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MOTOR PROTEINS
AND KINESIN-BASED
NANOACTUATORIC DEVICES

Eukaryoric organisms synthesize diverse molor proleins
converting chemical into mechanical energy, Among them,
both rotary (eg., ATP synthase) and linear motors are
Sfound. Linear motors comprise highly specialized proteins
moving along nucleic acid filamenis (in the case of eg.,
RNA polvmerase) or cytoskeletal filaments. The present
paper provides a brief overview on cyteskeleton-associated
mofars (myvosing, dvneins, and kinesing) and summarizes
restalts m:r!'n'f-uﬁng to elaborate a basic mnﬁgumﬁpn ﬁ;!r
consfructing a kinesin-driven motor device, suitable for eg.
a comtrolled displacement of objects or specific substances
over millimetre distances with nanometre precision,
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Intreduction

Nature has evolved highly specialized motor pro-
teins (symonym: mechanochemical proteins), which
move along stationary filamentous tracks or rotate
around a defined axis. During movement the motor
proteins convert chemical into mechanical energy,
required to realize diverse motility processes, such as
cell locomotion, intracellular organelle transport,
muscle contraction, genomic transcription, and bio
macromolecular synthesis.

In analogy to technical systems, the motor pro-
teins can be classified into two groups: retary motors,
including flagellar motors [1, 2] and the ATP syn-
thase [3—5]; [inear (forwards propulsive) morors,
including RNA polymerases [6—11] and cytoskele-
ton-associated motors.

The cytoskeletal motor proteins comprise a great
number of different types of myosins, dyneins, and
kinesins. Unlike the RNA polymerase which walks
along DNA strands, these motors move on the sur-
face of proteinaceous filaments of the so-called
cytoskeleton. Native myosin, dynein, and kinesin
molecules reveal distinct globular heads containing
both a catalytic centre, and the filament-binding site
at the one end and a cargo binding site at the other
one. Hydrolyzing energy-rich nuclecside triphos-
phates (preferentially ATP), the catalvtic centre
delivers the energy for movement. In dependence on
their main functional activities, cytoskeletal motors
can be divided into:

1) motors involved in intracellular transport pro-
cesses (kinesins, cytoplasmic dyneins, cytoplasmic
myosins, e.g., myosin ¥, myosin V1),

2) motors responsible for cell locomotion and cell
surface transport (axonemal dynein};

3) motors for muscle contraction (myosin 11).

Another classification made on the basis of the
type of cytoskeletal filament which these motors
move along results into two subgroups:

1) microtubule-associated motors (kinesins, cyto-
plasmic and flagellar dyneins);

2) actin filament-associated motors (cytoplasmic
and muscle myosins),

One of the best characterized cvtoskeletal motor
proteins is the kinesin. Moving unidirectionally over
relatively great distances without being released from
the microtubule surface, it seems to be well suited 10
be involved in the development of a cell-free linear
motor device. Therefore, the present review is
focussed on the characterization of kinesin, besides
providing a short overview on the other cytoskeletal
motor proteins (table).
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Properties of cytoskeleton-associated linear motors

Exponent Rail Supoly Step size [nm] | Velocity [um/s] |  Force [pN] e
Conventional kinesin MT ATP 8 0.6-0.8 4-g Plus
Axonemal dynein {225) MT ATP B 1.0-5.0 47 Minus
Cytoplasmic dynein MT ATP 0.3 2-3 Minus
Myaosin 11 MF ATP 4-—15 0.2-8.0 i3 Plus
Myosin V MF ATP 20—36 0.4—0.6 ~3 Plus
Myosin VI* MF ATP 0 03 2R Minus

