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ABSTRACT

We propose a quantum information scheme that builds on the interference properties of entangled 1on states that are
transiently confined by local potentials within the permeation path of voltage-gated, ion-conducting membrane proteins.
We show, that the sub-molecular organization of parts of the protein, as revealed by the recent progress in high-
resolution atomic-level spectroscopy and accompaning molecular dynamics simulations, carries a logical coding potency
that goes beyond the pure catalytic function of the channel, subserving the transmembrane crossing of an electrodifTusive
barder. As we argue that “within channel states” can become super-correlated with the environment | this also sheds new
light on the role of noise in controlling the aceess of 10ns 1o voltage-gated 1on channels (“channel noise’).

Key words: entanglement, 1on channels | quantum computing, channel noise, neural coding, quantum neurophysics,
molecular dynamics simulations, Fluid-Mosaie Model, Liguid-Crysial-Model, nawral computing, neural quantum
compuling.

1. INTRODUCTION

Although the classical view of the brain as a computational device has been very successtul in explaining the major
physical aspects behind neural information processes and has encouraged the development of complex artificial
networks, the phenomenal aspects behind information in the brain, Le “computing” the meaning of @ message, 18 nol
understood. In the neuralistic view complexity and quantity substitute for *meaning’. Albeit of historical dimension (e.g.
the Chomsky-Shannon debate on the statistical structure of language as discussed by W. Bialek '), such an assumption
has never been proven and seems to be incompatible with emerging insight into evolutionary and energetical consiraints
goveming ‘natural computing” in biological organisms “*. Beside the ability to adaptively reconfigure in response Lo
novelty, all nervous systems (N5), mnging from one cell type systems of sea anemones o all higher level NS engaging
sensory, intermediate and motory cell types °, are capable of elaborating some degree of self-cognizance, i.e. reflecting
upon their own experence in the light of previous responses ®. This involves varying degrees of ‘perceptual
consciousness’ or ‘body-ness’, where the role of a classical computation behind these abilities is completely obscure.

The explanatory value of the usual association of the mtegrate and fire status of neurons with the stimulus that
triggers this status, as seen from the view of'an external observer, has reached it’s limitation. What would be required is a
closed descnption of observation processes ', Le. a descrption that figures and includes the wole of an observer. This
includes the decisive question on how the brain gains understanding about it°s own intemal states (*conscious
experience’). Furthemmore, the composed neural system is surprisingly resistant to a description in terms of it's
constituent parts and in sensory systems, possible computations seem o run on all mput states at the same tme. Taken
together, there is a whole list of arguments that call in question the competence of the classical engineering approach
behind information theory in explaming the decisive secrets of the brain.
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Despite the limitation and possible nadequacy of classical concepts in brain science have been expressed more
than a decade ago ™ , alternatives have not been established in agreement. However, several steps have been made along
this line. Stoking formal analogies of cognition models with the operator algebra known in quantum mechanics (QM)
have been suggested '™ ', Neural state and propagation models have been successfully modeled using complex wave
functions similar to QM postulates  and some quite specific candidate realizations employing quantum computation
have been forwarded, such as the Penrose & Hameroff microtubule protein hypothesis ©, neural electron spin networks'™
and ion trapping within voltage-gated ion channels by one of the present authors . At least three challenging questions
have become pressing, that need to be plausibly answered should quantum concepts in brain science become generally
accepted: (1) Can we identify the unique quantum physical properties such as within system and between system
superpositions (entanglement) of some brain-states and (i) if so, are these states indispensable for the descnption of
some essential features of brain function? Fmally (111), how would these quantum phenomena relate 1o the classical
signals that (at least) correlate with higher level brain functions 7 Answers to these questions have been subject of a
series of controversial contributions " and remain open at present.

