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Spatiotemporal dynamics of optical molecular motors
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The spatiotemporal dynamics of optical molecular motors is simulated on the basis of a spatially resolved
model. A spatially dependent Fokker-Planck model for the molecular motors is linked with Maxwell's wave
equation describing the external excitation via a spatially inhomogeneous light field. Simulations show that
strong diffusion of the embedding fluent leads to increased motor dynamics while in inhomogeneous en-
sembles motor clustering may occur. Spatially inhomogeneous optical excitation may provide a means of
movement control of the molecular motors.
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[. INTRODUCTION model descriptions are based on a numerical integration of a
set of Fokker-Planck equation%2,31. There, the nonequi-
Recent investigations in the biosciences that involve, e.glibrium rectifying processes that can induce macroscopic
single-molecule nanomanipulation of biomolecylés have  motion of a particle can be introduced as fluctuating forces,
revealed a large variety of fascinating effects. One of thesfluctuating potentials, and particle fluctuations between states
phenomena is the existence of “microscopic engines”—[12]. The transition rates for particles between the respective
highly specialized functional unitémacromoleculgsthat  energies are thereby integrated using a detailed balance ap-
can consume energy to induce motion and to generate forcesroach[32]. Discrete theories, on the other hand, describe
Depending on their specific dynamics and function these mothe motors as rigid particles. They are often analytically solv-
lecular motors or motor proteins may be classified as lineaable but the introduction of an external force is difficult to
and rotary motor§2—4]. Supplying energy to linear molecu- handle[32]. The compatibility of discrete and continuous
lar motors produces movement along a filamentous structurenodels has been investigated in Ref82,33. Single-
Examples for linear molecular motors are the movement oparticle Brownian motor mode[41,34] and coupled-particle
myosin along an actin filamefb,6], kinesin[7] and dynein  models[35—-38 were used to study noise-induced motion as
[8] along a microtubule, and RNA polymerase along DNAwell as the interaction of elastically coupled particles. The
[9]. Typically the filaments are formed by a polymerization influence of collective effects has been considered and ana-
process from identicalasymmetri¢ monomers leading to a lyzed in various descriptiond.2,20,37,39—4[L Furthermore,
polar regular and periodic structure. The motor molecule camhe interplay of the biochemical cycle and the conforma-
attach to a protein filament which then serves as a track fotional state could be included in theoretical stud&3|. The
its motion. The interaction of the motors with the filament different conformations have been simulated by introducing
can be described by potentials that reflect the periodic strudnternal states for the motor30,42. We note that one
ture along the filament surface. In the presence of an energhereby typically introduces an average density of particles
source(e.g., adenosine triphosphate, ATthe motor may on the expense of disregarding the explicit influence of and
then move in a direction defined by the polarity of the track.dependence on the spatial extension of the system.
The complex dynamics of molecular motors therefore covers Next to the mechanicochemical coupling within a motor
many length and time scales. A motor that is bound to a&ensemble it is, in particular, the interaction with an external
filament can—after consumption of a fuel molecule—moveenergy sourcge.g., electromagnetic waveshat plays an
in steps of the order of several nanometers. Making about enportant role in the function of molecular motors. In fact,
hundred such steps in its bound state the motor typicallynany experimental techniquéuorescence microscopy, op-
covers a walking distance that is of the order of micrometerstical tweezers, etg.directly exploit the fact that light exerts
On larger length scales the motor undergoes random walk®rce on matter. It is thus of fundamental interest to analyze
which consist of alternating sequences of bound and unthe fundamental interactions between light and molecules.
bound motor states, i.e., of directed walks along the filamentSo far, only few theoretical studies have been established
and nondirected diffusion in the sourrounding medi{ey.,  that describe the interaction of light with living matter: Scat-
an aequeous solutipn tering functiong43] have been derived to simulate the inter-
Various physical modelgl0—26 have been suggested to action between spatially inhomogeneous biological media
describe this fascinating generation of force and motion byand light. The spectral methgd4] uses a Fourier expansion
molecular motors. These models may be grouped in continwsf the field amplitude. This method has successfully been
ous [12,27,2§ and discrete[29,30 models. Continuous applied to describe the optical properties of tissues and indi-
vidual cells. The scattering of light by blood cells as well as
the resulting near and far fields have been simulated utilizing
*Electronic address: E.Gehrig@surrey.ac.uk the T-matrix theory[45]. In the discrete-dipole approxima-
TElectronic address: O.Hess@surrey.ac.uk tion [46], a particle is divided into subvolumes that are as-
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sumed to behave as dipoles. As an alternative to the waveemble of molecular motors interacting with filaments in a
description of light, the Boltzmann transport equation or thespatially inhomogeneous biological medium. Aiming at de-
time-dependent standard diffusion equatipdi7—49 has  scribing linear biological motor proteins that move along a
been used. The propagation and scattering of light in tissunear filament, we consider a model system of processive
could be analyzed at the cellular level by approximating thenotor molecules characterized by a sawtooth potential for
cells with monosized homogeneous sphé¢B£s. In contrast, the ground and the excited state, respectively. The dynamics
the finite-difference time-domain approafi] has the ad- Of these motors is then determined by the currents resulting
vantage of allowing the consideration of inhomogeneous obffom the space-dependent potentials, by a spatially varying

