zx)
Bl Spsiahie

RBioSustems 63 120020 143 (68

wan clsen Lor et Tovate Mo <o

Conduction pathways in microtubules, biological quantum
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Abstract

Technological computation s entering the quantum realm. focusing attention on biomolecular inforiation
processiig systenis such ax prateits, as prosaged by the work of Michuael Conrad, Protein contormationad ds nuamics
and pharmacological evidenee suggest that protein contormational states fundamentad mtormation units chitsr in
biologicad systems are governed by quantam events. and are thus perhaps akin o quantum hits Cqubits’y as utitized
in gquantum compuiation, "Read time” dynamic acuvities within cells are regulined by the cell evtoskeletan, particuiarls
micratubules (MTsy which are cylindrica) lattice polymers of the protein tubuling Recent evidenee shows signaling.
communication and conductivits in MTso and theoretical models have predicted both classical and quantum
ifermation progessing in MTy. In this paper we show conducton pathways for electron mability and possible
guant wnneling and superconductivity among aronuitiv anmne acids i tubulins, The pathways within whulin
mateh helical patterns in the microtubule kittice structure. which bkend twensclves o topological quantum cltects
resistant to decoberence. The Penrese Hamerol! " Orelt ORT maodel of consciousness is reviewed as an exnple ol the
possible utility of quanium compuatation i MTs @0 2002 Elsevier Seienee Ireland Lido A righis reserved.

Ao Microtubuoles: Quantm cormpalation: Conscionsness; Protein conlormsition: Biolomoleculr compuaration

1. Introduction: proteins, anesthesia and gquantum or lundamental switches that can he fabricated on

computation a silicon integrated crewt doubles every 18 24
months, This amazng trend has beenr miniaturiz-
g microclectronies for ¢lose to tour decides, und
today the smallest available silicon chips contain

Technology is approaching the hmit of classicul up to 100 million tansistors on @ few square
compuing  throush the operation o Moore's
Law. which states that the number of transistors

P 00 Moores fiw and quantim biology

centimeters of waler, This translites into dimen-
sions on the order of 200 nm or less per tundi-
mental switch. As Turther munialurizaion oueurs,

switching  processes enter the  gquantum  world,

#Carresponding wuthesr, Tel: [-R20-626-2 116 fun: o |-

S20-A20-20NY,
Lomeerd coddrenn s hamerolte wanzomiedu (8. Haoweral 1),

with extremely uselul potential advantages inher-
ent i quantum comwputation,
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Quantunt computers are proposed 1o take ud-
vantage of the bizarre quantum properts of super-
position, i which particles mas be in two or more
stiates or locations simultaneously, Whereas con-
ventional computers typically utlize binary “hity
in which mtormution is represented by particles m
chussical states of either |or 00 gquantum comput-
ers ulilize quantum superpositions of both | and 0
tqubits’). While in superposition (ubits interact
with other qubits by another bizarre quantum
Jeatare, nonlocal entanglement. and  ulumately
cach qubit “eollapses™ or “reduces” o classial
stites of cither 1 oor 00 The set of post-reduction
Classical bits s the solution, or euput, Quantum
computers will i principle solve ar least certain
Lypes of difficult problems te.g. scarches. fuctoring
large numbers into primes) with unprecedented
speed. and other umique applications are likely to
emerge, Quantum compulition pronuses to be a
dominant form of mtormution technology.

Minfaturization alse brings mformution tegh-
nology into the biological realm. Moores Taw
predicts that i 14 years fundamental switches
should reirely o scale of about 2 nm roughly the
size of proteins, which can act as conformational
switches. Biology has had 4 billion vears 1o evolve
the most efficient form of’ information progessing,
It should not be surprising o lind that protein
conlormithional switching is regulated by quantum
computation.

1.2 Prarein confornnetiondd dvncitioy

Protein function  such as enzsymatic catilysis,
ion channel opening. cell movement and mlorma-
ton processing — depends on regulated changes in
protein shape. or contornuttion,

Individual proteins are svathesived as lincar
chains of amino acids which Told™ into 3-T) con-
Formation. The precise folding depends on attrae-
tive and repulsive forces among various nnnmoe
actd side groups. and a current view s that many
possible intermediate confermations precede the
final one (Baldwin, 1994). Predicting final 3-D
folded  shape using  computer  simulation  has
proven difficult il not impossible. Tlus conun-
drim s known as the “protein folding probleny’
and so lar appears 1o be NP complete™ the

answer can be caleulated in theors, but the space
ard time required of amy o classical computer s
protubitive. Perhaps protein felding s 4 quantum
computition’!

The mean driving foree in protein folding oe-
curs s uncharged non-polar amino acid groups

Join together. repelled by solvent water., Thow

‘hydrophebic™ groups attract cach other by van
der Waals Torces and bury themselves within the
protein mienior. Intri-protein hvdrophobie pock-
ets resull. composed of side groups of non-polar
thut polarizuble)l ino acids such as leacie.
isoleweine.  phenylalanine.  tryptophan.  tyrosine
and valine. lvdrophobic pockels range in size
fromu single non-polar amine acids. up o groups
ol them occupving  ~ 00 cuhic AL or (0.3 cubic
nm {roughby 1 20 [ 250 the total volume of a
sinale proteint. The physical salvent which most
closely resembles hvdrophobic pockets is olive oil,
a medium o which anesthetic gases readily bind,
Withiy hyvdrophebie pockets. quantum mechatu-
cal activities  reguliate protein conformational
changes.