M ote. This table does not cover the broad variety of values determined for the numerous multiple forms of motor proteins under

diverse conditions. MT — microtubule; MF — microfilament,

Myosins and dyneins

Myasin I. Myosin 11 is known to be the engine for
skeletal, cardiac, and smooth muscle contraction.
Mative myosin I1 consists of two heavy chains (200 kDa)
and four light chains (two chains with 20 kDa, the
other ones with 15 kDa and 25 kDa), resulting in a
molecular mass of approximately 500 kDa. The heavy
chains can be characterized as large asvmmetric mol-
ecules with two globular heads and an about 150-nm
long tail. A characteristic feature of myosin 1l is its
ability to self-assemble into bipolar, so-called thick,
filaments, which constitute the sarcomeres together
with the thin filaments (microfilaments), formed
from alpha actin. Muscle contraction is a result of
sarcomere shortening based on sliding between the
thick and thin filaments using the energy released by
ATP hydrolysis [12].

Myosin 11 moves in 4- to 15-nm steps along the
microfilaments at velocities between 0.2 and & pm,'s
(see [13]). It is a non-processive motor undergoing
one catalytic cycle per diffusional encounter with the
microfilament track [14]. Its AT Pase was found to be
activated by actin filaments [15].

The mechanism of myosin force generation can be
studied by in vitro motility assays, So, it has been
shown that actin filaments slide on glass or mica sur-
faces, covered by heavy myosin chains (HMM),
Movement can be visualized directly by fluorescence
labelling of the actin or indirectly by binding of actin
filaments to polystyrene beads [16]). The second
approach of a motility assay has the advantage that it
can be combined with an optical trapping technique.
Using this technigue, the maximum force associated
with the movement was found to be 3.3 pN [17]. The
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group of Yanagida introduced a micro needle manip-
ulation technigue to measure the unitary steps and
forces of myosin movement. The authors showed that
the myosin head generates a force of even 5.9 + 0.8
pN at peak (2.1 pMN on average) over the whole
ATPase cycle [18].

Mpyosin V and myosin VI These motor proteins are
myosin variants which interact with the microfila-
ments of non-muscle cells, known to consist of beta-
and gamma-actin. They are mainly involved in
onganelle transport. Mvosin VI was reported to be
implicated also in stereo cilia functioning [19].

Like skeletal myosin, myosin ¥V molecules have
two heads. The myosin-V heads are attached to an
approximately 30-nm stalk that ends in a globular
region [20]. Myosin V has actin-activated magne-
sium-AT Pase activity, does not form thick filaments,
and is a barbed (plus-) end-directed motor capable to
move microfilaments at velocities of up to 0.4 pm/s
[20]. Moreover, it was shown to be able to transport
artificial beads (e.g., silica beads) along actin fila-
ments at velocities between 0.36 and 0,64 pm,s [21].

Motility assays combining filament gliding and
optical trapping to study single molecules indicated
that myosin V is a highly efficient processive motor
122, 23]. It i5s known that the actin subunits within the
microfilaments are arranged helically with a repeat of
36 nm (see [24]). The question arises whether in this
case a single two-headed myosin molecule can trans-
port a cargo by walking straight. Unlike muscle
myosin whose heads are only about 16 nm long,
myosin V has heads of about 31 nm enabling to span
the 36-nm repeat and consequently a straight trans-
port along the microfilaments [24, 25].
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Contrary to all the other 17 known classes of
myosins (see [26]), myosin VI moves to the minus
end [19, 26, 27]. Using chimeric myosins that com-
prise the motor domain and the lever arm domain
from a myosin type that moves in the opposite direc-
tion, it could be shown that the motor core domain,
but neither the large insert nor the converter domain,
determines the direction of myosin motility [26].