jects of arbitrary shape and index distribution. This methodEXcitation of motors from the lower to the upper statich

which is based on a direct integration of Maxwell's equationsVe @SSume to occur via spatially inhomogeneous external

has been applied to cellular-scattering probl¢B&53. The iII_umination) as V\.'e” as l.)y spatiotemp(_)ral fluctuat_ions. By
total size of the model system, however, is limited by Com_dlrect numerical integration of the partial differential equa-

; . . . . : tions of motion the model allows a very natural and straight-
putational considerations since the grid spacing must be

fraction of the wavelenath to quarant el rward representation of spatial inhomogenieties in the en-
. hgth o guarantee converg i semble of molecular motors as well as the spatiotemporally
Next to the investigation and interpretation of biomol-

) ) - ) varying nonequilibrium dynamics and interaction of bound
ecules, there is a growing number of artifically designed MOYi e, attached to, e.g., a filamgrand free(i.e., diffusive

lecular motorg55—57] suggesting that the physics of these yotion in surrounding flueitmolecular motors.
systems is relevant for microtechnical and nanotechnical de-

vices. First theoretical approachigs8—61] to synthetic sys-
tems motors(e.g., molecular propellers, brakes, switches, [l. THEORETICAL DESCRIPTION

shuttles include an external chemical, electrochemical, or | o light of the optically excited molecular motor re-

photochemicgl _stimulus that induce_s a switching process Oéently demonstrated in Ref62] we here construct a model
movement within the molecule or triggers a change in shapgystem consisting of parallel filaments and linear motors sub-
or assembly of molecules. o ject to illumination with a coherent light field. In essence, the
The work we present here was inspired by recent experimodel combines equations of motion for the particles with a
mental demonstrations of a molecular motor system thagpatially dependent set of parameters describing the biologi-
could be controlled by optical illuminatiof62]. It could be  cal medium, its interaction with the environment and, in par-
shown that light-induced conformational changes allowedicular, spatiotemporal fluctuations. A characteristic param-
via an optomechanical cycle the construction of chiral opti-eter set thus includes the density and distribution of the
cal (chiroptica) molecular switche$63] and the first light-  particles in the medium, molecular propertiesg., potential
driven molecular motof62]. A second energy source—in shapes, diffusion constaptsspatially dependent optical
addition to the difference of the chemical potentials of fuelproperties(e.g., sensitivity to illumination, transition rajes
and products in the ATP hydrolysis—may thus be repre-and the interactions between the particleg., between at-
sented by an applied light field that changes the internalached motors and their neighbors on the filament or between
states and/or transition rates, leading to a “light-driven” mo- particles of different typeor between molecular motors and
tor system. The spatiotemporal dynamics of this motor systheir environmente.g., a fluentwith characteristic interac-
tem will then be determined by the spatially varying light- tion times. The resulting equations that model the spatiotem-
matter coupling, dynamic excitation and relaxation of theporal dynamics of the optical molecular motors thus describe
particles, as well as a characteristionlineaj response of spatially varying particle densities and the dynamic coupling
the particles to the light field. Depending on a particularof those to the light-field, particle-to-particle scattering, spa-
excitation configuration one might even think of a spatialtially varying particle properties, as well as the interaction
optical grating[64] designed by e.g., crossedbeams for thewith the embedding material. The spatially dependent light
selective excitation or guiding of a molecular ensemble.  field dynamics is simulated on the basis of Maxwell's wave
Up to now, many spatiotemporal effects that are involvedequation and includes diffraction, the spatiotemporal cou-
in real molecular motor systems still are not fully under-pling to the medium, as well as spatiotemporal light-field
stood: How strongly does the local state of a molecular mofluctuations.
tor (characterized, e.g., by its individual diffusion process or With all generality in the theory, we will later focus on a
internal energetic statenfluence the dynamics of its mo- specific model system that consists of molecular motors
lecular neighbors? And to what extent do spatial fluctuationsnoving along parallel filamentavidth w=25 nm, filament
in molecular properties as well as spatial diffusion andseparations=100 nm) in an embedding mediufsee Fig.
transport—resulting in characteristic spatial distributions and.(a)]. Motors may either be attached to the filaments or move
molecular densities of detached and attached motors—affeéteely in the surrounding fluent. Our spatial resolution
the function and properties of a motor system? thereby allows, in principle, an inclusion of spatially varying
To lay the basis for an analysis of this spatiotemporalgeometrical parameters with fluctuatioms and ds. In the
dynamics occurring on a mesoscopic scale, we propose t®xample we assume the filaments to be fixed but the inclu-
extend the existing model descriptions with respect to a dision of a diffusive motion of the filaments is straightforward.
rect consideration of the spatial and temporal degrees of freén order to keep the description simple and to focus on ge-
dom. We consider the spatiotemporal dynamics of an enneric properties, we do not include microscopic structural
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with currentj;, transition rates for “in scattering[ «;;(r) ]