Now, with the recent progress in high-resolution atomic-level speciroscopy of channel forming proteins and
the accompaning molecular dynamics simulations *°, the identification of quantum states relating to brain signaling has
become feasible. We have previously given a summary of candidate states mediating a  quantum-classical
correspondence in the brain based on these findings *'. Here, we propose a quantum information scheme that builds on
the interference properties of entangled ion states that are ransiently confined by local potentals within the permeation
path of ionconducting integral membrane proteins. We argue that the undedaying quanium-type mteraction has a
‘coding-potency” as such, something that goes beyond the pure constructing  mechanism leading to classical brain
signals (action potentials).
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2. ION-CHANNEL CONFIGURATIONS

The classical determinant of communication and computation in the brain is provided by the organization and
cooperation of ion conducting proteins, inserted into the lipid double layer of the neural plasma membrane. For a
membrane transiently shified from thermodynamic equilibrivm (by energy consuming charge separation across the lipid
layer) and a given membrane capacitance, the coupled dynamics of these *chamnel proteins® and voltage is described by a
set of equations of motions as originally suggested by Hodgkin and Huxley 1952 . Congruent with the Singer and
Nicolson fluid-mosaic model of the membrane (FMM) ©, these equations of motion provide the basis of electrical
excitability and signaling in the nervous system. HH-type non-linear dynamics selects a propagating pulse (the action
potental) at the cellular level. In the electric circuit equivalent the inserted membrane proteins thereby play the le of
field-effect wansistors, with a voltage imposed across the cell membrane “gating” the transfer of ion bound charges
through the membrane. Two different aspects characterize channel function: ion-selective permeation and “gating”, i.c.
control of access of ions to the permeation pathway *'. We will base the subsequent concept on potassium channels,
employing the crystal structure of the KesA and KvAP channels at a resolution ranging from 1.9x 107" m 1o 3.2 x 107"
m, as revealed by the work of MacKinnon's group. The channel structure i1s basically conserved among all potassium
channels © with some differences relating to gating characteristics rather than ionic selectivity ~*. In the open gate
configuration the protein selects the permeation of K ions against other ions in the ‘selectivity filter‘and can still allow
ion permeation rates near the diffusion limit ¥, In the view of HH-type models of membrane potentials | K' penneation
stabilizes the membrane potential, resetting it from firing threshold values to resting conditions **.

The awmic level reconstruction of parts of the channel and accompanying molecular dynamics simulations
(MD) at the 10 " sec resolution ™ have changed the picture behind ion permeation: the channel protein can transiently
stabilize three K states, two within the penmeation pathway and one within the “water-cavity” located towards the
intracellular side of the permeation path. The overall state structure can be summanzed as seen in the following Figure 1.
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Figure 1: K channel siate configurations, based on the crystallographic X-ray structure from
MacKinnon, The channel is shown in the three ion mode, consistent with it's proposed “functional
state” 2% 2% and s schematically aligned along one (2} axis (longitndinal section of the protein core),
with the cells interior {cvioplasmatic) site to the left. The pate states are either closed (above) or open
(below). lons are coordinated by their Coloumb interaction with either carbonyl derived oxvgens in
the permeation path (O; - K') or water (W) - ion interaction (W; — K'). The subscript i denotes the
‘in-plane” number, along the perpendicular xv plane of molecules (water) or atoms {oxvgens)
coordinating the ion. The interior of the permeation pore is delineated and the Coloumb domains
giving rise o B-fold coordination states under the closed gate conditions (a.b) are shaded. Note: with
double wn-cccupancy of the permeation path | there are two “confined” ion configurations in the
closed gate state. Using the originally proposed z-coordinate number * (numbers 0-4), these are the
configurations 2.4 (a) and 1.3 (b). Only short range electrostatic interaction terms are given, leaving
out i) water-damped dipole interactions from surrounding short pore helices in the water cavity and i1}
side chain interaction terms from the wnizable residues near the selectivity filter *

The essential feature behind the channel structure relating 1o the present work 1s provided by the closed gate,
low-K" state of the permeation pore of the protein, o which the onginal erystallographic image refers to (ab in Figure
1). Whereas in the open gate state, with the cavity exposed to the high intracellular K' concentration, the interor of the
protein represents an almost barderless pathway for selected ion flow, the closed gate state represents a stable ion-
protein conformation. 1o this state two jons can become transiently “tapped” in the selectivity filter by confining
potentals in the 1,3 and 2.4 configuration. Depending on the total “loading state” of the channel, i.e. whether there are
1.2 or 3 ions present and depending on the filter radius and imposed electrical Deld strength, the confining energy scales
between 10 £T and 60 &T at 300K ™. In Figure 1 the ‘closed’ three ion configuration may already reflect a transition
state between the ‘closed” o the “open’ configuration by the presence of a fully hydrated K ion (W, — K" — W) in the
cavity. When this ion becomes partially dehydrted , carbonyl oxygens at position 4 of the filier compensate for
dehydration energies of the ion, taking this 1on into a (Wy,— K' — 0,) configuration. The resulting Coulomb interaction
with the mnermost filter-ion (corresponding to a field strength of up 0 9x10” vm'™") ¥ destabilizes the carbonyl binding
pockets within the filter configuration, eliminating the “locality” of energy profiles and finally leading to the extrusion of
the outermost ion from the channel The ability of the channel protein to provide an optimal “bulk-like solvation
environment’ for one ion species (e.g K') compared to other ions (e.g. Na') during the cavity-filter transition seems to be
the essential mechanism behind “selective penmeation”.

