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Chapter 6

Hydrodynamic Interactions In A
Continuum Model

Introduction

In chapter 4 it was shown by means of computer simulations, that momentum transfer
via the fluid medium can give rise to a non-negligible flow of suspended organelles. The
simulations were performed using an extended exclusion model that included Lang-
muir Kinetics and hydrodynamic interactions. In stead of simulating all the molecules
that make up the surrounding fluid, the influence of the solution on the solutes was
introduced as a combination of random forces and frictional terms [69]. The organelle
velocities were calculated using a Langevin equation (eq.4.1) that included the hydrody-
namic organelle-organelle interactions and the resulting velocity was translated into a
trial move using the algorithm described in Fig.4.2. Taking hard-core excluded volume
interactions into account, this trial move was subsequently, accepted, partially accepted
or rejected. In the latter case the motor-organelle complex simply dwells in its current
position. In spite of its simplicity, the lattice model sufficed to show the effect of hy-
drodynamic interactions in the system. Moreover, the model could be easily modified
to study different systems and conditions. However, performing the simulations on a
lattice had a few disadvantages. These include:

• Excluded volume effects affect lattice velocities (see appendix A).

• Spurious effects affect the measured motor velocities (see Appendix B).

• Spatial and temporal resolution of the simulations are large with respect to the
organelle size (see table 4.1).

• The magnitude of thermal energy and the diffusion coefficient in the simulation
model are larger than in experiments. (see the discussion below table 4.1).
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The consequences of the above points are understood and discussed. To rule out
that the directed suspended organelle transport in solution is not a lattice artefact, a
simulation model is developed in which the motor positions are no longer mapped on a
lattice. In stead, the motor displacements will be directly calculated using the Langevin
equation. The continuum model and the obtained results are described in the sections
below. Note, in this chapter, motor-cargo complexes will be referred to as motors or
organelles, unless specified otherwise.

Finally, at the end of this chapter the results obtained using the both simulation
models will be compared to each other and to experimental data. This includes a dis-
cussion of the magnitude of the observed velocities, forces and the implications for the
underlying bio-mechanical system.

The Simulation Model

The system that is modelled is similar to the one that is shown in Fig.4.4 in chapter 4.
The difference is that the motor positions are not mapped on a lattice but move through
a continuum. As was the case with the lattice model, the motors alternate between
periods of diffusive and directed transport depending on their position in the system.
In addition, the motors have a finite processivity and the filament occupation fraction
of motors is determined by Langmuir Kinetics. Moreover, the system makes use of
Periodic Boundary Conditions in axial direction to simulate the dynamics of an infinite
system. However, for the simulations to be performed on a continuum environment, a
number of changes need to be made with respect to the lattice model. These changes
are described in this section.

Solving The Langevin Equation

Since the motors will now be moving in a continuum (without the mapping algorithm)
the spatial and temporal resolution of the simulations must be improved. To allow for
small displacements and time steps the Langevin Equation (eq.4.1) is integrated from
time t to t+∆t and discretized with respect to time. This yields [63]:

ri (t+∆t) = ri (t) + µii · F i∆t+
∑
j,j6=i

µij · F j∆t+∆Gi(t). (6.1)

The mean and variance of the random displacement are given by [63]:

〈∆Gi(t)〉 = 0

〈∆Gi(t)∆Gj(t
′
)〉 = 2Dijδt,t′∆t.

(6.2)
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As described in chapters 2 and 4, the organelle mobilities, µij=Dij/kbT , depend on
the positions of all the organelles in the system and are calculated using the Oseen
tensor (eq.2.25). The correlated thermal displacements are determined using the Ermak
and McCammon algorithm [72] described in chapter 4 (see eq.4.4)∗. The theoretical
single motor velocity is given by V 0 = (V0, 0, 0) for a filament bound to the cytoskeleton
and V 0 = (0, 0, 0) for bound motors. For bound motors V 0 can be calculated via V 0 =
µii · F 0 where F 0 = (F0, 0, 0). For suspended organelles F 0 = (0, 0, 0).

