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Chapter 6

Transport and force generation by
microtubule +TIPs

In this chapter we study the transport of soluble actin filaments by TipAct proteins
at growing microtubule ends. We find that filaments that are captured slightly behind
the peak of TipAct’s plus-end intensity are more efficiently transported than filaments
that land with a portion of the length ahead of the TipAct intensity peak. We further
develop a one-dimensional biased diffusion model which recapitulates the dependency of
actin filament transport on the microtubule growth speed, and the length and intensity
of the TipAct plus-end profile. These parameters in turn are modulated by the EB and
tubulin concentration. Finally, the model predicts that through this mechanism, growing
microtubules can generate picoNewton forces on actin filaments.

6.1 Introduction

Despite the low affinity of TipAct for F-actin (Kd ∼ 5 μM, Fig. 3.5), we observed that
the locally enhanced concentration of TipAct molecules at growing microtubule ends
could become sufficiently high to allow microtubule tips to capture actin filaments (Fig.
3.9). Moreover, instead of simply co-aligning in the direction of microtubule growth,
the captured filaments could also be transported or (if partially anchored) pulled (Fig.
5.2). These effects suggest that binding a collection of TipAct molecules, whose mean
location travels with the growing microtubule tip, can result in transport and force
generation. The fact that EB and TipAct establish force-generating actin-microtubule
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connections is not a property of the individual molecules per se, but rather an emergent
property that stems from collective effects, since each of these molecules exchanges
quickly at microtubule growing ends (Fig. 4.4).

Similar observations of force generation by other EB-binding microtubule +TIPs have
been reported in different contexts. For instance, in cells, growing microtubules have been
observed to pull endoplasmic reticulum (ER) membrane tubes through the interaction
of EB1 with STIM1, an SxIP-motif containing protein that is anchored at the ER [128].
More recently, guidance of microtubule growth has been reconstituted in vitro through
the action of EB1-interacting kinesins, that can collectively steer microtubule growth
along template microtubules [376, 377].

In the case of actin transport, given that when a microtubule polymerizes nothing
moves (except the location of its tip), suggests a mechanism by which the TipAct
binding profile at microtubule tips biases the otherwise random thermal motion of actin
filaments in the direction of microtubule growth. This process is reminiscent of the
biased diffusion transport strategy that has been proposed to explain how kinetochores
remain attached to, and follow, depolymerizing microtubules [491, 494]. In this case the
bias is not given by a gradient of protein concentration, but rather a loss of binding
sites as the microtubule depolymerizes [491].

To better understand the transport mechanism, and how it depends on variable condi-
tions of microtubule growth (i.e. variable EB and tubulin concentration), we optimized
an experimental in vitro assay to enhance the number of transport events. To this
end, we polymerized microtubules at different tubulin concentrations, in the presence
of variable EB3 and TipAct concentrations, and a fixed amount of phalloidin-stabilized
actin filaments (∼ 30− 50 nM) that were previously sheared in order to obtain a large
number of short filaments in solution. Panel a in Figure 6.1 shows a schematic of these
assays. Panel b shows a 16 × 16 μm2 area containing seven microtubules, five of which
capture and transport actin filaments within a five-minute time-span. Panel c shows
kymographs of such five microtubules, numbered one to five as in panel b, showing
instances of actin-filament transport. With this assay we were thus able to collect a
large number of transport events.

In parallel, to test whether a biased diffusion mechanism could explain our observations
of actin filament transport, we developed a simulation of biased diffusion along a
inhomogeneous affinity profile, given by the distribution of EB (and hence TipAct)
at microtubule tips. We simulated various microtubule growth conditions corresponding
to variable EB, TipAct and tubulin concentrations, in order to study how microtubule
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Figure 6.1: Optimized assay to study actin filament transport by
microtubule growing ends. (a) Microtubules were polymerized from GMPCPP-
stabilized seeds, in the presence of 27 μM tubulin, 100 nM EB3, 25 nM GFP-TipAct, and
30 nM phalloidin-stabilized actin filaments in solution. (b) Maximum intensity projection of
an assay as in (a) showing five microtubules that capture and transport actin filaments. (c)
Kymographs of the five microtubules, numbered as in panel (b) all of which show instances

of actin filament transport. Scale bars, 5 μm. MT, microtubule.

growth velocity and the properties (i.e. length and intensity) of the TipAct comets affect
the transport effect. To validate the results of our model, we compared data produced
by the simulation with experimental data on actin transport under the same conditions
of microtubule growth.

6.2 Model of biased actin filament diffusion at micro-
tubule tips

We chose to model the system in one dimension as schematized in Fig. 6.2, where the
microtubule tip consists of a discrete array of positions i = 1−N , each of which has a
distinct affinity for F-actin. The actin filament itself was modeled as a point particle
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(whose position represents the edge of the filament closest to the microtubule tip),
which can bind and unbind to these sites, and freely diffuse in one dimension when
unbound. The rate of actin binding at position i, kon(i), depends directly on the affinity
for the given site (a function of the local TipAct concentration), and indirectly on the
probability that it reaches this site by diffusion. Conversely, the rate of detaching from
site i, koff (i), depends on the number of TipAct molecules that the actin is bound to
at the given location. We introduced motion of the microtubule tip by shifting the on
and off-rate profiles at a rate defined by the microtubule growth speed, Vg, which was
measured experimentally. Finally, at any moment when the actin is unbound we defined
a critical time after which, if it does not re-bind, it escapes the system.

kon

Rebind

Escape

V
g

koff

i=1

MT tip

i=N

Detach

Diffuse in 1D

Figure 6.2: Biased diffusion model. In the model, actin filaments can bind the
microtubule tips, and diffuse in one-dimension, or escape altogether, when unbound. The
on- and off-rates for F-actin are determined by the distribution of TipAct molecules at the
microtubule tip. The microtubule tip is modeled as a linear array of N discrete sites, each

one with distinct affinity for the actin filament.

In order to fully define the model we thus had to obtain estimates for the following
parameters:

• kon(i): The on-rate of actin filaments at microtubule tips. This depends both on
the on-rate of a single TipAct molecule on F-actin (kon−T ipAct) and on the local
concentration of TipAct molecules ([TipAct](i)).

• koff (i): The off-rate of actin filaments at microtubule tips. This depends both
on the single molecule off-rate, koff−T ipAct, on F-actin, and the number of TipAct
molecules, nT ipAct(i), that an actin filament is bound to at position i.

• Dparallel: The diffusion coefficient of the actin filament. Since our experiments
revealed that the actin filaments align with their longest axis parallel to the
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microtubule, we calculated the diffusion coefficient along the longest axis of the
actin filaments.

• Vg: The rate of microtubule growth, which was measured experimentally.

The following sections will explain in detail how we obtained estimates for all the above
parameters.

6.2.1 Spatial distribution of EB binding at microtubule tips

The number of TipAct molecules that actin filaments can interact with, and hence
the actin on- and off-rates at microtubule tips, are a direct outcome of the spatial
distribution and concentration of EB molecules at growing microtubule ends. One key
assumption of our model is that the exchange dynamics of EB and TipAct at microtubule
tips are faster than those of the actin filament. Thus, as the actin filament binds or
unbinds, the EB and TipAct plus-end binding profiles quickly equilibrate. In essence
this allows us to study the EB and TipAct binding distributions in steady-state, and
how F-actin responds to them.

The distribution of EB is modulated by varying conditions of microtubule growth (such
as tubulin and EB concentration [100, 104]). To calculate the spatial distribution and
local concentration of EB molecules at microtubule tips we made use of the two-step
kinetic model of microtubule maturation recently developed by Maurer and colleagues
[100]. In this scheme (Fig. 6.3), tubulin dimers incorporated to the tip of the microtubule
undergo two sequential conformational (and chemical) transitions which transform them
from edge-most GTP-bound tubulins to lattice-incorporated GDP-bound tubulins.

In the two-step model, the different tubulin states, and the transitions between them,
are described as follows:

• State A: Edge-most GTP-bound tubulin dimers, longitudinally bound to the
microtubule tip, but not fully laterally bound to their neighbors. Transitions to
state B with rate k1.

• State B: The state associated with the so called stabilizing GTP-cap at the
microtubule tip, in which tubulin dimers are both longitudinally and laterally
bound to all neighbors, and which correlates with a hitherto undefined intermediate
in the GTP-hydrolysis cycle [100]. State B is the state where EB molecules bind
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Figure 6.3: Two-state model of microtubule maturation. In this model, tubulins
incorporated to the microtubule undergo two sequential conformational and biochemical
transitions that transform them from GTP-bound (state A) to GDP-bound (state C). EB
molecules bind the intermediate state B with high affinity, and EB-bound tubulins (state
BE) transition to state C at a faster rate than empty tubulins transition from B to C. Figure

modified from [100].

with high affinity. In the absence of EB, state B transitions to state C with rate
k2.

• State C: Lattice-incorporated tubulin dimers, GDP-bound.