Also the view on gating, the second aspect characterizing channel dynamics, has to be changed with respect to
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the recently analysed high-resolution structure ™. In voltage controlled channels, changes in the imposed membrane



field induce a charge transfer transition (12-14 electron charges in K channels), carried by amino acids called voltage
sensors . The transition moment in gating correlates with the open probability of the channel. In the conventional model
the four helical screws carrying the “sensing charges” move quite independently from other parts of the protein through
‘pating pores’, whereas in the recent “paddle-model” the transition moment couples with the neighbouring lipids of the
channel protein that in rn changes the gating state of the channel. This latter view, as suggested by MacKinnon's
group, gains strong recent support from an increasing number of studies demonstrating that protein surrounding lipids
engage in the control of voltage gated Kv channels *'. As the mamn source of noise in neurons has waditionally been
attibuted to the probabilistic nature of gating, a reconsideration of channel noise in the new context of atomic resolution
dynamics seems 0 become unavoidable. The conventional FMM type “isolated-dipole field-response” and “permeation’
feedback relationship that gave rise to the successful descaption of action potentials in the squid axon, should become
eradually extended mto a liquid-crystal type “charge-transfer” model, involving higher momenis, e.g. electric quadrupole
moments, for the description of channel responses to electrical feld changes across the membrane. To what extent this
type of membrane model might host computational abilites instantiated at the atomic level, as suggested previously
LIS 359 il be addressed in the following chapter.

3. TON CHANNELS AS ARRAYS OF MICROSCOPIC TI0ON TRAPS

The present view on ion<channel-membrane configurations allows the identifcation of state-dependent interaction
terms between ions and membrane components that could establish a resource for mappings bemween different sub-
systems engaged in ton-conduction across the membrane. Together with the identification of *logical states” encoded by
atoms or molecules, the identification of conditonal dynamics between these sub-systems seems 1o be a prerequisite to
attribute “computational” properties to the physics of membrane signaling at the atomic scale. This view implies a srong
analogy with two-level logical gate operations in quantum computing as proposed by DiVincenzo, Cirac and Zoller **'.
However, intentional aspects are on opposite course: whereas in quantum computing the challenge is to design operating
conditions that implement pregiven computational tasks ** ", the main intention behind the search for neuro-molecular
computing is to identify unique logical states that reflect the *closed observational” states that charactenze the brain. It
may finally turn out that these physical states are quite different from artificial quantium computational structures and
their logical composition may not be based on the universal set (“and, or, not and idendity”) that charactenzes all Turnng
type computations. Here we identify some key electric properties of channel proteins based on the above summary of
experimental {indings and relate these properties 1o previously suggested quantum-computation schemes, eg. as
reviewed by C. Monroe® or Milbum et al ** . In particular, we will draw comparisons to the Cirac & Zoller ion trap
architecture, based on electrostatic interactions between ions transiently kept in arrays of microscopic traps *"*%.

3.1 Operational siructures

The frame is set by the question how dipoles in the mterior of a molecule giving nse to “local felds” relate to
the electric field applied at the surface of a membrane inserted protein. As available from the 3-ion-closed gate state of
KvA channels in Figure 1 (ab), two K ions are transiently trapped i the permeation path of the protein if the channel
gate i1s closed. The two ions are trapped within the carbonyl binding pockets via their eight-coordinated oxygen
electrostatic interaction. The siwation 15 depicted in an idealezed outhine in Figure 2. In this figure the on-0xygen
coordination structure within the filier region along a longitudinal extension of 1.2 nm is given. The “filier” accounts for
roughly 1/6 of the total trans-membrane length of the channel protein. Congruent with the erystallographic K electron
density profiles *', adjacent K' locations are separated by AS ~ 0.3 nm in their $1-83 and $2-S4 configurations. In
Figure 2 the ion diameter of 0.27 nm is graphically reduced, compared o the (K - O) coordination distances ranging
between 0.27(short) to 0.308 nm (long) ~. The energy depth provided by the confinement potentials V along the z-axis
of the filter is in the order of 10 £T (300K) and approximated by harmonic potentials, assuming a simplified isotropic and
homogeneous structure. Both ions interact by electrostane repulsion and are exposed to a homogeneous extemal rans-
membrane field E of magnitude 107 V/m giving rise 0 a AV~ 100mV. Results from Brownian Dg-_namics Simulations
{BD) provide measures about the dynamics of local electric potental profiles confining the ions ™ and are similar o
those found in Poisson-Boltzmann solutions . The potentials inside the pore are found to fluctuate due to charges on the
surrounding protein and the presence of ions in the range of 100mV amplitudes. MD simulations at the 1077 sec



