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ABSTRACT OF THE DISSERTATION

Microtubule binding by the formin Cappuccino and its
implications for Drosophila oogenesis

by

Elizabeth Anne Roth-Johnson

Doctor of Philosophy in Molecular Biology

University of California, Los Angeles, 2014
Professor Margot E. Quinlan, Chair

Coordination of actin and microtubule cytoskeletal networks is required for a number of
fundamental cellular processes. Formin family actin nucleators are emerging coordinators
of the actin and microtubule cytoskeletons, as they can both nucleate actin filaments and
bind microtubules in vitro. To gain a more detailed mechanistic understanding of formin-
microtubule interactions and formin-mediated actin-microtubule crosstalk, we studied micro-
tubule binding by Cappuccino (Capu), a formin involved in regulating actin and microtubule
organization during Drosophila oogenesis. We report that two distinct domains within Capu,
FH2 and tail, work together to promote high-affinity microtubule binding. Microtubules po-
tently inhibit Capu’s actin nucleation activity but have little effect on Capu once bound to
the barbed end of an elongating actin filament, supporting a model in which Capu does not
simultaneously bind microtubules and assemble actin in vivo. After characterizing Capu-
microtubule binding in wvitro, we examined the localization of Capu and microtubules in S2
cells. We did not observe any obvious colocalization and conclude that S2 cells are not an
ideal system for visualizing in vivo formin-microtubule interactions. To better understand
Capu’s mechanisms of action during oogenesis, we then systematically characterized several
classical capu alleles. While all of these capu mutants exhibit severe developmental defects,
they variably affect Capu’s actin assembly activity in vitro. Together with our microtubule
binding data, this indicates that Capu’s physiological role extends beyond its ability to nu-

cleate actin filaments. We therefore performed tandem affinity purification experiments to
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identify novel Capu binding partners and gain additional insight into Capu’s role during
oogenesis. We report several candidate binding partners involved in such diverse cellular
processes as mitochondrial fission, endocytosis, and nuclear import. Though preliminary,
these results suggest that Capu has additional uncharacterized functions in development;
further investigation may help us uncover the physiological role of Capu-microtubule binding.
Ultimately, our findings expand our understanding of Capu’s role in Drosophila oogenesis
and provide mechanistic insight into formins as coordinators of the actin and microtubule

cytoskeletons.
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CHAPTER 1

Introduction

1.1 The formin family of actin nucleators

Cytoskeletal networks formed by actin filaments are essential for a wide range of cellular
processes from cell motility to morphogenesis. In order to carefully control the spatiotem-
poral organization and molecular architecture of these actin networks, cells have developed
a host of actin regulatory proteins. One such family of regulatory proteins, the formin
actin nucleators, initiates assembly of new actin filaments from cellular pools of monomeric
actin. These nucleators build linear, unbranched actin filaments to assemble such cellular
structures as filopodia [1, 2|, contractile rings [3, 4], and actin stress fibers [5, 6, 7]. The
metazoan formins are organized into seven distinct groups based on phylogenetic analysis
(Fig. 1.1A) [8]. Here, we will focus on the Drosophila formin Cappuccino (Capu), which
belongs to the FMN group of formins and is one of six formins encoded by the Drosophila

melanogaster genome [8, 9.

Formins are broadly characterized by their C-terminal formin homology 1 and 2 domains
(FH1 and FH2; Fig. 1.1B) [8, 10]. These domains form the core actin nucleating machinery
of formin proteins (Fig. 1.1C). The flexible, proline-rich FH1 domain binds profilin-actin to
facilitate delivery of actin monomers to the FH2 domain [11]. The FH2 domain forms a
flexibly tethered, antiparallel dimer that is thought to stabilize a dimer or trimer of actin
monomers to promote filament nucleation [12, 13]. Once a filament has formed, the FH2
domain remains processively associated with the actin barbed end as it elongates [14, 15, 13].
Association with the barbed end protects the filament from capping protein [16, 17] and

increases the rate of filament elongation in the presence of profilin-actin [18; 19, 11, 20].
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Figure 1.1 — Characteristics of formin family actin nucleators. (A) Fifteen mammalian
formin isoforms represent the seven metazoan formin groups: Dia, Diaphanous; DAAM, disheveled-
associated activator of morphogenesis; FMNL, formin-like; INF, inverted formin; FHOD, FH2-
domain containing; FMN, formin; Delphilin. The Drosophila formin Capu belongs to the FMN
group highlighted in red. The phylogenetic tree is adapted from Breitsprecher & Goode [9]. (B)
Domain organization of Capu as a representative formin: CID, Capu inhibitory domain; FHI,
formin homology 1; FH2, formin homology 2; T, tail. (C) General mechanism of formin-mediated
actin assembly: (i) formins exist in an inactive, autoinhibited state; (ii) when autoinhibition is
relieved, formins nucleate new actin filaments and (iii) remain processively attached to the growing
actin barbed end.

Although the N-terminal half of formins is more variable than the highly conserved
formin homology domains, it appears to play a common role in regulating formin activity. In
diaphanous-related formins (Dia, DAAM, FMNL, and FHOD), an intramolecular interaction
between an N-terminal diaphanous autoregulatory domain and a C-terminal diaphanous
inhibitory domain potently inhibits actin assembly [21, 22, 23, 24| and can also control
cellular localization of some formins [25, 26]. Although Capu and other members of the
FMN group do not contain these canonical autoregulatory domains, it was recently shown
that Capu is indeed autoinhibited through an interaction between its N-terminal Cappuccino

inhibitory domain (Fig. 1.1, B and C) and its short C-terminal tail domain [20].

Perhaps the most curious feature of formins is the variable C-terminal tail domain
(Fig. 1.1B). Except for the short autoregulatory domains contained within this region, the
tail domain lacks clear sequence conservation among the formin groups and varies widely in
both size and charge. For example, Capu’s tail is extremely short (31 residues) and highly
charged with a theoretical pI of 11.7 [27], while human INF2 has a much longer tail (309

residues) with a theoretical pl of only 4.8 [28]. Previous studies demonstrated that the



tail domain is important for robust actin nucleation activity of Capu, Dial, and FMNL3
29, 30, 31]. Capu and its mammalian homologues interact synergistically with the WH2
nucleator Spire (Spir) through the C-terminal tail domain [30, 32]. INF2, and to a lesser ex-
tent FMNL3, can also sever actin filaments via their C-terminal tails [33, 31]. Such variation
likely contributes to formin diversity by fine tuning actin assembly activity and conferring

additional specialized functions based on the distinct physiological roles of each formin.

1.2 Formins as potential coordinators of actin and microtubules

Over the past fifteen years, formins have emerged as coordinators of the actin and micro-
tubule cytoskeletons. Before the mechanistic role of formins as actin nucleators had been
discovered, genetic studies in yeast implicated formins as regulators of both actin and mi-
crotubules [34, 35, 36]. Lee et al. demonstrated early on that the formin Bnilp is required
for mitotic spindle positioning in budding yeast, possibly mediating interactions between
cytoplasmic microtubules and the cell cortex [35]. A complementary study in fission yeast
showed that Cdcl2p travels along microtubules to establish the contractile actomyosin ring
required for cytokinesis [36]. Shortly thereafter, the mammalian formins mDial and Fmn2
were shown, respectively, to colocalize with the mitotic spindle in HeLa cells [37] and to play
a role in asymmetric spindle positioning in mouse oocytes [38, 39], establishing a conserved

role for formins in coordinating cytoskeletal organization during cell division.

Early studies of mammalian formins also revealed striking, formin-mediated rearrange-
ments of actin and microtubules during interphase [5, 40, 6]. Ishizaki et al. were the first
to demonstrate that a constitutively active form of mDial can induce cell elongation, actin
stress fiber formation, and actin-microtubule alignment in cultured HeLa cells [5]. Mutating
three conserved lysine residues within the FH2 domain abolishes these phenotypes [5], and
intact FH1 and FH2 domains are required to induce cell elongation and actin-microtubule
alignment [6]. In addition to these cytoskeletal rearrangements, Palazzo et al. showed that
mDia2 can induce stable populations of posttranslationally detyrosinated microtubules [40].

This was the first of many studies demonstrating a role for formins in mediating the stability
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and posttranslational state of microtubules [41, 42, 43, 44, 45, 46].

Once the biochemical activity of formins as actin nucleating proteins was established [14],
it became more apparent how formins could induce such striking changes in actin network
architecture. It remained unclear, however, how formins could regulate microtubule organi-
zation and stability. Palazzo et al. were the first to show that, in addition to colocalizing
with microtubules in vivo, mDia2 directly binds microtubules in vitro [40]. This was later
shown for several other formins, including mDial, hINF2, Fmn2, and Capu [47, 28]. In fact,
all formins tested to date can directly bind microtubules in vitro [28, 10]. Some formins,
including Capu and hINF2, can bundle microtubules and crosslink microtubules to actin fil-
aments [48, 47, 28]. mDia2 and hINF2 can also stabilize microtubules against cold-induced

depolymerization in vitro [43, 28].

In addition to directly associating with microtubules, several formins interact with regu-
latory proteins that target microtubule plus ends. Diaphanous formins can bind directly to
cytoplasmic linker protein 170 (CLIP-170) and end binding protein 1 (EB1), which bind and
stabilize the growing plus ends of microtubules [49, 41, 50]. EBI also acts as a molecular
scaffold for other microtubule associated proteins including the mDial nucleation-promoting
factor adenomatous polyposis coli (APC) [50, 51, 52]. Wen et al. demonstrated that EB1
stabilizes microtubules downstream of mDia and colocalizes with mDia and APC at the
ends of stable, detyrosinated microtubules in TC-7 kidney cells [41]. Similar studies also
found that Diaphanous formins participate in microtubule stabilization signaling pathways
upstream of glycogen synthase kinase 3, which regulates APC recruitment to microtubule

plus ends [42, 53].