The binding of EB molecules to state B has a two-fold effect on microtubule maturation:
First, by indirectly accelerating the transition from state A to B, which possibly arises
from long-range effects of EB-binding that promote lateral bonding of microtubule
protofilaments [100]. And second, by offering a faster alternative path from state B to
C, so that EB-bound B-sites (state BE) in the microtubule tip can transition to state
C with rate k3, where k3 > k2.

The reaction scheme shown in Figure 6.3 can be used to write down a system of master
equations which govern the probability of finding a tubulin dimer in each of the four
states (A,B,BE and C) as a function of time:

ṖA(t) = −k1PA(t)

ṖB(t) = −k2PB(t)− kon−EB[EB]PB(t) + k1PA(t) + koff−EBPBE(t)

˙PBE(t) = −k3PBE(t) + kon−EB[EB]PB(t)− koff−EBPBE(t)

ṖC(t) = k2PB(t) + k3PBE(t)

PA(0) = 1

(6.1)

where Pj(t) is the probability of finding a tubulin dimer in each of the four states
(j = A,B,BE and C), [EB] the concentration of EB molecules in solution (assumed
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to remain constant), kon−EB the on-rate of EB molecules to state B, and koff−EB the
off-rate of EB molecules from state BE.

If one makes the simplifying assumption that the microtubule growth speed Vg remains
constant at a given EB concentration, the system of equations in Eq. (6.1) can be readily
transformed so that its solutions are functions of distance x from the microtubule tip
instead of time t. Note that having a time-dependent Vg would be closer to reality, since
Vg tends to drop as microtubules approach a catastrophe [84]. However, kymographs of
microtubule growth reveal that in the presence of EB, microtubules spend most of their
time growing at an approximately constant speed (Fig. 6.1 c). Thus, letting Vg = dx/dt =

constant, Equation (6.1) becomes:

dPj(x)

dx
=

1

Vg

dPj(t)

dt
(6.2)

where Pj(x) is the probability of finding a tubulin dimer in each of the four states
(j = A,B,BE and C) as a function of distance x from the microtubule tip.

Through a variety of biochemical and in vitro assays, Maurer and colleagues were able
to measure values for all the transition rates in the reaction scheme shown in Figure
6.3. The conditions of their assays (73.6 mM K-Pipes pH 6.8, 93 mM KCl and 3.06 mM
MgCl2, imaged at 30◦C [100]) closely resembled our own (80 mM K-Pipes pH 6.8, 75
mM KCl and 4 MgCl2, imaged at 28-30◦C), both in terms of ionic-strength (I ∼ 0.3 M,
[495–497]) and working temperatures. Since these two parameters are the most-likely
factors to impact the kinetics of the system (besides tubulin and EB concentration), we
used the values they reported for all the transition rates to build a model to compare
with our own experimental data.

As mentioned before, Maurer and colleagues found that the binding of EB to state B
indirectly increases the transition rate k1 from state A to B (Fig. 6.3). In their study,
however, they only measured k1 for three different EB concentrations (i.e. 1, 10 and 50
nM). In order to obtain an estimate for k1 at any EB concentration, we used the values
of k1 they reported and fitted them to the following equation:

k1 = k0 + kEB−max ∗
(

[EB]
[EB] +KD−EB:MT

)
(6.3)

where k0 is a constant, namely the value of k1 when no EB is present, kEB−max a
parameter that indicates the maximum contribution of EB in increasing the rate of this
transition, [EB] is the EB concentration, and KD−EB:MT the dissociation constant for
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EB molecules from the microtubule tip (fixed at 22 nM [100]). Figure 6.4 shows the
best fit of the Maurer, et al data to Eq. (6.3), which we used to estimate values for k1
at any given EB concentration.
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Figure 6.4: Transition rate k1 versus [EB]. Plot of the transition rate k1 as a
function of EB concentration, [EB]. The red curve shows the fit of the data to Eq.(6.3), which
was used to estimate values for k1 for different values of [EB]. The parameters of the fit
were: k0 = 1.2 s−1 and kEB−max = 13.3 s−1, with fixed KD−EB:MT = 22 nM. The data was

obtained from [100].

Hence, the only two parameters left to fully define the system in Equation (6.2) are
the EB concentration [EB], and the microtubule growth speed Vg, both of which can
be varied and measured experimentally. With the aid of a custom-written program
in Mathematica [498], we were able to obtain numerical solutions to all four states
described by Eq. (6.2). This was performed with the input parameters described in
Table 6.1.

Figure 6.5 shows an example solution for all states: PA(x), PB(x), PBE(x) and PC(x),
obtained using the parameters in Table 6.1, letting [EB] = 100 nM and Vg = 80 nm/s,
a typical condition in our in vitro assays. Of all the states described by the solutions to
Eq. (6.2) we were particularly interested in the solution to state PBE(x) (green curve in
Fig. 6.5) which represents the probability that an EB molecule will be bound at position
x, which in turn modulates the binding probability of TipAct at the same location.

6.2.2 Spatial distribution of TipAct binding at microtubule tips

Having determined the spatial distribution of EB binding along the microtubule, the
next step was to determine how this distribution modulates the binding of TipAct. To
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Parameter Value Source

kon−EB (nM−1s−1) 0.15 [100]

koff−EB (s−1) 3.4 [100]

k2 (s−1) 0.23 [100]

k3 (s−1) 0.73 [100]

k1 (s−1) Variable [100] and Eq.
(6.3)

Vg (nms−1) Variable Experiments

[EB] (nM) Variable Input

Table 6.1: Input parameters for the two-state model of microtubule-
maturation. Input parameters and source from which they were obtained used to

numerically estimate the solutions to Eq.(6.2).
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Figure 6.5: Example solutions to the two-state model of microtubule
maturation. Numerical solutions obtained for Eq.(6.2), with the input parameters shown
in Table 6.1, letting [EB] = 100 nM, k1 = 12.13 s−1, and Vg = 80 nm/s. PA(x) (red), PB(x)

(yellow), PBE(x) (green) and PC(x) (blue).

this end we defined a reaction scheme which governs the kinetics of TipAct binding to
EB:

[TA] + n× [EB]
kon−TA−−−−−⇀↽−−−−−
koff−TA

[TA] · [EB]n (6.4)

where [TA] and [EB] represent the TipAct and EB concentrations in solution, kon−TA and
koff−TA the on- and off-rates of TipAct to and from EB, [TA]·[EB]n the concentration of
TipAct-EB complexes, and n the number of EB molecules that a single TipAct molecule
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can bind. Since TipAct is a parallel homodimer and could thus potentially bind more
than one EB molecule, we allowed n to vary.

The reaction scheme in Eq. (6.4) allowed us to estimate the steady-state fraction of
TipAct molecules bound to EB, and thus the probability of finding TipAct molecules
at microtubule tips. Given that the total number of TipAct molecules is constant (i.e.
[TA]tot = [TA] + [TA]·[EB]n), the steady state fraction of EB-bound TipAct molecules
thus becomes:

[TA] · [EB]n
TAtot

=
[EB]n

[EB]n +KD−TA:EB
n (6.5)

where KD−TA:EB = koff−TA/kon−TA is the dissociation constant of TipAct from EB. In
order to obtain values for n and KD−TA:EB, we experimentally measured the peak inten-
sity of TipAct at microtubule plus ends (IT ipAct) for various bulk EB3 concentrations
ranging from 20 to 200 nM (where the EB to TipAct molar ratio was kept at 4:1). The
best fit of the data shown in Figure 6.6 to Eq. (6.5) (multiplied by a constant), yielded
a cooperativity index n of 2.2 ± 0.1 molecules, and a dissociation constant KD−TA:EB

of 67.1± 2.2 nM. In contrast, the fit with n fixed at 1 failed to describe the data, and
predicted a much lower affinity between TipAct and EB (KD−TA:EB = 179.9±88.4 nM).
Given that the fit with n > 1 is clearly better indicates that at microtubule tips TipAct
molecules bind approximately two EB molecules; the fact that TipAct is a parallel
homodimer further supports this notion. However, since the two TipAct’s binding sites
for EB are independent, we speculate that the cooperative effect is not necessarily a
property of TipAct binding to EB in solution, but rather a consequence of the spatial
distribution (i.e. surface density) of EB molecules at the microtubule tips.

Having determined the affinity, KD−TA:EB, and cooperativity index, n, between TipAct
and EB3 at microtubule tips, the next step was to translate this to a probability of
finding TipAct molecules bound to microtubule-bound EBs as a function of distance
x from the microtubule tip. To this end, we modified Eq. (6.5) to include the position-
dependent probability of EB-localization (PBE(x)), obtained from the solutions to Eq.
(6.2). From the reaction scheme in Fig. 6.3 it follows that the steady-state probability
that position x on the microtubule will be occupied by EB is given by:

PBE(x) =
[EB]PB(x)

KD−EB:MT

(6.6)
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Figure 6.6: TipAct microtubule tip intensity versus EB concentration. Plot
of the experimentally-measured peak TipAct plus-end intensity as a function of variable EB
concentration, [EB]. The red curve shows the fit of the data to Eq.(6.5), letting n vary. The
parameters of the fit obtained were: ITipAct = 8.4 ± 0.2, KD−TA:EB = 67.1 ± 2.2 nM and
n = 2.2 ± 0.1. In contrast, the blue curve shows the fit to Eq.(6.5) fixing n = 1, which
predicts a lower affinity between EB and TipAct: KD−TA:EB = 179.9.1 ± 88.4 nM. Data
are the average of n = 84,106,93,212,123,201 and 213 TipAct comets, corresponding to EB

concentrations: 20, 40, 60, 80, 100, 120 and 200 nM respectively.