timescale reveal transition times between the §1 — S2 ion states of 6x107" sec **. Thus in the low-K' condition and
closed channel gate, the 1ons may oscillate between the 51-53 and 52-54 locatons many times, as originally proposed
by Morais-Cabral *'. As gate changes occur at the 107 sec scale, we can expect 1/6 x 10 transitions of the trapping
potential belore the channel switches o 1U°s open state (which is equivalent o a trapping frequency in the order of 10-100
GHz).
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Figure 2: lon trapping within the selectivity filter of K channels. The filter region of the channel
i5 shown as five sets of four carbonyl oxvpgens with the K& on bound by eight-oxvgen
coordinated, electrostatic interactions. Site 50 is outside and site 54 towards the intracellular
domain of the channel. The confining potentials are modelled as homogeneous harmonics to the
left (relating to the 1.3) and to the right side (relating to the 2.4 configurati on). The filter is
hosting 2 K ions (grev spheres) and 2 intervening water molecules. During the closed gate state
ioms can be modelled as being confined to two moving potentials, shifted along the z-axis by
distance Ad. Measures on the potential, ion distances and temporal characterisitics are given in
the text.

3.2 Energetical considerations

According to the ‘energetic optimization hypothesis of ion channels” *' | stating that *conspecific” ions in the
channel are energetically balanced, whereas ‘heterospecific ions” such as Rb' ions in a K' channel, are energetically
imbalanced, the states of the joint two K on configurations (1,3) and (2.4) may be assumed to be degenerate, ie. their
energy difference AE = (1 If we are interested in finding the system in one of these states as a function of time, we can
apply time dependent perturbation concepts, in particular Rabis formula, which allows us to esumate the probability of
occupying e.z. state (2,4) = P» , i a constant perturbation is swiched on att = 0 and the system sets out from state 1 (1,3
configuration):

Po=as|® = [(4VI(ag” +4VH] . sin” ¥ (g + 4Vt (1



For the degenerate case AE = ), we also have my = 0 and (1) simplifies to P> = sin” Vt. This predicts a complete state
transition for degenerate systems, with P — 1 after a time t = & /2V. As we know the tme t from MD simulations
(chapter 2.1) to scale along 610" sec, we can estimate the perturbation strength V = =/2 . 10" s . So the “trapping
frequencies’ above can be recovered from the view of time-dependent perurbation theory. This sheds new light on the
meaning of ion selection by channel proteins. Non-selected ions (e.g. Na' in K' channels), leading to a separation of
energy levels between the prefemed flter positions, would sull allow state oscillations to occur , but with maximum
levels for P in the range of 47/, < 1. Thus the effect of the external membrane field, perturbing the local fields within
the selectivity pore of the channel, resides within the relative off-set between the energy separation of ion-channel states
and the strength of the extemal field. In this way it is guaranteed that in the co-evolved ion-channel configuration, even
very week perturbations caused by extemal field varations can drive the system completely between the degenerate on-
channel coordination states. In addition, these findings suggest that within the selectivity filter, under the non-
conducting, low ion condition and under the influence of a constant perturbation, pure ion states can evolve that are
delicately balanced with the ion, channel and overall electne membrane characteristics at a given time. The *trapped’ ion
states under the non-conducting closed gate state seem 1o be particulady important

4. CORRELATIONS AND LOGICAL STATES

4.1 Quantum interactions

The physical action behind ion permeation through protein pores requires action orders at the quantum scale.
We have previously estimated the action distance between ion states in the K' channel to scale along = m. 10
Lagrangian units (L). A propagating action potential would require 1.8 x 107" L . The brain actually spans at least 20
orders of magnitudes of physical action with physiologically significant signal properties *'. Table 1 below provides a
summary of relevant action orders in the brain.