Such a variety of binding partners and regulatory effects on microtubules likely reflects
the range of physiological roles formins play in coordinating actin and microtubules. Already,
formins have been implicated as cytoskeletal coordinators in such diverse cellular processes as
focal adhesion turnover [54], centrosome reorientation [55, 45, 56, 57], acentric meiotic spindle
positioning [38, 39], cell spreading [58], and cortical capture of microtubule plus ends [53, 59].
However, our mechanistic understanding of these formin-mediated processes is still extremely

limited. The field currently lacks formin mutations that can be used as tools to selectively
4



disrupt microtubule interactions in vivo. As a result, important biological questions have yet
to be answered. For example, it is still unknown whether particular physiological processes
require direct formin-microtubule binding versus indirect interactions through microtubule
associated proteins. And although it seems reasonable to assume that formins would use
their actin assembly activity to regulate microtubules, it is still unclear whether formins
directly coordinate actin and microtubules or instead regulate these cytoskeletal networks

independently.

A few key biochemical studies have begun to shed light on formin-microtubule inter-
actions. The first study to measure formin-microtubule binding affinity showed that an
FH1/FH2 construct of mDia2 (residues 521-1040) binds the sides of microtubules with 6 M
affinity [43]. They also found that mDia2 actin nucleation activity and FH2 dimerization
are not required for in vitro microtubule binding or in vivo microtubule stabilization. Sub-
sequent studies have corroborated this finding, showing that actin nucleation activity is not
required for mDia3 to mediate microtubule attachment to kinetochores [60] or for mDial
to mediate cortical microtubule capture [59]. Most recently, Gaillard et al. conducted an
in-depth, side-by-side analysis of three formins (mDial, mDia2, and hINF2) and found strik-
ing differences among their interactions with microtubules [28]. All three formins can bind
microtubules through their core FH1/FH2 domains, but their C-terminal tail domains have
variable effects: the tail is required for robust mDia2-microtubule binding but is dispensable
for binding by either mDial or hINF2. Of the three formins, only hINF2 can readily bundle
microtubules, and only mDia2 is potently inhibited by microtubules in bulk actin assembly

assays.

Given the diversity of formin function in vivo, it is not surprising that microtubule bind-
ing would vary mechanistically across formins. In addition to the differences observed by
Gaillard et al., unique microtubule binding sites have been identified in the C-terminus of
INF1 [44] and a unique N-terminal exon of Fmn2 isoform Ib [61]. These sites are sufficient
to bind microtubules in vitro and to colocalize with microtubules in vivo, yet similar regions
do not appear to exist in other formins. Together, these findings suggest that formins may

have unique modes of microtubule binding; however, given the limited number of biochem-
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ical studies and focus on only a handful of formins, it is still too early to draw any clear
conclusions about the molecular mechanisms of formin-microtubule binding. Therefore, to
further improve our biochemical understanding of formin-microtubule interactions, we set

out to characterize microtubule binding by the Drosophila FMN group formin, Capu.

1.3 Capu’s role in Drosophila oogenesis

Capu was first discovered in screens for maternal effect genes important for oocyte polarity in
Drosophila [62, 63]. During development, Capu is required for establishing both the antero-
posterior and dorsoventral axes of the oocyte. This is accomplished through localization of
polarity determinants such as bicoid (bic), gurken (grk) and oskar (osk) mRNAs (for review
see Kugler & Lasko [64]). Localization of osk to the oocyte posterior is lost in capu mutants
[65], which disrupts anteroposterior patterning and assembly of the pole plasm, a special-
ized cytoplasm containing maternal mRNAs and proteins essential for germline development
(66, 67]. capu mutants also partially disrupt grk localization to the anterior margin, which is
required for proper dorsoventral patterning [68]. As a result of osk and grk mislocalization,

loss of Capu leads to severe polarity defects and female sterility [62].

Once Capu’s molecular role as an actin nucleator was established, investigators began
identifying Capu-dependent actin structures in the oocyte. Two such structures have been
characterized to date: a cytoplasmic mesh (Fig. 1.2B) [69] and a collection of posterior actin
projections (Fig. 1.2C) [70].

The first Capu-dependent actin structure discovered in the Drosophila oocyte is a cy-
toplasmic actin mesh present throughout mid-oogenesis (Fig. 1.3A). Capu works together
with Spir to build this mesh [69, 32]. The kinase inactive domain (KIND) of Spir binds
directly to the tail domain of Capu [32, 30] and can inhibit Capu’s actin nucleation activity
in vitro [47]. However, a larger Spir construct comprising both the KIND and WH2 actin
nucleation domains can interact with Capu to form a functional nucleation complex [30].
Recent experiments in the Drosophila oocyte have revealed that construction of the cyto-

plasmic actin mesh requires both the Capu-Spir interaction and Capu’s own actin nucleation
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Figure 1.2 — Role of Capu and Spir in Drosophila oogenesis. (A) Model of synergistic
actin assembly by Capu and Spir. (i) On its own, Capu is expected to be autoinhibited. Spir may
be a monomer or a dimer. (i) Spir and Capu interact to form a functional nucleation complex.
Spir-KIND binding to Capu’s tail domain relieves autoinhibition. (iii) Spir binds actin monomers
to form a “pre-nucleation” complex. With Spir bound, Capu cannot nucleate or elongate actin
filaments. (iv) Capu dissociates from Spir and processes along the growing barbed end of the new
actin filament. Spir may or may not remain bound to the pointed end of the filament. (B) Capu
and Spir build a cytoplasmic actin mesh during mid-oogenesis. The mesh is thought to prevent
cytoplasmic streaming to facilitate localization of polarity factors such as bic, grk, and osk mRNA.
(C) Starting around stage 10, Capu and Spir build posterior actin projections in response to osk
localization. These projections are thought to play a role in pole plasm assembly and anchoring.



activity. From these genetic observations and biochemical data, it has been proposed that
Capu and Spir form a synergistic nucleation complex that must also separate to function
properly in vivo [32]. In this model (Fig. 1.2A), Spir and Capu bind actin to form a transient
pre-nucleation complex; Spir is then released from the complex, while Capu remains proces-
sively attached to the barbed end where it can act as an elongation factor, accelerating the

growth of the filament [20] and protecting it from being capped [30].

In wildtype oocytes, the cytoplasmic actin mesh disappears around stage 10b of devel-
opment [69]. Disappearance of the mesh coincides with dramatic changes in microtubule
organization and cytoplasmic fluid dynamics (Fig. 1.3, A and B). Throughout mid-oogenesis
when the actin mesh is present, microtubules form a biased random network [71] and the
cytoplasm exhibits slow, uncoordinated movements often referred to as “slow streaming”
or “seething” [72]. After stage 10b when the actin mesh has disappeared, microtubules
form more ordered cortical arrays and fast, coordinated movement of the cytoplasm begins
(72, 69]. This “cytoplasmic streaming” is driven by kinesin movement along microtubules
and is approximately ten times faster than the slow streaming observed throughout mid-
oogenesis [73, 74]. In capu and spir loss-of-function mutants, the actin mesh is not detected
and cytoplasmic streaming occurs prematurely [69]. Because osk mRNA does not localize
properly in capu mutants [65], it is thought that premature cytoplasmic streaming disrupts
osk transport during mid-oogenesis. Our current model proposes that Capu and Spir build
the cytoplasmic mesh to regulate the timing of streaming and ensure the proper localization

of polarity factors.

The second Capu-dependent actin structure discovered in the Drosophila oocyte is a
collection of long (2.5 pm) posterior actin projections that form in response to osk localization
(Fig. 1.2C) [75, 70]. Beginning around stage 10 of oogenesis, these actin projections appear
to emanate from the posterior cortex and are rarely observed along the lateral cortex [75].
Anterior misexpression of osk induces ectopic actin projections at the anterior cortex [76].
Formation of the actin projections requires both Capu and Spir [70], suggesting that they
may be assembled through a similar molecular mechanism as the cytoplasmic actin mesh.

Although the precise physiological role of these actin projections is still unclear, they have
8
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Figure 1.3 — Cytoskeletal organization during Drosophila oogenesis. (A) During mid-
oogenesis (stages 7-10a), a cytoplasmic actin mesh traverses the oocyte and microtubules form
a biased random network. (B) From stage 10b onward, the cytoplasmic actin mesh is absent,
while cortical actin remains present and microtubules form loose cortical arrays. These dramatic
cytoskeletal rearrangements coincide with the onset of the fast, coordinated movement of the cy-
toplasm known as cytoplasmic streaming. Figure adapted from Serbus et al. [74].

been proposed to play a role in anchoring osk mRNA and other pole plasm components to
the posterior cortex [75, 77]. Intriguingly, both pole plasm assembly and formation of the
actin projections are closely tied to endocytosis, which is locally upregulated at the oocyte
posterior in response to osk localization [75]. Loss of Rabenosyn-5, which functions in early
endosome transport, disrupts pole plasm assembly and causes the posterior actin projections
to aggregate and diffuse away from the cortex [76]. Once the pole plasm is established, its
maintenance and anchoring require Mon2, which is thought to regulate vesicular trafficking
between the Golgi and endosomes [70, 78]. Mon2 is also required for the formation of
the posterior actin projections and co-immunoprecipitates with Capu and Spir from S2 cell
lysates [70]. Based on these observations, it has been hypothesized that specialized endocytic
vesicles instruct Mon2 to regulate Capu and Spir activity to assemble the actin projections,

which in turn play a role in anchoring the pole plasm to the posterior cortex [70].

1.4 Overview of the dissertation

This dissertation focuses on characterizing the interaction between Capu and microtubules

in order to gain a more complete understanding of formin-microtubule binding and of
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Capu’s role in Drosophila oogenesis. By studying the molecular mechanisms of the Capu-
microtubule interaction, we aim to identify mutations that selectively disrupt microtubule
binding. Such mutations would be important tools for studying Capu’s function in the
oocyte and would elucidate the broader role of formins as coordinators of the actin and
microtubule cytoskeletons. By studying classical capu mutations and identifying novel Capu
binding partners, we aim to refine our understanding of how Capu assembles the cytoplas-
mic actin mesh and posterior actin projections during oogenesis. Moreover, Manseau et al.
showed that strong capu alleles exhibit cytokinesis defects early in development, suggesting
there are additional uncharacterized roles for Capu in the oocyte [65]. Our multifaceted
approach should provide much needed insight into Capu’s role in development as well as

broader mechanisms of formin function.

