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Discreteness effects on kinklike excitations in microtubules
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We show that the kink excitation in a microtubule is very narrow. The Peierls-Nabarro barrier, due to
discreteness effects, and the diffusion coefficient are obtained. A discussion of the physiological implications
of discretization is givenS1063-651X96)09912-9

PACS numbdps): 87.15—v

[. INTRODUCTION cross-link filaments or synapses. Each tubulin subunit is a
polar, 8-nm dimer. Each dimer consists of two slightly dif-
Recently, Sataric’, Tuszyn'ski, and Zakul&] suggested ferent classes of 4-nm, 55-kdaltgh daltor=2x10"%’ kg)
that the classicap* model in the presence of an electric field monomers known as and 3 tubulin (Fig. 1). Within the
can serve as the conceptual basis for a realistic physical pignicrotubule, the tubulin dimer subunits are arranged in a
ture of the energy transfer in cell microtubules. They dem-hexagonal lattice. Each dimer may be viewed as an electric
onstrated that kinklike excitations arise as a result of thelipole whose dipolar character originates from the 18 cal-
guanosine 5triphosphatg GTP) hydrolysis and the electric cium ions bound within eacf monomer. An equal number
force sustains their propagation along a microtubule. Howof negative charges are localized near the neighboting
ever, using the numerical values of the model parametergionomer.
shows that the kink width is less than the lattice spacing. The precise mechanism of energy transfer in microtubule
Thus the model is highly discrete. is not well understood. However, following Frlich’s ideas
The aim of this Brief Report is to analyze the discretenes$9], one can assume that coherent excitations such as solitons
effects on the kinklike excitations in a microtubule. The pa-can propagate in a microtubule provided the chemical en-
per is organized as follows. We first give, in Sec. I, a de-ergy, such as adenosin€-giphosphate and GTP, is sup-
scription of a microtubule and define its Lagrangian. In Secplied. Encouraged by the Huich assumptions, Sataric’,
Il we derive the expressions of the Peierls-NabaidN)  Tuszyn’ski, and Zakula considered the nonlinear dynamics
barrier, the mobility, and the diffusion coefficient. We show
that the discreteness effects renormalize the values of the X
dynamical parameters of the system. We conclude and dis-
cuss briefly the physiological implications of the discreteness
effects in Sec. IV. (a)

Il. MODEL AND LAGRANGIAN
A. Description of microtubules

Neurons and other cells are comprised of protoplasm,
which consists of membranes, organelles, nuclei, and the
bulk interior medium of living cells: cytoplasfi2]. All cells
possess delicate tubular filamentous structures called micro-
tubules. The complex dynamic activities of microtubules and
other cytoskeletal elements are essential for the molecular
differentiation, formation of synapses, and dendritic spines
[3,4]. In neuronal activities, it is known that the cytoskeletal
elements are involved in cognitive processes: learning, expe-
rience, and memor}s]. Indeed, it has been shown that when
baby rats first open their eyes, neurons in the visual cortex
begin producing vast quantities of tubulin. When the rats are
35 days old and the critical learning phase is over, tubulin

production is drastically reducd@]. 0
Of the various filamentous structures of the cytoskeleton, ﬁ

microtubules are the most prominent, well studied, and ap-

pear to be the best suited for dynamic information processing l

[3,4,7,8,10. Microtubules are hollow cylinders, 25 nm in

diameter, and formed by 13 longitudinal profilaments that

are each a series of subunit proteins known as tulifig. FIG. 1. (a) Structure of a microtubulg)) its cross section, and

1). The microtubules are connected to each other by laterdt) two neighboring dimergfrom Ref.[1]).
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of dimer dipoles in one protofilament of a microtubule in . PN BARRIER AND DIFFUSION COEFFICIENT
terms of the well-known double-well ap* potential model. FOR A KINK IN MICROTUBULES

The essential argument in favor of introducing the double-
well model stems from the fact that the longitudinal projec-
tion of the dimer displacement interacts with the rest of the In the continuum limit, the model Lagrangigd) with
lattice through a mean-field force due to an anharmonic latEgs. (2) and (4) possesses an asymmetric kink solution
tice field potential as in ferroelectrics such assBe;0,; [11,19 defined as

and antimony sulphoiodide SbI1,12. This is validated by

A. Theoretical expressions

the fact that the mobile electron on each dimer can be local- y(X,t) = F Yol 71+ 72" (5)
ized closer to either thee monomer or theB monomer, 1+exd(x—vt)/L]
resulting in changes in dimer conformation.
where
B. Model Lagrangian y0=(A/B)1’2

