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Mossbauer effect as a possible tool in detecting nonlinear excitations in microtubules
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We investigate the electronic degrees of freedom in cytoskeletal microtubules in the continuum approxima-
tion. The equations of motion of the propagating local conformational state are solved in the low temperature
regime. The solution, which is a kink excitation, is coupled to the motion of the mobile electron of the
constituent tubulin. We calculate the influence of kink excitations on the probability of tlssiddaer emission
of y-active nuclei. A discussion follows on this potentially useful experimental tool for the detection of
nonlinear excitations in a microtubulg51063-651X98)14810-9

PACS numbds): 87.10+¢, 87.64.Pj

I. INTRODUCTION which seems to accompany the process of MT assembly. The
intrinsic electric field along the protofilament axis may cause

Microtubules have recently attracted considerable attenkinks to propagate down the MT, thereby transporting en-
tion from physicists as very important biological structuresergy from the lateral capl0] at the distal tip to the opposite
[1] characterized by a substantial amount of symmetry, reguend of a MT in the course of assembly. The above hypoth-
larity, and rigidity [2]. Microtubules(MT’s) are long poly-  €sis must still be verified experimentally, and iq this paper
mers formed from globular tubulin protein dimers which areWe suggest the Mssbauer effect as an appropriate tool. It
found in abundance in all types of eukaryotic cells. MT’s canWas recently described how the B&bauer effect may be
be described as long, hollow cylinders composedtppi- useq to de_tect the presence of nonlinear exclltat|ons in anhar-
cally) 13 protofilaments aligned along the MT axigee Fig. Monic chaing11,12. In the present paper we intend to apply
1). A requisite structural element in all MT’s appears to be athls_ |dea_ to the case Qf mlcrotubules. '_I'hls requires the use of
vertical seam, resulting in a so calletype lattice[3]. Each radloa_\ctlve nuclei which can be_ built into the MT structu_re.
constituent tubulin subunit is a polar, 8-nm-long dimer whichWe will assume such a possibility, and carry out calculations
consists of two slightly different 4-nm monomers, each of
which has a molecular weight on the order of 55 kilodaltons.
The two monomers comprising a structural dimer unit are
often referred to a&- and B-tubulin.

Tubulin dimers are known to possess a permanent dipole
moment due to a mobile electron which may be localized
either in thea or B tubulin region(see Fig. 2 In the latter
case, a local conformational change is associated with the
electron’s tunneling, and hence indicates the existence of pi-
ezoelectric properties. MT’s exhibit fascinating assembly
and disassembly phenomena present bothvo andin vitro
[3,4], whose elucidation is another challenging task for both
biologists and physicists. Furthermore, MT’s have been iden-
tified as likely candidates for information processing and sig-
naling effects at a subcellular levgb—7]. Recently, two
groups independently proposed models of MT dynamics
based on nonlinear kinklike excitations propagating along
each protofilameni8,9]. The conceptual basis for the model
developed in Ref[8] is the classicalp* theory, which is
generic for systems undergoing second-order phase transi-
tions. It was demonstrated in Rg8] that kinklike excita-
tions may arise as a result of the GF&EDP hydrolysis FIG. 1. A schematic diagram of a microtubular structure.
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FIG. 2. The two electronic states of a tubulin dimer.

which account for the coexistence of both quantum phonorseveral cases d&.

modes and classical nonlinear kinklike excitations. Before The coefficientk arises in the continuum limit of the
we present these results, however, it is necessary to presamarest-neighbor dipole-dipole interacti@nin accordance
the physical model in more detail. with the expansion

Il. PHYSICAL MODEL Tdidj.,=Zd?—ZR§(Vd)?+- -,

An important conclusion can be drawn from recent Monte,yhereR, represents the equilibrium distance between neigh-

Carlo simulations of dipole Qynamics in microtubules, boring dimers with their corresponding dipole momedts
namely, that, close to the transition temperaftige the sys- 54 dies.

tem can be adequately described in terms of one order pa-

rameter, i.e., the net polarization along the protofilament ®
axis, denoted by?=(P,). The displacement of the monomer Ve
at siten is denoted byi,,, and must be related with,, by the
simple equalityP,,=qu,, whereq represents the effective ’ ™
mobile charge of the monomer. Since the transition studied
is obviously of second order we may, in the regime of suf- T,
ficiently long MT's, involve a continuum approximation L S N v
with the effective Hamiltonian of the form

Hef‘fzf dx

Lk
2

1

2 Bu*—qEu

1
- E Au’+

au au\?
R + —_ R
X 2\ at

2 M
) (2.2

whereA=a(T—T.), B>0 andE=Ey+ E.y. HereEg is an

intrinsic electric field due to the anisotropy of the microtu- -
bule, while E,,; is an externally applied electric field. The -t
effective potential -2

