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CHAPTER 1

Introduction

1.1 Introduction

The cytoskeleton is composed of several lamentous proteins that are essential in supporting cellular shape
and proper function. The components of the cytoskeleton include microtubules, intermediate laments, and
actin laments (F-actin). Recently, septins—another important group of lamentous proteins—are also con-
sidered to be the fourth component of the cytoskeleton (Mostowy and Cossart, 2012; Spiliotis and Nakos,
2021). For the cell to function properly, it must coordinate the cytoskeleton in two ways: 1) chemically
through signaling pathways to regulate protein expression and interactions, and 2) physically through direct
interactions facilitated by cytoskeletal-associated proteins (Seetharaman and Etienne-Manneville, 2020). For
several decades, the cytoskeleton eld has thoroughly studied individual components of the cytoskeleton to
better understand their speci ¢ function in different cellular processes. This work was imperative as it estab-

lished the fundamental knowledge of our understanding of each cytoskeletal component.

In recent years, the eld has shifted from studying individual components to investigating the mecha-
nisms underlying the crosstalk between cytoskeletal components. This shift was made possible due to new
developments in high-resolution light microscopy techniques and improvements in biochémia re-
constitution methods. Speci cally, the challenge for researchers included, but was not limited to, the ability to
visualize these interactions in cells and determine the optimal buffer conditions for reconstituting co- lament
systemsdn vitro. To date, the coordination between the microtubule and actin lament networks are of par-
ticular interest due to their important roles in cell polarity, cell division, and cell migration ((Dogterom and
Koenderink, 2019; Pimm and Henty-Ridilla, 2021; Rodriguez et al., 2003). The dynamic nature of micro-
tubules and actin allow for the cell to actively remodel and reorganize the cytoskeleton for cellular function.
This dynamic nature is regulated by microtubule- and actin-associated proteins. Some of these proteins have
also been reported to physically crosslink the two polymers together. To better understand cytoskeletal co-
ordination, observations in cells need to be broken down to the components underlying the regulation of

microtubule and actin dynamics and interactions.



1.2 Coordination of the microtubule and actin cytoskeleton is essential for several cellular processes
important in multiple cell types

For the most part, the microtubule and actin cytoskeleton have been described as independent entities. How-
ever, there have been a number of classic studies demonstrating striking overlap of microtubules and actin in
neuronal growth cones (Forscher and Smith, 1988; Rochlin et al., 1999; Suter and Forscher, 2000) and ex-
amples of growing microtubules within the actin-rich leading edge of cells (Salmon et al., 2002; Waterman-
Storer and Salmon, 1997; Wittmann et al., 2003). Previous studies have demonstrated the importance of
the microtubule-actin interactions and the proteins for which are involved: 1) establishing cell polarity; 2)

coordinating proper cell division; and 3) cell motility (Dogterom and Koenderink, 2019).

1.2.1 Microtubule-actin co-ordination in cell polarity

One such example of the microtubule-actin coordination is in the establishment of cell polarity in differ-
entiated epithelial cells. Epithelial cells tend to form into multi- or mono-layer sheets of cells, which are
maintained by cell-cell junctions and a distinct apical-basolateral polar orientation (Rodriguez-Boulan and
Macara, 2014). This distinct polarity is organized by the cytoskeleton through crosslinking mechanisms cap-
turing and stabilizing microtubules to the actin cortex (Figure 1.1). Most microtubules are non-centrosomal
and highly stable in epithelial cells, as compared to non-polarized cell type{Bi., 1987). A microtubule
plus-tip interacting protein (+TIP) complex of microtubule associated proteins (MAPS) facilitate microtubule
stabilization at the basal plus ends in the vicinity of cortical actin contributing to the height of the epithelial
cell (Jaulin and Kreitzer, 2010; Reilein and Nelson, 2005). These aspects contribute to the basally oriented
plus end and apical minus end organization of the microtubule network important in polarized cells (Gilbert
et al., 1991). This organization of microtubules creates parallel arrays along the apical-basal axis, providing

tracks for directional transport.

Figure 1.1: Diagrams of the microtubule and actin cytoskeleton in different cell types and processes.
A) Example of a polarized epithelial cell type. Microtubule organizing center (MTOC). B) Example of a cell
undergoing mitosis at metaphase. C) Example of a migrating cell, moving toward the bottom left. D)
Example of a neuronal cell type and an example of a grown cone.



The actin network differs in the apical, lateral, and basal areas of polarized epithelial cells (Rodriguez-
Boulan and Macara, 2014) (Figure 1.1A). Actin also forms a contractile belt below the apical membrane,
referred to as the zonula adherens (Dogterom and Koenderink, 2019). Some epithelial cells also have actin-
based protrusion structures, microvilli, at the apical surface to function in nutrient absorption and are anchored
in a rich actin network, termed the terminal web. Otherwise, at the lateral membrane, actin organization is

heavily in uenced by E-cadherin and associated catenins (Drees et al., 2005).

Actin-microtubule crosstalk is involved in generating and maintaining the columnar shape of epithelial
cells (Bazelleres et al., 2012). It is unclear whether this columnar shape generates the parallel microtubule
arrays by geometrical effects on microtubule dynamics (Gomez et al., 2016) or if the direct interactions
between the microtubule plus and minus ends and actin cortex maintain it. Recently, it has been shown
that microtubule minus ends are connected to the apical actin cortex by the family of Calmodulin regulated
spectrin-associated proteins (CAMSAPSs) (Gomez et al., 2016; Noordstra et al., 2016; Toya et al., 2016).
Alternatively, Actin crosslinking factor 7 (ACF7) is a spectraplakin that can interact with microtubules as
well, thus it remains unclear if ACF7 is directly binding the microtubule or speci cally CAMSAP. Since
CAMSAP is a microtubule minus-end-capping protein, this interaction directly in uences the polarity of the
microtubule network, as de ned by the actin cortex. This microtubule orientation is essential for directional

transport to facilitate formation of actin microvilli at the apical surface (Khanal et al., 2016).

1.2.2 Microtubule-actin co-ordination in cell division

During cell division, the cytoskeleton dramatically changes architecture to create the systems needed for
proper chromosome segregation and cytokinesis. Coordination of the reorganization of the microtubule and
actin cytoskeletons is necessary. Microtubules form a bipolar mitotic spindle and are placed into three cate-
gories: 1) kinetochore microtubules that are attached to chromosomes; 2) antiparallel central spindle micro-
tubules, that are at the spindle midzone and generate pushing forces; and 3) astral microtubules, that extend
to the membrane (Figure 1.1B). Actin forms an actomyosin contractile ring around the spindle midzone to
round up the cell and create high tension for division. Spindle positioning is dictated by microtubule pushing

and pulling forces against the membrane.

Microtubule-actin crosstalk is essential in the proper positioning of the spindle, where microtubule in-
teractions at the actin cortex mediate cell rounding. Cell rounding ensures that there is enough space for

microtubules to search and capture kinetochores (Lancaster et al., 2013). The capture and stabilization of



microtubules to the cortex is mediated by Ezrin, Radixin, and Moesin (ERM) , Mitotic spindle position-
ing (MISP) proteins , end binding (EB) proteins, p150glued, and Myosin 10 (Myo10) described in a future
section. These interactions are also involved in cell shape memory due to mechanical sensing by cell-cell
junctions (Bosveld et al., 2016). Cytokinesis is also heavily coordinated by microtubule and actin crosslink-
ing. First of all, the position of the cytokinetic ring is determined by two signals, one from the microtubule
asters and a second from the spindle midzone supporting microtubule-actin coordination (Bringmann and
Hyman, 2005). Anillin, an actin bundling protein that scaffolds the cytokinetic ring, interacts directly with
astral microtubules and spatially regulates other cytokinetic proteins (van Oostende Triplet et al., 2014). Fur-
ther work investigating the cooperativity of the molecular players involved in cytokinetic ring positioning

will better our understanding of cell division as regulated by the actin cytoskeleton.

1.2.3 Microtubule-actin co-ordination in cell migration and growth cone guidance

Cell migration is an essential function of cells allowing for proper wound healing and cancer cell invasion.
Actin polymerization occurs at the leading edge of motile cells, where branched actin networks generate
pushing forces at the membrane. Traction forces are produced by contractile actin stress bers and linkage to
focal adhesions that are anchored to the Extracellular matrix (ECM). Hence, the actin network is branched at
the front of the cell, while contractile actomyosin networks are toward the rear (Figure 1.1C). Microtubules
are anchored to centrosomes and the Golgi by their minus ends and grow radially out toward the cell cortex.
The main role of microtubules is to regulate directional cell migration by providing mechanical stabilization
of the leading edge and enabling transport of signaling molecules that coordinate with the actin network

(Seetharaman and Etienne-Manneville, 2020).