Thus the Lagrangian of one profilament of a microtubule

can be defined as and

1 c L=[2m(c5—v?)/ATY (71— 7). ®)
L=2 (S 5Vnra=Y)? =V [ (@) N o
n=1 The coefficientcy, known as the speed of sound, is defined
as
wherey,, is the longitudinal displacement of timedimer and ch?
c is the stiffness parameter resulting from strain and electro- cgz—,

static interactions between two neighboring dimends the m

effective mass of a dimer. The dot g stands for the time whereb is the lattice spacing. The coefficients and 7, are

derivative. -
The overall effect of the surrounding dimers on a choser;[he extreme zeros of the polynomial
dimer n can then be .quallitatively descriped by the doubl_e— P(5)=n— n°+qEBYA 3?2
well ¢* potential, which is extended to include an electric
field E and are given by
A B 2 { 0+ 277) 73
- 71=——=C08 5+ — |,
V(Y= Vit 7¥a~ GEV, 2 BRI
2 0
whereA andB are the model paramete8>0 andA is a WZZﬁCO%v (70)
linear function of the temperature that may change its sign at
an instability temperaturé,, that is, with
3qE(3B\?
A(T)=Ay(T.—T), 3 = /==
(T)=Ao(Tc—=T) () 0 arcco%2A<A> . (70
with Ay>0. In this model, the temperatufie varies below The kink solution(5) exists under the condition
T.. The electric fieldE is due to the fact that the microtu- 12
bule cylinder can be taken as a giant dipole, gnépresents E<E :% A) ®)
the effective mobile charge of a single dimer. T 3q\3B)
Since the dimers move in a sort of solvent, one must take _ _ o
into account the force The velocityv, the damping coefficient, and», and», are

related by the equation
f,=—m\y, (4) v?=[9A 73/ (2m\?+ 9A73)]cg, )

where 3= —(n1+ 7,) is the third zero ofp(7%).
associated with the viscosity of the solvektié the damping Structurally, forE>0, the positiory,7; corresponds to a
coefficien). We therefore have to deal withgf model plus ~ metastable position, whilg, 7, is a stable state. A kink with
dissipation and an external field. This model has been studa positive velocity displaces progressively the particles from
ied extensively both in the continuum linfit1-13 and in  the right welly, 7, of the substrate potenti&(y) to the left
the discrete limi{14,15. Some applications of the model in oneyy7,. For a kink with a negative velocity, the opposite
the context of hydrogen-bonded systems such as ice and fenappens. Whe <0, the first process is energetically diffi-
roelectrics of order-disorder types have also been consideraullt, contrary to the second process. Fer0, the oposite
[16]. happens. We consider hereafter the cdsed and a kink
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with positive velocity. This corresponds to the most probable
state where all the particles are lying in the stable equilib-

rium positionyq 7.

In the discrete lattice, one can use the projection operator
method with Dirac’s second class constraints to show that Epy

the dynamics of the kink coordinake [ X(t) =vt in the con-
tinuum limit] can be described by the equati¢see Ref.
[15])

v . TEpn
MX+MAX= b sin(27X/b)—F4, (10
where
m _ 2
_ yg(ﬂl 72) (11)

6bL

is the effective mass of the kink. The quantiy, can be

seen as the Peierls-Nabarro barrier occurring in the disloca- I

tion theory of crystal§17]. Its expression is given here as
[15]

872L?
+ .

b2

chéyé( 71— 12) 2 (
b2

B 472L? 3
PN™ 180L%sinh(27L/b)
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FIG. 2. (a) Peierls-Nabarro barrig€py (in eV) versus the elec-

The termF, in Eq. (10) is an average force depending on tric field E and (b) diffusion coefficientD (in 10”2 cm?/s) versus

E

The interactions between the kink and phonons give ris

E

R .

to a new mechanism of energy loss. Moreover, due to thercreases as one approaches the end points of the profilament,

mal fluctuations, the right-hand side of E40) may contain
an additional ternR(t), obeying the correlativity

(R(1))=0, (R(HR("))=2AMTS(t—t"). (13

The angular brackets denote the equilibrium averagesand
the Dirac function. The kink motion is therefore diffusive
and its diffusion coefficient is given bl 8]

D=DOeX[I— EPN/kBT)' (14)
where
Do=(kgT)/MX\ (15

is the diffusion coefficient in the continuum limite.g.,
Epn=0). The diffusion coefficienDg is thus weighted by
an Arrhenius factor due to discreteness effects.