Hence, solving Eq. (6.6) for [EB] and inserting in Eq. (6.5) we obtain an expression for
the position-dependent probability of finding a TipAct molecule bound to microtubule-
bound EBs, PTA(x):

PTA(x) =

(
PBE(x)
PB(x)

×KD−EB:MT

)n

(
PBE(x)
PB(x)

×KD−EB:MT

)n

+KD−TA:EB
n

(6.7)

Panels a and b in Figure 6.7 show the position-dependent probability of EB-binding
(PBE(x)), and panels c and d the corresponding position-dependent probability of finding
a TipAct molecule bound at the same location (PTA(x)), calculated for a variety of EB
(red) and tubulin (blue) concentrations.

As can be observed, in comparison to their EB counterparts, the TipAct plus-end
intensity profiles will always be less intense and more narrow. This is both due to the
cooperative nature of binding between TipAct and EB at microtubule tips, as well
as the lower affinity between TipAct and EB (∼ 67 nM, Fig. 6.6) compared to the
affinity between EB and microtubule tip (∼ 22 nM, [100]). Finally, with increasing
EB concentration, the TipAct plus-end profiles get longer and more intense; whereas
with increasing tubulin concentration the TipAct plus-end profiles get longer, but their
maximum intensity remains constant.
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Figure 6.7: Probability of EB and TipAct binding as a function of distance
from the microtubule tip. Probability of EB-binding (PBE(x), Eq.(6.2)), calculated for
variable EB (a) and tubulin (b) concentrations. Corresponding probability of TipAct-binding
(PTA(x), Eq.(6.7)), calculated for the same EB (c) and tubulin (d) concentrations as in (a)

and (b).

6.2.3 Local concentration and number of TipAct molecules

Having obtained a solution for the probability of finding microtubule-bound TipAct
molecules as a function of distance x from the tip (Fig. 6.7, c and d), the next step was
to use this information to define the TipAct local concentration. In other words, the
locally enhanced concentration (relative to the bulk value) which allows microtubule
growing ends to capture actin filaments, even though TipAct is itself a low-affinity
F-actin binder (Fig. 3.5).

To estimate the number of TipAct molecules bound as a function of position x along the
microtubule, we multiplied the probability of a site being occupied by TipAct (PTA(x),
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Eq. (6.7)), with the maximum number of binding sites possible. EB molecules bind to
the microtubule between protofilaments (except at the seam), at the interface between
four tubulin dimers [84]. This means that for each circumferential layer of tubulin dimers
added, there will be maximally 12 new EB-binding sites created (Fig. 6.8 a); hence,
maximally nT ipAct−max = 12 TipAct binding-sites as well. Hence, the maximum number
of TipAct molecules bound at position x is given by:

nT ipAct(x) = nT ipAct−max × PTA(x) (6.8)

However, since actin filaments have a diameter in the order of ∼ 4 nm [183], it is
very unlikely that they will interact with TipAct molecules located around the whole
circumference of the microtubule (Fig. 6.8 b). This means that in reality the maximum
number of TipAct molecules that an actin filament will be bound to at a given position
will not be nT ipAct−max = 12 (Eq. (6.8)), but lower. Since we cannot easily predict (or
measure) the exact number of protofilaments available to capture a filament, we decided
to perform simulations allowing F-actin to interact with TipAct molecules located at
one, two and three consecutive protofilaments. In this case, the maximum number of
molecules available for an actin filament to bind are nT ipAct−max = 1, 2 and 3.

In order to estimate TipAct’s local concentration, besides the local number of molecules
we also had to define an effective interaction volume around the microtubule, Veff ,
within which actin filaments can be captured. Panel b in Figure 6.8 shows the scheme
we used for this purpose: Veff was defined as a cylindrical shell whose inner radius is
the outer radius of the microtubule (RMT ∼ 12.5 nm), whose outer radius is defined
by the sum of RMT and the approximate lengths of the EB (LEB = 8 nm [98]) and
TipAct (LT ipAct ∼ 20 nm [463]) molecules, and whose length is given by the length
of one tubulin dimer (∼ 8 nm [56]). In practice, this assumption means that an actin
filament outside this cylindrical shell will not be captured. This is likely to be the case
given the high ionic strength I = 0.270 M [495–497] of our working buffer (80 mM
PIPES, pH 6.8, 4 mM Mg2Cl, 1 mM EGTA and 75 mM KCl), which corresponds to a
Debye screening length for electrostatic interactions below one nanometer [495].

Having defined the effective interaction volume Veff , and the number of TipAct molecules
nT ipAct(x) at position x, the local concentration of TipAct molecules (defined in units
of nm−3), simply becomes:

[TipAct](x) =
nT ipAct(x)

Veff

(6.9)



128 |Chapter 6

L
TipAct

 ~ 20 nm

L
EB

 ~ 8 nm

R
MT

 ~ 12.5 nm

~ 20 nm

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

a b

Figure 6.8: Maximum number of EB binding sites, and estimation of Veff .
(a) Schematic showing EB-binding sites at the microtubule. (b) Procedure to estimate the
effective interaction volume, Veff , based on the approximate dimensions of the microtubule

(MT), EB and TipAct molecules.

Figure 6.9 shows the curves for nT ipAct(x) and [TipAct](x) calculated for the same
TipAct binding-probability profiles (PTA(x)) shown in Fig. 6.7. Note that at certain
values of x the average number of molecules can at times be less than one, since this
value depends on the probability that a TipAct will be bound at this location.
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Figure 6.9: Number and concentration of microtubule-bound TipAct
molecules as a function of position. Number (nTipAct(x), Eq.(6.8)), and concentration
([TipAct](x), Eq.(6.9)) of TipAct molecules calculated for variable EB (a) and tubulin (b)
concentrations. Assuming that TipAct molecules at three protofilaments can bind to the actin

filament.
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6.2.4 Effective on- and off-rates of actin filaments at microtu-
bule tips

In order to obtain the effective on- and off-rates of actin filaments at microtubule tips,
in addition to the local concentration [TipAct](x) and number nT ipAct(x) of TipAct
molecules, we also required the on- an off-rates of a single TipAct molecule on actin fila-
ments. To obtain these numbers, we performed high-temporal resolution (33 ms/frame)
TIRF-imaging of TipAct molecules in solution, in the vicinity of phalloidin-stabilized
actin filaments bound to a glass surface. Kymographs traced along the length of the actin
filaments (Fig. 6.10 a) revealed multiple binding and unbinding events. To obtain an
estimate for the off-rate for a single molecule (koff−T ipAct), we recorded the dwell time of
301 such events, and plot their distribution (Fig. 6.10 b). A single-exponential fit to these
single-molecule dwell times (red line) yielded an average dwell time 〈τT ipAct〉 = 111± 6

ms, which corresponds to a single-molecule off-rate koff−T ipAct = 0.009± 0.001 s−1.
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Figure 6.10: TipAct single-molecule dwell times on actin filaments. (a) High
temporal resolution kymograph (33 ms/frame) of TipAct molecules showing multiple binding
and unbinding events at a surface-bound actin filament. (b) Normalized distribution of TipAct
dwell times (τTipAct), and single-exponential fit (red curve) which yielded an average dwell

time 〈τTipAct〉 = 111± 6 ms. n = 301.

To estimate the single molecule on-rate (kon−T ipAct), we made use of our measurement
of the dissociation constant of TipAct from F-actin, KD−TA:FA = 5.2 μM (Fig. 3.5),
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and with the use of the following relationship:

KD−TA:FA =
koff−T ipAct

kon−T ipAct

,

thus determined the single molecule on-rate to be kon−T ipAct = 0.0018 μM−1s−1.

Given our estimates for [TipAct](x) (Eq.(6.9)), and nT ipAct(x) (Eq.(6.8)), as well as for
koff−T ipAct and kon−T ipAct, we could thus calculate the on- and off-rates of actin filaments
as functions of distance x from the microtubule tip. For a point particle, the on-rate at
position x, kon(x), is defined as the product of the concentration of TipAct molecules
at the same location times the on-rate to bind a single TipAct molecule, namely:

kon(x) = kon−T ipAct × [TipAct](x) (6.10)

However, to account for the fact that actin filaments are not point particles but elongated
objects, the on-rate kon(x) was modified. We assumed that if an actin filament were
captured by a single TipAct molecule at the microtubule tip, immediately after, the
remainder of the filament would zipper and be captured as well. This assumption
means that the effective probability of actin filament capture is given by the sum of
the probability of all the ways by which it can be captured. Hence, the effective on-
rate, kon−eff (x), can be defined as the sum of all the on-rates for all sites along that
microtubule tip that a single filament of length L can span, namely:

kon−eff (x) =
i=x∑

i=x−L
kon(i) (6.11)

Figure 6.11 shows curves both for kon(x) and kon−eff (x) calculated for the same [TipAct](x)
curves shown in Figure 6.9, assuming a filament length L ≥ 500 nm, so that it would
span the whole length of the TipAct comet.

