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ORIGINAL ARTICLE

Tubulin-Bound GTP Can not Pump Microtubule

Coherence in Stable Microtubules

Towards a Revision of
Microtubule Based Quantum Models of Mind

Danko Georgiev

Abstract

Neurons have a large fraction of stable brain microtubules forming the
cytoskeleton of the cell, which provide a mechanical support for the extended
dendrites and axonal arborizations and serve as railroads for molecular and
vesicular transport. Except for the latter two functions it has been hypothesized
that these stable microtubules might also act as quantum or classical computers,
the function of which is based on electron hopping associated with kinking of the
tubulin a/B-dimer. Hameroff, Tuszynski and others have supposed that the
energy needed for such computation could be somehow delivered via cycles of
tubulin bound GTP hydrolysis with subsequent GDP exchange for GTP. Here we
review the microtubule biophysics and present structural data explaining why the
proposed tubulin-bound GTP energized classical or quantum tubulin dimer
computation is a fiction and cannot occur in stable microtubules. In addition, we
point a flaw in Satari¢-Tuszyniski ferroelectric microtubule model and show a
physical inconsistency in Hameroff-Penrose Orch OR based on the fact that the
energy released from a single GTP molecule is 10" times greater compared to the
gravitational energy needed to collapse the relevant number of tubulins for 25
ms.

Key Words: tubulin, N-site, E-site, GTP, GDP, energy, computation
NeuroQuantology 2009; 4: 538-547

1. Introduction

An increasing number of neuroscientists,
physicists and philosophers are currently
attracted to studying quantum mechanics (QM)
with the hope that some of the bizarre quantum
effects (such as superposition, entanglement,
tunneling, etc.) might be found operating in the
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brain and thus used to solve the mind-brain
problem and answer the question what the
human consciousness is. For the construction of
a working Q-mind model however one needs to
apply the QM laws to nanostructures within
neurons since it is known that macroscopic
objects usually do not manifest any of the listed
above quantum effects. Thus in 1996 Hameroff
and Penrose hypothesized that the neuronal
microtubules, which are molecular cylinders with
diameter of 25 nm, could manifest quantum
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effects and produce our conscious experience.
Although the proposal seems radical at a first
glance, it is actually based on earlier works by
Hameroff and Watt (1982), Hameroff et al.,
(1986), Hameroff (1987), Satari¢ et al. (1992,
1993), Tuszynski et al. (1994, 1995) in which it
was proposed that the a/B tubulin dimers in
microtubules might switch between two
different  conformations  (“straight” and
“curved”) and thus implement a form of classical
computing. Moreover, in analogy with tubulin-
bound guanosine triphosphate (GTP) hydrolysis
occurring in dynamic microtubules it was
hypothesized that tubulin-bound GTP hydrolysis
with consequent exchange of the guanosine
diphosphate (GDP) for GTP might provide energy
for “pumping” of quantum coherent states in
stable brain microtubules (cf. Hagan et al., 2002;
Hameroff 2003a,b).

In this article we will show that the
tubulin-bound GTP cannot be an energy source
for microtubule based classical or quantum
computation in stable microtubules. Since inside
neurons the major fraction of brain microtubules
are stable and the proposed by Hameroff
(20033, b), Tuszynski (2003) and Mershin (2003)
microtubule based computational schemes are
in essence realized in stable microtubules (which
do not fall apart as a consequence of or during
the performed computation) it follows that the
energy needed for the computation cannot
come from tubulin-bound GTP. In neurons the
energy for such tubulin dimer computation
cannot be supplied by the intracellular electric
field either, therefore without identifying a
reliable long-term energy source that could
supply the necessary energy for the computation
performed by the stable microtubules it must be
admitted that at present the latter microtubule
based computational schemes are just a fiction.

