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Mössbauer 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 the Mo¨ssbauer emission
of g-active nuclei. A discussion follows on this potentially useful experimental tool for the detection of
nonlinear excitations in a microtubule.@S1063-651X~98!14810-9#

PACS number~s!: 87.10.1e, 87.64.Pj
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I. INTRODUCTION

Microtubules have recently attracted considerable at
tion from physicists as very important biological structur
@1# characterized by a substantial amount of symmetry, re
larity, and rigidity @2#. Microtubules~MT’s! are long poly-
mers formed from globular tubulin protein dimers which a
found in abundance in all types of eukaryotic cells. MT’s c
be described as long, hollow cylinders composed of~typi-
cally! 13 protofilaments aligned along the MT axis~see Fig.
1!. A requisite structural element in all MT’s appears to be
vertical seam, resulting in a so calledB-type lattice@3#. Each
constituent tubulin subunit is a polar, 8-nm-long dimer whi
consists of two slightly different 4-nm monomers, each
which has a molecular weight on the order of 55 kilodalto
The two monomers comprising a structural dimer unit
often referred to asa- andb-tubulin.

Tubulin dimers are known to possess a permanent dip
moment due to a mobile electron which may be localiz
either in thea or b tubulin region~see Fig. 2!. In the latter
case, a local conformational change is associated with
electron’s tunneling, and hence indicates the existence o
ezoelectric properties. MT’s exhibit fascinating assem
and disassembly phenomena present bothin vivo andin vitro
@3,4#, whose elucidation is another challenging task for b
biologists and physicists. Furthermore, MT’s have been id
tified as likely candidates for information processing and s
naling effects at a subcellular level@5–7#. Recently, two
groups independently proposed models of MT dynam
based on nonlinear kinklike excitations propagating alo
each protofilament@8,9#. The conceptual basis for the mod
developed in Ref.@8# is the classicalf4 theory, which is
generic for systems undergoing second-order phase tra
tions. It was demonstrated in Ref.@8# that kinklike excita-
tions may arise as a result of the GTP→GDP hydrolysis
PRE 581063-651X/98/58~5!/6333~7!/$15.00
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which seems to accompany the process of MT assembly.
intrinsic electric field along the protofilament axis may cau
kinks to propagate down the MT, thereby transporting e
ergy from the lateral cap@10# at the distal tip to the opposite
end of a MT in the course of assembly. The above hypo
esis must still be verified experimentally, and in this pap
we suggest the Mo¨ssbauer effect as an appropriate tool.
was recently described how the Mo¨ssbauer effect may be
used to detect the presence of nonlinear excitations in an
monic chains@11,12#. In the present paper we intend to app
this idea to the case of microtubules. This requires the us
radioactive nuclei which can be built into the MT structur
We will assume such a possibility, and carry out calculatio

FIG. 1. A schematic diagram of a microtubular structure.
6333 © 1998 The American Physical Society
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FIG. 2. The two electronic states of a tubulin dimer.
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which account for the coexistence of both quantum pho
modes and classical nonlinear kinklike excitations. Bef
we present these results, however, it is necessary to pre
the physical model in more detail.

II. PHYSICAL MODEL

An important conclusion can be drawn from recent Mon
Carlo simulations of dipole dynamics in microtubule
namely, that, close to the transition temperatureTc , the sys-
tem can be adequately described in terms of one order
rameter, i.e., the net polarization along the protofilam
axis, denoted byP[^Pz&. The displacement of the monome
at siten is denoted byun , and must be related withPn by the
simple equalityPn5qun , whereq represents the effectiv
mobile charge of the monomer. Since the transition stud
is obviously of second order we may, in the regime of s
ficiently long MT’s, involve a continuum approximatio
with the effective Hamiltonian of the form

Heff5E dxF2
1

2
Au21

1

4
Bu42qEu

1
k

2 S ]u

]xD 2

1
M

2 S ]u

]t D
2G ~2.1!

