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16.1 INTRODUCTION

16.1.1 Barriers to Gene Therapy and Drug Delivery

The delivery of drug carriers or viral and nonviral vectors for gene therapy is
hampered by many extracellular and intracellular barriers. The drug or DNA
carrier must find its way from the injection site to the target cell, avoiding
sequestration and destruction, for example, by cells of the immune system.
Upon reaching the target cell, the carrier must pass the plasma membrane to
enter the cell, traverse the cytoplasm to its intracellular destination, possibly
enter a target organelle like the nucleus or a mitochondrion, and then perform
its function. Traditionally, research has focused on overcoming membrane
barriers: how to get the drug carriers or transfection vectors into the cell and,
once inside the cell, how to get these particles into the target organelle.
However, the cytoplasm itself is also a major obstacle to delivery, especially
for nonviral gene therapy: After a transfection vector has been released into
the cytoplasm, it may have difficulties reaching the nucleus [1, 2].

16.1.2 Inefficient Transport Via Diffusion

One fact that is often overlooked is that drug or gene carriers are too large to
diffuse through the cytoplasm at a reasonable rate. The cytoplasm is a crowded,
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viscous medium consisting of proteins, filament meshworks, and organelles,
which limit the diffusion of large particles [3]. For example, using experimen-
tally determined cytoplasmic diffusion coefficients of DNA [4], a 1000-bp
DNA needs about 30min to diffuse a distance of 10um, compared to about
18s in water. DNA strands that are larger than 2000bp are practically immo-
bile in the cytoplasm. Gene vectors used in gene transfer have typically several
thousand base pairs. Consequently, microinjected plasmids do not diffuse far
from their site of injection [5], and transfection increases dramatically if DNA
is microinjected into or very close to the nucleus instead of a cytoplasmic
location far from the nucleus [5, 6]. Therefore efficient transport to the nucleus
cannot be achieved by diffusion and requires an active mechanism.

16.1.3 Viruses as Hijackers

Some viruses face barriers similar to gene therapy: they must enter the host
cell and deliver their genetic material to the nucleus. Many viruses have solved
the problem of intracellular transport by hijacking the host cell’s active trans-
port system [2, 7, 8], as shown in Figure 16.1A. After entering the cell via
endocytosis or membrane fusion, the virus particle recruits molecular motors,
which act as cellular “nanotrucks” and pull the virus along microtubule fila-
ments toward the nucleus. Similarly, when leaving the cell, the virus uses
molecular motors to travel from the site of assembly to the cell membrane.
This active transport allows the virus to travel at a velocity of about 1 um/s [8,
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Figure 16.1. Intracellular trafficking. (A) Microtubule filaments (black) form long
“highways” from the microtubule-organizing center (MTOC) near the nucleus to the
cell periphery, while a dense meshwork of actin filaments (cyan) provides “side roads”
for short-range- traffic. Plus-end directed (blue) and minus-end directed (yellow)
molecular motors pull various cellular cargoes along these filaments. Viruses hijack the
cellular transport machinery: after entry into the cell, a virus particle (red) recruits
motors from the cytoplasm to travel along microtubules toward the nucleus, where it
delivers its genetic material (white). In order to leave the cell, the newly assembled
virus uses motors to travel back to the plasma membrane. (B) Cargo particle (red) that
is transported along a microtubule by one kinesin-1 (blue) and one cytoplasmic dynein
(yellow) motor. (See color insert.)
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9] so that it can overcome a distance of 10um in about 10s. For comparison,
diffusion of a 100-nm virus capsid in the cytoplasm over the same distance
would take a few hours.

16.1.4 Understanding Intracellular Transport

Hijacking the cellular transport machinery is an elegant solution to the problem
of transport through the crowded cytoplasm, which is employed by many
viruses, such as human immunodeficiency virus, herpes simplex virus, and
adenoviruses [2, 7, 8]. These viruses are commonly used in viral gene therapy,
in which the gene vector is packaged into a virus capsid. However, also non-
viral vectors and drug carriers can bind to molecular motors via adaptor
proteins recruited from the cytoplasm, and then travel actively along micro-
tubule filaments [2]. In order to improve gene and drug delivery, it is therefore
essential to design carrier systems that can recruit the cellular transport
machinery in an appropriate way. As a prerequisite for such a design, a good
understanding of intracellular transport by molecular motors is required.