In Chapter 2, we study in wvitro microtubule binding by Capu with the aim of gaining
a more detailed mechanistic understanding of formin-microtubule interactions and formin-
mediated actin-microtubule crosstalk. We report that two distinct domains within Capu,
FH2 and tail, work together to promote high-affinity microtubule binding. The tail domain
appears to bind microtubules through non-specific charge-based interactions. In contrast,
distinct residues within the FH2 domain are important for microtubule binding. Here we
also report the first visualization of a formin polymerizing actin filaments in the presence
of microtubules. Interestingly, microtubules are potent inhibitors of Capu’s actin nucleation
activity but appear to have little effect on Capu once it is bound to the barbed end of an
elongating filament. This finding fits well with other studies suggesting that actin assembly

and microtubule binding are mutually exclusive activities of formins [43, 79, 60, 59].

In Chapter 3, we examine the localization of Capu and microtubules in S2 cells. Al-
though Capu does not appear to colocalize with microtubules in the Drosophila oocyte,
clear formin-microtubule colocalization has been observed in mammalian tissue culture ex-
periments [44, 61]. We report that Capu does not colocalize with microtubules in S2 cells
during interphase or during cell division. Treating cells with an actin depolymerizing drug
does not promote Capu-microtubule colocalization. Even mDia2, which associates with and
stabilizes microtubules in mammalian cells [43, 79], does not colocalize with microtubules
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in S2 cells. We therefore conclude that S2 cells are not an ideal system for examining

formin-microtubule colocalization.

In Chapter 4, we present a systematic in vivo and in vitro characterization of seven clas-
sical capu alleles. Although many genetic capu mutants have been reported in the literature,
their biochemical activities have not been studied extensively. We report that all identified
missense mutations appear within Capu’s FH2 domain. These mutations result in premature
cytoplasmic streaming and a compromised cytoplasmic actin mesh, but variably affect actin
nucleation activity in vitro. Surprisingly, several of the mutations alter microtubule binding
density but do not substantially decrease microtubule binding affinity. Further characteriza-
tion of these mutants will be necessary to fully explain these results. However, our findings
suggest that the Capu mutants, despite falling within the FH2 domain, affect Capu through
different mechanisms and that the in vitro nucleation activity of Capu does not correspond
directly to its in vivo activity. Finally, we report the first characterization of a novel “loop”
insert within the lasso region of Capu’s FH2 domain. This insert is unique to Capu and does
not appear to be important for actin assembly or microtubule binding. Future work in the

Drosophila oocyte will determine the physiological relevance of this newly identified region.

In Chapter 5, we perform a tandem affinity purification experiment to elucidate Capu’s
roles and regulation during development. We identify several candidate Capu binding part-
ners involved in such diverse cellular processes as mitochondrial fission, endocytosis, and
nuclear import. Though preliminary, these results suggest that Capu plays additional roles
in oogenesis beyond building the cytoplasmic actin mesh and posterior actin projections. We
also report putative phosphorylation sites and regulatory kinases. Future work confirming
and characterizing these findings will provide valuable insight into Capu’s role during devel-

opment and may shed light on the physiological relevance of Capu-microtubule binding.

11



CHAPTER 2

In vitro analysis of Capu-microtubule binding

Coordination of actin and microtubule cytoskeletal networks is required for a diverse set of
cellular processes, from cell motility and morphogenesis to intracellular transport and nuclear
migration [80, 81]. Recently, formin family actin nucleators have emerged as coordinators
of the actin and microtubule cytoskeletons. In addition to nucleating actin filaments, all

formins tested to date directly bind microtubules in vitro [10, 28].

Although actin polymerization by formins has been well characterized, how formins co-
ordinate actin and microtubule networks remains an open question. In fact, only three
formins (mDial, mDia2, hINF2) representing just two of the fifteen metazoan formin groups
have been characterized in any biochemical detail [28], and experimental data for formin-
microtubule binding varies widely across the few formins studied. Several in vitro experi-
ments suggest that actin and microtubules directly compete for formin binding: for example,
microtubules potently inhibit actin polymerization by mDia2, while actin monomers com-
pete with microtubules for binding to hINF2 [28]. In contrast, other findings support a
role for formins in the coordination of actin and microtubule networks: overexpression of
mDial or FHOD1 aligns actin and microtubule networks in cells [5, 6], and hINF2 and Capu
can crosslink actin and microtubules in vitro [28, 48]. While this variety likely reflects the
specialized cellular roles of distinct formins, it is unclear if conserved microtubule binding
mechanisms exist or if this functional diversity stems from fundamental differences in formin-
microtubule interactions. Addressing this question will require careful biochemical analysis

of microtubule binding by a variety of formins representing the many formin groups.

To further improve our mechanistic understanding of formin-microtubule interactions

and formin-mediated actin-microtubule crosstalk, we studied microtubule binding by the
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Drosophila formin Capu. Capu belongs to the FMN group of formin nucleators and has two
conserved mammalian homologs, Fmnl and Fmn2 [8]. All three proteins are involved in
cytoskeletal regulation during key stages of development. Capu is required for establishing
the major body axes of the developing Drosophila oocyte, and loss of Capu leads to severe
polarity defects and female sterility [62]. Similarly, Fmnl and Fmn2 have been implicated in
a variety of developmental processes including limb patterning and oocyte spindle positioning
(82, 83, 84]. Although these proteins all bind microtubules in wvitro [47, 61], little else is
known about how FMN group formins interact with microtubules and coordinate the actin
and microtubule cytoskeletons. The absence of comprehensive mechanistic data for these
and other formins has made it difficult to study the physiological relevance of such formin-

microtubule interactions.

In this study, we have characterized Capu-microtubule binding in detail and examined
the relationship between Capu’s microtubule binding and actin assembly activities. We re-
port that Capu binds microtubules with high affinity, suggesting that this is a physiologically
relevant interaction. Binding requires distinct residues within the FH2 domain as well as
non-specific charge-based interactions with Capu’s C-terminal tail domain. Additionally, we
found that Capu does not bind microtubules and assemble new actin filaments simultane-
ously. Specifically, microtubules are potent inhibitors of Capu’s actin nucleation activity
both in the absence and presence of profilin, but cannot effectively compete for binding to
Capu that is already bound to the barbed end of an elongating actin filament. This study
provides new mechanistic information about formin-microtubule binding and represents the
first detailed biochemical study of microtubule binding by a FMN group formin. Together
with biochemical studies of other formins, our findings offer insight into the physiological
relevance of the formin-microtubule interaction and will help create necessary tools for future

in vivo work.
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Figure 2.1 — High-affinity microtubule binding requires FH2 and tail. (A) Schematics
of Capu (1059 aa) and the constructs used in this study. CID, Capu inhibitory domain (orange);
FHI, formin homology 1 (purple); FH2, formin homology 2 (blue); T, tail (red); GST, glutathione-
S-transferase (green). (B) Binding of CapuCT, CapuCTAtail, GST-tail, and GST control to taxol-
stabilized microtubules at 50 mM KCI. Total tubulin concentration is 0.5 yM in all binding assays.
CapuCT (C) and GST-tail (D) binding to intact microtubules at 50 mM KCI (solid circles, solid
line) or 100 mM KCI (open cirlces, dashed line) and to subtilisin-treated microtubules (sMT) at 50
mM KCI (solid squares, solid line) or 100 mM KCI (open squares, dashed line).
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Table 2.1 — Fit parameters for all microtubule binding curves. The free energy of binding
(A,G) is expressed with units kJ/mol and the binding site size (n) is expressed as the number of
a/f-tubulin dimers per binding site. Error bars for A, G and n represent one standard deviation.
The most probable dissociation constant (K ;) values are reported in units of uM and calculated
from A,G at 25°C (see Section 7.3 for additional information). Experiments performed with high
salt conditions (100 mM KCIl) and/or subtilisin-treated microtubules (sMT') are indicated; all other
binding curves were measured at 50 mM KCI with untreated microtubules.

Binding Experiment A,G (kJ/mol) Kgq (pM) n (a/B dimers)
CapuCT 5.21 £ 0.16 0.12 1.44 £ 0.01
CapuCT + 100 mM KCl 0.55 £ 0.20 0.80 1.67 + 0.04
CapuCT + sMT 1.47 £ 0.46 0.55 1.89 + 0.09
CapuCT + sMT + 100 mM KC1 —5.67 £ 0.33 9.8 2.30 £ 0.31
GST-tail —0.26 + 0.14 1.1 0.83 + 0.01
GST-tail + 100 mM KCl —5.37 £ 0.15 8.7 1.40 £ 0.07
GST-tail + sMT —3.55 £ 0.40 4.2 1.43 £ 0.11
GST-tail + sMT + 100 mM KCI —4.58 + 0.29 6.4 2.94 £ 0.16
CapuCT-Scr 6.31 + 0.58 0.08 1.40 £ 0.04
CapuCT-L1048A 5.56 £ 0.10 0.11 1.35 £ 0.01
CapuCT-I706A 4.71 £ 0.25 0.15 1.41 £ 0.02
CapuCT-D854N 5.66 £ 0.29 0.10 1.44 £ 0.02
CapuCT-K858A 4.01 £ 0.17 0.20 1.20 £+ 0.01
CapuCT-K856A 3.33 £0.11 0.26 0.83 £ 0.01

2.1 Microtubule binding by Capu

We used high-speed taxol-microtubule pelleting assays to measure microtubule binding by
the C-terminal half of Capu, CapuCT, comprising Capu’s FH1, FH2, and short C-terminal
tail domains (see Fig. 2.1A for diagrams of core constructs used in this study). We fit our
data to a non-cooperative, polar, one-dimensional lattice binding model [85] to determine
the dissociation constant (K;) and the number of «/f-tubulin dimers (n) in each binding
site. At 50 mM KCI, CapuCT binds microtubules with affinity on the order of 100 nM and

occupies a binding site of approximately 1.4 tubulin dimers (Fig. 2.1B, Table 2.1).

A previous study showed that the C-terminal tails of different formins have varying effects
on microtubule binding [28]. We therefore measured microtubule binding of CapuCTAtail,
a construct lacking Capu’s 30 amino acid tail domain, and found that the tail is required
for microtubule binding (Fig. 2.1B). To test tail-microtubule binding directly, we created a

glutathione S-transferase (GST)-fusion protein of Capu’s tail domain, since the orientation
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of the GST-tail dimer is thought to mimic the antiparallel orientation of the formin dimer
[28]. Although GST-tail could indeed bind microtubules, it bound with lower affinity (on the
order of 1 uM) and higher binding density than CapuCT (approximately 0.8 tubulin dimers
per binding site; Fig. 2.1B and Table 2.1). GST binding to microtubules was negligible even

at the highest protein concentration used in these assays (Fig. 2.1B).

