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Abstract: Cel motility processes in non-muscle cells depend on the activity of
motor proteins that bind to either microtubules or actin filaments. From
presently available data it must be concluded that the driving force is generated
by transient interaction of the respective motors with microtubules or actin
filaments which then activates the binding and hydrolysis of ATP. This reaction
results in an abrupt discharge of the motor molecule, the direction of which is
determined by the spatial orientation of its binding to the hdica and polar
vehicle. The latter is thereby propelled in its length direction and simultaneoudy
undergoes an axia rotation, while the expelled motor exerts an oppositdy
directed current in the surrounding fluid, comparable to jet propulsion. Force
production, propulsion velocities and energy requirements known from in vitro
studies comply with those derived from the theory. The theory opens new ways
for the understanding of cellular activities such as partide transport, mitosis and
morphodynamics.
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INTRODUCTION

Active moatility in living organisms, such as muscle contraction, mitotic
chromosome segregation, as wel as cel movement by flagella or cilia, and
amoeboidal behaviour requires force generating processes at both the cdlular
and subcdlular level. Many of these processes have been found to depend on the
activity of evolutionary highly conserved motor proteins, based on interaction
with either microtubules or actin filaments. Under suitable in vitro conditions all
motors cause propulsion of their respective vehicles, powered by hydrolysis of
nucleoside triphosphates, usually ATP. It seems therefore reasonable to assume
that basicaly similar mechanisms of force generation underlie these various
moatility phenomena
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A generdly accepted model for explaining muscle contraction is the sliding-
filament hypothesis of Huxley [1], according to which filaments move past each
other by the tilting of transent interfilament cross-bridges formed by myosin
heads. The swinging cross-bridge modd is appealing because of its apparent
simplicity. This may be the reason why modified versions of this mode have
been suggested in atempts to explain other motion processes as wel. Originally,
the cross-bridge model was aimed to explain the dliding of actin and myosin
filaments relative to each other. Its basic features are the binding of a myosin
head that extends from the myosin filament to a specific site of the actin
filament, whereupon it undergoes an ATP-powered tilting which moves one
filament along the other over a discrete distance, usualy assumed to amount to
10 nm. In vitro movements of actin filaments and microtubules are believed to
occur via a similar transient cross-bridge formation with motors attached to a
solid surface. However efforts to provide evidence for a predictable, discrete 10
nm (or 40 nm) step have failed (e.g. 2). Moreover light microscopic observations
show simultaneously moving microtubules at different focal levels, indicating
that most of them, if not al are propdled in suspension [3,4]. Data that conflict
with the cross-bridge mode in muscle have been discussed by Pollack [5].

We now present a general concept that involves force generation by a jet
propulsion-like mechanism, which is compatible with the mentioned data and
many others that have not been rationally explained in the past. It has been
derived by a comparative anadlysis of experimental results on the kinetics of
motor-vehicle and motor-nudeotide interactions in combination with structural
data, in particular those obtained by crystallographic studies on rdevant motor-
nucleotide complexes. Briefly, the following steps are involved. Motor proteins
bind to their respective vehicle in an orientation-specific manner, whereby the
intramolecular rearrangement induced by the binding reaction results in an
activation of the catalytic center. The resulting ATP hydrolysis then powers a
stroke-like movement and immediate release of the motor molecule from the
vehicle. Accordingly, the latter experiences a momentum of propulsion into one
direction, while the expeled motor provokes an oppositely directed microcurrent
in the surrounding fluid. The microcurrents produced along individual actin
filaments or microtubules by such motor activities combine into plasma currents,
the strength of which must be equivalent to the propulsive force exerted onto the
respective vehicle,

EVIDENCE FOR A JET PROPULSION-LIKE FORCE GENERATION
MECHANISM

In vivo plasma streaming and vehicle transport have been documented. For
example, plasma streaming has been found to occur along bundles of actin
filaments in the long internodial cells of characeae [6], while movements of
individual microtubules have been observed in neuronal growth cones [7], but
observations that would explain the molecular background of such a behaviour
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are limited. On the other hand, in vitro studies on the propulsion of microtubules
and actin filaments [e.g. 2,8] have revealed many significant data for a critical
examination of the physical background of the proposed concept. Here we show
that a jet propulsion-like mechanism can be inferred from known data on the
kinetics and structural rearrangements induced in the motor proteins during
moator-vehicle and motor-nucleotide interactions. One particular feature of the
proposed mechanism is that the vehicle movement is counteracted by the drag
exerted by the oppositely directed plasma flow. We further point out that in vitro
observed vehicle propulsion velocities are compatible with measured force
production and energy consumption.

