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The hvpothesis of tong distance colierent, givahertz-range excitations in the cvtoskeleton
and their possible role in energy/information conversion in living cells iy supported
hy observations of gigadhe riz-range phonon excitations in proteins, sharp-resonant non-
thernmal effects of microwave electromagnetic irvadiarion on living celly and long-range
regularitios in ovtoskeletal structires, such as the superlattice attachmenr patierns of
micratubtide associated proteins (MAPs) on micrombudes. The latier @s uswatly rreared
in termy of conforniational chunges of microtbule subunits. Using a Frohfich- like model
the present work monerically confirmy that these conformational changes can be
provoked by self-localized coherent plionon excitations whose original specirum carries
input informaiion. The inheremt phonon spectnon of the structure is then dependent
et MAP locations and can function in « memory storage capacity. Such a sysrem appears
capable of adaptation and sigral recognition involving spectrum - structure refations
with feedback learning rales. Implicarions include intracellidar formation processing
and molecular level clectronic devices based on conformational phase transitions in
PrOTeEit drrays.

Keswurds: Colwrent cxcitations. colievenmt phonons, oxtoskeleron, Fratlich exciwsions. information
provessing, nicrotubulvs, medecular compuring, provein conformution, i,

I. INTRODUCTION

The existence of coherent, gigahertz-range oscillatory excitations in biomolecular structures
and their possible role in living cells have been discussed in nutierous theoretical proposals
mainly based on the Frohlich (1968) or Davvdov (1981, 1985) approaches iy connection with
different components of living cells: membranes. individual proteins, actin filements., cte (for
review see Frohlich, 19880 Frohlich & Kremer, 1983 Golant. 1989, Althvugh supportive
cxperimentsl data are inconclusive, such organized excitations could explain a grew deal
regarding organization and information processing in living systems. Tn the present paper we
are locussing on the possibility of coherent excitations in microtubules (MTsy (Hamerolt, 1987
Rasmussen ef af.. 1990).

MTs are the primary components of the cytoskeleton intracellular networks of protein
polymers which orchestrate cytoplasmic activities (Dustin, 1984, In contrast to other cytoskeletal
clements. MTs have a non-trivial. periodic structure (Mandelkow ef af.. 1986} and very {ong
persistent length, about | g (Dusting 1984}, These should result in a spectrum of global phonon
modes. Correspending patlerns of standing waves in MTs can therefore be calenlated in the
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linear approximstion from the symmetry of the structure {(Figures | and 2, see Appendix tor
details.

There are at Jeast two lines ol indirect experimental evidence for the existence ot coherent
oscillatory phenomena in MTy within tiving cells:

(1 Neubauer er e (1990) showed that 2.45 GHz irradiation non-thermally activates M7T-
mediated pinocytotic uptake in brain capillary endothelial cells blood —brain barrier function™.
However. experiniental data showing the eftect directly at the molecular level are Tacking (for
genergl review of non-thermal microwave bioeftects. see Brown & Chattopadhyay. 1988

r i O

FIGLIRE, 1. (=) Experinwnulty observed patterns of the MAP attachment sites on M Ts i Burms, 1978;
Kim et wf.. 1986). Some of paterns (e and 1) exactly coineide with patterns of the ab inirio
caleulated phonon muodes maximu (o and n. (0 1) Paterns of the MT phonon modes maxina,
valeulated according 1o (AY), Arrows at cach site represent the complex amplitude ot the
reluted propagating mode (A7),
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FIGUIRE 2. Phonon spectrum ol the MTL caleulated according oo tA 1L tAST amd (A for particular
cholee ol the coupling vonstams (A LD Fregueney m GHe. Labels show positions of some
selected modes, represemted e Figure 1

Fréstilich, T988: Golant, 19891 1t is noteworthy that the action spectra of non-thenual e rOwUse
effects have sharp resomant lines with the corresponding quality factor of the order of 107 I
(Devsatkov er af.. 1973). This is ditficult to understand in terms of biochemical reactions or
non-pumped near-equilibrium molecular vibratonal excitations. because quality Tactors or
molecular oscillatory modes are usually lTess than 10° (Serikov & Khrisophorov. 1989
Genberg, 1991, However. hiving systems are usually far from thermal equilibrinm. We know
that MTs consume biochemical enerpy v GTP hydrolysis and phosphorylation. Henee, we
cun assume a certain pumping mechanisnm. which can provide sell-eacitation of molecular
phonon/vibron modes. Thus we arrive at a Frohlich-like model.