During cell migration, microtubule and actin network coordination occur in three areas: 1) microtubule
interaction at focal adhesions; 2) microtubule anchoring at the cortex; and 3) microtubule interaction at the
leading edge, supporting actin nucleation and polymerization. Guidance of microtubules along actin bundles
to interact with focal adhesions has been found to be facilitated by spectraplakins and Gas2-like proteins
(Girdler et al., 2016; Wu et al., 2008; Yue et al., 2016). The specktraplakins and +TIPs are implicated to be
involved in microtubule capture at the cortex, including Cytoplasmic linker associated proteins (CLASPS) ,
Cytoplasmic Linker Interacting Protein (CLIP-170) , ACF7, Adenomatous polyposis coli (APC) , 1Q-motif
containing GTPase-activating protein 1 (IQGAP1), and formins (Dogterom and Koenderink, 2019). In addi-
tion, the cell cortex can act as a physical barrier to the microtubule network, where actin retrograde ow re-

sults in rearward transport of microtubules, microtubule buckling, and breakage (Gupton et al., 2002; Salmon



etal., 2002; Waterman-Storer and Salmon, 1997). This negative feedback loop regulates microtubule turnover
in motile cells. Lastly, microtubules have roles in promoting actin nucleation and polymerization at the lead-
ing edge of cells due to direct interactions with microtubules and formin or indirectly with EBs and APC.
Notably, APC and +TIPs have been observed to travel along microtubules to the actin cortex, where the APC
then interacts with formins and the actin network (Mimori-Kiyosue et al., 2000). The speci ¢ interactions

between each protein are still being investigated.

A lot of the same crosstalk modules discussed so far are also used by neuronal cells to maintain shape
and guide axons. Neurons have a polar architecture for proper signal transduction composed of a single axon
that extends from the cell body or soma to nearby synaptic junctions of other neurons (Figure 1.1D). In ad-
dition, there are shorter dendrite structures that receive signals from other neurons. Dendrites are supported
by MAP2-bound microtubule networks of mixed polarity (Conde aadéles, 2009). In contrast, axons are
composed of plus-end out tau-induced microtubule bundles, surrounded by cortical actin rings (Xu et al.,
2013). Along the axon, microtubules are thought to grow along bundled actin laments in the lopodia to
initiate axon elongation and growth cone guidance, like mechanisms described in motile non-neuronal cells.
Speci cally, it is proposed that actin bundles coated with drebrin guide microtubules via EB3 interaction
(Geraldo et al., 2008). Potentially, this interaction can be facilitated by additional proteins present in the
growth cone, such as tau, ACF1, or CLASPs, to name a few (Marx et al., 2013). Unraveling the microtubule
and actin coordinating factors in axonal elongation and stability will provide important insights into better

understanding neurodegeneration.

1.3 Microtubules and actin laments are dynamic to facilitate remodeling of the cytoskeleton

1.3.1 Microtubule structure and dynamic instability

Microtubules are stiff, hollow cylinders that are compriseddb tubulin heterodimers. Microtubules have
structural polarity, where tubulin dimers self-assemble longitudinally in a head-to-tail fashion. One end of
the microtubule has thie-tubulin subunit exposed, referred to as the plus end, while the other end has the
a-tubulin subunit exposed and is referred to as the minus end (Fan et al., 1996; Nogales et al., 1999). Micro-
tubules are typically composed of 13 linearly arranged proto laments (Tilney et al., 1973). This arrangement
and polarity of tubulin dimers lead to signi cant differences in microtubule dynamics between the plus and

minus end.

Interestingly, microtubules are quite dynamic, where they stochastically, switch between phases of growth



and shrinkage. This process is referred to as dynamic instability (Mitchison and Kirschner, 1984; Walker
et al., 1988). The transition between growth and shrinkage is termed “catastrophe' and the inverse is termed
‘rescue’. This behavior was rst observed usingvitro reconstitution methods, with puri ed protein com-
ponents (Horio and Hotani, 1986; Walker et al., 1988). During this time, it was also discovered that both
microtubule ends are able to undergo dynamic instability (Horio and Hotani, 1986; Walker et al., 1988). Par-
ticularly, the microtubule ends have different dynamic instability properties, where the plus end tends to grow

faster than the minus end.

1.3.2 Actin lament structure and polymerization

Actin laments, composed of actin monomers (G-actin), are thinner and less stiff, than microtubules. Like
microtubules, actin laments are polar in structure and polymerize in a head-to-tail fashion into a double
helical structure. The fast-growing end is termed the barbed or plus end, and the slow-growing end is referred
to as the pointed or minus end (Pollard and Borisy, 2003). This structure was determined based on the ar-
rowhead pattern created by the decoration of myosin on the lament as visualized using electron microscopy
(Pollard and Borisy, 2003; Small et al., 1978). Actin laments can spontaneously self-assemble; however,
they do not undergo dynamic instability. Actin laments tend to be crosslinked in a larger structure, such as

in branched or bundled networks in the cell (Blanchoin et al., 2014).

1.3.3 Microtubule and actin co-dynamics

Investigators who have studied the role of the microtubule and actin netiovitso report how these net-
works alone, without crosslinking proteins, can control cytoskeletal dynamics (Colin et al., 2018; Inoue et al.,
2019). Here, the authors investigate how the actin meshwork architecture impacts microtubule dynamics by:
1) looking at microtubules nucleated from the centrosome (Inoue et al., 2019) and 2) looking into branched
actin meshworks (Colin et al., 2018). Both reports conclude that actin networks regulate microtubule growth
by creating a physical barrier blocking growth. In addition to dynamics, the Blanchoin a@ny §houps

have also studied the in uence of organization @€uwa et al., 2022a,b; Yamamoto et al., 2022). Using micro-
tubule gliding assays, Kiera and colleagues demonstrate how the actin network, either branched or linear,
can act as structural memory and therefore, in uence microtubule behavior and organizatens(l€tial.,
2022a,b). In addition, Yamamoto and colleagues investigated the impact of the actin network in the position-
ing of microtubule-organizing centers using a cell-free system with puri ed proteins and cell-sized microwells

(Yamamoto et al., 2022). Overall, the authors report how the positioning of the actin network impacts the



distribution of microtubule pushing forces, hence dictating the position of the microtubule organizing center.
These reports added to our understanding of the balance of dynamics and forces between microtubules and
actin networks involved in greater cytoskeleton organization. However, these systems did not include pro-
teins that are able to physically crosslink microtubules and actin together; this leads to questions regarding the
physiological relevance of these studies and the impact of crosslinking proteins on the broader organization

of the cytoskeleton.

1.4 Microtubule associated proteins (MAPSs) and actin binding proteins (ABPs) physically crosslink

the cytoskeleton
It is well understood that MAPs and actin-binding proteins (ABPs) are present in the cell to physically cou-
ple the microtubule and actin networks (Dogterom and Koenderink, 2019; Rodriguez et al., 2003). The rst
evidence that microtubules and actin laments do not interact alone, but only in the presence of MAPs, was
observed by Grif th and Pollard measuring viscosity changes and visualizing close associations of the two
laments using electron microscopy (Grif th and Pollard, 1978). This report was further validated by Sider
and colleagues who reported colocalization of microtubules and actin laments togetliteo using Xeno-
pus extracts and uorescence microscopy (Sider et al., 1999). Decades after, it has been established in the
eld that crosslinking interactions between microtubules and actin laments must be facilitated by other pro-
teins. More recent work has organized such proteins into two groups: spectraplakins and microtubule +TIPs

(Dogterom and Koenderink, 2019; Rodriguez et al., 2003).

1.4.1 Spectraplakins and Gas2-like family of proteins

Spectraplakins are a family of very large proteirs500 kDa) that contain a microtubule-binding, growth
arrest-speci ¢ (Gas)2-related protein (GAR) domain, and an actin-binding, calponin homology (CH) domain,
allowing for these proteins to physically couple the microtubule and actin network (Suozzi et al., 2012).
Microtubule-actin crosslinking factor (MACF/ACF) is an example of a spectraplakin that directly binds to
microtubules and actin and couples them with important implications in cell motility (Suozzi et al., 2012; Wu
et al., 2008). Speci cally, ACF7-depleted mouse keratinocytes were reported to have impaired microtubule
targeting to focal adhesions (Wu et al., 2008). The interacting domains of the Drosophila spectraplakin, Short
stop (Shot), protein were mapped out using Ribonucleic acid (RNA) interference and live cell imaging. Here,
it was found that the microtubule end localization of Shot is due to direct interaction with EB and microtubule

lattice localization, which is actin-dependent, is due to the Gas2 domain (Applewhite et al., 2010). The au-



thors propose a model where Shot is localized at microtubule ends in the interior of the cell where there is
less actin. As microtubules approach the actin-rich cell periphery, Shot localization shifts to the microtubule

lattice as Shot binds actin.

Due to the large size of the MACF/ACF protein, it has been dif cult for investigators to purify and study
their speci ¢ protein function. To overcome this challenge, one group engineered a truncated spectraplakin,
TipAct-GFP, to study co-organization between microtubules and bundled actin lameémgeZlet al., 2014).
Ultimately, the authors demonstrate that microtubules can be captured and guided along actin lament bun-
dles, validating previous observations in cells. More recently, this group reported that this passive crosslinker
can produce forces on the microtubule that result in transport of actin laments (Alkemade et al., 2022). Ad-

vancements are needed in biochemical puri cation to be able to directly study full length MACHA@Fo.

Another protein family containing a single CH domain and a Gas2 domain are the Gas2-like proteins.
Stroud and colleagues investigated the localization of the three members of the Gas2-related proteins, Gas2L1,
Gas2L2, and Gas2L3, in broblasts and reported differential localization (Stroud et al., 2014). The Gas2L1
and Gas2L2 were found to localize to actin stress bers, where microtubules were coaligned. Yet, Gas2L3
also localizes to actin stress bers, however there were few instances of coalignment with microtubules. Only
endogenous Gas2L1 and Gas2L2 had an impact on microtubule dynamics and guidance along actin stress
bers due to their direct interaction with EB. Similar results were found for the Drosophila Gas2-related pro-
tein, Pigs (Girdler et al., 2016). PigsFL comet velocitiesitro (S2 cells) and in vivo (Drosophila squamous
follicle cells) were similar to EB1 and CLIP170 comets, respectively (Girdler et al., 2016). Finally, puri ed
Gas2L1, has been demonstrated to be autoinhibited, where it is activated when simultaneously bound to actin
laments and microtubules (van de Willige et al., 2019). The authors describe the function of Gas2L1 as an

actin regulator that is spatially organized by microtubules.

