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ATP
EM

adenosine triphosphate
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Glossary
Dynein A motor protein that moves in the opposite
direction from kinesin along microtubules.
Kinesin An enzymatic protein known as a motor protein
because it hydrolyzes ATP and converts the energy stored in
the phosphate bond to motion.

4.15.1

Overview

In older textbooks, there is little mention of how cells
are organized and the importance of that organization. The
modern view is quite different. We now know that many
cellular processes depend on the existence of distinct subcellular compartments with unique properties and on the
spatial organization of these compartments relative to each
other, allowing controlled transport of components between
them. Both the positioning of these compartments and the
transport between them rely on enzymes called molecular
motors that walk along cytoskeletal tracks. These motors are
true nanomachines: They burn fuel (ATP) and use this
chemical energy to do mechanical work, taking 8- to 36-nm
steps (depending on the motor) and exerting forces up to
approximately 7 pN. Typically, they are approximately 50%
efficient – that is, approximately 50% of the energy released
from ATP hydrolysis can be converted into useful mechanical
work.
The function of these motors is fascinating, and in no
small measure the tools to study these proteins at the
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lipid droplet
microtubule-associated protein

Microtubule A stiff polymeric filament in cells used as a
highway for long-distance transport; the motors kinesin and
dynein ‘walk’ along it, with kinesin moving toward the
microtubule plus end and dynein moving toward the minus
end.

single-molecule level have been developed motivated by the
desire to understand the proteins mechanistically, at a fundamental level. There are three such classes of motors – the
myosin motors that move along actin filaments, the kinesin
motors that move along microtubules, and the dynein motors
that also move along microtubules – and reviews describe
what we know about the motors’ single-molecule functions.1,2
Thus, we know much about the way these proteins function,
although there are still interesting open questions related to
the mechanism.
However, single-molecule knowledge is only the start of
this journey to understand cellular function and organization. We cannot easily explain how transport and organization processes in cells work using only the
information gained from single-molecule in vitro studies
on purified proteins. The challenge before us, then, is to
understand how to make this transition. This chapter discusses our current understanding of this process, highlighting progress to date, and the challenges involved in
using single-molecule function to understand in vivo
transport.
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An Introduction to the Families of Molecular
Motors

Many families of molecular motors accomplish various roles
in cells. This chapter focuses on cargo transport motors – that
is, on motors used to move cargos from one subcellular location to another. Such cargos can include ‘traditional’
membrane-bound organelles, such as axonal vesicles or mitochondria, but can also include LDs or protein particles such
as signaling complexes or viruses, mRNA particles, and ‘large’
cargos such as chromosomes or entire nuclei. Long-distance
transport occurs along microtubules, which are polar filaments with a ‘plus’ end and a ‘minus’ end. The microtubules
are usually arranged with their minus end close to the nucleus
and their plus end away from the nucleus. For many cells
with the nucleus in the cell center, this corresponds to minus
end at the cell center and plus end at the periphery. However,
other organizations of microtubules are frequently found
in polarized cells (Figure 1). There are two classes of
motors (Figure 2) that move along microtubules: the kinesin
family of motors that predominantly moves toward the

microtubules’ plus ends and the dynein family of motors that
moves toward the microtubules’ minus ends. Given typical
microtubule organization, one might imagine that transport
of components away from the nucleus would be mediated by
kinesin-powered transport, and transport toward the nucleus
would be mediated by dynein. This is predominantly correct,
although it is not nearly as straightforward as would initially
be expected.
One interesting aspect of the kinesin and dynein motors is
that they appear to have taken a slightly different evolutionary
strategy. There are many kinesin family member proteins, each
likely optimized for moving a subset of intracellular cargos.3
Almost all kinesin motors move toward the microtubule plus
end, although there are a few slow mitotic kinesin motors that
move toward the minus end. In contrast, there are only a few
cytoplasmic dynein motors (all moving toward the microtubule minus end), and these few motors each move many
different kinds of cargos. Accumulating evidence suggests that
for dynein, much of the ‘tailoring’ of the motor for specific
tasks is accomplished by mixing and matching different
dynein complex subunits and accessory proteins.4 Although
such a hypothesis is appealing, it is still far from proven, and
certainly more experimental data on the effects of protein
cofactors will be required to evaluate the extent of difference
in ‘tunability’ between dynein and kinesin.
Microtubules are long, typically with a rather well-defined
organization. In contrast, actin filaments – used by the myosin
family of molecular motors – are shorter and have much more
variation in their organization. As such, it is clear that actin/
myosin-based transport in typical mammalian cells cannot be
responsible for the majority of long-distance transport, and
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Figure 1 Different cell types have different microtubule
architectures. Long-distance transport of organelles and other cargos
occurs along microtubules (shown in red), which are filaments with
directionality, typically indicated by referring to the ‘plus’ end ( þ )
and the ‘minus’ end (  ). The microtubules are usually arranged with
their minus ends close to the nucleus and their plus ends away from
the nucleus. In many cell types, the nucleus is in the cell center Fig.
2 in the International Journal of Biochemistry & Cell biology 40(4),
2008, pages 619–637 (b), but other organizations are possible, as in
the case of the Drosophila embryo schematized in panel c. Given the
high aspect ratio of neuronal cell processes (a), motor-based
transport of cargos is especially vital. Microtubules in the axons are
typically arranged with their minus ends all pointing toward the cell
body and their plus ends away from it (right insert in panel a).
Dendrites, on the other hand, have shorter microtubules that have a
mixed organization Fig. 1 from phys. Biol 1 (2004) RI-RII, Hithes and
yon: a review of bi-directional microtubule-based transport, steven P.
Gross (left insert in panel a).
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Figure 2 Molecular motors attach to both cargos and filaments.
Cargos are hauled inside cells by molecular motors along cytosolic
filaments. Two families of microtubule motors, kinesins and
cytoplasmic dynein, are responsible for most long-distance transport.
Kinesins and dyneins predominantly move toward the plus ends and
minus ends of microtubules, respectively. Members of the myosin
families of motors move cargos along actin filaments and translocate
toward either the barbed ends or the pointed ends of the filaments,
depending on the myosin isoform.
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any description of transport involving them must carefully
consider the actin filament organization as well as properties
of the motors. However, there is significant evidence that in
some cases actin-based transport is used as a local road system
for transport to places that microtubules do not reach.5–7 Also,
there is surprising work demonstrating long-distance actin/
myosin-based transport in special cellular projections where
actin is more organized.8
Because actin filaments are also polar/directed, one might
expect there to be myosin family motors that move in each
direction along them. This is indeed correct, with almost all
myosins, including the myosin V and myosin X family motors,
moving toward the barbed ( þ ) end, and the myosin VI
families moving toward the pointed (  ) end of the filaments.

