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If “discrete breathers” is the answer, what is the question?
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Intense work on discrete breathers or intrinsic localized modes in recent years has revealed a wealth
of new properties of classical energy localization. Relaxation and mobility in particular may be two
of the critical links with biomolecular processes. We review some of the basic discrete breather
properties that we think are pertinent to biomolecules and make conjectures as to their possible
biological utility. © 2003 American Institute of Physic§DOI: 10.1063/1.1557234

Discrete breathers are nonlinear localized modes that can sen them for the biological processes. Before a definitive
be created in translationally invariant nonlinear lattice proof is available, their overall simplicity and thus Occam’s
models. Once generated, discrete breathers modify sys- razor can be our only additional argument.
tem properties such as lattice thermodynamics and intro- In the literature one encounters terms such as polarons,
duce the possibility of nondispersive energy transport. solitons, breathers, ILM’s, localons, etc., that are used many
We summarize these breather induced properties in non- times interchangeably and in ways that lead to confusion; for
linear models and attempt to connect them with biologi- simplicity and the purpose of the present article let us call all
cal functions that could be assisted by the presence of dynamical modes that are spatially localized as a result of
breather modes in biomolecules. some anharmonicity, nonlinear localized mod&fi_M's).
Nonlinear localized modes in the form of intrinsic localized
modes(ILM’s) or discrete breathe(®B’s) that is our focus
I. INTRODUCTION here are known only relatively recently while generally the

L . concept of nonlinear localization in the form of solitons, self-
Recent progress in biological research at the moleculayr . .
) ) ; . rapped states or polarons is much older. Discrete breathers
and atomic level provides science at large with a wealth o ) o . . .

o . are NLM’s that exist in lattices of nonlinear oscillators that
open problems that are both exciting and worthwhile to work . .
. are weakly coupled. They are dynamical modes that typically
on. Many of these problems hint to the fundamental com- . o . . .
. are time periodic and space localized in an exponential fash-
plexity of systems and processes that seem to be the deter-

o L . : : ion. Some of their physical properties have been found in
mining factor for the living matter. Biologically motivated recent vears. making them appealing enerav agents in
physics studies biological issues seen, however, with th Y ' g bp 9 9y ag

. . . iopolymers and give some hints on their possible presence
eyes of physics where an explanation and understanding IS - . .
these systems. In the present exposition we will review

. I
tantamount to the for_mu_latlon of a reasonably successful bu[ﬂese properties of DB's and attempt to link them to biologi-
fundamentally quantitative and simple model. Among the

multitude of biological problems and puzzles that exist,cal matter and its properties. There is no proof at the present

L . . stage that DB’s play any role whatsoever in biopolymers;
many physicists in recent years became fascinated with Pr9f are is. however a growing body of primarily theoretical
tein folding® and energy and charge transport in ' .

biopolymers: While protein folding seems at first hand to be work that hints in this direction. We can only hope that actual

) : roofs will be provided in the future. The structure of this
a pure configurational problem, energy and charge transfer is . L i

. . . article is the following: in the next section we form the
a pure dynamical problem dealing with the modes that pro-

vide efficient and reliable operational capability in biological physical basis for the biological utility of DB's based on

matter. In the present short exposition that is neither exhausr-elevant properties and in the remaining three sections we

. . L . : review these issues in more detail. Specifically, we look into
tive nor reviews the existing literature, we will focus pre- . .
. . .~ _the relaxation problem, the transport features of localized
dominantly on the dynamical problem and attempt to piece . : .
o . energy in curved chains and the focused transfer in the form
together a handful of specific recent works on nonlinear lo- ;
L i . . ... of targeted transfer. In the last section we attempt to make a
calization that may be linked to biological research. Specifi- . ;
. ; . synthesis and provide a research outlook.
cally, we will try to focus on the physical aspects of nonlin-
ear localized modes that are known from work in simple SUMMARY OF PHYSICAL PROPERTIES OF
models and that can be qf use 'to dynamical processes ISCRETE BREATHERS RELEVANT TO
biopolymers. Clearly, even if physical aspects of these modeg
. - - . . IOMOLECULES
are interesting and priori useful to biopolymers it does not
follow that natural selection and evolution has actually cho-  In this section we will enumerate known physical prop-
erties of DB’s motivated by the following question: While it
dAlso at the Institute of Electronic Structure and Laser, Foundation for!s Cflea.r that DB's exist in Hamlltoma‘.n lattices, are there any
Research and Technology-Hellas, P.O. Box 1527, 71110 Heraklion, Cretdndications that may also be found in true complex biomol-