tity Other indirect evidence for oscilliory phenomena in MTs ineludes the existence of
micretubule associated protein (IMAP) attachment site superlattices on MTs (Figure 13, a teature
which is well established but poorly nnderstood (Kinuer ., 1986). The MAP attachment sites
are MT twbulin suburits which differ from the others. apparently in their conformational stite.
This superlattice appears 1o be regular at large distmces along the MTs. a fact difficult to
understand 10 ermis of local rules of superlattice formation involving statie strains (Roth er af..
1970) or MT sell-ussentbling rules, due to finie probability of crror.

Even more intriguing is the regolarity of axepodial MT patterns iCachon & Cachon, 1971
Bardele, 1977). One exumple of such structure is shown in Figure 3. The mechamism of
morphogenesis of these patterns remains unknown. Different variants of linking between MTx
i these structures imply different MAP superlattices existing at the same time in the sane
environment on different M'Ts, depending on their position in the structure.  Harlier
phenomenological explanations hased on the gradion coneept developed by Roth er wf. (1970)
involved graded conformational changes in MTs induced by static mechanical strains but
appeared 1o be insutlicient for understanding of the global symmetry (Bardele. 1977y

Henee. we can ask whether MAP attachment site pattern formation s controlled by a global
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agent thal is sensitive to geometry of the whole structure. One possible controlling candidate
would be coherent phonon excitation since patterns of calculated phonon mode maxinia prove
10 be similar to those of observed MAP attachment sites (Figure 1).
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FIGURE 3. An example of MT ovtoskeleton structure. Euch circle is ML links are MAPs (repninted
from Cachon et af.. 1971,

As for the pumping source [or these modes, one candidate s bonded GTP hydrolysis which
oceurs at the GTP caps of growing MTs (Horio & Hotani, 1986). Another possibility concerns
phosphorylation of MT subunits or of MAPs such as MAPZ? (Theurkaut & Vallee, 1883).

The most interesting energy pumping mechanisim may be conformational (ransitions of MT
subunits occurring after MT assembly (Mandelkow ef af., 1983). It is natural to suppose that
the energy ol these chemical/conformationa] relaxations s mostly consumed by excitations of
certain vibrational modes of the MTs rather than the environment: usually globular proteins
refax in a guake-like motion (Fraucenfelder er of .. 1988). [n this case the rate of the conformational
motion must depend on the vibrational excitation level. resulting in a simultancous acousto-
conformational transition {ACT)Y of the whole MT (or of its recently completed part). Such
ACTs in MTs can be responsible Tor the MAP attachment site patiern formation and hence
for cytoskeletal and cellular morphogenesis.

Each tubulin subunit is a globular protein with molecular weight sbont 55 kIDa (Dustin, 1984),
henee cach subunit should possess a large set of vibrational freedoms. Some of them may result
in global phonon modes of the MT. while others can remain local (Feddersen., 1991,
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Conformational substates can also be deseribed by certain freedoms (conformational coordinates)
that in general should be strongly dissipative {Frauentelder e «f. . T988). We can consider them
as extensions of vibrational coordinates. thus the vibrational excitations can effect conformational
transitions. and vice versa, Further, conformational changes usually shift frequencies off
molecular vscillators (Frauenfelder ¢f of.. 1990). Global (phonon)y and local (vibrony excitations
cun be converted into cach other due to non-tinearity inherem in biomolecules.

[n the present paper we deseribe this phenomenon i terms ot the Frdhiich-like maodel
(Erohlich. 1968). This kind of model has been used for the vibrational analysis of polyvatomic
molecular structures (Bilbeck er af.. 1985y showing a varicty of complicated non-lincar dynamics,
iy particular phonen self-trapping. The questions now are: how does the vibrational pattern.
which can be deternuned by the spectrum of the initial excitation., induce tormation of a definite
MAFP attachiment site superlattice on MTs, and what are the relztionships between the initial
spectrum and the final MAP attachment site superlattice? The answer s obtained numerically
for a very simplilicd MT muodel.

