
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

To go with the flow: Molecular motors are a drag

Houtman, D.

Publication date
2013

Link to publication

Citation for published version (APA):
Houtman, D. (2013). To go with the flow: Molecular motors are a drag. [Thesis, externally
prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/to-go-with-the-flow-molecular-motors-are-a-drag(d32cb129-b363-4005-b746-aea78c104369).html


Chapter 1

Background Molecular Motors

Processive molecular motors are proteins that derive their name from the fact that they
facilitate directed motion. This means they can overcome the stochastic forces that cause
Brownian motion. The number of molecular motor proteins in animal and plant cells
known to us today ranges in the hundreds but it can be reduced to three families: ki-
nesin, dynein and myosin. There can be many different molecular motors present in one
organism, for example in the plant Arabidopsis thalina 61 kinesin and 17 myosin motors
have been reported [1]. In order to be able to perform directed motion against the om-
nipresent Brownian forces, motors need to bind to cytoskeletal filaments inside the cell.
Kinesin and dynein are associated with motion along microtubules that are an integral
part of the cytoskeleton and are essential for mitosis (cell division), vesicle transport
and many other processes. Myosin is an actin-related molecular motor: it is mainly
known for driving the contractile motion in muscles [2,3]. Moreover, molecular motors
are important in the perpetual polymerisation and depolymerisation of actin filaments
that gives cells the ability to move on surfaces, and bacteria like Listeria monocytogenes
to move from one cell to another [4].

In this thesis I am interested in the effect of viscous drag on vesicle transport by
processive molecular motors. Therefore, I focus in this chapter only on kinesin and
dynein transporting vesicles along microtubules and myosin that are responsible for
organelle transport along actin filaments. I am interested in the specific situation of
directed transport of organelles and vesicles that is observed in neurons and in cyto-
plasmic streaming, which takes place mainly in plant cells. In such systems, I study the
viscous drag on motors with cargoes and the hydrodynamic interaction with other mo-
tors, their cargoes and suspended objects. In order to address questions about the forces
needed to move any cargo along a filament embedded in a highly viscous solution and
whether the hydrodynamic coupling between motors and the solvent is relevant for fast
transport in cells, I give here a brief review over experimental findings.
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Fast Vesicle Transport - Experimental Facts

Fast vesicle transport was mainly observed and studied in neurons and plant cells. In
neurons or neurites (projections from the neuron, which can be either a dendrite or
axon) vesicle transport is provided by kinesin and dynein motors moving along tubu-
lin filaments. In plant cells, this fast transport is associated with the ”streaming” of
organelles dragged along actin filaments by myosin motors. Organelle is the generic
name of small self-contained objects with specific functions that are found inside the
cells. Examples are the power generating mitochondria in eukaryotic cells and chloro-
plast that provides photosynthesis in plants and algae. Fast streaming of organelles
inside cells is called cytoplasmic streaming [5, 6].
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Figure 1.1: Schematic illustration of kinesin (3kin) and a microtubule. Left: The kinesin shown here is
composed of two chains. The top part contains the two head groups also known as motor domains (≈10 nm
long). The intertwined chains are called flexible stalk. It differs from one motor group to another and can
also be absent. The stalk is terminated by a group that can bind to vesicles or organelles. Right: Structure
of microtubules. The basic building units are the hetero dimers that are made of an α- and β-tubulin, both
being proteins. These polymerise to form a protofilament. Latter self-assemble into microtubules that can
grow and shrink continuously, depending on the ATP concentration and forces acting on it. Note that
there is only one site per tubulin dimer for a kinesin head to bind to a microtubule [7].