M otor-vehicle and motor-nucleotide interactions

The architecture of the various myosins, kinesins and dyneins discovered so far
may reflect to some extent the specific roles they fulfill in cdlular activities. A
property they al share is the ability to propd either actin filaments or
microtubules in their longitudinal direction under suitable in vitro conditions
[3,4,8-10]. A common minimum requirement for this activity is the possession
of at least one, more or less pear-shaped, head domain that contains a catalytic
center for ATP hydrolysis and a well-defined site for stereospecific binding to
the respective vehicle [11-15]. Moreover, studies on molecular structures have
revealed a great similarity between motor domains of kinesin and myosin [16].
Because of these and many other analogies discussed below, we make the
operationa assumption that the propulsive force is generated by largdy
homol ogous mechanismsin all motors.

Significant data on the steps of force production have been gathered by studies
on the kinetics of motor-vehide and motor-nuclectide interactions: 1) Motor
molecules bind to their respective vehicles in a stereospecific orientation that is
determined by the polarity of the vehide In the absence of nucleoside
triphosphates the density of kinesin binding at saturating concentration reaches
up to one motor molecule per tubulin heterodimer [17,18]. A binding density of
the same order of magnitude can be inferred for myosin-actin filament
interactions from eectron micrographs [19] and from the finding that the
stereospecific binding of one myosin head involves two consecutive actin
monomers [14,15]. 2) All motor proteins are released from the vehicles by ATP
but not by its nonhydrolyzable homologues. Significantly, GTP, which can
replace ATP as energy generator in kinesin motor activity, also causes the
dissociation of this motor from microtubules [3,20]. 3) The ATPases of all motor
proteins are activated by interaction with their specific vehicles [2,3,17,21,22]. A
burst of ATPase activity is observed when kinesin is released from preformed
microtubul e-kinesin complexes upon addition of excessive ATP concentrations.
These findings can be summarized by a sequence of biochemical reactions
describing the stepwise interactions of the vehicle (V), motor protein (M) and
ATP, as shown in Fig. 1. In the absence of ATP, step 1 must result in an
accumulation of VM, which explains the excessive binding of the motors to the
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ADP M —> V-M ATP
M:ADP v [V*M-ATP]
P, « N /
[V-M-ADP-P]

Fig. 1. Sequence of motor-vehicle and motor-nucleotide interactions during the force
generating cycle. V, vehicle; M, motor. For details see text.

respective vehicles observed under suitable in vitro conditions. The stability of
such complexes in the presence of nonhydrolyzable ATP homologues suggests
that hydrolysis of the nucleotide is essential for the motor-vehicle dissociation.
This is corroborated by the finding that inhibition of the ATPase by N-
ethyimalemide leads to an increase of microtubule-bound kinesin [23]. The
intermediate states in brackets are not detectable by presently available
techniques owing to their short half-lifes. At saturating ATP concentrations the
flow through the cycle is limited by the low rate of ADP release from the various
moators (step 5) [24-27]. Accordingly, stabilization of the motor-ADP complex
by binding of vanadate or other P; homol ogues to the y-phosphate position of the
ATP binding site inhibits both the ATPase and motor activity [28,29]. Studies
with myosin 1l subfragment 1 indicate that this might be due to the inability of
proper stereospecific interaction of the myosin-ADP intermediate with the actin
filament [14,15,30,31] thereby preventing the completion of the catdytic cycle.
This makes the ADP release to the limiting step in the myosin turnover during
the catalytic process a cdlular ATP levels. A similar effect on motor-
microtubule interaction by ADP is indicated by the finding that binding
constants in the motor-ADP state are significantly lower than in the nuclectide-
free state 3000-fold for kinesin and 50-fold for the ncd motor [32]. The
existence of a free dynein-ADP intermediate is corroborated by the finding that
the rate of ATP hydrolysis, which increases four to six fold in the presence of
microtubules, is enhanced another 30-fold if the motor is chemicdly linked to
them [33-35]. The latter must be ascribed to the increased probability to achieve
the proper stereospecific interaction between the two complementary binding
faces owing to their dose proximity at the time when the ADP is released from
the catalytic site.
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Structural rearrangements of motor molecules
The various steps of the kinetic sequence can be assigned to specific
conformational rearrangements of the motor molecules, as shownin Fig. 2.