Yukawa Potential

In the lattice model the motor-organelle complexes were treated as hard spheres. This
was enforced by only allowing one motor on a lattice node at a given moment in time.
In addition, the lattice spacing was larger than the motor diameter. Thus, there was no
overlap possible between motors in adjacent lattice nodes. In a continuum model the
displacements of the motors are no longer limited to fixed positions. To avoid overlap,
the motors will be treated as hard spheres surrounded by a soft repulsive potential,
V (rij). In the simulations the Yukawa potential is used, which has the following form:

V (rij) = W
e−

rij
rc

rij
. (6.3)

In this equation, W , is a pre-factor that determines the strength of the repulsion. The
distance between two organelles is, rij, and the cut-off range of the potential is given by,
rc. The potential gives rise to a conservative repulsive force†:

F (rij) = W
e−

rij
rc

rij

[
1

rij
+

1

rc

]
r̂ij. (6.4)

Next, the force is truncated and shifted [156], F T−S (rij), by subtracting the force, F c,
which is the force at the cut-off distance, rij=Rc=rc. The resulting force decreases with
increasing organelle distance and reduces to zero at Rc. In this equation, r̂ij=rij/rij, is a
unit vector along the vector rij that points from organelles i to j. The force is given by:

F T−S (rij) = F (rij)− F c = r̂ij

W
e−

rij
rc

rij

[
1

rij
+

1

rc

]
− 2We−1

r2c
rij ≤ Rc

0 rij > Rc.

(6.5)

∗In the section ’Ermak and McCammon Algorithm’
†For a conservative force holds: F (rij)=−∇V (rij).
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Note that, F T−S (rij)= − F T−S (rji). The repulsive forces need to be calculated for
each pair of organelles for the organelle configuration at the start of a simulation time
step. Finally, the repulsive forces are introduced in the Langevin equation (eq.6.1) via:

F i = F 0 +
∑
j,j6=i

F T−S (rij) . (6.6)

Conversion Of Units

The conversion between simulation units and the experimental data can be found in
table 6.1∗. Analogous to table 4.1, the conversion factors for length L, time T, and mass
M, are found by fixing the radius, velocity and force in the simulation model. Note
that, unlike in the lattice model, all the simulation settings can be converted back into
experimental values.

Property Unit Experiments Model Factor Calculated
a m 2.5 ×10−7 0.25 L 2.5 ×10−7

V0 m/s 8 ×10−7 0.4 L/T 8.0 ×10−7

F0 N 4.15 ×10−12 1.0 ML/T2 4.15 ×10−12

µ0 m/Ns 1.93 ×105 0.4 T/M 1.93 ×105

η Pas 1.1 0.53 M/LT 1.1
ρ kg/m3 1200 1.16 ×10−9 M/L3 1200
D0 m2/s 8.26 ×10−16 4.13 L2/T 8.26 ×10−16

kbT J 4.28 ×10−21 1.03 ×10−3 ML2/T2 4.28 ×10−21

m kg 7.85 ×10−17 7.57 ×10−11 M 7.85 ×10−17

τ s 1.52 ×10−11 3.03 ×10−11 T 1.52 ×10−11

Table 6.1: Conversion table from experimental data (see table 2.2 in chapter 2) to simulation parameters.
The conversion factors are: L=1.0 × 10−6, T=5.0 × 10−1, M=1.0375 × 10−6 and were determined by
fixing the radius (a), and the single motor velocity (V0) and force (F0) in the simulation model. The
column ’calculated’ is obtained by multiplication of the columns ’model’ and ’factor’ and it reflects how
well the simulation parameters represent the experimental data.