1.4.2 +TIP protein complexes

There are also +TIP protein complexes that can physically couple the microtubule and actin networks, where
EB proteins bind to growing microtubule ends and interact with other proteins that bind actin laments. For
example, a multi-component interaction of MAPs (CLIP-170 and EB) and ABPs (formin (mDial) and pro-
lin) has been shown to facilitate physical coupling of the cytoskeleton. Speci cally, the CLIP-170:mDial
complex is recruited to microtubule ends and triggers actin lament growth (Henty-Ridilla et al., 2016). In-

terestingly, it has been reported that EB1, without the acidic tail and full C-terminal domain, can directly



interact with actin laments, but cannot bind F-actin and microtubules simultaneously (Alberico et al., 2016).
In addition, CLIP-170 binding to actin laments and microtubules is also mutually exclusive, similar to EB

(Wu et al., 2021).

Other ABPs, drebrin and APC also interact with EBs to crosslink microtubules and actin laments.
Drebrin directly interacts with EB1/3 and colocalizes with actin laments and microtubules in lopodia
(Geraldo et al., 2008). The authors discovered that the presence of microtubules in lopodia was due to
the interaction between drebrin and EB3. Another group proposed the same mechanism for hippocampal
neurons, where overexpression of drebrin promotes microtubule entry into dendritic spines (Merriam et al.,
2013). In Xenopus epithelial cells, APC signal was rst observed to move along microtubules and concentrate
at the microtubule end (Mimori-Kiyosue et al., 2000). It was then found that the APC, with EB1, interacts
with formin (mDial) and all are localized at microtubule ends in human adenocarcinoma cells (Wen et al.,
2004). The APC has also been implicated in microtubule anchoring at the actin cortex (Juanes et al., 2019).
Finally, APC has also been observed to be at the end of microtubules connecting branched actin networks in

broblasts in uencing the organization of the two networks (Juanes et al., 2017).

1.4.3 Other proteins — ABPs

ABPs are proteins that regulate the actin cytoskeleton in cells. Recently, it has been discovered that these
proteins have additional functions interacting with microtubules, physically crosslinking the two together.
Here, I'll brie y describe these other proteins and their role in the crosstalk of the actin and microtubule

cytoskeletons.

1.4.3.1 Nucleators

The formin family of actin nucleators have been implicated to interact with microtubules (Chesarone et al.,
2010; Gaillard et al., 2011). It was rst reported usiimgvitro reconstitution that the human formin, mDia2,
stabilizes microtubules and protects from depolymerization induced by tubulin dilution (Bartolini et al.,
2008). Also, the Drosophila formin, Cappucino (Capu), was found to interact with microtubules via the FH2
domain and tail, however, there was no evidence of simultaneous binding of microtubules and actin laments
in vitro in the tested conditions (Roth-Johnson et al., 2014). Despite the inability of formin to simultaneously
bind actin laments and microtubules, mDia2 has been shown to be involved in protein complexes involved

in coordinated actin and microtubule dynamics as described above (Henty-Ridilla et al., 2016; Wen et al.,



2004). Furthermore, pro lins, ABPs that bind actin to regulate actin nucleation, have also been reported to
interact with microtubules and impact their dynamiesyitro and in mouse melanoma cells (Henty-Ridilla

et al., 2017; Nejedla et al., 2016). Pro lin increases the growth rate of microtubulégro and in mouse
neuroblastoma cells (Henty-Ridilla et al., 2017). Interestingly, Nejedla and colleagues suggest that pro lin
is functionally linked to microtubules by formins, adding to the dynamic interplay between actin nucleators

and microtubules (Nejedla et al., 2016).

1.4.3.2 Crosslinkers

Another ABP, coronin and Pod-1 in Drosophila, is a well-known actin-microtubule crosslinker and has been
shown to crosslink microtubules and actinvitro (Goode et al., 1999; Rothenberg et al., 2003). Intrigu-
ingly, the yeast coronin (coroninlp) has a strong sequence homology with the worm, mold, cow, and human
coronins, but uniquely, it contains two additional sequences homologous to the microtubule-binding domain
of MAP1B (Goode et al., 1999; Noble et al., 1989). The y coronin (Dpodl) has one sequence weakly ho-
mologous with the microtubule-binding domain of MAP1B and can also crosslink microtubules and actin
laments (Rothenberg et al., 2003). The MAP1B-homologous region of coroninlp is needed to crosslink
microtubules and actin (Goode et al., 1999). Thus, the microtubule-binding and actin-binding regions are

necessary for coronin's function as a crosslinker in yeast and ies.

MISP is a poorly understood ABP that is involved in spindle orientation (Maier et al., 2013; Zhu et al.,
2013). Depletion of MISP slows down the transition from metaphase to anaphase and cytokinesis took over
5 times longer to complete in Hela cells (Zhu et al., 2013). MISP is also required for centrosome clustering
and colocalizes with actin and focal adhesions (Maier et al., 2013). These reports also found that MISP in-
teracts with EB1 and p150glued, a subunit of the dynein-dynactin complex, proposing a model where these
interactions stabilize cortical and astral microtubule attachments. A new study reported the role of MISP in
epithelial microvilli, where the authors observe localization at the rootlets of microvilli and determined that
MISP can bundle actin lamenti vitro (Morales et al., 2022). Future studies should investigate whether
the crosslinking ability of MISP is involved in stabilizing actin bundle formation with connections to the
microtubule network at the root of the microvillus. To date, MISP has not been reported to simultaneously

crosslink microtubules and actin lamentsvitro.

The ERM ABP family are responsible for crosslinking actin laments to the plasma membrane when

active (Fehon et al., 2010). Moesin was also shown to directly bind microtubules and stabilize microtubules
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at the cell cortex (Solinet et al., 2013). This report also found ezrin to be able to bind microtubules. An-
other interesting role of ezrin is to stabilize microvilli by linking the plasma membrane to the actin network
(Morales et al., 2022). Ezrin, and MISP, a binding partner of ezrin, were found to be mutually exclusive for
localization at the rootlets of microvilli (Morales et al., 2022). This leaves questions regarding the interplay

between ERM proteins and MISP in the crosstalk of the cytoskeleton in microvilli and other systems.

1.4.3.3 Motors

There are a few myosins, motor proteins that bind and exert forces on actin laments, that have been re-
ported to interact with microtubules. Myo10, an unconventional myosin, was reported to associate with
microtubules and is involved in proper spindle orientation in mitotic cells (Kwon et al., 2015; Toyoshima
and Nishida, 2007; Weber et al., 2004). The Myol0-depleted cell spindle orientation are misoriented as
represented by greater spindle angle, the angle between the metaphase spindle axis and the subsrate surface
(Toyoshima and Nishida, 2007). In plants, myosin VIl has been found to be involved in coupling the dynam-
ics of the spindle and actin laments facilitating persistent polarized growth of plant cells (Wu and Bezanilla,
2014, 2018). Finally, Myosin Va (MyoVa), in dilute (myosin Va-) melanocytes, is involved in microtubule-
dependent melanosome transport (Wu et al., 1998). Melanosome transport no longer persists in nocodozole
treated and dilute melanocytes, indicating that microtubules and MyoVa, respectively, are involved (Wu et al.,
1998). Further investigation has determined that MyoVa binds to melanophilin to interact with Rab27a, a
melanosome-bound small GTPase, for transport of melanosomes, and dephosphorylated melanophilin can
interact with microtubules (Oberhofer et al., 2017, 2020). Hence, MyoVa has been reported to switch its

motility along actin laments to microtubules.

1.4.4 Other proteins — MAPs

MAPSs are proteins that regulate the microtubule cytoskeleton in cells. In recent years, it has been discovered
that these proteins have additional functions interacting with actin laments: physically crosslinking the two
together. Here, I'll brie y describe these other proteins and their role in the crosstalk of the microtubule and

actin cytoskeletons.
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1.4.4.1 Stabilizers

Microtubule stabilizing proteins are MAPs that regulate microtubule dynamics by sustaining microtubule
growth, either by promoting growth or by preventing shrinkage. Doublecortin (DCX) is a neuronal MAP
that is important in neuronal migration and is the most common cause for X-linked lissencephaly (Moon and
Wynshaw-Boris, 2013). The rst indication that DCX was involved in microtubule-actin crosstalk was when
ABP, neurabin II, was discovered to be an interacting protein of DCX (Tsukada et al., 2003). Then it was
revealed that DCX can directly interact with actin laments, crosslink microtubules and actin laments, and
when co-transfected with neurabin Il, DCX colocalized with actin lament structures as well as microtubules
(Tsukada et al., 2005). A pollen-speci c MAP, SB401, was found to bind and bundle microtubules, while
also enhancing tubulin polymerization—acting as a stabilizer (Huang et al., 2007). In the same study, it was
also reported that SB401 could bind and bundle actin laments, as well as crosslink microtubules to actin
laments. More work needs to be done to further investigate the speci c interactions that occur for this form

of crosstalk.