Proteins m oo hiving state are dyvnamical. with
transitions occurring at many scules, Howewer.
conformational  transttions i which  proteins
move globally and upon which pretein tuncuon
senerally depends oceur i the ns (10 ¥ 53 1o [0
ps (10 " gy time scale (Karplus and MeCammeon,
19¥3). Proteins are also only marginally stable. A
prateitt of 100 aming acids s stable against denat-
urabion by only ~ 340 kJ mol
sands of k) muol
side group nteractions including van der Waals
forees, Conseguently  protein conformation s i
‘debeite balanee among powertul countervailing
forees” (Voet and Voot, 1995),

whuereas thou-
Vare available i a protein from

P Cuaniion effects i proteins

Can clectron movements mfluence protein con-
formation? The Born Oppenheimer approxima-
ton assumes that clectrons cannot significantly
influence the position of atomic nuclel Gand henee
the position ol the atom) because the clectron
mass is sa small compared with protons and
neutrons (like a soccer ball 1o the carth), How-
ever, as Michuel Conrad pomted our (Conrad,
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19943 the  Born Oppenheimer  approsimnation
doos nor apply because electron churge 1s eqguiva-
lent to proton charge. Quantum processes such as
electron tunneling, delocalization. and superposi-
tion could. therefore, couple w nuelear locations
and influence conformational changes. paricu-
larly il the quantum processes are collective and
self-urgamzed. Prowing may be designed to am-
plits these guantum processes, Within proteins
ideal sites Tor electron delocalizution are hydro-
phobic pockets tsites of anesthetic effect). i par-

teular these containing aromatic rings hke thae of

try plophan.

Blectron movements and  dipoles are among
several forees operating among amimo acid side
groups within a protein. These include charged
interactions such s jonic forees and hvdrogen
bonds, as well as interdctions between dipales
sepatrated charges in electrically neutral groups.
Dipole dipole interactions are known as van der
Wils forees and mclude three types:

1. permanent dipole permanent dipole.
20 Permunent dipole induced dipole.
3. Indueed dipale—mduced dipole,

Tyvpe Yanduced dipole induced dipole mteric-
tons are the weahest but most purels non-polar,
They are known as London dispersion forees and
they ensue trom the Tact that atoms and molecules
which are cectricitbly newtral aod spherically sym-
metrical nevertheless have instantancous electric
dipeles due 1o asvimetry m their clectron distri-
bution (clectron cloud™ ). The electric held Trom
ciach fluctuating dipole e an electron cloud cou-
ples to others in electron clouds of adjacent non-
polar anun acid side groups. The couplings e
gquite delicare (40 times weaker than hyvdrogen
bonds) but are numerous and olluenual, The
London force attraction beltween any two wioms
v usually dess than o few Kilodouwles, however.
thousands oceur i each protem. Eleetron clouds
M oaronttic rng structures (Les teyptophan, ty-
rosine, phenvialanine. histidiney are larger and
more complex, and may give rise 1o cooperatively
organized London Torees pardeularly suted (o
goserning prowin conformational states, Due 1o
inherent unecertainty in electron localization. Lon-
don forees are guantum clleets which may couple
o rere point Nactuations” of the quantum vae-
awm (London. 19370 Milloni. 1994,

L4 Quannimr newrophicrmaeatosy, anesthexia and
mvehiedelio

Quuntum dipole oseillations within hyvdropho-
bic pockets were first proposed by Frahlich {196%)
o regnlate protein conlormation and engage n
macroscopic coherence. [noa series of proposals
Conrad (c.g. 19943 showed how clecuron super-
positions  could  mfiuenee nuckear movement
{cottforiation). and suggested that quaniuny su-
perpasition of virious possible protein contorma-
tions oeeurs betore one 1 selectad, Roitberg et al
(1993 showed tunctional protein vibrations which
depend on guantam effects centered i two hvdro-
phobic phenvlalanine residues, and Tejadis et al.
{1990) have ¢vidence 1o suggest quantum coherent
slates esist i the protein territing And recently
Muatsune (20011 has clamied to observe magnetic
quantum coherence i actin. a nitin component of
the contractile apparatus in muscle cells. and of
the evitoskeletan in all cells.

Close examination of cttects of general anes-
theties fwhich erase consciousnessy amd hallueine-
eens (which are said o expand  consciousngss)
reveal thit both act i opposite wiuys on delicate
quantum cttects,

The mechanism of general anesthesia supports
a role for quantum London forees in the phe-
nomenen of consciousness. A ceniury ago Mever
and Overton tworking independently m Germany
and Englund. respectivelyd showed a remarkable
correlauon between anesthetic poteney and solu-
ity i o particalar Tipid-itke environment, Al-
though these results were orniginally taken 1o
nuply that the anestheties acted in hipids within
the cell membrane. studies in the past decades
fe.g. Wull und Featherstone, 19577 Franks and
Lich. 19820 1984, 19850 1991: Halsey, 1989 and
utherst conclude that anesthetic sas molecules aet
m hsdrophobic lipid-Tike, water-excludingy re-
gions within critical tareet proteins. The solubil-
ity binding  occurs by weak van der Waals
London forees between the anesthetic and non-
pelar amino acid groups (the same wvpe ol en-
dogenous nleractions oceurring between
non-polar anminoe acid groups in the absence of
ancstheties), Critical brain proteims aftected by
anesthenes mcelude reeeprors Tor neurotransmit-
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wers stuch as gamima wnine butyrie acid (GABRA),
avetylchoeline, serotonin and glycme. as well as
cortatn second messenger proteis. enzymes and
tubulin whichh comprise microtubules (M 1s)
iPranks and Lieb, 19820 1984, JU85), What do
anesthetes do at (her site of action?

Erunks and Lich ( [4994) suggested that anesthet-
ws act smply by followme the Moever Overton
correlation: their mere preseuce i hydrophobic
pockets prevents contornuetional switching. How-
ever. i osarets of moleewdes. which tollow the
Mever Overton correlikion and vecupy the same
pockets are nonanesthetic. or even convulsant

(Fung o al. 1996). The nmwere presence ol

mulecules v hvdrophobic pockets may be msutli-
clent to explam anesthesiu,

Another view s it anesthetes somchow dis-
rupl van der Wauls London torce interacuons
normally occurring in the critical hydrophobie
pockets. Quantum superposition reguires ¢legtron
v tree to
roam among atlowed orbitals, Evidence shows
thut anesthetics retard  clectron mability —the
movement of Tee clectrons in g corona discharge
s nhibited by anestheties (Hamerett and Watt,
19¥3) By forming their own London foree attrac-
tions in hvdrophobic pockets. anestheiies mas

molalite -electron pairs muost be relative

inlithit electron mobility required for protein dy-
mamics, quantumn superposition and  conscious-
ness. Nonanestheties nuly be understood s
occupving hydrophaobic pockets without altering
clectront mobility, and convulsants as forming co-
operutive van der Waals inteructions. which pro-
note exwessive clectron mobility and - prowin
dytiamics mescitatory proteins,