and “out scattering” «;j(r)] and attachment as well as de-
tachment rated’.;(r) andI';.., respectively. Thereby, the
rates may have any time and space dependence. We thus do
not have to restrict ourselves to, e.g.$-ahaped detachment
rate near the maxima of the potential: the full spatial and
temporal dependence can be taken into account via the spa-
tial and temporal integrations. The currenfsrepresenting

the source terms in Eq@1) result from diffusion, interaction
with the filament, and the action of a possible external force
F. They are defined by

excitation

relaxation

FIG. 1. (@ Scheme of the molecular model system: The spa-ji(rt) == ui(N{K, TV p;(r,t) +[VV;(r,t) = F(r,t) ]p;(r,t)}
tially distributed motors are attached to the filamémtre, parallel
to each otheror move freely in the surrounding mediufe.g., .
fluent. The irows indicate thye diffusive motion ingthe envi(:)gment Vi(r.)= % V"SIt + dm) + OVi(1,1). )
(line) and the interaction between attached and free motors as well
as between motors from neighboring filaments via dynamic detachin Eq. (2) u; is the particle mobility. In most model descrip-
ment and attachmentb) The states of the mOtOl(ﬁere, tWO are tions the potentia| Shape&(r,t) are considered as “idea|"’
simulated with(shifted potential shape¥/; with a characteristic j e with constant periodicity and identical energetic shift
periodicity L and a fluctuationsV. According to the potential the patween the potential energy of the sublevels characterizing
drift currents drive the motors into the respectlve.potgntlal mlpl-the motor ensemble. Furthermore, the transition and detach-
gf? li_rom therel the motor mﬁlecule_s rg?y ble e;:cntedhm a particUpant rates usually are localized in a region of particular size

spatiospectral regime into the excited level where they continug - minimum values elsewhere. We note that we keep our
their downhill movement to the next potential minimum of the cor- . - -
responding high-energy state. spanotempora]ly re_solved descnpyon as general as possible

here and explicitly include a spatial dependence of the po-
tential shape and the transition rates. In our simulations,

details of the biological motor proteins but consider the bio-however, we later will approximate the potentials using a
chemical cycle and the conformational state to be interdesum of sin functions with spatially dependent amplitudes.
pendenf11,28. This separation of time scalg$2] is justi-  The spatial variation is included via a space-dependent fluc-
fied by the fact that the various microscopic degreeduation terméV,(r,t) that we simulate with a Gaussian dis-
characterizing the motor proteins relax on time scales shortdribution. We further would like to note that in principle any
than the typical relevant time scales for the chemical cycle arbitrary potential shapéot necessarily a sawtooth shape

In our theory the motor system is represented by particl@nd any perturbatioiarbitrary function of space and time,
densities which can be in one bfinternal stategrepresent-  €.9-, specific local excitationgan be included and analyzed
ing, e.g., the steps of the chemical cydi@0—12,14,28 for ~ With respect to its influence on the motor dynamics. For sim-
example, a ground state and an excited dis¢e Fig. 1L We  Plicity, however, we will consider in the following a two-
use a spatially dependent Fokker-Planck description and id€Ve! system, 1.e., assume tpat the motors may be either in a
troduce distribution functions for the probability to find a 'OWer “ground,” or “excited” level.