Axonemal dyneins. These dyneins are motors dis-
tributed along the surface of microtubule doublets in
flagella and cilia. Multiple forms of dynein have been
isolated from axonemes, even in a single species [28].
In the electron microscope, the outer dynein mole-
cules of the axoneme reveal a bouguet-like structure
consisting of a branched stalk with three globular
heads of about 10 nm diameter each and a molecular
mass of 450 kDa. Unlike most of the other cytoskele-
tal motor proteins, this dynein lacks long coiled coil
regions. In the presence of ATP, axonemal dynein
walks along the surface of microtubules towards their
minus-ends [29]. The velocity was found to be vari-
able between 1 and 5 pm/s [29] and seems to depend
on microtubule length |30]. Microtubules stimulate
the ATPase activity of the 22 S dynein [31]. During
force generation, 225 dynein revealed a stepwise dis-
placement of nearly 8 nm [28], corresponding to the
tubulin dimer length. Axonemal dynein was suggest-
ed to be able to switch over from a processive mode to
a non-processive mode [28].

Cytoplasmic dyneins. Being the cytoplasmic coun-
terpart to the axonemal dyneins, cytoplasmic dynein
{or MAP 1C) is responsible for the retrograde
organelle transport. Besides, there are forms of cyto-
plasmic dynein which were suggested to participate in
maintaining the spatial pattern of the interphase
microtubule network [32]. In this context, it should
be mentioned that cytoplasmic dynein is able to
induce the formation of radial microtubule arrays
through a process of self-organization [33] and to
crossbridge microtubules into bundles [34].

Each molecule of cytoplasmic dynein has two glo-
bular heads of about 12 nm in diameter, containing
the microtubule-activated ATPase and the microtu-
bule-binding site. With its total length of approxima-
tely 45 nm, it is remarkably shorter than convention-
al kinesin. Moving to the minus end of microtubules
[35, 36], cvtoplasmic dynein has been suggested not
to be a processive motor protein by itself [37]. fn vitro
motility assays with latex beads demonstrated that,
unlike conventional kinesin, cytoplasmic dynein
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changes relatively often (on average once per (0.2 pm})
from one microtubule protofilament to the adjacent
one [38, 39]. The processivity of ¢ytoplasmic dynein
can be improved by the action of special protein fac-
tors, e.g., dynactin |37] or by partial proteolytical
rernoval of the negatively charged C-terminal tails of
the tubulin dimers [40]. Under both in vitro [40] in
vivo [41] conditions, this dynein moves at velocities
up to about 1 pm/s, The force that a single cytoplas-
mic dynein exerts in vive was found to be 1.1 pN [41].

Kinesin — biochemical
and biophysical properties

Like the dyneins, kinesins are obligate micro-
tubule-associated motor proteins which transport dif-
ferent cytoplasmic organelles and vesicles, macro-
molecular complexes [42], but also, chromosomes to
defined destinations in eukaryotic cells. Walking
along the microtubule rails together with the cargo,
they convert the chemical energy of nucleoside
triphosphates (preferentially from ATP) into
mechanical energy.

Within the last decade, numerous kinesin isoforms
and related proteins, sharing a highly conserved
motor domain of 340-350 amino acids [43, 44], have
been described for animal and plant cells as well as for
lower eukaryotic organisms [45—47]. A prominent
member of the kinesin superfamily, comprising more
than 100 subspecies [43], is the conventional kinesin
which essentially contributes to anterograde vesicle in
neuronal cells. The kinesin ATPase is strongly pro-
moted by microtubules [48—50]. Cargo binding has
been shown to be also able to affect the functional
activity of kinesins |42, 51].

Native conventional kinesin consists of two heavy
{120 to 130 kDa) and two light chains (60 to 70 kDa)
resulting in a molecular mass of about 400 kDa [48,
52—54|. Each heavy chain contains a N-terminal
globular motor domain with both a microtubule-
binding site and an ATPase-active centre, a stalk
region, which is responsible for heavy chain dimer-
ization, and a C-terminal globular tail domain, impli-
cated presumably together with the stalk in cargo
binding. The light chains are believed to be involved
in the kinesin binding to organelles, are not essential
for motility generation [55], and seem to have a regu-
latory function [56]. In the electron microscope,
kinesin molecules appear as thin flexible filaments
(about 80 nm in length) with two globular heads
(about 6 nm in diameter) and a stalk with spliced ends
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[57]. The molecular structure of the kinesin molecule
functionally depends on the actual state of the
mechanochemical cycle, i.e., it is determined by the
phases of microtubule binding, ATP binding, ATP
hydrolysis, and the release of the hvdrolysis products
ADP and P [38].