CC

Fig. 2. Diagram of the molecular rearrangement in myosin Il during force generation. a)
The nudectide-free myosin head binds to two consecutive monomers (AM) of an actin
filament with the cleft (C) at the binding face closed. b) The molecular rearrangement
caused by ATP binding and hydrolysis results in an opening of the cleft which exerts a
rotational momentum onto the myosin head and concomitantly disrupts the myosin-actin
interaction. The COOH-terminal a-helical domain (H) of the myosin heavy chain is
simultaneously retracted into the head. ¢) Left: Rod domain (R) of a myosin Il type
motor. The a-helices of the rod-stabilizing coiled coil (cc and cross-bars) are drawn as
straight lines for simplicity. Right: A sharp bent occurs a the interruption (1) of the
coiled coil as one a-hdlix shifts 10 A along the other. Other symbols: HC heavy chain;
ELC essential light chain; RLC regulatory light chain; NB, nucleotide binding site. For
details see text.

Steps a and b represent the binding of myosin to an actin filament and the
conformational change in its head domain during ATP binding and hydrolysis.
Structural studies on myosin |l subfragment 1 have revealed that the actin-
binding face is located on the one side of the myosin head that coincides with the
centra domain of the heavy-chain fragment. It is divided by a deep cleft, the
apex of which merges with the pocket of the ATP binding site [14,15]. The cleft
is open when the binding site is occupied by ADP together with a binding-
stabilizing phosphate homologue, and dosed when it is empty. Stereospecific
interaction with the actin filament involves two consecutive actin monomers and
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requires the cleft to be dosed, which means that only the nucleotide-free
molecule can bind [14,15,30,31]. The conformational change induced by the
myosin-actin interaction is considered to improve the accessibility of the
nucleotide binding site, specificaly of its y-phosphate position. Subsequent
binding of ATP and its hydrolysis then leads to the reopening of the cleft. Data
obtained by similar X-ray studies on kinesin motor domains suggest that
basically the same intramolecular rearrangements are induced by nucleotide
binding [16,36,37]. Notably, there is evidence that in the two-headed kinesin
dimer only the one head that is bound to the microtubule, hydrolyzes ATP [38].

In myosin Il the intramolecular rearrangement is associated with a change of the
rod-like structure of the carboxy-termina tail (Fig. 2c). The rod may become
sharply bent at well-defined sites where the coiled-coil is weakened by skip
residues [11,39]. From in vitro studies it has become clear that the folded rod
configuration is stabilized by the binding of ADP to the active site [24]. This
means that the bending must be coupled mechanically to the opening of the cleft
a the actin binding site of the head. The only two ways in which the
rearrangement can be communicated from the motor domain to the hinge site are
a torque and a longitudinal shift of one a-helix reative to the other.
Interestingly, conformational studies on myosin subfragment 1 have also shown
that the a-helical domain of the myosin heavy chain involved in the formation of
the coiled-coil extends straight down to the catalytic center [15,30,31].
Furthermore, nuclectide binding to the active site has been found to cause two
cysteines - residues 697 and 707 in rabbit striated muscle myosin - to move
towards each other by approximately 10 A [40,41]. It must therefore be
concluded that the largely a-helical segment is retracted to the same extent into
the sheath formed by the NH -terminal region of the heavy chain and the two
light chains (Fig. 2). The two heads are linked to each other at the neck region,
mast probably by clusters of complementary charged amino acids in the NH,-
terminal region of the heavy chains [42]. Because of the fixed positions of the
heads relative to each other, the retracting o-hdix moves dong its inactive
counterpart and exerts a bend at the hinge site of the COOH-termind rod domain
in a simple mechanical manner (Fig. 2). The important role of the head fixation
in this process is supported by the finding that removal of one head leads to a
loss of the bending [43]. The shift is mechanically propagated beyond the hinge
site where it may induce an additional bend as observed in skeletal muscle
myosin [39]. A 10A shift corresponds closdly to one o-hdica heptad and
therefore should not significantly affect the coiled-coil stability by itsdlf.
However, the discontinuity of the a-helical structure at the bend permits a chain
rotation at the peptide bond by which a regular coiled coil can be formed up to
the bend. Folded conformers are therefore more stable than the straight ones in
which the presence of the skip residue leads to a more or less extended distortion
of the coiled coil (Fig. 2¢). The enhanced rigidity reported for folded myosin
molecules [44] might result from this stabilizing effect. This stabilization entails
a strong dday of ADP-P; rdease from the catalytic center as the latter is
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inhibited in the bent configuration [30,31]. Interestingly a similar dday of the
ADP release from the catalytic center of kinesin depends in its dimeric state,
suggesting that it is also dueto the extensibility of the coiled-coil interaction.