2. THE PHYSICAL MODEL

Let us consider g model of the MT that s a lincar cham of equivalent coupled oseillators,
cach possessing a set ot freedoms,
Let the Hamiltonian nwdel be
H — Stwoatap - ea (., + ay ) Ter' a0,
/
+ P+ Q) + NPdas - oa) th
M

+ ),7\11»-;"‘.{&_.,. o ater 4 @)

where o and apare ereation and annihilation operators (hecoming complex amplitudes i the
classical theoryy of "eiobal” vibrational modes: «,” and «o are those of the environent: (%
and P oare conformational conjugated coordinate and momentum, also descrnibing “local’
vibrations. and the slope of the potential energy function L(()

oy = A " — A+ b‘(,hinl( at E, = MQ AQ 27
] | JQ

1s typical for globular proteins (Figure 4; see Fravenfelder ef a0 19881 Other coefficients
(. oo MO X FL 0 KA are phenomienological constants.

Supposing the local barriers heights B 1o be large compared with the emperature &7, we
can assume that the system spends most of its tme inthe vicinity of local minima of & Henee,
we cun separate conformational jumps oceurring between these local minima from small
vibrations aceurring in the vicinity of these numimia, Thus we can decompose (into (wo sels
of variables: slow discrete variables fgl. numbering the focal minima of &, and Fast variables
tO = @ mod AQL. In general  we  can consiler these  variables as vectlors:
Oy =10, . 0" qo=1g.....q" G=10... . Jn P =P, P,
assuming appropriate tensor structure of the coefficients 1/22M0 [, & and function £, Since
we are interested in functonally important contormational motions (FIM) (Frauenlelder e of .
1988}, we can deseribe the “macroscopic” conformational dynamics of the protein subunit by
single quasicontinuous FIM coordinate ¢ . assuming that the rest of ¢7s are being taken into
account in the entropy terms ATS of the free energy ;

f~'t_r,1; ) = Utg) — kTS tg)) = f (g — g (g

Now we can represent (. Fy) pairs by complex vector amphitudes ¢ and o (hecoming the

creation and annihilaton operators in the quantwm theoryy and rewrite the fiest line of {1) in
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FIGURE 4. The frec energy of & protein as a function of a conformational coordinate (see Frauentelder
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Finallv we obtin front (5) the system of classical Kinetic eyuations in terms of ¢ and the
occupation numbers N, i the mean field approxiniation, i.c. using the average values

Ny — <hib;> N, = X< o> {6)
i
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Ohuitting irrelevant terms. we have

"\lr."»'; - L-‘c’\._[:ﬁ\.f("'\'re'f—hrhk} + % ‘\"‘\s:kn."'l\!ﬂl).l';‘l\lrf).l?J‘\ign{ W T W)
M

N, — —¢ };‘_ﬁ;{:\-’l.f Ny~ K(q;—qffl} q_,-‘

- gz;K(r,f}’—(,';:')—l-r],u, <gr> = 2N = Aexpt EJQN) {7
where
.Jf.»;\." - ”.{I."”A"J" i = ‘;["‘.Jﬁf.f;"ni (8)

The first two equitions in (7)) deseribe evolution of the phonondvibron subsystem at given,
slowly changing ¢ 1. The last Line in (7) is the Langevin cquation. describing the diffusion
in conformational space. nfluenced by the total vibrational excitation level &, Here g is the
Gaussian random oree, and we make use of the Eiastein relaton between the mobility. o and
the diffusion coclficient <4~ =/2. assuming “thermalization” of local vibrations with effective
enmperature AT — QN The cxpression for g is the Archenws relation tken from
Frauenfelder ef af. (1990), which has been gstablished for certatn FIM an myoglobin tin other
cases the temperiature dependence of g is stronger). As for the phenonenological parameters
(€. ¢. x. K. A, E). unfortunately, we have no possibility to estimute thamn from tiest
principles. We only know that usually they can vary by many orders (Frauenfelder er of.. 1990).