Tau, a well-studied neuronal MAP, that promotes microtubule polymerization and bundling, is implicated
in Alzheimer's disease and related neurodegenerative disorders (Ballatore et al., 2007). Speci cally, the tau-
induced abnormal bundling of actin laments has been reported to cause neurodegeneration in vivo (Fulga
et al., 2007). Tau has also been shown to interact with actin, bundle actin laments, and promote coalign-
ment and co-organization of the microtubule-actin networks (Cabrales Fontela et al., 2017; Elie et al., 2015).
Finally, tau has been shown to be involved in the proper navigation of pioneer microtubules into the actin-
rich region of cortical growth cones (Biswas and Kalil, 2018). Two similar proteins, also from the classical
MAP family, MAP2c and MAP4, have been shown to bind and bundle both microtubules and actin laments
(Doki et al., 2020; Roger et al., 2004). MAP2c binds and bundles F-actin, where the microtubule-binding
domain is necessary and suf cient for this activity (Roger et al., 2004). MAP4 crosslinks and colocalizes to
F-actin and microtubuleis vitro and in neuronal processes, respectively (Doki et al., 2020). These proteins

demonstrate the importance of physical crosslinking of microtubules and actin networks in neuronal contexts.

1.4.4.2 Tumor Overexpressing Gene (TOG) domain proteins

The Tumor Overexpressing Gene (TOG)-domain protein family was named after the human microtubule
polymerase, the Colon and hepatic tumor overexpression gene (ch-TOG). The well-studied TOG protein,
Xenopusnicrotubule polymerase XMAP215, is involved in proper microtubule localization into the growth

cone during axonal guidance. Direct interactions between XMAP215 and the actin network in the growth
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cone are thought to potentially be involved (Lowery et al., 2013). Soon after that report, XMAP215 was
shown to directly bind actin laments (Slater et al., 2019). XMAP215 contains ve TOG domains that are
understood to interact with the microtubule lattice and soluble tubulin. Slater and colleagues demonstrated

that all ve TOG domains were required for XMAP215 localization to actin in the growth cone.

Another TOG domain protein family, CLASPs are +TIPs that contain 2-3 canonical TOG domains (Fig-
ure 1.2). The TOG1 domain is homologous to the XMAP215 TOGs (Akhmanova et al., 2001). CLASPs
are also implicated to interact with microtubules and actin laments. Speci cally, it has been reported that
CLASP1 and CLASP?2 colocalize with stress bers in broblasts and interact with actin in coimmunopre-
cipitation experiments (Tsvetkov et al., 2007). Here, the authors suggest that the TOG1 domain and serine-
arginine-rich region of CLASPs facilitate the interaction (Tsvetkov et al., 2007) (Figure 1.1). Another report
demonstrates a direct interaction between monomeric actin and microtubules in the presence of&CLASP2
using a co-sedimentation experiment with puri ed proteins (Engel et al., 2014). If CLASPs can interact with
microtubules and actin laments, then can it simultaneously bind the two? These two reports provide the

only evidence for CLASP-mediated microtubule-actin interaction.

Figure 1.2: Schematic of CLASRB2domain structure.
CLASP2a contains three TOG domains, responsible for microtubule interaction (blue) and proposed actin
lament interaction (red) for TOG1. CLASRRalso contains a Serine-Arginine rich region, which include
the SxIP motif, facilitating direct interaction with EB proteins. The Serine-Arginine rich region is
implicated in CLASP-mediated actin interaction and binding to the microtubule lattice. Finally, the CLIP-ID
or interacting protein region mediates interactions with other MAPSs, including CLIP-170.

1.4.4.3 Motors

The plant Kinesin-14 protein family include a unique class of minus-end motors that have a CH domain,
referred to as KCHs, that are only in land plant cells and serve as microtubule-actin crosslinkers. Notably
higher order plants lack cytoplasmic dynein and instead contain a large number of KCHs, where it's been
speculated to compensate for the loss of dynein (Lawrence et al., 2001; Tseng et al., 2018). For example,
the rice Kinesin-14 OsKCHL1 has been characterized as a protein that can bind both microtubules and actin

laments, where actin regulates the motors ATPase activity (Umezu et al., 2011). Newly, it was shown
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vitro, that OsKCH1 can transport actin laments along microtubule tracks and the transport velocities are
dependent on the motor orientation (Tseng et al., 2018; Walter et al., 2015). This is a great example of how

actin lament networks can regulate microtubule-dependent transport.

1.4.5 Other proteins — septins

The fourth component of the cytoskeleton, septins (SEPTS), have been an interest of study in the past few
years. Septins are a family of Guanosine-5'-triphosphate (GTP)-binding proteins that assemble into com-
plexes and have slower turnover rates after photobleaching than cortical actin, tending to be more stable la-
ments (Hagiwara et al., 2011; Spiliotis and Nakos, 2021). The hetero-hexamer SEPT2, SEPT6, and SEPT7
(SEPT 2/6/7) have been reported to regulate microtubule dynamics by tuning EB1 interaction with micro-
tubule plus ends (Nakos et al., 2019). A new report demonstrates how SEPT2/6/7 can also crosslink dynamic
actin laments to the microtubule lattice and are involved with the maintenance of the peripheral actin net-
work in growth cones (Nakos et al., 2022). The mechanical implications with this three-polymer, bundle

structure is of great interest in the mechanisms underlying growth cone guidance.

1.5 Summary

The cytoskeleton remodels and provides mechanical reinforcement for the cell to function properly. This
remodeling requires synchronized changes in the architecture of all four components of the cytoskeleton. Of
particular interest are the speci c mechanisms underlying microtubule and actin lament crosstalk, due to
its broad functions in several cell types and implications in disease. This coordination is facilitated by many
crosslinking proteins that have recently been implicated in either directly interacting with multiple cytoskele-
tal laments or by forming complexes with other proteins linking the two polymers together. Researchers are
still identifying novel proteins that can simultaneously crosslink microtubules and actin laments, along with
characterizing speci c interactions obseniadiitro and in cells. The cytoskeletal crosstalk eld is relatively

new, and an abundance of questions remain to be explored. With advancements in imaging techniques, bio-
chemical reconstitution, and computational methods, the future of this eld looks bright for furthering our

understanding of the cytoskeleton.
A question that remains in the microtubule-actin crosstalk eld regard the role of CLASPs and if it can
physically crosslink microtubules and actin laments together. There are several instances in the coordination

of microtubules and actin laments where CLASPs are implicated, markedly in cell motility. This disserta-
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tion investigates the role of CLASPs in microtubule and actin coordin@tieitro and provides insight into

its role in cells. In Chapter 2, | discuss the powerful usmafitro reconstitution and image analysis methods

to investigate CLASP-mediated microtubule and actin lament interactions. Then in Chapter 3, | con rm
that CLASP2 weakly interacts with actin laments and preferentially localizes to bundled actin laments,
supporting the hypothesis that CLASPs can directly crosslink microtubules and actin laments. In Chap-
ter 4, | demonstrate that CLASBRZ2can simultaneously crosslink microtubules and actin laments, where
CLASP can support multiple actin laments binding along the microtubule lattice. In Chapter 5, | explore the
dynamic organization of microtubules and actin where | report that CLASP2 can mediate dynamic actin or-
ganization as templated by microtubules. In collaboration with the Kaverina laboratory, we provide exciting
insights into the physiological relevance of the microtubule-CLASP-actin interaction. In Chapter 6, | discuss
the overall implications of these results in the broader context of our understanding of microtubule and actin

coordination and implications in the mechanical stability of cytoskeletal networks.
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CHAPTER 2

in vitro reconstitution of microtubule and actin lament interactions

2.1 Introduction

The eukaryotic cell is a complex system with many different components. This complexity creates chal-
lenges in investigating the underlying mechanisms of cytoskeletal function in the cellular context. Over
several decades, researchers have developed techniques to isolate components of the cytoskeleton from the
cell to study in a minimal system. This concept, “bottom-up reconstitution,” has led to major advances in
the cytoskeletal eld (Vale, 2014). Notably, the rst successful usenofitro reconstitution to study the
contraction of actomyosin threads was done in the 1940's, where researchers demonstrated that muscle could
be extracted from the animal and still contract with addition of nucleotide and salt (Szent-Gyorgyi, 1942). In

the same journal publication, actin was rst identi ed as a protein in the muscle stroma involved in muscle
contraction (Szent-Gyorgyi, 1942). These ndings encouraged others fao uieo reconstitution to investi-

gate the dynamic properties of cytoskeletal laments.

The dynamic nature of microtubule and actin laments was rst obsemedtro in the late 20th century.
First, the polymerization of puri ed actin was reconstituiedsitro, where researchers developed an under-
standing for the mechanisms underlying actin polymerization (Kasai et al., 1962; Woodrum et al., 1975).
Shortly after, microtubules were reconstituiedvitro with the use of puri ed tubulin (Weisenberg, 1972)
and further characterized by Mitchison and Kirschner, who discovered that microtubules undergo stochastic
transitions between growth and shrinkage, termed dynamic instability (Mitchison and Kirschner, 1984). With
established actin and microtubufevitro reconstitution methods, scientists continued to advance these tech-
nigues exempli ed by the introduction of puri ed actin binding proteins (ABPs) and microtubule associated

proteins (MAPS) to study their role in the regulation of actin and microtubule dynamics.