Results

To compare both types of models, the same geometry is used in the simulations. This
means that motors move in a two dimensional plane that is confined between two fil-

∗See the explanation in chapter 4 with table 4.1
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aments (see Fig.4.4) while the hydrodynamic interactions between the organelles are
treated as in a three dimensional fluid. In the continuum a different definition will be
used for the concentration. For the lattice model the concentration was defined as the
fraction of lattice nodes that are occupied along the filament or in solution (φµ and φs).
In this chapter, the concentration is defined as the fraction of space that the motors oc-
cupy and will be denoted by: φ′

µ or φ′
s. The following equation can be used to switch

from one definition to the other:

φ′ =
〈Np〉d
L

= φd. (6.7)

In the above equation, d, is the organelle diameter and, 〈Np〉, the average number
of organelles in the system. In the section below, the results obtained with the contin-
uum model will be discussed. Subsequently, in the next section, these results will be
compared to the lattice model.

Continuum Model

In Fig.6.1A, the normalised motor velocity is shown for both bound and suspended
organelles. The data shows that, in the absence of hydrodynamic interactions, the ve-
locity is not affected by excluded volume effects. For all tested filament concentrations
the measured velocities, on average, were equal to the single motor velocity V0. In ad-
dition, there is no directed organelle motion in solution. Inclusion of the momentum
transfer via the fluid shows a linear increase of the organelle velocity with increasing
bound organelle concentration. The latter is in agreement with the Langevin equation
that predicts a linear relation between the force (from the bound organelles) and the
velocity. Additionally, the suspended organelle velocity (shown for the centre-line of
the system) increases linearly with increasing filament occupation albeit at a different
(less steep) slope. Figure 6.1B demonstrates that the angle of the slope depends on the
organelle’s radial distance from the filament, the closer to the filament, the more the
slope approaches that for bound organelles and the higher the measured velocity. The
latter observation was expected since the hydrodynamic interactions are introduced via
the Oseen tensor (eq.2.25). This tensor states that the momentum transfer via the fluid
is long range and falls off with the inverse of the distance from the organelle∗.

The forces that are acting on the bound and suspended organelles are deduced from
the mobility and velocity via Fi=Vi/µ0. The normalised forces are shown in Fig.6.1C.
As expected, the forces increase with increasing bound organelle concentration when
hydrodynamic interactions are considered and remain constant in the absence of the
momentum transfer via the fluid. The hydrodynamic contribution to the force on the

∗See the section ’Many Organelles Moving In A Fluid - Hydrodynamic Interactions’ in chapter 2.
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bound motors (filled circles) is always larger than the force acting upon the suspended
organelles.
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Figure 6.1: A) The average normalised axial organelle velocity for different degrees of filament occupation,
φ′
µ, measured along the filament and in solution. B) The average axial normalised organelle velocity at

different radial positions in the system. Diamonds - filament (f); squares f+2a; inverted triangles f+6a;
triangles f+10a i.e. centre-line of system where, a=0.25, is the organelle radius in simulation units.
C) Effective normalised force acting on motors for different filament occupations with F0=4.15 pN (see
table 6.1). The filled circles represent the hydrodynamic force acting on the bound organelles. For all
figures: filled symbols - with hydrodynamic interactions (HI); open symbols - without HI; diamonds -
filament; triangles - solution at centreline of system. See the column ’Model’ in table 6.1 for the simulation
settings. The simulations were performed for 150×106 simulation time steps with dt=0.0001. The
Yukawa constants: W=0.05 and rc=0.25 (all in simulation units).