motor of a particle ensemble at tinbén statei at positionr | WA :nottotr, Wh'fh 'r)‘('taif[l%";? 'nﬂ? pﬁiter?t'fl T'tn'mvvﬁq rOf ti?%if
in the two-dimensional space representing the filament er‘*‘-O er state, gets excite 0 the igher state, where | -

S : uses. It then undergoes nondirected diffusive motion in the
semble. For each stafe the particle is subject to a polar

. ) . surrounding aqueous solution until it encounters the same or
periodic pontentiaV;(r,t) of average period.. The motors gaq

) . another filament to which it can rebind and continue its di-
dynamically detach from and attach to the filaments. Th&q e walk. The diffusion of free motors is described by
transition ratesg;; (r) are spatially dependent; they are influ-
enced by, e.g., ATP concentratip@5] or external illumina- 5 )
tion. The detachment will be represented with spatially and; P=(rt) = _VJoc‘LZ Fim(r)pi(r,t)—Z Pei(r)pi(r,t),
temporally dependent detachment rates that may depend on
the spatially varying potential sh_ap_e as well as on a spatially joo= — (D[ KTV Po(r,1) = F(r 1) po(r, )] 3
dependent external force. The distribution of attached motors
(in statei) is then given by the following evolution equa- Next to the force induced by the conformational changes,
tions: additional forces induced by light illumination may act on
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E(r,t)=J dwé(w). (4)

The wave equation for the description of the light-field dy-
namics explicitly takes into account the propagation and dif-
fraction (D) of the coherent light signal in the medium as
well as the dynamic interaction via a spatiospectral coupling
to the mediun{including the modification of the signal in-
duced by the mediumg(r,t)]. We thereby assume a
frequency-dependent light-induced variation of the intralevel
transition rates;;(r,t) which we approximate with a
Lorentzian line shape function. In our model system we
chose the dependence of these rates on the molecular poten-
tial such that they complement the movement of the motors
induced by the drift currents. According to their potential
dependence the drift currents lead to an accumulation of mo-

FIG. 2. Snapshot$(a,0, 5 ms, (b,d), 40 mg] of the spatial  tors in the potential minima. We consequently chose the tran-
motor distribution with a diffusion constant in the fluent @f,b sition rate from the ground to the excited level to be maxi-
D{'**=5D$"**"*and (c,d) D{"**=50D7"""*, mum in the potential mimima of the potential of the low-

energy(ground state of the motor. The transition rate from
our model system. They can be included via two ways: Firstihe excited level to the ground level is set to the minimum of
a light field may shift the potential of a particular molecular the potential of the excited state%(r,t) represents the un-
state. This would lead to changes in the spatially dependenerturbed transition rates as given by the chemomechanical
potential. Second, light may alter the transition rates betweenycle of the systemi65]. All parameters and properties may
the various sublevels of the system. In principle, these tranbe space- and time-dependent allowing for a self-consistent
sition rates can be derived from standard chemical kineticgclusion of spatiotemporal fluctuations.
given by, e.g., the ADP/ATP reaction. More generally the The spatiotemporal dynamics of the motor molecules is
transition rates may by perturbed by any means, for exampleharacterized by various regimes: First, the motors move
in the case of artificially constructed systems by photonalong the filament with a typical walking distance of a few
fluxes, which may induce state changes provided an appranicrons[66—68. On larger time scales, the motors then un-
priate frequency range were chosen. Depending on energetitergo random walks which consist of alternating sequences
bandwidth and intensity the excitation may induce a transfeof bound and unbound motor states, i.e., of directed walks
of motors that have accumulated in the potential minimaalong the filaments and nondirected diffusion in the environ-
characterizing a molecular state into an excited state ofment (e.g., an aqueous solutipnThe character of the di-
higher energy. In combination with the resulting molecularrected and diffusive motion, the progressivity and efficiency
“relaxation” of motors from the potential minimum of the of the operation of molecular motors thereby depend on
higher state into the low-energy state, this may then—many parameters. There are, in particular, geometrical pa-
depending on the characteristic time scales for detachmenameterddistribution of filament and motoyrsmotor proper-
and attachment—increase the forward movement of the mdies (potential shapes, diffusion times, tranistion ratexci-
tors (see Fig. 2 tation conditions, and spatiotemporal fluctuations.