4.15.3

Building complexity

Single motor

Single-Molecule Properties of the Molecular
Motors

Biophysical approaches have been successful at determining
how single molecular motors function.1,2 Motors are characterized by their processivity (how far a motor typically walks
along its filament before detaching), their stalling force, and
their velocity. Because applied load (opposing motion) alters
both processivity and velocity, there are measured force–velocity and force–processivity curves. At saturating ATP,
kinesin has an unloaded velocity of approximately
800 nm/s9,10 and an unloaded processivity of approximately
1 mm. Its force–processivity and force–velocity curves are experimentally well-defined,10,11 and it stalls at between 4 and
7 pN (depending on the source of the motor and the experimental conditions). Myosin V has also been well characterized, with a stalling force of 2 or 3 pN,12 a mean velocity of
350 nm/s,13,14 and experimentally measured force–velocity15
and force–processivity curves.
Numerous experimental efforts have also investigated
dynein, but here there is less consensus. A number of groups
have reported that single molecules of cytoplasmic dynein
from higher organisms have an in vitro stall force of
1.1–1.7 pN,16,17 but it is clear that cytoplasmic dynein from
yeast (which moves much more slowly) has a stall force of
B6 pN.18 Thus, dynein’s overall architecture does not intrinsically limit its force production. There is a single-molecule
report of measuring a 6 pN stall force for mammalian
dynein,19 although in this study the measurements may reflect
kinesin contamination because the purification did not include a kinesin removal step, and the back-stepping commonly observed in dynein single-molecule experiments was
lacking. Nonetheless, it appears likely that a range of forces
may be possible for dynein, although this is not yet well
understood.

4.15.4
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From Single Motor Function to In Vivo
Transport: The Issues

A long-term goal of a biophysical approach is to be able to
understand transport in cells starting from single-molecule
properties of the molecular motors (Figure 3). As we attempt
this, certain immediate challenges become apparent.

Multiple motors

Motor complex in vivo:
opposite-polarity motors
with regulators
and cofactors

Figure 3 Different levels of complexity. Understanding the
properties and the function of individual motors is an important first
step in comprehending their complex behavior in vivo. These singlemotor properties (top) lead to emergent complexity when ensembles
of the motors function together (middle). Experimental and
theoretical advances in understanding how multiple motors work
together as reviewed in this chapter are starting to pave the way
toward understanding in vivo function. Much more work remains,
however, to obtain the whole picture of how motors behave in living
cells, in which their function is modulated not only by the presence
of motors of opposite polarity but also by regulatory proteins and
cofactors (bottom).

First, in cells, cargos are frequently transported by more
than one motor, in some cases by multiple motors of the same
kind and in others by multiple sets of different classes of
motors. From the in vivo side, we therefore need to understand
how many motors move a specific type of cargo. From the
in vitro and modeling side, we need to understand how motors
of the same and different types function together in groups
that are henceforth called ‘ensembles’.
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Second, in cells, additional accessory proteins are present
that may bind either the motors – and alter the motors
function – or the tracks that the motors move along, thus
altering the transport. From the in vivo side, any description of
transport of a specific cargo must identify which of those accessory factors are present and important, and from the in vitro
side studies must be done to understand mechanistically
exactly what the accessory proteins do and then must include
such effects in modeling.
Third, from the in vitro/modeling side, we need to know
which single-motor properties contribute most to ensemble
performance because these are likely the properties that
regulation will target to change the way cargos are moved.
Once these properties are identified, of course, we need to
understand the extent to which the biology takes advantage of
the sensitivity and does indeed tune these specific singlemolecule properties.
Fourth, cargos frequently have both microtubule and actin
motors attached. In some cases, the two sets of motors may
function in a coordinated manner, whereas in other cases they
may function in an antagonistic manner. The reasons for this,
and how this is controlled, needs to be investigated both
generically and in a cargo-specific manner.
In the following sections, these issues are discussed in more
depth, focusing on specific cases in which some of these issues
have been investigated.