Source/Action Mechanical Units Energy,/Time Electrical Units
(A=ML.T") (kg m’ s™") (A=E.T) {(A=C.V.T)
Cell / 1,8 x 107 L (Jg) 1V 6. 10" L. (Jg) @ 2,1. 10" L(Jg @

Action Potential

Molecular / 048 107 L (Is) 6,95 x 100 L (Jg) Tx10%L(1s)™
lon permeation

Table 1: Action orders in the brain, ' time at the scale of spiking events (107) sec, * time T to be close 1o 107
sec Tor conduction rates of jons, * tme T to scale at 1077 sec , the min transition time for K' ions in the
permeation path ( from Bernroider & Roy*")

At the Planck scale of = 10°™ L, a pre-decohered quantum system hosts all information needed for the
description of the system in a linear superposition of it's basis states. Decoherence of superposition states establishes a
qualitatively new interaction term between the subsystems under consideration (e.g. a system and it's environment). The
question holds whether this “new” interaction tenm is of any significance for i) within-system correlations of ion channel
states and/or i1) between system correlations (entanglement) of ion-channel states. From a physical point of view, all
short length Colombic mteraction terms as seen in Fig.1 and Fig.2 should also carry quantum mechanical effects,
because near or overlapping electronic wavelfunctions would for example be subject o Pauli's exclusion principle.
Cuantum concepts are also contained in the ab intio MD simulations, if one mtends o trace the motion of individual
ions through channel proteins involving the electronic degrees of freedom ™. Here we want to briefly touch upon the
question whether we can associate *logic states’ to the model emerging for atomic-scale 1on channel states.



One way o envisage a superpositon of ion states in the permmeation filter of channels is to “concepually” close
the filter from it’s environment and describe the state of K' ions by a spatial supemposition according:

Iy = ki (kislw) + [kasd (koo lwd 2)

where |9 denotes the ons state vector Tor the low-K' structure and |ki 4 the ket-vector of either (1=1,j=3), or {1 =2,
=4 ion locations according o the outline in Fig. 2. 11 the expansion (2) is written using complex coefficients o, p for
the components <k; |y,

|y = alkis) + B ke &)

2

we can identify the probabilities of finding the ions in state k- and k; ; from | ﬁ|3 =1. lal?, Having established that
the ion states in (3) are actually “super-selected” by the 1on-filter configuration with 2 particles in the filter and complete,
symmetrical state transitions can be predicted by tme dependent perturbation models as in (1), we may expect these
probabilites to wrn out even as |ﬁ 1= 1- |a|?=05. In fact, the electron density profiles in K' are consistent with this
notion, finding an equal mixture of 1.3 and 2.4 configurations *'.

4.2 Within and between system coherence - entanglement

Newonal decoherence mechanisms have so far only be treated in “bulk-like” conditons, under the assumption
of quantum Brownian motion '®, allowing for arbitrary degrees of freedom in the environmental interaction tenms. Under
these Brownian conditions decoherence scales with 0™ {(x-x") / A¢ '}, where A1 is the thermal de Broglie wavelength, 1
denotes a relaxation coefficient and (x-x") accounts for the spatial separation of the underlaying superposition™. Only
under this view, that ions move freely through water, decoherence time would be as short as 107 sec as reported by
Tegmark. We now know that the molecular organization hosting the 1ons constitutes a completely different situaton. It is
evident from the physics above that the 1ons are not *freely’ moving within the filter but their position is preselected by
their Coulomb interaction with surrounding charges and are under the perturbative influence of an external field. The
ions location 15 ‘pre-organized’ by comelations with subspaces of the system. In spectroscopical tenms, the “atomic
temperature’ of the filter region is clearly cooler than the environment {15-20 A” compared to 37 A%, as estimated by ')
and the ions within the carbonyl binding pockets are insulated by the cavity from changes in the inner pore geometry =
This cleardy shows that the superposition suggested by (2) can be protecied from decoherence over a much longer time
scale, probably during the gating time of the protein, in the range of 107 sec.