The mechanochemical process

The transformation of chemical energy into kinetic energy by the various motors
can be envisaged as illustrated for actomyosin in Figs. 2 and 3. During the
explosive opening of the cleft induced by the ATP binding and hydrolysis, the
moving head segments collide with the actin filament in a way that exerts a
rotational momentum onto the motor molecule and an instantaneous disruption
of the stereospecific binding. Consequently the comparatively small motor is
launched at high velocity into one direction while the massive actin filament will
slowly move in the opposite one (Fig. 3). Evidence for a corresponding
disruptive effect caused by the opening of the cleft on the myosin-actin complex
has been described [45]. Such a mechanism is further supported by the
observation that inhibition of ATP hydrolysis not only suppresses the motor
activity in neuronal axons but also the motor release from the vehicle [23]. Such
a type of discharge must result in motor rotation typical for Brownian maotion. In
vitro evidence for such a behaviour has so far been reported for striated muscde
[46,47] in which case it results from the discharge of the terminad motor
molecule from the myosin filament. The momentum exerted onto the vehicle by
the reaction must be equivalent to that of the expelled motor. Its direction may
be paralld to the length axis as suggested by the diagram (Fig. 2a), but it is more
likely to be askew to it, to an extent that depends on the spatial orientiation of
the original motor-vehicle interaction. As the latter is determined by the helical
path of the actin polymer, the cumulative activities of many motors propd the
actin filament in its length direction. The same applies for the propulsion of
microtubules owing to the helical organization of their protofilaments. This
explains why none of the presently known motors move the respective vehides
askew to their length axes.

Fig. 3. Mode of the mechanochemical process. The vehicle (V) is propelled (arrowhead)
by the enzymatically generated rotational momentum of the motor (M). The motor
molecule itself is simultaneously launched in the opposite direction as indicated by the
subsequent arrows 1 and 2.
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It must further be considered that a deviation of the motor stroke from the length
direction imposes an angular component on the momentum of expulsion and
thus causes a torsion force on the vehicle. Again, owing to the hdlicity of the
vehicle architecture all torsional forces have the same angular direction and must
thus cause the vehicle to rotate around its length axis while being propelled.
Corresponding rotations of both types of vehicles during propulsion have been
reported [48,49]. Studies with in vitro assembled microtubules have further
revedled that, as predicted by the theory, the rotation-propulsion ratio depends
on the stegpness of the helical path of protofilaments and becomes zero if the
latter is oriented paralle to the tubule axis [50].

It should be emphasized that the rotation-propulsion ratio can aso become
affected by the stroke-like bending exerted during the catalytic process in the rod
domains of myosin Il and kinesin. As the bending direction of the distal rod
fragment depends on the paosition of the skip residues within the coiled cail, it
may either weaken or strengthen the primary force of both propulsion and
rotation. In fact it can even be envisaged that the momentum produced by the
bending is strong enough to determine the final direction of propulsion. The
latter possibility is supported by the finding that the strength of the minus-end-
directed activity of ncd motor mutants can be much slower than that reached by
the wild type ncd, depending on the rod-tail construct, and may even change into
plus-end-directed propulsion [51].