Greece. Electronic mail: gts@physics.uoc.gr ecules? Since experimental work usually gives indirect infor-
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mation and depends on specific properties, it might be more very selective and occurs only in a very narrow fre-
profitable to reverse the question and address it in the fol- guency region where the oscillators are spectrally en-
lowing way: What are the DB properties that would in prin- trained. The transfer between donor and acceptor sites
ciple be useful in the organization of a complex biological in addition to being selective and efficient may occur
micro-machine such as for instance a proteilm?order to in an irreversible fashion when the donor—acceptor
address this question we need first to codify the known DB pairs are coupled to a larger system that provides

properties in simple lattices and subsequently extrapolate to dephasing*°
more complicated systems. Although not exhaustive, the list

of the following properties will be the basis for our passage ~ 1he first property, that in addition to rigorous math-
from simple Hamiltonian models to complex biomolecules, 8matical proofs, is also supported by numerous arithmetic

(i)

(i)

(iii)

(iv)

investigations, warranties that DB’s appear in nonlinear lat-
Existence and stability: Although DB'’s were conjec- tices in an almost generic fashidh'’ Although there are
tured in several indirect forms, their initial explicit only few explicit indications yet that they also exist in more
introduction was done by Sievers and Takeno in 198&ealistic lattice configurations, we believe that, based on the
through an approximate method based on the rotatingxisting knowledge, we can safely conjecture that DB’s exist
wave approximatiofRWA) while subsequent work in more complex models such as models for
exemplified some of their propertiésin 1994  biopolymers®'°As a result, we will make hereafter the rea-
MacKay and Aubry proved a theorem that demon-sonable assumption that propertiy) holds for complex
strates the precise existence of DB’s in a wide class obiopolymer models and we will accompany it with the op-
nonlinear lattice modeflt is now known that DB’s  erational conjecture that DB’s can be in principle found in
not only exist rigorously in a large class of Hamil- true biopolymers although without worrying yet about issues
tonian systems but are also linearly stable. Althoughsuch as lifetime and function. In what follows, we will focus
specifics vary depending on the system, discretexclusively on the remaining three DB properties and will
single and multi-breathers are formed typically in attempt to link them with biological activity. Specifically,
spectral regions that do not coincide with the linear-property(ii) will be connected with multiple time scales and
ized spectra of the lattices. They involve large ampli-out of equilibrium relaxations whilgiii) and (iv) to energy
tude collective oscillatory motion that engages only atransfer processes.
local lattice neighborhood and whose influence de-
cays exponentially in space. They thus represent sys-

tem coherence or organization that is nevertheless of Hl. STATISTICAL PROCESSES AND
very local nature. NON-EXPONENTIAL RELAXATION

Nonexpone_ntial relaxa_tion: In the case of random When DB's are generated randomly in a nonlinear
DB generation, the lattice may form short-range orderaiice 20 they play the role of dynamical impurity modes
depending on the initial conditions. This order is characterized by a long but finite lifetime that depends both
made of various coherent DB regions separated by, the specific lattice and its temperature. To probe the role
regions where only linear modes can be found. Thenat DB’s play in the macroscopic thermal features of the
DB's are then generally very robust and long-lived, |attice, one may perform numerically transient experiments
although interaction among breathers is possible rep, the process of which DB's are generated, move as well as
sulting in some cases in breather accumulation. If thejecay. If the lattice is coupled to a heat bath at temperature
system is placed in contact with a reservoir that abjfferent than the lattice temperature, energy transfer occurs
sorbs energy, the lattice loses energy yet in a nonexpetween the system and the bath. It was found in relaxation
ponential fashion. This feature of slow relaxation is numerical experiments of this type with bath temperatures
directly attributed to the presence of DB’ much smaller than lattice temperatures that spontaneously
Mobility: Even though DB's are spatially quite dis- generated DB’s can inhibit diffusive energy transfer and, as a
crete and may occupy very few sites, in many casesesult, the whole relaxation process is slow and in some
they move across the lattice with essentially ballistic,cases it is described by a stretched exponefifiah what
particle-like motion. This DB motion preserves their follows, we will describe a transient grating experiment that
shape and frequency although in an approximate fashis similar to the transient relaxation experiment but it is per-
ion. The speed of DB propagation is slower than theformed in closed systems and, additionally, it is used for
sound speed, i.e., the speed of the linearized phonosxperimental diffusion constant determination. In thermal
modes of the system. The DB motion can be inducedyrating experiment?? two time-coincident excitation
through excitation of an appropriate linearized DB pulses are crossed in the sample to produce an interference
mode that enables DB depining and subsequent frepattern. If the energy of the incident light coincides with that
propagatiort!~13 of an optical transition of the sample, the absorption mimics
Targeted energy transfer: When hard and soft non- exactly the interference fringe and produces in the sample a
linear potentials are mixed in the lattice it is possible diffraction grating in the form of excited states. At the end of
to have a nonlinear resonance that enables complet&ie excitation pulse, the induced diffraction pattern starts to
energy transfer from one oscillator to another. Thisdecay due to diffusion. This decay process is probed by a
phenomenon of targeted energy transf@ET) is  third beam that is temporally delayed and diffracted by the
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induced grating. Finally, the measurement of the intensity ofThe initial conditions for theu,, p,, are then chosen ran-
the diffracted probe beam with respect to the time delay aldomly according to a Gaussian distribution with position de-
lows to monitor the decay of the grating. pendent temperature given by E®). We follow the time