The complete amino acid sequences of different
kinesins are known. Motility-active recombinant
heavy chains of kinesin and additionally different
heavy chain domains can be expressed in bacterial
hosts [57] and animal cell cultures [59], providing the
apporiunily (o prepare Kinesin on a milligram scale in
defined quality.

Kinesin generates motility by walking step by step
and hand-over-hand along the surface of micro-
tubules [60], functioning as rails. Microtubules are
hollow-cylindrical protein polymers of inner and
outer diameters of about 14 and 25 nm, respectively,
and lengths up to a few tens of um (see eg. [61]).
They are composed of so-called tubulin protofila-
ments which can be described as chain-like associa-
tion products of alpha and beta tubulin. Because of
the dimeric character of the tubulin and the strict
alternation of alpha and beta, one end of the protofil-
ament is terminated by an alpha subunit and the
opposite one by a beta subunit. This provides the
protofilament a certain kind of polarity. The micro-
tubule wall is built up by protofilaments laterally asso-
ciated with same polarity. Consequently one micro-
tubule end exposes alpha subunits {(minus end) and the
opposite end beta subunits (plus end) only [62]. Under
steady state conditions, at the plus end more dimers
are-added than lost and reversely, at the minus end
more dimers are released than new ones re-associate.

The direction of kinesin movement depends on
both microtubule polarity and the intrinsic molecular
structure of kinesin [63—65]. Conventional kinesin is
known to be a plus-end directed motor. There are a
few other kinesin-like motors like the nonclaret dis-
junctional protein (ned), required for chromosome
distribution, that move to the minus end [66],
Dimeric constructs in which the motor domains are
located either at the M- or the C-terminal end of the
heavy chain were shown to move towards micro-
tubule plus or minus ends, respectively [67]. In addi-
tion, the directionality of kinesin seems to be also
dependent on neck/motor core interactions [6E].

A characteristic feature of the two-headed conven-
tional Kinesin is its processivity, i.e., single Kinesin
molecules move along microtubules without dissoci-
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ating [69—71). Both heads translocate along one and
the same protofilament [72, 73] by turns in 16-nm
steps, resulting in 8-nm centre-of-mass shifts [58,
74]. One of the heads remains bound to the micro-
tubule when the second one moves [37, 62]. Using an
assay that resolves nanometre displacements of single
kinesin molecules with microsecond accuracy,
Mishivama et al. [75] demonstrated that the 8-nm
shifis can be resolved into fast and slow sub steps,
each corresponding to a displacement of approxi-
mately 4 nm. Recently, it has been shown that also
one-headed members of the kinesin superfamily, e.g.,
KIF1A, can realize movement in a processive fash-
ion. This was explained by the existence of two
microtubule-binding motifs in one head [76]. At
near-zero loads, kinesin molecules hydrolyse one
ATP molecule per 8-nm shift [76, 77].

Intracellular movement and transport can be sim-
ulated in virre using purified kinesin and taxol-stabi-
lized microtubules in a so-called microtubule gliding
assay, in which microtubules move across a kinesin
coated surface |62, 78]. Alternatively, another motil-
ity assay to study the molecular mechanisms of
kinesin functioning can be used in which kinesin-
coated polymer beads translocate along microtubules
immobilized to glass [37, 70].