Another class of drugs. the  hallucinogenie
psvehedelic’s Iy pliLming. craoline and
phenslethyvlamine derivatives bind and act i by
drophobic pockets within serotonin receptors and

chewhere, Tor example the hallucinogens .50
fan ergoline) and DM (@ trypramine are hased
on indole rings. cxactly Tike that in tryptophan.
Nichals et alo (19770 showed  that  these

psychedelic drues bind ir hvdrophobic pockets of

fess than 06 nm (6 ) length. Kang and Grreen
(10700 Soivder and Mernll (19651 measured the
capacity of @ osenes of psyehedetic drug molecules
to donate electron urhital resonance enerey. In

both studies. the drug’s electron resonance dona-
ton s correlated with psyehedelic poteney,

Taken together with dependence of protein con-
formationial  regulation oo quanium van  der
Waals forces, the anesthetic and psyehedelic stud-
fes suggest that (1) consciousness  depends on
quantum processes in hvdrophobic pockets: (2
these quantum processes are inhibited by anes-
theties which impair electron mobility in van der
Waals London forees, The same processes dre
cnhanced (udlicinations. but alse enhghtenment)
in the presence of psvehedelic drugs. coon those
with indole rings donating ¢lectron resonance ¢n-
erey toindole rimgs o rsprophan within the
hvdrophobic pocket. forming i collective quan-
tum state. Consciousness depends o quantm
states of electrons within hydrophobie pockets in
i class of brain proteins.

With conformational states controlted by g
quantum process, proteins nuy thus be viewed as
gquantunt bits, or ‘qubits’. Tor quanium computa-
Lo, qubits can he arrunged inoa geometrical
Ltice (Lloyvd. 19931 In biclogical systems the
pratein tubulin s acrrangad in a particular geomet-
rical Tattice in MTs whose Tunctions appear 1o
mclde ormanizution. communication and infor-
mation processing, Are MTs quantum computers?

2, Information processing in microtubules
2o Mieroswhidos wind the crioskeleron

Internors of living cells are tuncriomally orga-
nmized by webs of protein polyimers known s the
evtosheleton (Figo 23 Mujor components of the
cvtonkeleton are MTs0 self-assembling  hollow
crystalline exvlinders whose walls are hexagonal
Lttices of subunit protems known as tbulin (g
31 Other magor evtoskeletal components include
actin. witermediate ilaments. and centrioles, MT-
based organelles. which orient (he cell and ouide
cell movement and division.

MTs wre essential for a vanety of biological
funcions including cell movement. cell division
fmitosis) and establishintent and maintenance of
cell Torm and function. In neurons (which lack
centriolest. MTs sell=assemble to extend axons
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and dendrites and form synaptic conncctions, Mi-
crotubule-ussociated  prowins (AP} intercon-
nect MTs o form ME-MAP networks, which
detine cell archnecture and function. Onee estab-
lished, MT-MAP networks muimtain and regulate
sviaptic strengths responsible for learning and
cognitive Tunctions. MTs ineract with membrine
structures and aetivities (e i actn-based den-
dritic spines)y by dinkimg prowims (e todrin.
ankyring and “second messenger” chemical signals.
Wooll (1997) has shown that activation of neu-
ronal acetylcholine receptors causes changes in
MT-MAP connections, (For o more complete de-
seriptiont of the role of MTs and other evroskele-
tal srructures i copmtive functions see Dashott et
ale 199k Hameroft  and 1996u:
ITamereil. 1994y, MTs have traditonally been
considered as purely structural components, how-

Penrose.

ever. recent evidence has demonstrated MT me-
chamical stgnaling and communication functions
{see Tables 1T oand 2)

How might MTs signal and process informa-
o Tubulin can undergo several types of con-
formational  changes  (e.g Fogelborghs, 1992:
Cianci et al, 19861 In one cexample of tuhbulin
comformational change observed i single protofi-
faoment chinins. one monomer can shift 272 from
the dimer’s vertcad axis (Melki ot al, 1989),
Whether that degree ol mechanical deformation
occurs m tubulin within mtaet MTs is unknown:
neigchbor tubuwins in the MT Jattice might be
cypected to constram movement. Towever, coop-
erativity among MT subunit tubuling bound

Table 1
Faperimental evidence tor ssonaling in micretnhuoles

Suthors vear Sivealiog mechansan observed

Vaantley ol MU Bridge Pebwesn Bao membrames
1453 cotess depoelariztion

Yornen andd Propugition ol Twetive s’ gy
Woollow, [425 0 Magellan BT

Mantos et ol Meclumical sipaals from meaeibrine

B prodeins through YT tecel” nucleus

Ciline, 1997 arce tansduction thraugl evtoskeleton

=

Tl 2

Theorencal mendels o microtuhule nlormiativn areeessing

Anthor<a year Flhicoretie: il

Sherngron, T3 O to=sheleton” as protosoan nerveus

BRUCil

o cond AT s el enie s ceers
Vinela W7

Atenn, 1973 Prapagstiage wemdig canzarmitnonal

clianges i viha and haeell

M Telography

AL s izl omesducers betseen

IToamerodt, 1974
DeBrahamder,

FTA by aond nucdeus
ol nned Pibilaas [nlformation e wibubin conlormatonnl
=7 aradivnl withon M

ST s signal trimsdieers etween
aiembrane and noclens

Bevmens, 1979 Contrivles ds SVIosCopic prs T

UL

Alhreche-Buchlers M -cantriede signulling by inti-red
141 Phetans

Conrad amd MU sihranional comprters
[avhernn.
(R

Flemeral T wnd M compulaiion
Wt a2

Diel Grindiee et U nergs sl Tocusing in bollow MT
ah TURY U

ELamerad T el ol ST mealecular siutomiata

IPRES
Josine el at, T3 M wnseariny sizimalhog
Rosmissen et al. M melecular autontita: M1
|t AUlenaio netaerhs