4.15.4.1

How Many Motors Move Cargos In Vivo?

As we start to link in vitro single-motor function with in vivo
transport, a first key question to be addressed is the number of
motors moving the cargo in vivo. It is important to differentiate between the total number of motors present on the cargo
and the actual number of engaged motors or motors accessible
to move the cargo together. Biochemical, immunogold EM,
or fluorescence measurements can provide an estimate of
the motors present on a cargo, but that merely puts an
‘upper limit’ on the number of motors actually engaged.20 In
principle, both cofactors that regulate motor activity, and
the organization of motors on the cargo, could contribute to
the actual number of active/engaged motors being significantly less than the total number of motors present. Using
optical traps, however, it is possible to directly probe the actual engaged motors, which has so far been done on a few
systems.
In vivo stalling force measurements were first made by
Ashkin et al., who examined the motion of some small vesicular cargo (likely mitochondria) in Reticulomyxa.21 That
study found that a typical force of between 5 and 10 pN was
required to stall the cargos, regardless of whether they were
going in the plus-end or minus-end direction. By measuring
the number of crosslinks between the cargo and the microtubule (visualized by EM), and assuming each crosslink represented an engaged motor, Ashkin et al. deduced that a few
motors typically moved the cargo, and that the force generated
by each motor was B2.6 pN.
The next two studies were on LD motion in Drosophila
embryos. Like the Ashkin study, the LD studies found that the
mean stalling forces were the same in each direction. The first

study estimated a stalling force per motor of B1.1 pN based
on escape-force measurements of populations of droplets.22
However, the second study used a more sophisticated system
to directly measure stall forces of individual droplets and arrived at a value of B2.6 pN per motor – in good agreement
with the earlier Ashkin study. In addition, by measuring decreased stalling forces in a mutant background with decreased
numbers of wild-type kinesin motors, the second lipid droplet
study showed conclusively that in vivo cargos can indeed be
moved by more than one motor. In that study, a histogram of
stall forces with peaks at B2.6 and B5.2 pN was observed,
consistent with in vitro studies that have found that for low
numbers of motors, stalling forces are additive. That is, relative
to a cargo moved by a single motor, it takes approximately
twice as much force to stall a cargo moved by two motors.
These studies on lipid droplet transport gave an estimate of the
maximum number of motors hauling them of approximately
five motors, with most droplets being moved by less than five.
The action of multiple motors to move a cargo as well as the
additive nature of the forces of motors was later found to
similarly hold in vivo for motors hauling lipid droplets in lung
cancer cells.23 The force of the single motor (B3 pN) inferred
from the stall force histograms measured by Sims and Xie was
consistent with that for lipid droplets in the Drosophila embryos given the reported uncertainties.23
For several other systems, the number of molecular motors
hauling cargos was estimated indirectly. Although inconclusive due to the fact that counting motors was achieved either
by extrapolating from in vitro measurements or by counting
cargo-bound motors rather than active motors, these works all
suggest that multiple motors move the different cargos. Stall
forces as large as B60 pN were measured for beads attached to
FMG-1 transmembrane protein patches in Chlamydomonas
flagella.24 Based on stall forces of individual motors as previously reported in vitro, this force was interpreted as resulting
from 10 motors teaming up to move the protein patch. Although strongly suggesting transport by multiple motors,
more work on this system will likely unravel the identity of the
motors and the details of their interaction. It is possible that
multiple motors moving membrane-bound cargos behave
differently than those hauling cytoplasmic cargos.25
The action of multiple motors hauling endosomes in Dictyostellium cells was also indirectly inferred.17 Endosomes were purified and their motion reconstituted in vitro. The maximal force
(B5.5 pN) generated by motors hauling them was measured and
compared to the stall force of individual motors moving plastic
beads in vitro. This was used to assert that five dynein motors were
moving these purified cargos and utilized as indirect evidence for
multiple dyneins moving the endosomes in vivo.
Counting the number of active motors via force measurements was not accessible for other cytoplasmic cargos, but use
of other means suggested the action of multiple motors.
mRNA localization in Drosophila embryos was shown to require dynein-mediated transport along microtubules.26,27
Bullock et al.28 reported that the localization efficiency of
mRNA particles correlated with the amount of dynein that
they assembled as quantified by pull-down experiments. With
different mRNA transcripts localizing differently in the embryos, tuning the number of motors was suggested as a
mechanism to achieve this variability.
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Multiple actin-based motors were also found to team up
in vivo. In one study, total internal reflection fluorescence
imaging was used to quantify fluorescently tagged myosin Vc
motors trafficking secretory granules in MCF-7 cells – a cell
line derived from human mammary gland adenocarcinoma.8
From the integrated intensity measured per puncta, Jacobs
et al.8 estimated that at least 36 myosin motors were present
on the granules. Although the presence of multiple myosins
on different cargos is known via EM,20 this work goes a step
further in showing that these motors function together to haul
the granules because the individual myosin Vc had been reported to be nonprocessive. This is consistent with past work
suggesting that by changing the number of engaged myosin V
motors, their switching properties at actin–actin intersections
may be changed.29
In summary, stall force measurements on cargos in vivo
have provided direct evidence for the simultaneous engagement of multiple motors in hauling the cargos. Moreover,
evidence suggests that this is likely the norm for many classes
of cargos in a variety of organisms. Best estimates for vesicular
cargos moving along microtubules are consistent with the
general hypothesis that they are typically moved by less than
six motors, although there are likely exceptions such as the IFT
particles mentioned previously, and transport of nuclei. The
number of myosin motors moving a cargo is less well-established. Overall, it is crucial to understand how multiple
motors function together and how their collective behavior
diverges from that of the individual motor. Consequently, the
following question arises: Do organisms exploit these possible
differences in transport to regulate transport by regulating the
number of motors? Our limited understanding of such regulation is discussed later. First, however, in vitro, theoretical, and
in silico work that has boosted our understanding of how
motors work together is discussed.