The article is organized as follows: in
Section 2 we briefly outline what are stable
microtubules and explain that in adult neurons
these are the majority of microtubules cross-
linked by microtubule associated proteins
(MAPs) and “capped” at the end by specialized
capping proteins, which suppress microtubule
assembly/disassembly; in section 3 we explain
the basic molecular biology of nucleotide binding
(GTP and GDP) to free tubulin dimer
exchangeable E-sites (in B-tubulin) and non-

exchangeable N-sites (in a-tubulin), then we
review the mechanism of B-tubulin bound GTP
hydrolysis in the growing protofilaments and
explain how the B-tubulin E-sites are converted
into N-sites in the assembled microtubule via
occlusion from successive a-tubulins; we also
point out that the B-tubulin bound GTP is
hydrolyzed to GDP elsewhere in the microtubule
except the single GTP layer at the microtubule
plus-end, which is further capped by specialized
proteins suppressing microtubule dynamics; in
section 4 we discuss the thermodynamic aspects
and the energies of the tubulin dimer “straight”
and  “curved” conformations in stable
microtubules with a focus on the partial storage
of the released GTP energy as a microtubule wall
strain, and make it clear that the electron in the
“curved” tubulin heterodimer conformation is in
energy state that is 2.63318x10°° J lower
compared to the electron in the “straight” dimer
conformation. However the “curved” dimer
conformation as a whole is only with
6.25292x10" J less energy compared to the
“straight” one because 2.00788x10°° J are
stored in stretching the interdimer bonds; the
latter fact is then used to point a fundamental
flaw in Satari¢-Tuszynski ferroelectric
microtubule model and to estimate the energy
demands (i.e. energy pumping rate required) for
a single Hameroff-Penrose Orch OR event.
Surprisingly, we show that the hydrolysis of a
single GTP molecule releases energy, which is
10" times greater compared to the gravitational
energy needed to collapse the relevant number
of tubulins for 25 ms. In other words, quantum
gravity cannot be the primary mechanism that
decoheres brain microtubules, which is the
central result of this article.

2. Stable microtubules in neurons

Neurons in the brain have a complex 3D
structure supported by their cytoskeleton.
Microtubules are the main structural ingredients
of the cytoskeleton, which provide the necessary
mechanical support for the extended dendrites
and axonal arborizations. In vivo the
microtubules are  nucleated from the
centrosome and then cut by special severing
enzymes such as katanin (Ahmad et al., 1999).
The centrosome-free microtubule then moves by
treadmilling towards the axon or dendrites
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where it is incorporated in the cytoskeleton and
stabilized by cross-linking to other microtubules
by different MAPs. In dendrites the microtubule
cross-linking is done by MAP2, while in axons the
microtubules are bundled by MAP-tau. The
described nucleation of microtubules, their
severing (detaching) from the centrosome and
treadmilling towards the neuronal projections is
pronounced in developing (immature) neurons,
which are in a process of extension of their
axons and dendrites searching for appropriate
targets (e.g. other neurons in order to form
synapses), and is preserved but only at a
decreased rate in adult neurons, which already
have their arborizations extended to the proper
targets (cf. Karabay et al., 2004). Once the
microtubule is incorporated in the dendritic or
axonal cytoskeleton the microtubule
assembly/disassembly is suppressed by the
cross-linking MAPs and the microtubule network
serves both as a mechanical support preventing
the neuronal extensions from collapse and as a
“railroad” for molecular and vesicular transport.
Our subsequent discussion is focused on
the possible computation performed by this
major part of stable microtubules in mature
postnatal neurons in the brain, and does not
concern the minor fraction of dynamic
microtubules, which are treadmilling from the
centrosome towards the axon or dendrites, or
which are self reorganizing locally under
electrically active sites such as repeatedly
excited dendritic spines (cf. Penzes et al., 2009).

3. Tubulin structure, GDP/GTP binding and
microtubule organization

The main structural unit of microtubules is the
o/B-tubulin heterodimer, which is composed of
an a- and a B-tubulin (each with molecular mass
of 55 kDa). Once formed the heterodimer does
not come apart (cf. Diwan, 2006). Each tubulin
has a nucleotide-binding site, which is able to
bind guanosine nucleotides (GTP or GDP). The
main difference between a- and B-tubulin is in
the way of binding GTP. In the dimer the
a-tubulin bound GTP is effectively sequestered,
which means that it is not exchanged and not
hydrolyzed. That is why the a-tubulin
nucleotide-binding site is labeled as N-site (non-
exchangeable site). In contrast, B-tubulin bound

GTP is labile and exchangeable in the free
tubulin dimer. That is why it is labeled as E-site
(exchangeable site). The E-site bound GTP
however is hydrolyzed to non-exchangeable GDP
once the tubulin dimer is incorporated into the
microtubule protofilament and the B-tubulin
E-site effectively becomes N-site (cf. Weisenberg
et al., 1976).