whereA5a(T2Tc), B.0 andE5E01Eext. HereE0 is an
intrinsic electric field due to the anisotropy of the microt
bule, while Eext is an externally applied electric field. Th
effective potential

Veff52 1
2 Au21 1

4 Bu42Equ ~2.2!

is shown in Fig. 3 for bothT.Tc andT,Tc , as well as in
n
e
ent

,

a-
t

d
-

several cases ofE.
The coefficientk arises in the continuum limit of the

nearest-neighbor dipole-dipole interactionI in accordance
with the expansion

Ididi 615Idi
22IR0

2~¹d!21¯ ,

whereR0 represents the equilibrium distance between nei
boring dimers with their corresponding dipole momentsdi
anddi 61 .

FIG. 3. The various possible shapes of the effective poten
above and below the critical temperature. The axes are plotte
arbitrary units.
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The potentialVeff accounts for the onset of long-rang
order equilibrium in the near-critical regime. At equilibrium
it holds that

]Veff

]u
52Au1Bu32qE50. ~2.3!

The effect ofE0 may be indirectly linked to the well-
documented@13# presence of the so-called clear zone wh
is a region of several ionic distances surrounding a MT. T
serves, as a buffer between the MT and other structures~in-
cluding other MT’s! floating in the cytoplasm, and it is be
lieved to originate in the intrinsic electric field produced by
MT. In order to account for the fact that dipolar states a
coupled to a local conformational state, the model Ham
tonian should contain a kinetic energy term responsible
oscillatory dynamics around equilibrium. The coefficientM
represents the effective mass of the moving monomer.

In order to derive a realistic equation of motion for th
system described above, it is necessary to include the vis
ity of the solvent and introduce the associated damp
force. Assuming, for simplicity, that the solvent is made
of only water molecules, the viscosity can be simply tak
into account by adding a friction force to the equation
motion with

Fv52g
dun

dt
, ~2.4!

whereg represents the damping coefficient. An equation
motion for dipolar oscillations can be thus derived using
Hamiltonian of Eq.~2.1!, applying the continuum limit, and
adding the viscous force of Eq.~2.4!. As a result@8#, one
obtains

d2Y

dj2 1r
dY

dj
2Y31Y1s50, ~2.5!

where Y(j) represents the normalized displacement fi
Y(j)5u(j)/u0 , where u05(uAu/B)1/2 corresponds to the
minimum of the double-well potential~Fig. 4!. The indepen-
dent variablej is the moving coordinate for the traveling
wave form of the solution, i.e.,

FIG. 4. The symmetric double-well potential of Eq.~2.5!. The
axes are plotted in arbitrary units.
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j5S uAu
M ~v0

22v2! D
1/2

~x2vt !5a~x2vt !,

a5S uAu
M ~v0

22v2! D
1/2

, ~2.6!

where v denotes the propagation velocity for the dipol
mode, while v05R0(k/M )1/2 represents the longitudina
sound velocity through the MT. The remaining parameters
Eq. ~2.5! are

r5gv@M ~v0
22v2!/uAu#21/2 ~2.7!

and

s5qABA23/2E. ~2.8!

It can be shown that Eq.~2.5! has a unique bounded solutio
which gives, for the displacement field, the formula

u~j!5u21
u12u2

11exp@d~u12u2!j#
, ~2.9!

which is illustrated graphically in Fig. 5, and where

u152S A

3BD 1/2

cosH 1

3
arccosF3qE

2A S 3B

A D 1/2G J ,

u2522S A

3BD 1/2

cosH p

3
2

1

3
arccosF3qE

2A S 3B

A D 1/2G J ,

d56
1

v0
S B

2M D 1/2

. ~2.10!

Thus solution~2.9! is a kink solution giving the boundary
between the two asymptotic statesu5u1 for j→1` andu
5u2 for j→`, if d.0.

The boundary moves with the unique terminal velocity

FIG. 5. The kink solution of Eq.~2.9!. The axes are plotted in
arbitrary units.
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v56
v0

g S 6A

M D 1/2

cosH p

3
1

1

3
arccosF3qE

2A S 3B

A D 1/2G J ,

~2.11!

and its widthD is given by

D5
v0

u12u2
S 2M

B D 1/2

. ~2.12!