B. Numerical values

To estimate the values &py andD in the microtubule,

we assume that its magnitude is approximately constant in
the hole protofilament.

We first analyze the variations &y andD as functions
of the electric fieldE at the physiological temperature
T=300 K. We thus obtainE,=14.3x10" V/m and
Yo=1.12x10 ! m. The kink widthL decreases aE in-
creases and consequenBy,y increasegFig. 2@)]. This is
due to the relativistic effects. Indeed, the kink velocity in-
creases witlg, the kink becomes more narrow, and the dis-
creteness effects are dominant. The diffusion coefficient de-
creases witlE [Fig. 2(b)]. The kink mobility can easily be
deduced from Eq(9). It increases witlE.

We have also analyzed the variationsEfy and D as
functions of T for the electric fieldE=10° V/m. The kink
width increases witi but remains less than the lattice spac-
ing. For instance, fol =300 K,L=8.5x10 °m. Thus the
kink in the microtubule is so narrow that it considerably
suffers the effects of the discrete nature of the protofilament.
Thus it cannot propagate freely unless its motion is sustained
by additional external forces such as thermal fluctuations.
Ep\n decreases whem increases. This is understandable if

we have used the following set of parameters reported inve appeal to the fact that increases witil. Moreover, this

Ref.[1]: m=1022 kg, q=6x10* ¢, b=80x10"1 m,
A=5.6x10" s7!, andcy=1.7x10° ms L. For the param-

can be related to the lowering of the substrate potential bar-
rier V.= A%/4B sinceA decreases witfi. A comparison of

etersA andB, in the absence of any hard data for the mi- Epy anduv ., l€eads to the conclusion that the kink facilitates
crotubule, we assume typical values for filamentous ferrothe transfer of charge and energy in the microtubule. The
electrics such as RiGe;04,. This assumption is due to temperature dependence of the diffusion coefficient shows
structural similarity between microtubules and filamentousthat it increases witf. At the physiological temperature, we
ferroelectrics. ThusA(T)=10(320-T) Jm 2, where the obtainD=2.80x10"° cm?/s (D,=4.78x10"2 cm?/s).

critical temperature for the microtubule is §gt=320 K and As concerns for forc& , in Eq. (10), it increases with the
B=1.6x10?* J m . Although the electric field sharply in- electric field E. For instance, for E=10° V/m,
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F,=1.07<10 0 N; for E=1C° V/m, F,=10.7x10 1 N;  activated character, showing hopping from one PN well to

and forE=10" V/m, F,=107x10 1°N. another.
Discreteness effects and the resulting type of motion ana-
IV. CONCLUSION lyzed here have some physiological implications. It can be

) _ stated that the transfer of energy or charges in microtubules
We have analyzed the discreteness effects of the motioRas a Brownian and stochastic character. Consequently, this
of kinklike excitations in microtubules, the prominent and can explain the well-known erratic process of assembly and
the best suited filamentous structures for dynamic informagisassembly at the ends of microtubules. Indeed, one can
tion processing in neurons. With the approximated values Ofeate the rate of assembly and disassembly of microtubules
model parameters, it is seen that the kink in the microtubulgg the stochastic rate of kink excitations arriving at their ends
is so narrow that the discreteness effects cannot be neglectqq]_ Moreover, the diffusive nature and the pinning effects
The potential barrier that modulates the kink motion and theharacterizing the kink motion in microtubules can help in
diffusion coefficient have been obtained. Their dependencgye ynderstanding of the dynamic instability of the velocity
on the electric field and on the temperature has beegf microtubules growti19] and the rate of microtubules

sketched. _ _ _ ~ nucleation[20].
However, the dynamics of kink and soliton excitations in

m.icrotubules is_still an open and important problem. Indeed, ACKNOWLEDGMENTS
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