External excitation via a light field can be considered with  The explicit consideration of the various spatial and tem-
wave equations describing the spatially dependent illuminaporal degrees of freedom allows the simulation of spatiotem-
tion and light propagation. The dynamics of the light fieldsporal diffusion, the dynamic coupling between motors and
can be calculated within the frame of Maxwell's wave equa-environment and between motors of neighboring filaments,
tion: as well as the coupling between the motor ensemble and an

external excitation process. In particular, the space- and
nd 1 time—dgpendent_ equations allow the _self—consistent inclusion
.l —E(r,t)=iD ,V2E(r,t)— _j dwa(r,t)&(w) of spatially varying molecular properties and inhomogenious
c dt P 2} motor distributions. In the following we discuss numerical
results that illustrate the model.

(@) (b)
(©) (d)

+ Einject(r ,t),
Il. SPATIOTEMPORAL DYNAMICS

a(r,t)= —Z [ ki (r,O)p;(r,t) — ;i (r,O)pi(r,t) ], As an example we simulate the dynamics of the motor-
h filament system shown in Fig.(d. The molecular motors
move along filament$with potential period 8 nmwhich in
> our model system are assumed to be arranged in parallel to
S(r=x0rt y—g N each other in the embedding medium. Motors may either be
Klj(r! ) K (rv ) 2 2 ((1)”), . . .
wjj—wg) Tty attached to the filaments or move freely in the surrounding
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fluent. The bound motors may be either in the ground or the The snapshots show that the value of the diffusion in the
excited state. Thereby we assume the sawtooth potential éiient strongly affects the spatiotemporal dynamics of the
the excited level to be shifted by half a period length withsystem. If the diffusion constant of the free motors is small,
respect to the ground state. We will discuss the followingthe motor molecules move only over small distantesm-
three scenariosta) “diffusive motors™: influence of diffu-  pared to the period length of the potentia the embedding
sion on motor dynamics(b) “fluctuating motors”™ motor  medium until they reattach to the filaments. As a conse-
ensembles with spatially varying motor molecul®, “ex-  quence, the motors may then after reattachment find them-
cited motors™ influence of a space-dependent optical excisgyes in the same potential period. If, on the other hand, the
tation on motor dynamics. Thereby, typical transition rateSsmpedding fluent is characterized by a higher diffusive con-
are taken from the literaturi28,32,42,65,6P stant, the free motors can pass a longer distdnempared
to the period length of the potentjaintil they are bound to
A. Diffusive molecular motors: The influence of diffusion a filament. As a consequence, a significant fraction of the
on the motor dynamics “free” motors then falls into the next potential period where
they are again transported by the currents towards the corre-

The diffusion of motor molecules in a filament system issponding potential minimum. As can be seen in Fig) 2an
determined by both, the diffusion coefficient of the mmors%ncreased diffusive motion in the environment may not only
that are attached to a filament and the diffusion coefficien T p
characterizing the environment. In addition to this direct de crease the motor velocity in the *preferrede.g., from

pendence on parameters, an indirect influence is given by th%Ottom fo top propagation direction but also induce—via the

density of molecular motors and the geometry of the systerﬁgnggg t?]it\sN?ee; d k;gu:(l a{;?alffg;gcéﬁf_g tbhaecmatg: :jr:g
under consideratiofte.g., width and lateral distance of the P 9

filaments. For a normal aqueous solution, the unbound dif—t”buuon' However, applying an external foréeto the sys-

fusion coefficient is much larger than the bound state diffu-tem the backward motion may be suppressed and the

. - o i effectivity of the overall ratched effect induced by the asym-
sion coefficients. For example, the diffusion coefficient for : - . ; .
kinesin in the bound state is of the order of £0....5 metric periodic potential may be increased. In addition to the