It is important to make an estimate of the above quantit
For a long MT we can assume that for points that are su
ciently far from the MT ends, the magnitude of the intrins
electric field can be approximated simply asE
.Q(4pe0r 2)21, whereQ represents the effective charge o
the ends of a MT andr is the distance between the select
point and the end of the MT. We take, as an example
moderately long MT consisting of approximately 102 dimers
with a lengthL.1026 m. The effective chargeQ is esti-
mated asQ.1.5310216 C, so that the intrinsic field is o
the order of magnitudeE.107 V/m. Taking into account the
dielectric effects of surrounding water molecules, this va
can be easily reduced to approximatelyE.106 V/m.

As far as the potential coefficientsA andB are concerned
no reliable experimental data exist, so a rather crude estim
is made using some typical values for crystalline ferroel
trics, knowing that they do not vary substantially betwe
different compounds. At values close to room temperat
we could adopt

A.200 J m22, B51024 J m24. ~2.13!

On this basis we find

s.~531028!E. ~2.14!

It is therefore clear that even for very strong electric fie
the conditions!1 is fulfilled. The main consequence of th
relative smallness of the electric field is that the propaga
velocity ~2.11! can be safely approximated as linearly pr
portional toE,

v5
3v0

guAu S MB

2 D 1/2

qE, ~2.15!

and is generally much smaller than the sound velocityv
!v0). Equation~2.15! represents the Ohm-like law of linea
response of kink velocity to the existing field. The coefficie
of proportionality in this relationship represents the kink m
bility m,

m5
3v0

guAu S MB

2 D 1/2

q. ~2.16!

Using some representative data, we obtain

g.5.6310211 kgs21~T5300 K!, v0.43102 m/s

M.10222 kg and q.6310218 C,

and hence Eq.~2.16! yields

m.231025 m2 V21 s21. ~2.17!
s.
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Thus takingE.106 V/m as a typical average value of th
electric field, the propagation velocity of a kink is expect
to be of the order of

v̄.20 m/s. ~2.18!

On the other hand, for very strong fields of about 107 V/m
associated with the nerve axon potential, for example,
terminal velocity reaches

v̄.200 m/s. ~2.19!

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

t̄5L/ v̄.531028 s. ~2.20!

However, increasing the length of the MT will increaset̄ on
two accounts:~a! increasing the numerator in Eq.~2.19!, and
~b! affecting the mean velocity through the dependence
the electric field onL. IndeedE is proportional to;L22, and
hencev is proportional to;L22. Consequently,t̄ scales
with ;L13, leading to a rapid increase oft̄ with L.

Stability analysis of the above system shows that the
creteness of the lattice can indeed be of great importa
For example, there may exist a threshold value of the fielE
required to sustain kink motion. Moreover, it appears t
fast-approaching kinks are more stable than slow ones.
infer that the shorter MT’s have a clear advantage in
formation and propagation of kink excitations. Furthermo
by adding an external electric field parallel to a MT, one c
introduce a new control mechanism in the MT dynamics.
the remainder of this paper we use an approximation of
~2.9! in the form

u~j!5u0F12
2

11exp~&j!
G , ~2.21!

which is applicable to low electric fields. This expressi
will be of crucial importance in the analysis of the Mo¨ss-
bauer effect in MT’s.

III. MÖ SSBAUER TRANSITION PROBABILITY

Let us suppose that it is technically possible to implan
g-active isotope~for example of Fe57) into one of the MT
dimers. The energy of a singleg quantum \v typically
ranges from about 10 keV to approximately 5 MeV, whi
corresponds to wavelengths from about 1 Å to about
1023 Å, respectively. It has been shown@11# that in the case
of pure phonon vibrations of the chain, the Mo¨ssbauer effect
is significant provided the conditionER,kBTD is satisfied,
while in the opposite case it becomes negligible. HereER
represents the recoil energy of the emitting nucleus, wh
TD denotes the Debye temperature of the corresponding e
tic lattice andkB is Boltzmann’s constant. Since the reco
energy is given by

ER5
~\v!2

2Mnc2 , ~3.1!
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wherec represents the speed of light, whileMn is the mass
of a g-active nucleus, it is clear that to have a significa
Mössbauer effect the recoil energyER of the nucleus must be
small, i.e., theg ray should have low energy, the Deby
temperature should be large, and the temperature of the
periment should be as low as possible.