Using conventional kinesins, the velocities meas-
ured for gliding microtubules in vitro were about
0.4—0.9 pm/s [79]. For comparison, a kinesin from
the fungus Newrospora was found to walk significant-
Iy faster (up to 3.8 um/s [79]). In contrast, the mitot-
ic kinesin Eg5 moves at about 0.06 pym/s, only [80].
For conventional kinesin it was shown that micro-
tubule gliding can be accelerated by increasing the
Mg** concentration at a constant ATP concentration
[72, 81] and by temperature elevation [82]. At high
temperature velocities up to 3.7 pm/s were measured
[83]. Moreover, it could be demonstrated that, with-
in certain intervals, the velocity of microtubule mo-
vement across kinesin-coated glass surfaces is redu-
ced with increasing density of the bound kinesin [81,
84]. The conventional kinesin was found to work at
temperatures between 6 and 40 °C, higher temperature
causes irreversible denaturation [82]. Using tempera-
ture pulse microscopy, it has been recently shown
that under favourable conditions kinesin can work up
to 30 min even at temperatures up to 50 °C [83].

Several approaches have been used to measure
forces generated by single kinesin molecules, includ-
ing movement against a viscous load [84], a cen-
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trifuge microscope-based motility assay [85], optical
trapping interferometry [86, 87], and optical
microscopy equipped with optical tweezers [88]. The
forces determined were within the range between 4
and 8 pN,

So far, the molecular mechanisms of force genera-
tion realized by more than one kinesin molecule con-
tributing to the transport of one and the same cargo
are not completely understood. It is not known
whether kinesin molecules collectively involved in
cargo transport synchronize themselves or work non-
synchronously and whether special cellular factors
are required for synchronization.

Kinesin-based
nanoactuatoric developments

Preconditions to construct kinesin-based nanoaciua-
fors. Several groups have started to fit the kinesin-
microtubule machinery for the development of
miniaturized technical devices that realize transport
with nanometre precision. However, before this bio
motor can be really exploited numerous methodolog-
ical and technical problems have to be solved.
Complex studies should be performed to learn e.g. to
regulate the velocity and to increase the life time of
the kinesin motor, to find out technically relevant
materials enabling its work in cell-free environment,
or to control the direction of force generation. To
work out a basic configuration of a kinesin-driven
motar device incorporated into a spatially limited
system (chambers or pipes with sub micrometre
heights or diameters, respectively) the minimal clear-
ance still allowing kinesin force generation has to be
determined. First approaches have been published
contributing to the solution of these problems
[89—93, 98].

Isopolar and parallel immobilization of the micro-
fubule rails, A critical point in the development of a
cell-free Kinesin-based machinery is the predetermi-
nation and control of transport direction. Turner et al,
[89] immobilized microtubules in parallel fashion on
lithographically patterned silane surfaces using a flow
field. The microtubule tracks prepared in this way
were shown to be suitable rails for the transport of
kinesin-coated beads. Limberis and Stewart [91] de-
monstrated that also silicon microchips can be moved
by kinesin across flow field-aligned microtubules.
Alternatively, Dennis et al. [90] used highly oriented
polymer films coated by kinesin to drive microtubules
in nearly straight lines.

ISSN 0564-3783. Humoaocur u cenemuxa, 2003 N 2

Both the flow field-based approach and the immo-
bilization on lithographically patterned surfaces
yielded arrays of microtubules which were aligned
parallel in geometrical sense, but not with equal
polarity. When arrays of microtubule of opposite
polarity were used as rails to transport especially a
large cargo binding to more than one microtubule the
elementary forces generated along adjacent micro-
tubules may act in different direction and neutralize
gach other more or less completely. Therefore, such
arrays seem not to be well suited for an efficient cargo
transport and conseguently cannot find broad appli-
cation in nanotechnology.

