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Abstract Microtubules (MT) are composed of 13 protofilaments, each of which is a series
of two-state tubulin dimers. In the MT wall, these dimers can be pictured as “lattice” sites
similar to crystal lattices. Based on the pseudo-spin model, two different location states of
the mobile electron in each dimer are proposed. Accordingly, the MT wall is described as an
anisotropic two-dimensional (2D) pseudo-spin system considering a periodic triangular
“lattice”. Because three different “spin-spin” interactions in each cell exist periodically in
the whole MT wall, the system may be shown to be an array of three types of two-pseudo-
spin-state dimers. For the above-mentioned condition, the processing of quantum
information is presented by using the scheme developed by Lloyd.

Key words MT - tubulin dimer - 2-D pseudo-spin - “lattice” site - two-state -
information processing

1 Introduction

It is well-known that with the development of nanotechnology and the design of
semiconductor and metal devices, the quantum size limit is being approached. Hence, the
idea of quantum computers in which the elements that carry bits of information are atoms
has attracted the attention of many scientists [1-7]. Generally, we assume that a minimal
system for carrying a bit of information is a two-state atom. In fact, a computer is a set of
elements, in which a bit of information can be transferred from one element to another, and
each element should perform logical operations. Furthermore, it is possible in principle for
a chain of two-state atoms to perform those logical operations [1, 2]. Therefore, quantum
information can be represented by a set of two-state atoms.
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Table 1 Change of the initial N 5 5
states under the influence of the ~ Initial states g 0 W@y g @y
laser sequence

AB AB AB AB

A*B A*B A*B* AB*

AB* A*B* A*B A*B
Asterisk means an atom is in the =~ A*B* AB* AB* A*B*

state | 1>.

In 1994, Lloyd [8] suggested a scheme of driving a quantum computer with a sequence
of laser pulses, involving an array of weakly coupled atoms (nearest-neighbor interaction).
Ref. [8] considered a one-dimensional (1D) array of two types (4B--*) of two-state atoms
(either in the ground state |0), or in the excited state | 1)), in which each atom possesses a
long-lived excited state and the resonant frequencies @, and wp. The appropriate laser
pulses can transfer the atom from the state |0) to the state |1), or vice versa. However,
different edge atoms can result in different information processing in the same pulse
sequence due to the properties of the edge atoms. In Table 1, a laser sequence of the type
wl ot 0% 0 o}, o, is used to move information along the above array. Noticeably, a laser
pulse with the frequency of wfj( (K represents A atom or B atom) only acts on the K atom,
the left neighbor of which is in the state |i), and the right neighbor of which is in the state
|/), and thus transfers the K atom from the state |0) to the state |1) or vice versa. As a
result, there is an exchange of one information bit between the A and B atoms. In
conclusion, by virtue of the edge atoms, using the appropriate sequence of laser pulses can
complete the quantum information processing.

Recently, research on biological systems as important quantum information processors
has attracted many physicists’ interest [9]. Both experimental and theoretical work offers
circumstantial evidence that non-trivial quantum mechanical processes might be at work in
biological systems [9-14]. Penrose and Hameroff [13, 14] have proposed that MTs,
important components and functional units in cytoskeletons as well as cellular organization
and information processing, function as quantum computers. Consequently, the subject of
information processing of MTs has started to be studied extensively.

As a first step in the direction of biophysical studies, Nogales and Downing [15, 16]
have determined the structure of tubulin by electron crystallography. It is important to
understand how tubulin molecules interact with each other as well as with a large number of
other proteins and ligands. In further work, they extend their understanding of the structure
and learn more about the processes that give tubulin its unique properties by developing
instrumentation and technology [17-20].

From X-ray crystallography [21], we know that MTs are hollow cylindrical polymers of
the protein tubulin which are 25 nm in outer diameter. The MT wall is comprised of 13
longitudinal protofilaments, each of which is a series of tubulin dimers (8x4x5 nm). Each
dimer consists of two slightly different monomers known as a-tubulin and (3-tubulin, is an
oriented dipole (3 plus, o minus), and has a net mobile electron due to an abundance of
acidic amino acids. This electron can be localized either more toward the a-tubulin (the
state | ) or more toward the B-tubulin (the state | 3)). Interestingly, it has been shown
that GTP-GDP hydrolysis releases approximately 0.42 eV/molecule [22] accompanied by a
conformational change according to this unbound mobile electron’s localization. Thus, each
tubulin dimer only has two basic conformational states |«) and |f); the quantum
information may be transferred when two states change.

Actually, some models for the MT dynamics have been presented [23-28]. For the tubulin
dimer dipoles in MTs, some authors [26] have taken the well-known double-well potential
model, which is very successful in many fields [29, 30]. However, based on the quantum

@ Springer



Quantum information processing in the wall of cytoskeletal microtubules 415
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character of the mobile electron and a matter worth noting: namely the fact that since quantum
tunneling effects penetrate the barrier, each such double-well may be represented by one pseudo-
spin [31]. In this work, the MT wall is described as an anisotropic 2D pseudo-spin system.