For ce-propulsion conversion

Notice that vehicle propulsion in a fluid reaches a steady state velocity when the
drag exerted on the vehicle by friction equas the applied propulsion force. For
jet motor-like propulsion, the drag is enhanced by the oppositely directed
current, and therefore results in a correspondingly lower steady state propulsion
velocity. Calculations on the conversion of propulsion force into vehide
movement depend on a variety of parameters such as the shape of vehides and
corresponding motor molecules, the geometry of flow chambers in which
vel ocity measurements are carried out, and the position of vehicles within them.

A geometrically simple model, suitable for such a calculation is the propulsion
of an actin filament in the center of a capillary of, for example, 100 um
diameter. At usual filament lengths (I) of 10 um and a filament diameter of 10
nm, the length/width ratio is in the order of 10%, which means that hydrodynamic
effects at their ends can be neglected. First we consider the steady state fluid
streaming exerted by a filament that moves with a velocity Vo in an otherwise
undisturbed fluid (Fig.4). Because of the axial symmetry of the system, the
streaming veocity u(r) decreases logarithmically from the filament surface (rr)
to the capillary wall (rc), according to

u(r) = ue - In(r/re)/In(rilre) (D)

wherer is the distance from the axis while r; and r. are the radii of filament and
capillary cross-sections, i.e. 0.005 pum and 50 pm respectively, us is the
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streaming velocity at re and thus practicaly egual to Vo. To keep the filament
moving a a given speed (V), a force (F) has to be applied that equals the
oppositey directed friction force per unit filament propulsion, i.e.

F=2-rc-m|-n-(W/d)/In(relre) (2

where d; stands for the distance moved. The corresponding velocity profile is
represented by line a in Fig. 4. If the propulsion is jet-like the strokes and
discharges of the motors exert a force onto a cylindrical layer at a distance rn
from the capillary center that drives the fluid in the opposite direction. The
velocity profileis given by

F=2:rc-m-1-nm-(Us/dn)/ In(r/re) 3
as represented by line b in Fig. 4. Because of the equa strength of the two forces
Un = U - In (rfre) / In (rlre) - dn/ G 4

The filament thus moves at a veocity Vo in a cylindrical body of fluid that
moves with a velocity of unin the opposite direction, thus reducing the veocity
Vo by un. This reduced velocity is the velocity produced by jet-like propulsion

V= Vo[1=In (twfre) 7 In (rer)] - ol (5)

As the logarithmic factor at the given dimensions is practically equal to 1 (equ.
4), un can be read from Fig. 4, but because of the asymptotic reationship
between V; and r., the force-velocity conversion decreases with increasing
capillary diameter (Fig. 4). For the same reason it increases if a vehicle is
displaced from the axial position, and correspondingly, when it comes closer to
the plain border in one of the usualy employed flow chambers. It is for this
reason that velocities of individua vehicles in a single batch vary considerably
[eg. 3,52].

The applicability of the artificid model to the actual force conversion by
existing motors has to be briefly considered. Firstly, it has to be seen that the
streaming generation by seria explosive motor discharges must result in local
vel ocity fluctuations, which contrasts the steady flow pattern of the model. Such
deviations from uniform flow are negligible, however, as the Reynolds’ number
is very low at the smal dimensions of the system. Of greater importance is the
fact that momentum transfer from the discharged motor to the fluid is not
restricted to a given ry, but is instead partitioned over a range that extends from
the vehide surface to the most dista motor domain. An effective ry, for this
experimental situation has therefore to be estimated. It changes with the size,
shape and flexibility of the motor molecule in accordance with experimental
data. The propulsion veocities reached by myosin Il or kinesin with truncated
rod domains are lower than those reached by the respective wild type motors
[53,54]. On the other hand, myosin Il constructs containing a lengthened rod
domain produce higher velocities than the wild type [55]. Furthermore,
velocities reached with myosin |, which is smaller and more compact than
myosin I, are substantialy lower than those produced by the latter [56,57] and
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rel. o velocity