16.1.5 OQverview

This chapter is organized as follows. The basic features of molecular motors
and cytoskeletal filaments are briefly described in Section 16.2.1. The chal-
lenges encountered by motor transport are summarized in Section 16.2.2. The
different mechanisms for cooperative transport by motor teams are discussed
in Section 16.3. In this latter section, we will distinguish three such mechanisms
that we have recently elucidated by the construction and analysis of explicit
theoretical models: (1) cargo transport by one team of identical motors [10,
11]; (2) transport by two antagonistic teams of motors that both work on the
same type of filament [12, 13]; and (3) cargo transport by two teams of motors
that work on different filaments [14]. At the end, we give a brief outlook on
open questions and possible applications of the teamwork of molecular motors.

16.2 INTRACELLULAR TRAFFIC OF MOLECULAR MOTORS

16.2.1 Molecular Motors and Their Tracks

The complex internal structure of cells depends to a large extent on active
transport: vesicles, as well as RNA, filaments, and protein complexes, move
between different compartments, travel from the cell center to the cell periph-
ery or vice versa [15]. This active transport is mainly accomplished by molecu-
lar motors. These molecular motors can be compared to road trucks: they
travel along a “road network” consisting of cytoskeletal filaments and consume
ATP as molecular “fuel.”
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16.2.1.1 Cyloskeletal Filaments The road network for the molecular
motors is formed by the cytoskeleton. The cytoskeleton is a meshwork built
up from three types of filaments—microtubule, actin, and intermediate
filaments—which form a complex meshwork throughout the cell. Only micro-
tubules and actin filaments are used in motor transport. Kinesin and dynein
motors walk on microtubules, while myosin motors travel along actin fila-
ments. The microtubules form a very structured network spanning the whole
cell from the center to the periphery, see Figure 16.1A, and serve as “high-
ways” for the long-range traffic. The actin filaments, on the other hand, form
a dense meshwork concentrated near the cell cortex and serve as “side-roads”
for short-range traffic. Both types of filaments are polar: their building blocks
are asymmetric so that each filament possesses an intrinsic directionality. Each
filament has a “plus end,” at which it polymerizes faster than at its “minus
end.”

16.2.1.2 Cytoskeletal Motors Each cytoskeletal motor works on a certain
filament and recognizes the polarity of this filament. Thus each motor walks
either to the filament’s “plus” or “minus” end. The cytoplasmic dynein motor,
for example, walks to the microtubule minus end, while the kinesin-1 motor
walks to the microtubule plus end; see Figure 16.1B.

16.2.1.3 Kinesin-1 The best-studied motor, kinesin-1, was first identified
in the 1980s in a biochemical fractionation of squid axonal tissue [16, 17]. It
is a heterotetramer composed of two identical heavy chains and two identical
light chains [18]. The heavy chains dimerize to form an o-helical coiled-coil
stalk. Each of the 120-kDa heavy chains includes a globular “head” at its N
terminus, with both a microtubule-binding domain and an ATP-binding
domain. The two heads perform the actual motor activity of the protein. The
light chains associate with the heavy chains near the C terminus and form the
motor tail, which is involved in cargo binding.

16.2.1.4 Kinesin Steppirig When traveling along a microtubule, kinesin-1
rather “steps” than “drives” [19]. A microtubule filament consists of 13 pro-
tofilaments aligned in parallel, each of which provides a track for the motor
with a binding site every 8nm. For each step, kinesin moves the trailing head
forward to the next binding site in front, while the other head remains bound
to the microtubule. In this so-called hand-over-hand mechanism, each head
covers a distance of 16nm, while the center-of-mass of the motor makes a
forward step of 8nm. During each step, the motor hydrolyzes a single ATP
molecule. :

16.2.1.5 Cytoplasmic Dynein The structure of cytoplasmic dynein, which
was discovered as a minus end microtubule motor in the 1980s [20], is more
complex than that of kinesin [18, 21], as indicated in Figure 16.1B. Dynein
also has two heads, which can bind to the microtubule, but its ATP-binding
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domains reside in rings of seven globular domains, which are connected to the
heads by a short coiled-coil stalk. Several light and intermediate chains are
attached near the cargo binding end of dynein and are involved in the binding
of cargo and of accessory proteins, making dynein a huge multisubunit protein
of 1.2MDa.

16.2.1.6 Other Types of Motors Kinesin-1 and cytoplasmic dynein are
the most prominent members of a whole “zoo” of molecular motors, consist-
ing of three motor families—kinesins, dyneins, and myosins—as reviewed in
Refs. 18, 22, and 23. While the dynein family consists of only two subclasses,
the kinesin family has more than ten subclasses. All dyneins walk to the micro-
tubule minus end, whereas most kinesins walk to the microtubule plus end.
Several classes of myosins mediate transport on actin filaments.

16.2.2 Challenges for Motor Transport

The various motors described in the last section provide a versatile toolbox
for intracellular traffic [18]. These motors transport an enormous amount of
vastly different cargoes through the cell, ranging from endosomes and other
types of vesicles to RNAs and filaments as well as to whole organelles such
as mitochondria [15]. Each cargo has to recruit the right type of motor and an
appropriate motor number in order to be shuttled to the correct destination.
In this section, we will discuss how the motors perform these challenging tasks.