The organelle concentration profile that arises from the exchange of organelles be-
tween the filament and solution is presented in Fig.6.2A. The figure shows the axial
concentration of organelles across the width, L, of the system. In the absence of hydro-
dynamic interactions (open symbols), the binding and detachment of organelles gives
rise to a concentration drop near the filament. This drop is followed by an increase of
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organelles in the centre of the system. This profile is robust as the data for different fila-
ment occupation fraction collapses (not shown). Including the hydrodynamic coupling
to the simulations does not change the shape of the concentration profile. However,
it does result in a smaller filament occupation and a larger organelle accumulation at
the centre of the system (for identical simulation settings). To investigate if the profile’s
shape is a result of using the repulsive Yukawa potential (eq.6.5) to prevent organelle
overlap, the simulations were repeated for a smaller value of the repulsion parameter
W=0.005 (in simulation units). Changing this parameter did not have any effect on the
obtained concentration profile (not shown). Modifying the cut-off length, Rc, for the
force in (eq.6.5) to a value of 3 or 6 times the organelle radius, while keeping rc constant
for the potential, did not have any significant effect on the profile either (not shown).
Additionally, as the Yukawa potential has only a short-range effect (rc=0.25, in simu-
lation units), one would expect the repulsion effect to be more pronounced at higher
filament occupation fractions. However, the figure does not show any dependency on
the filament concentration.

As expected, the normalised velocity profile (Fig.6.2B) shows that, in the absence of
the hydrodynamic coupling, the single motor velocity is recovered along the filament
and on average there is no net velocity in solution. Including the hydrodynamic in-
teractions (filled symbols) again shows that the velocity increases for both bound and
suspended organelles with increasing filament occupation. In line with the results from
6.1B, the velocity decreases with increasing distance from the filaments, and thus is
smallest in the centre of the system.
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Figure 6.2: A) Axial concentration profiles for organelles bound to the filament and in solution for dif-
ferent filament occupation fractions. L is the distance between filaments, and X the distance to the lower
filament. B) Normalised axial organelle velocity at different distances from the filament. For all figures:
filled symbols - with hydrodynamic interactions (HI); open symbols - no HI (with φ′

µ=0.07); diamonds
φ′
µ=0.09; squares φ′

µ=0.15; inverted triangles φ′
µ=0.33; triangles φ′

µ=0.49; Circles φ′
µ=0.58. See the

column ’Model’ in table 6.1 for the simulation settings. The simulations were performed for 150×106

simulation time steps with dt=0.0001. The Yukawa constants: W=0.05 and rc=0.25 (all in simulation
units).
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Comparing The Models

Next, the results that were obtained using the lattice model (chapter 4) are compared to
those of the continuum model. The discussion is limited to the data for simulations that
include hydrodynamic interactions. To be able to compare both models, all the data is
converted into real units using the conversion tables 4.1 and 6.1. The definition for the
organelle concentration that was introduced in this chapter will be used i.e. φ′

µ or φ′
s (see

eq.6.7). Most of the results that were presented in chapter 4 are for a organelle radius
of a=0.1l (in lattice units, where l=2.5 × 10−7m is the lattice spacing). In this section
additional data for a=0.2l is shown.

Figure 6.3A, compares the bound organelle velocity for different degrees of filament
occupation. For the lattice model, both series overlap at low filament occupation frac-
tions. At higher values the series start to deviate due to excluded volume interactions.
The series for a=0.1l is the first to decrease its velocity with increasing filament occupa-
tion fraction. This is as expected, as the smaller size organelles take up less volume for
the same lattice filament occupation fraction at identical lattice spacing l. In contrast,
the data from the continuum model shows a linear increase in velocity with increas-
ing filament occupation as this model does not experience the excluded volume effects
imposed by the lattice. The slope is similar to the initial slope of the lattice model.
The velocities obtained at small concentration fractions are slightly larger for the lattice
model. This can be attributed to spurious effects (see the discussion in Appendix B).

The velocity for the suspended organelles is shown in Fig.6.3B. Again the data ob-
tained using the lattice model collapses at small filament occupation fractions. In addi-
tion, the data shows that the organelle velocity decreases when excluded volume effects
decrease the bound motor velocity. The data from the continuum model shows a con-
tinuous linear increase of the velocity albeit at a smaller slope than for the lattice model.
The forces acting on both the bound and suspended organelles are deduced from the
mobility and velocity via Fi = Vi/µ0 and are shown in Fig.6.3C. As there is a linear rela-
tion between the force and velocity at low Reynolds numbers this figure shows similar
trends to Fig.6.3A and B. Note that for the lattice model, the forces acting on suspended
organelles are larger than those on the bound motors at higher filament occupations.
Indeed, comparing the additional hydrodynamic force, via momentum transfer, that
acts upon the bound organelles (Fig.6.3D) to the force acting upon the suspended (filled
circles in Fig.6.3C) organelles confirms this.