Vo= — %Au2+ %Bu‘l— Equ 2.2 FIG. 3. The various possible shapes of the effective potential
above and below the critical temperature. The axes are plotted in
is shown in Fig. 3 for botiT>T. andT<T,, as well as in  arbitrary units.
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FIG. 4. The symmetric double-well potential of E@.5). The oL~
axes are plotted in arbitrary units. I
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The potentialV+ accounts for the onset of long-range
order equilibrium in the near-critical regime. At equilibrium (b)
it holds that

FIG. 5. The kink solution of Eq(2.9). The axes are plotted in

arbitrary units.
N ot y

au

=—Au+Bu®-qE=0. (2.3

|A| 1/2
&= (W) (Xx—vt)=a(x—vt),
The effect ofEy may be indirectly linked to the well- (vg—v%)
documented13] presence of the so-called clear zone which 1A 12
is a region of several ionic distances surrounding a MT. This :< ) ,
serves, as a buffer between the MT and other structiimes
cluding other MT’g floating in the cytoplasm, and it is be- . ) )
lieved to originate in the intrinsic electric field produced by awhere v denotes the propagation velocity for the dipolar
MT. In order to account for the fact that dipolar states aremode, while vo=Rq(k/M)~“ represents the longitudinal
coupled to a local conformational state, the model Hamil-Sound velocity through the MT. The remaining parameters of
tonian should contain a kinetic energy term responsible foEd: (2.5 are
oscillatory dynamics around equilibrium. The coefficiét _
represents the effective mass of the moving monomer. p=y[Mws—v?)/|A] " 2.7

In order to derive a realistic equation of motion for the d
system described above, it is necessary to include the visco&
ity of the solvent and introduce the associated damping
force. Assuming, for simplicity, that the solvent is made up
of only water molecules, the viscosity can be simply takeni; can pe shown that Eq2.5 has a unique bounded solution

into_acco_ur?t by adding a friction force to the equation of\,nich gives, for the displacement field, the formula
motion wit

M(v5—0?) .

o=q\VBA ¥%E. (2.9

Up—Uu;

u(é)=u,+ ,
Fommy S, 2.4 (O =1t T e o(u,~ U ]

(2.9

which is illustrated graphically in Fig. 5, and where
where vy represents the damping coefficient. An equation of 72 2
motion for dipolar oscillations can be thus derived using the u :2<i> cos{i arcco{;SqE (38) “
Hamiltonian of Eq.(2.1), applying the continuum limit, and ! 3B 3 '
adding the viscous force of E@2.4). As a result[8], one

2A

A

obtains A\Y2 (7 1 3gE (3B\'?
u2=—2(—38) co4§—§arcco%—2A <_A) H
d2y Y . -
d—§2+p d_f_Y +Y+o0=0, (25) 1 B 1/2

where Y(§) represents the normalized displacement field

Y(€)=u(é)/uy, where uy=(|A|/B)Y? corresponds to the Thus solution(2.9) is a kink solution giving the boundary
minimum of the double-well potentidFig. 4). The indepen- between the two asymptotic states u, for é— +o andu
dent variable¢ is the moving coordinate for the traveling- =u, for §¢—oo, if §>0.

wave form of the solution, i.e., The boundary moves with the unique terminal velocity
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vo (6A\Y2 (7 1 3gE (3B\'? Thus takingE=10° V/m as a typical average value of the
v= i7 | €085 tgarccos_ | ) electric field, the propagation velocity of a kink is expected

M 3 3 2A | A
(2.11) to be of the order of

and its widthA is given by v=20 m/s. (2.18
vo (2M\12 On the other hand, for very strong fields of abouf Y@m
A= U—u, | B (212 associated with the nerve axon potential, for example, the

terminal velocity reaches

It is important to make an estimate of the above guantities. —

For a long MT we can assume that for points that are suffi- v=200 m/s. (219
ciently far from the MT ends, the magnitude of the intrinsic
electric field can be approximated simply a&
=Q(4meyr?) 1, whereQ represents the effective charge on
the ends of a MT and is the distance between the selected
point and the end of the MT. We take, as an example, a
moderately long MT consisting of approximately?idimers
with a lengthL=10"% m. The effective charg®) is esti-
mated asQ=1.5x10 %€ C, so that the intrinsic field is of
the order of magnitudE=10" V/m. Taking into account the
dielectric effects of surrounding water molecules, this valu
can be easily reduced to approximat&ly10° V/m.