In contrast to the on-rate, we reasoned that the actin filament off-rate, koff (x), does not
depend on the local TipAct concentration, but rather on the number of TipAct molecules
that the filament is bound to at position x (nT ipAct(x)). We assumed that if an actin
filament were linked to nT ipAct > 1 molecules, to fully detach, all these molecules would
have to let go of the filament at the same time. If the rate of re-binding is fast (which is
likely, given that the rest of the filament will be kept in close proximity to the microtubule
by the other linkages), this means that the likelihood of a filament fully detaching
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Figure 6.11: On-rates for point-particles and actin filaments as a function
of position. On-rate for point particles (kon(x), Eq.(6.10)) calculated for variable EB (a) and
tubulin (b) concentrations. Corresponding effective on-rate (kon−eff (x), Eq.(6.11)) for actin
filaments of length L ≥ 500 nm, calculated for the same EB (c) and tubulin (d) concentrations
as in (a) and (b). Assuming that TipAct molecules at three protofilaments can bind to the

actin filament.

will drop rapidly with increasing nT ipAct. This cooperative effect was first proposed to
model kinetochore attachment to depolymerizing microtubules [494], and could help
understand why, even though TipAct is a low-affinity actin binder (KD−TA:FA ∼ 5 μM),
when locally concentrated at microtubule tips it can still collectively generate stable
actin-microtubule connections. For a point particle bound to nT ipAct(x) molecules, the
off-rate is given by:

koff (x) = (koff−T ipAct)
nTipAct(x) (6.12)

Where the single-molecule off-rate koff−T ipAct must be defined in units of time that
make its magnitude less than one. Mathematically this ensures that the off-rate will
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decrease with increasing nT ipAct [494]. Here, to account for the fact that actin filaments
are not point particles but elongated objects, the number of molecules at position x

was modified again to account for all the sites on the microtubule tip that a filament
of length L can span, namely:

nT ipAct−eff (x) =
i=x∑

i=x−L
nT ipAct(i) (6.13)

Consequently, the effective off-rate, koff−eff (x), of actin filaments at microtubule tips
becomes:

koff−eff (x) = (koff−T ipAct)
nTipAct−eff (x) (6.14)

Figure 6.12 shows curves for nT ipAct−eff (x) and koff−eff (x), for actin filaments of length
L ≥ 500 nm (i.e. longer than the TipAct comet). As can be seen, the higher the EB
and tubulin concentration, the wider the region where nT ipAct−eff (x) is greater than
one, and hence the longer the region where koff−eff (x) is approximately zero.

6.2.5 Actin filament diffusion coefficient D‖, and microtubule
growth speed Vg

As explained in the introduction, we chose to model the transport of actin filaments
through a biased diffusion mechanism (Fig. 6.2), where the actin filament binds and
unbinds an inhomogeneously distributed concentration of TipAct molecules at microtu-
bule tips, and is freely diffusible when unbound. Hence, the only two parameters left
to fully define the model are the diffusion coefficient of the actin filaments D‖, and the
microtubule growth speed Vg.

To account for the diffusive motion of the filament when it is free, and given that we
are modeling the system in one dimension, we had to estimate the diffusion coefficient
of the filaments in the direction of microtubule growth, since with very few exceptions,
and most certainly due to the elongated nature of the TipAct comet, the actin filaments
were transported with their longest axis parallel to that of the microtubule (Fig. 6.1).
In a regime where the actin filaments are dilute, such as in our assays ([F-actin] ∼ 30
nM), their diffusive motion can be described with the diffusion equations developed for
the thermal motion of non-interacting thin rigid rods [499]. The diffusion coefficient in
the direction of the longest axis of such a thin rigid rod is described by the following
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Figure 6.12: Effective number of TipAct molecules and effective off-rate
for actin filaments as a function of position. Effective number of TipAct molecules
that actin filaments of length L ≥ 500 nm can bind (nTipAct−eff (x), Eq.(6.13)) calculated for
variable EB (a) and tubulin (b) concentrations. Corresponding effective off-rate (koff−eff (x),
Eq.(6.14)) calculated for the same EB (c) and tubulin (d) concentrations as in (a) and (b).
Assuming that TipAct molecules at three protofilaments can bind to the actin filament.

expression [499]:

D‖ =
kbT ln(L/b)

2πηL
, (6.15)

where kb = 1.381 × 10−23 JK−1 is Boltzmann’s constant, T the absolute temperature
(which in our experiments was kept between 28-30◦C = 301.15 − 303.15 K), η the
viscosity of the solution (which we estimated to be 1.3 mPa·s, since we always add
0.1 % w/v methyl-cellulose to the buffer to keep the microtubules close to the surface
[500]), L the actin filament length, and b = 4 nm the filament diameter. With these
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parameters we were thus able to obtain an estimate for D‖ as a function of filament
length L, as shown in Fig. 6.13.
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Figure 6.13: Actin filament diffusion coefficient in the direction of its
longest axis. Solution to Eq.(6.15) as a function of actin filament length, L. Letting:

kb = 1.381× 10−23 JK−1, T = 301.15 K, η = 1.3 mPa·s and b = 4 nm.

The final parameter needed to complete the model was the microtubule growth speed
Vg, which determines how fast the TipAct plus-end profile will travel, and hence how
fast the actin filament has to diffuse to keep up with it. To this end, we measured the
growth speeds of microtubules polymerized at different conditions: variable EB (while
keeping Tubulin constant at 27 μM, as well as the molar ratio between EB and TipAct
at 4:1); and variable tubulin (while keeping EB at 100 nM and TipAct at 25 nM).
Figure 6.14 shows the results from these experiments: the red and blue data points in
panels b and c show the results from the global measurement of Vg. These averages are
broad given that they span from the moment the microtubule nucleates up until it has
a catastrophe (Fig. 6.14 a). In contrast, the black data points are the average growth
speeds measured only in portions of microtubule growth in which the actin filaments
were transported. This shows that the filaments tend to be captured and transported
by microtubule tips in the periods of faster (and more stable) microtubule growth. To
fairly compare simulation with experiment, instead of using the global average value of
Vg (red and blue data points in Fig. 6.14 b and c), for the simulations we chose to use
the values of Vg corresponding to the periods during which actin filaments were mostly
captured (black data points in Fig. 6.14 b and c).
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Figure 6.14: Microtubule growth speeds at variable EB and tubulin
concentrations. (a) Example kymograph of microtubule growth with 27 μM tubulin, 100
nM EB3, and 25 nM TipAct, showing that microtubules often transition between different
growth-speeds, Vg. Experimentally-measured average values of Vg for variable EB3 (b) and
tubulin (c) concentrations. The red and blue data points in (b) and (c) show the global
averages (from nucleation up until catastrophe), and the black data points the averages only

gathered during instances of actin filament transport.

6.3 Gillespie-based simulations of actin filament trans-
port by growing microtubules

As explained in the introduction, we chose to model the transport of actin filaments with
a one-dimensional biased diffusion scheme. The simulation itself was implemented using
a Doob-Gillespie stochastic algorithm [501] in which the microtubule was modeled as a
discrete array of i = 1...N reaction volumes each with distinct on-rate (kon−eff (i), Fig.
6.11) and off-rate (koff−eff (i), Fig. 6.12) for F-actin. The actin filament was modeled
as a point particle (which represents the location of the edge of the filament closest to
the microtubule tip) that can bind and unbind at each location i, and freely diffuse in
one dimension when unbound.

To simulate actin filament diffusion, we defined a diffusion rate kdiff between adjacent
reaction volumes. It has been previously shown that the Gillespie algorithm correctly
approximates diffusion provided that the rate is chosen to be kdiff = D‖/h2, where D‖
is the diffusion coefficient of the moving species (i.e. the actin filament, in the direction
of its longest axis) and h the width of the reaction volume [502]. In our case h = 8 nm,
given by the size of the tubulin dimer [56], which also corresponds to the spacing of
EB molecules at microtubule tips [84]. Finally, to simulate microtubule growth, both
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the on- and off-rates were shifted laterally at a rate corresponding to the microtubule
growth speed Vg.