4.15.4.2
4.15.4.2.1

How Do Multiple Motors Function Together In
Vitro?
Motion along a single filament

A single kinesin-1 or dynein motor has a run length on the
order of 800 nm; that is, on average, such a motor remains
bound to a microtubule through approximately 100 enzymatic cycles, taking approximately one hundred 8-nm steps
before detaching. However, the distances that must be traveled
in cells are frequently much longer, with cargos in axons often
needing to travel tens of micrometers or even millimeters. This
is beyond what might be expected from single motors, if indeed they function the same way in the cell as they do in
purified systems (at least single motors appear to have similar
in vivo run lengths, as detailed later). Something else is thus
required, and at least part of what contributes to increased
ability for long-distance transport is likely the use of multiple
motors – a hypothesis supported by a variety of in vivo studies
reviewed previously. Thus, one challenge is to understand
exactly how groups of motors function together.
This problem has been addressed both experimentally and
theoretically. From an experimental perspective, the original
studies investigating how multiple kinesin30 or multiple
dynein motors31 function together each concluded that more
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motors move cargos significantly farther, and that at least in
the low-motor regime that was investigated, motor stalling
forces were approximately additive. As might be expected from
processive motors that remain attached to microtubules
through their complete enzymatic cycle, when moving a cargo
in an unloaded state, more motors did not move a cargo more
rapidly, with the multiple motor ensemble traveling at the
same average velocity as a single motor.9,30,31 Note that in
some circumstances, particularly when tightly coupled, multiple motors can interfere with each other, the ensemble can
move more slowly than the single motors.
Although the stalling force and velocity measurements and
interpretation were relatively straightforward, the geometry of
the experiments made determination of the relationship between run lengths and motor number somewhat challenging.
In the optical trap bead assays, motors were attached to
the cargo in random locations to achieve a state in which, on
average, approximately two motors were engaged. Hence,
there were a number of additional motors present on the
cargo. Although these other motors on average could not
reach the microtubule when the two motors were engaged and
moving the cargo (i.e., when the two attached motors held the
cargo in a particular orientation relative to the microtubule),
the additional motors in principle ‘came into play’ when one
of the two motors detached. At that point, the cargo was free
to rock or pivot about the one motor that was still attached;
thus, in addition to the motor that had previously been active,
these other motors were also in principle able to reach the
microtubule. Then, the effective on-rate for a second motor
attaching was increased because any of these motors could
play the role of the second motor. For instance, if there were
five such motors that had been inactive due to their position
on the cargo, the effective on-rate of attachment of the second
motor would have been approximately six times that for a
single second motor (each of the five had a chance of binding
the microtubule, as did the original motor that had detached
from the microtubule and could rebind). Because of this potentially very high on-rate, the effective travel of a cargo that
typically had approximately two motors active/engaged, as
measured in the experiments on dynein31 or kinesin-1,30 was
higher than what might be expected for a cargo that had only
two motors attached to it at a single point.
These experimental challenges highlight the power of a
theoretical approach, in which everything can be controlled.
Importantly, in contrast to the multiple-motor experiments,
for the experimental single-molecule case, the geometry is
well-defined, allowing the precise measurement of the singlemolecule properties such as the force–processivity curve and
force–velocity curve. These measured properties can then be
used as the building blocks of theoretical descriptions.
How multiple motors work together was investigated in a
mean field model for the large motor-number limit by Julicher
and Prost.32 They predicted phase transitions that lead to
periods of directed motion. Evidence for tens of the nonprocessive myosin Vc hauling vesicles suggests behavior
similar to that predicted by these models.8 However, implications of these early works are not likely to apply to cases in
which a few processive motors (approximately five) haul a
cargo. A more recent theoretical description of how multiple
kinesin motors function together suggested mean cargo travel
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increased dramatically with increasing numbers of motors.33
For instance, if kinesin has a travel distance of 1 mm, the
theory suggested that two motors should move a cargo 3 mm
on average and that three motors should move a cargo 10 mm
on average (however, see the later discussion on the importance of cytosolic drag). This rapid increase in mean cargo
transport with increasing motor number suggests that, in
principle, cargos may not need that many motors because
typical cellular microtubules are between 10 and 50 mm in
length. Although the theory as presented was quite elegant,
there are a number of assumptions that seem likely to limit its
practical applicability.
First, it is a mean field theory and assumes that motors
share load equally; that is, it assumes that if a force F opposes
the motion of a particular cargo, and there are N total motors,
with n (nrN) attached motors, then each motor experiences a
force of F/n as it attempts to step forward. In the large motor
limit (N larger than six or seven motors), this assumption may
be reasonable, but it is unlikely to be true in a smaller N limit
– that is, the exact situation relevant for many in vivo cargos.34
Depending on the exact properties of the motors, the possibility that the assumption is wrong may turn out to be important. For instance, in the two-motor case, for motors that
are relatively insensitive to detachment under load, it predicts
a qualitatively wrong force–velocity curve.34 Second, the
Klumpp model assumes that the single-motor force–velocity
curve is linear; this is not true for kinesin, and it may be
important, depending on which properties are of interest.
Third, and quite important, the motors are assumed to be
relatively prone to detachment when a load larger than their
stall force is applied; in particular, the theory assumes an exponentially increasing probability of detachment as a function
of force. Experimentally, this is unlikely to be true. The details
of detachment kinetics under load can significantly alter ensemble function,35 so one must carefully match theoretical
assumptions to the particular experimental system under
consideration.
A somewhat different theoretical approach was taken by
Kunwar et al.,34 who used a Monte Carlo simulation approach
to avoid the mean field assumption of equal load sharing. In
addition to allowing for unequal load sharing, the study by
Kunwar et al. implemented more likely assumptions about
detachment under load and also a more realistic force–velocity curve. Compared to the original Klumpp et al.
model, this new theoretical approach led to a prediction of
better performance of multiple motors under load, which
appears to be borne out experimentally. Thus, although the
various simplifications present in the Klumpp et al. model
likely do not matter significantly for predictions of how far
cargos hauled by multiple motors will move when not opposed by significant load, they likely do matter in the more
challenging case of motion under high load and also in the
small N limit. It must be stressed that the Klumpp et al. theory
is not incorrect from a formal standpoint: Although these
differences are important from a practical standpoint, from a
theoretical standpoint most of the assumptions (although not
equal load sharing) are quite easy to alter.
One interesting issue raised in the Kunwar et al. theory is
the importance of motor–motor coupling. In these basic
theories, the ‘coupling’ is assumed to be the simplest possible