Satlire el il Setitons i M.
QUM

fisavnshi el Lenroclectiw, spin ghass Tehanior
[Lebs

Poentose il MT peitum cangprudisn
Flameratl, [958

Kirschoer il
Mitchison, (YA

Puck and Phospharvlimon depiosphoes Lion
Krvstoseh, P42 alooe M suburiits

Wong and Laghers Fensegnily sigiadling
Jud

Chiou et gl 1994 Soliton paopuagation m MTx

MT super-radianee, <et=imloced

M probmg agnalling

Jibe wned Yasue
| s (TN HIFS IS

Movionnes and  Quontion computition in M s with
Nonopuoifue, srimg theory collipss

i

TooselyT i the MT fattice by hvdrophobic torees
could  coordinawe conformational  changes, and
support propagation of wive-like sibrational sig-
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mals. MTs are also ferroelectric with electron qand
proton conduction. which may couple by phonons
to conformational vibrations, The ervstal-hike M
stritare makes them attractive candidates for
quantum coherent excilations. e in the gigaHy
range by o mechanisim suggested by Prahblich
Cpumped phonons” Frahlich, 1968, 197(L 1975,
1975 ¢t Penrose and Omsager. 1936).

One particular model of MT information pro-

cessing patentinl utihzes Frohlich excitations of

tubhulin subuniits within MTs 1o support computa-
ton and intormation processing {c.e, Rasmussen
el il [99) The coherent excitations are pro-
posed (o “clock” computationd transitions oceur-
ring amang neighbering tubulins acting as eedly
as in molecular scule cellular automati’. Dipole
coupling  mediates  logical  interactions  among
neighboring tabulins, resulting in sell-organizing
patterns capable of infornution processing. ment-
ory and learning {Fig. 4.

In o oseries ol simulations (e.g. Hamerol! ec al..
1984 Rasmussen et al. 19901 Erohlich’s excita-
tons were used as oo clocking mechanism and
clectrostatic dipele coupling forees as “transition
rules” Tor cellular automata behavior by dynamic
conformational states of tubulins within MTs, In
e, 3 cach tubuln dimer conformation is ruled
by i single London lorce electron pair coupling.

For amomata behavior. the dJipele strength of

cuch dimer is coupled o its six surrounding (ubu-
hn netghbors at each "Eréhlich coherent” time step
{eg, 1007 100 " s The net clectrostatic toree
£ Trom the six surrounding neighbors acting on
cich tubuhin can then be caleulated as:

VT S

where 1, and r,are inter-tubulin distanees. ¢ 15 the
clectron charge. and o s the average protein per-
nuttivity, MT automalta simulations t17g, 5) show
conformutionul pavern behaviors including stand-
ing waves., oscillators and ghders vaveling one
dimer length (8 nmi per time step (1 7 100 'y
for a svelocitny range o & 800 m ~ ' consistent
with the selocity of propagaling nerve  action
potentiils,

MT uutomata patterns can thus represent and
process information through cach cell: ghiders

may  convey  sienals  which  reeulate synaptic
strengths, represent binding sites Tor MAPS {and
thus neurenal and synaptic connectionist architec-
tured or malterial W be tansported. [nformation
could becomue “hardened™ in MTs by tubulin miod-
Hications or stored in nearofilaoments via MAPs,
22 Trvprophear and lostidine tocations in nafwdin
[n conventional computers the “curreney of
information m semiconductors s clectrons. Mi-
aumtomata  could  utiliee Frohlich
phenons for mformation curreney, although other
quasi-particles such as sobitons, exatons. instan-
tons, anvons. as well as photons. electrons and
pratans could serve. Flectron propugation would

crotubule

be extremely usetul. us conformational energy
ic.g. in the torm ol phonons) could be coupled to
clectrons and both classical and quantum pro-
cesses could  be supporied. However, proteins
have never been considered especiilly conductive.
NOr in most guses semiconductive tol course nei-
ther has DNA which has recently been shown to
be highly conduoctive. and perhaps supercondnce-
tive {Buarton, 19498 Kasumoy et al.. 2000)).
Electron {or praton) transfor within and among
specilic atino acid residues within proteins may
mediite protem function, For example catalysis in
the enzvie class |oribonuclease reductase utilizes
clectron oF proton trunster over 3.3 nm from i
Ly rosine to o cysteine. Photoactivation o £ eoli
DNA photelvase enzyme myvolves eleciron hop-
ping” or tunneling aleng a chain of three separate
iryprophans (Aubert et al., 20003 Electron tun-
neling over sigmificunt distances within profeins
his now been shown experimentally. and there is
evidenee of clectron vansler from intr-protein
Uyplophan to DNA (Wagenkneeht et ul., 2000y,
The ammoe acids teyptophan and  Gerosine are
comvenient depots for electron hopping or tunnel-
ing hecause of the high polarizability of their ring
structure. The caromatie” amine acds such as
tvrosine. trvptophan. phenvidanine and histudime
have residues with resonant ring structures in
which clectrons are moebile and delocalizable,
Tyrosine. phenvlalamne and histidine have sin-
ale rings: cuch tvrosine and phenvhilanine have
si-carbon benzene-like rings. and histidine has a
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ring with three carbons and two nitrogens. Tryp-
tophan has a parteular double ring tan indole
ring’d a osixocarbon ring conjoined with i five
ring with one pitrogen and fow carbons, The
extra lnes between the atoms 1 the rings in Fig.
Iosionity shared. delocilized, or resonunt elec-
trons. Thus tryptophan Tues the greatest electrom
resonabies tand thos s the most fuorescent). and
histidine the Jowest clectron mohility, and Jeast
Mirerescent. Becker ¢t all (1973) showed Nuores-
cenl resonianee energy transter inon-radutive pho-
ton exchinget between Irvplophan and  other
aromiatics i adjacent tubulins e M s and be-
tweenn M and membrunes, Tryptophan is the
maost highly suwited aomime wetd Tor transiting elec-
trons and exchanging photons, In this studyv, we
hive begun to oxamine amd map mora-tubulin