The probability of the Mo¨ssbauer effect can also be e
hanced by a broadening ofg spectral lines, which causes
partial overlap between emission and absorption lines. Ke
ing in mind that the Doppler line widthDED is defined by
DED52\v(v/c), where v is the velocity of an emitting
atom, it is clear that this effect takes place forg rays with
higher energies and for greater velocitiesv of emitting nu-
clei. We recall here that the typical spectral line width
gamma rays isG.1023 eV.

The aim of our investigation is to see whether the Mo¨ss-
bauer effect can be observed in MT’s populated both
phonons and by kinklike excitations caused by GTP hydro
sis. We now set out to calculate the Mo¨ssbauer emission
probability of ag ray from the nucleus located at the dim
labelled n0 . First, we introduce the operator defining th
interaction between the nucleus and the emittedg ray in the
usual way@11#,

U int5Ĝ~xj ,l j ,ŝ j !expS i

\
pW •rWn0D , ~3.2!

where the operatorĜ depends on the positionxj , momen-
tum l j , and spins̃ j of the g-active nucleus labelled by th
subscript j which are typical nuclear degrees of freedo
This part of the operator may be dropped from further c
sideration as being pertinent to the structural details of
emission process. The exponent in Eq.~3.2! contains the
momentum of the emittedg-ray pW and the positionrWn0

of the

nucleusj in the dimern0 after the act of emission. This new
position is displaced with respect to its equilibrium val

n0RW 0 , so that

rWn0
5n0RW 01uW n0

, ~3.3!

whereun0
denotes the magnitude of the associated displa

ment. It is now quite clear thatuW n determines the recoil en
ergy released, which is related to the Doppler effect w
respect to the emitting nucleus. This, thus, should essent
determine the probability of the Mo¨ssbauer resonance.

The expression for the Mo¨ssbauer transition amplitud
can be calculated by the matrix element

Mi , f5^c f uexpS i

\
pW •rWn0D uc i&, ~3.4!

where the wave functionsuc i& and uc f& correspond to the
initial and final states of the nucleus, respectively. Th
functions represent eigenstates of the chain dynamics w
strongly depend on the dimer’s displacements in the ne
borhood of the emitting nucleus. A Mo¨ssbauer transition oc
curs when auc& state remains unchanged before (uc i& and
after uc f&) the emission, so that theg-ray involved absorbs
the entire energy of transition. In other words, the emiss
is an elastic process. The wave function may be represe
t

x-
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as a tensor product of the function~2.21! and describing
kinklike excitations in MT and the quantum phonon stat
i.e.,

uc&5uw&)
q

uvq&, ~3.5!

whereuw& is determined in terms of function~2.21! and

uvq&5
~bq!vq

~vq! !1/2 u0&, vq51,2... ~3.6!

with bq and bq
1 representing the annihilation and creatio

operators, respectively, for longitudinal phonons with a wa
vector q. As usual,u0& denotes the phonon vacuum. Cons
quently, the net displacementuW n0

can be seen as compose
of two contributions, classical and quantum, as follows

uW n0
5uW cl1uW qu, ~3.7!

whereuW cl is defined by kinklike excitation, while the quan
tum componentuW qu is due to phonons and takes the stand
form

uW qu5(
q

S \

2MNVq
D 1/2

~bq1b2q
1 !exp~ iqR0n0!. ~3.8!