2 2D Pseudo-Spin System

The tubulin dimers within the MT wall are arranged in a “lattice” similar to the crystal
lattice, which is slightly twisted, resulting in different neighbor relationships among each
dimer and its six nearest neighbors [23]. This basic premise [23] physically views the entire
MT as a regular array of coupled local dipole states, which interact with their immediate
neighbors. Although the tubulin dimer undergoes two conformational changes, we adopt a
simple “lattice” structure with the dimensions and orientations observed by X-ray
crystallography of MTs [21]. In general, the MT wall can be described as a “lattice” with
the minimal triangular periodic cell, and each dimer is regarded as a “lattice” site.

Considering the quantum characters of the mobile electron and the spin wave theory
developed in solid state physics [32] and ferroelectrics, each such double-well may be
replaced by one pseudo-spin. The two orientations (up |0) and down | 1)) of the pseudo-
spin correspond to the two conformational states (| a) and |3);) in the dimer. Using the
pseudo-spin wave of the system, we can describe the distribution and the dynamic behavior
of the mobile electrons. In this paper, a 1D pseudo-spin model [31] is straightforwardly
extended to a 2D pseudo-spin model.

In the 2D pseudo-spin system, the Hamiltonian operator H may be divided into two
parts: the one-body movement and the two-body electron-electron Coulomb interaction.
The effective two-body interaction terms between neighboring “lattice” sites (Fig. 1) are:

. 1
Hin(i) = _EZJUS,-ZS,Z (1)
i
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where the site i may be localized at any one protofilament dimer, while j is localized in the
neighborhood of the site i. Exchange constants J; take the values Je, = J1, Jy5 = J» and
Jpc = J;5 (Fig. 1b and c), with

Jij = —4V+—+— (i’j)’ (2)

* & *
Viys 2 //W;\ (x = Dwy(x — i) =——— x w, (x" — j)ws(x" — j)dxdx'. (3)

elx —x'| v

Here, vj,,s(i,/) represents the coupling between the two dimers at the sites i and j, which
depends on the distance between the two sites, as well as the quantum doublet states A, v, y
and 0 (all of which take only two values, i.e., “+” or “—”). Additionally, w;(x — i) and
w, (x — 1) represent the Wannier function and its conjugate, respectively.

Taking two harmonic potentials to simulate the double-well potential mentioned above,
and taking the exchange constants Jq4 of the A dimer and C dimer as an example, then
from Eq. 3, we have

6‘2 ES
vi 1 (C,A) // p.(C 8|xc*7A| X @ (A)p_(A)dxcdxy, 4)
where
p.(4) = %(w(m —a)+ ¢(n, +a)), 5
0-(4) =5 (ol —a) = o, + ),
and
1 _—
ol = (22) 4 (©)

Here, o is the frequency of the ground state of the harmonic oscillation potential, m is the
mass of the electron, and the dimensionless parameter 1, = \/?A. The expressions of ¢
(C) and ¢_ (C) are similar to those involving A. Then, using Eq. 2, we may approximately
obtain the numerical results for the coupling constants J;, J, and J5:

Ji =0.1976/£, J, = 0.0243 /e and J; = 0.1164 /2 eV, (7)

where the € is the dielectric constant of the medium. We may take £=10 as was done in the
previous paper [31].

From the above model, we can see that the triangle may be regarded as the minimal cell
in the periodic “lattice” of the MT wall, where there are three different “spin-spin”
interactions resulting in three different coupling constants J. Because the J can take three
different values, the periodic cell can be considered as involving three types of two-pseudo-
spin-state dimers. Hence, the entire MT wall can be described as the array of three types of
two-pseudo-spin-state dimer chain (Fig. 1c), where there are two longitudinal protofila-
ments within the MT wall.

3 Quantum Information Processing

The first question of quantum computation is the choice of an appropriate system that can
be realized as an actual device. In this work, choosing a system with inequivalent effective
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‘spins’, we design the quantum computation on an array of three types of two-pseudo-spin-
state dimers by virtue of Lloyd’s scheme for loading and processing the information.

Then, for the system of an array of three types of two-pseudo-spin-state dimers, the
Hamiltonian is written as (let #=1):

1
H=E *§Z<QU}Y+JLI‘+IU,Z’U,Z'+1)7 (8)

i

where the subscript 7 represents the A, B or the C dimer; J; .+ is the exchange constant; and
o7 and o7 are the x and z components of the Pauli operator, respectively. Q ~ E_ — E is
the energy splitting of the doublet state, induced by the tunneling penetration effect of the
electron; here “+” represent the pseudo-spin doublet states, “+’denotes down-state |0),
while “=” denotes up-state | 1). And Ey =4 (E_ + E,) ~ o is the ground state energy of
the harmonic oscillator.