oo 25 e poentl coefenisanc o concered, L, leaing 1o apid ncrease afwih
: . . ’ . Stability analysis of the above system shows that the dis-
is made using some typical values for crystalline ferroelec-

trics. knowing that thev do not vary substantiall betweencreteness of the lattice can indeed be of great importance.
e 9 y y y For example, there may exist a threshold value of the field
different compounds. At values close to room temperatur

we could adobt ‘T‘equired to sustain kink motion. Moreover, it appears that
P fast-approaching kinks are more stable than slow ones. We

Assuming a smooth journey from one end of a MT to the
other, the average time of propagation for a single kink
should therefore be

=L/v=5%10"8 s. (2.20

However, increasing the length of the MT will increasen

two accounts(a) increasing the numerator in E@®.19, and

(b) affecting the mean velocity through the dependence of
&he electric field orL. IndeedE is proportional to~L ~?, and
hencev is proportional to~L 2. Consequently; scales

A=200 Jni2 B=10% Jm* (2.13 infer that the shorter MT's have a clear advantage in the

formation and propagation of kink excitations. Furthermore,

On this basis we find by adding an external electric field parallel to a MT, one can
introduce a new control mechanism in the MT dynamics. In

o=(5x10 8)E. (2.19 the remainder of this paper we use an approximation of Eq.

(2.9 in the form
It is therefore clear that even for very strong electric fields
the conditiono<1 is fulfilled. The main consequence of the
relative smallness of the electric field is that the propagation u(é)=ue| 1—
velocity (2.11) can be safely approximated as linearly pro-
portional toE,

2

— 2.2
1+expv2é) | @29

which is applicable to low electric fields. This expression
30, (MB)”Z will be of crucial importance in the analysis of the &
qE,

v= W - (2.15 bauer effect in MT's.

and is generally much smaller than the sound velocity ( lll. MO SSBAUER TRANSITION PROBABILITY
<vy). Equation(2.15 represents the Ohm-like law of linear

response of kink velocity to the existing field. The coefficient
of proportionality in this relationship represents the kink mo-

bility x,

Let us suppose that it is technically possible to implant a
y-active isotope(for example of F&) into one of the MT
dimers. The energy of a single quantum#zoe typically
ranges from about 10 keV to approximately 5 MeV, which
30, (MB\| Y2 corresponds to wavelengths from aboli A to about

(_) q (2.16 102 A, respectively. It has been shoyhi] that in the case
2 of pure phonon vibrations of the chain, the 8&bauer effect
is significant provided the conditioBEr<kgTy is satisfied,
while in the opposite case it becomes negligible. HEEe
_ 11 ECPR _ represents the recoil energy of the emitting nucleus, while
y=5.6¢107% kgsT(T=300 K), vo=4x10° mis Tp denotes the Debye temperature of the corresponding elas-
tic lattice andkg is Boltzmann's constant. Since the recaoill
energy is given by

A

Using some representative data, we obtain

M=10"%2 kg and q=6x1018 C,
and hence Eq(2.16 yields (hw)?

u=2x10"% m2v-ts1 (2.17) Er=om 2 @
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wherec represents the speed of light, whi&, is the mass as a tensor product of the functid@2.21) and describing

of a y-active nucleus, it is clear that to have a significantkinklike excitations in MT and the quantum phonon states,

Mossbauer effect the recoil enerBy of the nucleus must be i.e.,

small, i.e., they ray should have low energy, the Debye

temperature should be large, and the temperature of the ex-

periment should be as low as possible. |¢>:|‘P>1;[ lvg)s 3.9
The probability of the Mesbauer effect can also be en-

hanced by a broadening of spectral lines, which causes a where|¢) is determined in terms of functiof2.21) and
partial overlap between emission and absorption lines. Keep-

ing in mind that the Doppler line widtAE is defined by (bg)Va
AEp=2hw(v/c), wherev is the velocity of an emitting |Uq>:W? |0), vq=12... (3.6
N

atom, it is clear that this effect takes place fprays with

higher energies and for greater velocitief emitting nu- it by and by representing the annihilation and creation

clei. We recall rlereitghat the typical spectral line width of ;o a10r5 respectively, for longitudinal phonons with a wave
gamma rays i4°'=10"" eV. vectorg. As usual,|0) denotes the phonon vacuum. Conse-

The aim of our investigation is to see whether thessto ; =
uently, the net displacemeift, can be seen as composed
bauer effect can be observed in MT’s populated both byq y P o P

phonons and by kinklike excitations caused by GTP hydroly—Of two contributions, classical and quantum, as follows
sis. We now set out to calculate the bauer emission

probability of ay ray from the nucleus located at the dimer
labelled ny. First, we introduce the operator defining the L i o o i
interaction between the nucleus and the emitgady in the whered, is defined by kinklike excitation, while the quan-