In recent years, scientists in the cytoskeleton eld have furthered the complexity of Hiteo reconsti-
tution system to include a protein of interest and several types of cytoskeletal laments, such as microtubules
and actin laments (Preciadodpez et al., 2014; Prezel et al., 2017). Preciadpdz and colleagues pub-
lished anin vitro reconstitution system that includes bundled actin laments and dynamic microtubules to
investigate the ability of an engineered protein, TipAct-GFP, to co-align dynamic microtubule extensions with

bundled actin laments (bpez et al., 2014; Preciad@®pez et al., 2014). Shortly after, Prezel and colleagues
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published a similain vitro reconstitution system with both dynamic microtubules and actin laments (Elie

et al., 2015; Prezel et al., 2017). This system allowed researchers to investigate the role of tau in actin la-
ment bundling and in crosslinking microtubules and actin laments together. The minimal systems used in
these studies were essential for characterizing the direct interactions between these proteins, which would be

dif cult to characterize in cells.

These recent methodological reports were the inspiration and basis for the study of the microtubule-
CLASP-actin system presented in this work. This investigation takes advantagemf/itre reconstitution
technique, speci cally to study the interactions between microtubules, actin laments, and CLASP2. Using
in vitro reconstitution provided a controlled system to study these interactions. We were able to control
the concentrations of puri ed protein and visualize experiments with high-resolution Total internal re ection
uorescence (TIRF) microscopy. Subsequent data was suitable for image analysis using ImageJ (Schindelin
etal., 2012) and MATLAB to investigate colocalization and detailed interactions of the three proteins. In this
chapter, the major components and themes of the primary approach are included, with more speci c detailed

methods at the end of each results chapter.

2.2 Experimental Approach

2.2.1 Protein Puri cation

Multiple methods were used to prepare puri ed proteins for this study. Tubulin and actin are the essen-
tial building blocks for studying the cytoskeleton and were puri ed in a similar fashion. First, tubulin was
extracted from bovine brains and was puri ed through rounds of temperature-dependent microtubule poly-
merization and depolymerization (Castoldi and Popov, 2003). Briey, the brain was pre-clari ed and then
was homogenized in ice-cold depolymerization buffer. Then, the brain homogenate was centrifuged at 4C
to collect the supernatant and discard the pellet containing any remaining brain tissue or debris. Next, nu-
cleotides, glycerol, and high-molarity Piperazine-N,N'-bis(2-ethanesulfonic acid)(PIPES) buffer were added
to the collected supernatant and incubated at 37C to allow for microtubule polymerization. Then, the super-
natant was ultracentrifuged to pellet the polymerized microtubules; the supernatant containing incompetent
tubulin was discarded. Microtubules were then depolymerized in ice-cold depolymerization buffer and ultra-
centrifuged, where the supernatant was collected and the pellet, containing incompetent microtubules, was
discarded. Next, the polymerization step was repeated, where the pellet of microtubules was collected. Fi-
nally, the microtubule pellet was depolymerized again at 4C and then subjected to a nal cold spin. The
supernatant was collected and immediately ash-frozen for long term storage and use in experiments. The

use of the high-molarity buffer assists in excluding contaminating MAPSs, by interrupting MAP interaction
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with microtubules. This improvement removed an ion-exchange chromatography step in the puri cation of

tubulin (Castoldi and Popov, 2003).

As stated above, actin was puri ed in a similar fashion as tubulin, with a round of polymerization and
depolymerization. Here, actin was puri ed in two steps, 1) preparing muscle acetone powder and 2) mus-
cle actin isolation (Pardee and Spudich, 1982). First, muscle acetone powder was prepared by rst mincing
500 grams of ash frozen chicken breast and then subjecting to 10 extraction steps. The muscle residue is
extracted with subsequent stirring in potassium chloride, baking soda, an aminopolycarboylic acid, water,
and acetone. The remaining residue is air-dried overnight and stored at -20C for use. For actin isolation, 5
grams of acetone powder was further extracted in Buffer A, a Tris buffer made for depolymerizing conditions
containing Adenosine triphosphate (ATP), a reducing ageltH), calcium chloride, and azide. Then, the
extraction was ltered through cheesecloth and subjected to centrifugation to remove bulk solids. The super-
natant was collected, and salts and nucleotide were added to induce actin polymerization at 4C. To remove
tropomyosin, solid potassium chloride is added to the supernatant for a high salt wash. After this wash, the
sample is ultracentrifuged to remove incompetent actin in the supernatant and keep the actin laments in the
pellet. Over three days, the actin laments were put under dialysis at 4C with 2-3 Buffer A changes to allow
for complete depolymerization. Finally, the sample was then centrifuged to remove any remaining laments

or oligomers of actin and the supernatant was ash-frozen for storage.

Isolated tubulin and actin were labeled with uorescent dyes for imaging and tubulin was biotinylated
to allow for surface binding to the coverslip. Puri ed tubulin was polymerized and covalently labeled with
biotin, tetramethyl rhodamine, or Alexa 647, and then depolymerized, followed by another round of polymer-
ization and depolymerization to obtain labeled, functional tubulin (Hyman et al., 1991). Puri ed G-actin was
labeled with AlexaFluor 647 in a similar fashion for actin polymerization experiments (Shekhar, 2017). Itis
important to note here that tubulin and actin are polymerized into lament form before covalently labeling,

to ensure the uorescent dye binds to residues not involved in the polymerization activity of tubulin or actin.

Microtubule associated proteins were puri ed using standard biochemical approaches. Full-length @LASP2
with histine, eGFP, and strep tags, was expressed ustfragiperda(Sf9) insect cell system. CLASR2
was puri ed from cell lysates through a HisTrapHP column and then further puri ed through size exclusion
chromatography. The minimal CLASP construct, L-TOG2-S, with His and eGFP tags, was expressed using
anE:coli bacterial system. L-TOG2-S was puri ed from cell lysates through a HisTrapHP column and then

was desalted in a PD-10 desalting column. Proteins were ash frozen into small, single use aliquots for ex-
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periments.

2.2.2 invitro reconstitution of microtubules and actin laments

To study the ability of CLASP to crosslink microtubules and actin laments simultaneousiwy, tro re-
constitution approach was used with puri ed protein components and TIRF microscopy. In brief, this assay
consists of stabilized microtubules, immobilized on the surface with a protein of interest and stabilized actin
laments oating in solution. In other experiments, the actin form was adjusted, where monomeric G-actin
was in solution. The experiment is imaged over time using TIRF microscopy, resulting in a time-lapse movie.
Fluorescently tagged proteins are used to visualize their location. Movies are analyzed using methods de-
scribed below, to measure co-localization and characterize actin lament landing events. Any modi cations

to this experimental design in the results will be speci ed in the corresponding chapters.

Figure 2.1: Schematic diagrams for experimental setup for investigating microtubule-actin interactions as
mediated by CLASP2 using TIRF microscopy
The primary experimental setup for the F-actin landing assay. Taxol stabilized biotinylated microtubules are
bound to the coverslip via NeutrAvidin-biotin linkage, then CLAGP&FP and phalloidin stabilized
F-actin (Chapter 3 and 4) or soluble G-actin (Chapter 5) are added together to measure crosslinking
interactions. For all experiments, dynamics and interactions are limited to the coverslip surface, ideal for
TIRF microscopy described in further sections.

Much of the work presented here usadsitro reconstitution of microtubules and actin laments, specif-
ically the actin lament landing assay, a novel method in the eld that will be described brie y here (Figure
2.1). To increase the amount of positive signal to background noise in our imaging, high-precision coverslips
are cleaned with piranha solution (30/70% (v/v) hydrogen peroxide and sulfuric acid) to remove all organic

material (Gell et al., 2010). Then coverslips were treated with silane to make the glass surface hydrophobic.
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The hydrophobic surface assists with passivation of the glass surface for experiments. Also, the silane treat-
ment further protects the surface from future debris. Coverslips of 18 x 18 and 22 x 22 nm size were cleaned
in this manner. Two coverslips are used to create ow channels for experiments. Assembled on a custom
brass holder, one 22 x 22 mm coverslip is placed in the holder. Then, three narrow strips of para Im, of about
3 mm in width, are placed horizontally, 2-3 mm apart, on the coverslip in an arrangement making two lanes,
termed ow channels. Next, one 18 x 18 mm coverslip is placed on top creating a sandwich, with the para Im
in between the coverslips. A hot, 18 x 18 mm heat block is placed gently on top to melt the para Im and bind
the coverslips together. Due to the size difference in the coverslips, a platform is created for easy addition of

new solutions and ow through the channel.

Once assembled, solutions are own through the channel to passivate the surface. For most experiments,
NeutrAvidin (25 pg/ml) was used to passivate the surface for binding to biotinylated microtubules. Then,
the surface was blocked with Pluronic F127 to decrease non-speci ¢ binding of proteins to the surface. The
channels are washed in between these steps with a microtubule-actin buffer (MRB80; 80 mM PIPES, 4 mM
MgClI2, 1 mM EDTA, pH 6.8). Channels were prepared immediately before experiments and were stored in

humid conditions to avoid channels drying out.

Taxol is a antimitotic agent and is a commonly used drug to treat speci ¢ cancers (Rowinsky et al., 1990).
Taxol functions by changing the structure of the microtubule and stabilizing it (Arnal and Wade, 1995). Here,
Taxol was used to stabilize microtubule templates for investigating F-actin co-alignment. Long, Taxol sta-
bilized microtubules, composed of 16% biotinylated and 5% Cy5 tubulin, were prepared for experiments.
Brie y, 35 uM tubulin was polymerized with GTP and MgCI2 at 35C for 1 hour. Then, microtubules were
ultracentrifuged at 126,000 x g for 5 minutes to remove any remaining tubulin dimers from solution. The
microtubule pellet was resuspended in 50 - 100 pl of MRB80 supplemented with Taxol. Taxol stabilized
microtubules stock was used for up to 5 days. For experiments, microtubules were perfused through the ow
cell to bind to the surface. Channel was then washed with MRB80, once an optimal density of microtubules
was observed. An imaging buffer (40 pg/ml glucose oxidase, 40 mM di-glucose, 18 pg/ml catalase, 0.08
mg/ml casein, 10 mM Dithiothreitol (DTT), and 0.2 mM ATP) was then added to the ow cell in preparation
for imaging. The reagents in the imaging buffer consist of oxygen scavengers to promote a protein-friendly

reducing environment.