Figure 6.15 shows a schematic of the algorithm’s implementation. When the filament
is bound, the only thing that can occur is detachment. Conversely, when it is free, the
filament can either re-bind, diffuse one unit (h = 8 nm) to the left or to the right. We
arbitrarily defined an actin filament to have escaped if it spent at least 500 ms in free
diffusion, since in preliminary tests we found that after such a time the motion of the
filaments was often uncorrelated from that of the moving microtubule tip (data not
shown). Concomitantly with each reaction step, we monitored the total time elapsed
and shifted the rates to the left (the arbitrarily chosen direction of microtubule growth)
when the elapsed time reached the minimum time required for the microtubule to grow
one unit (h = 8 nm), as defined by the experimentally determined growth speed Vg

(Fig. 6.14).

i = 1 i = N
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Figure 6.15: Scheme for Gillespie-based simulation of actin filament
transport by microtubule tips. The microtubule tip was modeled as a discrete array
of N bins of width h = 8 nm, each with different on and off rates for F-actin. The actin
filament was modeled as a point-particle, which tracked the edge of the filament closest to
the edge of the microtubule tip. To account for the filament length, the point-particle on
and off rates were modified (kon−effEq.(6.11), and koff−eff Eq.(6.14)). When bound, the
only possible event is to detach. When unbound, the filament can either diffuse left or right
(with rate kdiff = D‖/h2) or rebind. The rates were shifted to the left at the experimentally-
measured microtubule speed, and filament escape was defined when the filament spent ≥ 500

ms in free diffusion.

We performed simulations for six EB and four tubulin concentrations, respectively,
corresponding to the conditions for which we also had experimental data (Fig. 6.14).
For each condition, we simulated the transport for nine different actin-filament lengths
ranging from 0.5 to 20 μm, and for each filament length we ran the simulation 300
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times. At each start of the simulation, the actin filament initial position was fixed to
be exactly one unit (h = 8 nm) behind the microtubule tip. We found that this initial
location did not matter much since the filaments, through diffusive excursions, quickly
lost memory of their initial location.

6.4 Simulation results: effects of variable actin fila-
ment length, EB and tubulin concentrations

6.4.1 Single filament behavior is highly stochastic

The first result to come out of the simulation was that at the single-filament level the
actin-transport effect is stochastic. Figure 6.16 a and b show all 300 hundred trajectories
simulated both for a 1 μm and a 20 μm-long actin filament at the microtubule growth
conditions indicated in panel a. The trajectories are colored from dark to light blue
according to their duration, with the longest trajectory overlaid in black. As can be
seen, the transport is dominated by short events, with few long excursions. Moreover, a
comparison between panels a and b in Figure 6.16 suggests that shorter filaments tend
to localize closer to (or right on top of) the microtubule tip, whereas longer filaments
tend to follow microtubule growth at some distance from the tip.

To better understand the transport effect, we focused our analysis on the three pa-
rameters most amenable for comparison with experimental data: the duration of the
transport event (following time), the difference in speed between microtubule growth
and actin transport, and finally the average distance between the microtubule tip and
the nearest edge of the actin filament. Panel c in Fig. 6.16 shows the distributions
for these three parameters, for the 300 simulated trajectories corresponding to actin
filament lengths of 1, 5 and 20 μm, at the microtubule growth conditions indicated
in panel a. As can be seen, all three parameters depend on the filament length. The
shorter filaments were transported at speeds closer to the microtubule growth speed,
which resulted in increased duration of the transport events (Fig. 6.16 a and c). This
is most likely due to their higher diffusion coefficient (Fig. 6.13), which allows them to
explore a larger area in less time, giving them an increased chance of catching up with
the moving tip and re-binding.
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Figure 6.16: Single actin filament transport behavior. Overlaid transport
trajectories for 300 simulated 1 μm (a), and 20 μm (b) actin filaments, for the microtubule
growth conditions indicated in panel (a). The position of the microtubule tip is indicated in
red. The dark-to-light blue gradient indicates the duration of the trajectories. The longest
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arrow. (c) Distributions of difference in speed (top), following time (middle) and distance to
the tip (bottom) for actin filaments of length 1, 5 and 20 1 μm respectively, at the simulated
microtubule growth conditions indicated in panel (a). The insets show the average ± standard
deviation of these parameters, for all the trajectories simulated. In all cases shown, we assumed

that two protofilaments (PFs) could bind the actin filament.
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6.4.2 Actin filament transport for variable EB and tubulin con-
centrations

Given that all three quantities of interest (following time, difference in speed, and
distance to microtubule tip) are not deterministic but rather distributed (Fig. 6.16),
we chose to compare the mean of their distributions (plus-minus standard error) for all
simulated filament lengths, across all experimental conditions.

A detailed inspection of kymographs of experimentally observed actin transport events,
revealed that actin filaments which are captured behind or at the very peak of the
TipAct profile (trailers, Fig. 6.17 a), tend to follow the microtubule tip more efficiently
compared to those that are initially captured with a portion of the actin filament ahead
of the tip (leaders, Fig. 6.17 b), which tend to lag behind. We reasoned that this is due
to the number of TipAct molecules available to the two types of filaments. On the one
hand, trailing filaments bind an approximately constant number of TipAct molecules
(Fig. 6.17 c), and they thus tend to follow with almost no lag, often remaining at
some distance behind the peak of the TipAct intensity (Fig. 6.17 a). On the other hand,
leading filaments can bind an increasing number of TipAct molecules as the microtubule
continues to grow (Fig. 6.17 d). Hence, they tend to follow the microtubule tip with a
higher lag in speed (Fig. 6.17 b). Given these two distinct actin-transport behaviors, we
decided to separate the simulated data in a similar fashion: trailing actin filaments were
defined as filaments which never diffused further than 100 nm ahead of the microtubule
tip. Conversely, actin filaments were classified as leaders if they diffused ≥ 100 nm
beyond the microtubule tip at some point during their trajectories.

With this classification in mind we first analyzed the probability that filaments of
different lengths remain as trailers, given that in our simulations all filaments were
initialized one unit (h = 8 nm) behind the microtubule tip. As can be seen in Figure
6.18 a, the probability of actin-filament trailing increased with filament length as well
as EB concentration. This is likely due to two things: first, longer filaments have lower
diffusion coefficients (Fig. 6.13), which makes it harder for them to diffuse to the peak of
the TipAct plus-end profile before being captured; and second, higher EB concentrations
result in higher microtubule growth speeds (Fig. 6.14), as well as more elongated and
concentrated TipAct plus-end profiles (Fig. 6.7). In combination, these two effects make
it harder for the actin filaments to diffuse all the way (or beyond) the most intense
region of the TipAct comet before being captured, and thus they remain trailers.

Given that the portion of actin filaments remaining as trailers dominated the number of
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Figure 6.17: Gallery of example kymographs of trailing and leading actin
filaments. (a) Examples of trailing actin filaments which follow the growing microtubule
plus-end with almost no difference in speed, and remain at non-zero distance behind the
peak of the TipAct plus-end intensity. (b) Examples of leading actin filaments which land
ahead of the microtubule plus-end, and follow the growing microtubule tip with a lag in speed.
Schematics of trailing (c) and leading (d) actin-filament behavior, showing the different length
of the TipAct plus-end region available to each type of filament. In (a) and (b) microtubules
were polymerized in the presence of 27 μM tubulin, 100 nM EB3 and 25 nM GFP-TipAct.

Scale bars, 5 μm.

transport events across all filament lengths simulated, we decided to focus the analysis
on this type of transport. To be able to fully capture the leading filament behavior we
would have to modify the simulation to allow the actin filaments to start at a range of
positions ahead of the microtubule tip. This, however, was beyond the time-scope of
this study.

Thus, panels b, c and d in Figure 6.18 show the results for the distance to the microtubule
tip, following time and difference in speed, for the portion of the simulated trajectories
which behaved as trailers, for a range of EB concentrations of 40 to 200 nM. First,
due to EB’s effect on the microtubule growth speed and the length and intensity of
the TipAct plus-end comet, we found that the average distance from the microtubule
tip increased with increasing EB concentration (Fig. 6.18 b). We also observed a weak
increase in average distance to the tip for increasing filament lengths due to their lower
diffusion coefficients.
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Figure 6.18: Actin transport efficiency depends on the filament length and
EB concentration. (a) Probability of actin-filaments remaining as trailers as a function
of variable EB concentration and filament length. Average distance to the microtubule tip (b),
following time (c) and difference in speed (c), for the fraction of simulated trajectories that
behaved as trailers as a function of filament length, for the same variable EB concentrations
indicated in (a). Assuming that two protofilaments are available to capture the actin filament.

The following time increased with EB concentration for short filaments, but was approx-
imately constant for longer filaments (≥ 10 μm). Furthermore, there appeared to be an
optimal filament length for most successful transport at a given EB concentration. This
optimal length shifted to smaller values with increasing EB concentration, up until 200
nM where the maximum following time occurred at the shortest filament simulated (i.e.
0.5 μm). Finally, with the exception of the lowest EB concentrations tested (40 and 60
nM), the difference in speed between microtubule growth and actin transport weakly
increased with EB concentration. The higher variability in the 40 and 60 nM data
(particularly for short filaments, ≤ 5 μm), is due to the lower number of trajectories
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that went into the averages, since at these EB concentrations, a significant fraction of
the simulated trajectories behaved as leaders (Fig. 6.18 a).
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Figure 6.19: Actin transport efficiency depends on the filament length
and tubulin concentration. (a) Probability of actin-filaments remaining as trailers
as a function of variable tubulin concentration and filament length. Average distance to the
microtubule tip (b), following time (c) and difference in speed (c), for the fraction of simulated
trajectories that behaved as trailers as a function of filament length, for the same variable
tubulin concentrations indicated in (a). Assuming that two protofilaments are available to

capture the actin filament.