If K' states and the state of atoms on the nner pore helices of the channel are attabuted to different “sub-
systems’ of the permeation filter, e.g. K' ions making up a subsystem K and the four in-plane carbonyl oxygens
coordinating the ions, a subsystem (2, the observed ‘order” within the ion channel can be figured as the result from a
‘pre-measurement’ (in the sense of Zucker ™), i.e

lwho= alkis) + Blkae) —  {alkis) + Bk} |O) (4)

S oalk) |0 + Bl |00 = [w, (5)

Here we have distinguished two states of the subsystem O, =12, O, for the non-hydrated states of 5, oxygens at the
entrance of the filter under the k, ; ion configuration and O, for the state of 8; oxygen atoms coordinating the ki
situation (see Figure 2 ). Equation (5) denotes an entangled state between the two subsystems of the channel filter. 1f we
further attnbute ‘logical states” to the two-level system states of K; and @, , we {ind that the state ransition [yl — |y,
in (3) is equivalent o a fundamental mapping of quantum computation, the ¢-not two-gubit guantum gate. One can
easily verify the situation, if we identify |Og) =09 and |00 =|1,), further |k, ) =0 and |kod = |12, using ‘¢’ for
‘control” and U for ‘target’, we have the mappings

0.0, =200 and 1.0, - 1,20, (6)

where O, = {0, 1, } and “— O, is the negation of O, In the view of (3) the oxygen states encode information about the
phase between the logical states of K' tons. Should the system become subject to an external interaction, e.g. when the
the low K' configuration changes w the 3-ion and open gate state, decoherence of (3) results in the loss of these phase
relaions. However, the direction of information flow 0 — K during the *measurement” process given by (4) and (3)



may also be reversed and the systems exchanged, allocating phase information to the K states about the logical states of
the oxygens. There is at least one good reason justifying such a change. In the engineerng approach of quantum
computing the two level logical states of a “qubit’ are usually prepared in long-living | intemal energy eigenstates of the
atoms in order to facilitate the time required for conditional dynamics operations (gate compositions).  Alkali ions such
as K have a core of closed shell electrons with a “shielding” potential towards attracted electrons. So the use of the
intemal degrees of freedom to encode logic states would be restacted to the atoms fine structure and  the values of the
spin-orbit coupling constant. Possibilities along this line stll have to be esmblished. As in quantum mappings the
direction of information flow is basis dependent . changing the direction of nformation in (5) will however change the
‘truth-table’ behind the logical states discerned in (6).

5. DISCUSSION

Generally we find, that despite some sinking similanties between the bio-physical structures discussed o this
paper with the operational design behind the engineenng approach of quantum computation, there are many basic
differences, eg. regarding the operational organization of ion confinement and, of course, the ‘intentional aspects’
behind logical atwributes of atomic states of the system. Searching for the coding polency of brain states follows a
‘reversed” engineering approach — we have o interprete what we find — whereas in QC we have w design what we want.
However, the main issue that we advocate in this work is, that there is evidence for a coding polency at the molecular
and atomic level of neuronal membrane phenotypes. This evidence is based on a new perspective on the organization of
passive 1on perfusion through neuronal membranes. Whereas in the conventional view, channel protemns are considered
as ‘optimal® designs o catalyze the transmembrane crossing of an electrodiffusive barrer by adjustng the self- and
interaction energies of ions, we argue that this design hosts “mformational states” at the quantum scale. Also from the
classical perspective “within channel states” do not correlate with the major conformational changes of the protein, e.g.
zating, and are seen as constraint by environmental interactions, such as electric field changes or ligand-receptor
interactions. From the present view, there is no such separation of “within® and ‘between’ channel states. One line of
evidence for example can be depicted from Figure 2. Only the k,» configurtion of K' ions in the filter allows for a low
energy transition of the hydration state of ons between the channel cavity and the entrance of the filter. So in the
entangled state of equation (3) only the state o |k+) |0y should become selected by an open gate state of the
environment. As it is the gating state of the protein that is conventionally seen to be the source of channel noise in
neurons , the question of noise should become traced down to the role of noise in “dephasing” coherent channel states by
interactions from the environment. This leads to a number of open questions that can be raised m the view of the last
chapter and have not been discussed in the present context, but will be analysed in some subsequent work. For example,
following the description of within channel state coherence, the important question arises whether channel states can be
communicated to the environment of the cell membrane without loosing their unitary features such as coherence. This is
the question of scaling and ‘trap-multplexing’ in atificial QC. There, we can envisage two possibilities: (i) to identify
multiple connections between the channels via ‘horizontal inhomogeneties’, e.g. lipid rafis ***? or (ii) coupling distant
ion states via photon mediated interactions. In the emerging models of liguid-crystal type membranes some versions of
“weak photonic’ coupling, employing “probabilistic entanglement schemes’ * become plausible candidate processes.