Finally, a reaction mix is perfused through the channel. For most experiments, 100 nM CAASFR

and 6.5 pM phalloidin stabilized F-actin was perfused through the channel with simultaneous imaging. In
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brief, F-actin was prepared by rst pre-clarifying G-actin and then was polymerized with the addition of
KCI, MgClI2, and ATP for 1 hour. Then, equimolar amount of Tetramethylrhodamine (TRITC)-Phalloidin
was added to the F-actin mix and incubated for 15 minutes at room temperature. Finally, F-actin was ultra-
centrifuged at 150,000 x g for 10 minutes and resuspended with MRB80, DTT, and ATP. F-actin stock was
used for up to a week. This method can easily be modi ed with different proteins in solution or different
cytoskeletal polymers immobilized on the surface (Figure 2.1). Such modi cations were used in this study,

depending on the experimental question, and are speci ed in the corresponding chapters.

2.2.3 TIRF microscopy

In combination within vitro reconstitution, we use TIRF microscopy to visualize the interactions and dy-
namics of our system. TIRF microscopy is a light microscopy technique that provides the excitation of
uorophores in a very thin region (Fish, 2022; Gell et al., 2010). TIRF relies on the laser beam hitting the
coverslip at a speci c critical angle, where the light is completely re ected from the glass/solution interface
(Figure 2.2). This re ection generates a thin electromagnetic eld, termed the evanescent wave, within the
sample. The depth of the evanescent wave is dependent on the angle of the incident light, wavelength, and its
refractive index difference (Figure 2.2). Typically, the evanescent wave is 100 — 200 nm in depth. The very
thin slice of the imaging plane greatly reduces the number of uorescent proteins excited within the sample
decreasing background signal, hence improving the signal to noise ratio. For our purposes, we immobilize
microtubules to the surface to then measure dynamics occurring within the microtubule plane, excited within

the evanescent wave.

Figure 2.2: Simpli ed optical geometry of the total internal re ection (TIR) generation of the evanescent
wave used in TIRF microscopy.
The intensity of the evanescent elt) (decays exponentially in the z plane, perpendicular to the glass
surface into the solution. This decay has a characteristic ddptiwvkich is the distance at which the
intensity has decreased e-fold. The laser wavelergthtiie incidence angle of the laser liglt)( which is
the critical angle for complete internal re ection, the refractive index of the glags#&nd refractive index
of the solution ;) determine the depth of the evanescent eld generated. To facilitate TIR, the refractive
index of the glass should be greater than that of the solution. Fluorophores within the evanescent eld depth
will be excited and visualized using TIRF microscopy.
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For most of this work, the imaging was performed on a Nikon Eclipse Ti microscope with a 100x/1.49
n.a. TIRF objective, equipped with Andor iXon Ultra EM-CCD camera, 488-nm, 561-nm, and 640-nm solid
state lasers (Nikon Lu-NA), Finger Lakes Instruments HS-625 high-speed emission Iter wheel, and standard
Iter sets. Laser exposure time was 100 ms for all experiments. Experiments were performed at 35C using a
Tokai Hit objective heater. Images were acquired using NIS-Elements (Nikon). Time-lapse lengths of movies
varied between 10 — 60 minutes and frame rates varied between 0.3 — 5 frames per second depending on the

experimental question.

2.3 Image Analysis

Colocalization is a very common analysis method when using uorescence microscopy to compare two u-
orescence distributions to infer whether those particles are associated (Dunn et al., 2011). There are several
statistical measurements to quantify colocalization of images and for this work we used the Pearson correla-
tion coef cient (PCC) value. To measure colocalization of an image, the intensity of one color (Red, R) is
plotted against the intensity of the second color (Green, G). The slope of the distribution re ects how colo-
calized the uorescent probes are. The PCC value is a statistical measure of correlation for two colors and is

represented as,

cce p &I(R_RXG_G)
"3 (R RX&G 69’

2.1)

whereR; andG; refer to the color intensity values of pixglandR andG are the mean intensities from
the entire image. PCC values range between -1 and 1, where 1 represents a perfect correlation, a value of 0
represents no relation, and -1 represents an inverse relationship between the two. We used an ImageJ plugin,
JACOP (Just Another Co-localization Plugin) to measure colocalization of microtubules and F-actin (Bolte
and Cordekres, 2006; Dunn et al., 2011). Colocalization was also measured using the MATLAB correlation
coef cient function. This quanti cation allowed for us to quantify the relationship between microtubules-
CLASP, F-actin-CLASP, and microtubules-F-actin when CLASP?2 is localized along the microtubule lattice
(Chapters 3-4).

2.4 Summary

The use of both biochemica vitro reconstitutions, TIRF microscopy, and quantitative image analysis allows
for the robust study of the direct interactions of microtubules and actin laments together in the presence of
MAPs. Future work will continue to increase the complexity of this minimal system to build up the cell to

elucidate the mechanisms underlying cellular function.
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CHAPTER 3

CLASP2 weakly interacts with actin laments in vitro

Adapted from: Rodgers, N.C., E.J. Lawrence, A.V. Sawant, N. E mova, G. Gonzalez-Vasquez, T.T. Hick-
man, |. Kaverina, and M. Zanic. 2023. CLASP2 facilitates dynamic actin lament organization along the

microtubule lattice. Molec. Biol. Cell. 34(3). doi: 10.1091/mbc.E22-05-0149

3.1 Introduction

3.1.1 CLASPs are a family of MAPs that regulate the microtubule cytoskeleton

Cytoplasmic linker associated proteins (CLASPSs) are a well-studied family of microtubule-associated pro-
teins (MAPSs), that have been implicated in interacting with both microtubules and actin laments (Dogterom
and Koenderink, 2019; Engel et al., 2014; Tsvetkov et al., 2007). CLASPs are known as microtubule stabi-
lizers with essential roles in cell division, cell migration, and neuronal development (Lawrence et al., 2020).
There are two paralogs of CLASP, CLASP1 and CLASP2, that are alternatively spliced resulting in multi-
ple isoforms, which are differentially expressed and may have some isoform-speci ¢ functions (Akhmanova
et al., 2001; Lawrence et al., 202@). vitro studies with puri ed proteins established that CLASPs promote
sustained microtubule growth by suppressing microtubule catastrophe and promoting microtubule rescue
(Aher et al., 2018; Akhmanova et al., 2001; Al-Bassam et al., 2010; Lawrence et al., 2018; Leano et al.,
2013; Maki et al., 2015; Patel et al., 2012). In cells, CLASPs are targeted to growing microtubule plus ends
via a direct interaction with microtubule end-binding EB proteins and can speci cally regulate microtubule
dynamics at the actin-rich cell cortex (Mimori-Kiyosue et al., 2005). Furthermore, CLASPs are involved in
the process of microtubule plus-end capture at the cell cortex through interactions whih &lcdmponent

of the cortical microtubule stabilization complex (Hotta et al., 2010; Lansbergen et al., 2006; Stehbens et al.,
2014). CLASPs' stabilization and anchoring of microtubules is also important for the regulation and dynam-
ics of podosomes, polymerizing actin-based structures, in vascular smooth muscle cells (E mova et al., 2014;
Zhu et al., 2016). All these studies suggest CLASPs' roles in the interplay between the microtubule and actin

networks. However, it remains unclear if CLASPs directly interact with the actin network in these contexts.

3.1.2 CLASPs are implicated to interact with the actin cytoskeleton
A previous study investigating CLASP-actin interaction reported that the two CLASP paralogs, CLASP1

and CLASP?2, colocalize with actin stress bers in primary broblasts and spinal cord neurons (Tsvetkov
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et al., 2007). The authors found that both CLASP paralogs coimmunoprecipitated with actin from broblast
cells and suggested that the TOG1 domain and serine-arginine rich region of ChAS€iktate the F-

actin interaction. Another study, using co-sedimentation experiments with puri ed proteins reported a direct
interaction between F-actin and CLASP2as well as co-sedimentation of G-actin with microtubules in the
presence of CLASR2 (Engel et al., 2014). To our knowledge, these two reports provide the only evidence
of CLASP-actin interaction, leaving open the question of whether CLASP alone is suf cient for crosslinking

of microtubules and actin laments, which may play a role in the organization of stress bers in cells.

3.2 Results

3.2.1 CLASP2 does not co-localize with single actin laments in vitro

To investigate CLASP2 interaction with F-actin, we rst used TIRF microscopy to directly observe colo-
calization of CLASP2a and F-actin in arin vitro reconstitution assay with puri ed proteins (Figure 3.1).
Here, we used stabilized microtubules, as a positive control, to measure colocalization. Microtubules were
stabilized using a slowly hydrolysable GTP analog, guanglylj-methylene diphosphonate (GMPCPP)
(Hyman et al., 1991). As expected, CLASPBcalized along the entire microtubule lattice (Figure 3.1A).
CLASP2 -GFP colocalized with microtubules with a mean PCC value of 0.831 + 0.006 (mean, SEM, N =
24 eld of views) (Figure 3.1B). Phalloidin-stabilized F-actin was then used to probe CLASR&raction.
Surprisingly, under the same conditions, no colocalization of CLASR&h single F-actin was observed
with a mean PCC value of 0.026 + 0.004 (mean, SEM, N = 25 eld of views) (Figure 3.1A-B). In these

conditions, CLASPa does not colocalize with single actin laments.