) =

w

Pig 1 Maeslel o prostein conformuatenal <siwchig, Pubualin s
depicted as anevimples and for <impliciiy one par ol elee-
Tromes couplad by London Torees i showne i aosioele hadie-
Plhabic pockets Tops coupled electrons in one conlivuraion in
Josingle hadrophobie pochel vorrespond Lo Cepen’ allucks
conformuton. In the vppasite London foree electnon voupling:
the protein s cclesed” twhitey, Botton: soace T ondon Torees are
quantbam mechimical. the clecteon parr way ovenpy bth
sttes, snzd Lhe protene esast in a quaminnt superposition of
Bty cpen and olosed conlornations, By somg from Ratiom
DALY SHPREPOsTHon e o e fens particahir conlorimativo

the prestein Tunctions s a0 gubit

-l

iz, 20 The veuromal cavteskeleton,  fmmunoclectron mi-

croeraph ol dendnitie MT interconnected T dendrite-specitie
MAPS Somie MTs bove been sheareds revealinee internal hol-
o core The grancline come-col’ surface of M4 buarels
euident 1o clome mapection, Seale hare lenser el B ms.
Woith pernmssion from Hirokawa, 1991,

i 30 Ll micreinbude, o0 e dimdneal Tattee ol taholn
protweins, Righn e Teocoaplad to0 pesition ol o pair ol
quemitin coupled clectrons in an inwernal hvdrophohic pocket
cich tabwiin may accups two classeen] conlvrnunions ttopn ar
SIS IR i superpositon ol beth condernational sties
fhatteme A tabadin may s aet s classical B dnope o as
A quitita bil v bt

locations of the aromatie anine acids tryptophan
and hisudine.

Tubulin dinters are 8 nmon length. and 4 nn
wide (and 4 nm cdeeph. The peanut-shaped dimer
is composed of 1wo roughly cqual monomers.
alpha tubulm and beta wububin cach approxi-
mately 4~ 3 <« 3 nm. The distanees between the
tryptophans is thus oo more than 2 nm., The 3-1D
erystaltographic structure of tubolin was solved
(998 by Nogiles. Wolt and Downing (Nogales ¢t
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Fig a Mivrotubude wutanniton sinwlation drom Rasnussen of
ale 19 Bhack sod white wubatlins correspond 1o slates
shown i Bigs 40 Fiphe ns dme steps of o segoment teizht ol 13
provetizments] o ane micratebule are showsn an ckssical
conputing” mewde in which patteres Cgliders ) e, evalve,

mteraet and Tead o emergence vl new paterns.

al. 1998 Recently Alex Nip (now at Lniversity
de Montreal) and Jack Tuszynski (Lhmversity ot
Alberta. Starlaboorg) simulated the locations of

i i
_yees N
L vresinge Phen lalandie

trvptophans and  other  aromaties i tabalin,
Those results for tryptophan and nsudine n 2-1D
projection are shown here, Tryptophan locations
it the tubulin dimer are shown in Figss 6 & and
histidine locations w Figs. & 11

Fig. & shows the Tront view ol iryplophan loca-
tions. looking at the wbulin dimer as looking at
the wierotubule from the votside. eogoasin Fig, 3
However, the front view gives only a 2-IF picture.
We gain 3-1 perspective by also looking ar sside”
(within the MT wally and “top’ (down the protofi-
lament), There are eight tryptophans, four im the
alpha (top) monomer. and four in the beta
(hattont) monemer, Two trprophans tone rom
cach monomer) are 1 the neck. or hinge ot the
dimer.

The side view indwates that two of the tryp-
tophans are alone i the extended portion ot cach
noneimer. separdted from cach other by exactly 4
nm. The other tryplophans we close 1o the inner
surface and arraved  wvertically. The top view
shows that the trvptophans are arruyed vertically
along tuee spectfic axes within the dimer,

Hisnding

Tryptophian

Fiao 30 The maromutic” amino awids contam ring structures witle resonant (sharvedr electrons,

R [,
,“9 “
i

&
[a2s
\
o

Figo 6 Trvprophans (bhicky in the tebobin gimer. Teft: front view tlookmg at the outer MT surtieen, Middler side vies (From within
Uwe BT wall) Right: top vew tloosange down on the M prowsdilament.
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Fig, 8 Tryprophans i the wibulon dimer. Left wy paoaphan locaboons o Deot vicw. Rishe isvpropians icterceonnectad Ty estimated

shortest patlis 12-1 approsimatsnd, Typical sepaeabions are 2

rear the <lefle e hinge of the dioer,

Hisudimes are more numerous  than uyp-
tophans. 22 per dimer. and their arrangement is
more complex (Fig. 7).

We next consider possible electron pathways
between  tryptophans  and  histidines within
tubulin.

230 Condiretion putivays within nubudin

Comventional wisdom  indicates that electron
tunneling or hopping in proteins s only possible

i, clese enonel for threeeb-bond” hopping, e patn separaies

over distances under | nm. This is the Foerster
distance” tmaximum length ol an excitation 1o
trasely. However the Foerster distance pertains to
tree hopping via an inert medium like an ionic
solution, Within - proteins electron movements
miy be faalitated by through bond hopping’
over distances of 3 nm or more. Furthermore. 1l
there are sufhcient available electrons to QI half
or more of the available sites. then conditions can
exist within protwins at physiological temperature
for tsemionducuvity comparable with silicon or
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Fios s Bhsidoes ov the tubwlin dimer. Lett: Tustidoze Tocations o ront view. Right: Flstdines intarconnectad by estimated shortess

pathis. Dyl sepatihons ale L onm.

ever semi-metals e Brown, 1999) With dy-
namic water ordered at the protein surface. con-
ductivity. may be even durther enhanced. and
proton conduction can also oceur.

As deseribed earlier. in some erzymes electron
happing between amina acid residues may spun
35 nm oor more. and clectron hopping along 3
FYPLOPHAns s KNown 10 oceur 1 sonme Ciyymes,
Based on a qualitative 2-IF approximation, g, 8
estimates  shortest direct paths belween  tryp-
tophans i the tubulin dimer.

The tryptophan paths are mosty vertical. along
the protofilament axis, The path separates near

the clefte or hinge of the tobulin. Oceupation of

ane path versus the other path may control the
dimer conformation. for example hending at the
hinge.

[n g 9. we examine possible paths between
histidines.

Estimation of shortest paths belween histidines
shows  multiple loops and  alternate possibie
routes. The average distance between histidines is
about 1 .