To further characterize the nature of Capu-microtubule binding, we assessed the con-
tribution of ionic contacts in the microtubule pelleting assays. We first repeated the assay
at a higher ionic strength. At 100 mM KCI, CapuCT and GST-tail both exhibit reduced
microtubule binding density and binding affinity (Fig. 2.1, C and D, Table 2.1). Because the
Capu-microtubule interaction is sensitive to salt, we next asked whether the glutamate-rich
C-terminal tails of a- and S-tubulin are involved in Capu binding. We treated microtubules
with the protease subtilisin to selectively remove the acidic tubulin tails. Similar to what we
observed at higher ionic strengths, both CapuCT and GST-tail exhibited reduced binding
density and binding affinity to subtilisin-treated microtubules at 50 mM KCI compared to
untreated microtubules (Fig. 2.1, C and D, Table 2.1). Binding to subtilisin-treated micro-
tubules was further reduced at 100 mM KCI (Fig. 2.1, C and D, Table 2.1), suggesting that

the tubulin tails are not the only sources of ionic interaction.

2.2 Effect of microtubules on actin nucleation

Because Capu is a potent actin nucleator, we next asked whether microtubule binding affects
Capu’s ability to assemble actin filaments. We first performed bulk pyrene-actin polymeriza-
tion assays. In these assays, Capu was pre-incubated with microtubules before being added
to actin. Microtubules inhibited actin assembly by CapuCT in a dose-dependent manner
(Fig. 2.2A). This effect is specific to microtubules since CapuCT was only minimally in-
hibited by a 40-fold molar excess of unassembled tubulin dimers (Fig. 2.2D). Microtubules
failed to inhibit CapuCTAtail, showing that inhibition requires high affinity microtubule
binding (Fig. 2.2E). We used higher concentrations of CapuCTAtail in this assay because

this construct exhibits reduced polymerization activity as previously reported [30].
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Figure 2.2 — Microtubules potently inhibit Capu’s nucleation activity. (A) Dose-
dependent inhibition of 10 nM CapuCT by 10, 20, 50, and 100 nM microtubules (MT) in bulk
pyrene-actin polymerization assays. Microtubules do not affect baseline actin polymerization rates.
(B—C) Microtubules inhibit nucleation from profilin-actin by 10 nM CapuCT (B; 20, 50, 100, 200,
500 nM MT) and 10 nM CapuFH2 lacking the FH1 domain (C; 20, 50, 100, 500 nM MT). (D)
Unassembled tubulin dimers have a negligible effect on CapuCT actin polymerization activity com-
pared to taxol-stabilized microtubules. (E) Microtubules do not inhibit actin polymerization by
CapuCTtail. At a 10:1 molar ratio, microtubules potently inhibit actin polymerization by CapuCT
but not CapuCTtail. (F) Inhibition is sensitive to the time at which microtubules are added to
the assay. Microtubules were added to CapuCT before adding actin (premixed), immediately after
adding actin (start), or approximately 120 seconds into the assay (mid, arrow indicates beginning
of mixing). (G-H) Latrunclin B-stabilized actin monomers (LatB-Actin; twofold molar excess of
LatB) weakly compete with microtubules to bind CapuCT in high-speed pelleting assays. Pellet
fractions are shown and concentrations are given. (G) No noticeable competition was observed with
2.5 uM LatB-Actin in the absence or presence of Chic (Drosophila profilin). (H) Some competition
between microtubules and LatB-Actin can be observed at very low CapuCT and very high LatB-
Actin concentrations, similar to those used in bulk pyrene-actin nucleation assays. CapuCT bound
to microtubules is reported as a percentage of the maximum CapuCT bound at 0 uM LatB-Actin.
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We next tested whether this inhibitory effect persisted when high levels of profilin were
added to the assay. We used S. pombe profilin in these assays because, unlike other profilins,
it exhibits minimal bias against binding actin labeled at Cys-374 (data not shown). Even in
the presence of excess profilin (2:1 molar ratio with actin), microtubules inhibited CapuCT
in a dose-dependent manner (Fig. 2.2B). Profilin not only suppresses formin nucleation activ-
ity, but also works together with the FH1 domain to accelerate elongation of formin-bound
filaments (23, 24). We therefore used a Capu construct lacking the FH1 domain (CapuFH2;
Fig. 2.1A) to specifically test nucleation inhibition by microtubules in the presence of ex-
cess profilin. Although nucleation by CapuFH2 was very slow in the presence of profilin,

microtubules further inhibited nucleation in a dose-dependent manner (Fig. 2.2C).

To test whether microtubules were hindering the elongation of Capu-associated filaments,
we measured the effect of microtubules added at different timepoints throughout the polymer-
ization assay. When we added microtubules immediately after mixing CapuCT with actin,
as opposed to before actin was added, inhibition was dramatically reduced (Fig. 2.2F). Mi-
crotubules added midway through the assay, when nucleation is negligible, had no noticeable
inhibitory effect (Fig. 2.2F). These results show that microtubules specifically inhibit Capu’s
nucleation activity and do not noticeably slow or inhibit the elongation of Capu-associated

actin filaments.

To gain a better mechanistic understanding of how microtubules inhibit Capu’s nucleation
activity, we tested whether microtubules and actin monomers directly compete for CapuCT
binding. We first tried the same high-speed pelleting assay conditions used by Gaillard
et al. to test actin monomer competition with mDial and hINF2 [28]. Under these assay
conditions, a 10-fold molar excess of actin monomers, we did not observe a change in CapuCT
binding to microtubules in the presence or absence of Drosophila profilin, Chickadee (Chic;
Fig. 2.2G). However, our bulk pyrene-actin polymerization assays contain a much higher
(400-fold) molar excess of actin monomers compared to CapuCT. To better simulate the
conditions of our polymerization assay, we tried high-speed pelleting assays with much lower
and higher CapuCT and actin concentrations, respectively. At a 200-fold molar excess
of actin monomers, approximately 20% of the bound CapuCT was successfully competed
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away from the microtubules (Fig. 2.2H). Together with our bulk polymerization data, these
findings suggest that microtubules inhibit actin nucleation at least in part by preventing

actin monomers from associating with CapuC'T.

2.3 Barbed end association in the presence of microtubules

To better understand the interplay between actin polymerization and microtubule binding,
we turned to single filament analysis. Using total internal reflection fluorescence (TIRF)
microscopy, we directly observed elongating actin filaments in a field of immobilized, taxol-
stabilized microtubules. To help limit the total number of actin filaments in these assays,
filaments were grown from preassembled actin seeds stabilized with AlexaFluor488-labeled
phalloidin, and CapuCT was added at very low concentrations. We included Chic to differ-
entiate filaments with Capu bound at the barbed end from filaments free of Capu [20]: in
the presence of Chic, Capu-associated filaments appear dimmer and elongate much faster

than bright Capu-free filaments.

In this experiment, elongating actin filaments that encountered a microtubule were ob-
served to either cross over the microtubule and continue growing (Fig. 2.3A, panel i); grow
along the microtubule (Fig. 2.3A, panel ii); or turn away from the microtubule and continue
growing (Fig. 2.3A, panel iii). Consistent with our bulk polymerization assays (Fig. 2.2D),
CapuCT associated filaments never stopped upon encountering a microtubule. The fre-
quencies of the three observed behaviors were similar for both CapuCT-bound (dim) and
CapuCT-free (bright) filaments (Fig. 2.3B); we therefore believe that these behaviors, though
intriguing, reflect our experimental set-up. The illumination field is deep enough (110 nm)
to visualize filaments crossing without physically encountering each other. At the surface of
the coverslip, microtubules could act as physical barriers and cause actin filaments to turn or
elongate along the microtubule. Interactions between fluorescent labels could also promote

alignment of microtubule and actin filaments.

Although CapuCT occasionally dissociated from the barbed end of an actin filament

upon encountering a microtubule (Fig. 2.3A, panel iv), CapuCT remained bound to the
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Figure 2.3 — Microtubules do not disrupt Capu association with the barbed end of
actin. (A) Upon encountering a microtubule (magenta), elongating actin filaments (green) either
(i) crossed the microtubule, (ii) tracked the microtubule, or (iii) turned at the microtubule; (iv) oc-
casionally CapuC'T dissociated from the barbed end upon encountering a microtubule. Arrowheads
denote the barbed ends of interest, while arrows denote all other barbed ends; free and CapuCT-
associated barbed ends are represented by open and filled symbols, respectively. Asterisks (*) in
the first panel denote bright, AlexaFluor488-phalloidin-labeled actin seeds that were not nucleated
by CapuCT. Images are shown at 60 second intervals. Scale bar is 10 ym. (B) Quantification of
actin behavior upon encountering microtubules in the presence or absence of CapuCT. Events that
could not be classified into one of these three categories are reported as not determined (N.D.). (C)
Quantification of microtubule encounters that resulted in CapuCT dissociation from the barbed
end of an elongating actin filament (N = 368; same data set as +CapuCT in B).
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barbed end in 98% of all the microtubule encounters we observed (Fig. 2.3C). These data
show directly that microtubules are unable to effectively compete CapuCT away from the

barbed ends of actin filaments.

2.4 Characterization of the tail-microtubule interaction

We attempted to map a more specific microtubule binding region within the tail domain.
In addition to microtubule binding, Capu’s tail domain is involved in actin polymerization,
protein-protein interactions, and autoinhibition [30, 20]. A single point mutation, L1048A,
is sufficient to disrupt Capu binding to the actin nucleator Spir in vitro [30] but does not
decrease autoinhibition [20]. This mutation had no effect on microtubule binding (Fig. 2.4C,
Table 2.1), suggesting that the different functions of Capu’s tail domain may be separable.
We started by making a series of truncations and found that CapuCT-microtubule binding

decreased monotonically as the tail was successively truncated (Fig. 2.4, A and B, Fig. 2.5A).
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Figure 2.4 — Tail binds microtubules through nonspecific charge-based interactions.
(A) Sequences of wildtype and scrambled tail (residues 1029-1059). Residues mutated to alanine
within wildtype are denoted by an asterisk (*). (B) Microtubule binding by CapuCT truncation
and point mutation constructs. Experimental conditions are 0.5 yM tubulin and 2 puM of the
designated CapuCT construct in 50 mM KCI buffer. Individual experiments are plotted as dots
with a line showing the mean. (C) CapuCT with a scrambled tail (CapuCT-Scr) or a Spir-binding
point mutation (CapuCT-L1048A) bind microtubules comparably to wildtype CapuCT. All binding
assays are at 50 mM KCI with 0.5 gM tubulin. (D) Actin polymerization activity of 10 nM each
CapuCT tail point mutant and CapuCT-Scr compared to wildtype.
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Truncating the tail domain also decreased actin assembly activity (Fig. 2.5C) From this, we
conclude that the microtubule-binding region cannot be readily narrowed down to a small

patch of neighboring residues within the tail domain.