In transient gratings, the diffraction efficiency given by evolution of the normalized symmetric energy density, de-
the ratio between the intensity of the incident probe and it§ined as e,(t)=[p2/2+V(u,)+ (k/4){(Un—Un41)?+ (up,
diffracted beam is proportional to the modulus of the varia-—u,_1)?} ]/ e, fOr €ach realization of the initial conditions
tion of the complex index of refraction, viz., proportional to in two different regimesia) small initial excitation of the
(AK)%+(An)? where Ak and An refer to the peak-to-null lattice for the parameters used€1,B=1k=0.1) corre-
difference in the imaginary and real part of the complex in-sponding toT,<<1 with the nonlinearity of the potential not
dex of refraction that are induced by the interference patterrplaying any role andb) in the high excitation regime where
The physical processes which contribute to the variation obreather-like hot spots appear that can trap the local excess
index of refraction along the grating image are associateénergy for long time. The two different regimes show dis-
with the variation of the local population density of the ab-tinctly different relaxation properties that are manifested in
sorption species as well as with the local lattice temperaturéhe transient grating signal.
modulation. The temperature related effects are produced af- The grating signaB(t) is proportional to the square of
ter optically excited states rapidly release their energy to théhe peak-to-null difference of the temperature profile. This
lattice by means of photo-dark processes; this increases tlwan be obtained by calculating the Fourier transform of the
phonon bath temperature and induces a diffraction heat patime dependent temperature profile at the wave length of the
tern in the lattice. The evolution of the grating pattern thusinitial grating??
follows the evolution of the lattice vibrations toward the
egumbnum state which is accompllghed through hgat diffu-  f(t)=> e'™Me (1), (3)
sion away from the peaks of the grating, corresponding to the n
highest lattice temperature, to its valleys. The grating signal f(1)
is thus proportional to the square of the time dependent peak- S(t)= ‘_
to-null temperature differencAT of the grating pattern. In f(0)
cases of standard diffusion, energy accumulated due to thg practice, for each initial realization af,,

initial peak-to-null temperature differenceT decays expo- |ate the energy profile and then we average this over the total

nentially and from the measurement of the decay rate Cor5 mper of realizationga few thousand for a lattice of 73
stant we may obtain the thermal diffusivity of the material. \gqjjators and a grating wavelength extending over 16 lat-

We demonstrate below that i_n models that support DB'Stice sites. Then we calculate the grating sigré(t) using
these features are true only in cases of low initial IattlceEq. (3). From the numerical evaluation &(t) we find a

excnatpn. Upon increasing the |_n|t|al energy depOSItgd Mregime dominated by the linear excitations of the lattice that
the lattice, the degay of the grating pattern starts dgwatlngjo not interact among themselves and the deca(of is
from the exponential decay and shows slow relaxation dyzccompanied by an oscillatory behavid? This feature is
hamics; as a r_esult a macroscopic signature of DB presencgs, seen in the energy landscape representation of @g. 1
is slow relaxation. _ _ _ _ It is important to notice that, since in our model we did not
~ We consider a one-dimensional chain of atoms interactiqquce any dissipation mechanism, in the linear regime
ing .through nearegt nelgh_bor linear interaction and experig,q decay of the signal is only due to dispersion effetts)
encing a local on-site nonlinear potentif(x): is proportional to the energy Fourier transform of
p2 Kk expli e(w)t) with e(w) determining the phonon bahdHow-

H=2> 5 +V(up) + E(un_un+1)2 : (1) ever, itis clear that the unavoidable dissipation mechanisms

" present in the real system would transform this behavior in
whereu,, p, are the position and momentum, respectively,an exponential relaxatichin the second temperature regime
of the nth oscillator. In order to have localized breather so-T,=0.5 on the other hand, already for a short time, a differ-
lutions, the strength of the coupling term (i) has to be ent behavior is observed, both in the energy lands¢Rjze
sufficiently small and the on-site contribution which is cho- 1(b)] where the initially introduced heat patterns persist for
sen to be the “hard” nonlinear potentia¥/(x)=Ax?/2  long times as well as in the transient grating signal. In Fig. 2
+Bx*/4 to be dominant. we show the long-time evolution &(t) for several choices

To simulate the thermal grating experiment we have toof Ty, ranging from intermediate to moderately strong val-
set an initial condition for the lattice variablgs,, u, that ues, and its corresponding log—log plots. We observe dis-
mimics the thermal profile. To this purpose we chose thedinctly nonexponential relaxation induced by the very slow
following initial configuration for the lattice temperature:  dynamics induced by the breathgr segments and associated

with the trapping of thermal energy.