Flectron conduction between aromalic 1ryp-
tophan and histidine amine acid residues is within

range  of known  conduction  mechanisms  m
prowins {(tunneling. “hopping’. scimiconduction).

i
i
%

i B Tlelical swinding patterns ol tuhwlin subunits within

MU The windings vepeat onany given protabilament aeeord-
ety the Drbonoeed sames: from L 1o vight, 30308 nd 13
<t repeitts, Lhe 3-<iep vepeat s hased om monemers, whereas
The 5 amd & step repents are hased on dimmrs, The [3-step
repwitl e osnnply e direet path o sdeng the sertical protsita-
wentls, Phese palteris Lorot the Tasas tor ctlachoieot petlorms
ul MAP
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g, 8 Tryptophans i the tabusize duners Lett ievpsophan focitans i frons view Raghils tes prophions intercenneetad T estinmiated

shiortest paths (2-1Y approsinuationn Typicil sepacitons are 2

nuear the eleft ar hinge of the dimer.

Histidines arc more numerous  than  trvp-
tophans. 22 per dimer. and thar arrangement s
more complex (Fig, 7).

We neat consider possible electron pathways

between  tryptophans  and  hisidines within
tubulin.
2.3 Conducrion pathnvavs wisline tihadin

Comventional wisdom  indicates that clectron
tunneling or hopping i proteins is only possible

i Close enougl fer CUveash-homl hopping, The path separanes

over distances under 1 nm. Tlus is the “Foerster
distance” tmaximum length of an excitation o
travely. However the Foerster distance pertaing 1o
ree hopping via an inerl medium ke an ionic
sofution. Within  proteins clectron mosements
miy be lacilitated by Cthrough bond hopping’
over distunees of 3 nm or more. Furthermore, if
there are sufticienmt wvadlable electrons o fill hall
or mere of the available sites. then condutions can
exist withim proteins at plivsiological temperature
for (semijeomductivity comparable with silicon or
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Fres ok Blistidines s the tobulin dimer, Lefts Tustidinge Tovations in Ivont view . Raghts Flistidmes izterconnectad Ty estimated sinones

paths, Pysical ~epivans e 1o

even semu-metals fegs Brown, 1999) With dy-
namic water ordered at the protein surtiace. con-
ductivity nuy be oven further enhanced. and
proton conduction can also oceur,

A deseribed carlior, i some enzymes eleetron
hopping berween o acid residues miay span
35 am or more. and eleetron hopping along 3
tryptophans 15 known 1o oceur in somy enszymes,
Based on a gquahitaove 2-D approxamation. Fig. X
estimates  shortest direct parhs between  tryp-
tophans 1 the tabulin dimer.

The tryptophan paths are mostly vertical. along
the prowiilament axis. The path separates near

the el or hioge of the whulin, Oceupation of

one path versus the other patls may contral the
dimer conformation, tor example bending at the
hinge.

[n Figo 90 we examine possible paths between
histidimes.

Lstimation of shortest paths between histadines
shows muluple loops and  alternate  possible
raoutes. The average distance between Instdmes 1s
about 1 nm.

Flectron conduction  between aromatic tryp-
taphan and histidime amine acid restdues s within

range ol known  conduction  muechanisms 1
proteins {tunneling. “hopping’. semiconduction),

i

5

g T Helieal winding pavers ol wbuling subunits within
M The wimdines ropoal oo auy gt prstotilament aecord-
my Lo the Fibonaeed seeies: Uroo lelt le right 3000 8 and 13
slep repittss Pl 3-step repeal s based on nonomers, whensas
the 5 amd ¥ st repents are based oo diooes, The [ 3=step
pepweas s stprly Ui direct pathe alenge U ertical prstedils
menls, These patterns Barm thae Tasis B achment patierns
alm MAP
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LFlg. 11 A Dattice neiehbortiond ol seven wuhihin dimers as

Townd v nticretubude with iy prephans highlishied i Black.

24 bwrer-rabuding condiction patlivays in
mitcrorihifes

Tubulin dimers are arranged not only in verti-
cal protolilament chains. bot form a particular
skowed hexagonal Tattice whose crystal structure
gives rise 1o hielical winding patterns with regular
repeal mmtervals. Increasingly steep winding pat-
terns complete one eyele around e evlinder at a
certain number of tubuling above where the cvele
started (g 104 These numbers, 3050 8, 130 2]
et follow the well known SFibonacei series’
found throughout nature. The repeating patterns
also determine binding sites of MAPS

A neighbarhood of seven wbulin dimers with
tryplophans representied in black 15 shown i Fie,
L1

[ we then show the mtra-tubulin tryptophan
paths in the Tathee Tormat by connecting nerest
tryptophans Gas i Fige 12) we see that the tryp-
tophan  paths  extend  verncally  along  cach
protaflament,

Tryptophans scem oriented verticalls whereas
histiding locations suggest helical paths, When
added to tryptophan. all possible structuril wind-
g pathways appear available (Figs. 13 and 14y
I Section 40 we will diseuss the possible nplica-
tons for topological quantum crror correction in
microtubular computation.

3. Quantum computation in microtubules
3 Penivose Hamerofl v OR 7 nede!

Quantum theory and consciousness have been
mtertwined since the days off Schradinger’s cut
when conscious observation wirs believed 1o cuuse
collapse of the wave funcuion. More recentls.
consciousness has itsell” been viewed as o collapse
process, analogous 1o quantam computation. Pen-
rose (1989, 1994y correlated the muliiple possibili-
tes of guantum  superposition with multiple
sub-conscious. or pre-conseious possibilities col-
lapsing™ 1o distinel cholees or pereeptions {cf.
stapp. 19931 In his carly work in chis area,
Penrose suggested  quantum  superpositions  of
neurons hoth firing and not firing, collapsing or
reducing {by his quantum graviey “objective redu-
ton” process. OR) o either finng or not finng,
Thus the neuron was acting as qubit, However,
for a variety ol reasons MTs within cach neuron
were  deemed  better cundidates Tor - hiological
guantum computation. with imdivtduadl tubulins
within MTs acting as qubits.