L-jno: U+ L]qun 3.7

usual way[11] tum componentiy, is due to phonons and takes the standard
' form
Uim:é(xj IJ (}])eX[{I— ﬁFn ) (32) h v2
% 0 Uqu (ZM—NQq (bg+bZ)expigReng). (3.8

where the operatoG depends on the positiox;, momen- . ) ]
tum;, and spina; of the y-active nucleus labelled by the This approach makes sense only if we assume that the entire
subscriptj which are typical nuclear degrees of freedom.dimer including the emitting atom moves as whole. In this
This part of the operator may be dropped from further concaseM denotes the mass of the dimer, aidhe number of
sideration as being pertinent to the structural details of th&limers in one protofilament while the acoustic phonon dis-
emission process. The exponent in E@.2) contains the Persion relation is taken in the usual linear forf,

momentum of the emittegkray p and the positionTno ofthe  =voldl.

nucleusj in the dimerng after the act of emission. This new In this case, from Eq(3.1) it follows that Er, has a very

ol . . o small value, sincany~M~10"2?2kg. If the y-ray ener
p0§|t|0n is displaced with respect to its equilibrium value(e.g” for F& it is T4.4 ke, thisgwould n?earsll thaEiy

NoRo, so that ~10 26, which is much smaller thakgT for room tem-
- . peratures.
rn0:n0R0+ Un,» 3.3 However, in reality the emitting atom is not necessarily

tightly bound to the rest of the dimer, so that the above
whereuy,, denotes the magnitude of the associated displaceestimate has indeed been overly pessimistic. Nevertheless
ment. It is now quite clear that, determines the recoil en- the contribution of phonon’s degrees of freedom can be rep-
ergy released, which is related to the Doppler effect withresented by
respect to the emitting nucleus. This, thus, should essentially

determine the probability of the Nsbauer resonance. (Mg =exp(— BQ?cos’h), (3.9
The expression for the Msbauer transition amplitude _
can be calculated by the matrix element where B represents a complicated Debye-Waller fac@r,

=p# 1, and@is the relative angle between the displacement
i Ugn and they ray’s momentunyg.
Mi,f=<l//f|exl3(g P Fn0>|¢i>a (3.4 The Debye-Waller factor has a simple enough form only
in the idealized case of rigid dimers, where

where the wave function;) and |;) correspond to the 1 5 50
initial and final states of the nucleus, respectively. These == ( )cot){ q
functions represent eigenstates of the chain dynamics which 47 \MNQ, 2kgT
strongly depend on the dimer’s displacements in the neigh-

borhood of the emitting nucleus. A Mebauer transition oc- Otherwise, this factor must be much greater, sikickas the
curs when gy) state remains unchanged befote;§ and  order of magnitude in the range 110" 2" kg depending
after |¢;)) the emission, so that thgray involved absorbs on the structural details of the tubulin protein comprising
the entire energy of transition. In other words, the emissioreach dimer. In this case the frequencieég may be higher

is an elastic process. The wave function may be representetlie to smaller masses of the atoms involved.

. (3.10
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Now, we wish to examine the contribution of the classicaland

kink dynamics to the effect. First we determine the function )

¢n as a relative displacement of the neighboring dimers

_Un,l—un _ (7

gDn—R—O—&U(X,t), (31])
or, using the dimensionless varialde
J 13

¢(§)=—a—§U(§)5, (3.12

whereu(¢) is represented by E@2.21). After simple calcu-
lation one obtains
exp(v2§)

=—2v2 sl
¢(é) 2aUg [1+exp(\/2§)]2’

(3.13

so that the classical contribution can be written as

Y
<Mc|)=<so(§)lexp{l 7 uacostife(£). (314
Performing the requisite calculation yields
1 (p\?
o2 ol — R 2
( cl>_3‘/2 Uga“|1 10(ﬁ) UOCOSZB
1 4
+m(%) ugcos'a|. (3.15

+1 0
|3:f dzZ‘exp(—DzZ)=—a—DzI1, (3.20

-1
where we introduced the dimensionless Debye-Waller factor
D=p(p/#)%. Using the error function ¢(\)
=(2I\m) [§ exp(—td)dt results in the expression

3v2
NNEES [(g) md)(ﬁ)}
+1—1Oe4j—,;[(g)”2<@ﬂ, (3.2
where we introduced
e=uo 5. (3.22

IV. DISCUSSION AND CONCLUSION

This nonlinear model was first introducg8l] in order to
try to explain some of unambiguously nonlinear features of
MT dynamics. On the basis of that model some interesting
biophysical phenomena regarding living cells were explained
[14-17.

