should re-engage

detached MPs and hence sustain active transport. It is

likely that kinks may arrange multiple MPs of the same

class resulting in a longer mean processive distance for the

‘‘ordered’’ MPs carrying cargos to a location where they

are needed.

In summary, the hypothesis and model presented in this

paper offer new insights into intracellular molecular pro-

cesses related to MT dynamics. Some of the predictions

made here can be tested with experimental tools such as

M̈ossbauer spectroscopy [11] and neutron scattering with

deuterium labeling that would enable the verification of the

magnitude of CT conformational changes and their kink

propagation along MT [69]. However, these experimental

techniques are much more subtle than those used for pro-

tein structure determination, which are preformed at low

temperatures.
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19. Tuszyński, J. A., Carpenter, E. J., Crawford, E., Brown, J. A.,

Malinski, W., & Dixon, J. M. (2003). In W. Badawy, & W.

Moussa (Eds.), Proceedings of ICMENS 2003, International
Conference on MEMS, NANO and Smart Systems, Banff (pp. 55–

61). Los Alamitos, California: IEEE Computer Society.

20. Mershin, A., Kolomenskii, A. A., Nanopoulos, D. V., & Schu-

essler, H. A. (2004). Tubulin dipole moment, dielectric constant

and quantum behavior: Computer simulations, experimental

results and suggestions. Biosystems, 77(1–3), 73–75.

21. Schuessler, H. A., Mershin, A., Kolomenskii, A. A., & Nanop-

oulos, D. V. (2003). Surface plasmon resonance study of the

actin-myosin sarcomeric complex and tubulin dimers. Journal of
Modern Optics, 50, 2381–2391.

22. Pokorny, J., Jelinek, F., & Trkal, V. (1998). Electric field around

microtubules. Bioelectrochemistry and Bioenergetics, 45, 239–245.

23. Jelinek, F., Pokorny, J., Saroch, J., Trkal, V., Hasek, J., & Palan,

B. (1999). Microelectronic sensors for measurement of electro-

magnetic fields of living cells and experimental results.

Bioelectrochemistry and Bioenergetics, 48, 261–266.

24. Stracke, R., Boehm, K. J., Wollweber, L., Unger, E., & Tuszyński,
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