Our earlier experiments showed that microtubule binding by Capu is sensitive to ionic
strength and is therefore likely mediated by charge-based interactions. Consistent with
this hypothesis, Capu’s tail domain is basic, with a theoretical pI of 11.7 [27] and a fairly
even distribution of positively charged residues. To test more directly whether positively
charged residues within the tail domain are important for microtubule binding, we created
several arginine/lysine-to-alanine double point mutations (Fig. 2.4A). Despite being spread
throughout Capu’s tail domain, each set of mutations had a measurable and approximately
equal effect on microtubule binding (Fig. 2.4B). These mutations also decreased Capu’s
actin nucleation activity (Fig. 2.4D and Fig. 2.5D), suggesting that Capu-tail contributions
to microtubule binding and actin assembly are not readily separable. Even after testing
many point mutations within the tail domain, we were unable to identify distinct residues

important for microtubule binding (Fig. 2.5B)

Together with our truncation results, this point mutation data suggested that Capu’s tail
domain binds microtubules through nonspecific charge-based interactions. To investigate
this further, we generated a CapuCT mutant in which the tail residues were randomly
scrambled to give a new sequence with the same total charge and theoretical pl as the
original (CapuCT-Scr; Fig. 2.4A). CapuCT-Scr bound microtubules with comparable affinity
and binding density to wildtype CapuCT (Fig. 2.4C, Table 2.1), further supporting our
model that Capu’s tail binds microtubules nonspecifically. Interestingly, scrambling the tail

sequence of CapuCT did not diminish CapuCT-Ser’s actin nucleation activity (Fig. 2.4D).

2.5 FH2 domain contribution toward microtubule binding

Although Capu’s tail domain is required for microtubule binding, the differences in affinity
and binding density between CapuCT and GST-tail indicated that the FH2 domain also

contributes to microtubule binding. Because microtubules inhibit Capu’s actin polymeriza-
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Figure 2.5 — Tail mutations affect both microtubule binding and actin nucleation.
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Figure 2.6 - FH2 domain residues contribute to microtubule binding. (A) Microtubule
binding by CapuCT-I706A, -D854N, -K858A, -K856A, and wildtype at 50mM KCI with 0.5 uM
tubulin. (B) Actin polymerization activity of 10 nM each CapuCT FH2 mutant. (C) CapuCT-
K856A, but not CapuCT-K858A, is more sensitive to microtubule inhibition than wildtype Ca-
puCT. Two additional FH2 mutants, CapuCT-K851A and CapuCT-K853A, also exhibited in-
creased sensitivity to microtubule inhibition. For each construct, 10 nM was used and rates at
the time until half-maximal polymerization (# /o) were normalized to the maximum polymerization
rate (0 nM MT) and the baseline polymerization rate (actin) reported in the table inset.

tion activity, we first mutated two conserved actin binding residues in Capu’s FH2 domain
(IT06A and K856A; Fig. 2.7B) that are known to abolish actin assembly activity in the yeast
formin Bnilp [12]. The I706A mutation dramatically reduced Capu’s actin nucleation activ-
ity but had little effect on microtubule binding (Fig. 2.6, A and B, Table 2.1). Unexpectedly,
the K856A mutation had a negligible effect on actin nucleation activity but caused a notice-
able increase in microtubule binding density. The binding density of CapuCT-K856A was
intriguingly similar to that of GST-tail, with an approximate binding site size of 0.8 tubulin
dimers versus 1.4 for wildtype CapuCT (Fig. 2.6, A and B, Table 2.1). Consistent with
this, CapuCT-K856A is more sensitive to microtubule inhibition than wildtype CapuCT in

pyrene-actin polymerization assays (Fig. 2.6C).

We next investigated whether other residues around Lys-856 are important for actin
nucleation or microtubule binding. First, we examined a point mutation (D854N; Fig. 2.7B)
that we identified by sequencing an EMS-generated capu mutant from an earlier screen
[86]. Similar to I706A, this D854N mutation had little effect on microtubule binding, but
markedly decreased Capu’s actin nucleation activity (Fig. 2.6, A and B, Table 2.1). In
contrast to both D854N and K856A, mutating a poorly conserved lysine residue (K858A;
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Fig. 2.7B) had little effect on either actin nucleation activity or microtubule binding (Fig. 2.6,
A and B, Table 2.1). Two additional mutants we tested, K851A and K853A, were unstable
in pelleting assays but had robust actin nucleation activity. We indirectly tested microtubule
binding by these mutants by measuring sensitivity to microtubule inhibition in bulk pyrene-
actin polymerization assays. Both mutants exhibited an increased sensitivity to microtubule
inhibition similar to CapuCT-K856A (Fig. 2.6C). As a control, we also measured microtubule
inhibition of CapuCT-K858A and saw very little difference compared to wildtype (Fig. 2.6C).
From this we conclude that microtubule binding is mediated by specific residues within the
FH2 domain and, unlike binding by the tail domain, is not dependent on random charged-
based interactions. Therefore, while the tail domain is required for high affinity binding,
FH2 domain interactions are likely necessary to properly orient Capu on the microtubule

lattice.

2.6 Discussion

Based on structural information and our experimental findings, we propose a simple model
to describe the mechanism of Capu-microtubule binding (Fig. 2.7C). A homology model of
Capu based on the crystal structure of hDAAM1 [87] reveals that residues within the FH2
domain that affect microtubule binding (Lys-851, Lys-853, Lys-856) are clustered into a
positively charged patch near the base of Capu’s tail domain, suggesting that these regions
form a continuous binding surface (Fig. 2.7A). Negatively charged residues in the patch (Asp-
854) or positively charged residues located away from the patch (Lys-858) have little or no
effect on microtubule binding. Capu binds microtubules through a seemingly synergistic
interaction involving both its tail and FH2 domains. The FH2 domain alone is insufficient
to measurably bind microtubules in vitro, but the highly charged tail domain could act as
an electrostatic tether that promotes FH2 binding by increasing the local FH2 concentration

at the microtubule surface.

We further propose that the differences in microtubule binding density we observed reflect

the size of the FH2 binding footprint along the microtubule lattice: loss (GST-tail) or
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Figure 2.7 — Model of Capu-microtubule binding. (A) Expected locations of Capu FH2 mu-
tations based on a Capu homology model. Residues are colored as in (B), and dashed lines represent
the disordered C-terminal tail domains (residues 1037-1059). Homology model was generated from
generated from the hDAAMI crystal structure (PDB # 2J1D; [87]) using SWISS-MODEL [88]. (B)
Sequence alignments of several formins in the regions surrounding Ile-706 (green), Lys-851 (purple),
Lys-853 (orange), Asp-854 (gold), Lys-856 (red), and Lys-858 (blue). Sequences were acquired from
the NCBI Protein Database (Drosophila Capu, NP_476966; mouse Fmn2, NP_062318; mouse Dial,
NP_031884; mouse Dia2, NP_062644; mouse Dia3, NP_766081; human INF2, NP_071934; human
DAAMI1, NP_055807; S. cerevisiae Bnilp, NP_014128) and aligned using ClustalW (43). The ar-
rowhead denotes an mDia3 threonine residue previously shown to be phosphorylated by Aurora B
kinase [60]. (C) Cartoon model for Capu-microtubule binding and actin-microtubule coordination.
(i) CapuCT binds microtubules through both its FH2 and tail domains; changes in binding density
reflect the level of contact between the FH2 domain and the microtubule lattice. (ii) Actin barbed
ends and microtubules compete for Capu binding; regulatory factors such as binding partners or
posttranslational modifications could control the degree of actin versus microtubule binding in vivo.
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reduction (K856A mutation) of FH2 domain binding results in a smaller binding footprint
and a corresponding increase in binding density (Fig. 2.7C, panel i). This model could
also explain the different microtubule binding densities seen among different formins. An
emerging trend shows that formins whose tails can bind microtubules (Capu and mDia2)
have higher binding densities than formins whose tails do not bind microtubules (mDial
and hINF2) [28]. In the absence of tail binding, formins may rely on more extensive FH2

contacts with the microtubule lattice and thus have a larger binding footprint.

Our data also support a model in which Capu does not simultaneously assemble actin
filaments and bind microtubules (Fig. 2.7C, panel ii). We found that microtubules could
potently inhibit Capu’s actin nucleation activity in bulk assays but had little effect on Capu
once it was bound to the end of an elongating actin filament. The location of residues
Lys-851, Lys-853, and Lys-856 on our homology model suggests that the FH2 domain binds
both microtubules and the actin barbed end through similar or overlapping surfaces, further
supporting our model that microtubules and actin barbed ends directly compete for Capu
binding. When Capu binds microtubules, its tail domain becomes unavailable for actin
monomer binding [30, 29] and the inner FH2 domain becomes sterically occluded and inac-
cessible to newly formed actin barbed ends. Conversely, the microtubule binding surface in
the FH2 domain is inaccessible when Capu is associated with an actin barbed end, allowing

Capu to elongate actin filaments in the presence of microtubules.

Our TIRF microscopy assays provide additional insight into important questions sur-
rounding formin-mediated actin-microtubule crosstalk. Microtubules did not anchor elon-
gating actin filaments nor act as scaffolds for actin nucleation. Although we did observe
actin filaments tracking along microtubules, this behavior was essentially the same in the
presence or absence of CapuCT, suggesting that low concentrations of Capu do not actively
align or bundle microtubules and actin filaments. It was previously shown that Capu can
crosslink actin filaments and microtubules [48], mostly likely through side binding of both
microtubules and actin filaments. However, at the very low CapuCT concentrations used
in our TIRF assays, we expect much of the CapuCT to be bound to the barbed end of

elongating filaments and unavailable for binding the sides of actin filaments. Because of this,
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we were specifically testing the relationship between microtubule and barbed end binding

rather than filament side binding.