REFERENCES

—

Bialek, W. *Thinking about the brain’, arXw:physicsa/ 02050302, 2002.

2. Laughlin, 8.B. & T.J. Sejnowski ‘Communication in neuronal networks’, Science, 301, 1870-1873, 2003,

3. Laughlin, 8.B. *Energy as a constraint on the coding and processing of sensory information’, Current Opinion in
Neurobiology, 11, 475-480, 2001.

4. Bialek, W, F. Ricke, R R. DeRyuter van Steveninck, D, Warland, *Reading a Neural Code’, Science, 252, 1854-

1857, 1991,

WL H. Nauta & M. Feinag, Findamental Neuroanatomy, Freeman and Company, New York, 1986,

LA



e

16,
17.

18.

19.

20.

21.

22,

23,

24,

25,
26.

27.

28.
29,

0.
3l

32.

33,

34,

i6

Bekofl, M. & P.W. Sherman, “Reflections on animal selves’, Trends in Ecology and Evolution, 19,4, 176-180,
2004,

Gemert, D *Towards a closed description of observation processes’, BioSystems, 54, 165-180, 2000,

Stapp, HP. Mind, Matter and Quantum Mechanics, Springer Verdag, 1993,

Stapp, H.P. *The hard problem: A quantum approach’, J. Consciousness Studies, 3(3), 194-210, 1996,

. Beroroider, G., *Quantum neurodynamics and the relation to conscious experience’, NeuroQuantology, 2, 163-168,

2003,

. Beck, R., 1.C. Eccles, *Quantum aspect of brain activity and the role of consciousness’, Proc. Natl, Acad. Sci. USA,

89, 11357-11361, 1992,

. Beroroider, G., F Ritt & E.W.N. Bernroider, *Neural phase-time coding from the view of an electrodynamic

perturbation probleny’, Forma, 11, 141-139, 1996,

. HamerofT, 8. & R. Penrose, “Conscious events as orchestrated space-time selections”, J. Consciousness Sdies, 3(1),

36-33 (1996).
. Hu, H. & M. Wu, “Spin as pnmordial self=referential process driving quantum mechanics, spacetime dynamics and
consciousness’, NeuroQuantology, 1, 41-49 (2004),
. Bermroider, G. *Dimensional analysis of neurophysical processes related w mentation®, Quantum Mind 2003,
Tucson, LSA, 2003,
Tegmark, M. “The imporance of quanium decoberence m brain processes’, Phys. Rev, E., 61,4194, 2000,
Hagan, 8., 5.R. Hamerofl & 1A, Tuszynski, *Quantum computation in brain microtubules: decoherence and
biological feasibiliny”,
Doyle, DAL, 1M, Cabral, R.A. Pluetener, A. Kuo, J.M. Gulbis, S.L. Cohen, B.T. Chait, R. MacKinnon, “The
structure of the potasskum channel: molecular basis of K' conduction and selectivity®, Science, 280, 69-76, 1998,
Zhow, Y., LH. Mormis-Cabral, A. Kaufman & R. MacKmnon, *Chemistry of ion coordination and hydration revealed
by a K' channel-Fab complex at 2.0 A resolution’, Nature, 414, 43-48, 2001,
Kuyucak, 5., 0. 8. Andersen & 5 H. Chung, “Models of permeation in ion channels’, Rep. Prog Phys. 64, 1427-
1472, 2001.
Bernrmider, G. & 8. Roy, “Quantum-classical comespondence in the bram: scaling, action distances and
predictability behind neural signals®, Forma, 19, 55-68, 2004,
Hodgkin, AL. & Huxley, AF. ‘Currents carried by sodium and potassium ions through the membrane of the gant
axon of Loligo °, ). Physiol. 116, 449-472, 1952,
Singer, 5.1, & G.L. Nicolson, “The Muid mosaic model of the structure of cell membranes’, Science, 175, 720-731,
1972
Perozo, E., D. M. Cortes, L.G. Cuello, *Structural rearrangements undedaying K channel activition gating’, Science
285, 73-78, 1999,
MacKinnon & Yellen, 1990
Garafoli, 8. & P.C. Jordan, ‘Modeling permeation energetics in the KesA potassium channel”, Biophysical Joumal,
84, 2814-2530, 2003,
Miloshevsky, G.V. & P. Jordan, *Permeation m 1on channels: the interplay of structure and theory”, TRENDS in
Neurscience, 27 (6), 308-314, 2004,
B Hille, fonic Channels of Excitable Membranes, Simaver Assoc. lnc., Sunderland, Mass. 1992,
Gusdon, L. & P. Carloni, “Potassium permeation through the KesA channel: a density functional study®, Biochimica
et Biophysica Acta, 1563, 1-6, 2002,
Berneche, 8. & B. Roux, ‘Energetics of ton conduction through the K channel *, Nature, 414, 73-77, 2001,
Morais-Cabral, JTH., Y. Zhou & R. MacKinnon, ‘Energetic optimization of ion conduction rate by the K selectivity
filter’, Nature, 414, 37-42, 2001,
Ranatunga, KM, L H. Shavastava, G.R. Smith & M.S.P. Sansom, ‘Side-chain ionization states in a potassium
channel”, Biophysical Journal, 80, 1210-1219, 2001.
Chung, 5-H, T.W. Allen & 5. Kuyucak, *Conducting-state properties of the KesA potassium chanmnel from
molecular and Brownian dynamics simulations”®, Biophysical Journal, 82, 628-6435, 2002.
Jiang, ¥, A Lee, J. Chen, V. Ruta, M. Cadene, B.T.Chant & R. MacKimnnon, *X-ray structure of a voltage-dependent
K' channel’, Nature, 423, 33-41, 2003.
. Jiang, Y. V. Ruta, J. Chen, A. Lee & R. MacKinnon, “The principle of gating charge movement in a voltage-
dependent K channel’, Nature, 423, 4248, 2003,
. Bezanilla, F. *The voltage sensor in voltage-dependent 1on channels’, Physiol. Rev. 80, 555-592, 2000,