16.2.2.1 Motor Processivily Native motor molecules have a linear exten-
sion of about 100nm; see Figure 16.1B. Because of their relatively small size,
their motion is strongly affected by thermal fluctuations and viscous forces:
molecular motors continuously collide with other molecules and thus walk “in
a strong storm.” Because of this thermal noise, molecular motors unbind from
their track from time to time. Upon unbinding they lose their ability to perform
directed motion and randomly diffuse in the surrounding solution until they
finally rebind to a filament. For kinesin-1, unbinding happens on average after
a run time of about 1s, or equivalently a run length (or walking distance) of
about 1um. A cellular cargo, however, must accomplish distances of tens of
micrometers, and in some extremely large cells like neurons even up to a
meter [24].

16.2.2.2 Load Forces Molecular motors can generate forces in the range
of a few piconewtons [22, 25, 26]. This has to be compared to the frictional
force,

Fo=0gv with 6y =6mnR=ksT/D (16.1)

experienced by the cargo particle of size R as it moves through a medium with
dynamical viscosity 1. The parameter D is the diffusion coefficient of the
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Figure 16.2. Organization of microtubules (black lines with indicated plus ends) in
three different cell types for which the nuclei are represented as black ellipses and the
microtubule-organizing centers or centrosomes as white rectangles. (A) In fibroblast
cells, microtubule minus ends nucleate at the centrosome and the plus ends point radi-
ally outwards. (B) In epithelial cells, microtubules form a parallel array with minus
ends pointing to the apical and plus ends to the basolateral surface. (C) In long axons
of neuron cells, microtubules form an isopolar array with the plus ends oriented toward
the synapses at the axon tips.

basolateral

(unbound) cargo, and kT is Boltzmann’s constant times absolute tempera-
ture. In water with dynamical viscosity 1 = 1mPa-s, the force needed to pull
a 1-um sized cargo at a velocity of v = 1um/s is equal to 0.01pN, which is
negligible for a molecular motor that is able to generate several piconewtons
of force. However, since diffusion in the cytoplasm is slowed down by a factor
of 10-1000 depending on the cargo size [47], it follows from Equation 16.1
that frictional forces in the cytoplasm can be in the range of 0.1-10pN, which
represents a large load for a molecular motor. For these estimates, we assumed
that the diffusion coefficient D as measured for cargo diffusion in the cyto-
plasm also applies to motor transport; see, however, Ref. 27.

16.2.2.3 Bidirectional Transport Cells typically have an “isopolar”
microtubule cytoskeleton [28]; see Figure 16.2. In a “round” cell such as a
fibroblast cell, for example, microtubules are arranged radially, with their
minus ends close to the nucleus at the cell center and their plus ends directed
outward to the cell periphery. In epithelial cells, microtubules form a parallel
array with their minus ends pointing to the apical and their plus ends to the
basolateral surface. The isopolar microtubule arrangement is most pronounced
in long cellular subcompartments such as neuronal axons or fungal hyphae.
In these long and relatively narrow membrane tubes, the microtubules are
arranged parallel to the tube axis with their minus ends pointing to the cell
body and the plus ends pointing to the tip.

Single molecular motors walk along these tracks only into one direction:
dyneins to the minus ends, and most kinesins to the plus ends. However, many
cellular cargoes travel in both directions [29, 30}, a transport mode that avoids
accumulation of cargo at either the cell periphery or the cell center [31, 32].
Cargoes like endosomes, mitochondria, and viruses are observed to move
bidirectionally, reversing direction every few seconds [29, 30]. These cargoes
have both plus- and minus-end directed motors attached. Bidirectional
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motion can lead to net transport if the runs in one direction are on average
longer or faster than runs in the other direction. Therefore bidirectional trans-
port requires an appropriate balance between the activity of plus and minus
motors.

16.2.2.4 Transport Regulation Cellular regulation of cargo transport
often leads to changes in the run lengths, that is, the distances covered during
runs into the plus or the minus direction. This has been observed for the
directional regulation of mitochondria in axons [33], of lipid droplets during
embryo development [34], of virus targeting during entry and egress [35], and
of melanosomes during dispersion and aggregation [36]. In the latter example,
melanosome redistribution in specialized pigment cells of fish or frog allows
the organism to adapt its skin color to the environment. During “aggregation,”
minus-end motion dominates, and the melanosomes accumulate in the cell
center. During “dispersion,” the melanosomes spread out over the whole cell
because of a decrease in minus run length [36]. Aggregation and dispersion
are triggered by hormonal stimulation, which is transmitted to the motors via
a signal cascade involving cAMP and protein kinase A (PKA) [37].