Fig. 4. Conversion of jet motor-like force generation into filament propulsion in the
center of a capillary. Radial distances from the axis of the capillary to the filament
surface (r;), the site of motor activity () and the inner capillary surface (r.) are 5:107,
2:10° and 5-10® cm (cm logarithmic scale) respectively. V, is the velocity of filament
movement generated by a given force in an otherwise undisturbed fluid; ais the steady-
state profile of the fluid velocity produced by this movement; b is the velocity profile
produced by the opposite motor force at ry,; C is the resultant flow pattern, and V; is the
filament velocity achieved by the same force by jet motor-like propulsion. a, b’, ¢’ and
V;" are the corresponding flow patterns and filament velocity at a capillary diameter of 1
pm; d (+b) is the profile of fluid flow that results if the vehicle movement isinhibited for
100% by external load. See text for further explanation.

finally, treatments that increase the myosin Il flexibility by affecting the binding
of the light chains to the neck region also cause a decrease of the propulsion
vel ocity [15,44,58-60].

For myosin Il bound to an actin filament the distance from the filament axis to
the most distal domain is close to 25 nm, if the binding orientation is taken into
account [14,15,19]. The r, must therefore be somewhere between 5 and 25 nm.
In the model we have chosen for a value of 20 nm. With this assumption the V;
calculated according to eq. 5, is only 15% of the V obtained by the same force in
a stationary fluid (Fig.4). Because of the linear rdation between F and us the jet
moator-like propulsion requires a 2 - 6.7 times higher force than that required for
amotor activity without an opposite plasma streaming.
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Thus the energy required to keep a 10 um long filament [I] moving at a velocity
V (zu) isroughly 13.4 - 2 - o/ In (ri/re) 1 " " 4 =3 10" kg mf /sec® or 3
1017 J. If the effective rr, is 5 nm more or less the required energies become 2.47
10" and 3.54 - 10™" J respectively.

The distance propelled in the absence of externd load depends thus on the size
and shapes of motors. It further depends on the length of the filament and the
velocity of its movement which contrasts with the discrete step per ATP that is
predicted by the cross-bridge theory.

To understand this difference one has to redlize that the force exerted onto a
filament by a single motor discharge produces a propulsion that subsequently
ceases exponentially by friction. If subsequent strokes occur before the ve ocity
has decreased substantially, it adds to the actual veocity. Accordingly, the actual
velocity at high stroke rates results from a number of consecutive stroke cycles,
whereby the velocity increase per stroke becomes less with growing stroke rate,
because of the simultaneous velocity-proportional increase of the friction. This
behaviour is reflected by measurements on propulsion force obtained by Ishijima
et d. [61]. They find strong force fluctuations with low force averages at low
stroke rates. With increasing stroke rate, the average force increases in a
saturating way. Simultaneously the force fluctuations gradually disappear. The
authors point out that the cross-bridge mode is incompatible with their data.
They further observe that a extremey high stroke rates the force suddenly falls
down to a very low level, which is aso unexplainable by the cross-bridge modd.
A rational explanaion based on the jet-like propulsion is that at high stroke
rates, the velocity-proportional Reynolds number reaches the threshold at which
the laminar flow collgpses. The resulting turbulence then causes inhibition of the
propulsion as wel disorientation of the motor activities of which only one
component is measured by the employed device.

If avehicleis kept stationary, the flow rate at rn, is dmost 6.7 times the speed of
free vehicle movement reached by the same motor activity (Fig.4). Obviously,
such a flow can transport any particle of appropriate size with a speed conform
to the local fluid velocity, a phenomenon that is generally found to be produced
by motor activity along stationary vehicles in vitro. Such particle movements
can be prevented by applying opposite forces onto them that amount up to 10 pN
[62], which is likdy to be equivalent to the force inherent to the loca streaming.
In a flow chamber that is closed on one or both ends, the streaming fluid has to
be recycled a some greater distance from the filament. Such cydic flow patterns
must generaly be produced by motor activities in living cdls and are the only
plausible cause for the well-known particle movements that deviate more or less
from the direction of microtubule bundles [63].