The axial concentration and velocity profiles for different radial distances from the
filament are shown for φ′

µ≈0.08 and 0.15. For radius a=0.1l this approximately corre-
sponds to respectively φµ≈0.39 and 0.79 and for a=0.2l to φµ≈0.19 and 0.39. A com-
parison of the axial concentration profile at the filament and in the solution is shown in
Fig.6.4A. The lattice model results (open symbols) show that the data for the identical φ′

s

collapses and that there is a flat profile in solution (with a small concentration increase
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Figure 6.3: A) Comparison of the average bound motor velocity 〈V 〉 in m/s at different filament occu-
pation fractions φ′

µ. B) The average axial velocity of suspended organelles in the centre of the system.
C) Motor force in N for bound and suspended organelles. D) Hydrodynamic force in N for bound and
suspended motors. For all figures: lattice model (open symbols); continuum model (filled symbols). Open
symbols: diamonds (a=0.1l) and inverted triangles (a=0.2l) - bound organelles; circles (a=0.1l) and
triangles (a=0.2l) - suspended organelles; open squares (a=0.1l) and open pentagons (a=0.2l) - hydro-
dynamic force; l=2.5 × 10−7m is the lattice spacing. Filled symbols: diamonds and squares - bound
organelles; circles - suspended organelles. Experimental data: a=2.5 × 10−7 m, V0=0.8 × 10−6 m/s,
F0=4.15×10−12 N, η=1.1 Pas, T=37 ◦C, µ0 = 1.93×105 m/Ns, Re=4.36×10−10, D0=8.26×10−16

m2/s (see tabel 2.2). Conversion of units via tables 4.1, 6.1 and eq.6.7.

near the filaments). However, the continuum model shows a drop in concentration
near the filament followed by an accumulation of organelles in the solution. This effect
gets stronger when including the hydrodynamic interactions. Note that the statistics
of the continuum model data are poorer than for the lattice model. In the simulations
both the N2 Oseen mobility tensor (eq.2.25) and the Ermak and McCammon algorithm
(eq.4.4) have to be calculated for each simulation step. As the continuum model uses
smaller simulation time steps, these matrices need to be evaluated more frequently for
this model. Thus, to run the continuum simulations for a similar total time as was used
for the lattice model, the number of organelles had to be decreased by shortening the
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length of the system. The normalised velocity profiles (Fig.6.4B) show that profiles are
similar in shape for all series. The one exception is for the lattice model at φ′

µ≈0.15
(a=0.1l) where the velocity in solution is larger than along the filament. This is caused
by spurious lattice effects and is discussed in detail in appendix B. The velocities pro-
file drops slightly with increasing distance from the filament. This decrease with the
distance is larger for the continuum model.
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Figure 6.4: A) Axial concentration profiles for organelles bound to the filament and in solution for differ-
ent filament occupation fractions. B) Normalised axial organelle velocity at different distances from the
filament. φ′

µ≈0.08: lattice - open squares (a=0.1l), open triangles (a=0.2l); continuum - filled circles.
φ′
µ≈0.15: lattice - open diamonds (a=0.1l), open inverted triangles (a=0.2l); continuum - filled squares.

For both figures: L is the distance between bio-filaments, and X the distance to the lower bio-filament
and l=2.5 × 10−7m is the lattice spacing. Experimental data: a=2.5 × 10−7 m, V0=0.8 × 10−6 m/s,
F0=4.15×10−12 N, η=1.1 Pas, T=37 ◦C, µ0 = 1.93×105 m/Ns, Re=4.36×10−10, D0=8.26×10−16

m2/s (see table 2.2). Conversion of units via tables 4.1, 6.1 and eq.6.7.