Figure 6.19 shows a similar analysis across tubulin concentrations ranging from 10 to 40
μM. The probability that an actin filament remained a trailer increased with filament
length and tubulin concentration. Similarly to the varying EB situation, this is due to
a couple of things: first, the lower diffusion coefficient of longer filaments; and second,
the marked increase in microtubule growth speed (Fig. 6.13 b), and length of TipAct’s
plus-end profiles (Fig. 6.7 d) that result from increasing tubulin concentration.
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For the fraction of trajectories that behaved as trailers, the average distance between the
actin filament and the microtubule tip increased with increasing tubulin concentration
(Fig. 6.19 b). This is most likely due to the increasing length of the TipAct plus-end
profile (Fig. 6.7 d), which allows for actin filament capture at a wider range of distances
from the microtubule tip. The following time also showed a dependence on filament
length consistent with the EB simulations. We observed an optimal filament length to
follow a growing microtubule tip at a given tubulin concentration, which became smaller
with increasing tubulin. In contrast to the variable EB simulations, we found that the
following time decreased with increasing tubulin concentration (Fig. 6.19 c). Finally,
the difference in speed between microtubule growth and actin-filament transport was
more strongly dependent on tubulin concentration than in the varying EB simulations.

These observations indicate that there are three main regulators of actin-filament
transport by microtubule growing ends: First, the length of the actin filament, since
simulations for a variety of filament lengths showed that longer filaments (with lower
diffusion coefficients) have a harder time keeping up with the moving tip. Second,
the microtubule growth speed, since simulations showed that with increasing EB and
tubulin concentration (both of which increase the growth speed), actin filaments had a
harder time keeping up by diffusion with the growing tip. And finally, the length and
concentration of the TipAct profile at microtubule tips. The length regulates how far
behind the microtubule tip the actin filament can still be captured; and the concentration
regulates the probability of recapture and release.

6.5 Comparison between simulation and experimen-
tal data

Having studied through simulations how, in our biased-diffusion model, actin filament
transport depends on the filament length, the microtubule growth speed, and the length
and intensity of the TipAct plus-end profiles, the next step was to compare the simulation
results with the experimental data. The simulations revealed that the efficiency of
actin transport depends on filament length (Fig. 6.18 and Fig. 6.19). However, it was
difficult to experimentally collect sufficient transport events to distinguish across actin-
filament lengths. Thus, we decided to compare simulation and experiment across all
actin filament lengths simulated with the global averages obtained experimentally. In
other words, the data points in Figure 6.20 show the mean and standard deviation for



144 |Chapter 6

all the experimentally measured data (irrespective of filament length, but separated
between trailers and leaders), and the colored areas the ranges that the simulations
covered for all trailing filaments (which as mentioned above, dominated the simulations),
with all filament-lengths pooled together. Three colored ranges are shown to differentiate
simulations that allowed TipAct molecules at one, two and three adjacent protofilaments
to bind to actin filaments. The experimental data for variable EB concentration was
obtained from actin-transport assays at 27 μM tubulin, with a fixed ratio between EB3
and TipAct concentration of 4:1; and in the assays at variable tubulin concentration, the
concentrations of EB3 and TipAct were kept constant at 100 nM and 25 nM respectively.
All imaging was performed between 28 and 30◦C.

Panels a and b in Figure 6.20 show the following time across a range of EB and tubulin
concentrations. The simulations for one, two and three protofilaments did not vary
much between each other for this parameter. Both in simulation and experiment the
average following time increased with increasing EB concentration. As mentioned before,
this is likely the combined result of the weak increase in growth speeds and marked
increase in TipAct concentration at microtubule tips. Conversely, with increasing tubulin
concentration the average following time tended to decrease, albeit more markedly in
experiment than in simulation. As discussed above, this decrease is likely the result of
the marked increase in growth speeds and length of the TipAct plus-end profiles.

Panels c and d in Fig. 6.20 show the difference in speed across the same EB and tubulin
concentrations as in a and b. With increasing EB concentration the average difference in
speed for trailing filaments remained nearly constant both in simulation and experiment.
Moreover, the simulations successfully captured the magnitude of the speed. With the
exception of the one-protofilament simulation,in which the predicted values were more
broadly distributed at low EB and tubulin concentrations. In contrast, and as mentioned
above, the leading filaments tended to follow the microtubule tip with a higher, but EB-
independent lag in speed. This likely stems from the elongated nature of the contact
zone between actin and microtubule (Fig. 6.17 d), as well as the very weak increase in
growth speeds with increasing EB concentration (Fig. 6.14 a).

With increasing tubulin concentration (Fig. 6.20 d), we observed a marked increase
in lag in speed in experiments, and a somewhat weaker increase in simulation. Both
trailing and leading filaments tended to lag behind the microtubule tip more strongly
with increasing tubulin. This lag most likely stems from the lengthening of the TipAct
plus-end profiles (Fig. 6.7) and the marked increase in growth speeds (Fig. 6.14) with
increasing tubulin concentration. Similarly to the EB case, the simulations for two
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Figure 6.20: Comparison between data and simulation: following time and
difference in speed. Experimental average following-time for trailing (circles) and leading
(stars) actin filaments (averaged over all filament lengths), as a function of variable EB (a) and
tubulin (b) concentration. Experimental average difference in speed for trailing (circles) and
leading (stars) actin filaments (averaged over all filament lengths), as a function of variable
EB (a) and tubulin (b) concentration. The colored areas in (a), (b), (c) and (d) show the
minimum and maximum ranges predicted by the simulation allowing TipAct at one, two and
three adjacent protofilaments to bind to the actin filament, as indicated in (a) and (b).

and three protofilaments were nearly indistinguishable from each other, whereas the
values predicted by the one protofilament simulation were more broadly distributed,
particularly at the low tubulin concentrations.
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6.6 Further predictions of the model

Given that our model of actin transport through a biased-diffusion mechanism closely
resembled the experimental data both in trends and absolute magnitudes, we turned to
the predictions made by the simulation which would be more challenging to measure
experimentally: first, the average distance between the actin filament and microtubule
tip, and second, an estimation of the range of forces that the biased-diffusion mechanism
can generate.

6.6.1 Average distance from the microtubule tip

One prediction of the simulation is that both with increasing EB and tubulin concen-
tration the average distance between trailing filaments and the microtubule tip should
increase. Figure 6.21 shows the distance from the microtubule tip predicted by the one,
two and three protofilament simulations, for variable EB and tubulin concentration
respectively. The data points show the average ± standard deviation (irrespective
of actin-filament length), and the colored areas the maximum ranges covered by the
simulations. The range of distances predicted (0 - 160 nm) lies well below the diffraction
limit of our microscope (∼ 270 nm, for the emission wavelength of Alexa-647-labeled
F-actin which we used in all experiments [503]). A precise measurement of the distance
between actin and microtubule tip could be obtained with higher-resolution imaging
techniques, which are unfortunately hampered by acquisition times that are incompatible
with the timescales of microtubule growth in these assays (30 - 100 nm s−1, Fig. 6.14).
Alternatively, fitting the F-actin edge-intensity with a step-function, and Tip-Act plus-
end intensity with a Gaussian function, could help refine the position measurements. At
the point of completion of this thesis, however, we can only assert, as the actin-transport
kymographs in Figure 6.17 reveal, that trailing filaments do follow the microtubule tip
at some non-zero distance from the peak intensity of the TipAct comet, consistent with
this prediction.
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Figure 6.21: Average distance between actin filaments and microtubule
tips increases with EB and tubulin concentration. Predicted average distance
between actin filaments and microtubule tip (independent of actin filament length) for variable
EB (a) and tubulin (c) concentrations. The data points and lines show the average ±
standard deviation, and the colored areas the minimum and maximum ranges predicted
by the simulation allowing TipAct at one, two and three adjacent protofilaments to bind to

the actin filament, as indicated.