Figure 3.1: CLASP2 does not co-localize with single actin lamentegitro
A) TIRFM images of CLASP2 (green) co-localization with microtubules (red) and single F-actin (red). The
microtubules and single F-actin intensities are scaled differently for better visualization. ChA&teAasity
is scaled the same. B) The Pearson correlation coef cient (PCC) values for co-localization of CLASP2 on
microtubules (N = 24 eld of views) and single F-actin (N = 25 eld of views) over 2 experimental days
noted by color. Error bars are the SEM. Mann-Whitney t-test: *** §.0001.

24



3.2.2 The minimal CLASP construct, L-TOG2-S, weakly binds F-actin

Previous reports using co-immunoprecipitation from broblast cells implicated a Serine-Arginine rich region
of CLASP2 in its interaction with actin (Tsvetkov et al., 2007). Recently, a minimal CLASP2 construct, L-
TOG2-S, containing a single TOG2 domain and the Serine-Arginine rich region, was reported to recapitulate
CLASP's effect on microtubule dynamics (Aher et al., 2018)(Figure 3.2A). Based on our dif culty measur-
ing colocalization of CLASP2 with F-actin using TIRF microscopy, we alternatively measured the direct
interaction of the L-TOG2-S minimal construct of CLASP2 with F-actin using co-sedimentation experiments
(Figure 3.2B). We measured the fraction of GFP-L-TOG2-S protein pelleting with F-actin over a range of
F-actin concentrations and determined the binding af nity of the L-TOG2-S — F-actin interaction to be 1.1 +
0.6 UM (95% CI) (Figure 3.2C). This result supports that the CLASF®G2 domain with serine-arginine

rich region can bind weakly to phalloidin-stabilized F-actin.

Figure 3.2: Minimal CLASP construct, L-TOG2-S, weakly binds F-actin
A) Schematic of the domain structure of human CLASRd minimal construct, L-TOG2-S. B) Example
SDS-PAGE gel from high-speed co-sedimentation experiments. Red boxes represent L-TOG2-S bands
guanti ed for supernatant and pellet. C) The quanti cation of the fraction of GFP-L-TOG2-S in the pellet as
a function of F-actin concentration Data points of different colors represent measurements from one
experiment. Errors bars are the error propagation (see Methods). Results are t to the equation in panel and
represented by the black line. Experiments performed in triplicate.

3.2.3 CLASP2 preferentially localizes to bundled actin lamentsin vitro

In cells, CLASP2 was observed to colocalize with actin stress bers (Tsvetkov et al., 2007). Therefore, we
hypothesized that CLASP2 may colocalize with bundled actin structungso using TIRF microscopy. To
investigate whether CLASR2interacts with bundled F-actin, we generated bundles using crowding agents,
similar to previously published reports (Figure 3.3) (Preciadpdz et al., 2014). Here, we observed some

colocalization of CLASP2 with bundled actin structures (Figure 3.3A). Interestingly, CLA&RGcaliza-
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tion appeared to be stronger for brighter bundles of actin laments (Figure 3.3B). Drawing an intensity line
scan across a dimmer actin structure and brighter actin structure within the same area, we nd the £LASP2
signal to correlate with the actin signal, only for the brighter actin structure. Therefore, we measured the
PCC for CLASP2 localization on varying intensities of F-actin (Figure 3.3C-D, see Methods). Comparing
the PCC values for low intensity F-actin and bright intensity F-actin in the same eld of view, we observed
a signi cant increase in colocalization for bundled F-actin (Figure 3.3D, mean PCC = 0.025 + 0.003 versus
PCC=0.61+0.03, SEM, N =39 eld of views). CLASBZolocalization with microtubules was measured

in parallel, where we found no signi cant difference between localization of CLASRZmicrotubules as
compared to higher intensity F-actin (Figure 3.3D). Together, these results support that GLASBRRly

interacts with F-actin and may preferentially interact with bundled F-actin.

Figure 3.3: CLASP2 preferentially localizes to bundled actin lamentgitro
A) Example images of CLASRR (green) localization to phalloidin-stabilized methylcellulose bundled
F-actin (red). Bundled F-actin alone image is colored based on intensity. White dashed-box indicates the
zoomed in images in Panel B. B) Example images of CLASP2 (green) localization on methylcellulose
bundled F-actin (red). Dashed white line denotes intensity line scan below images. Plot of F-actin and
CLASP2 intensity along the line. C) CLASP?2 intensity versus F-actin intensity for image in Panel A to
demonstrate PCC calculation. D) Quanti cation of the PCC values for CLASP2 localization on
methylcellulose-bundled F-actin (N = 39 elds of view over 3 experimental days) and microtubules as a
positive control (N = 37 elds of view over 3 experimental days). Different colored data points represent
different experimental days. The PCC is reported for methylcellulose bundled F-actin intensities divided
into low intensity F-actin and bundled intensities (see Methods). Error bars are the SEM. Kruskal-Wallis
test, with multiple comparisons, nsp0.05, **** p < 0.0001.
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3.3 Discussion

CLASP2 has been reported to interact with actin laments previously, even though CLA8B&s not con-

tain a recognized actin binding domain (Engel et al., 2014; Tsvetkov et al., 2007). Due to this discrepancy,
we rst investigated the ability of CLASR2 to directly interact with F-actin. In our experiments, we were
able to determine a relative af nity for the interaction between the minimal CLASP2 construct and F-actin.
The minimal CLASP2 construct (L-TOG2-S) contains the TOG2 domain and portion of the Serine-Arginine
rich region of CLASP2 (Aher et al., 2018). Tsvetkov and colleagues reported that the Serine-Arginine rich
region colocalized with actin stress bers and coimmunoprecipitated with actin (Tsvetkov et al., 2007). Our

result that the minimal CLASP2 construct can bind actin is thus consistent with previously published results.

We determined that the relative af nity for the L-TOG2-S construct with F-actin to be in the micromolar
range, which is relatively weak compared to the nanomolar range af nity of CLASP for microtubules (Patel
etal., 2012). The Serine-Arginine rich region of CLASP2 is highly electrostatic (Al-Bassam et al., 2010; Patel
et al., 2012). This low af nity and electrostatic region may explain the differential localization of CLASP2
to single actin laments versus larger actin structures. Other MAPs and binding partners of CLASPs, EB and
CLIP-170, were reported to weakly interact with F-actin and these interactions were found to be electrostatic
in nature (Alberico et al., 2016; Wu et al., 2021). However weak, these interactions can still occur in the cell
in regions of high actin density, such as the lamella in migrating cells, which has been shown to have actin
concentrations in the hundreds of micromolar (Abraham et al., 1999; Koestler et al., 2009). Thus, proteins
that have weaker interactions with F-actin, such as CLASP, EB, and CLIP-170, could be important when
located near large actin networks or actin bundles. Future work investigating the CLASP domains and the

role of ionic interactions with F-actin will better our understanding of CLASP as an actin binding protein.

3.4 Methods

3.4.1 Protein Puri cation

His-CLASP2Z -EGFP-Strep was expressed in baculovirus-infected Sf9 insect cells and His-EGFP-L-TOG2-
S was expressed in BL21(DE3) E. coli cells, puri ed and stored in CLASP storage buffer (25 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)] (pH 6.8), 150 mM KCI, 5% (v/v) glycerol, 0.1% (v/v) Tween-
20, 50 mM L-glutamate, 50 mM L-arginine, and 1 mM DTT). Tubulin and G-actin puri cation and labeling
are described in Chapter 2. G-actin was stored in general actin buffer (2 mM Tris-HCI pH 8.0, 0.2 mM
ATP, 0.5 mM DTT, 0.1 mM CacCl2, and 1 mM NaN3) (Pardee and Spudich, 1982). Protein concentration
was determined using absorbancé at 280 nM and 290 nM for G-actin. For colocalization experiments,

unlabeled and rhodamine labeled G-actin was purchased from Cytoskeleton, Inc and stored in general actin
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buffer.

3.4.2 Colocalization Experiments

GMPCPP microtubules were prepared by incubating 1 mM GMPCPP with 1 mM MgCI2, 5 uM tubulin,
and MRB80 for about an hour. GMPCPP microtubules were labeled with 20-24% tetramethyl rhodamine.
GMPCPP microtubules were then spun down and resuspended in 100 pL MRB80. Phalloidin-stabilized F-
actin, labeled with 30% tetramethyl rhodamine (Cytoskeleton, Inc), were prepared as described by Preciado-
Lopez and colleagues (Preciadadez et al., 2014). F-actin (2-3 uM) was bundled with 0.5% methylcellulose

for 5 minutes at room temperature. Either GMPCPP microtubules, single F-actin, or bundled F-actin were
added to an anti-rhodamine functionalized chamber and allowed to bind to the surface. Chamber was then
washed with imaging buffer (MRB80, 0.1% methylcellulose, 0.2 mM ATP, 40 pug/mL glucose oxidase, 40
mM glucose, 16 pg/mL catalase, 0.08 mg/mL casein, and 10 mM DTT). Then, 100 nM CIgAGPP in

imaging buffer was added. Experiments were done 2-3 times. 10-15 elds of view were randomly imaged

along the channel for colocalization. 488- and 561-nm lasers were used for colocalization experiments.