We assumed in the present paper thatctive nuclei ca-

Hence the total matrix element is now obtained, using Eqspable of emitting softy rays can be embedded in dimers of

(3.9 and(3.15), as

4 1 (p\?
o 2.2 R 2
1 (p\*, p\?
+2_80(%) ugcos g ex;{—[;(% cogo|.

(3.16
Since the probability of a Mgsbauer transition is given by
(3.17

the final step in our calculation of the Msbauer transition is
to perform averaging with respect to all anglesand 6 cor-

Wi 1= Mgl Mg,

responding to a random distribution of propagation direc-

tions of the emittedy radiation. Therefore,

Q
7= Wi,

W, = = dQ=sin6dody. (3.18

Through the substitutior= cosé the calculation reduces to
just three types of integrals as follows:

+1
I1=f dz exp(—DZ?),
1

(3.19

+1 22 > J
Iz—ﬁldz exp—Dz )__ﬁll

MT’s. The main objective of our study has been to evaluate
the probability of the Mesbauer effect for such a system,
provided that both the phonon modes and kinklike excita-
tions exist in it.

First of all, we can discuss the broadening of the spectral
lines by the Doppler effect caused by the motion of the emit-
ting atom together with a dimer due to the propagation of
kinklike excitations. We can estimate the average velocity of
dimers involved in kink excitation on the basis of £8.21)
for dimer displacement. After a simple calculation we obtain

UDNUOCYK (41)
Taking v=20 m/s, up=5x10"1%, and a=0.5x10"m1,
one finds

vp=6 mis 4.2

For extremely high values of the velocit2.19 we expect
vp=60 m/s. Thus the broadening of the line is expected to
be AEp=2(v/c)hw=10"3 eV for Aw=10keV, andc=3
x 10 m/s or even 10% eV for the axon action potential
field. If we compare this with a typical natural width of a
spectral line'=10"2 eV, we see that Doppler’s broadening
should cause additional overlap between emission and ab-
sorption lines, giving rise to Mesbauer transitions. We now
discuss the consequences of E2}20.

The factor (3/3f2)u§oz2 is approximately 0.1, and its ori-
gin is due to kink motion, sincay and «a are obtained using
the kink’'s parameters. The decisive factor in the determina-
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tion of the magnitude of the Misbauer transition is thus the At room temperatureT=300 °K), D=7.5, and one obtains
Debye-Waller factoD. If we analyze the phonon dynamics

of dimers we can bear in mind that each dimer is a globular . 12

protein with a molecular weight of about 110 kD; hence each W, (=0 1[ (l) &( J7.5

dimer should possess a large set of vibrational degrees of ' 2175

freedom. Some of them may result in global phonon modes 12

through the entire MT, while others can remain loEh8). + i i [(Z) &( \/5) ] (4.9
Global (phonon and local(vibron) excitations can be con- 400D |\D b_75

verted into each other due to nonlinearity inherent in the MT
structure. The periodic structure of MT's should thus result

in a definite spectrum of global phonon mode maxima. Sam_Slnce the error function could be fairly well approximated by

sonovich, Scott, and Hamerdt9] reduced the phonon dy- unity, the final expressiof#.9) yields the numerical estimate

namics of a MT to the very simple global phonon spectra o
whose eigenvectors are standing waves of the simplest form: W, 1=3.2X 1072, (4.10
T) n=12,.., (4.3 which indicates that under the conditions where high enough

2 1/2
on= (E) sin
population of kinks exists, the Msbauer transitions would

wherelL is the length of a MT. If we accept that such an be detectable. If the intrinsic electric field takes extremely
approximation holds, we can estimddefor #w=10 keV as  high values on the order of 10//m, the kink velocity would

a function of temperature. Since we estimate approach the sound velocity remarkably, increasing the pa-
rametera and consequently the probability of T¥sbauer

transitions. For example, in the case of the nerve membrane

mNX

2

Pl™_ 1 =2
(% =2.5¢10°" m™2, 44 the resting membrane potential difference is 0.hé mem-
brane is 75 A thick which implies a strong transmembrane

B can be estimated as follows: electric field of about 10N/m. In this case we estimate that

B=10"% T(m?). (4.5 _

Wi’f:O.l (411)

Thus we have

D=25%x10"2 T. (4.6) leading to the encouraging conclusion about the feasibility of

a successful Mssbauer effect experiment stated abfR@).
On the other handk is estimated to be
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