Thus the task tor numerical modeling can be formuliated by equation (7 with initial conditions

NAD) = NN = N g0y = g (9)

3 NUMERICAL MODELING RESULTS

We have investigated the model (5)—(7) taking the tollowing values of parameters (in dimension-
less units: relaton to physical seales is given in the Appendix):

W, = S.e = 03¢ — 1000y = 2000 Kag' = 50, E, — 1N, — 001 M, = 0.1+358, (1)
where FL represents (he initial speetrum induced by external source.

The result is represented i Figure 5. [t shows the known phenomena of Frohlich Bose
vondensation into the ground state. We see that the total vibrational energy linally is localized
at definite sites, predetermined by the initial spectrum. Thus the result 1s selt-localization of
phonons and lixation of the initially induced osaillatory pattern by ACT.

Ax for the true MT structure. we can suppose that the gqualitative resuli will be the same.
[n this case the vibratonal patterns can induce the known MAP attachment sites patterns on
the MTs tsee Figure 1)

4. DISCUSSION

Thus we have a mechanism which can provide o delinite MAP attachment site pattern for cach
spectrum of initial excitation. Now we can discuss pattern sell-reproduction in accordance with
our model. Suppose we have two neighbouring coupled MTs or two parts of the same M),
one of which has a fixed pattern of MAPS. while another s in @ synmetric metastable state.
The second subsystem can then undergo ACT: global coherent oscillations are initiated
spontancously by thermal Muctuations and amplified by enerpy release due to contormational
motions stimulated by these oseillations. At the beginning ol this process, only that mode can
be excited which has the same pattern of maxima as the existing MAP superlattice of the rest
of the system. Finally, this pattern of mode maxima can be converted into the MAT attachiment
sites pattern and then fixed by attachment of MAPs,

Another possibility consists of a global ACT, similar 0 a non-linear wave. propagating within
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FIGURE 5. Tiue evolution of the vibrational energy distribution in the lincar chain of coupled oscillators
interacting with conformational freedoms for two ditferent mput signal specira. Initially
cxcited normal modes are: 2.4, 6, 50 100 12 () and 3. 6.9, 12 (b). One can see sell-
localization of cnergy at dillerent patterns. predetermined by the spectrunt of weak initial
Uxeitution.
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cell along the eytoskeleton (and possibly from one ¢ell to anothery. The initial mictasiability
of the structure in this case can be provided by some ¢hanging in the environment (ionic, eleetric,
pH. et The system of kinetic equations describing cach step ol this process s similar to
those of non-lincar neural network models with feedback (Carpenter & Grossberg. 1991): phonon
excitations und conformational motions can be considered sy a short-term memory. while
attachment/disattachment of MAPs can provide a long-term memaory, This analogy will be
investigated elsewhere,

There are two interesting implications of this approach. The first concerns the eyloskelenal
morphogenesis problem. such as the regular ractal ML patterns (Figure 3) and some inherent
features of partially-ordered eyvtoskeletal architectures that are specitic tor certain kinds of celis
(crythrocytes, tibroblasts, neurens. ete.) which can be transmitted from cell to cell (Alberts
ef ¢f.. 1983), Within neurons, such architectures relate to synaptic regulation and plasticity.
and may be mportant for learning, memory and cognitive function.

The second possible implication of these results concerns the adaptation ability of the
evloskeleton considered as an oscillatory network. It scems likely that nature uses this possibility
tor neuro-like intormation processing. At least, it may be possible o implement this principie
in artificial molecular clectromic devices based on protein arrays. A shmilar approach can be
used as a technological tool in nanolithography: definite siructures can he obtained by applyving
specitic hvpersound spectra.

Finally we arrive at the following conclusions:

(1} Periodical structure of MTs should result in a definite spectrum ol global phonon e
maximat. Patterns of caleulated phonon mexles prove to be sinilar to those of observed MAP
attachment sites (Figure 1. Appendix}.

(i} MAP attachment sites form a superlattice which keeps its pattern and orientation through
long distunces along MTs. This indicates the existence of soime global agent involved i the
process of superlattice formation.