2



The Kinesin-Microtubule Complex In In Vitro Experiments
And In Neurites

All molecular motors derive their motion from hydrolysing adenosine triphosphate
(ATP), thereby undergoing a series of conformational changes. How molecular mo-
tors move along a bio-filament, which mechanical and viscous forces are involved, and
whether they work cooperatively has been intensively studied only in the past twenty
years, when optical trap and fibre measurements with nanometre and piconewton sen-
sitivity became available [8, 9]. Svoboda et al. [10] developed an optical-tweezers tool
to show that kinesin moves with 8 nm steps along microtubules, hydrolysing with each
step an ATP. This step distance is independent of ATP-concentration and load [11].
The motors move with a unidirectional bias corresponding to the polarity of the mi-
crotubules, but the underlying physical mechanism has not yet been fully understood
[12]. All bio-filaments have a polarisation because of their asymmetric building units
(Fig.1.1) leading to a (+) and (-) end. Most kinesins walk toward the (+) end that grows
away from the nucleus, while dynein moves to the (-) end. The 8 nm steps kinesin takes
correspond also to the spacing of the dimers forming the protofilaments in microtubules
(Fig.1.2).
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Figure 1.2: Schematic illustration of kinesin pulling a cargo over a microtubule by taking 8 nm steps. It
is believed that the two headed motor domain moves in an asymmetric hand-over-hand fashion [13].
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In contrast to muscle myosin that is known to attach to actin filament, pulling it with
one stroke while consuming an ATP, and then releasing it, kinesin is a processive motor.
This means that, because of kinesin’s double-head structure, it can stay attached to the
microtubule with one head while moving ahead with the other to the next binding site.
In this way it can move along the microtubule many steps before detaching. The dis-
tances a kinesin motor can travel in this way can be as large as 5 ± 2 µm, corresponding
to 200 - 1000 cycles of ATP. [14]

In 1995 Meyhöfer and Howard [15] performed experiments where kinesins are at-
tached to a glass slide such that their head group is pointing into the solution containing
microtubules and ATP. One end of a microtubule was attached to the end of a flexible
glass fibre, whose deflection was detected with optical means, allowing to measure the
forces generated by a single kinesin molecule binding to the microtubule (Fig.1.1). The
force required to stall a single kinesin molecule was 5.4 ± 1.0 pN. Further gliding exper-
iments revealed that a single kinesin molecule can move an attached bead with a speed
of about 800 nm/s when the opposing force is smaller than 1 pN [10, 15–17]. However,
in order to understand organelle transport in cells one needs to address several other
questions. It is known that the size of organelles can vary between tens of nanometres
and a few micrometres (see table 1.1 for a number of identified organelles).

Organelle Size in nm Reference
Lysosomes 100-500 [18]
Peroxisomes 150-300 [19]
Endosomes ≤ 500 [20]
Melanosomes ± 500 [21]
Mitochondria ≤ 800 [22]

Table 1.1: Typical sizes of organelles found in cells.

Hence, one may ask how the load on a single motor varies for such differently sized
cargoes? The main force the motor will have to overcome is the drag force, Fd, it experi-
ences while moving through a viscous medium. Using Stokes’ formula [3], Fd = 6πηav
(η is the viscosity of the surrounding fluid, a the particle radius and v the velocity of
the cargo), the drag force of a vesicle of 1 µm, moving at 800 nm/s, would be 0.02 pN,
assuming the inside of the cell has the viscosity of water (η = 0.001 Pas). This is much
smaller than the 1 pN force applied in Howard’s in vitro gliding assays. Thus one can
conclude that the drag forces on vesicles in pure water is negligible. However, in real
cells the viscosity can be up to three orders of magnitude larger [23–26]. In that case
the load on a single motor molecule can become comparable to the force a single motor
can execute in one ATP hydrolysing step. Indeed, if the calculation is repeated for a
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similar vesicle in a HeLa-cell∗ (η = 0.398 Pas; calculated from data in [26]) a drag force
of 6 pN is found. Hence, when the load becomes larger than the stall force on a single
kinesin molecule, the question arises whether more than one motor will be needed to
pull vesicles. Ashkin et al. [28] and Hirokawa [29] used electron microscopy imaging
on fixed cells to show that some vesicles were attached to the microtubules by 2 - 3 ki-
nesin molecules. Moreover, Tominaga et al. [30] found that 1 µm sized particles can be
dragged by two to three processive myosin XI motors along actin filaments. And also an
in vivo study on organelle transport along microtubules in Xenopus melanophores† sup-
ports the hypothesis that organelle transport involves cooperativity between multiple
motors [31].

Another important question follows from the discussion above, namely whether the
velocity of a kinesin-driven vesicle (or myosin-driven organelle) is independent of the
number of active motors. Several optical trap measurements on single motor interac-
tions with a filament [15, 17, 32] show that their velocity decreases as the opposing load
increases from 1 pN to 10 pN (Fig. 1.3 - Left). For loads of 1-20 pN the vesicle veloc-
ity is expected to increase with the number of motors attaching to the vesicle and the
microtubule [33]. However, gliding-assay experiments with very high force resolution
also show that below a certain load (< 1 pN) the velocity of the transported vesicles
becomes independent of the load [34].