In vitro microtubule assembly starts with
formation of protofilaments by the tubulin
dimers, which join end to end. In order for a
dimer to associate with other dimers to form a
protofilament both a- and B-tubulins must have
bound GTP. The assembled protofilaments
associate laterally into sheets, which then close
into a tube (Heald and Nogales, 2002; Wang et
al., 2005).
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Figure 1. Hippocampal CA1 pyramidal neuron. The complex
3D neuronal structure is sustained by the existent stable
microtubules comprising the neuronal cytoskeleton. The
image is created from the N122.swc file available at Duke-
Southampton Archive of Neuronal Morphology and is
originally published in Pyapali et al. (1998).
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Figure 2. Refined structure of the a/B-tubulin dimer from
Zn**-induced sheets stabilized with taxol. The a-bound GTP
is occluded and successfully sequestered by B-tubulin loops.
The image is created with MDL Chime 2.6 SP7 from the
1JFF.pdb file deposited in The Protein Data Bank by Lowe et
al. (2001).

The microtubule wall is a 2D polymer of
o/B tubulin dimers connected to each other by
two types of bonds: longitudinal bonds connect
the heterodimers within the protofilament and
lateral bonds connect the heterodimers between
adjacent protofilaments (Erickson and Stoffler,
1996). The alternating a- and B-tubulins in the
protofilament are spaced 4.05 nm apart, which
reflects the fact that the tubulin dimers are in a
“curved” GDP-tubulin conformation (Hyman et
al., 1995). The  protofilaments inside
microtubules however are straight and parallel
to the microtubule axis, which results in
accumulation of elastic strain inside the
microtubule wall. Each microtubule in vivo is
nucleated from the centrosome and has 13
protofilaments. In  contrast, microtubules
assembled in vitro have predominantly 14
protofilaments (Chretien et al.,, 1992). If one
views a flattened microtubule wall with vertically
oriented protofilaments the lateral bonds form a
line of subunits with a 10 degree pitch from the
horizontal (Erickson, 1974). In the assembled
microtubule this line of subunits forms a shallow
left-handed helix that meets the third subunit up
when it has completed the circuit of 13
protofilaments. This is called a 3-start helix,

because it is necessary to start three
independent helices to cover all the subunits
(Erickson, 1974; Mandelkow et al.,, 1986;
Erickson and Stoffler, 1996).

In vitro o/B-tubulin dimers can add or
dissociate at either end of a microtubule, but
there is a greater tendency for tubulin dimers to
add at the microtubule plus end where B-tubulin
is exposed (cf. Horio and Hotani, 1986; Heald
and Nogales, 2002). Tubulin dimer addition
brings B-tubulin that was exposed at the plus
end into contact with successive a-tubulin. The
minus end of a-tubulin then contributes an
essential residue to the catalytic site of B-tubulin
and serves as GTPase activating protein (GAP).
Thus the a-tubulin promotes hydrolysis of GTP
bound to the now interior B-tubulin and the
dissociation of phosphate group (Pi) converts the
B-tubulin bound GTP into GDP. Importantly, the
B-tubulin  remaining within the microtubule
interior cannot exchange its bound GDP for GTP
after its integration (cf. Weisenberg et al. 1976;
Heald and Nogales, 2002; Diwan, 2006).