(i) The process of MAP attachment site superiatiice formation is generally assumed to
depend on the conlormational transition of MTs, Conformational transitions in globulir proteins
are known o depend on (and are stimulated by) vibrational excitations ot the protein. The
same thing should take place in extended protein structures like MTs. Hence. vibrational {phonon)
excitations of MTs can be the gtobal agent orchestrating MT conformational transition, resulting
in MAP atachment site tormation. Thus we arrive at the concept of ACT,

(ivy A Frohlich-like model can be used for deseription of ACT in MTs.

(v} Numerical study of ACT in MTs shows that the spectrum and the related spatial pattern
of weak initia]l phonon excitation can determine the way of ACT. which involves phonon selt-
trapping at detfinite sites becoming MAP attachment sites. This result may explain sharp
resonanees in the action spectrie of non-thermal microwave ettects.

(vi) After attachment of MAPs at the MAP attachment sites. the strueture acquires new phonen
spectrum (related with the attached MAP pattern). which can determine the spectrum ol initizl
phonon excitation preceding ACT in the neighboring eytoskeletal tragment. Thus features of
the cytoskeletal architecture can be self-reproduced. This phenomenon can be used by living
systernis Tor intracellular information transmission during morphogencsis and/or during learning
Process 1N neurons.

tvil) ACT seen (o be inherent phenomena for a wide variety of extended biomolecular
steuctures, including artificial protein arrays. Thus they may be vsed Tor neuro-like information
processing in molecular level electronic devices as well as for new methods in nanotechnology .

ACKNOWLEDGEMENTS

This study was supported by NSF grant number DMS-U114503. We are gratetul 1o Alexander
Bershadsky. Alexander Scerikov, Steen Rasmussen and Raliel Lahoz-Beltra for valuable
discussions.



466 ALNAMSONOVICH FT AL

REFERENCES

Alstris. BooBrav. Do Lewis, T, Rarr Mo Roserrs. K& Watsox, LD o1983) Malecndar Biodogy
of the Ceff, 2nd edn. Garland., New York.

Bakperk. COFL 01977 Comparative study ol axepodia] microtubule piterns and possible mechanisins
ol pattern control in the Centrohelidian Helioza Acinthoosstis. Raphidiophn s and Hewerophrovs, Josemad
of Ceft Science 23, 205-232,

Browes. LD & CHaltorabpHy sy, S KO 01988 Blectromagnetic tield exposure and cancer. Caneer
Biochemisiry and Biophvsies 9, 95 =342,

BurrNs, RUBL (1978) Spatial organization of the microtubule associated protemns of reassembled brain
micratubules, Jowmal of Llirasirocinre Researelr 65073 82,

Cacnon, Par ). & Cacrone M. (1971 The axopodial systems of Koadiederice sasselaria. Areliv fiiv
Protistenboonde 113, B)—97.

Cacnon, Par ) Cacooxn, Mo Frpvre-CHEvanick. C. & FeEBVRE. ). ¢1973) Theoretical madels Tor
miicrotubular systems o Actinopod axopods. Archiv fiir Protistenkande 115, 137 —133,

CareeNTFR. G, AL & GrosseerG. 5., eds (1991 Panern Recogiition By Seff-organizing Newal Nenworks.
MIT Press. Cambnidge.

Davypov, A S, (1981 Biodooy et Quienrtiens Mechentics. Pergamon Press, Oxtord,

Davynov, A8 (19838) Soditons in Molecufar Sverems. Klhuwer, Dordrechr.

Drvyarkos . N1 1973 Intluence of millimeter-band electromagnetic radiation on hiological obiects.
Sovier Phosic Uspokhi 16, 568560,

Dustis, Po01984) Microrbudes. 2nd revised edn. Springer-Verlag, Berlin,

Enprek, LC., Loupann. PS5, & Scotr. ACO0198% The diserete seli-trapping equation. Plovadca L2
la, 3i8—335,

Fropersex. Ho 01991 Loculization of vibrationul coergy i globulur protein. Pinesics Letiers A 1540
391 -395,

Fravenrcroce, Hoo Parak, Fo & Yousa, R (1988) Contormational substates in proteins. Anntead
Review of Biophsios wnd Biopinesical Clenisgey 17, 431 =479,

