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Chapter 5

F-actin organization by dynamic
microtubules

In this chapter we study interactions between dynamic microtubules and single actin
filaments, or mobile actin bundles. We find that when an actin bundle is not fully
anchored to the glass surface, both the microtubule and the bundle deform as they interact.
Furthermore, we show that TipAct at microtubule growing ends allows microtubules to
transport freely-diffusing actin filaments, or pull on actin filaments partially tethered to
the glass surface. When the density of actin filaments in solution is high, microtubules
can interact with multiple actin filaments and create bundles de novo. In combination,
these effects allow a radial microtubule array to globally dictate the organization of an
otherwise isotropic solution of actin filaments. These observations highlight how the
activity of cross-linkers can be modulated by the mechanical properties and pre-existing
architecture of the cytoskeleton.

5.1 Introduction

Cytoskeletal coordination in cells is equally orchestrated by physical cross-linkers and
biochemical regulators [260]. Without a doubt, the best characterized instances in
which microtubules help dictate F-actin organization involve signaling via the Rho-
family of GTPases [269, 401]. For instance, microtubules can control cell contractility
by sequestering RhoA guanine-exchange factors (GEFs) at their lattice. Microtubule
depolymerization has been shown to activate RhoA by releasing these GEFs to the
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cytosol, leading to enhanced myosin-II contractility and stress-fiber formation [129, 366,
409]. A similar event occurs during mitosis, where the mitotic spindle helps define a
RhoA-rich region at the cell cortex where the actin cytokinetic ring will then form
[412]. Microtubules are also involved in directing lamellipodial formation, through Rac1
activation [268]. In contrast to these examples, observations in which microtubules
physically re-organize the F-actin cytoskeleton through the activity of cross-linkers are
conspicuously rare.

However, some of the earliest literature on actin-microtubule interactions highlighted
the role that microtubules can have on actin-filament organization via cross-linkers.
In vitro reconstitutions with Xenopus laevis egg extracts revealed that actin filaments
co-align with microtubules nucleated from demembranated X. laevis sperm cells, and
that with time the filaments are slowly excluded from the interior of sperm-nucleated
microtubule asters [265]. Further studies, also with Xenopus egg-extracts, showed that
actin filaments and bundles can be transported along microtubules, as well as ride
as passive passengers on gliding microtubules propelled by cytoplasmic dynein [266].
Although the nature of the actin-microtubule cross-linkers at play was not clear at the
time, these studies nonetheless revealed that microtubules can have a direct impact on
F-actin organization. In spite of this, and with few exceptions, the best documented
examples of cross-linker mediated actin-microtubule communication have focused on
the effects that the actin cytoskeleton can have on microtubule organization.

Nonetheless, instances in which microtubules have been observed to direct F-actin
organization in vivo do exist. For example, microtubules have been observed to invade
filopodia located at the lateral edges of lamelliodia, which results in filopodia movement
and fusion. Whether a cross-linker is involved in this interaction is not yet clear, since
this effect is seemingly independent of EB being present [488]. In another example,
members of the GAS2-like family of proteins, which track microtubule growing ends
through associations with EB [459, 460], and also bind F-actin [489], have been shown
to drastically induce alignment of actin filaments with microtubules in the presence of
elevated levels of EB [113].

One of the likely reasons behind the lack of in vivo evidence of microtubule control over
actin-filament organization, is that in animal cells F-actin structures are usually densely
packed, making it difficult to image and follow single filaments individually. In plant
cells, however, the bulk of the F-actin network is located at the cell interior, whereas the
cortical surface is dominated by microtubules and a sparse network of actin filaments
and bundles [294]. Immunofluorescence imaging of microtubules and actin filaments in
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Arabidopsis thaliana cells revealed that cortical actin filaments and microtubules usually
co-align [490]. Moreover, recent fluorescence live-cell imaging studies revealed that the
organization of the cortical actin filament network is dependent on the organization of
adjacent cortical microtubules, which act as guides for F-actin polymerization, but also
are involved in transporting actin filaments, although the nature of the cross-linkers (if
any) is not yet known [296].

Given these observations, we decided to experimentally test to what extent the com-
bined activity of EB3 and TipAct allows dynamic microtubules to direct the spatial
organization of actin filaments. The results of these experiments are detailed in this
chapter.