There is strong evidence that Capu helps build a cytoplasmic actin mesh in the mid-stage
Drosophila oocyte [69, 32]. Here we consider Capu’s role as both a microtubule binding pro-
tein and actin assembly factor in the ooctye and how these functions might be regulated.
Our observation that actin barbed ends and microtubules compete for Capu binding sug-
gests that Capu does not simultaneously bind microtubules and assemble actin filaments
within the oocyte. Acting as a microtubule binding protein, Capu could directly regulate
the microtubule cytoskeleton without invoking its actin assembly activity. It could crosslink
microtubules to each other and/or to pre-existing actin filaments. Conversely, when as-
sembling actin filaments and not binding microtubules, Capu could still indirectly influence
microtubule organization through the actin cytoskeleton. Spatial and/or temporal regula-
tion of Capu could control when Capu is associated with microtubules versus actin filaments
and could be achieved through additional binding partners, posttranslational modification,
or some combination thereof. For instance, Capu binds the actin nucleator Spir through its
tail domain [30]. Spir competes directly with microtubules for Capu binding [47] and forms
a functional nucleation unit when bound to Capu [47, 30]. This Spir-Capu nucleation unit
may be much more efficient at nucleating actin in the microtubule-rich oocyte than Capu
would be alone. Additional unidentified binding partners may also play a role in regulating
Capu association with microtubules. Several mammalian Diaphanous group formins bind
and/or colocalize with microtubule-associated proteins such as EB1, APC, and CLIP-170
(60, 49, 41]. Future work will determine whether Capu has similar binding partners within

the Drosophila oocyte.

Posttranslational modifications, especially phosphorylation, are commonly used to reg-
ulate microtubule binding by a variety of microtubule-associated proteins [89, 50]. With
respect to formins, mDia3 association with microtubules has been shown to be mediated
by phosphorylation by the Aurora B kinase [60]. Notably, one mDia3 phosphorylation site
is conserved across many formins and is within 10 amino acids of Capu’s conserved Lys-
856 residue (Fig. 2.7B). Moreover, lysine-to-alanine mutations in this region of mDial have
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been shown to disrupt actin-microtubule coordination in HeLa cells [5], suggesting that this
region within the FH2 domain could be a hotspot for microtubule binding among formins.
Additionally, we anticipate that posttranslational modification within Capu’s tail will be im-
portant for regulating Capu function in the Drosophila oocyte. Though only approximately
30 amino acids long, the tail domain is involved in Spir binding, microtubule binding, actin
nucleation, and Capu autoinhibition [30, 20]. Such a promiscuous domain will likely require

careful regulation in vivo.

Finally, it is possible that microtubules themselves are a means of regulating Capu ac-
tivity in the oocyte. Throughout mid- and late-oogenesis, microtubules are nucleated from
all regions of the oocyte cortex except the posterior pole [71], and it was recently shown
that Capu-dependent actin projections emanate specifically from the posterior cortex of the
oocyte [70]. Could microtubule organization restrict the location of these Capu-dependent
actin projections to the oocyte posterior? Similarly, microtubules could tune the processivity
of Capu as it elongates actin filaments within the oocyte. Our TIRF experiments show that
microtubules do not effectively compete Capu away from the barbed end of actin filaments,
causing barbed end dissociation in only 2% of all microtubule encounters. However, this
relatively low probability of dissociation could have a much more substantial effect over the
span of the entire oocyte where a single barbed end may encounter hundreds of microtubules.
Together with Capu’s own autoinhibitory activity [20], microtubules could also prevent Capu

from nucleating new actin filaments after falling off the end of an elongating filament.

In conclusion, our results provide mechanistic details of Capu-microtubule binding and
the interplay of microtubule binding and actin assembly in vitro. Beyond providing valu-
able insight into Capu’s role as a cytoskeletal regulator in the Drosophila oocyte, these
findings may help advance our understanding of Capu’s mammalian homologs, Fmnl and
Fmn2. Capu FH2 residues 851-856 are perfectly conserved in Fmnl and Fmn2, and both
formins contain well conserved, short, basic C-terminal tail domains, suggesting a con-
served mechanism for microtubule binding [47]. These formins have been implicated in
a number of processes in a wide variety of cell types, including intercellular adhesion and
cell spreading, as well as spindle positioning and cytokinesis during mammalian oogenesis
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(82,83, 90, 39, 58, 91]. How our findings relate to the broader class of formin proteins remains
to be seen. Although the microtubule binding FH2 residues we identified are well conserved
across several formin groups, the C-terminal tail domains are more variable. Gaillard et al.
28] recently showed that INF2, mDial, and mDia2 have distinct microtubule interaction
properties. Notably, mDia2 has the most basic tail of the three formins and behaves the
most like Capu in vitro. Future work will reveal whether our model for Capu-microtubule

binding can be generalized to other formins such as mDia2.
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CHAPTER 3

Characterization of Capu localization in S2 cells

After establishing that Capu binds microtubules with sub-micromolar affinity in wvitro, we
were curious whether Capu could be seen localizing to microtubules in vivo. In Drosophila
egg chambers, Capu is enriched at the cortex of nurse cells and is diffuse in both nurse cells
and oocytes [32]; to our knowledge, Capu has never been shown to localize to microtubules or
other filamentous structures during Drosophila oogenesis [32, 47, 48]. The Capu-microtubule
interaction may be too sparse or transient in the oocyte to be clearly observed by standard

fluorescent methods.

Obvious formin-microtubule colocalization has been observed in mammalian cell culture
experiments [44, 61]. In particular, Fmnl isoform Ib clearly colocalizes with microtubules
in NIH 3T3 cells [61]. Furthermore, some formins appear to preferentially localize to the
microtubule organizing center [57, 79], yet mid-to-late stage Drosophila oocytes lack this
specialized microtubule structure [92]. We therefore reasoned that although Capu does not
clearly colocalize with microtubules in the Drosophila oocyte, we might be able to detect

such colocalization in a different cell type.

Here we used cultured S2 cells to examine the localization of Capu. We looked for colo-
calization between Capu and microtubules under several different conditions and ultimately
conclude that, just as in Drosophila egg chambers, Capu-microtubule colocalization cannot

be readily observed in this cell type.
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3.1 Localization of Capu and microtubules in S2 cells

To characterize Capu and microtubule localization, we co-expressed fluorescently labeled
GFP-tubulin and tdTomato-Capu in cultured S2 cells. Neither full-length Capu (CapuFL)
nor a constitutively active C-terminal construct (CapuCT; residues 467-1059) exhibited any
obvious colocalization with microtubules or other filamentous structures (Fig. 3.1). Both
constructs were distributed diffusely throughout the cell body, with CapuFL frequently ap-

pearing in large, unidentified foci (Fig. 3.1).

Whereas CapuFL was largely excluded from lamellar regions, CapuCT appeared to lo-
calize to microtubule-rich regions in the cell periphery (Fig. 3.1). To explore whether this
peripheral overlap could be the result of specific Capu-microtubule interactions, we exam-
ined the localization of tdTomato alone. Apart from its nuclear localization, the tdTomato
control was indistinguishable from tdTomato-CapuCT (Fig. 3.1). Both proteins were diffuse
throughout the cell body and overlapped with microtubules toward the cell periphery. From

this, we conclude that any peripheral Capu-microtubule overlap is most likely coincidental.

Mammalian tissue culture studies have shown global changes in microtubule organiza-
tion upon formin over-expression. In particular, formins can actively align microtubules
with actin stress fibers [6, 46] and promote cell elongation [5]. In contrast with these past
studies, we did not observe any striking changes in microtubule structure or cell shape when

expressing CapuFL or CapuCT in S2 cells (Fig. 3.1).

Finally, we examined the localization of a constitutively active mouse Dia2 construct
(mDia2; residues 512-1060), which had been previously shown to overlap with stable popu-
lations of microtubules in NIH 3T3 cells [40]. This mDia2 construct differed from CapuCT
and the tdTomato control in that it localized more to lamellar regions than the main cell
body and seemed to induce more ruffling. However, no obvious colocalization was observed

between mDia2 and microtubules (Fig. 3.1).
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Figure 3.1 — Capu does not clearly colocalize with microtubules in S2 cells. The following
constructs were transiently expressed in a stable S2 cell line expressing GFP-tubulin: tdTomato-
CapuFL (Capu residues 1-1059), tdTomato-CapuCT (Capu residues 467-1059), td Tomato-mDia2
(mDia2 residues 512-1060), tdTomato control. A representative cell is shown for each experiment.
Scale bars are 10 pm.
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3.2 Capu localization in S2 cells treated with Cytochalasin D

It was previously shown that actin depolymerization by Latrunculin A (LatA) can promote
mDial colocalization with microtubules [79]. We therefore tested whether depolymerizing
actin filaments could force Capu onto microtubules by treating S2 cells with Cytochalasin D
(CytoD). This drug caps the barbed ends of actin filaments, leading to the disappearance of
long filaments and the appearance of thin, microtubule-rich projections that lack filamentous
actin [93]. In cells treated with CytoD, both CapuCT and the tdTomato control were diffuse
throughout the cell body and the microtubule-rich projections (Fig. 3.2). CapuFL was less
enriched in cell projections and localized to large foci in the cell body just as in untreated
cells. Interestingly, the localization of mDia2 changed noticeably in these cells, forming a
punctate pattern throughout the cell body (Fig. 3.2). This could also be seen, albeit to a
lesser extent, in cells expressing CapuCT (Fig. 3.2), suggesting that disruption of the actin
cytoskeleton can cause global changes in the localization of these two constitutively active

formin constructs.