Recently, Hiratsuka et al. [94] produced linear
micro lithographic tracks on glass surfaces supple-
mented with arrowhead patterns, allowing moving
the kinesin in one direction, only. Alternatively,
microtubules were demonstrated to align in parallel
and isopolar fashion during gliding across kinesin-
coated glass surfaces by application of flow fields [92].
However, when the flow was abolished the micro-
tubules immediately started to move again in direc-
tionally uncontrolled manner. It is known that
microtubules treated by glutaraldehyde retained their
potency to serve as tracks for kinesin movement [95].
Using glutaraldehyde for immobilization, stable
isopolar microtubule arrays could be prepared (Fig. 1)
which were proved to be able to transport in the
absence of the flow also large kinesin-coated particles
in a predetermined direction |93] (Fig. 2).

Track lengths and ATP supply. A further important
parameter in fitting the kinesin-based motor system
fior nanotechnological applications is the track length.
Under conditions of high kinesin density, gliding
microtubules were shown to cover distances much
greater than their length [96]. Dependent on the
tubulin concentration, the temperature gradient dur-
ing assembly, and the incubation time at polymeriza-
tion temperature, the microtubules formed in wvitro
are about 5 to 40 pm long. To convey a cargo along
microtubules over distances significantly exceeding
their length, an efficient transition of the cargo from
one microtubule to an adjacent one should be
enabled. This requirement can be fulfilled by prepara-
tion of surfaces with densely packed microtubule
arrays. It was shown that at high microtubule surface
density micrometre-sized cargoes can be transported
over distances of some millimetres into a desired
direction [93]. Such an approach seems to be not only
ofbasic interest for special future developments in the
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Fig. 1. Flow-field induced orientation of gliding microtubules, demonstrated by video-enhanced DIC microscopy. 1st
image: stochastic gliding of the microtubules. 2nd to 5th: consecutive isopolar alignment of microtubules by flow field.
The leading (minus) end of the microtubules is turned in flow direction. 6th image: isopolar microtubules stabilized by
glutaraldehyde. Video-enhanced contrast microscopic images. The bars represent 5 pum. This figure was kindly provid-
ed by Janina Beeg, Jena

field of nanotechnology, but is believed to be also a
valuable tool for cell biology usable to determine the
directionality of non-characterized microtubule-
associated motor proteins.

Kinesin-driven microtubule gliding as well as the
translocation of kinesin-coated beads is usually per-
formed at ATP concentrations between 0,5 mM and
10 mM, corresponding to 0.3-10" and 6-10" ATP
molecules within a chamber of | pl volume. Each
kinesin molecule consumes one molecule ATP 10
translocate a 200-nm silica bead over a distance of
8 nm (97). This means that with 0.5 mM ATPina 1-pl
volume a bead can be theoretically moved over a dis-
tance of 2.4-10* m. An alternative calculation gives
4.8°10° beads that can be transported over a track
length of 5 mm. However, it should be mentioned
that the adenosine diphosphate (ADP) released dur-
ing the mechanochemical evele of kinesin exerts an

16

inhibitory action. We observed a linear decrease of
the velocity of microtubule gliding across a kinesin-
coated surface with decreasing ATP concentration
and corresponding ADP accumulation (Fig. 3). To
overcome this problem, an ATP-regenerating system
(see [99]) might be introduced.

Basic configuration of a kinesin-based motor and
possible applications. Nano-scaled devices using the
functional activity and structural features of biologi-
cal materials are becoming more and more reality,
Currently, great efforts are being made to elaborate
biological concepts applicable for the development of
e.g., chip-based nanosensors, opto nanobiosystems,
nano-scaled information-processing devices, or
nano-scaled machinery implementing the motor pro-
teins. Innovative improvements in the properties of
the biological materials are believed to contribute to
the construction of controllable, nanometre-scaled,
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lower cost and higher performance nano devices,
machines or robots.