5.2 Growing microtubules deform and reposition F-
actin bundles

In Chapter 4 we observed that bundles of F-actin stabilized by fascin can capture and
re-direct microtubule growth (Fig. 4.7). This was the result of the enhanced localization
of TipAct and EB3 at actin-microtubule overlaps (Fig. 4.3), as well as the increased
bending rigidity that stems from bundling the actin filaments. We moreover suggested
that in cells, the mechanical environment that surrounds the actin bundle (such as the
dendritic F-actin network around filopodia, or the adhesions to the substrate as in the
case of stress-fibers), is likely to further ensure that the impinging microtubule is forced
to co-align with the bundle.

In order to test whether microtubules can conversely deform and reorganize F-actin
bundles that are not mechanically coupled to their environment, we performed experi-
ments with fascin-stabilized actin bundles and dynamic microtubules in the presence
of 100 nM EB3 and 50 nM TipAct (as schematized in Fig. 4.1). We specifically looked
for instances in which microtubules interacted with bundles that were only partially
anchored to the coverslip surface. As shown in Figure 5.1, in these conditions we
found that when a growing microtubule was captured by an F-actin bundle, both the
microtubule and the bundle deformed as the microtubule polymerized. Furthermore,
after the microtubule had a catastrophe, the bundle was left in a different location. This
effect is reminiscent of the above-mentioned microtubule-dependent reorganization of
filopodia in cells [488], and further supports the notion that mechanical effects strongly
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modulate the ability of physical cross-linkers to allow F-actin or microtubules to dictate
each other’s organization.
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Figure 5.1: Microtubules can deform and reposition F-actin bundles. Time
series showing a microtubule that interacts with a mobile F-actin bundle. As the microtubule
grows, both microtubule and actin bundle deform. When the microtubule has a catastrophe
and shrinks, the F-actin bundle is now displaced. The arrowheads indicate the growing
microtubule plus-end, and the yellow dashed line in the actin panels shows the deformation
of the actin bundle as the microtubule grows along it. Scale bar, 5 μm. Time: min:sec. MT,

microtubule.

5.3 Growing microtubules exert forces on single actin
filaments

The observation that mobile F-actin bundles can be deformed and reorganized by
growing microtubules suggests that this effect should be even more pronounced when
microtubules interact with single actin filaments. In order to test this, we polymerized
microtubules in the vicinity of phalloidin-stabilized F-actin weakly anchored to the
coverslip surface, in the presence of 100 nM EB3 and 50 nM TipAct (as schematized in
Fig. 3.8).

We observed that transient interactions between microtubule tips and F-actin, mediated
by EB3 and TipAct, were sufficient to allow microtubules to pull on partially tethered
actin filaments, resulting in filament stretching in the direction of growth. Panel a in
Figure 5.2 shows one example of such an event, in which the microtubule tip (indicated
with a white arrowhead) captures an actin filament that is partially tethered and whose
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contour (indicated by a dashed yellow line) elongates as it is pulled by the microtubule
tip. The fact that in this context the actin filament is deformed by the microtubule is
consistent with the much higher bending rigidity of microtubules (EIMT ∼ 8 pNμm2

[89–91, 174]) compared to that of single actin filaments (EIAF ∼ 0.04 − 0.07 pNμm2

[162, 174, 175, 472]).
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Figure 5.2: Growing microtubules transport and pull single actin filaments.
(a) Top, Time series of a growing microtubule that aligns and then pulls on an actin filament
that is partially tethered to the glass surface. The dashed yellow line in the actin pane shows
the contour changes of the actin filament as it is pulled. The arrowheads in the merge panel
show the microtubule tip. Bottom, schematic of this effect. (b) Top, time series of a growing
microtubule that transports a freely-diffusing actin filament via TipAct at its growing end.

Bottom, schematic of this effect. Scale bars, 5 μm. Time, min:sec. MT, microtubule.