While conducting these experiments, we noticed that our stable GFP-tubulin cell line
behaved somewhat differently from our wildtype S2 cell line. Cells expressing GFP-tubulin
not only grew more slowly than wildtype, but also had more trouble adhering to surfaces.
When treated with CytoD, these GFP-tubulin cells also had fewer, fatter microtubule pro-
jections than observed in treated wildype cells (compare Fig. 3.2 and Fig. 3.3B). Because
the labeled tubulin seemed to disrupt normal cellular processes, we wanted to control for
the possibility that this labeled tubulin was globally disrupting Capu’s association with mi-
crotubules. We therefore expressed and visualized labeled Capu constructs in wildtype S2
cells. No differences in Capu localization were observed in these cells whether untreated

(Fig. 3.3A) or treated with CytoD (Fig. 3.3B).
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GFP-Tubulin tdTomato Merge

tdTomato-mDia2 tdTomato-CapuCT tdTomato-CapuFL

tdTomato

Figure 3.2 — Capu is not enriched in CytoD-induced projections. The following constructs
were transiently expressed in a stable S2 cell line expressing GFP-tubulin: tdTomato-CapuFL
(Capu residues 1-1059), tdTomato-CapuCT (Capu residues 467-1059), tdTomato-mDia2 (mDia2
residues 512-1060), tdTomato control. Cells were treated with 5 uM CytoD for 1 hour prior to
imaging. A representative cell is shown for each experiment. Scale bars are 10 pm.
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Cytochalasin D w0

Figure 3.3 — Capu localizes diffusely throughout the cytoplasm of S2 cells. tdTomato-
CapuFL (Capu residues 1-1059), tdTomato-CapuCT (Capu residues 467-1059), or a tdTomato
control was transiently transfected in wildtype S2 cells treated with DMSO (A) or CytoD (B). A
representative cell is shown for each experiment. Scale bars are 10 um.
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3.3 Localization of Capu to the mitotic spindle

Although we did not readily observe Capu-microtubule colocalization in interphase S2 cells,
we wondered whether Capu might localize to microtubules at different points in the cell cycle.
For example, mDial colocalizes with the mitotic spindle in HeLa cells [37], and mDia3 is
important for chromosome congression to the metaphase plate [60]. We therefore examined

Capu localization during cell division.

Because S2 cells have a very low mitosis rate and are notoriously difficult to synchronize
in culture, we used the proteasome inhibitor MG132 to arrest cells in metaphase. Interest-
ingly, we noticed a subtle enrichment of CapuFL and CapuCT at the spindle of metaphase
cells (Fig. 3.4). However, we saw a similar enrichment with the tdTomato control (Fig. 3.4),
suggesting that this spindle localization is not a result of direct Capu-microtubule bind-
ing. Instead, this enrichment could be caused by bleedthrough between the two fluorescent
channels and/or tdTomato interacting with components of the mitotic spindle. Finally, we
did not observe any spindle localization for mDia2, but could only find one metaphase cell

expressing mDia2 (Fig. 3.4).

3.4 Discussion

Consistent with previous studies in the Drosophila oocyte, we did not observe clear colocal-
ization between microtubules and Capu in cultured S2 cells. Even mDia2, which colocalizes
with microtubules and promotes microtubule stabilization in mammalian cell types [43, 79],
did not colocalize with microtubules in S2 cells. It is possible that these interactions are too
transient or sparse to be readily detected by fluorescence microscopy. Formin-microtubule
interactions could also be highly regulated in this particular cell type. Cheng et al. showed
that mDia3 association with the mitotic spindle can be mediated by Aurora B phosphoryla-
tion [60]. Posttranslational modifications or other regulatory mechanisms in S2 cells could
be effectively preventing Capu and mDia2 from interacting with microtubules. Furthermore,

Bartolini et al. demonstrated that treating NIH 3T3 cells with LatA depolymerizes actin
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GFP-Tubulin tdTomato Merge

tdTomato-CapuFL

tdTomato-CapuCT

tdTomato-mDia2

tdTomato

Figure 3.4 — Capu is not enriched at the mitotic spindle in metaphase cells. The following
constructs were transiently expressed in a stable S2 cell line expressing GFP-tubulin: tdTomato-
CapuFL (Capu residues 1-1059), tdTomato-CapuCT (Capu residues 467-1059), td Tomato-mDia2
(mDia2 residues 512-1060), tdTomato control. Cells were treated with 20 uM MG132 approxi-
mately 3 hours prior to imaging. Only one metaphase cell was observed in the mDia2-transfected
cells. A representative cell is shown for all other experiments. Scale bars are 10 pm.
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filaments and shifts mDial localization onto microtubules [79]. In our experiments, treating
S2 cells with the actin depolymerizing drug CytoD changed Capu and mDia2 localization
but did not result in colocalization with microtubules. Such discrepancies indicate that S2

cells are not an ideal system for studying formin-microtubule interactions.

Together with previous findings, our results suggest that formin-microtubule colocaliza-
tion may only be readily observable with specific formins and/or particular microtubule
structures. For example, Fmn1 isoform Ib exhibits beautiful microtubule colocalization that
can be easily detected by fluorescence microscopy; a unique exon in this isoform is both
necessary and sufficient for microtubule colocalization [61]. In stark contrast, Fmnl isoform
IV shows only transient microtubule colocalization as observed through electron microscopy
of immuno-gold labeled cells [58]. Considering these data, it is possible that Capu may
never clearly localize to microtubules in any cell type, let alone in S2 cells. It is also un-
clear whether formin-microtubule colocalization occurs through direct binding or through
formin interactions with microtubule associated proteins. Detectable microtubule localiza-
tion could require additional proteins that might preferentially bind different formins or be
poorly expressed in S2 cells. For example, several Diaphanous formins bind and colocalize
with microtubule plus end associated proteins such as APC and EB1 [41, 56]; Capu, however,

has not yet been shown to interact with any such proteins.

Finally, it is possible that Capu binds specialized microtubule structures that are not
present in S2 cells. Although we focus on Capu’s role in mid-oogenesis, capu mRNA tran-
scripts are detectable throughout development until late-embryogenesis [63]. Capu could
associate with specialized developmental microtubule structures that have been overlooked
in the oocyte or that occur later in development. In particular, Capu association with de-
velopmental meiotic and mitotic spindles warrants further investigation. Although Capu
behaved just like our tdTomato control, it did seem to be slightly enriched at the mitotic
spindle in S2 cells. We speculate that Capu association with spindles or other specialized

microtubule structures may be easier to detect in a developmental context than in S2 cells.
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CHAPTER 4

Structure-function study of Capu mutants

At the time of writing, approximately 30 unique capu alleles have been reported in FlyBase
[94]. Many of these alleles were initially isolated in genetic screens and have been studied
in vivo. However, very little work has been done to understand how these mutations affect
Capu’s biochemical activity, in part because Capu’s role as an actin nucleator was still un-
known when many of these mutations were first discovered. Previous work has demonstrated

Uand capu®’’, have compromised actin nucleation and micro-

that two mutant alleles, capu
tubule bundling activities in wvitro [48]. This raises the intriguing possibility that classical
capu mutations may not only affect actin nucleation, but also alter microtubule binding

and/or disrupt other as-yet-unknown Capu functions.

Here we have begun characterizing the physiological and biochemical consequences of
these mutations. Intriguingly, we found that these mutations have similar effects in vivo but
exhibit a range of actin assembly defects in vitro. Ulitmately, our findings support our larger

goal of elucidating Capu’s mechanism of action and role during Drosophila oogenesis.

4.1 Identification of causative lesions in capu alleles

We first set out to identify unreported lesions and confirm reported missense mutations
that could be readily studied in vitro. To identify new lesions, we generated and sequenced
ovarian capu cDNA from the following fly lines: capu?, capu®™®, capu®®t, capu*®'?, capu®?>°,
and capu™7". We discovered unique missense mutations in the coding region (CG3399-PA)

of three of these alleles, as reported in Fig. 4.1 and Table 4.1. Surprisingly, capu?, capu®®,

and capu’?® did not appear to contain any unique causative lesions.
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1 MALQLGKKLAQVLGSGAGSPLTPGTMEPCAAGSGSPLANGELFNVSKAKK

P76s P87s S93C
51 VELQNLSSRFTAAVTQTPPGVTSSTPNESGVIGPAGPLGATTSSPSLETQ

101 STVIISFKSSQTPVQSQTNSAASENVEDDTAPLPLPPPPPGFGTPTTPLL

Cl92R
151 SSNVLKKVASFTVEKSSAGNNSSNPPNLCPTSDETTLLATPCSSSLTVAT

capu*?’’ W247%*
201 LPPEIAVGAAAGGVAGGAGSRRGSSYVPEKLSFAAYEKFEGQMLIKWLIS

S260C
251 TMQSNPKSSSGDANQELFNTLALQFCNNLKYVGVLKQISNEHLDCGFSPY

301 EMYQWTHTEQPTTSLPLTPGKLDKVAAWPFSSTPSGIRALESASLASLGA

S364T T386S
351 GGVAGSLATIATASTASSDNQKTLQQILKKRLLNCTTLAEVHAVVNELLS

401 SVDEPPRRPSKRCVNLTELLNASEATVYEYNKTGAEGCVKSFTDAETQTE

E471K H495P
451 SEDCEGTCKCGQSSTKVSDNESAKEDGEKPHAVAPPPPPPPPPLHAFVAP

P501A
501 PPPPPPPPPPPPPLANYGAPPPPPPPPPGSGSAPPPPPPAPIEGGGGIPP

capu™?'® K586M
551 PPPPMSASPSKTTISPAPLPDPAEGNWFHRTNTMRKSAVNPPKPMRPLYW
601 TRIVTSAPPAPRPPSVANSTDSTENSGSSPDEPPAANGADAPPTAPPATK
651 EIWTEIEETPLDNIDEFTELFSRQAIAPVSKPKELKVKRAKSIKVLDPER
701 SRNVGIIWRSLHVPSSEIEHAIYHIDTSVVSLEALQHMSNIQATEDELQR
751 IKEAAGGDIPLDHPEQFLLDISLISMASERISCIVFQAEFEESVTLLFRK
801 LETVSQLSQQLIESEDLKLVFSIILTLGNYMNGGNRQRGQADGFNLDILG

capu"?°’ D854N
851 KLKDVKSKESHTTLLHFIVRTYIAQRRKEGVHPLEIRLPIPEPADVERAA

G950A
901 OMDFEEVQQQIFDLNKKFLGCKRTTAKVLAASRPEIMEPFKSKMEEFVEG
951 ADKSMAKLHQSLDECRDLFLETMRFYHFSPKACTLTLAQCTPDQFFEYWT

1001 NFTNDFKDIWKKEITSLLNELMKKSKQAQIESRRNVSTKVEKSGRISLKE

1051 RMLMRRSKN

Figure 4.1 — Capu mutations identified across all sequenced fly lines. Sequencing cDNA
transcripts revealed several mutations within the Capu coding region (CG3399-PA). Red mutations
represent newly identified causative lesions. Black mutations are background variants previously
reported by Emmons et al. [63], while blue mutations are background variants in fly lines generated
by Luschnig et al. [86].
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Table 4.1 — Identified capu lesions.