16.2.2.5 Transport on Two Types of Tracks Intracellular transport
usually proceeds in two steps [38, 39]; see Figure 16.1A. Long-range transport
from the cell center to the periphery and vice versa is mediated by kinesins
and dyneins walking along the long microtubule highways, while short-range
delivery is the task of myosin motors using the dense actin meshwork in the
cell cortex. This “dual transport” requires that cargoes are able to switch from
microtubule to actin tracks, as has indeed been observed for various cellular
cargo such as mitochondria, pigment granules, and synaptic vesicles, reviewed
in Refs. 38 and 39. These cargoes need to balance the activities of actin- and
microtubule-based motors. A prominent example is again the traffic of
melanosomes, which are carried by kinesin-2 and cytoplasmic dynein along
microtubules and by myosin V along actin filaments [38]. During dispersion,
myosin V is upregulated, which leads to enhanced switching of melanosomes
to actin filaments [36, 40]. During aggregation, downregulation of myosin V
“recollects” the melanosomes to the microtubules, on which they are then
transported toward the cell center.

16.3 TEAMWORK OF MOLECULAR MOTORS

16.3.1 Different Levels of Motor Motility

In general, the behavior of molecular motors involves several levels of motility
[41] related to (i) the stepping of single motors, (ii) the cooperative transport
of cargo by motor teams, and (iii} the traffic of many motor-propelled cargoes.
At the level (i) of a single motor, most progress has been made in understand-
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ing the structure and the stepping mechanism of kinesin-1, in particular, the
coordination of its two heads [19, 21, 42]. The level (iii) of cell wide cargo
trafficking has received mainly theoretical attention. On the cellular length
scale, each cargo is viewed in a course-grained manner as a particle with the
ability to bind and actively move along cytoskeletal filaments, while diffusing
randomly in the surrounding solution. This description allows one to calculate
quantities such as the densities and fluxes of cargoes throughout the cell
[43-46], which are important to characterize the intracellular traffic. For drug
delivery, gene therapy, or virus trafficking, another important quantity is the
mean first passage time from the point of entry into the cell to the intracellular
target [47, 48].

16.3.2 Motor Teams

The level (ii) of cooperative transport by several molecular motors will be the
focus of this chapter. Many cellular cargoes are attached to more than one
motor, and to more than one type of motor [29, 30, 38, 39]. The number of
motors in a team is small, typically between 1 and 10 [27]. Cargo transport by
small teams of molecular motors is a topic of current research both experi-
mentally [27, 49-54] and theoretically [11, 13, 14, 50, 55, 56]. In the following,
we will review our recent theoretical studies of cargo transport by small teams
of molecular motors [11-14]. After introducing our model for a single motor
in the next section, we will first examine the transport by one cooperating team
of molecular motors that all belong to the same species. We will then discuss
transport by two antagonistic teams of molecular motors that walk into oppo-
site directions, and finally transport by two teams of motors that can walk on
different types of filaments.

16.3.3 Transport Properties of a Single Motor

16.3.3.1 Different Subprocesses of Motor Transport Since we are
interested in cargo motion on time scales ranging from seconds to minutes and
length scales from a few to hundreds of micrometers, we can describe the
motors in a coarse-grained manner. We neglect the details of their protein
structure and stepping cycle but take their finite binding time to the track into
account. The motors exhibit three basic subprocesses: they walk along the fila-
ment with velocity v, unbind from this filament with rate €, and rebind to it
with rate m; see Figure 16.3A. If the motor experiences no load force, these
parameters are of the order of ny ~ 1/s, v¢ ~ 1 um/s, and g, ~ 1/s, respectively;
see Table 16.1. If the motor has to work against a load force F, both the motor
velocity v and its unbinding rate € strongly depend on this force; see Figure
16.3B,C. This force dependence has been investigated experimentally for
some motors using optical traps or tweezers. An optical trap uses a focused
laser beam, the radiation pressure of which is able to exert forces in the
piconewton-range on dielectric objects of nanometer to micrometer size. If a
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Figure 16.3. Transport properties of a single motor. (A) A single motor walks along
the filament with velocity v, unbinds from the filament with rate €, and rebinds to it
with rate © = 7. If the cargo experiences a load force F, both the velocity v and the
unbinding rate € depend on F. (B) Motor velocity v as a function of load force F as
parameterized in Equations 16.2 and 16.3. The velocity decreases with increasing F
until it vanishes at the stall force F. For superstall forces F > F;, the motor steps back-
wards with a relatively small velocity. (C) Motor unbinding rate € as a function of F
as in Equation 16.4. The unbinding rate increases exponentially with increasing F. (See
color insert.)