Furthermore, in instances where the actin filament was fully mobile (Fig. 5.2 b), we
observed that it could even be transported by the growing microtubule tip. Additionally,
but in rare occasions, we also observed actin filaments being transported by a shrinking
microtubule (data not shown). These results reveal that, even though both EB3 and
TipAct exchange quickly at microtubule tips (Fig. 4.4), they can collectively generate
linkages between actin filaments and microtubules that are stable enough to allow for
transport and force generation. Since as the microtubule grows nothing physically
moves (except the location of its tip), reveals that the shape of TipAct’s binding
profile at microtubule tips can apparently bias the otherwise random thermal motion
of actin filaments in the direction of microtubule growth. This process is probably
analogous to the way kinetochore components track depolymerizing microtubules [491].
Other observations of force-generation by microtubule +TIPs have been reported in
different contexts. For instance, in cultured cells microtubules have been shown to
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pull endoplasmic reticulum (ER) membrane tubes through the interaction of EBs
with STIM1, a +TIP anchored at the ER [128, 492]. More recently, in vitro studies
showed that plus-end tracking kinesins at microtubule plus-tips can collectively generate
sufficient force to steer microtubule growth along template microtubules [376, 377]. We
will delve deeper into this effect in Chapter 6.

5.4 Growing microtubules organize F-actin networks

Having shown that microtubules can have profound effects on actin filament shape
and localization (Fig. 5.2), we wondered to what extent these effects would allow a
well-defined microtubule architecture to globally dictate the organization of entangled
F-actin networks. To this end, we polymerized microtubules from centrosomes in the
vicinity of ∼ 1 μM phalloidin-stabilized actin filaments, with 100 nM EB3, in the
presence or absence of 100 nM TipAct, as schematized in Figure 5.3.

dynamic
MT

actin
filaments

coverslip

TIRF-M
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Figure 5.3: Experimental setup to study interactions between microtubules
nucleated from a centrosome and single actin filaments. Microtubules were
polymerized from surface-bound centrosomes, in the presence of EB3, GFP-TipAct, and

phalloidin-stabilized actin-filaments in solution.

In the absence of TipAct, we found that actin filaments in the vicinity of the microtubule
aster remained randomly organized (Fig. 5.4), so that their organization in no way
reported the architecture of the adjacent microtubule asters. Furthermore, we did
not observe that microtubules in any way inhibited the mobility of the actin filaments
through steric effects. This is likely due to the low density of microtubules that nucleated
from the centrosome, as well as the low concentration of actin filaments added.

In contrast, in the presence of TipAct we observed that actin filaments in the vicinity
of a microtubule aster clearly adopted its radial organization (Fig. 5.5). This effect was
progressive: when we followed the spatial organization of the F-actin over time (in a
different experiment to the one shown in Fig. 5.5), we found that an ever-increasing
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Figure 5.4: In the absence of TipAct, centrosome-nucleated microtubules
have no effect on F-actin organization. Steady-state F-actin organization in the
vicinity of a radial array of dynamic microtubules, polymerized in the absence of TipAct.

Scale bar, 10 μm.

fraction of the actin filaments gradually co-aligned with the aster-nucleated microtubules
(Fig. 5.6 a).
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Figure 5.5: In the presence of TipAct, centrosome-nucleated microtubules
can globally dictate F-actin organization. Steady-state F-actin organization in the
vicinity of a radial array of dynamic microtubules, polymerized in the presence of TipAct.

Scale bar, 10 μm.

In order to measure the efficiency of F-actin organization by microtubule asters in this
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context, we quantified the degree of actin co-alignment with the radial microtubule
architecture. To this end, we made use of an order parameter (OP ), as introduced
in Chapter 4 (Eq. (4.6)), which we modified to account for the radial organization of
the microtubule array. The value of the radial OP ranges from zero to one, where
zero represents a fully isotropic F-actin organization; and one, a completely radially-
aligned one. As shown in Figure 5.6 b, we confirmed that with time the actin filaments
increasingly adopted the radial organization of the microtubule array. The magnitude
of the order parameter increased up to a maximum value of 0.4, probably limited by
the number of microtubules that are polymerized by a given centrosome, as well as the
fraction of F-actin not in contact with the microtubules. In contrast, without TipAct
we found that the degree of radial order remained at ∼ 0.1, consistent with the isotropy
of the F-actin network in these situations (Fig. 5.4).
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Figure 5.6: Actin filaments gradually adopt the radial organization of a
microtubule aster. (a) Time evolution of actin filament organization in the vicinity of
a radial array of microtubules, in the presence of TipAct. The dashed red circles show the
window used to calculate the radial order parameter (OP ) over time. (b) Evolution of the
average radial OP over time, for the actin filament network shown in (a), and for one similar

experiment but in the absence of TipAct. Scale bars, 5 μm. Time, min:sec.