3.4.3 Colocalization Image Analysis

ImageJ was used to measure the intensity values of the microtubule or F-actin and CLASP channels. First,
images were cropped to remove out of focus pixels. Then, the background intensity was subtracted using the
50-pixel rolling ball background subtraction plugin. The intensity values were saved, and Pearson correlation
coef cient was calculated using the corrcoef MATLAB function. Single and bundled F-actin were differen-
tiated using intensity. For each image, single laments were cropped out of the eld of view and the mean
lament intensity was measured, along with the standard deviation. Single laments were then de ned as a
range between one standard deviation below the mean and two standard deviations above the mean. Bundled
F-actin were de ned as intensities two standard deviations above the single F-actin mean. Then, the PCC

values were measured for those ranges of F-actin pixel intensities. Plots produced in GraphPad Prism.

3.4.4 High speed co-sedimentation experiments

F-actin was prepared as described in Chapter 2, however with unlabeled phalloidin stabilization. GFP-L-
TOG2-S protein was pre-clari ed by spinning down at 400,000 x g for 10 minutes at 4C. A titration of
F-actin concentrations (0, 0.5, 1, 2.5, 5, and 10 pM) were incubated with 360 nM GFP-L-TOG2-S at 37C
for 15-30 minutes in general actin buffer. Then, samples were ultracentrifuged at 184,000 x g for 20 minutes
at 26C. 50 pL of the top supernatant was collected and 13 pL of 5X SDS Loading Dye was added. The

remaining supernatant was collected and stored as waste. The pellet was resuspended in 63 pL of 1X SDS
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Loading Dye and subsequently stored at -20C. Samples were then prepared for electrophoresis. The pellet
sample was thawed and 15 pl of sample was added to 15 pl of 1X SDS Loading Dye. 30 pl of top supernatant
sample was thawed and then samples were boiled at 95C for 5 minutes, and then loaded onto a 12% SDS-
PAGE gel. Gels were stained with SYPRO Ruby Protein Gel Stain and imaged with a Gel Doc EZ system.

Experiments were performed in triplicate.

3.4.5 Protein Gel Densitometry

Gels were quanti ed using the Gel Analyzer ImageJ plugin. In brief, lane pro le plots were produced using

the rectangular selection tool, lines were drawn to enclose the peaks of interest, and the peak areas were mea-
sured in triplicate. The top band of the GFP-L-TOG2-S protein was measured. The peak area measurements
for the GFP-L-TOG2-S protein were averaged. Then, each supernatant and pellet peak areas were summed
and the peak area of the GFP-L-TOG2-S in the pellet sample was divided by the total amount of protein in the
sample. Then, the fraction of GFP-L-TOG2-S in the pellet was plotted as a function of F-actin concentration

and tto the equation,

Ymax [X]

Ko+ [X] + Yo, (3.1)

y:

using the MATLAB Curve Fitting Tool (MathWorks, Inc.). The ymax, yo, and Km values were calculated
with the 95% con dence interval. The resulting t was plotted with the individual data points in MATLAB.

Error bars on the individual data points are the error propagation.
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CHAPTER 4

CLASP2 directly crosslinks multiple actin laments to the microtubule lattice

Adapted from: Rodgers, N.C., E.J. Lawrence, A.V. Sawant, N. E mova, G. Gonzalez-Vasquez, T.T. Hick-
man, |. Kaverina, and M. Zanic. 2023. CLASP2 facilitates dynamic actin lament organization along the

microtubule lattice. Molec. Biol. Cell. 34(3). doi: 10.1091/mbc.E22-05-0149

4.1 Introduction

Our previous ndings demonstrate that CLASP2an directly interact with actin laments and microtubules,
thus we were interested in determining if CLA®P@ould simultaneously bind both. Since we suspected that
the CLASP2 interaction with F-actin is relatively weak, we were interested in investigating crosslinking
when CLASP2 is concentrated along the entire microtubule lattice. A form of microtubule and actin lament
crosslinking in the cell includes interactions that occur along the microtubule lattice, such as what has been
reported for neuronal MAP tau (Elie et al., 2015). Tau has been shown to be involved with supporting micro-
tubule growth into the lopodia of cortical growth cones (Biswas and Kalil, 2018). Intriguingly, CLASPs are
also implicated in the crosstalk of the microtubule and actin network in neurons (Dogterom and Koenderink,
2019). Speci cally,XenopusCLASP1 depletion in spinal cord neurons resulted in similar defects in micro-
tubule outgrowth into actin-rich growth cones, as was found for tau (Marx et al., 2013). Here, we explored the
crosstalk interactions between microtubules and actin laments that occur when CLASP2 is localized along

the microtubule lattice.

4.2 Results

4.2.1 Human CLASP2 directly crosslinks actin laments to microtubules

To investigate CLASP&'s ability to directly crosslink microtubules and actin, we bound Alexa-647-labeled,
Taxol-stabilized microtubules to the surface of a coverslip. Next, we added 6.5 pM TRITC-phalloidin-
stabilized F-actin in the absence (Figure 4.1A, top) or presence (Figure 4.1A, middle) of 100 nM puri ed
CLASP2-GFP to the ow-cell. As expected, we observed speci c CLAGPGFP localization along the
microtubule lattice (Figure 4.1A, middle). We quanti ed the correlation between the CLASER2P and
microtubule signals after 10 minutes of incubation using the PCC and measured a high degree of correlation
(PCC =0.88 £ 0.06, SD, N =9 elds of view (FOV) over 3 independent experimental days) (Figure 4.1B).
The investigation of TRITC-phalloidin-F-actin showed that F-actin robustly co-localized with microtubules

in the presence of CLASR2GFP (PCC = 0.86 + 0.05, SD, N = 9 FOVs over 3 independent experimental
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days) (Figure 4.1A,C). No signi cant colocalization between microtubules and F-actin was observed in the
absence of CLASR2 (PCC = 0.022 = 0.001, SD, N = 9 FOVs over 3 independent experimental days) (Fig-
ure 4.1A,C). Furthermore, we con rmed that the co-localization of F-actin with microtubules did not depend
on stabilization of F-actin using phalloidin, as F-actin also localized to CLASP2-coated microtubules in the
absence of phalloidin (Figure 4.2). Taken together, we conclude that CLaABIPEctly crosslinks F-actin to

microtubules.

Figure 4.1: Human CLASRRdirectly crosslinks actin laments to microtubules.

A) Representative images of Taxol-stabilized microtubules incubated for 10 minutes with storage buffer, 100
nM CLASP2a-GFP, or 100 nM GFP-L-TOG2-S and 6.5 uM TRITC-Phalloidin F-actin. B) Quanti cation

of co-localization between either CLAS®R2r L-TOG2-S with microtubules using the Pearson correlation

coef cient (PCC). C) Quanti cation of co-localization between actin laments and microtubules, using the
PCC. Small data points are individual PCC measurements and large data points are the mean PCC for three
independent experimental days, represented by color. Error bars are the standard deviation. Kruskal-Wallis

test multiple comparisons, ** g 0.01 and *** p< 0.001. Comparisons between CLASZPand
L-TOG2-S are ns, p 0.05.
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Since we were able to determine the relative binding af nity of the minimal CLASP2 construct and F-
actin, we wondered whether this CLASP2 construct is also suf cient to crosslink microtubules and F-actin.
We used the same TIRF-based approach to investigate TRITC-phalloidin-F-actin localization on microtubules
in the presence of puri ed 100 nM GFP-L-TOG2-S. As expected, GFP-L-TOG2-S showed strong localization
to microtubules (PCC =0.87 + 0.04, SD, N =9 FOVs over 3 independent experimental days) (Figure 4.1A,B).
Furthermore, we found that F-actin also robustly colocalized with microtubules in the presence of GFP-L-
TOG2-S (PCC = 0.88 + 0.04, SD, N = 9 FOVs over 3 independent experimental days) (Figure 4.1A,C).
Taken together, these results demonstrate that, despite the relatively weak direct interaction with F-actin,
the minimal CLASP2 construct containing a single TOG2 domain and the Serine-Arginine rich region is

suf cient to crosslink F-actin to microtubules.

Figure 4.2: Accumulation of multiple actin laments on microtubules is not dependent on TRITC-phalloidin
stabilization.
Example TIRF time-lapse images of 1 uM phalloidin-stabilized F-actin and 1 uM F-actin (20%
Alexa647-labeled) localizing along CLASBZo0ated microtubules.

4.2.2 CLASP2 mediates sequential binding of actin laments along the microtubule lattice

To further investigate how actin laments interact with microtubules in the presence of CLaASR2imaged
TRITC-phalloidin-F-actin on microtubules over time for up to 40 minutes. We observed the initial landing of
actin laments within two minutes (Figure 4.3A). Notably, the F-actin signal continued to increase over time,
reaching saturation within the duration of the experiment (Figure 4.3B). A closer inspection of the increasing
TRITC-phalloidin-F-actin intensity on individual microtubules revealed step-like increases in uorescence
intensity on a region of microtubule lattice (Figure 4.3C), suggesting sequential binding of actin laments.
Using a stepping analysis (Bronson et al., 2009), we measured the accumulation of F-actin within a 3-pixel-
wide (480 nm) microtubule segment over a period of 40 minutes. The mean number of landing events was
18 + 0.6 (SD, N =91, 99, and 54 microtubule lattice segments analyzed on three experimental days), with up

to 11 sequential F-actin landing events occurring on a single microtubule segment (Figure 4.3D).
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