To=To[1+cosm+ n(u,—u))]/2, @ Given apnpargbitrary initial condi{ion for the lattice vari-
wheren denotes the lattice sitd is the maximum tempera- able with temperature profile2), the breather modes will be
ture induced by the radiation field72y the wavelength of most likely located at the highest peaks of the profile. As a
the diffraction pattern andi® the center oscillator of the consequence, since the energy carried by these local excita-
chain. For the sake of simplicity, we assume that in the abtions is trapped for long time, the grating profile maintains its
sence of a radiation field the lattice is at zero temperatureshape for a long time and this is reflected in the slow non-

2

u,, we calcu-
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FIG. 2. The relatively long time evolution of the grating sigr&{k) for
intermediate to relatively strong values of the initial grating amplitiige

In the upper panel: the lowest curve correspond§ge 0.4, the intermedi-
ate toT,=0.6 and the highest td,=0.8. In the lower panel: the log—log
plot of the preceding case. The full line is a power law relaxation fit corre-
sponding toS(t) =1.93 %468 The same system parameters as in the previ-
ous figure.
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IV. ENERGY PROPAGATION IN CURVED CHAINS

FIG. 1. Evolution of the averaged symmetrized energy landscape corre-  |n order to address propertgiii) we will focus on

sponding ta@) Ty=0.05 andb) To=0.5. Dark regions correspond to highs olymeric-like chains of masses coupled with springs that
in local energy accumulation. In the horizontal axis we have the lattice siteg

whereas in the vertical local energy density snapshots as a function of tim&an Move in the WhOI_eX(y) plape an(_j are charagte_rlzed by_
We show the averaged results over an ensemble of few thousand randol@cal and global elastic properties. Since our main interest is

initial realizations, with a time unit equal to 100 periods of the linearized jn understanding the physics of breathers in biomolecules
oscillations andy=2/16. such as proteirtgather than general homopolymers, we will

have to somehow restrict our study to rigid and quasi-rigid

polymer geometries. This can only be done artificially

through constraints when only first neighbor interactions are
exponential decay process of the grating signal. The specifimken into account due to the high level of degeneracy of the
functional form for the decay function is not essential; whatchain. We will report on the issue as to whether a stable
is important is the fact that the presence of NLM'’s such asreather can be generated in a curved polymer with some
breathers induce slow relaxati6hThe time persistent fea- rigidity, if it can propagate in this polymer as well as hint on
ture of the breather induced pattern eventually disperses inthe features of its motion and the feedback of localized en-
closed system. ergy in the elasticity of the polymét-%
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(XD;X]) e —b 2 e—b 4
(Xﬂ_z,yn_z) € 3 W(en):Kz( n2 n) +182( n4 n) (7)
_________ = The Hamiltonian for the planar polymer chain can be
e then written as
m . .
H=2 2 (V) + 20 {V(do) +W(en)}, ®

(a) "
where the index runs over all polymer masses. The result-
ing equations of motion are

1% J

m.).(n:_a_xnuna my,=———U,, 9

with
U,=V(d,)+V(dns1) +W(e,) +W(ep, ). (10

Using normalized relative variableg,=(Xx,—X,,_1)/a and
(b) pn=(Y,—VYn_1)/a wherea is a length scale, we rewrite the
Euclidean distances as,=a’[ £2+p2]Y? and e,=a?[ (¢,
FIG. 3. (a) A picture of the model. The interaction between nearest neigh-+ §n71)2+ (pntpn_1) 2] 1/2, respectively, and upon the intro-
bors is controlled by potentiaf(d,) and depends on their relative distance q,ction of the complex coordinatg= Ent i pn We obtain the

d, (full lines). There is also an interaction between second neighbors con . . .
trolled byW(e,), which depends on their relative distarezg(broken line. followmg compact form for the equations of motion:

(b) Equilibrium distances,=a andb, between adjacent masses and next y =R IR — 2R .+ _ _ +
nearest neighbors, respectively, as a function of the relative angle n n+i n-1 ntQni2=Qn-17Qn Qn_l&ll)

(xn+1’ yn+1)

where for the specific FPU potentials of E¢®), (7) we have
Let us consider a curvilinear polymer chain such as the .
one d'eplctedl in Fig. (&). Thg chgm consists cN molegular Ry=r—[ (14| —3n) + y1(]124] —31) %], (12)
units interacting through pair-wise two body interactions, as- |z
suming that(a) all unit masses are identical and equahip
(b) there are only first and second neighbor interactions be- Q=
tween the molecular units an@) the polymer lies on the
(x,y) plane. _T )3
Each mass unit in the chain is labeled by an index 2zt 2l =ba)’l, 13
while its location is specified through the pai,(y,) de- Wwhere time has been put in dimensionstast K, and the
noting its location on the plane with respect to an absolutgarameters are y;=a?g;/(mK;), A=K,/(mKy;), 7,
Cartesian system. Since we will use first and second neigh=a?g,/(mK;), &,=a,/a andb,=b,/a.
bor interaction potentials we need to introduce the following  In order to specialize to a model with only first-neighbor
two Euclidean distances: interactions but with some form of rigidity we constrain the
_ B 2 _ 21172 relative angles between adjacent bonds to constant but arbi-
Un=[(Xn=Xn-1)"+ (Yn=Yn-0)"17% @ trary values by writing Eq(11) with only first neighbor in-
en=[(Xn—Xn—2)2+ (Yn—Yn_2)2]"2 (5) teractions, using the polar representatmerr , exp(6,) and
introduce additionally the local relative displacement
=r,—4,. The constraint of fixed relative angles in these