5.5 Closing the loop: growing microtubules induce F-
actin bundling

Besides the observation that actin filaments co-aligned with microtubules nucleated
from a centrosome, we also found that these filaments appeared to be bundled (Fig.
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5.5). This was striking, since in similar experimental conditions we did not find TipAct
to be a strong F-actin bundler (Chapter 4). A closer inspection revealed that when
microtubule tips interacted with more than one filament simultaneously, they could
bring them in sufficiently close proximity to recruit TipAct, which then stabilized the
newly formed bundle. An example of such an event is shown in panel a of Figure 5.7: As
a microtubule (whose tip is indicated by white arrowheads) extends from left to right,
it incorporates filaments into a bundle (whose contour is indicated by a dashed yellow
line), which subsequently recruits TipAct. At a later stage, the newly formed bundle is
followed by subsequent rounds of microtubule growth (an example of which is indicated
by white arrows). The kymograph and plot in panels b and c of Figure 5.7 show that
as the actin bundle forms, the intensity of TipAct along its length increases with time.
This observation highlights the organizational feedback that can exist between F-actin
and microtubules, even with a simple cross-linking system. Similar observations of F-
actin bundling by growing microtubules have been reported in cultured plant cells,
where cortical microtubules are the master regulators of cortical F-actin organization,
although the nature of the putative cross-linkers is not yet known [296].

5.6 Discussion

In this chapter we reconstituted interactions between dynamic microtubules and mobile
actin bundles and single filaments, in order to investigate the ways by which growing
microtubules can dictate F-actin organization. First, we observed that microtubules
that are captured by mobile fascin-stabilized actin bundles can simultaneously deform,
and be deformed by, the actin bundles. These observations highlight the importance
of the surrounding environment in mechanically stabilizing F-actin bundles (i.e. stress
fibers) in order to allow them to efficiently capture and redirect microtubule growth.
Furthermore, it has been speculated that one of the ways by which microtubules could
also help trigger focal adhesion disassembly is through mechanical forces, which could
aid in detaching the stress fibers from the adhesion sites [344]. With these experiments
we show that indeed actin bundles that guide microtubule growth sustain forces that
can lead to both microtubule and actin-bundle bending. In cells, these bending forces
would be transmitted to the focal adhesion sites, which would have to sustain them as
well.

Furthermore, we found that dynamic microtubules can regulate the spatial organization
and shape of single actin filaments. Surprisingly, actin-microtubule interactions mediated
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Figure 5.7: Growing microtubules can create and then follow F-actin
bundles. (a) Top, time series of a growing microtubule that captures actin filaments from
solution, forming a bundle that recruits TipAct, and to which the microtubule remains coupled
in subsequent rounds of growth. The dashed yellow line in the actin panel indicates the location
of the newly-formed actin bundle. White arrow-heads and arrows in the merge pane show
two different rounds of microtubule growth. Bottom, schematic of this effect. (b) Kymograph
of the microtubule shown in (a). (c) A plot of the fluorescence intensity over time, averaged
over the window indicated with a white dashed square in (b). As the microtubule polymerizes
and captures actin filaments from solution, TipAct is increasingly recruited to and stabilizes

the newly formed bundle. Scale bars, 5 μm. Time, min:sec.

by EB3 and TipAct were sufficient not only for filaments to align in the direction of
microtubule growth, but also to be pulled and transported by microtubule growing
and shrinking ends. Similar observations of force generation by microtubule +TIPs
have been reported, for instance with STIM1, an ER-anchored protein that through
interactions with EB allows growing microtubules to pull membrane tubes [128, 492].
Although to date there is little understanding of the roles that microtubule-generated
forces can have on F-actin structures in cells, indirect evidence does exist. For example,
growing microtubules have been shown to spatially rearrange filopodia in cultured cells,
and to mediate their fusion [488].