This approach makes sense only if we assume that the e
dimer including the emitting atom moves as whole. In th
caseM denotes the mass of the dimer, andN the number of
dimers in one protofilament while the acoustic phonon d
persion relation is taken in the usual linear formVq
5v0uqu.

In this case, from Eq.~3.1! it follows that ER has a very
small value, sincemN;M;10222 kg. If the g-ray energy
~e.g., for Fe57 it is 14.4 keV!, this would mean thatER
;10226 J, which is much smaller thankBT for room tem-
peratures.

However, in reality the emitting atom is not necessar
tightly bound to the rest of the dimer, so that the abo
estimate has indeed been overly pessimistic. Neverthe
the contribution of phonon’s degrees of freedom can be r
resented by

^Mqu&5exp~2bQ2cos2u!, ~3.9!

where b represents a complicated Debye-Waller factor,Q
5p\21, andu is the relative angle between the displacem
uW qn and theg ray’s momentumpW .

The Debye-Waller factor has a simple enough form o
in the idealized case of rigid dimers, where

b5
1

4 (
q

S \

MNVq
D cothS \Vq

2kBTD . ~3.10!

Otherwise, this factor must be much greater, sinceM has the
order of magnitude in the range 10225– 10227 kg depending
on the structural details of the tubulin protein comprisi
each dimer. In this case the frequenciesVq may be higher
due to smaller masses of the atoms involved.
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Now, we wish to examine the contribution of the classic
kink dynamics to the effect. First we determine the functi
wn as a relative displacement of the neighboring dimers

wn5
un212un

R0
5

]

]x
u~x,t !, ~3.11!

or, using the dimensionless variablej,

w~j!52
]

]j
u~j!

]j

]x
, ~3.12!

whereu(j) is represented by Eq.~2.21!. After simple calcu-
lation one obtains

w~j!522&au0

exp~&j!

@11exp~&j!#2
, ~3.13!

so that the classical contribution can be written as

^M cl&5^w~j!uexpH i
p

\
uclcosuJ uw~j!&. ~3.14!

Performing the requisite calculation yields

^M cl&5
4

3&
u0

2a2F12
1

10 S p

\ D 2

u0
2cos2u

1
1

280 S p

\ D 4

u0
4cos4uG . ~3.15!

Hence the total matrix element is now obtained, using E
~3.9! and ~3.15!, as

Mi , f5
4

3&
u0

2a2F12
1

10 S p

\ D 2

u0
2cos2u

1
1

280 S p

\ D 4

u0
4cos4uGexpF2bS p

\ D 2

cos2uG .
~3.16!

Since the probability of a Mo¨ssbauer transition is given by

Wi , f5uM clu2uMquu2, ~3.17!

the final step in our calculation of the Mo¨ssbauer transition is
to perform averaging with respect to all anglesf andu cor-
responding to a random distribution of propagation dir
tions of the emittedg radiation. Therefore,

W̄i , f5E dV

4p
Wi , f , dV5sin u du dc. ~3.18!

Through the substitutionz5cosu the calculation reduces t
just three types of integrals as follows:

I 15E
21

11

dz exp~2Dz2!,

~3.19!

I 25E
21

11

dz z2exp~2Dz2!52
]

]D
I 1
l

s.

-

and

I 35E
21

11

dz z4exp~2Dz2!52
]2

]D2 I 1 , ~3.20!

where we introduced the dimensionless Debye-Waller fac
D5b(p/\)2. Using the error function f(l)
5(2/Ap)*0

l exp(2t2)dt results in the expression

W̄i , f5
4

3&
u0

2a2H 1

2 S p

D D 1/2

f~AD !

1
1

10
e2

]

]D F S p

D D 1/2

f~AD !G
1

1

10
e4

]2

]D2 F S p

D D 1/2

w~AD !G J , ~3.21!

where we introduced

e5u0

p

\
. ~3.22!

IV. DISCUSSION AND CONCLUSION

This nonlinear model was first introduced@8# in order to
try to explain some of unambiguously nonlinear features
MT dynamics. On the basis of that model some interest
biophysical phenomena regarding living cells were explain
@14–17#.