TABLE 16.1 Single Motor Parameters for Conventional Kinesin or Kinesin-1 and
Cytoplasmic Dynein*

Parameter Symbol Kinesin Dynein
Stall force F 6pN [25,7, 58] 7pN [26]
Detachment force Ey 3pN [59] 3pN ?
Unbinding rate £ 1/s [59] 0.25/s [60]
Binding rate o 5/s [10, 52] 1.5/s [60]
Forward velocity Vi 1um/s [25,7, 58] 1pm/s [26, 60]
Backward velocity Ve 6nm/s [25, 7] 6nm/s ?

“These are abbreviated here as “kinesin” and “dynein,” respectively. The experimentally deter-
mined values for the stall force F; of kinesin [25, 7, 58] vary between 5.5pN and 7.6 pN. For dynein,
the parameters with a question mark are currently not available from experimental studies; in
the latter case, we used the same parameters for dynein as for kinesin.

single motor is bound to such an object, the movement of this motor can be
studied under a constant load force F.

16.3.3.2 Single Motor Parameters The results of optical trapping experi-
ments imply that the motor velocity v decreases approximately linearly with
force F and is well described by the functional form
v(F)=v(1-F/F,) forO<F<E (16.2)
which vanishes at the “stall force” F = F, [25, 59]. For higher load forces
F > F,, the motor walks backwards very slowly [25, 57]; we use the parametri-
zation [13]
v(F)=v(1-F/F,) for FE<F (16.3)

with v, << vy
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The unbinding rate of the motor from the filament increases exponentially
with applied force F according to [11]

e(F)=goexp(|F|/Fy) (16.4)

with the detachment force Fy as obtained, for positive F, from the measure-
ments of the walking distance of a single motor as a function of load [59] in
agreement with Kramers’ rate theory [61]. Such an exponential form has also
been used in the context of receptor-ligand binding at membranes [62].

The binding rate of the motor to the microtubule is taken to be independent
of the load force and given by [11]

n(F)=mn, forallF. (16.5)

In total, a single motor of a certain motor species is described by six param-
eters as explained in Figure 16.3. For the plus motor kinesin-1 and the cyto-
plasmic minus motor dynein, most of these single motor parameters have been
determined experimentally; the corresponding parameter values are sum-
marized in Table 16.1 [13]. This theoretical description for a single motor
incorporates all results of single molecule experiments that are relevant for
large-scale cargo transport.

16.3.4 One Team of Identical Motors

In this section, we consider cargo transport by one team of motors, that is, N
motors of the same type are attached to one cargo as shown in Figure 16.4.
Since each motor binds to and unbinds from the filament in a stochastic
manner, the number n of motors that crosslink the cargo to the filament and
thus can actively pull on it varies with time between n =0 and n = NV as illus-
trated in Figure 16.4. The motors are taken to act independently. If » motors
are bound to the filament in the absence of load, the unbinding of one of these

Figure 16.4. Transport by one team of identical motors. Each motor is characterized
by a long stalk (grey), by which it is firmly attached to the cargo particle (red), and by
two motor heads (blue), which can bind to the filament and then actively pull on the
cargo. In this example, the total number of motors is N = 3 but the actual number n
of crosslinking motors fluctuates between n =0 and n = 3 because of thermally induced
motor unbinding and rebinding. (See color insert.)
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Figure 16.5. Transport by one team of identical motors. (A) The cargo’s run length
Ax, increases exponentially with the total number N of motors attached to the cargo.
(B) The average cargo velocity <v> decreases with increasing friction coefficient ¢y,
but less so for larger motor number N. The single motor parameters correspond to
kinesin-1 as given in Table 16.1.

bound motors is governed by the unbinding rate ngy, and the rebinding of one
of the N — n unbound motors back to the filament takes place with rate
(N — n)m, [11].

16.3.4.1 Processivity Enhancement A major problem of cargo trans-
port by a single motor is the motor’s finite run length Ax, ~ 1um, which is too
small to cover typical cellular distances of tens of micrometers. Cargo trans-
port by several molecular motors leads to a dramatic increase in the cargo’s
run length; see Figure 16.5A. Intuitively, if one motor unbinds from the fila-
ment, the cargo remains attached to the filament as long as it is still crosslinked
by another motor, giving the unbound motor a chance to rebind; compare
Figure 16.4. An explicit calculation shows that the average run length Ax, is
given by [11]

Vi
Nm,

Axy = [(1+mo/e0)" 1] (16.6)

that is, it increases exponentially with the motor number N for large N. If the
cargo is transported by kinesin-1 motors, only three such kinesins are required
to cross a cell of 10-um diameter; see Figure 16.5A. The increase of run length
with increasing motor number has been observed in vitro [63, 64], but it has
been difficult to determine the number of motors pulling the cargo. In recent
experiments, the motor number was determined by force measurements [54]
or dynamic light scattering [10]. In the latter case, the theory described here
was used to describe the data quantitatively.