and as such occurs through the cargo: When one motor
moves, it exerts force on the cargo, causing the cargo to move,
and this motion then changes the forces felt by the other
motors attached to the cargo. It is clear that the details of how
the motors are attached to the cargo are important for how
much the motion of one of them is sensed by and influences
the others. For instance, if the motors are all attached to the
cargo by ‘floppy’ linkages – that is, by linkages whose spring
constants are such that when the motor advances by an 8-nm
step, the force applied by the newly stretched linkage is not
substantially changed – then when one motor advances by
8 nm, its linkage stretches, and the force it exerts on the cargo
does not change very much. In this case, a motor does not
‘know’ much about what the other motors are doing, and the
mean field model is quite accurate – they all share load approximately equally. Now imagine the converse: The motors
are attached to the cargo via a ‘stiff ’ linkage – that is, a linkage
such that when the motor steps and advances, the linkage does
not stretch very much, causing the cargo to advance by close to
8 nm as well. In this case, the other motors ‘know’ what the
first motor is doing. In particular, if the first motor happens to
advance ahead of the other motors, that motor can, in principle, support additional load, relieving load from the motors
in the rear (which are then free to advance, essentially in an
unloaded state). Thus, in a stiff-linkage case, the load can in
principle be very different between different motors, and
interesting motor–motor interactions can emerge.
This tight-coupling case is quite intriguing but somewhat
difficult to achieve experimentally. In vivo, membranes are
floppy, so if motors are attached to the membrane, but not to
each other directly, they are going to be in the weak-linkage
state. However, some experimental data in vivo are consistent
with theoretical predictions from a moderately tight-coupling
model, suggesting that perhaps multiple kinesin motors may
be directly linked to each other.36 The exact organization and
coupling of motors in vivo remains an interesting and mostly
open question. In vitro, allowing motors to attach nonspecifically to a rigid polystyrene sphere appears to lead to
relatively tight coupling, as judged by relatively good ensemble performance under high load.34 However, it does not
lead to coordinated stepping:37,38 Individual motors step independently from their neighbors, leading to fractional steps
in cargo motion both at very low ATP levels under no load38
and at more physiological saturating ATP levels under some
load.37
After the Kunwar study, there appeared a more elaborate
theoretical treatment of multiple interacting kinesins,39 which
included a treatment of the motor compliance as distinct from
the cargo–motor attachment linkage stiffness. One important
innovation in this study was the development of specific
measures of motor–motor interaction and coordination. Although this study had a slightly different focus from that of
the Kunwar et al. study, the general conclusion was similar:
Motors work relatively well together, and in the cell they are
likely to be loosely coupled. However, under high loads, they
start to interact more, and this interaction can lead to improved ensemble function.
With work, it is possible to achieve even tighter coupling
between motors, such that the motors are so tightly coupled
that they start to interfere with each other. To achieve this, the
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motors need to be attached to very stiff substrates, and the
motors’ own compliance needs to be decreased: The long ‘tail’
of the motors provides enough compliance to avoid a majority
of the motor–motor inhibition.40 Such inhibition occurs because these increased constraints make it so that the motors
cannot separate from each other. Suppose one tries to take
multiple steps while another is momentarily paused. In this
case, the stepping motor runs into problems because the
paused motors provide opposition to its forward motion.
However, if there is sufficient compliance, then when one gets
ahead, the linkages simply stretch and do not significantly
impede its forward progress. This motor–motor inhibition
when tightly coupled and tail-less was initially investigated
over a range of motor concentrations by the Surrey group40
and in the two-motor case by the Diehl group.41 Such studies
are interesting because they shed light on the conditions required for motors to interfere with each other, but they suggest
that such interference is unlikely to be generally relevant
in vivo, where motors are full-length. However, biology often
tends to take advantage of many options, so future studies
in vivo may discover that under some conditions motor–motor
coupling is increased at least temporarily by additional unknown cofactors.
In summary, in the simplest case in which motors are attached to cargos, the ensemble velocity is the same as the single-motor velocity, but stalling forces are higher (increasing
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almost linearly with motor number) and mean travel of the
cargo increases much more rapidly than linearly. Thus, if one
simply puts multiple motors of the same type together, they
work quite well without requiring additional factors to ‘coordinate’ activity. However, the coupling between the motors is
important, and if one achieves extremely tight coupling, the
motors can interfere with each other. Whether such interference
is ever relevant for in vivo function remains to be determined.