The o/B-tubulin heterodimer structure
has been determined at 3.5 A resolution by Léwe
et al. (2001), who used cryo-electron microscopy
of 2D crystals induced by treating tubulin with
Zn** in the presence of a derivative of the drug
taxol. These “zinc sheets” consist of parallel
arrays of protofilaments. Each nucleotide in the
tubulin protofilament is located at the interface
between a- and B-tubulin. The inability of GTP to
dissociate from the a-tubulin is consistent with
occlusion by a loop from the B-tubulin (see
Figure 2). A similar occlusion by successive
a-tubulin loops would account for the inability of
B-tubulin within a protofilament or microtubule
to exchange bound GDP for GTP (see Figure 3).
The occlusion of a-tubulin bound GTP by
B-tubulin loops and the occlusion of B-tubulin
bound GDP by successive a-tubulin loops explain
why these nucleotides are not exchangeable in
assembled protofilaments (cf. Diwan, 2006).
Since neither a-tubulin bound GTP hydrolysis,
nor B-tubulin bound GDP exchange are possible
in stable microtubules, it follows that the
tubulin-bound nucleotides cannot supply energy
for computation as suggested by Hameroff et al.
(1986), Hameroff (1998a,b, 2003a,b), Tuszynski
et al. (1994, 1998), Hagan et al. (2002), Mershin
et al. (2000), Mershin (2003).
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Figure 3. Yeast B/a/B/a-protofilament visualizing the
B-tubulin  bound GDP occlusion (sequestration) by
polypeptide loops of the successive a-tubulin. The image is
created with MDL Chime 2.6 SP7 from the proto_yeast.pdb
file by Richards et al. (2000).

4. “Curved” vs. “straight” tubulin heterodimer
conformations in microtubules

Though both tubulins need to bind GTP in order
to polymerize, the GTP hydrolysis itself is not
necessary for microtubule formation. Tubulins
liganded with slowly hydrolyzable GTP-analogs
such as GMPCPP could also form microtubules
(Hyman et al., 1992; Drechsel and Kirschner,
1994; Wang and Nogales, 2005). Therefore GTP
hydrolysis occurs soon after the incorporation of
a fresh subunit in the microtubule (Carlier and

ISSN 1303 5150

Pantaloni, 1981; Stewart et al., 1990; Walker et
al., 1991; Melki et al., 1996; Vandecandelacre et
al., 1999) and its consequence is to destabilize
the structure (Tran et al., 1997). A significant
amount of the free energy of the PB-tubulin
bound GTP hydrolysis during the microtubule
assembly goes into the microtubule wall via a
conformational change of the tubulin a/B-dimer
with associated stretching of preexisting
interdimer bonds (cf. Caplow et al., 1994). When
a GTP molecule is bound at the exchangeable E-
site located at the B-tubulin the dimer is
supposed to be in a “straight” state. If the E-site
bound GTP is hydrolyzed to GDP and the
inorganic phosphate (Pi) is released the dimer
changes its conformation into “curved” state
(Hyman et al.,, 1995; Miiller-Reichert et al.,
1998). Here a caveat is necessary: both
“straight” (GTP) and “curved” (GDP) dimer states
have an outward kink, with the kink being much
more pronounced in the “curved” GDP-dimer
state (cf. Mahadevan and Mitchison, 2005;
Wang and Nogales, 2005). Analysis of tubulin
structure by cryo-electron microscopy has
shown that in microtubules assembled in the
presence of GMPCPP, the average length of the
GMPCPP-tubulin monomer is 4.2 nm, which is
0.15 nm longer than in microtubules consisting
of GDP-tubulin (Hyman et al., 1995). The
interpretation of the data by Hyman and co-
workers is that GTP hydrolysis changes the
conformation of the tubulin dimers that built up
the microtubule wall into “curved” kidney-
shaped state. This “curved” heterodimer state
has been experimentally verified by Nicholson et
al. (1999) who used cryo-electron microscopy to
observe GDP-tubulin rings showing that free
GDP-protofilaments have intrinsic curvature. In
the stable microtubules however, the GDP
protofilaments have to be straight and this
results in a mechanical strain between the
“curved” GDP-tubulin dimers. This mechanical
strain results in accumulation of elastic energy in
the inter-dimer bonds of the microtubule lattice
— that is transformation of the GTP released
chemical energy into “stored” elastic energy
(Caplow et al., 1994). This conversion of the GTP
stored energy into elastic energy of the
microtubule lattice might be biologically
important for microtubule intracellular function.
That is why during, or soon after the inter-dimer

www.neuroquantology.com
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bonds have been formed, the unit of GTP
liganded to PB-tubulin is hydrolyzed and the
inorganic phosphate (Pi) is released.