%102 umPs L [42]. The diffusion coefficient in the sur- ongitudinal dynamics(i.e., along the filaments the in-
. creased diffusion of free motors leads—via the dynamic at-

rounding medium is given by the classical Stokes-Einstei ; ) . o
relation[42] and depends on the thermal energy, on the d r_{achment and detachment to a coupling of neighboring fila

namic viscosity of the solution, and on the effective hydro-ments and _conseqL_lentIy toa spat_iotemporal tra_ngf_er of motor
: : ' ! . molecules into regions left and right from the initial motor

dynamic radius of the motor particle. Typical values are yictibution

2.4-24um?s 1. The transition rates between upper and '

lower levels of the motors are chosen sufficiently high to

induce a transition between the two motor states. The motors

that have—due to the drift current—accumulated near the

potential minima of, e.g., the ground state can thus be trans- Next, we consider a motor ensemble with spatially vary-

fered to the excited state where they continue their propagdng molecular properties. In the model such spatial inhomo-

tion. The parametel” of the transition rates is chosen such geneities are taken into account via space-dependent param-

that the optical excitation occurring in direction of the poten-eters of the height and periodicity of the potentié\f). We

tial variation has a spatial extensione0.25< L (whereL is  assume a Gaussian distributidrere, with a variance of 8%

the potential period The attachment and detachment ratesWe would like to note that, in principle, every parameter can

B. Fluctuating motors: Spatially inhomogeneous
motor ensembles

were constant. be varied and analyzed with respect to its influence on the
Figure 2 shows snapshots of a model motor system with gpatiotemporal dynamics individually.
diffusion constant of X 10 3 nn?s™! of bound(i.e., mov- The influence of the parameter fluctuations on the dynam-

ing along the filamenjamotors. The diffusion constant of the ics of the system becomes directly apparent in the snapshots
free(i.e., moving in the embedding flugnhotors was set to  of the motor distribution. In the calculation the densities of
5x10 2 um?s ! [Figs. 2a,b] and 50<10 3 um?s !  free and bound motors were again initialized with an ideal
[Figs. 4c,d)], respectively. The snapshots were taken after funiform distribution. Figures @)—3(c) show results of a nu-

ms (a,0 and 40 ms(b,d). They show the sum of attached merical simulation for a motor ensemble with 8% fluctuation
motors in ground and excited levels. In the start of the calin the potential parameters. The time between successive
culation the motors were assumed to be homogeneously diglots is 10 ms. As can been seen from Fig. 3, a spatial varia-
tributed in a circular area in the center of the filament systemtion of the molecular properties may significantly change the
with equal density of bound and free motors. Immediatelybehavior of the system: In the motor ensemble with spatially
after the start of the calculation the periodic potential leads—nhomogeneous potential parameters locations near high po-
via the drift currentdEq. (2)]—to an accumulation of the tential steps lead to a spatial accumulation of motors. Low
motors in the respective potential mininikigs. 4a) and  potential steps, on the other hand, increase the “one-way”
2(c)]. With increasing time the dynamic detachment and repropagation of the motors. The spatially inhomogeneous po-
attachment of the motors in combination with motor diffu- tential parameters lead to a space-dependent height and
sion leads to a characteristic irregular molecular distributiorlength of the potential step and—via E()—to a corre-
[Fig. 2d)]. sponding variation in the drift currents. With increasing time,
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a) a)
b) b)
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FIG. 3. Snapshot of the spatial motor distribution with spatially  FIG. 4. Spatially dependent excitation of a motor ensemble by
varying molecular propertieffluctuation amplitude of 8%). The an adjusted coherent light field.
time between successive plots is 10 ms.

lated with the line shape function in EGA1)]. In our model
regions near high potential steps lead to a spatial accumulérlr—]e cgherent light injection leadgn t.he area of maximum
tion of motors. Low potential steps, on the other hand, in_couplmg at center qf the bearto an increase of a factor of
crease the propagation of the motors. As a consequence, t eOf the ratex,, Fhat induces a spatially and temporally vary-
spatially varying height and periodicity of the potential lead'"Y a{symmetry in the ratgs. The value of the width of the !'T‘e
to strongly irregular distributions and to the formation of functlpn thereby determlngs the sha}rpngss of the t.ransmon.
spatiotemporal “molecular clusters” that can be seen in!" a_ﬂrst situation we consider the_ situation O.f Ioc_ahzed ex
Fig. 3. citation: In this example, the opt|ca_l excitation mduces_ a
switch between the ground and excited states; motors in a
region (with a spatial extension 0£0.29.) close to the
potential minima of the ground state are transferred to the
excited level and vice versa.