FrRAGENFFIDER, HLo ATBERDING, NA LD ANsarL AL Bravnsias, D Cowes, BRO Hosag, MK
leen, BT domsson LR Locke 8500 Marpen, MO Movras LR Oraos, P Revised.
SeHoor, BRSO L, A SHYAMSUNDER, B Sogenses, LLB. Steisgach, P Xael AL
Yousa, RD & Yuor, KT (19900 Prowins and pressure. Sewerned af Phvsical Chemisiry 94,
1024 1037

Frasnen, Ho o968 Taong range coberenee and energs storage in biodogical syswens. forernational Jowrnad
of Cueantion Chemutry 2, 641 649,

Frivnwon, [T Ed. (1988 Siodogical Cotierence and Response to Evermal Simdis Springer-Verluy. Berlin.

Frouicn. H. & Krever. V. (V83 Colerenr Excirations in Biologicat Svsiems. Springer-Verlag, Berlin.

Gexeere. Lo RicHarp, Lo MoLespox, G & Marrr. R DL (1991) Direct observition ol globid
proteim motion i hemoglabin and myozlobin on picosecond tme seales. Scoience 251, WS - HISS,

Goraxt. MR (1989 Resonanee action of coberent clectromagnetic millimetre waves on living organisms,
Biofizika 3, 138 348,

Goran, MR (1989 Resonanee effect of coherent electromagnetic radiations of millimetre range of
waves on the living organisms. Biofizika 34, 1004 1014,

Gresorer, W, Kensaxs, Fo& Froacon. Ho 01971 Resonunt growth rate response ol yeast cells
irradiated by oweab microwaves, Phyvsics Leners A 62, 643640,

Haserory, S R (1987 Ultiesere Compating. Elsevier Nonth Holland, Amsterdam,

Horio, T & HoraNi Ho (1986} Visualization of the dynamic instability of indnadual mucreotubules by
dark-ficld micrascopy. Netre 321, 605 607,

Ko, Hoo Jesses, CuGl & Ristesn, L (19863 The binding of MAP-2 and tau on brain microtubules
m vitros implications for microtubule structure. Amals of the New York Aeademy of Sciences 466,
21230,

Masprirow, E-MoScavrtHess, Ry, Raees R Muerrer, M & Masoprrkow, B 01986 On the
surface lattice of micrubuies: hehx stars. protofilament number. seam, and handedeess. Jerernaf
of Celf Bicdogy W20 1067 - 1073,

MaxpeErkow, E., Maspietkow, E-Mo& Borpas, 100983 Synchrotron radiation as a tool tor studyimg
microtubule selt-assembly. Frends i Bivchemical Sciences 8, 374 377,

Nrupatrr, C.oo Purran, A M. Kues, Ho & Lange, DG (1990} Microwave orradiation ol rats <
2,45 GHy activawes pinocytatic-like uptake ol tracer by capilliry enduthelial cetls of cerebral cortex.
Hivelectromagnetics 11, 261 =268,



ACOUSTO-CONFORMATIINAL TRANSITIHINS 467

Rasmusses. 5.0 Karaverrwara, Hoo Vaiovavaon, RoOJENsEN, KOS & Hamerore, 8. (1990
Computationa) conneetionisnt within neurons: o wodel of cytoskeletal automaty subserving neural
networks, Plresica D 42, 128 —449,

RutH, L.E. P s, 121 & SIGeyaka, Yo (19707 Micronthules in the heliozoan axopodium. T The
sradion hypothesis of allosterist in structurad proecins. Journal of Ultrastricture Research 30, 7 =37,

SERIKOV, ALA, & Kiristopaoros . LN, (19893 TP Prepring-89. Listitute for Theoretical Phyveics Ukrai-
nian Academy of Sciences. Kiey,

TururkaUr, WE. & Varrke, RB (1983 Evensive cAMP-dependent and cAMP-independent
phosphorylution of microtubule assocrated prowein 2. Jotrnal of Biodoyical Chemisiry 258, TREI 786