The energy released by GTP and
accumulated in the microtubule wall has been
experimentally measured by Caplow et al.
(1994). With the use of the slowly hydrolyzable
analogue GMPCPP, it was determined that
GMPCPP releases 5.18 kcal mol® in solution,
3.79 kcal mol™ when it is attached to free tubulin
heterodimer and only 0.9 kcal mol™* when it is
attached to tubulin incorporated in the
microtubule wall. Recalculated per 1 GMPCPP
molecule the values are: 0.224626 eV
(3.59891x10°° J) in solution, 0.16435 eV
(2.63318x10™° J) when attached to free tubulin
heterodimer and only 0.0390277 eV
(6.25292x10%" J) when attached to tubulin
incorporated in the microtubule wall. From
these data one can find out that the dissociation
of tubulin GDP-heterodimers from undergoing
catastrophe microtubule will release 2.89 kcal
mol™ that is 0.125322 eV (2.00788x10™° J) per
dimer. This energy was presumably stored as
elastic strain between the “curved” tubulin
dimers. The observation by Hyman et al. (1995)
that GDP-dimers in the microtubule are 0.3 nm
shorter compared to GMPCPP-dimers implies
that the GDP-dimers are in “curved” state and
with lower energy compared to the “straight”
GTP-dimer state. In GMPCPP-microtubule the
energy difference between “straight” and
“curved” dimer conformations is 6.25292x10%* J,
which corresponds to the measured by Caplow
et al. free energy of 0.9 kcal mol™. At this point a
caveat is necessary — the energy of the electron
in the “curved” conformation is 2.63318x107° J
lower compared to the “straight” conformation.
However the “curved” dimer conformation as a
whole is only with 6.25292x10™%' J less energy
compared to the “straight” one because
2.00788x10%° J are stored in stretching the
interdimer bonds. The latter calculated energy
difference between two dimer states with
different energy should not be confused with an
energy barrier between two equal energy states.

Lastly, we would like to pay attention to
the fact that the considered energy difference of
6.25292x10™" J between the “straight” and the
“curved” dimer conformations is valid for
GMPCPP-tubulin microtubules. However, it is

possibly several times higher for GTP/GDP-
microtubules. This is supported by the fact that
the GMPCPP hydrolysis in solution releases only
5.18 kcal mol™ compared to the energy of GTP
hydrolysis in solution, which is 7.3 kcal mol™.
Thus our estimate is conservative and we use a
minimal energy difference between the
“straight” and the “curved” tubulin dimer
conformation in our subsequent arguments
against the feasibility of Satarié-Tuszynski

ferroelectric microtubule model and Hameroff-
Penrose Orch OR.

Electron position

Figure 4. Symmetric quantum double well potential of the
form W(x) = - %A + %Bx' used in constructing the
ferroelectric microtubule model by Satari¢ et al. (1992,
1993), Trpisova and Tuszynski (1997), Brown and Tuszyniski
(1997, 2003). The a and B electron states are assumed to
be with equal energy and separated by energy barrier of 0.4

ev.

Electron position

Figure 5. Asymmetric double well potential based upon
calorimetric and structural data by Caplow et al. (1994) and
Hyman et al. (1995). If the Satari¢-Tuszynski hypothesis is
correct and the “curved” heterodimer state is coupled with
an electron residing in the B-tubulin, then the electron B
state should be with 0.16 eV lower energy compared to the
a state and the “curved” dimer conformational energy in
assembled microtubules should be 0.04 eV less compared
to the “straight” conformation.
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5. Electron hopping and associated energy
eigenstates