4.15.4.2.2

Motion involving two filaments

In the crowded environment of the cell, intersections between
different microtubules and between microtubules and actin
filaments are common and can be important for the proper
overall distribution or delivery of cargoes as manifest, for example, in the case of pigment granule transport.5,7,29 At such
intersections, the effect of multiple motors of opposite polarity is likely to play an important role in determining the fate
of a cargo (Figure 4). Two studies have examined this. In the
first study, by Vershinin et al.,30 it was found that artificial
cargos moved on average by small numbers (approximately
one) of kinesin motors were able to frequently switch at
microtubule–microtubule intersections and avoided getting
stuck. However, when cargos were moved by significantly
more kinesins (approximately two or three), they tended to
get stuck at intersections. The second study, by Ross et al.,42
concluded that dynein and kinesin behave differently when

Single motor

Crossed MTs

Parallel MTs

Single MT

Multiple motors

Pass

Dissociate

Pass

Stick

Switch

Figure 4 Cargos in vivo may encounter a variety of different filament organizations. In vivo, numerous filament organizations are possible, and
part of what will determine the ‘net’ transport of many cargos of a specific type is how they react to these different organizations. These studies
are in their infancy, but work already indicates that the number of active motors on a cargo may influence how they react to filament crossings
(bottom). Intuitively, it also seems likely that a cargo with multiple motors on it may be able to move simultaneously along parallel filaments
(middle), although this has not yet been investigated experimentally.
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encountering intersecting microtubules. Although multiple
kinesin-hauled cargos typically either pass the intersection or
switch to the intersecting microtubule, they report that multiple dynein-hauled cargos pause. At reduced motor numbers,
kinesin behaves similarly, whereas dynein displays a varied
response by passing, switching, pausing, or reversing. Although the findings of the two studies with regard to kinesin
appear at odds, the observed differences can likely be accounted for by hypothesizing that the ‘high’ motor studies
were done at different concentrations of kinesin per bead.
Indeed, although the study by Ross et al. hypothesized they
were in the multiple-motor limit, no optical trap data were
used to directly measure the forces, so the actual mean number of engaged motors could not be determined. It seems
likely that the ‘high’ motor limit in the study by Ross et al. was
the ‘moderate’ limit in the study by Vershinin et al.; under this
hypothesis, both studies are consistent. Overall, there may
well be differences in the function of opposite-polarity motors
at intersections with regard to the concentration of motors
that is required to stall the cargo at the intersection, and this in
principle could be exploited by the cell to tune the delivery or
the distribution of the cargos. Other work has begun to
examine filament–filament switching between the actin and
microtubule transport systems.43 Although much remains to
be done in this regard, it is becoming clear that the different
classes of motors may influence each other in interesting ways
when both filaments are present.44

4.15.4.3
4.15.4.3.1

Is Regulation of the Number of Engaged Motors
Used to Regulate Transport In Vivo?
Possible regulation via cargo attachment

Because changes in the number of engaged motors can have
a significant effect on overall cargo motion, a natural question concerns the extent to which in vivo regulation controls
transport by tuning the number of motors that are attached
to the cargo. There is not a unique answer to this question:
It appears that there may be a great deal of variation, depending on the system. First, for bidirectionally moving
cargos, one level of regulation targets overall cargo motion
(via kinases),45 and some of this regulation somehow affects
motor activity rather than cargo attachment,5,7,45 so it is clear
that motor activity (rather than attachment) can be directly
targeted in melanophores, with regard to regulation of pigment granule motion. Similarly, optical trap studies measuring the number of engaged motors moving lipid droplets
(discussed previously) show that whereas the number of
engaged motors can change slightly, coincident with regulation of motion, the number of motors attached to the cargo
does not appear to vary significantly, and opposite motor
forces remain balanced, regardless of net direction of transport. Therefore, at least for many bidirectionally moving
cargos, there does not appear to be significant evidence that
regulation involves changing the number of motors attached
to the cargo. However, work shows that in neurons, phosphorylation of the Huntington protein can play a role both
in the interaction of kinesin with the dynactin complex and
in the recruitment of kinesin to the cargo.46 It is clear that
this phosphorylation plays an important role in regulating

net direction of transport of these cargos, but further work
must be undertaken to determine whether the key regulatory
event is altering the kinesin–dynactin interaction (with a
secondary effect on kinesin cargo attachment) or whether the
altered kinesin localization is the critical event accounting for
the changed transport.
For more unidirectionally moving cargos, there is considerably more evidence that regulation of the number of motors on
the cargo may be quite important. First, increased kinesin
function is required for synaptic plasticity, and particularly induction of long-term facilitation in Aplysia, and this requires
increased kinesin heavy chain production,47 consistent with increased recruitment of kinesin to cargos. Second, a number of
studies suggest that kinesin may detach from cargos when they
arrive at certain locations to facilitate cargo delivery.48–50
Further work must be performed to understand exactly
how important is control of motor recruitment to the cargo,
relative to control of motor activity. Almost certainly, both are
important.