We argue that the lack of evidence of microtubule-dependent F-actin organization via
physical cross-linkers is probably due to the high density of actin filaments in animal
cells, which makes it difficult to follow the behavior of actin filaments individually. In
contrast, plant cell microtubules are cortically confined, along with a sparse F-actin
network composed of single filaments and bundles [294]. Work on A. thaliana root cells
has shown that microtubules are the master orchestrators of cortical F-actin organization.
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In this context, actin filaments and bundles have been observed to polymerize along,
and even be transported by, growing microtubules [296].

In the experiments with radial microtubule arrays in the absence of TipAct we found
that microtubules and F-actin seemingly ignored each other. In contrast, in the presence
of TipAct the actin filaments clearly adopted the radial microtubule organization. Given
that microtubule growth speed and catastrophe rate are sensitive to force [93], it would
be interesting to investigate whether increasingly dense F-actin networks affect the
parameters of microtubule dynamics both via steric effects, and via actin-microtubule
cross-linkers. Moreover, the addition of myosin-II motors to these assays could also
shed light on the effects that actively contractile F-actin networks have on microtubule
polymerization dynamics and organization, in order to understand the ways by which
cross-linking molecules aid microtubules to navigate lamellipodial and lamellar F-actin
networks in cells [282, 292].

Finally, the addition of TipAct to the assays revealed that the activity of a simple
actin-microtubule cross-linking system can already set up a feedback between F-actin
and microtubule organization: First, microtubule tips can capture two or more actin
filaments, and bring them in close enough proximity for TipAct to bundle them. And
second, the newly formed TipAct-stabilized actin bundles can serve as guiding tracks
for the growth of subsequent microtubules. It would be interesting to test whether in
cells growing microtubules are involved in F-actin bundle formation as well. To this end,
the development of time-resolved super-resolution techniques to look at the dynamics
of single actin filaments in cells could prove very useful [493].

5.7 Materials and methods

5.7.1 Microtubule tip-tracking assays

For assays of interactions between microtubules and fascin-stabilized F-actin bundles,
microtubules were polymerized from 27 μM tubulin, 100 nM EB3, 50 nM GFP-TipAct,
additionally fascin was added at a concentration of 200 − 500 nM to stabilize the F-
actin bundles. For the assays of interactions between microtubules and single actin
filaments, microtubules were polymerized from 16 μM tubulin, 100 nM EB3 and 50 nM
GFP-TipAct. In this case, pre-polymerized phalloidin-stabilized actin filaments, at the
equivalent of 100 − 200 nM G-actin concentration, were added to the flow cell along
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with the microtubule seeds. Finally, for the assays with centrosomes, microtubules were
polymerized from 20 μM tubulin, 100 nM EB3, in the presence and absence of 100 nM
GFP-TipAct. In this case, phalloidin-stabilized actin filaments were incorporated into
the microtubule polymerization mix, at the equivalent of 1 μM G-actin concentration.
TIRF microscopy imaging was performed at 25− 30◦C (Table 2.1). We refer the reader
to Chapter 2 for the general details on how these assays were built.

5.8 Data analysis

5.8.1 Analysis of F-actin radial order parameter

To quantify the extent of actin-filament network remodeling mediated by TipAct at
the growing ends of microtubules nucleated from centrosomes (Fig. 5.6), the previously
explained order parameter (OP , Chapter 4, Eq. (4.6)) was adapted for radial organi-
zations. In this case, in order to account for the radial geometry of the microtubule
aster, the local pixel angle (θi) was replaced by a relative angle measured between the
locally measured value and the radial direction: Δθi = θi− θr. For each set of data, the
centrosome position was manually determined as a starting point for the automated
analysis using a custom-written MATLAB program. For every distance r measured
from the centre of the aster until the image border (with a step-size of one pixel),
2πr equidistant points along a circle of radius r were collected from the orientation
and coherence maps derived from the OrientationJ plugin developed for ImageJ (Fig.
4.15) [443, 487]. Since most points along the circle did not match actual pixels, values
were derived using a linear 2D interpolation (using MATLAB’s interp2 function). An
arbitrary window of interest (red circles in Fig. 5.6 a) between 5 μm and 15 μm distance
from the aster center (which encircled most of the microtubules), was used to get an
average number for the radial OP for each frame, to ultimately plot the evolution of
radial order parameter over time (Fig. 5.6 b). We found that the results of this analysis
were very robust against small changes in center position, interpolation methods (i.e.
linear or cubic fits), or the size of the window used to average the radial OP .
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