The Penrose TLimerof? "Orch OR” moded por-
triays CONSCIOUSTICss A% quantum camputation in
MTs which collupse or reduce by an objective
factor related to quantunn gravity, For detailed
explanations see Penrose and Hameroll. 1095;
Hamerott and Penrose. 1996a.b: Hamerotf. 1998,
cle. The basic ideas are these:
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Conformational states o mdidual tubualin
within neuwronad MTs are determined by quian-
tom  mechanical London torces  within the
tubulin interiors which can induce conforma-
nonal guantum saperposition g, 3).

While m superposition. tubuling communicate”
compute with entangled tubuling in the sume
microtubule, and in other MTs in the same
neuron.

Quantum states i MTs i any given neuron
may extend tw MTs in neighboring neurons.
and through macroscopic regions of brain via
tunneling through gap junctions {see Section
33 e 1o

Quantuwm states of tubulin MTs are tsolated
protected trom envirommental decoherence I

Brad v 0 (2002 440 JH8

biological mechanisims which include phises of
actinn gelation. ordered water, coherent punip-
my and topological quantum error correction
(see Section 3.2).

Microtubule quantum computalions SUperposi-
vons are tuned  or Corchestrated”™ by MADPS
during a elassical. liguid phase which alternates
(c.o. at ) 1lzy with a guantom, solid state
pluse.

Following periods of pre-conscious quantum
computation (e on the order of tens to hun-
dreds of milbscconds) tubulin superpositions
reduce or collapse by Penrose quantum gravity
‘objective reduction” (OR Fig, [3) The classical
output states which result from the OR process

are chosen

non-algorithmically  (‘non-com-

P20 bt a fattee o seven tubuhin dimers as foond o the microtebode biniee Blick Tines conneat trsotephans, Righe: sertical

path alomg prowedilment 12 st winding patternn sehich corresponds sath estophan comdnetion patli
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e T3 % Boties neizhborheod of seven tubulone dioers s
Nrind i iceotuluale with histidioes oechbaied o blick.

putably’y and then govern neurophyvsiolomedl
events by MAP<  regulating
stapses atd wembrane functions ete.

hinding  of

e The reductuon or sself-collapse” o the orches-
triled objective reduction “Oreh OGR™ mode! is
suggested 1o be o Cconscious moment’, linked
o Penrose’s  quantum  gravity  mechanism
which ties the process to tundamental space-
time geometry, This connection enables a pan-
protopsychist approach to the “hard problem’
of subjective experience (Chalmers, 1996a).
Other quantum models reliited (o consciousness

include those of Murshall (1989), Beck and Eccles

(1992, Stapp (1993), Jibu and Yasue {1995
Quuntum models have potential explanatory

vitlue Tor the emgatic features of consetousness

{Table 2. bul fuce at Teast two coneepiiatl obsli-
cles: (1) the apparent likelthood of rapid “decoher-
Jquantum - state) due Lo
crivironmential thermal miteractions in the seem-
mglv-too-wiarm bramn (Tegmark, 2000: Seile.
20000 and (2) the question of how & quuntum
state or eld Tocated within newrons might extend

enee’ {loss of

across membranes and anatomical regions o ap-
proich “brainswide” proportions. The nest section
deils with these issues.

320 Queanten stares i ife hrain? Decolierence
and Miological feasibiline

Quantum computing surpasses classicdl cot-
puting in certamn criticil functions {e.g. Crrover's
quantum search algorithmy and would be of ex-
tremie benelit 1o biological arganisms for survival
and adaptation. Billions of sears ol evolution mas
have solved the problems of decoherence and
spatiotemporal spread. A number of mechanisms
Lo prevent environmental decoherence huve been
suggested. specilically for guantum computation
in MTx. These melude (1) coherent pumping ol
the environment: (23 sereening due to counterion
Debye double Lovers surrounding MTs: (30 sereen-
g by actin pelatton and ordered water: (4) quan-
tum error eorreetion: {3 topological eftects oi the
microutbule evlindrical lattice. Recent  caleula-
tions of protein decoherence times indicate guan-
tum  superpositions  may  mdeed  survive lor
neurophvsiological tme durations (Flagan et al..
200M. and brain imaging by “quantum coherenee
MR utilizes quantum couplings of proton sprns
in proteins ind water o give a neuroanalomical
correlaie of consclousness (Richter et al. 200
Rizi ¢t al. 20000, This quantum coherence s i
MR I-induced artituct. but shows that quantom
coherence of some sort can indeed oceur i the
brain.

Technological quantum  computilion becae
feasible with the advent of quantum error corree-
ton codes, This means that algorithms run on the
quantum compiter which detect and correct er-
rors {random Tocalized decoherencey belore they
destroy the global quantum state. I some cases
topological structure o the gquantum computer
enhances  the  error correction. For example
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tormdal surfuces (g Kitaev, 1997) may hase
global. topological degrees ol Ireedom which are
protected from local errors and decoherence. To-
pological quantum computation and error corree-
ton huve been sugpested to oceur in MTs by
Porter (20 and the helical windings discussed m
Secuon 2 may correspond 1o guantum-compula-
tonal “basis states” distinguished by winding
number” (1gss 12 and ).

33 Spatic-teniproral spread of qletiient sraies in
the rrain

Regarding spatial extension of o quantum (or
quantin-like” (Johne 20000 field throughout the
braun. o passible solution may be gap junctions-
window-like electrical” connections between cells
meluding neurons (e.g. Dermictzel and Spras.
1993y, Gup junctions are more pritnitive and less