16.3.4.2 Frictional Forces Another feature of cargo transport by
several motors is the ability to sustain large forces arising, for example, from
hydrodynamic friction. For a cargo particle of radius R = 1um in water with
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dynamical viscosity n = 1mPa-s, the friction coefficient is ¢g ~ 107 pN-s/um,
which does not significantly change the velocity of a cargo particle that is
transported by a single motor; see the curve for N = 1 in Figure 16.5B.
However, as discussed in Section 16.2.2, particle diffusion in the crowded
cytoplasm is reduced by a factor of 10-1000 [3], depending on the size of the
particle. Since the friction coefficient in Equation 16.1 is inversely propor-
tional to the diffusion constant, the cytoplasmic friction coefficient is 10-1000
times larger than the one in water and leads to a significant reduction of the
cargo velocity if the cargo particle is pulled by only one motor; see Figure
16.5B. When the cargo is pulled by N > 1 motors, these N motors can share
the force, so that the average cargo velocity remains relatively high even for
large friction coefficient ¢; see Figure 16.5B.

16.3.5 Two Teams of Antagonistic Motors

As discussed in Section 16.2.2, many cellular cargoes undergo fast transport
both toward the plus end and toward the minus end of the microtubules. This
bidirectional transport implies that these cargo particles must be attached to
both plus-end and minus-end directed motors.

16.3.5.1 Tug-of-War Between Motors We now consider a cargo particle
that is attached to N, plus and N. minus motors. Because each motor unbinds
from and rebinds to the filament in a stochastic manner, both the number of
active plus motors and the number of active minus motors now fluctuate; see
Figure 16.6. Three situations are possible: in the (+) states, only plus motors
are active, which can pull the cargo into the plus direction without any opposi-
tion from the minus motors; in the (—) states, only minus motors are active
and the cargo exhibits fast minus motion; and in the (0) states both types of
motors are bound to the filament. In the latter case, the motors pull the cargo
into opposite directions, leading to slow cargo movement. Since many
bidirectional cargoes are observed to exhibit long periods of fast unidirec-
tional motion, the motors must “cooperate” in some way to avoid the (0)
states.

Two mechanisms for bidirectional transport have been proposed [29, 30]:
(1) coordination by a putative protein complex, which ensures that only one
type of motors is active at any given time; and (2) tug-of-war between the
motors that pull on each other until the stronger team wins and determines
the direction of motion for a certain period of time. Previously, it was thought
that a tug-of-war would lead to a prevalence of (0) states with slow cargo
motion and thus would be inconsistent with the experimental observation of
fast cargo motion [29, 30]. However, we have developed a realistic tug-of-war
model, which is based on the single motor description as presented in Section
16.3.3 as well as on the assumptions that (1) each motor team exerts load
forces on the other team and (2) motors of one team share the load force
generated by the antagonistic motor team {12, 13]. Such a tug-of-war, which



TEAMWORK OF MOLECULAR MOTORS 301

Figure 16.6. Transport by two antagonistic teams of motors. The motors with blue
heads are plus motors that pull to the right, the ones with yellow heads are minus
motors that pull to the left. Both types of motors are firmly attached to the cargo
particle (grey) via their long stalks. The total number of blue plus motors and
yellow minus motors is N, = 2 and N_ = 2, respectively. The cargo particle exhibits
(N, + 1)(N_ + 1) = 9 different states and undergoes transitions between these states
arising from the unbinding and rebinding of single motors. (See color insert.)

does not require any coordination complex, is consistent with all experimental
observations [13, 65].

16.3.5.2 Patterns of Movements As shown in Refs. 12 and 13, a cargo
transported by two teams of motors can exhibit different patterns of motility
(or “motility states”) depending on the single motor parameters. For the single
motor parameters given in Table 16.1, the cargo transport exhibits a dynamic
instability, which effectively makes the (0) states very unlikely: if both types
of motors are active simultaneously, they exert forces on each other and tend
to pull each other off the filament. If, for example, a minus motor unbinds,
each of the remaining minus motors has to sustain a larger force arising from
the opposing team. Since the unbinding rate in Equation 16.4 increases expo-
nentially with the force, the remaining minus motors now have a high unbind-
ing probability, and undergo an unbinding cascade until all minus motors are
detached. A similar unbinding cascade can happen for the plus motors.
Because of these unbinding cascades, the cargo is unlikely to stay in a (0) state,
in which both types of motors are attached to the filament, but is likely to
attain a (+) or (-) state, in which only plus or only minus motors are bound
to filament. Therefore the spatial displacement (or trajectory or kymograph)
of a cargo pulled by several kinesin-1 and several dynein motors exhibits
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alternating periods of fast plus and fast minus motion at speeds of micrometers/
second (um/s); see Figure 16.7A. Switching between the two directions happens
when a series of motor binding and unbinding events leads to the predomi-
nance of the opposing team, which is then stabilized by another unbinding
cascade.