Discussion

The goal of this chapter is to validate the results that were obtained using an extended
exclusion model (chapter 4) by using a continuum simulation model. As explained in
the introduction, the lattice model is sensitive to excluded volume effects, spurious lat-
tice dynamics and has a coarse spatial and temporal resolution. All these factors may
influence the outcome of the simulations. The continuum model that was introduced
in this chapter does not have these sensitivities and is used to validate the results. Both
models show that momentum transfer via the fluid indeed has a positive effect, re-
sulting in higher bound and suspended organelle velocities. This effect, that was also
confirmed experimentally (see chapter 5), thus cannot be neglected.
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However, there still are some concerns. The results from the continuum model show
that the measured velocities (and drag forces) increase linearly with the organelle con-
centration. This does not take any physical limitations of the molecular motors into
account. Actual motor velocities depend on the speed at which a motor physically can
step i.e. on the speed of the conformational changes (crossbridge cycle) that take place
inside the motor protein during the hydrolysis of ATP. In the text below the simulation
results are discussed and compared to experimental data.

The single motor parameters that are used in the simulations (see tables 4.1, and 6.1)
are chosen in the velocity and force range of both kinesin and myosin motors. I intro-
duce the motor-organelle complexes into the simulations without specifying the type
of molecular motor. This allows for subsequent analysis from the perspective of either
motor type. The used single motor parameters are based on a combination of exper-
imental data as summarised in table 2.2. In this table a representative model system
for a molecular motor cargo is introduced. I chose a cargo size of 500 nm that could
e.g. represent the size of a melanosome [21], which is a typical organelle (see table 1.1).
The velocity for kinesin motors carrying a cargo of similar size was found to be ≈800
nm/s [17, 62]. This velocity was chosen as the single motor velocity in the simulations
as it also falls within the velocity range of myosin motors (table 6.2). The cytosol vis-
cosity that was measured in vivo for different cells is summarised in table 2.4. I chose to
use the viscosity from the publication of Hill et all. [23] where it is given as 1.1 Pas for
kinesin motors carrying cargoes of 250-500 nm in a PC12 cell. Finally, using the veloc-
ity, viscosity and organelle size, the accompanying mobility (eq.2.19) and motor force
are calculated (eq.2.19) together with other parameters (see chapter 2). The results are
summarised in table 2.2.

Velocities

In table 6.2, the simulation results are discussed from the perspective of both kinesin
and myosin motors. The table shows the maximum velocities that were measured in
the simulations and compares these to some of the fastest molecular motors that have
been reported in literature. The velocities found in the simulations are large with respect
to the single motor velocity but still fall within the range of the fastest motors that are
reported in literature.

Forces

The forces needed to move the organelles at the largest velocities in the simulations
exceed the single motor stall forces reported in literature (kinesin: 4.2 pN [33]; 5.4 pN
[15], 5.7 pN [10]; myosin: 3 pN [199]; 3-4 pN [203]; 5-6 pN [204]). However, Hunt
et al. [33] presented experimental data that shows that the stall force increases with
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Velocity Forcea Stepsb ATPasec Comment Reference
µm/s pN s−1 s−1head−1

Experimental Data For Molecular Motors
0.4 - 0.8 2.1 - 4.2 50 - 100 25 - 50 Kinesin [17]

0.77 - 0.88 4.0 - 4.6 96.3 - 110 48.1 - 55 Drosophila Kinesin [62]
2 - 3.5 10.1 - 18.2 250.0 - 437.5 125.0 - 218.8 DdUnc104d [198]

0.3 1.56 8.1 4.1 Myosin-V [199]
0.6 3.13 16.3 8.2 Myosin-Vae [200]
7 0.6 189.2 94.6 Myosin-XI [30]

30 - 62 13 810.8 - 1621.6 405.4 - 810.8 Myosin [201]
1.6 - 3.6 3.5 - 39 - - Muscle Myosinf [202]