The nano biotechnological development of linear
motor devices composed of stabilized microtubules
and conventional kinesin, isolated from brain or pro-
duced by recombinant techniques, has reached a
remarkable state [93, 94, 98]. The isopolar micro-
tubule alignment allows conveying not only nanome-
tre-sized cargoes but also larger ones (up to particles
of about 20 = 20 = 5 pm) over, in nanotechnological
meaning, practically unlimited distances (> 1 mm).
The cargoes or the supports used to carry the biomol-
ecular force-generating unit can be made from glass,
quartz, carbon, gold, polystyrene, and even from the
micro technologically most important material, the
silicon (own results). All these materials investigated
do not have any significant influence on the transport
parameters. As a practically unlimited energy source
for a nano-scaled motor device, ATP can be used.
The velocity of the kinesin motor can be tuned
between 0 and 2 pmy/s by changing the environment
variables, e.g. temperature [82] and cofactor concen-
trations [81], or by adding polyhydroxy compounds
like glycerol [ 100]. The kinesin motor works between
temperatures from 6 to 40 °C [81], under special con-
ditions even to 50 "C [83],

One important point in the development of motor-
protein based nanoactuators concerns the mainte-
nance of the motor activity over several hours. At suf-
ficient ATP supply, microtubule gliding in a closed
glass chamber can be observed at least up to 3 h [81].
When kinesin-coated particles were applied to isopo-
lar microtubule arrays, they were also observed to
move for 2 or 3 h, thereafter these arrays can be used
again for the transport of fresh motor protein-coated
particles. The pre-assembled force-generating system
can be stored in frozen state (own observations).

The surface of such a device must not be ideally
planar, a roughness and dust particles of height differ-
ences up to 280 nm were shown to be tolerated [92].
The minimum working height, the clearance, was
determined to be about 100 nm [92]. This has to be
considered in construction of sub micrometre-scaled
planar devices or transport pipes.

The long-term impact of the involvernent of motor
proteins in nanotechnological developments is diffi-
cult to predict. From present view, potential realiz-
able applications of cell-free motility nano systems
(motors and actuators) can be:

— switchable linear motor devices and molecular
machines working with nanometre precision which

I5SN 0564-3783, Humoaoeus w cenemuxa, 2003, N 2

Fig. 2. Translocation of a spherical paramagnetic bead
(2.8 pm in diameter) along isopolar microtubules arrays,
The microtubules appear as filamentous structures in the
background. The bars represent 5 pm. This figure was
kindly provided by Janina Beeg, Jena
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Fig. 3. Effect of complementary ATP and ADP concen-
trations on the velocity of microtubule gliding across a
kinesin-coated surface. Motility mix: 0.15 mg/ml kinesin
purified from brain [48], taxol-stabilized microtubules
(corresponding to 0.04 mg/ml tubulin), 30 mM imida-
zole pH 6.8, 1.0 mM MgCl, 0.5 mM EDTA, 0.5 mM
dithiothreitol, 100 mM WNaCl, 20 pM taxol, ATP and
ADP sodium salts as indicated, The motility mix was
applied onto glass slides, pretreated with a solution of
5 mg/ml bovine serum albumin in the same buffer.
Gliding velocity was measured using the speed function
of the ARGUS 20-image processing software and video-
enhanced contrast microscopy

might be applied for a directionally controlled dis-
placement of objects or for a specific and directed
substance transport over nm, pm, or mm-distances.
Such devices can contribute to eg., the assembling
and positioning of electronic circuits or sensors, W
nanostructure assembly, and nanostructure fabri-
cation;

— transport of chemical components or catalysts
into or out of micro reactors, used for e.g., enhancing
and controlling reactions;

17

TSitol. Genet. - Vol.37(2) www.cytgen.com



[ | K.J. Bikm, R. Stracke, E. Unger ]

— development of intracellular sensors for diag-
nostic purposes;

— delivery systems to convey drugs to pathological
targets;

— screening systems for developing novel thera-
peutical drugs targeting cellular movement;

— autonomously working power units to drive
implantable sensors with cell-own ATP;

— cell biological tools to study functional or regu-
latory mechanisms of motor protein-based force
generation.

Outlook

Taken together, the design and control of kinesin-
based nanoactuatoric devices has been advanced, but
several serious problems remain to be solved until
such a device can be really used as an integral part of
a complex nanoactuatoric machine or robot.