16.3.5.3 Advantages for Cargo Transport The tug-of-war performed by
two motor species has several advantages for the cell. First, fast bidirectional
motion is possible without any coordination complex. Second, cargo transport
can easily be regulated, since a change in a single motor parameter affects the
competition of the two teams and can lead to net plus or net minus motion
by increasing or decreasing the corresponding run lengths, as found experi-
mentally [33-36]. Third, the transport by teams of motors again leads to larger
force generation and to enhanced processivity [66]. In particular, the binding
time of a cargo increases exponentially with the numbers N, and N_ of attached
plus and minus motors, respectively. The tug-of-war model described here
leads to the binding time A#, as given by

(147, /€0, ¥ + (1 + 1o fe0- ) =2
N+TEO+ +N_TEO‘

At(N,,N_)= (16.7)

where the indices “+” and “~" label plus and minus motor parameters, respec-
tively. Fourth, the stochastic switching of bidirectional transport leads to
enhanced diffusion on long time and large length scales; see Figure 16.7B. On
short time scales, the cargo particle moves ballistically, that is, the mean square
discplacement increases quadratically with time, while it increases linearly on
long time scales, with a diffusion coefficient of about 1pum?s. This diffusion
constant is similar to the diffusion constant of a 1-um sized cargo particle in
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Figure 16.7. Transport by two antagonistic teams of motors. (A) Spatial displacement
(or trajectory or kymograph) of cargo particle as a function of time. The cargo is pulled
by 4 dyneins and 3 kinesins with single motor parameters as in Table 16.1 and exhibits
fast transport in both the plus direction and minus direction. (B) Mean square displace-
ment (MSD) of cargo as a function of time. The cargo is pulled by N, = 4 plus and
N_ =4 minus motors, which are both characterized by kinesin parameters as in Table
16.1. The cargo’s MSD grows quadratically and linearly with time for short and long
times, respectively.
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water, and about 100-1000 times larger than the diffusion constant of such a
particle in the cytoplasm. This enhanced diffusion should be especially useful
for cargoes in search of their destination, or for cargo particles such as mito-
chondria or pigment granules that must be distributed over the whole cell [29,
36, 67]. Finally, one would intuitively expect that bidirectional transport helps
to reduce jams in the dense traffic of cargo particles as found in eukaryotic
cells. Indeed, if a jam builds up in one direction, for example, because of an
obstacle, the cargo particles at the very end of the jam may then move in the
opposite direction and, in this way, start to dissolve the jam.

16.3.6 Two Teams of Motors Working on Different Tracks

As discussed in Section 16.2.2, tracks for the long- and short-ranged transport
of intracellular cargo particles are provided by microtubules and actin fila-
ments, respectively. In order to switch between these two filament systems
without interruptions, many cargo particles are attached to both microtubule-
and actin-based motors [38, 39]. The probability of switching between the two
filaments depends on the number and types of motors, on the cargo, as well
as on cellular regulation [36, 40, 68].

16.3.6.1 Processivity Enhancement During transport on one type of
filament, both types of motors may be crosslinked to this filament. Indeed,
myosin V, which walks along actin filaments, can also bind to microtubules
and diffuse randomly on these latter filaments, whereas kinesin-1, which walks
along microtubules, exhibits a weak affinity for actin filaments as well [49, 69].
This type of transport is illustrated in Figure 16.8A for a cargo particle that is

Distance [um]
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Figure 16.8. Cargo transport by one active and one “passive” motor. (A) A cargo
particle (grey) is crosslinked to a microtubule by one kinesin-1 (blue) and one myosin
V (red). The kinesin-1 motor is actively stepping whereas the myosin V motor is pas-
sively diffusing along the filament. (B) The trajectory of such a cargo exhibits fast plus
motion interrupted by diffusive events. For this example, the total binding time was
about 11s, much longer than in the absence of the “passive” myosin V motor [14]. (See
color insert.)
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crosslinked to a microtubule by both one kinesin-1 motor, which actively
walks along the microtubule, and one myosin V, which passively diffuses along
this filament. Such a cargo particle exhibits fast plus motion interrupted by
diffusive events; see Figure 16.8B. It is then necessary to distinguish the run
length, which the cargo particle exhibits during its plus motion, from the
binding length of the composite cargo motion.