For B dimers, when some of them are in the state |0), one can express the energy for the
system:

Eo = (ABoC|H|4B,C), 9)

where |Bg) denotes the state |0) of B dimers, and the state | A) represents the possible
state | Ag) (i.e., the state |0) of the A dimer) or |A;) (i.e., the state |1) of the A dimer), and
similarly, the |C) represents the |Cy) or |C;). From Eq. 9, and the Hamiltonian (Eq. 8), we
have

E, :Eo_%[JAB(—l)a+JBC(—1)C+JCA(—1)a+C]’ (10)

where a takes the value zero if the state |4) takes |4y) and a=1 if |4) = |4,); similarly, the
value of ¢ is determined by either |Cy) or |C;). Then, when other B dimers are in the state
[1), the corresponding energy E| is:

Eal 1 a c a+c
E, :EO—E[—JAB(—I) — Jpe(=1)° + Jea(—1)]. (11)
Consequently, the difference AE between the energies of these two states is:

AE =E; — Eo = Jug(—1)" + Jsc(—1)". (12)

From the Hamiltonian (Eq. 8), one can see that the system has been considered to have only
nearest-neighbor interactions, which shift the energy level of each dimer. Hence, the energy
shift (Eo—AE) of the dimer is a function of the states of its neighbors. This means that each
energy level will split into four levels. As a result, we find the following four resonant
frequencies for the system, which correspond to the four resonant energies of the B dimers:

Cl)g()—>w+JAB+JBC

B

Wy, — o+ Jyp —J

B = g] AB BC‘ (13)
Wy — o —Jyup +Jpc

B
w” —>CO—JAB—JBC
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In the same way, the four frequencies of A and C dimers can be given as:

4 c
wpy — @ +Jcqg +Jup Wy — @+ Jpc +Jcy
4 c
A Wy, — o+ Joa — Jup W — wy; — @+ Jpc —Jcy (14)
— , = )
oty — o —Jea +Jup 5y — o — Jzc +Jca
B c
o, — o —Jca—Jup wj; — o —Jgc —Jeu

where JCA = J], JAB = Jz and JBC = J3 (Flg IC)
From Egs. 13 and 14, it is observed that the values of the resonant frequencies wfi satisfy
the following expression:

Using the method proposed in Ref. [31], we can estimate the value of the harmonic
oscillation frequency o, i.e., @ ~ 1.16 x 10'*Hz. Thus, by virtue of Eqs. 13, 14 and 7 with
£=10, all of the frequencies w{; @i, j=0,1; K=A, B, C) can be given, and they satisfy

1.6 x 10" > of; > 0.6 x 10"(Hz).

In addition, the excitation wavelengths lie in the infra-red domain: 11~31 pm.
Therefore, as long as the initial state of edge dimer is given, a sequence of laser pulses
consisting of w{i can be designed to perform information processing in the wall of MT.

4 Conclusions

In the wall of MT, due to the inherent symmetry structure of the tubulin dimer and the
electric properties, a 2D pseudo-spin model is presented, in which the double wall potential
has been used to represent each af3-dimer. It is intended to describe the physical dynamics
of the unbound mobile electron in each dimer of the MT wall.

The model that we propose for the information processing in MTs is based on Lloyd’s
generic ideas for two-level systems. The whole MT wall is treated as the chain of three
types of two-pseudo-spin-state dimers. A set of appropriate resonant frequencies has been
given. Therefore, it may be concluded that specific frequencies of laser pulse excitations
can be applied in order to generate quantum information processing.

However, a primary technical problem in the operation of such information processing is
the delivery of the proper sequence of accurate laser-pulses. Fortunately, in the fields of
ultrasensitive spectroscopy, ultrastable lasers, ultrafast laser and nonlinear optics, the fruits
of decades of developments are very notable; especially, in recent years, the explosion of
the interconnect between these fields has opened remarkable and unexpected progress [33].
For the present, relating to the result given in Sect. 3, we expect to perform an experiment,
in which the experimental set-up may be designed to consist of three main parts: (1) the
laser-based precision spectroscopy system, including the mode-locked femtosecond
frequency comb, and special nonlinear photonic crystal fibers which broaden the
femtosecond laser frequency comb to more than an optical octave to realize a frequency
chain that links the radio frequency; (2) the femtosecond pulse-shaping system, which
includes the modulator for the amplitude and phase of the femtosecond laser pulse; and (3)
the signal-information processing system, including an ultrasensitive photon-detector and
monitor as well as the computer. Concerning the MT, it is better to put the MT under the
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low temperature condition in order to reduce the thermal disturbance and to deal with the
MT in vitro to avoid some complicated problems which arise from the living activity of
specimens.

On the other hand, it is believed that there exist some kinds of coherent oscillations
which arise from electric dipolar systems in living cells. In general, they possess
frequencies over a wide range of 10°-10° Hz [34] and 10°-10"! Hz [35], and even higher.
These coherent dipole-oscillation waves may properly organize the sequences of excitation
pulses and may be applied along the length of MTs in order to carry on quantum
information processing. In this context, we note that there is a particular model of MT
information processing potential, which utilizes the Frohlich excitations of tubulin subunits
within MTs to support computation and information processing.
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