Most motility measurements mentioned so far were based on in vitro measurements.
Already in 1992, Allen et al. [37] measured directly fast transport of vesicles in axons.
They found that particles of 50-100 nm in size moved with about 2.5 µm/s, while the
average velocity of larger vesicles (0.4-2.5 µm) dropped to 1 µm/s. Moreover, they ob-
served that intermediate sized particles moved in an irregular fashion (called saltatory
motion [38–40]): Following a vesicle in time, one can observe that it can move with a
given velocity, then stop for a moment and subsequently continue moving in the same
direction but with a different velocity. Recent experiments in vivo confirm that vesicles
alternate between periods of directional and non-directional movement, suggesting that
there are periods where a vesicle follows a cytoskeletal track and periods where it dif-
fuses freely [24]. Another in vivo study by Hill et al. [23] focused on this random motion
and in particular the effect of viscous drag on the speed of vesicle transport in greater
detail using time-resolved optical microscopy and micro-rheology in vivo. The latter ex-
periment provided a measure for the viscosity that vesicles experience in the cytoplasm
of PC12 neurites‡. Hill and co-workers found that the PC12 cytoplasm is shear thin-
ning but shows a plateau value in viscosity of about 1.1 ± 0.25 Pas at small frequencies,
which is about a thousand times larger than the buffer solutions used in gliding assays.

∗The HeLa-cell line was derived from cervical cancer cells taken from Henrietta Lacks, a patient who
eventually died of her cancer [27].

†Pigmented cells of the African clawed frog.
‡PC12 is a culture of cancer cells from the adrenal gland of rats.
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Figure 1.3: Left - Velocity of vesicles or colloidal probe beads dragged along microtubules by kinesin
motors, reproduced from ref. [25], who extended the original figure from [23]. The dots represent experi-
mental data by [17]. The large closed symbols represent experimental data for 1, 2 and 3 motors attached
to vesicles of 0.40, 0.36 and 0.40 µm respectively, measured in vivo in NT2 cells. The curves for 2 and 3
kinesin motors are estimates extracted from bead assays, assuming that the load is equally shared by the
motors. Two straight lines correspond to Stokes’ law for systems with viscosity of 0.1 Pas and 1.8 Pas
respectively for a vesicle of 0.4 µm. The contribution of multiple motors is negligible at the low viscosity.
For the viscous fluid the force generated by the attached motors is additive. Right - The force-velocity
curves from earlier single motor studies (red [15]; grey [35]; black [17]) are compared with multiple mo-
tor data [25]. To compare data obtained at different temperatures, it was scaled according to a previously
determined Arrhenius equation [36]. Open symbols refer to average vesicle radii of 0.29, 0.29 and 0.26
µm. The black data are the same as in the figure to the left. Note that the smaller vesicles move faster as
the acting hydrodynamic drag force is smaller. Both images are reproduced after [25] with kind permission
from Springer Science and Business Media.

Furthermore, the vesicles (a≈0.35 µm) they studied moved with velocities fluctuat-
ing between 0.45 µm/s and 2.1 µm/s at loads varying between 4-15 pN. These irreg-
ular velocities may be due to the fact that the viscosity may vary throughout the cell
cytoplasm, as it contains many other bio-macromolecules that need not be dispersed
homogeneously. The saltatory motion may also be due to the fact that microtubules are
not continuous throughout the neurites or axons. Thus a vesicle may encounter gaps
in its ”track” that can be viewed as broken bridges that have to be overcome. In order
to continue their way in the same direction one may hypothesise that it would not be
advantageous for motors to reach the other side of the gap purely by diffusion. In this
thesis I show that the hydrodynamic coupling between cooperatively moving molecu-
lar motors and their cargo may provide a mechanism that helps the vesicles to bridge
those gaps (see chapter 4). But also the fast transport of organelles in plants (that is
described in the following paragraph) may be understood better when hydrodynamics
is taken into account.
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Recently it became possible, using quantum dots as markers, to follow the molecular
motors in vivo directly and construct force-velocity curves (Fig.1.3 - Right). Peaks in the
measured velocities suggest that the velocities are constrained to quantised values. A
hypothesis has been proposed that each peak represents a different number of motors
pulling a vesicle through a viscous solution [25, 31, 41, 42]. An alternative hypothesis
is presented by Cai et al. [43] who studied transport in COS-cells∗. They suggest that
the difference in velocity comes from the presence of different members of the kinesin
family with distinct kinetic properties. However, the near integer difference in value
between measured drag forces [23, 25, 31] suggest identical motors (see Fig.1.3 - Right).
Recent in vitro experiments in a medium with a viscosity 1000× that of water showed
that numbers of kinesins cooperate when pulling against a viscoelastic drag [45], sup-
porting the cooperativity hypothesis.