Znt+2z,-1

m[?\ﬁzﬁznfﬂ—bn)

We note thatd,,, e, are simply the distances on the plane
between thenth unit and then—1th andn—2th units, re- ! .
spectively. The polymer chain plasticity as well as rigidity is "€V var‘:ables reads @ = 0, =0, 0,(t) = 6,(0). After some
controlled by the ensemble of first and second neighbor corplgebrd we obtain a reduced dynamical model described by
stant equilibrium distance,} and{b,}, respectively. The the equations

constanta,, is the equilibrium oscillator distance between
units n and n—1 while b, is that between the&th andn
—2th units. The explicit configuration of these two set of €nn—1=C0 60— 6,_1), (14
constants fixes the desired equilibrium geometry of the poly-

mer chain. Although the derivation presented here is general, fn=—fn,

we are mostly interested in the casg=a for all n with b,
depending on the geometrical structure we want to study, i.e
it fixes the relative angleg, [see Fig. 8)]. For the inter-
action we use Fermi—Pasta—UIldfPU) type potentials:

T™Th= €n+l,nfn+l+ En,nflfnfl_anv

with a forcef, that, in the specific case of the FPU potential

of Eq. (6), is simply

fn=7n+ 'ylrﬁ. (15

(dn—ap)? N (dy—an)* ®) We term Eqgs(14) and (15) a modified Fermi—Pasta—Ulam
2 bog ' equation(mFPU). For a straight line geometrg,,= ¢° for all

V(dn) =Ky
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FIG. 4. The DB amplituder, as the DB’s moves along a straight line and I/ b

enters into a curved region, which starts at site-8. As all 7, oscillate
around zero, we have displaced them 4jy=7,+nC whereC=0.4. The  F|G. 5. Energy of astatic DB with T,=2.122 in a straight lingFPU
characteristic angle of the hairpin és= 7/25. mode).

n, the mFPU is equivalent to the FPU model, (,,=1) For a mobile breather we select a moving lattice window

V\;hiCh can be obtained from Hamiltoniaf8) in 12 one;- centered on the central DB site. The local energy exchange

dimensional space. To mimic g&sheet we choose the two- between kinetic and potential energy seemingly proceeds in a
fashion similar to the one of the static DB. Nevertheless,

dimensional shape of a hairpin consisted of two paralle i tude but clearly di ible diff
straight segments joined together from one side by a semppoMe smalin magnitude but ciearly discernible difierences

circular arc?*2% We integrate numerically the mFPU model €MEr9€, as 1S seen in the inset of Fig. 6, that magnifies a
elected segment; this difference corresponds to the transla-

and obtain DB properties. Static DB’s can be easily obtained, | £ 1h bile breather. Desianati

corresponding to any desired geometry, circular or zig—zagt'ogatheng.rf?y ot the mo Iet' rela ?‘r:[h esigna mgb&i, tial

these DB’s are rendered mobile in the straight sections of thé 2 the dilierences, respectively, of the maximum potentia

hairpin2* From the study of the DB center of mass dynamicsand kmeﬂq breather energies from the total DB enefgs

we find that a DB traverses a curved region or re-bounce¥’® approximate the translational DB energy by

depending on its initial velocity and on the local curvature.  E,=Eg¥"—EJ=AE;—AE,. (17)

For a given hairpin geometry, the DB re-bounces for smaIIA i the inset of Fid. 6. the t lational DB

velocities, while for higher velocities it traverses the curved S Seen in ne nset ot g. o, he transiationa energy
EyansiS only a small fraction of its total enerdypg (EqansiS

region. For a given initial velocity in the straight region, the 0 .
DB re-bounces or enters into the curved region depending oﬂt most 1% oEpg but typically much smallgr the measured

a. There is a critical curvature below which the DB is able to
pass and above which the DB is reflected. In some cases, for 0.07

critical velocities or critical angles, the DB is trapped in — '
the bend. When re-bouncing, the DB velocity remains un- 0.06 | ./ |
changed. In contrast, when traversing the curved region, the *
DB velocity decreases but once the DB reaches the othe 0.05 | |
straight segment it recovers the initial velocity. The ampli- J
tude of the local site oscillations as the DB enters from the 0.04 | 5 S /,” |
straight to the bend section as a function of time is plotted inEtr ' v, T
Fig. 4; we note simply differences in the oscillation duration 0.03 | A i
resulting form the smaller DB velocity in the bend region. o