6.6.2 Force generation by the biased-diffusion mechanism of
actin-filament transport

To compute the force that microtubules can exert on actin filaments via TipAct
molecules at their growing ends, we turned back to our discretized model of the micro-
tubule tip (Fig. 6.15). In the model, the microtubule tip consists of i = 1...N sites, each
one with a different affinity for F-actin. Given that each site can be in one of two states,
free or occupied by F-actin, allowed us to study the system from a thermodynamic
standpoint. Letting ΔGi be the free energy difference between the free and occupied
states at site i, and setting the energy of the free state to be zero, the partition function
at site i is simply defined as:

Zi = e
−ΔGi/kbT + 1 (6.16)

where kb is Boltzmann’s constant and T the absolute temperature. ΔGi represents the
Gibb’s free energy change resulting from binding an actin filament at position i, which
depends on the local on-rate (kon−eff (i), Eq.(6.11)) and off-rate (koff−eff (i), Eq.(6.14))
for F-actin:

ΔGi = kbT ln

(
koff−eff (i)
kon−eff (i)

)
(6.17)
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Combining Eq.(6.16) and Eq.(6.17), the partition function at position i thus becomes:

Zi =

(
kon−eff (i)
koff−eff (i)

)
+ 1 (6.18)

Having defined the partition function of the system in terms of the effective on- and
off-rates at position i, it is straightforward to calculate the Helmholtz’ free energy Fi,
and hence the force at the same location, that is:

Fi = −kbT lnZi = Ui − TS (6.19)

where U and S are the internal energy and entropy. Assuming that S is independent
of position, the force fi that the local concentration of TipAct molecules at growing
microtubule ends can exert on an actin filament thus becomes:

fi = −dFi

dx
= −dUi

dx
(6.20)

Figure 6.22 shows the expected values for fi (Eq. (6.20)) as a function of distance from
the microtubule tip over the ranges of EB and tubulin concentrations studied in the
simulation, using the values for kon−eff (i) and koff−eff (i) shown in Figures 6.11 and
6.12.

0 50 100 150 200 250 300
−2.5

−2

−1.5

−1

−0.5

0

Fo
rc

e 
(p

N
)

 

 

Distance from microtubule tip (nm)

120

200

40

60

80 

100

[EB] (nM)

Variable [EB]

0 50 100 150 200 250 300
−2.5

−2

−1.5

−1

−0.5

0

Fo
rc

e 
(p

N
)

 

 

Distance from microtubule tip (nm)

10

14

27

40

Variable [Tubulin]
a b

[TUB] (μM)
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transport. Estimated forces using Eq. (6.20) for variable EB (a) and tubulin (b)
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filament.
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As can be observed, the maximum pulling force increases with increasing EB con-
centration, as does the range of distances at which forces can still be sensed by the
actin filament. In contrast, the maximum force is independent of tubulin concentration,
although the range of distances from the microtubule tip at which significant forces can
be exerted increases with tubulin concentration. Interestingly, the predicted ranges of
forces lies within the picoNewton range, which is comparable to the forces generated by
molecular motors (∼ 1−6 pN [504]). This suggests that this force-generating mechanism
could play a significant role in cells, potentially allowing microtubules to exert forces
on weakly cross-linked actin-filament structures, leading to their reorganization.

6.7 Discussion

In this chapter we have studied how the non-homogeneous distribution of EB (and
hence TipAct) molecules at growing microtubule ends can result in transport and
force generation on actin filaments. We demonstrated the ways by which the shape
of the TipAct profile (both its concentration and length) as well as the microtubule
growth velocity can affect the transport effect. Both from simulation and experiment
we found that increasing microtubule growth velocities negatively affect the transport
of actin filaments, since the filaments rely on diffusive motion to catch up with the
moving microtubule tip. Similarly, we found that the length of the TipAct plus-end
profile negatively regulates the transport, by allowing microtubule tips to capture actin
filaments at a wider range of distances, hence disallowing them to diffuse and catch up
with the most intense region of TipAct concentration. In contrast, the peak concentration
of TipAct molecules at microtubule tips positively regulated the transport behavior,
which resulted in actin filaments to follow the microtubule tip for longer periods of
time.

Experimental data revealed that filaments that land with a portion of their length ahead
of the microtubule tip (i.e. leaders) behave significantly different from filaments that
land right on top of or even behind the tip (i.e. trailers). Our simulations managed
to successfully capture the main experimental parameters measured for the trailing
filaments, namely following time and difference in speed. However, we did not have time
to run the simulations for leading filament transport, which would entail allowing the
filaments to land at a range of distances ahead of the microtubule tip. Completing the
simulation to account for both types of actin-filament behavior will be the subject of
future work.
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Finally, using a simple thermodynamic model for a two-state system we were able to
estimate the range of forces that the biased-diffusion actin-transport mechanism can
produce. These forces lie within the picoNewton range, which is comparable to the
forces exerted by molecular motors [504]; and is also consistent with measurements
of the detachment force of endoplasmic-reticulum tubules from microtubule tips [492].
Hence, this mechanism is a likely candidate to play a role in cytoskeletal coordination
between F-actin and microtubules. Although beyond the scope of this study, it would
be interesting to experimentally validate the model predictions, for instance with an
optical tweezers assay.

Despite the close agreement between simulation and data, there are some caveats to the
model we wish to discuss: first, the assumption that to move at all the actin filaments
must first fully detach from the microtubule tip; and second, the assumption that, once
free, the actin filaments only diffuse in one-dimension. The first assumption implies that
microtubule-bound actin filaments will remain immobile for a given amount of time
before the microtubule tip travels and the effective off-rate increases. To get a sense
of the relevant time scales, we returned to the data produced by the simulations and
calculated the average time that actin filaments spent bound (i.e. immobile) between
diffusion events. Figure 6.23 shows the average bound times predicted by the one,
two and three protofilament simulations, for variable EB and tubulin concentration
respectively. The data points show the average ± standard deviation (averaged over
all actin filament lengths), and the colored areas the maximum ranges covered by the
simulations. As can be observed, the simulations predicted that actin filaments would
remain immobile in the order of one second between diffusion events.

In order to test this, and given that in our experiments most of the imaging was
performed at 2 sec/frame, we performed additional high-temporal resolution imaging
(∼ 33 ms/frame) of actin-transport events. Panel a in Fig. 6.24 shows three such
kymographs of actin-filament transport. Although even at this time resolution it was
not possible to fully assert whether the filaments had immobile stretches in the order of
a second, we found that the filaments moved rather smoothly and continuously even at
these timescales. To get a sense of the range of distances that an actin filament could
travel between frames, we monitored the location of the actin filament in the middle
kymograph in Figure 6.24 a, by fitting its intensity profile with a Gaussian function at
each frame. A histogram of the step sizes revealed that on average the actin filament
only traveled ± 5 nm between 33 ms frames (Fig. 6.24 b). These small displacements are
somewhat at odds with the lengths covered by actin-filament diffusion as predicted by
the simulation (Fig. 6.16 a and b). In fact, a histogram of the maximum distance covered
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Figure 6.23: Predicted actin-filament bound times between diffusive events.
Predicted actin-filament average bound times (independent of actin filament length) for
variable EB (a) and tubulin (c) concentrations. The data points and lines show the average
± standard deviation, and the colored areas the minimum and maximum ranges predicted
by the simulation allowing TipAct at one, two and three adjacent protofilaments to bind to

the actin filament, as indicated.

by diffusive excursions for a 1 μm actin filament, revealed that the average diffusion
distance predicted by the simulation would be in the order of ∼ 100 nm, with longer
excursions reaching up to 2 - 3 μm (Fig. 6.24 c). The fact that in the experiments the
actin filaments moved rather smoothly could suggest that we are underestimating both
the effective on- and off- rates (Eq. (6.11) and Eq. (6.14), respectively); or alternatively,
that in the proximity of the TipAct comet their diffusion coefficient is somehow reduced.

The second simplifying assumption of the model was that actin filaments diffuse purely in
one dimension when detached. This is unlikely, given that there is no physical constraint
to allow diffusion only in one dimension when the actin is released from the microtubule
tip. One reason behind this assumption was that in simulations in which we allowed
the actin filaments to diffuse in three-dimensions, once detached these filaments rarely
found the microtubule tip again (data not shown).

Given the observation that in experiments the actin filaments followed the microtu-
bule tip in a smooth fashion, together with the observation that simulations in three-
dimensions failed to account for the transport of actin filaments by microtubule tips
could mean two things: one, that we are underestimating the effective on and off rates; or
two, that actin filaments are instead capable of diffusing even when bound to the TipAct
comet. We envision that the second scenario could happen in two different ways: one,
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Figure 6.24: In experiments actin-filaments follow the microtubule tip
smoothly. (a) Examples of high temporal-resolution kymographs showing three actin
filaments that are smoothly being transported by microtubule tips (TipAct signal not shown).
In all cases, the actin-filament is anchored at the top, while the portion of the filament not
anchored can be seen to fluctuate in and out of the TIRF field of view. (b) Experimental
distribution of actin filament steps in between 33 ms frames. (c) Simulated distribution of

the distances covered during actin filament diffusive trajectories. Scale bars, 5 μm.

if the actin-binding domain of TipAct had a weakly-bound state on actin filaments (as
some molecular motors do [504]); or two, if as a result of spatial fluctuations and random
detachments the TipAct molecules could effectively relay the actin filament towards
regions of higher TipAct concentration. In both cases we expect that the actin-filament
mobility would strongly depend on the number of TipAct molecules they would be
bound to. We think that either modification to the model would not drastically change
the actin-transport dependencies on EB and tubulin concentration, since for instance
we expect the actin-bound effective diffusion coefficient to scale with the number of
TipAct molecules that the filament is attached to, in a similar fashion as the way we
currently estimate the effective off-rate (Eq. 6.11, Fig. 6.12).