4.15.4.3.2

Possible regulation via filament modification

A second way in which the number of engaged motors can be
altered is to control the ability of motors to bind to the filament (either microtubule or actin filament). This has long
been understood to be important for myosin regulation,
particularly in muscle, but the importance of regulating filament availability for vesicular transport was unclear. However,
work suggests that it may be important. The general idea is
that by altering filament properties, in principle, transport can
be spatially controlled. This could be important to promote
filament–filament switching or to alter the outcome of
conflicts, for example, between microtubule and actin-based
transport.30 Because some microtubule binding proteins, such
as tau, can decrease kinesin’s on-rates,30,51 and different tau
isoforms have different effects,30 by controlling which isoform
is localized where, the number of motors that are engaged
might be controlled locally.30 Furthermore, because tau has a
significant effect on kinesin but not dynein, the presence of
tau could be used to tune the relative contributions of kinesin
versus dynein on the same cargo.30,51,52 Other work suggests
that a second family of microtubule-association proteins
(MAPs), ensconsin, helps recruit kinesin to microtubules, so
specific MAPs can either increase or decrease the number of
engaged motors.53
In addition to filament binding proteins, the filaments
themselves can be subject to post-translational regulation, and
these modifications can alter filament–motor interactions. For
instance, microtubules can be both glutamylated and acetylated. Studies have shown that microtubule glutamylation increases axonemal dynein function,54 and older work showed
that kinesin has a 2.8-fold higher affinity for glutamylated
microtubules relative to tyrosinated microtubules.55 Other
work has shown that in vitro, microtubule acetylation can alter
the strength of microtubule–motor interactions56 and that
modulation of such acetylation can be used to regulate transport.57 The microtubule-associated histone deacetylase 6 regulates epidermal growth factor receptor, endocytic trafficking,
and degradation.58 Thus, regulation of filament properties can
also be used to tune transport in interesting ways, in part likely
by altering filament–motor interactions.
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4.15.4.4

Do Motors In Vivo Function the Same Way as
They Do In Vitro?