In the following we assume that the illumination with a  Figure 4 showsgin a time window of 60 mssnapshots of
coherent optical light field changes the intralevel transitionthe spatial distribution of molecular motors within the opti-
rates between the lower and the upper level of the motorgally excited ensemble. The distribution was initially local-
Depending on the frequency and energy of the light this efized in the center of the medium. The dynamic interaction
fect may occur within a particular energetic interyasimu-  between the particle ensemble and the light fields propagat-

C. Excited molecular motors: The influence
of optical excitation
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FIG. 5. Transition ratega,b) and drift currents(c,d) for the
ground-state motors in the ground level,9 and in the excited
level (b,d).

ing in the system leads to complex spatiotemporally varying
light-matter interactions. The spatially dependent optical ex-
citation (in the example: Gaussian shaped light beam, in-
jected from the top in the center of the molecular pnobe
increases the probability for a transition from the potential
minimum of the ground state to the excited state level. After
propagating to the next potential minimum of the excited
state the motors are again transferred to the low-energy state. (c)
According to the shape of the potentigtee Fig. 1b)], the
“relaxed” motors may then find themselves in the potential
period next to the one they started from. The selective exci-
tation consequently transfers motors that have due to the drift
current accumulated in the potential minimum of the ground
state—via the excited state—to the next potential period. As
can be seen in Fig. 4, this finally results in an increased
motor movement. Although the calculations have been per-
formed for an artificial systenfassuming, e.g., the light-
induced increase of a factor of 2 of the transition ratasy
may be applied to any “real molecular system.” The transi-
tion rates not only change the distribution of the molecular
motors but—due to their dependence on the motor FiG. 6. Spatially dependent excitation of a motor ensemble by a
densities—also the spatiotemporal distribution of the driftoroadband coherent light field.

currents. For a visualization of this indirect mutual influence,

Fig. 5 displays for the situation of Fig. 4 temporal snapshot£omparison of the transition rate differeri€égs. 5a,b] and

of the transition rate differenceA ;= «;;(r,t)p;(r,t) the current distribution§Figs. Sc,d)] demonstrates that the
—kji(r,t)pi(r,t) (a,b and drift currents(c,d) of motors in transition rate difference is high where the currents are low
the ground level, i.ei,=1,j=2, (a,0 and excited level, i.e., and vice versa. The spatially localized transition rates conse-
i=2j=1 (b,d. All distributions are characterized by se- quently bridge the regions of negative currents given by the
guences of minima and maxima whose separation correpotential steps. As a result, a significant fraction of the mo-
sponds to the periodicity of the potential. The distributions oflecular motors gets over the potential steps leading to an
the excited levels show maxima where the distributions ofncreased forward propagation of the motors.

the ground levels are minimum and vice versa— As a second example we consider a “broadband” excita-
corresponding to the definitions of the potentials and to theion, i.e., the parametel’ is chosen such that all motors
definitions of drift currents and transition rates. Due to theexperience the same excitation—independent of their posi-
spatiotemporally varying motor distributiondx; is not tion with respect to the potential shape. The results are dis-
equal to—A«,. The shape and sign of current distributions played in Fig. 6. The homogeneous excitation induces a
depend on shape and periodicity of the potentials. In particutransfer between the motor states—independent of their po-
lar, the rising parts of the potential lead to negative currentsition relative to potential minima and maxima. As a conse-
whereas the decrease of the potential determines the regiogsence, the transition rates do not “bridge the gaps” defined
of positive drift currentgsee also Fig. (b)]. Furthermore, a by the current minima as efficiently as in the situation of Fig.
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system may principally allow the investigation and compara-
tive analysis of real molecular motor systems.

For future investigations we plan to analyze the influence
of spatial fluctuations in molecular propertiésg., particle
size and spatial positioningand interaction strengths be-
tween the individual components on the spatiotemporal be-
havior of the system. This includes, e.g., the application of
different noise and statistical functions for the individual pa-
rameters and the comparative analysis of their influence on
the spatiotemporal behavior of the system.

(a)

APPENDIX

The numerical integration of the equations of motian
and(3) requires a simultaneous consideration of various time
and length scales. This can be done on the basis of a finite

FIG. 7. Transition ratega,b) and drift currents(c,d for the  difference method. Using the Hopscotfr0] method as a
ground-state motors immediately after the start of the calculatiogeneral scheme, the operators in the system of equations are
(a,0 and after 20 mgb,d). discretized by the Lax-Wendroff71] scheme. In the Lax-
Wendroff scheme for finite-difference equations, thg