In the hairpin, DB’s either propagate through the bend or 0.02 I i
get reflected while they principally keep their identity and ® | mv’/2
basic features; the specifics of this dynamics are controllec 441 | o & m’=0.065 i
by a local DB energy conservation. The energy of a nonmov-
ing breather on the DB energy alternates between all poten 0 I . ‘
tial and all kinetic. If throughEpg we denote the internal 0.0 05 13 15 20

breather energy we obser(€ig. 5 that is to high accuracy

(~10*3) constant. The total energy for a nonmoving FIG. 6. Translational energy of a mobile DB in a straight l{fg®U model
as a function the velocity. The sound velocity here is 10. The dashed line is

breather is thus g . - .
a parabolic fit, corresponding tq,,;,=0. Inset: Amplification of the energies
of a mobile DB with T,=2.122 andv,=0.1545 in a straight lindFPU

Eps=Epott Exin - (16)  mode).
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translational energy as a function of the DB velocity is plot-dom. As a result of these properties, the DB emerges as an
ted in Fig. 6. By fitting the translational energy as a kineticefficient energy transfer agent in more complex geometries
energy of a compound object, we obtain an effective breathehat can be generated locally and transfer energy in an adop-
mass that turns out to be much smaller than the individualive fashion engaging the local geometry to its dynamical
particle mass. state.

In order to explore the influence of the curved region in
the total energy of the DB, we calculate the breather energy. FOCUSED TRANSFER
after crossing the curved region. Before entering into the
curvgd region and after exiting, the DB energyﬁcéecays €XPOfer in biomolecules. While propertied)—(iii) demonstrate
nentially with a very slow decay rate_ of order10 ,_due 10 that DB’s can be used in principle in a biomolecular envi-
the nonexact character of the mobile DB. There is no extrg,nment as energy agents, they cannot explain the specificity
loss of energy just after exiting compared to just before enqy yanster that occurs in several occasions. Examples of this

tering. Therefore we can consider that there are no apprzzpe of focused energy transfer can be found in

Property(iv) is related to the specificity of energy trans-

ciable energy losses as a result of motion in the curved pa hotosynthesf€ where light harvesting occurs through pho-
of the chain, and thus roughly speaking we can stay that DBy capture by the antenna-like function of the photosyn-
motion in curved chains conserves the breather energy.  inetic unit. Energy self-focusing takes place as an electronic
_ While retaining the_rigk_jity around a predesigned line weipration (exciton on a single pigment-protein and from
lift the angular restriction imposed upon the local polymerinere it is transported coherently through a complex cascade
angles in by including first and second neighbor interactiong transfer within and in-between pigment proteins. Then, it
in the modef® Both first and second neighbor interactions reaches the photosynthetic reaction center of the photosyn-
are taken to be similar but with different coefficients, i.e., thetic unit where it is converted into ATP. Another interesting
symmetric quartic polynomials in the relative displacementsyample of focused transport can be found in biological mo-
between masses with different quadratic and quartiGors where localized energy deposition through, for example,
strengths. Rigidity to a line on the plane is accomplished inaTp hydrolysis is transferred almost losslessly over a rela-
this case through the second neighbor interaction coefficienigyely large distance at specific molecular locations enabling
by, that vary locally in such a way so that a desired geometrysonformational biomolecular changes and conversion into
in the equilibrium chain structure is produced, as can be seefyechanical energy/~>*Focused resonant transfer is possible
in Fig. 3b). The nearest neighbor nonlinear interaction isin discrete nonlinear lattices in the form of targeted energy
mostly responsible for the local longitudinal dynamicstransfer (TET),***° and we think that this very selective
whereas the next nearest neighbor interaction for the geomefansport mechanism may be functional in true biopolymers
ric and angular rigidity of the chain. We use hairpin geom-gs well.

etry and launch a longitudinally exact breather. The features  The process of TET depends on a highly selective non-
of the motion are generally similar to the ones with only firstlinear resonance and it can be easily explained in the context
neighbor interactions, viz., DB survival and propagationof the discrete nonlinear Schitimger (DNLS) equation:

through the hairpin or re-bouncing accompanied, however, :

with small but constant energy loss. This loss depends on the 1 ¥n=€ntnt XM (¥ns1F ¥n—1) = Xul ¥l *¥n, (18)

specific parameter regime but generally does not lead tghere Y, is the complex density amplitude at site e,
breather destruction. One new feature compared to thgspresents the local site energy or frequency at the same site,
mFPU model is the DB propagation with a preferred velocity\ controls the transfer to adjacent sites whylgis the site-

that is reached regardless of the initial DB velocity, i.e., ei-gependent nonlinearity parameter. We will focus in the case
ther by deceleration or acceleratithln the more realistic of a system with only two sites, the first one corresponding
case of first and second-neighbor interactions we find thap a donor(D) molecule while the second being the acceptor
DB motion in the polymeric chains contains two seemingly(A) and analyze the energy transfer features from D to A. Let