Faps 140 Ll o fattice o seven wibulin dimers a5 Tound i the microtubule Tartice. Blaek lines conneet hicidimes. Rizho 205 ol ®

st helival winding patterns in MTs Plistidime pathwiay s i the Lartee may be sgen Lo dollew these windmyg patterns.
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than chemical synapses,
and occur between dendrites. axons, cell bodies
and ar ghul cells. Dendrite dendritic gap june-
tions in particular have been implicated in the
mediation of conscrous processes (Pribram. 1991
Lectes, 1992} Cell interiors (eytopliasm} are con-
tmuous Urough gap junctions so that cells con-
nected by hanve
complex interior. Quantum stites solated in one
cell interior may thus extend to neighboring cells

numerous  conneetions

P juncetons actually one

by quantum tunneling of clectrons across the 4
nm gap junction. Speaitic intracelular organelles

have been diseovered in dendrites, immediitely
adicent to dendritic dendritic gap Junctions,
These are Tavers of membrane covering 4 mito-
chondrion. and are catled “dendritie lamellar bod-
s’ (Do Zeeow etoal 1995y The  dendritic
Lumellar bodies are tethered 1o small eytoskeletad
prateins anchored o M T and it is suggesied that
the mitochondmn within the hodies provide ree
clectrons for wintehng, formmg a twnneling diode
piir or Josephson juncuon between cells (Fig. fo).
As ew as three gap junction connections per
cortical neuron (with perhaps thousands of chem-
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witl syvnapsesy 1w neighbornng neurons and 2lia interior Tosts o unthed  quanum: state or licld
which in turn have gap junction connections clxe- (ITTamerott and  Penrose, 19963 b Wooll and
where may pernnit spread of eytoplasmic quantum Hameroft., 2000),

states throughout significimt regions of the bram. Kandet ¢t ol (19917 remarked that neurons
weaving a widespread syneyvium whose unified connected by gap juuctions fire synchronously,

Fago Lo Schemativ representatun ol azap qunction cenmacting twe demdrites inow hich M aee i guantam superpesition gt
compulation “twed” by tereoniecting AT proteins as suggested in the Penrese Thomerof) Oreh R madel Oneither side ot the
gatpr juneton. desdiite Lemelbn hadies (T By comaining ntachondrig may aet as tunngling divdes 1o conves the gquuntum =Ll

Belaeen e dendrites.

Lalzle 3
Fuizinaiw Teabares of vomsvionsmess aned passible solutons vin the Orgh OR model

Fiigmativ Tennre ol corseoisness Classical eaphimanions Possible Creh QR salutions
I wctitial iarure oF B cyperienee Taneraenee conscious e peviviee erierges Pineprotapsyclist phidosaphi: gualia
auahia’, the hard prohlem’s Crenn compubtional conrplesils are Tundamental Teatwres ol spacetime
serimeti . eeessed T gquimiom pricaty
OR
Loty sense: Toding poablen? Temporal syichrony eops coherent 401z (11 Non-local quanium coberenoe:

ndivisible mucroscopic guimlun stale
fe o Bose-Linstent vondersuler 123
Tstantumeeus sell-vollipse of
superpesitioned states 10 ORY
Transition from pre-conscions processes Nesappacent threshold Cuollipaes on reduchion of the quantum
L ST ST wive faneiior, o b guumim
A LT RTRIAT
PAporent] e will N Nomcomprutalshits m quaniung gravin
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Iiinle 4

Porcntial ~mgle-hods appreaches 1o microtubole clectoonics

Sinaie lady theery

D3itTusion equations Tor single mobile cloctrons

Aicratuhule s <odeeid

Crustal ricld treory tnocroetubule as paracrysal tibelin
dimer ws unt el

Iuble &
Pocential many Dody thears approaches to microwbule elec-

LIgstues

Ay besds theors

20 mesdels o condemsed matter phveios e chiral spin
Tguid. Bonesteed, 200k

Quantum-chissicil phase transition i guantum comaulers
tAhirenoy, 1Yk

Fopalogicul gquantun compulatian and creer corfection
tRites. 1T

Josepliset-juneiien arriss fhvaney ol al o 2y

Bund thewry tBrown amd Tusevnskic 2k

behaving like “ong giint neuron’, and E.R. John
(2000 has suggested that gap jJunenon-connected
neurons {"hyvper-neurons’t mediate vero pluse Loy
coherence. Dendritic kuuellar bodies are assoui-
ated  with synchronously hiring neurons (e
Zecuw ot all 1997 and several studies (Galarrets
and Hestrin, 1999 Gibson ¢t al.o 1999 Velasques
and  Carlens 20000 implicate gap  juoction-con-
nected interneurons 1 the mediation of coherent
() 2y osallations. These gap junction-con-
nected mterneurons torm “dual”™ connections {gap
Junctions and  GGABAcrzic  chemical  synapses)
with pyramidal cells and other corticul neurons.
GABA inhibition could quict membrane activi-
ties. avoiding  decoherence 1o cuable quantum
states in nedronal eytoplasmic mteriors to develop
und spread among many gap junction-linked cells
across wide areas of the brain. Thus gap junction-
connected coherent 40 Hz neurons ntay support
spattially extended quanton stares.

4. Conclusion

Scientists speak of Tevels of theary ™ a hierarehy
of models ranked by physical detail. The ultimate
level woukd be o "Theory of Everything. One

possible  over-urching  approach (suggested by
Roger Penrose) atiributes quantum state reduoe-
tion Lo gravity. The Orch OR model asserts that
this ultimate Tevel iy relevant w the phystes of
CONSCIOUSNESs,

The discovery of the aromatic lataee withim the
microtubule has to immediately discernible nmpli-
cations at this ultimate level but 1 suggesis i host
ol new possilulities at simpler levels of theory
fone-body quantum maodels. many-body Jquantum
maodels. ind quantum-field modelsy. For example.
in the Orch OR model it s assumed thit neigh-
haring dimers become entangled by the dipole
dipole interaction. which ippears i the classical
ceflulur automaton medels of the microtbule.
But it may be that mobile electrons Tollowing
these newly recognized pathwiys contribule more
to the entanglement process: tubulin divers may
beconte entangled wdirectly. by wiay of mterie-
tion with strongly correlated mobile electrons,

Tables 4 and 3 liseac few theoretical approaches
te metion of clectrons within the lattice ol aro-
matic amine acids. These and others need 1o be
explored and their predictions caleulated (Brown
and Tuszsnski (2000) 05 a promising starting
point). The structures ol other bromelecules must
also be exammed. 1in order to show whether these
pathwiys are unigae o tabulin or found o many
proteins, Logical candidates For examination in-
clude actin and other ovtoskeletal prowans. the
bacterial protein FisZ, which is related w webulin.
and  mucrotubule assoctited  proteins sueh as
MAP-20 MADP-4 and tau (BEva Nogales, persanal
cominunication).
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