The binding length of a cargo particle that is transported by one kinesin-1
motor and one myosin V motor is more than two times larger than that
of a cargo particle transported by only one kinesin motor [49]. This proces-
stvity enhancement can be understood from the single motor properties of
kinesin and myosin (compare Section 16.3.3), provided the myosin motor is
characterized by its bound diffusion constant rather than by its velocity [14].
The increase in run length arises in a similar way as for cargo transport by a
team of identical motors; see Section 16.3.4. If the kinesins unbind, the myosins
still act as crosslinkers between cargo and microtubules, thereby preventing
the cargo from diffusing away from the filament and giving the kinesins a
chance to rebind. Furthermore, in contrast to the competition between kinesin
and dynein as described in Section 16.3.5, the simultaneous crosslinking
by kinesin-1 and myosin V does not lead to a tug-of-war: because of the rela-
tively weak affinity of myosin V to microtubules, myosin V motors can
easily be dragged along by kinesin motors toward the plus end of the micro-
tubule [14].

16.4 CONCLUSION AND DISCUSSION

Cellular cargoes, including endosomes, RNAs, protein complexes, and fila-
ments as well as whole organelles, travel through the cell with the help of
molecular motors that pull them along cytoskeletal filaments: kinesin and
dynein motors mediate long-ranged transport on microtubule filaments, while
Iocal delivery is accomplished by myosin motors walking on a meshwork of
actin filaments. '

16.4.1 Team Work of Motors

As described in this chapter, molecular motors work in teams in order to meet
the challenges of intracellular transport. Three types of teamwork have been
identified and elucidated. First, one team of identical motors as shown in
Figure 16.4 is able to transport large cargoes through the viscous cytoplasm
at considerable speeds of micrometers/second over distances of many micro-
meters; see Figure 16.5. Second, two teams of antagonistic motors that walk
into opposite directions, as in Figure 16.6, accomplish bidirectional transport
along an isopolar cytoskeletal network of motor tracks as illustrated in Figure
16.7A. Third, two teams of motors that can walk on different filaments (see
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Figure 16.8) allow a smooth transit from the long-range microtubule traffic to
the short-range delivery on actin filaments and vice versa. The presence of
several motor teams on one cargo allows versatile transport and fast reaction
to cellular regulation. A regulation cascade that targets the motor proteins
can change the transport properties of the cargo “on the fly,” making it travel
on a microtubule to the minus instead of the plus direction by downregulating
kinesin, or switching to actin filaments by upregulating myosin.

16.4.2 Virus, Gene, and Drug Delivery

Many viruses hijack the intracellular transport systems and use them for their
own purposes. These viruses recruit molecular motors from the host’s cyto-
plasm and, in addition, “know” how to activate these motors to ensure trans-
port to the desired destination. Copying this viral strategy would dramatically
increase the efficiency of gene therapy and drug delivery, because transport
through the crowded and viscous cytoplasm would be strongly enhanced.
Virus-based expression vectors should include all factors that allow the virus
to use the host’s transport machinery during entry and transcription, but not
those involved in virus replication and egress. Nonviral vectors and drug car-
riers should be able to recruit motor proteins from the cytoplasm, for example,
by coating them with receptor proteins for molecular motors. Although many
of the motor-cargo interactions still remain to be elucidated, an increasing
catalog of receptor proteins is emerging [8]. Ideally, the appropriate receptors
should be selected from such a catalog in order to bind the correct number
and types of motors from the cytoplasm to the gene or drug carrier. The choice
of motors should reflect the cargo destination, and possible responses to intra-
cellular or externally applied regulatory stimuli.

16.4.3 Outlook: Open Questions and Possible Applications

In order to construct such carrier and delivery systems, a good understanding
of molecular motor traffic is necessary. Although much progress has been
made during the last couple of years, many open questions remain. These
include the details of the molecular stepping mechanisms of the different
motors, the understanding of motor cooperativity, as well as the understand-
ing of overall cellular traffic. A particularly challenging topic is the coupling
of motor transport to cellular regulation.

Such an understanding of molecular motor traffic would also be useful for
other types of applications in medicine and nanotechnology. One example is
provided by antiviral therapies: efficiency of virus infection would be greatly
reduced if the viruses were prevented from hijacking the cellular transport
machinery in an appropriate way. Likewise, understanding of molecular motor
traffic could be useful in order to treat diseases in which improper intracellular
transport plays an important role, such as Alzheimer’s disease or lissencephaly
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[70, 71]. Finally, molecular motors are possible building blocks for nanotech-
nological applications. One example is provided by molecular motors that
carry cargoes on lab-on-a-chip devices [72, 73].
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