general features, i.e., that geometry induces an energy l0ss @ consider first the standard case where y,=y ande;
the breather and also a selection mechanism for an optimal g \while =€

propagation velocity. The energy loss is clearly induced ini-

tially at the bend region but it is preserved at much slower  i#1=N— x| |1, (19
rates even when the breather returns in a rectilinear geom- ..
etry. The terminal velocity, on the other hand, does not seem =Ny = eho— x| a2 (20

to be very sensitive on the specifics of the chain or the getpon introduction of the variablp equal to the population
ometry of the bend. These DB properties arise from the addensity difference between the two sites where|c,|?
ditional translational and rotational flexibility that the chain —|c,|? as well as some manipulations, we obtain an effective
has now and the intricate feedback mechanism between thgyuation for the density differenqe

longitudinal and transversal degrees of freedom. This results

in a more efficient DB energetic adaption to the local envi- p+W(p)=0, 21)
ronment while the increaséor decreasein speed can be whereW(p) is a quartic polynomial of some general foffn.
linked to a resonant energy exchange between transverse amtle form of the equation denotes that transfer can take place
longitudinal internal modes of the breather and channeling obetween D and A but with rates that depend on the nonlin-
some additional energy into the translational degrees of freesarity parameter.

Downloaded 15 Jul 2003 to 147.52.180.237. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



664 Chaos, Vol. 13, No. 2, 2003 G. P. Tsironis

In the degenerate caSe*as well as the nondegenerate 1 ' '
casé’ complete energy transfer occurs for couplingsrger
than some critical one, while for smallefvalues incomplete
transfer occurs. However, in all cases the transfer period is 0.8
substantially elongated as a result of the presence of nonlin
earity and coupling. In the complete degenerate nonlineal |
dimer case, the oscillation period i$=27K[x/(2\)], 06 I
whereK is the complete elliptic integral of the second kind. 5 v~
While the transfer is slow and highly inefficient in this case, i - acceptor
the fact that the resonant donor—acceptor pair is always a 04 T gggg;;H ; 1
resonance, makes this nonlinear configuration the most effi |
cient one with regard to energy transfer. To obtain the TET

Amplitude

case we use a D—A dimer witl;=—x,=x and €;,=0 02
while e,= —€:

i1 =Nio— x| Y| 1, (22) 0(:

L time

i =N — o+ x| o] 1. (23

. . . . FIG. 7. A single donor—acceptor resonant pair embedded in a linear oscil-

Upon transforming in the@-variable equation we get lator chain. The value of =0.05 and the amplitude is normalized to unity.

N We plot the amplitudesy;|? at the donor and acceptor sites, as well as the

2 _ 2 i
p+L(2N) "+ (e—x)Ip=2N(e—x)ro+(e—x)“Po, sites adjacent to them in a linear chain of ove? s@les. For the specific
24) choice of\, fast and efficient targeted transfer occurs over 70% of the initial
energy.

wherer, andp, are initial conditions’>**We note that non-
linearity has been effectively eliminated; furthermore, for

perfect initial energy localization in the donor molecutg (  pair is embedded in a long chain of linear oscillators coupled
=0 andpy=1) and under the conditiore= x we have per- through a nearest-neighbor coupling constanfhe initial
fect resonance determined through the equation condition;(0)=1 (donor sité¢ and;(0)=0 fori#1 is the

" 27 precise resonant condition for targeted transfer from the do-

P+L(2M)Ip=0. (25 nor to the acceptasite 2. Indeed, such transfer occurs very
This precise resonance in the DNLS TET is linked to theefficiently, but subsequently, as a result of the interaction
equation normalization that may be taken unity, viz;|>  with the rest of the chain, most energy remains localized on
+|4,|?=1. Considering the nonlinear TET dimer as an ef-the acceptor site without returning to the original site. The
fective tight-binding dimer, we find that theffective local presence thus of the ensemble of alternative sites introduces
energies of the latter, viz., e‘i“z —x|y? and egff: —x dephasing and, as a result, reversibility in the transfer.
+xleP=—xX1- |l ]=—x|yn/> are equal at all times There are numerous cases in biological materials where
thereby allowing permanent resonance with perfect, reversenergy transfer occurs over several lattice sites in a seem-
ible transfer. We find that by starting from the initial state ingly coherent fashion. To test whether the TET could func-
state1(0)=1, ,(0)=0, the energy oscillates between do- tion over longer distances we embed a resonant nonlinear
nor and acceptor with the largest possible frequencyAz- pair in a lattice of coupled linear oscillators but separate the
ter time T=a/(2\), the energy is completely transferred nonlinear donor from the acceptor throughintermediate
from the donor to the acceptor site while in the end of thesites. We note that no special care was taken here in deriving
next half period the energy returns fully to the donor oscil-a precise modified resonance TET condition in the presence
lator. A departure from the exact targeting condition, eitherof the new states; as a result we do not expect perfect reso-
through “errors” in the initial conditions or the precise TET nant transfer.
constraints leads to transfer with reduced efficiency, i.e., the  The results of this experiment are presented in Fig. 8,
oscillation period becomes much larger while less transfer isvhere we observe energy propagation through Kheite
actually taking place. The proximity to the nonlinear reso-intermediate segment and intermittent capture by the accep-
nance is controlled by a detuning functith. tor site with transfer efficiency around 30%, depending on