One main point that has not been addressed in
future is the regulation of starting and stopping force
generation under cell-free conditions in millisecond
ranges, f.e. with nanometre precision. Further
unsolved problems concern the biological activity of
kinesin motor, the maximum load mass that can be
moved by a collective of kinesin molecules, and the
synchronization of a great number of kinesin mole-
cules contributing to the transport of one and the
SAMme Cargo.

Further cell biological, biochemical, and biophys-
ical work combined with experiments of technical
performance has to be done in future to realize the
ambitious tasks nanoactuatoric application of bio
Motors.
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PEROME. vEapHOTHYECKHE OPradMIMel CHHTEIMPYIOT
pasioobpaiipe ADHraTeibHbie Genkn, npeodpasviole XHu-
MHYECKYI0 SHEPIHID B MeXaHHveckyn. CpeoH Hux obHapy-
MEHE KAK POTAUMOHHBRE (Hanpusep, ATP-cuHTaza), Tak o
NHHCHHEIE ABHTaTenH. JluHelHEE ABHraTenH OXBATLIBAKT
BEICOKOCTEUHATHINPOBAHHBIE DETKH, IBHIAKIINECE BIOIbL
diaMenTon HyRIEMHOBMN KacnoT (Hanpusep, PHK-no-
THMEpPA3a) WK uMTocKeneTa. B HacToAmed cTatet npemc-
Tauned Kparknil obsop aeuratenci, CRAMHHKX ¢ UHTOCKE-
NETOM (MHO3HHB, OHHCHHB H KHHEIMHB), W NOIBOIATCA
UTOFH MCCNEIOBAHMA, BHOCAIIMY BEIAD B pa3paboTky Gazo-
BOH KOHQHIYPALAK LA COSLAHHA NPHBOIHMOTD B IBHMEHHE
KHHEIHHOM IBHTATENLHOTD YCTPONCTRA, MPHTOAHOID, HAM-
PHMEP, ATH KOHTPOIHPOBAHHOND TMEPCMCLUCHHA 00BEKTOB
HIH COENHANBHEIX BEIIECTR HA PACCTOAHWA MOPAMLKS MHLTH-
METPA © TOMHOCTBE [0 HAHOMETPOE.

18

PEINOME. EvkapioTH4YH] OpraHiIMK CHHTEIVIOTE PidHO=
MAHITHI MOTOPHI DLTKH, [0 NEPCTROPIOINTD XIMIYHY CHEPIIO
v Mexadiyny. Cepen HMX BHABICHO SK pOTauiiivi (HanpHg-
nan, ATP-cunrasa), Tak | miniiai gerryas. JTinifidi genrynm
OXOMITE BHCOKOCTIEWIANIIOBAHT DinkM, W0 pPYXAKTHCS
BIUOBA INAMEHTIE HYKNETHOBHX KHCIOT (HAMPHEDAN,
PHK-noniMepa’a) 4d UHTOCKENETA. ¥ OAHIA CTATTI Hapege-
HO KOPOTKMIL OTNAI ABAIYHIE, MOB'A3EHKN i3 UNTOCKENETOM
(MIOIHHH, THHETHH | KIHE3MHH ), Ta NLICYMOBYIOTECH PEIVib-
TATH OOCAUIKEHL, W0 POONTE BHECOK ¥ poapobky Gasosol
koHirypalii 8 cTROPEHHA NPUCTPOKD, AKHA NPHBOIHTECA
B PYX 34 JOMOMOTOR KiHEIWHA, NMPHIATHOTO, HATMPHENAL,
INA KOHTPOIEOBAHOND NepeMilesis 0b'eXTis YM Cneuiaib-
HHX PEYOBHH HA BUICTAHI MOPSIKY MLUTIMETDA 3 TOMHICTHY 40
HAHOMETPIE,
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