The discussion of filament-level alteration of motor function
highlights one of the challenges of trying to use in vitro
single-molecule studies to understand transport in vivo: There
is not a ‘single’ in vivo environment but, rather, numerous
different environments. It is not surprising, then, that quantification of motor transport parameters in vivo reveals similarities and differences to their in vitro function, both at the
single motor level and for motor ensembles.
Because many endogenous cargos in vivo are hauled by
multiple motors of the same kind and of opposite polarity
and/or cytoskeletal filament affinity, direct comparison with
in vitro properties of individual motors is not straightforward.
Multiple works have thus resorted to introducing exogenous
fluorescently labeled motors into cells to visualize them. Cai
et al.59 used COS mammalian cells transfected with a plasmidencoding citrine-labeled kinesin. The kinesin was truncated so
that the tail could neither autoinhibit the motor domain nor
bind cargos or microtubules. The velocity and processivity
(B0.8 mm/s and 1.2 mm, respectively) of the single kinesins
they imaged were in agreement with in vitro values measured
for the same motor constructs purified from the transfected
cells and for recombinant kinesin-1. This agreement confirmed previous reports that used individual kinesins labeled
with quantum dots incorporated in endocytosed vesicles60 or
labeled via a direct biotin–avidin link.61 Given that the
quantum dots tracked by Nan et al.60 were in vesicles, it is
possible that multiple motors were hauling them, making it
difficult to isolate the in vivo properties of the individual
motors without a means to probe for motor number. The
same authors later used optical trapping to measure the forces
exerted in hauling a different endogenous cargo, and they
used these data to estimate motor numbers.23 On the other
hand, Courty et al.61 used cargo-free kinesin that was labeled
with quantum dots via an avidin–biotin bond to ensure that
they were probing individual motors. The labeled kinesin was
endocytosed by the cells and released into the cytosol via osmotic rupture of the vesicles. Although the reported velocity
and processivity were similar to values for individual motors
in vitro, it was observed that individual motors were able to
diffuse in close proximity to the microtubule and then reattach and move along for an average of B6 mm – much
longer than the 1-mm processivity of kinesin. Work on perfused quantum dot-labeled myosin V in HeLa cells showed
similar agreement between its processivity and velocity with
values in vitro.62
These studies confirm that the crowding of the cytosol and
the modification of filaments in cells do not affect the way
individual motors translocate or their kinetic rates – on condition that they are able to bind the filaments. Thus, in vitro
properties such as the processivity, velocity, and step size for
individual motors can form a basis for understanding complexity arising from the association of ensembles of motors
and can be used in models to predict how ensembles will
function.
Although it was important to confirm in these cases that
the individual motors functioned in vivo as they do in vitro,
this result should not be overinterpreted: They were not on
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endogenous cargos, and thus possible regulators on such
cargos that could alter the motors’ function were not present.
The velocities and run lengths of endogenous cargos have
been quantified in many systems and for many cargos (lipid
droplets,22 mitochondria,63 pigment granules,5,7 synaptic
vesicles,64 etc.). Velocities and run lengths are reminiscent of
those of individual motors, but the number of motors moving
these cargos was rarely measured.
However, a few works have studied how motors haul endogenous cargos in systems in which the number of motors
moving them was measurable, enabling meaningful comparison with work in vitro. The well-characterized system of
lipid droplet transport in Drosophila embryos has given insight
into how multiple motors function in vivo.22 Force measurements have shown that multiple motors (five or less, but most
often more than) haul the lipid droplets.36 Nevertheless, the
run lengths of cargos in both the plus- and minus-end directions (B0.5 mm) are close to processivities of single motors
measured in vitro and are considerably less than the multiple
micrometers measured for two motors moving a plastic
bead.30 Thus, Although multiple motors can move a cargo,
there appears to be regulation that shortens runs. This was
further confirmed in the lipid droplet system using mutants
having a smaller number of motors resulting in most lipid
droplets being hauled by one motor. In these mutants, the run
lengths were found to be similar to their values measured in
the wild-type embryos and not shorter (as would be expected
if motor number alone were regulating run length).
Indeed, it has been shown in other systems that the presence of kinesins on a cargo does not guarantee its transport
because kinesin function can be regulated. Axonal transport of
mitochondria, for example, was shown to be regulated by the
mitochondrial protein miro, which binds the kinesin-1 motor
domain in a Ca2 þ -dependent manner. Kinesin was still present on the mitochondria, but its ability to bind microtubules
was impaired and the mitochondria were halted.65 Thus, the
extent to which additional cofactors alter motor function on
cargos remains to be investigated.
The velocity of the motors, on the other hand, does not
change with increasing motor number in vitro (in the absence
of significant load) and, similarly, barely changes with increased motor number in vivo, as shown by Shubeita et al.36
for the lipid droplets. Theoretical models of multiple motors
(described previously) predict a slight decrease in the average
velocity in going from one motor to two motors, when
moving under slight load, due to the uncoordinated stepping
of the motors, coupled with preferential detachment of the
forward motor.34 A slight but statistically significant decrease
in velocity with increased motor number is indeed observed
for the droplets in vivo. It is conceivable that in systems in
which the drag experienced by motors is significant, more
motors would haul the cargos faster, as suggested in previous
works,66–69 with the maximal velocity always being the unloaded single-motor velocity. However, a direct correlation
between motor number and cargo velocity is yet to be measured in vivo.
Two studies measured the stall forces of individual motors
in vivo using lipid droplet transport in Drosophila embryos36
and in mammalian cells.23 The stall forces of individual
motors were measured as the smallest force peak in a stall
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force histogram. For lipid droplets in Drosophila embryos,
Shubeita et al.36 found that the opposite-polarity motors
hauling them – kinesin and cytoplasmic dynein – exert equal
forces. The force measured for the individual kinesins was
B2.6 pN. This value was confirmed to be that of individual
motors by using mutants expressing less kinesin to decrease
overall copy number. The stall force histogram in these mutants showed an enhanced first peak at the expense of higher
forces. A value of 3 pN was later measured for kinesin in the
mammalian system by Sims and Zie,23 in agreement with the
reported uncertainty and similarly consistent with the early
measurement by Ashkin et al. of B2.6 pN in a third system.21
This value is less than the reported values measured for single
kinesin-1 in vitro (4–7 pN). The difference likely reflects the
distinct behavior of the motor as part of a transport complex
compared to its behavior in isolated form. Other works that
measured stall forces of cargos in vivo did not report distributions of stall forces and used the known in vitro stall force of
individual motors to infer the number of motors, as described
previously.17,24
Differences between the opposite-polarity microtubule
motors have been observed in vitro. For example, whereas
kinesin has been shown to reproducibly take 8-nm steps,
Mallik et al.16 reported that cytoplasmic dynein takes steps in
multiples of 8 nm in a load-dependent manner. Yeast cytoplasmic dynein was later shown to also take variable step sizes
(4–24 nm) in vitro.18 Measurements in vivo with high temporal
resolution show that the distribution of step sizes is indeed
broad for dynein but narrow and centered around 8 nm for
kinesin.23,60,70 Kural et al. reported similar distributions of
step sizes centered around 8 nm for both kinesin and dynein
hauling pigment granules in melanophores.71 They reported
the step size of myosin V hauling the granules along actin to
be B36 nm, consistent with values measured in vitro72 and for
quantum dot-labeled single myosin V in HeLa cells.62 Compared to kinesin, dynein was also observed to have a larger
tendency to move side-to-side while stepping along
microtubules in vitro.73–75 An enhanced lateral motion was
similarly observed for minus-end moving lipid droplets in
Drosophila embryos,22 which were later shown to bemoved by
dynein.76

4.15.5

Summary

Advances have started to bridge the gap between what singlemolecule techniques are able to probe in vitro and in vivo and
our understanding of overall transport in vivo. This has enabled relation of motor properties as observed in artificial
systems to their function in living cells, revealing similarities
and differences at many levels. These single-molecule approaches, when combined with the established cell biology
and genetic techniques, will likely continue to reveal ingenious ways in which the cell exploits the properties of the single
motors. However, the complexity of the cell will almost certainly reveal new ways in which the properties of the individual motors are tuned or otherwise altered by association to
motor regulators to achieve the complex behavior observed
when similar and dissimilar ensembles of motors function
together to haul a cargo.
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