Finally, two pieces of evidence further support a modification to the current model:
first, we found that leading actin filaments did not have to wait for the microtubule
tip to grow beyond their leading edge to be able to move, as would be predicted by
the current model (Fig. 6.17 b). And second, when we polymerized microtubules in the
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presence of GTPγS (a slowly-hydrolyzable analog of GTP), which relocalizes EB3 (and
hence TipAct) to the whole microtubule lattice [83], we observed that actin filaments
could follow depolymerizing microtubules (Fig. 6.24 b), as well as diffuse along the
microtubule lattice until their entire length was in contact with the microtubule (Fig.
6.24 a). In this case, even though there is no loss of binding sites (as the intensity of
EB and hence of TipAct remains constant), the actin filaments are still able to move.
It will be subject of future work to modify the simulation to account for these new
observations.

a b
Tubulin TipAct Actin Tubulin TipAct Actin

Figure 6.25: Actin filament transport on GTPγS-microtubules (a) Kymograph
showing an actin filament that diffuses on a GTPγS microtubule lattice. (b) Kymograph
showing an actin filament that follows a depolymerizing GTPγS microtubule. In (a) and
(b) microtubules were polymerized in the presence of 16 μM tubulin, 100 nM EB3, 5 nM

GFP-TipAct and 1 mM GTPγS. Scale bars, 5 μm.

In conclusion, we found that TipAct at growing microtubule tips can transport actin
filaments. The efficiency of actin filament transport strongly depends on whether
the filament lands behind the peak of the TipAct plus-end intensity (i.e. trailing)
or ahead (i.e. leading). A model of biased diffusion at microtubule tips recapitulates
the dependency of actin filament transport on EB and tubulin concentration, which
modulate both the microtubule growth speeds, as well as the length and intensity of the
TipAct profiles at microtubule tips. The model further predicted that actin-filament
transport will be most efficient for short filaments. Finally, the model predicts that
through this mechanism, growing microtubules can exert picoNewton forces on single
actin filaments.

Other observations of transport and force generation by microtubule +TIPs have been
made, for instance STIM1, an ER anchored protein which allows microtubules to pull
membrane tubes from ER [128]. And also by plus-end tracking kinesins that can sustain
sufficient force to steer microtubule growth along template microtubules [376, 377]. It
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would be interesting to verify whether our model also helps explain these observations.
And to investigate whether in cells, this mechanism is employed by growing microtubules
to spatially reorganize actin-filament structures.

6.8 Materials and methods

6.8.1 Assays of actin-filament transport by microtubule tips

For the assays with variable EB concentration (20 − 200 nM), microtubules were
polymerized with 27 μM tubulin (always at a ratio of 1:15 labeled to unlabeled subunits),
while the ratio of EB to TipAct concentration was kept at 4:1. For the assays with
variable tubulin concentration (10− 40 μM), microtubules were polymerized with 100
nM EB and 25 nM TipAct. Phalloidin-stabilized actin filaments were added directly to
the tubulin polymerization mix, at a concentration of 30− 50 nM. Before adding, the
filaments were sheared 20 times with vigorous pipetting, to break them into smaller
pieces (average length ∼ 1 μm). TIRF microscopy imaging was performed at 28− 30◦C
(Table 2.1). We refer the reader to Chapter 2 for the general details on how these assays
were built.

6.8.2 TipAct binding on surface-bound actin filaments

To find the single-molecule dwell time of TipAct on F-actin, phalloidin-stabilized actin
filaments were bound to the coverslip surface via biotin-streptavidin links. Thereafter,
TipAct was added to the flow cell at a concentration of 25 nM, in the presence of an
oxygen scavenging system (Chapter 2), 0.2 mg/ml κ-casein and 50 mM KCl, in MRB80.
TIRF microscopy imaging was performed at 33 ms/frame and 25◦C.

6.9 Data analysis

6.9.1 Analysis of TipAct plus-end intensity

To obtain an average value for TipAct’s peak plus-end intensity for variable EB con-
centrations (Fig. 6.6), the entire TipAct plus-end intensity profile was first obtained
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from a two-pixel-wide line along the length of the microtubule. These profiles were each
normalized by their corresponding microtubule lattice intensity, which was obtained
by averaging over a 2 − 5 μm region at least 1 μm away from the TipAct plus-end
comet. After normalization, the TipAct intensity profiles were fit with a simple Gaussian
function to find their peak value, and these values were finally averaged to find IT ipAct

at the given EB concentration. The data in Fig. 6.6 shows the average ± SEM for n
= 84,106,93,212,123,201 and 213 TipAct comets, corresponding to the following EB
concentrations: 20, 40, 60, 80, 100, 120 and 200 nM respectively.

6.9.2 Analysis of TipAct single molecule dwell time on actin
filaments

Single molecule dwell-times of TipAct on actin filaments were retrieved from kymographs
traced along surface-bound actin filaments (Fig. 6.10) using a custom-built program
in Matlab. Briefly, two-pixel wide intensity line profiles, spaced one-pixel apart, were
traced down the time-axis of the kymograph. A binding event was defined when
the intensity crossed-over a threshold, defined by the single-molecule intensity at the
given illumination conditions. The corresponding unbinding event was defined when
the intensity went again below the single-molecule intensity. With this method, 301
individual dwell times (τT ipAct) were recorded and used to build the histogram shown
in Figure 6.10.

6.9.3 Analysis of microtubule dynamic instability

Microtubule growth speeds Vg were determined by producing kymographs of microtu-
bule growth (such as in Fig. 6.1), obtained with the reslice tool in FIJI [442]. These
kymographs were used to manually trace the position of the seed and the microtubule
tip over time, using the segmented line tool in FIJI. The data was analyzed with custom-
built programs in Matlab. The average growth speed was obtained by weighing the
individual speed by the time that microtubules spent growing or shrinking at such speed
[104]. The data in Fig. 6.14 represent the average ± standard deviation from one to
two experiments.
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6.9.4 Automated analysis of actin-filament transport

The experimental parameters of actin-filament transport (i.e. difference in speed and
following time) for variable EB and tubulin concentrations were obtained via semi-
automated analysis in both FIJI and Matlab. First, regions of actin-filament transport
(as shown in Fig. 6.26 a) were obtained by manually cropping the selected region from
kymographs of microtubule growth that displayed instances of F-actin transport (as
in Fig. 6.1). The cropped kymographs were then used to create binary masks for both
TipAct and actin-filament channels through a combination of morphological operations
using the Image Analysis Toolbox of Matlab (Fig. 6.26 b). The binary masks were used
to narrow down the region where a Gaussian curve was fit to the TipAct and F-actin
intensity at each frame. The Gaussian fit provided the location of the peak TipAct and
F-actin intensity, as well as their edges, which were defined as the full-width at half
maximum.

Actin TipAct

Binary masks Intensity images

a

b

Figure 6.26: Automated analysis of actin filament transport. (a) Selected region
of a kymograph showing the TipAct plus end intensity (green) and the F-actin intensity (red)
for a trailing filament. The microtubule growth conditions were 27 μM tubulin, 60 nM EB3
and 15 nM GFP-TipAct. (b) Left, binary masks used to estimate the F-actin (top) and TipAct
speeds (bottom). Right, Intensity images overlaid with the estimated contours obtained by
fitting a Gaussian function to the F-actin (top) and TipAct (bottom) intensity at each frame.
The F-actin channel shows both the mean location, and full-width at half maximum, and the

TipAct channel only the mean location.

The TipAct and actin filament speeds were obtained by plotting the location of the mean
of the Gaussian fits over time, and fitting this data with a line, whose slope represented
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the speed. Furthermore, the edges of the actin filament were used to automatically
define whether the filament was a leader or a trailer as follows: a filament was classified
as a trailer if at the moment of landing, its right-most edge did not exceed the TipAct
plus-end comet localization by more than two pixels, which in our microscope (with a
resolution of 158 nm/pixel) approximately corresponded to the diffraction limit (∼ 334

nm) of the spectral emission of Alexa-647-labeled actin filaments. In contrast, leading
filaments were classified as such if they landed more than two pixels ahead of the peak
of the TipAct plus-end intensity. Finally, the following time was measured using the
binary masks, taking the difference between the time of detaching and the time of
landing. In experiments, where the TipAct intensity was low (i.e. at EB concentrations
of 40 and 60 nM, corresponding to TipAct concentrations of 10 and 15 nM), we visually
verified that the measured TipAct speeds were correct, and manually corrected those
that were not. We performed this analysis for n = 8, 63, 21, 14, 48 and 38 trailing, and
n = 30, 86, 41, 30, 39 and 22f leading actin filaments for the experiments with variable
EB concentration (i.e. [EB] = 40, 60, 80, 100, 120 and 200 nM, respectively), and for n
= 19, 23, 14 and 25 trailing and n= 20, 25, 30 and 35 leading actin filaments for the
experiments with variable tubulin concentration (i.e. [tubulin] = 10, 14, 27 and 40 μM,
respectively). The data was collected from one to two experiments for each experimental
condition.
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