APPENDIX: MT NORMAI. MODES CALCULATION

Here we study the MT phonon modes in the linear approximation, which should be used when
the vibrations arc imtialized by some (external) source, henee, their amplitudes are small. For
the sake of simplicity, let us consider cach MT dimer subunit as a one-freedom harmonical
oscitlator, linearly coupled with its six nearest neighbors. Recollecting weli-known data about
the M structure (Dustin, 1984 Mandelkow, 1986). it is natural to assumce original equivalence
of all subunits there we disregard the MT dislocation line). Thus. for MTs with 13
prototilaments. threc-start hehix and A-lattice (Mandelkow, 19863 we have the following

Hamiltoniun with four indepeodent parameters (my. €. €1, €3}
H = ‘7;{\1',-)(1;(:, ety 1y + G ) — eseiley g o gg) (AD

— ewdildpy — a4 ) = S Hpay

where Hy,. is the Hamiltonian matrix, and ¢ and ¢, are complex vibrational amplitudes:

a = : (Mwyyy — ipp) (AD)
N 2My,
¢ and py are the -th osallator conjugated coordinate and momentum, M the subunit clfective
mass. We make use of the site number /. supposing all sites to be numbered in the longitudinal
direction as
P =13+ 3, x — a1l = (0.615 nm)-! (A3)
where 7 and j are discrete longitudinal and transversal coordinates of the site. x the physical
longitudinal coordinate of the site and ¢ = 8 nm is the MT lattice spacing.
According to classical mechanics. the stationary states. or the phonon normal modes of the
system, }af(f)}. should be the solutions of the eigenvector problem:

;,_': Hydb = wab (Ad)

with the Hamiltonian matrix given by (A1), We can represent them in terims of the unitary
matrix . which diagonalizes the Hamiltonian matrix:

a};‘{f) = tighexpliv) (AD)

w e = diaghwy. .o owpd o w e = | (ASa)

where the b are phonon amplitudes. The unitary matrix # can be found from symmetry in

analogy with the Bloch theorem. without knowledge of particular values of the parameters.
Applying periodic boundary conditions with the period L

a_y = {AB)

we have the following solution, corresponding to propagating phonons with the wave number
Kitk=1....0L

Hy = _CXpi g
v

i ( , zmu‘} (A7)
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The validity of (A7) can be checked immediately by substitution into (A5a) together with (A1),
In the case of real finite MTs we usually have different boundary conditions. for example.
zero boundary conditions:

g = ¢y = 0 {AB)
Corresponding normalized eigenvectors describe standing waves:
iy = \If' f sin(?r;"!) (A9}

These amplitudes are represented on Figure 1(/—#) as patterns ot the standing wave maxima.
Arrows at cach site represent the complex amphitudes (A7), We can see the correspondence
between ab initie calculated phonon modes and experimentally observed patterns of the MAP

attachment sites (Figure 1 a—h; Burns, 1978: Kim er af.. 1986).
The eigenvalues wy (normal modes frequencies) can be calculated immediately by substitu-
rion of (Al) and (A9) into (AS5a). For example. taking the following values of parameters:
wy = 1077 eV 6 — 2 X 107 eV ea = 5 X 10 TV e = 1077 eV (ALD)

we have the following frequencies for some of the patterns represented at Figure 1: 1.08 GHz
(b). 2.19 GHz (e and 0). 2.61 GHz (f and n). 3.23 GHz (m), 2.32 GHr (g}, 0.9 GHz ()
(see also Figure 2).

As the period L goes to mnfinity. we obtain a quasicontinuous spectrum of phonon modes.
This spectrum for our particular choice ot parameters (A10) with L = 640 1s represented on
Figure 2 as the phonon frequency versus the normalized wave number ae = 4/L. Each point
of this plot stands tor a definite phonon mode. For example, the six modes caleulated above
{(Figure 1/t. q. m, e, b and {) are labeled on this plot. However. modes with slightly difterent
& can have quite different patterns (Lthus, the pattern e with e = 0.3125 15 clase 10 the extremum,
Figure 2. bur the extremal pattern with ac = 0.3077 has the exited line, parallel 10 the MT axis).

We can see seven phonon bands on the spectrum, the extremums of which correspond to
some particular patterns with two or three longitudinal axes. This observation ¢an shed light
on the enigmatic rules of the cytoskeleton self-assembling (Bardele, 1977) and will be discussed
clsewhere.