Hameroff et al. (1986, 1998a,b) suggested that
tubulins could compute via electron hopping
inside the dimer. The electron could be either in
the a-tubulin or in the B-tubulin. In the a state
the tubulin dimer is supposed to have “straight”
conformation, while in the B state the dimer is
supposed to have outward kink of 29 degrees
referred to as “curved” conformation (Satari¢ et
al., 1992, 1993; Tuszynski et al., 1994; Brown
and Tuszynski, 1997; 2003). According to Brown
and Tuszynski (2003) the energetic difference
between the “curved” and “straight” state could
differ maximally by 0.17 eV. Nevertheless the
latter authors constructed their double well
quantum potential as if the two tubulin states
are with the same energy and separated by an
energy barrier of 0.4 eV, which is defined as the
binding energy of the electron that is going to
undergo intra-dimer hopping (Figure 4).
Unfortunately, ignoring the energy difference of
0.04 eV between the “straight” and “curved”
dimer states (see Figure 5) leads to severe
biophysical mismodeling. In order to illustrate
how big is the error we follow an approach by
Trpisova and Tuszynski (1997) and calculate how
strong should be an external electric field in
order to create the correct asymmetry between
a and B dimer states, which is 6.25292x102" J.
The interaction energy U between electric field E
and dipole p is given by:

U=-pxE (1)

The tubulin dipole moment is p=1740 D
(5.80402x10%" C m) according to calculations by
Mershin et al. (2004). Therefore the necessary
external E-field in order to create the
asymmetric potential is 1.07684x10° V m™ and
the error in the Satari¢-Tuszynski ferroelectric
model assuming symmetric double well
potential amounts to ignoring an electric field
with magnitude of 10° V m™. Our estimate is
conservative and uses the tubulin dipole
moment instead of a single electron hopping at a
distance of 4 nm between a- and B-tubulins. In
the case of a single electron hopping inside the
dimer the Satari¢-Tuszynski model ignores an
electric field with magnitude of 10’V m™.

Next we discuss the energy demands in
the Hameroff-Penrose Orch OR model (Hameroff
and Penrose, 1996; Hameroff 2003a,b), which
result from the fact that the two basis tubulin
dimer states are not with equal energy. If we
label the lower energy “curved” tubulin dimer
state with |0> and the higher energy “straight”
tubulin dimer state with |1> one can evolve the
tubulins in superposition of |0> and |1> only if
there is supply of energy. Briefly, Hameroff-
Penrose Orch OR cycles include transitions from
(i) collapsed state in which each tubulin dimer is
in one of the two basis states to (ii)
superposition of tubulin dimers states and then
(iii) collapse of each dimer to one of the two
basis states by gravitational mechanism. In vivo
the GDP-tubulin dimer states should be in
ground state |0> unless there is a huge supply of
energy to convert the dimer state into
superposition |0> + |1> of ground and excited
states. For an Orch OR event to occur Hameroff-
Penrose model requires superposition of 2x10"
tubulin dimers for 25 ms (cf. Hameroff 1998c).
The energy expectation value of a tubulin dimer
that is in superposition of the two basis states:

Y =—(0)+}1) @

is half the value of 0.04 eV, which means that
the necessary energy to fuel a single Orch OR
event is 4x10° eV. If the Hameroff-Penrose Orch
OR event is to be considered a real computation,
this energy cannot be reused. Instead it should
be dissipated in order for the microtubules to
communicate to the neighboring proteins the
outcome of their computation and to reset the
registers to their ground state |0> ready for
subsequent  computation. Whatever the
improvement of the Hameroff-Penrose Orch OR
is, it surely cannot use hydrolysis of tubulin-
bound GTP for energy supply, nor in its current
form could use the energy of the intraneuronal
electric field, which is only 10 V m™ and thus too
weak for that purpose (cf. Georgiev et al., 2004).

A second much more severe issue comes
from the proposed equation for triggering
objective collapse:

h
DE=— 3
DT @)
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where h=1.054571628x10>* J s is the reduced
Planck constant, AE is the energy and AT is the
lifetime of the superposition (Hameroff,
1998a,b,c, Hameroff and Penrose, 1996; 2003).
Taking into account that the coherence time in
the Orch OR model is 25 ms and corresponds to
the 40 Hz y-frequency in EEG recordings (cf.
Hameroff, 2003a,b; 2007), it is easy to calculate
that the gravitational energy from the tubulin
superpositions that drives the objective
reduction is AE=4.21829x10® J. In contrast, the
energy difference between the superposed
“straight” and “curved” tubulin dimer states is
6.25292x10" J which is 12.3% of the energy
released by single GTP molecule in solution. Thus
there is a huge physical inconsistency in the
Hameroff-Penrose Orch OR due to the fact that
the needed gravitational energy is 13 orders of
magnitude lower compared to the energy
supplied by the hydrolysis of a single GTP
molecule. In other words a single superposed
tubulin dimer already has 10'* times the energy
necessary to trigger the objective reduction. The
problem stems from the simple connection
between energy E and time T given by Eq. (3)
and the attempt by Hameroff to link each
conscious step with the y-frequency (40 Hz) in
EEG. Fixing AT=25 ms immediately fixes the
energy uncertainty that triggers the collapse to
be AE=4.21829x10™ J. In order to illustrate how
small this value is, we could compare it with the
energy of thermal fluctuations kT = 4.28x10™" J.
Low frequency thermal vibrations (phonons) in
the region 30-50 cm™ (0.8-1.4x10" Hz) have
been both experimentally observed and
theoretically predicted for protein a-helices (cf.
Chou, 1983). Another source for tubulin
perturbations is the intraneuronal electric field
created by the ionic currents along dendrites
and axons, which is of the order 1-10 V m™. The
interaction energy between this E-field and the
tubulin dimer dipole moment is 5.8x10°° J.
Although it is orders of magnitude weaker than
thermal fluctuations still the value is 10’ times
higher that the Orch OR requirements. This
corroborates previous conclusion by Tegmark
(2000) that quantum gravity cannot be the
primary mechanism that drives the collapse of
tubulins in Orch OR. Moreover, it is astonishing
that “energy pumping” could protect the
quantum coherence in Orch OR, since actually

Penrose’s formula works for 25 ms only if one
keeps AE=4.21829x10 J. In contrast, standard
QM has inequality of the form DEDT 3 h/2,
which does not fix the wupper bound of
superposed energy before the wavefunction
collapse.

6. Discussion

Great part of the GTP released energy during
microtubule assembly is accumulated inside the
microtubule lattice as elastic strain. Thus it is
temptative to assume that the “curved” B state
and the associated elastic strain are important
for the biological function of microtubules and
that the tubulin dimer can flip between a and
states either as a classical bit or as a qubit.
However, it is not clear how a stable microtubule
could obtain such huge amount of energy
needed for electron hopping and associated
a AR (“straight” A “curved”) dimer

switching provided that both a- and B-bound
nucleotides are sequestered (occluded).

In dynamically unstable cellular
microtubules  undergoing  assembly A

disassembly or treadmilling, the energy freed in
the GTP hydrolysis, which takes place soon after
the addition of each tubulin molecule to the
microtubule end, could propagate along the
microtubule as a solitary wave (Satari¢ et al.,
1992; 1993; Chou et al., 1994; Tuszynski et al.,
1994; Trpisova and Tuszynski, 1997). This wave
has been hypothesized to locally alter the elastic
state of tubulin, which may consequently lead to
a dissociation of tubulin dimers from the
microtubule end or may be involved in the
coordinated behavior of microtubule-associated
proteins (MAPs) attaching to the growing or
shrinking microtubule. For a stable microtubule,
however, there is no possibility for tubulin-
bound GTP-energized computation via
microtubule wall solitons comprised from aAB

flipped dimers or for pumping of quantum
coherence via hydrolysis of tubulin-bound GTP,
because the only available for hydrolysis GTP
molecules form the microtubule cap and are
limited to the last layer of 13 subunits at the plus
end of microtubules (Voter et al., 1991; Walker
et al., 1991). Hydrolysis of even a single GTP in
the cap leads to rapid microtubule disassembly
known as “catastrophe” (Drechsel and Kirschner,
1994). Thus no biological computing in the stable
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brain microtubules energized by tubulin-bound
GTP is feasible. We are to conclude that in brain
microtubules the GDP-tubulin dimers are in their
ground “curved” state and that the aAB

microtubule computational model should be
discarded as unfeasible in vivo unless one finds a
realistic source of energy. Hopefully further
exploration of the interaction between the local
intraneuronal electric field and the charged
elastic brain microtubules might provide insights
for novel ways of subneuronal processing of
information.
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