We assumed in the present paper thatg-active nuclei ca-
pable of emitting softg rays can be embedded in dimers
MT’s. The main objective of our study has been to evalu
the probability of the Mo¨ssbauer effect for such a system
provided that both the phonon modes and kinklike exc
tions exist in it.

First of all, we can discuss the broadening of the spec
lines by the Doppler effect caused by the motion of the em
ting atom together with a dimer due to the propagation
kinklike excitations. We can estimate the average velocity
dimers involved in kink excitation on the basis of Eq.~2.21!
for dimer displacement. After a simple calculation we obta

vD;u0a v̄. ~4.1!

Taking v̄.20 m/s, u0.5310211, and a.0.531010 m21,
one finds

vD.6 m/s ~4.2!

For extremely high values of the velocity~2.19! we expect
vD.60 m/s. Thus the broadening of the line is expected
be DED52(v̄/c)\v.1023 eV for \v510 keV, andc53
3108 m/s or even 1022 eV for the axon action potentia
field. If we compare this with a typical natural width of
spectral lineG.1023 eV, we see that Doppler’s broadenin
should cause additional overlap between emission and
sorption lines, giving rise to Mo¨ssbauer transitions. We now
discuss the consequences of Eq.~3.20!.

The factor (3/3&)u0
2a2 is approximately 0.1, and its ori

gin is due to kink motion, sinceu0 anda are obtained using
the kink’s parameters. The decisive factor in the determi
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tion of the magnitude of the Mo¨ssbauer transition is thus th
Debye-Waller factorD. If we analyze the phonon dynamic
of dimers we can bear in mind that each dimer is a globu
protein with a molecular weight of about 110 kD; hence ea
dimer should possess a large set of vibrational degree
freedom. Some of them may result in global phonon mo
through the entire MT, while others can remain local@18#.
Global ~phonon! and local~vibron! excitations can be con
verted into each other due to nonlinearity inherent in the M
structure. The periodic structure of MT’s should thus res
in a definite spectrum of global phonon mode maxima. Sa
sonovich, Scott, and Hameroff@19# reduced the phonon dy
namics of a MT to the very simple global phonon spec
whose eigenvectors are standing waves of the simplest fo

wn5S 2

L D 1/2

sinS pnx

L D , n51,2,..., ~4.3!

where L is the length of a MT. If we accept that such a
approximation holds, we can estimateD for \v510 keV as
a function of temperature. Since we estimate

S p

\ D 2

52.531021 m22, ~4.4!

b can be estimated as follows:

b.10223 T~m2!. ~4.5!

Thus we have

D.2.531022 T. ~4.6!

On the other hand,e is estimated to be

e. 1
2 . ~4.7!

So we finally have

W̄i , f50.1H 1

2 S p

D D 1/2

f~AD !1
1

40

]

]D F S p

D D 1/2

f~AD !G J .

~4.8!
-

rs
r
h
of
s

lt
-

a
m:

At room temperature (T5300 °K), D.7.5, and one obtains

W̄i , f50.1H 1

2 S p

7.5D
1/2

f~A7.5!

1
1

40

]

]D F S p

D D 1/2

f~AD !G
D57.5

J . ~4.9!

Since the error function could be fairly well approximated
unity, the final expression~4.9! yields the numerical estimat

W̄i , f.3.231022, ~4.10!

which indicates that under the conditions where high eno
population of kinks exists, the Mo¨ssbauer transitions would
be detectable. If the intrinsic electric field takes extrem
high values on the order of 107 V/m, the kink velocity would
approach the sound velocity remarkably, increasing the
rametera and consequently the probability of Mo¨ssbauer
transitions. For example, in the case of the nerve membr
the resting membrane potential difference is 0.1 V~the mem-
brane is 75 Å thick! which implies a strong transmembran
electric field of about 107 N/m. In this case we estimate tha

W̄i , f.0.1 ~4.11!

leading to the encouraging conclusion about the feasibility
a successful Mo¨ssbauer effect experiment stated above@20#.
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