In a real physical or biological system the donor—N, N\ and the initial state. We note that in a perfectly linear
acceptor pair will be interacting with additional degrees ofsystem the corresponding transfer would be practically zero
freedom. A direct consequence of this interaction is that thexcept for a transient.
targeted transfer acquires unidirectional character. While the Under the TET resonance condition coherent energy
exact resonance condition is kept, most donor energy ifransfer can take place between donor and acceptor sites of a
transferred completely to the acceptor; however, as a resuttonlinear network. This targeted transfer is periodic in a
of the environmental interactions, the resonant condition islimer system but becomes unidirectional when environmen-
broken, making it impossible for a complete energy return tdal interactions are taken into account, as in the case of Fig.
the donor site. As a result, true targeting occurs allowing for8. Under appropriate conditions it can take place over larger
complete nonrecurrent energy transfer. The situation depictedistances, leading to the possibility of use in bioenergetics
in Fig. 7 represents such a case whereby the donor—acceptand materials science. In Figs. 9 and 10 we show two cases
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160 200 300 400 600 700 FIG. 10. Amplitude density plot for a donor—acceptor system separated by
time nine intermediate linear oscillators as a function of time. Energy is injected

initially so that the resonance condition is fulfilled. We use 0.2; partial
FIG. 8. A resonant donor—acceptor pair embedded in a linear oscillatotargeted energy transport is occurring.

chain and separated lHy=28 linear oscillators having the same linear po-

tential as the acceptor site. The value £ 0.125 and the amplitude is

“mea:izedéo unity. We P'Ot: the amP"tUdWiLz_ at the”don‘)fl?“g a?CeIPtOF eting effect. Noise, for instance, can provide an adequate
italy &t the conor ste. We observe substantal transfer n the 3J§e§f,?t§§§”'smat9h in order to render the energy transfer completely
while some intermittency is present due to the exact Hamiltonian nature offfe€versible while the transfer might not be affected substan-
the system. In the linear or fully nonlinear cases the transfer over ten sites itially by static disorder. The interaction with additional de-
a chain with over 1®oscillators would be practically zero. grees of freedom Ieading to polaronic or other effects can

have also an effect in the transfer.

of TET transfer over longer distances; while no special car
was taken in modifying appropriately the TET conditidhy
taking the intermediate oscillators into account, we see that We close the selected summary of DB properties that we
selectivity between the separated D—A pairs is evident.  presented by departing from specific nonlinear models and
This feature could have resulted through an adaptiveliscuss some less precise and more tentative ideas that are
evolutionary process in some biologically interesting casesnotivated, however, from the very nature of DB'’s as well as
but could also be used for the design of complex materialgur interest to search for physical and especially biological
with prescribed energy transfer properties. What is importantealms for their utility. One difference that we observe be-
for targeted transfer is the tuning of nonlinearity and thetween processes in physics and in biology is that the latter
initial conditions of different, distant oscillators. Several fac- have evolved through competition and, as a result, ordinary
tors that have not considered explicitly yet, such as noiseminimization principles might be too simple to capture their
disorder and nonlinearity of the environmental degrees otomplexity. Furthermore, the complex nature of the typically
freedom, might in some cases, enhance the long-distance tanesoscopic phenomena involved do not seem to permit the
usual physics reductionist approach according to which an
explanation and understanding is available at smaller length
scales. One would be tempted to say that perhaps “laws”
with the usual connotation we give to the word in physics are
not as important in molecularly based biology as are
“mechanisms.” We view a biological mechanism as a com-
plex sequence of events involving chemical, configurational,
energetic, entropic, etc., changes that are linked together and
accomplish a certain function; the latter was developed in
various biosystems in the course of evolution and contributes
to organism fitness. An interesting example of such a mecha-
nism is provided by protein motility. Motor proteins are na-
nomachines that rectify chemical energy from ATP hydroly-
sis into mechanical translational energy, enabling them to
move along microtubules. Kinesin, a typical example of such
proteins, has a dimeric structure with head extent approxi-

mately 4 nm and moves along microtubules with step size
FIG. 9. Amplitude density plot for a donor—acceptor system separated b

G tude . : ; paral ne a-B tubulin dimer equal to 8 nf’"*In the process of
nine intermediate linear oscillators as a function of time. Energy is injecte B " . . .
initially so that the resonance condition is fulfilled. We use 0.1; partial its “walk” on the microtubule, kinesin consumes one ATP

targeted energy transport is occurring. molecule per eight nanometer step. If we were to reduce the
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