Simulations
Single Motor

0.8 4.15 100 50 Kinesin Table 2.2
0.8 4.15 21.6 10.8 Myosin Table 2.2

Kinesin
1.4 7.17 172.7 86.4 Lattice model Fig.6.3A
3.5 18.11 436.4 218.2 Continuum model Fig.6.3A

Myosin
1.4 7.17 37.3 18.7 Lattice model Fig.6.3A
3.5 18.11 94.4 47.2 Continuum model Fig.6.3A

Table 6.2: Comparison of simulation results to the fastest molecular motors described in literature. It is
assumed that one ATP is consumed per step. Calculated values: aF=v/µ0 with µ0=1.93 ×105 m/Ns;
bsteps=v/step size. The step sizes of kinesin and myosin are respectively 8 and 37 nm; cATPase is the
rate of hydrolysis per head per second. For a dimeric motor: ATPase=steps/2; d A dimeric kinesin motor
of the UNC104/KIF1a motor subfamily observed in Dictiostellium; e Measured in vivo in a COS-7 cell,
in vitro velocity, 0.58 µm/s; fAn estimated 4-40 myosin heads are attached.

increasing motor density where motors share the load. For example, the largest stall
force reported in this article for kinesin motors is 16 pN. The latter force is similar to the
force found for the largest measured velocity in the simulations. This suggests that for
the results to be plausible multiple molecular motors need to be attached to the same
organelle that cooperate and share a load. The latter can be described by the following
equation [134], where, N , is the number of motors:

Vi = Nµ0Fi. (6.8)

That multiple motors can be attached to a cargo was confirmed experimentally by
Ashkin et al. [28] and Hirokawa [29] who used electron microscopy imaging on fixed
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cells to show that some vesicles were attached to the microtubules by 2-3 kinesin mo-
tors. In addition, in vivo experiments, using quantum dots as positional markers for
molecular motors, show that the velocity of organelles are constrained to quantised val-
ues suggesting that each peak represents a different number of motors pulling a vesicle
through a viscous solution [25, 31, 41, 42].

From single motor force-velocity experiments it is known that the motor processivity
decreases when there is either a positive or negative force exerted upon the motors
(kinesin [11]; myosin-V [55]). However, when multiple motors are collectively carrying
a cargo, the cargo’s processivity is increased [147]. A theoretical study by Klumpp et
al. [134] suggests that the distance, x, that a cargo can travel before detachment can be
predicted by: x=5N−1/N . These arguments suggest that, in the presence of external
forces, it would be beneficial for motors to collectively carry cargoes through the cell.

ATPase and Duty Ratio

Joe Howard mentions in his book [3]∗ that the free energy derived from the hydrol-
ysis of ATP under typical cellular conditions is 100 pN·nm=25 kbT ([ATP]∼10 mM;
[ADP]∼10 µM; [Pi]∼1mM). This means that under these conditions the thermodynamic
force, i.e. the maximum force that a single, fully reversible kinesin motor, could theoret-
ically work against is 12 pN (=100 pN·nm/8 nm) and 2.7 pN for myosin. These forces
are smaller than the forces at high velocities in our simulations and smaller than for the
fast motors in literature (see table 6.2). This suggests that either the physiological con-
ditions in the cells are very different and/or that motors are sharing the load. A typical
stall force for a kinesin motor is 5-6 pN, which means that the kinesin does 40-48 pN·nm
of work and that the efficiency of this motor is about 40-48%.

The ATPase rates found for the maximum velocities of the simulations are large
compared to those of a single motor. For example, for a single hypothetical myosin
motor moving at 0.8 µm/s the ATPase rate is 10.8 s−1head−1 (see table 6.2). However,
the ATPase rate at the maximum velocities that was measured in the simulations are
2 (lattice model) - 5 (Continuum model) times larger. Interestingly, the ATPase rates
for myosin in experiments can be much larger than this value e.g. 94.6 s−1head−1 for
Myosin-XI [30]. In addition, Sugi et al. [205] found an ATPase rate of 425 s−1head−1 in
the internodal cells of Chara corallina. The authors argue that this is a large value with
respect to the single motor ATPase and mention that a mechanically coupled interaction
between the heads of multiple myosin molecules attached to the same bead would be
advantageous.