4. In combination with the dynamic interaction betweenPlane is divided into a grid with regular mesh sixeAy.
bound and free motors this leads to a spatiotemporal broad=Very variable is then represented by its values at the dis-
ening of the motor distribution. This effect can be furtherCrété set of pointsq, yn, wherel=0,1,... N, and m
analyzed with temporal snapshots of the transition rate dif=0.1, ... Ny. In the following, we will denote the discrete
ference and drift currents. These distributions € the  SPace dependence by subscriptdg the propagation direc-
ground-state leveldisplayed in Fig. 7 immediately after the tion of the motors while the integration in discrete time in-
start of the calculatioria,d and after 20 mgb,d). Immedi-  tervalsAt is represented as superscripts, e.gy,.{). After
ately after the start of the simulati¢Rigs. 7a,0] the spatial ~ insertion of the expression for the currdiig. (2)] into the
distribution of Ak, [Fig. 7(a)] is—via its dependence on the Fokker-Planck equations for the motor moleculgsys. (1)
motor density—rather uniform and reflects the regular accuand (3)], the equations of motion can be written in the fol-
mulation of the motors as defined by the potential and théowing form:
drift currentg Fig. 7(c)]. With increasing time, howeveA «,

[Fig. 7(b)] and the drift current$Fig. 7(d)] change into ir-

g . : ; e d 7 9? d
regular distributions with strong spatial fluctuations. It is this —=a—+b—+c_—+d|p+te, (A1)
nonequilibrium excitation and relaxation dynamics that is re- gt ox Iy X
sponsible for the spatiotemporal motor distribution shown in
Fig. 6. where the coefficientée.g., for the bound motorsare given

by a:b:Mika, C=,ui(VVi—F), d:_riw_qutiKij,
IV. CONCLUSION and e=T;p..+3;.ix;ip;, respectively. Discretization of

We have discussed the spatiotemporal dynamics of inhot_he operators leads to axplicit finite-difference equation

mogeneous molecular motor systems. A theoretical model
has been set up that considers the interaction and couplingof1 ..~ =~ N N N
bound and free motors, their selective optical excitation, and x7 (Plm —Pim) =855 (Pl 1m™2Pi,m+ Pi-1m)
spatiotemporally varying molecular properties. It may repre-
sent a basis for a fundamental analysis of fluctuations, influ- ‘b n op" 4 ph
ence of external forces, collective behavior, and control on a m(plﬂm_ Pim*Pi-1m)
mesoscopic level.

Early results on the simulation of spatially inhomoge- n n n
neous optical molecular motors reveal the dependence of the +Cm(p'+lvm_ Pi-am) +dpmte.
system behavior on particle distribution, diffusive behavior,
and spatiotemporal optical excitation. These results cannot (A2)
give more than a first indication of possible simulations of
real molecular systems. However, we are convinced that itn Eq. (A2), the (unknown) value of p with index m at the
particular the spatial and temporal resolutions of the modetime stepn+ 1 is explicitly related to théknown) values of
description as well as the explicit inclusion of spatial fluc- p at the time stem. Next to the explicit form, we can relate
tuations in molecular propertié€s.g., particle size and spatial the temporal change of the value pfwith index m to the
positioning, noise and interaction strengths between the incorresponding values at the time step-1 leading to the
dividual components on the spatiotemporal behavior of thémplicit finite-difference equation
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1 i1 o\ 1 hi1 . ne1 calculation the \_/alues of the \_/a_rigbles at even points are in-
A_t(p"m ~Pim)= am(m +im~ 2Pim T Pi-im tegrated according to the explicit integration scheé2) for
one time stepAt. Then, the respective values at the odd
1 Nt Nl n+l points are calculated according to the implicit sche@g).
* bm(p'ﬂim_ 2Pim TP 1m) In the next time-integration step the treatment of the odd and
even points is reversed. In this second cycle, the odd points
+Ci(pn+1 —pMloidpitlie, are first calculated on the basis of the explicit scheme. After
2Ax Tram o Fi=lm l.m that, the even points are solved following the implicit equa-

tions. These four alternating integration cycles are repeated
until the end time of the simulation is reached. Following
A suitable combination of explicit and implicit integra- this procedure the discretization errors from the explicit and
tions allows one to reduce the discretization errors from bottthe implicit scheme resulting from the first-order approxima-
schemes: In the Hopscotch method the spatial grid points arf#éon have opposite sign. They thus cancel as a consequence
divided into two classes: “Even points” with an even sum of of the combination of both schemes. As an overall result the
the indicesl + m amd “odd points” where the surh+m is  accuracy of the Hopscotch method becomes second order in

(A3)

odd. After the initialization of the fields at the start of the

time and space.
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