37.
38,
39.
40.
41.
42
43,

44.

46.
47.
48.

49,
50,

Oliver, D., C-C Lien, M. Soom, T Baukrowitz, P. Jonas & B. Fakler, “Functional conversion between A-type and
delayed rectifier K' channels by membrane hpids®, Science, 304, 265-270, 2004,

Wallace, R, H. Price & F. Breitbeil, *Toward a charge transfer model of neuromolecular computing”, Int. 1.
Quanium Chermstry, 69, 3-10, 1995,

Wallace, . & H. Price, ‘Neuromolecular computing: & new approach to human bram evolution’, Biol. Cybem. 81,
189-197, 1999,

DiVicemeo, DUP., “Two bit gates are universal for quantum computation’, Phys, Rev, A, 51, 1015-1022, 1995,
Cirac, 11, & P. Zoller, *“Quantum computations with cold wrapped 1ons’, Phys. Rev. Lett. 74, 4091-4094, 1995,
Monroe, C., Quantum information processing with atoms and photons”, Nature, 416, 238-246, 2002,

Milburn, GJ., 5. Schneider & DF.V. James, ‘lon trap quantum computing with warnm ions’, Fortschr. Phys. 48, 801-
810, 2000,

Cirac, J.1. & P. Zoller, *A scalable quantum computer with 1ons m an army of microtraps’, Nature, 404, 579-581,
2000.

. Calarco, T., J.1. Cirac & P. Zoller, *Entangling ions in arrays of microscopic traps’, arxiviquant-ph/0010105v 1,

2000,

Eisert, J. & M.M. Woll, .Quanmm Computing”, arXiv:quant-ph /0401019 v2, 2004,

A A Erhov & G.P. Bemman, Infroduction to Quanium Newral Technologies, Rinton Press, Princeton, USA, 2003,
Roux, B., 5. Bemeche & W.lm, “lon channels, permeation and electrostatics : insight into the function of KesA’,
Biochemistry, 39, 13295-13306, 2000.

Zurek, W.H. “Decoherence, einselection and the quantum origins of the classical’, Archiv: quant-ph/0105127 v1.
Duan, L.M., BB, Blinov, D.L. Mochnng & C. Monroe, “Scalable trapped 1on quantum computation with a
probabilistic ion-photon mapping”, arXivaquant-ph/0401020 v1, 2004,



	2.jpg
	3.jpg
	4.jpg
	5.jpg
	6.jpg
	7.jpg
	8.jpg
	9.jpg
	10.jpg
	11.jpg