It thus turns out that the jet propulsion-like mechanism not only fits with
available data on motor structure and kinetics, but also provides rationd
explanations for several phenomena known from vehicle behaviour in vitro that
are difficult to reconcile with predictions that emerge from the swinging cross-
bridge theory.
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CONCLUDING REMARKSAND IMPLICATIONS in vivo

We have shown here that a model on biological force generation can be derived
from an analysis of presently available data on the structure of motor molecules
and the conformational changes induced by interactions with nucleotides and by
binding to microtubules or actin filaments respectively. We would like to point
out that such motor activity is just a natural extension of the known mechanism
of enzyme reactions facilitated by the evolution of simple structura dements in
the cell. Exothermic processes are characterized by an increase of the kinetic
energy of reaction partners, i.e the enzymes and reaction products, as well as the
often involved activators such as actin and tubulin dimers in the above discussed
cases. As free complexes are randomly oriented, the produced kinetic energy is
exclusively increasing the entropy of the system. In order to transform it into
mechanically utilizable power, the complexes must be fixed into a specific
spatiad orientation such as is the case in the quasi-linear order of the vehicle-
moator interaction. In essence, the development of motors that convert the energy
derived from ATP hydrolysis into motility can be assigned to a single
evolutionary step: the structural assembly of subunits that activate the ATPase,
into polar linear polymers.

A crucial question is whether above calculated energy requirements match with
experimental data. Measurements at roughly comparable conditions have
revealed one ATP per 1 nm filament length at 5 um propulsion [2]. For a 10 um
propulsion of a 10 pm long filament this amounts to 3 - 10*° moles ATP. The
10" J calculated above are equa to 6 - 10% moles ATP. The much higher
consumption obtained by the measurements must be ascribed to the use of
filaments with lengths below 0.5 pm. Streaming aong such short filaments is no
more laminar and fluid turbulence causes strong friction as well as rotation of
filaments around their short axes. Both effects demand large amounts of energy.
Furthermore, measurements of movement encompass only the component in de
focal plane and average veocities in the filament length direction become
substantially higher. Taking these and other factors into account brings the two
determinations into comparable ranges. There is no reason to exclude jet-like
propulsion because of an unfavourable conversion of ATP hydrolysis into
filament motion.

Before we can understand, how a jet motor-like force production can bring about
the many phenomena for which microtubeles, actin filaments and corresponding
motor activities are indispensable, we have to recognize severa significant
differences between the in vitro experiments and in vivo conditions. For
example, the length of vehicles to which the strength of the generated force is
proportional, can vary from less than 1 up to about 100 um. The in vivo
concentration of vehicles is usualy very high, whereby the movements are
reciprocally affected by each other's plasma currents, either enhancing or
lowering the velocity or changing its direction. The smdl size of cells mostly
limits the movement, and attachment of actin filaments to the cdl membrane
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virtually abolishes their propulsion. It is therefore not surprising that direct
observation of the effects of motor activities are scarce. One clear exampleis the
transient movement of very long microtubules into the growth cones of
elongating neuronal axons, in which case it depends on the formation of bundles
of microtubules with uniform polarity [7]. Another observed effect of the
bundling is the plasma streaming associated with the so-called cables of actin
filaments in the long characean internodial cells [6]. In agreement with the
current theory the streaming direction is opposite to the in vitro propulsion of
actin filaments. This flow amplification results from the superposition of the
individual currents by a common flow pattern and therefore strengthens with
increasing length and concentration of the filaments. In theory it can acquire
sufficient strength to serve as a carrier for organdle transport, such as known
from cytoplasmic layers and strands in highly vacuolated plant cells. Typicaly
the transportation velocities increase with the closeness to the strands where they
reach up to 50 pm per sec [64], which is ten times the velocity usually observed
in in vitro experiments with single actin filaments. The stepping modd provides
no explanation for such differences.

We would like to emphasize that the generation of plasma streaming not only
explains the numerous intracellular particle translocations. Rather it also helps to
understand more complex cellular processes such as mitosis, cytokinesis as well
as morphodynami ¢ behavi ours including muscle contraction.
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