The duty ratio†, r, is the ratio between the time a motor head spends attached, τon,

∗On pages 230-231 and 254.
†See appendix D for a more detailed explanation of the duty ratio.
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and the total time of the crossbridge cycle of a motor, τtot, and is given by [3, 76]:

r =
τon
τtot

=
δ ATPase

V
. (6.9)

In this equation, δ, is the step size of the motor, ATPase, its ATPase rate and, V , the
velocity. For a single processive molecular motor the duty ratio has to be at least 0.5.
A smaller value means that there are moments that neither of the two motor heads is
attached to the cytoskeleton and that thus the motor would detach from the filament.
For non-processive motors, such as muscle myosin, this value is much smaller than 0.5.
The cooperativity hypothesis suggests that even though the duty ratio of the individual
motors is 0.5 or larger, the effective duty ratio could be smaller than 0.5. For example,
if we assume that the fastest experimental kinesin velocity in table 6.2 is the result of
a group of motors that collaborate∗, then the duty ratio becomes 0.11. Using another
definition of the duty ratio, r=1/Nmin, that relates it to the minimum number of molec-
ular motor heads, Nmin, needed for continuous processive movement, suggests that at
least 9 motor heads or 5 two-headed kinesin motors are needed. That 5 motors can be
attached to a cargo and collaborate is supported by the in vivo experiments by Sthridel-
man et al. [25]. Their experiments suggest that the cargoes in NT2 cells are carried by
1-5 molecular motors.

Conclusion

In this thesis we try to explain the physical phenomena of cytoplasmic and axoplas-
mic streaming where many organelles are carried simultaneously through a viscous
medium. The above discussion of velocities, forces and ATPase showed that the max-
imum values that were found in the simulations are large with respect to the single
motor values. However, experiments reported in literature reported values that were
similar or, in the case of myosin, much larger. From this can firstly be concluded that
the observed velocities lie within the physical limits of the motors.

Secondly, for the motors to generate the forces needed to move at these velocities two
mechanisms need to be considered: (1) hydrodynamic interactions between the molec-
ular motors via the surrounding medium and (2) cooperation between motors that are
attached to the same cargo. We have shown both by means of simulations (chapters 4
and 6) and experiments (chapter 5) of an ordered system, that the momentum transfer
through the surrounding medium affects both the motion of the bound and suspended
motors. The momentum transfer via the fluid can be seen as an additional positive force
that pushes the organelles forward.

∗For each motor: ATPase=50 s−1head−1, V=3.5µm/s, δ=0.8
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There is physical evidence that multiple molecular motors can be attached to an
organelle at the same time [28, 29] but there is no consensus in literature if, and how,
these motors collaborate. There are experiments that suggest that a set of identical
motors attached to the same cargo can work together [25, 31, 41, 42] or that motors of
different properties are present at the same time [43, 206]. In addition, organelles that
change direction on their cytoskeletal track have been reported where motors with op-
posite directionality are present and a protein complex called dynactin is suspected to
regulate the switching between both motors [207]. A tug-of-war between motors has
been reported to be unlikely as impairment of one of the two motors does not increase
the transport in the opposite direction [208]. Cooperation between motors on a cargo
could help motors overcome the large friction forces in the cytosol by load sharing,
increase the processivity and explain the large ATPase needed for fast organelle trans-
port. However, motor cooperation alone cannot explain the observed directed transport
of suspended organelles. Thus, hydrodynamic interactions are necessary to reach the
velocities that are observed in phenomena such as cytoplasmic or axoplasmic streaming
motor while motor cooperation may be needed. More research is necessary to answer
this question.
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