Myosin Driven Organelle Transport in Plant Cells

As the aim of this thesis is to study the influence of hydrodynamic interactions on fast
organelle transport in cells it is interesting to first identify the situations in which hy-
drodynamic interactions may play a role. Fast organelle transport is mainly important
in plant cells, where it is observed as cytoplasmic streaming [6, 46, 47]. The velocities
measured in cytoplasmic streaming exceed those measured for vesicles dragged by ki-
nesins along microtubules in animal cells, and is associated with myosin-actin com-
plexes (Fig.1.4) [48]. Note, however, that kinesin-microtubule assisted organelle trans-
port has also been reported in plants [49]. While many myosins, e.g. the muscle motor
myosin II, are non-processive, processive plant myosins have been identified: myosin
V, VI, VIII, XI, and XIII [50]. Amongst these groups further variations are known that
depend on the species and on the vesicle-binding groups. Myosin walks to the barbed
(plus) end of actin filaments with the exception of myosin VI that walks towards the
pointed (minus) end [50–52]. An example of these processive myosin are the myosins
that are extracted from the alga Chara corallina. In in vitro motility assays these motors
move along actin filaments with a speed of 40-60 µm/s [48, 53] and up to 100 µm/s in
vivo [5].

Tominaga and co-workers [30] were the first to use gliding assays to measure the
motility (movements) of myosin XI extracted from tobacco bright yellow-2 cells of Nico-
tiana tabacum (BY-2 cells). They anchored actin filaments on a glass slide and measured
the velocity of a myosin XI coated colloidal bead attaching to the actin filament under
different loads. The load was controlled by optical tweezers. They observed a maxi-
mum speed of 7 µm/s and determined the step length to be of about 35 nm, a distance
very close to that of a repeat unit along F-actin (Fig.1.4).

∗Cells derived from the kidney cells of the African green monkey with a version of the SV40 genome
that can produce large T antigen but has a defect in genomic replication [44].
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Figure 1.4: Left: Schematic representation of the dimer myosin XI, redrawn from reference [53]. The head
group (heavy chain) binds to the actin filament and contains the ATP binding centre. The head group is
followed by the neck region that contains varying binding sites for light chains. In myosin XI the neck
contains 6 so-called IQ motives, which bind in turn the protein calmodulin (a calcium binding agent).
The neck region is followed here by a α-helical coiled-coil region that carries a cargo binding domain.
Right: Filamentous or F-actin has a helical structure and is made of two protofilaments that are build up
of globular or G-actin. F-actin is about 7 nm thick and has a 36 nm helical repeat structure. Myosin XI
slides processively along F-actin in 35 nm steps, toward the plus end [30].

As mentioned above the hydrodynamic drag on a micron-sized organelle is not
much less than the stall force, which supports previous experimental findings that fast
transport of organelles must relay on cooperative motion of molecular motors. Further-
more, fast organelle transport sets up a hydrodynamic flow. The latter term refers to the
fact that the hydrodynamic flow generated by cytoplasmic streaming also enables the
transport of unbound small-molecule nutrients and building material, thereby enabling
a rapid supply throughout the large cells [54]. Finally, as mentioned before, organelles
move faster in vivo than in vitro. I will show using the simulations described in chap-
ters 4 and 6 that the organelle velocities are increased via the hydrodynamic coupling
between motors. From experiments it is known that when a positive force is exerted on
a motor they start moving faster (Kinesin [11]; Myosin-V [55]), the hydrodynamic cou-
pling gives rise to such a force. The simulation results are supported with experimental
work in chapter 5.
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