Allele name(s) Lesion* First Reported

caput, capu™ | capu’tt1? L768H Manseau & Schiipbach, 1989 [62]
capuTK3 I751T Manseau & Schiipbach, 1989 [62]
capu®, capuE3® HOTTY Emmons et al., 1995 [63]

capu?t’ P597L¢ Emmons et al., 1995 [63]
capu™?t | capu?l—T13 D854N Luschnig et al., 2004 [86]
capu™? | capu?l—91-° K586 M Luschnig et al., 2004 [86]
capu™®™" capu?L—281-6 W247stop Luschnig et al., 2004 [86]
capu3>* D662N' Tanaka et al., 2011 [70]

*Bold denotes new lesions identified in this study.
§Previously reported as P597T [63].
TPreviously reported as D670N [70].

Although the Capu-A isoform is thought to be the primary ovarian transcript [63], several
other Capu isoforms have been annotated in FlyBase [94]. These isoforms differ in the N-
terminal half of the transcript, upstream of the conserved FH1 and FH2 domains (Fig. 4.2).
Because we cannot rule out the possibility that different Capu isoforms are important during
oogenesis, we checked for lesions in reported coding exons not included in Capu-A (exons 3,
4, and 6 as shown in Fig. 4.2). Sequencing genomic DNA from capu? and capu”® fly lines
revealed no unique mutations in these upstream exons. Exon sequencing was not completed

L250 We speculate that the causative lesions in these fly lines occur in regulatory

for capu
elements that control expression level or in intronic regions that lead to splicing defects.
Although we were able to amplify full Capu-A ¢cDNA from these fly lines, more subtle
splicing defects could disrupt proper protein expression levels. Interestingly, one sequenced
capu®P ¢cDNA transcript was missing exon 7 even though no reported isoforms contain exon

6 and lack exon 7 (Fig. 4.2). It is unclear whether this one cDNA represents a real splice

variant or simply an artifact of the reverse transcription reaction.

After identifying new capu lesions, we confirmed all reported missense mutations by
isolating and sequencing genomic DNA from each fly line (Table 4.1). Tanaka et al. originally
reported the capu”®>* lesion as D670N [70], but Capu-A (CG3399-PA) does not contain an
aspartate residue at this position. We identified nearby D662N as the causative mutation in

our capu®* fly line. Similarly, capu?’ was originally reported to contain P597T [63], but our
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sequencing revealed a P597L mutation. This discrepancy could be due to a natural evolution
in the fly line or an error in the original sequencing analysis. We chose to characterize the

P597L mutation to be consistent with our current fly stock.

4.2 In vivo characterization of classical capu alleles

During development, Capu helps to build a cytoplasmic actin mesh that persists through
mid-oogenesis [69, 32]. In capu loss-of-function mutants, this mesh is never detected and loss
of the mesh corresponds to premature onset of cytoplasmic streaming [69]. To characterize
the physiological ramifications of each classical capu allele, we therefore examined the cyto-
plasmic mesh and measured cytoplasmic streaming in pre-stage 10 oocytes. To avoid any
potential phenotypic contribution from off-site mutations, we characterized all alleles over a

chromosomal deficiency encompassing the entire capu gene locus.

2L
3900k 3890k 3880k
--::>
capu
capu-RG
O{—— T TP
capu-RA
— T {1
capu-RB
[t { {1 T THb
capu-RH
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capu-RI
ot 1 T {1
capu-RD
[, I i, 1 {
capu-RE
1} 1 1 {1 {1
capu-RF
(1} 1 1 { {1
capu-RJ
(1} I {1 {1
(1) (2) 3 4 (5) 6 7 8 9 10a,b,c,d

Figure 4.2 — Capu gene structure and reported isoforms. Capu has several reported iso-
forms, many of which contain coding exons upstream of the Capu-A isoform. Capu exons are
numbered, with non-coding exons in parenthesis. Coding exon regions are shown in orange and
non-coding exon regions are shown in gray. Figure adapted from FlyBase [94].
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Figure 4.3 — Classical capu alleles lack actin mesh and exhibit premature streaming.
(A-H) Pre-stage 10 egg chambers stained with AlexaFluor-phalloidin to visualize the actin mesh in
capu mutant flies. (A’-H’) Standard deviation projections of autofluorescent yolk granules over 3
minutes for typical pre-stage 10 oocytes. All scale bars are 30 pm. (I) Quantification of streaming

velocities for n > 6 oocytes from each fly line. Dots represent individual oocytes and bars represent
the mean.
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Before stage 10, the actin mesh was compromised in all mutants compared to wildtype,
which exhibited a dense, uniform mesh spanning the oocyte cytoplasm (Fig. 4.3A-H). In
capu' and capu®3 flies, the mesh was undetectable and only small spots of actin could be
seen throughout the oocyte. capu?’” and capu®® oocytes were similar, but also exhibited a
very faint fluorescent signal with no clearly defined structure. The remaining fly lines had
a detectable, albeit severely compromised, cytoplasmic actin meshwork. Even in the best
case, capu’?'?, the mesh appeared sparse, lacked clear organization, and exhibited occasional

actin aggregates.

Consistent with our observations of the actin mesh, premature cytoplasmic streaming was
observed for all mutant alleles (Fig. 4.3A’-H’). We qualitatively observed some variability
in the speed of streaming within each fly line, so we used particle image velocimetry to
quantify the speed of streaming in these oocytes (Fig. 4.31). On average, all of the mutants
had substantially faster streaming than wildtype. Two mutants, capu®3 and capu?’’, had
outliers with streaming velocities comparable to wildtype, suggesting that these may be
slightly less penetrant than the other alleles. Because the capu alleles exhibited variable
mesh phenotypes, we wondered whether the presence of a compromised mesh could still
lead to slower streaming speeds. However, we did not observe any correlation between mesh
signal and mean streaming speed (Fig. 4.3, A-H and I). We therefore conclude that the actin
mesh is sufficiently compromised in all mutants to have no detectable inhibitory effect on

cytoplasmic streaming.

4.3 Structural analysis of identified missense mutations

Identified missense mutations were mapped to a Capu homology model based on the crystal
structure of hDAAM1 [87]. All of these mutations occur in the FH2 domain (Fig. 4.4A).
Although these residues are not particularly well conserved at the sequence level, they all
appear to be clustered in the structurally important lasso, knob, and post regions of the FH2
domain. We note that these mutations also reside within coding exons 10a—d of the capu

gene locus, which are common to all putative Capu splice variants (Fig. 4.2).
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Figure 4.4 — All identified mutations are located within Capu’s FH2 domain. (A)
Location of mutated residues within the FH2 domain. Capu homology model is based on the
crystal structure of hDAAM1 (PDB # 2J1D; [87, 88]). (B) Size exclusion chromotography of all
mutants compared to wildtype CapuCT (dimer) and CapuCT-W600A (monomer).

To study the biochemical consequences of these mutations, point mutants were created
in a C-terminal Capu construct (CapuCT; residues 467-1059). All CapuCT mutants were
amenable to purification except CapuCT-L768H. Because of its predicted location inside the
globular knob region of the FH2 domain, we suspect that mutating this buried hydrophobic
residue disrupts the structure of CapuCT and/or causes misfolding. A neighboring knob mu-
tation, CapuCT-I751T, was also difficult to purify and the yield was reduced approximately

10-fold compared to the wildtype construct.

The lasso/post interface, where many of the mutations are located, is important for formin
dimerization [12]. We therefore tested whether any of these mutations dramatically alters
the dimerization state of Capu. Purified mutant constructs were analyzed by size exclusion
chromatography and compared to wildtype CapuCT as a dimer control and CapuCT-WG600A
as a monomer control [87, 30] (Fig. 4.4B). From this, we confirmed that CapuCT-D662N,
-K586M, -D854N, and -P597L exist predominantly in a dimeric state. Interestingly, two
mutant proteins, CapuCT-1751T and CapuCT-H977Y, eluted differently than the other mu-
tants. Although a similar quantity of protein was run on the column, CapuCT-I751T did not
form any clear elution peaks, further supporting our hypothesis that this buried hydrophobic
mutation disrupts the structure and/or folding of CapuCT. CapuCT-HI977Y eluted primarily
as a dimer, but exhibited a broader shoulder and an unusually high peak in the void volume.
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This void volume peak was reproducible when the dimer fraction was run a second time
on the size exclusion column (Fig. 4.4B, dashed line), suggesting that CapuCT-HI977Y is in
equilibrium with a higher-order complex or aggregation product. Consistent with this being
an unfavorable aggregation product, the higher-order fraction was less active in pyrene-actin

assembly assays than the dimer fraction (data not shown).

4.4 In wvitro characterization of classical capu alleles

All of the classical capu alleles that we tested in vivo compromised Capu’s ability to build
the cytoplasmic actin mesh during oogenesis (Fig. 4.3A-H). To test whether any of these
deleterious point mutations affect Capu’s ability to nucleate actin filaments, we measured
the activity of each mutant in bulk pyrene-actin polymerization assays. Many of the mutants
exhibited impaired activity in both the absence or presence of excess profilin (Fig. 4.5, A and
B). However, the extent to which actin assembly activity was reduced varied widely across
the different mutants. Most strikingly, CapuCT-D662N was indistinguishable from wildtype

CapuC'T in these assays.

We had previously shown that FH2 mutations can alter the interaction between CapuCT
and microtubules in vitro. Because the classical capu mutations had variable effects on actin
assembly activity, we wondered if any of them might play a role in microtubule binding.
We therefore used high-speed pelleting assays to measure binding of each mutant to taxol-
stabilized microtubules. CapuCT-I751T was omitted from this analysis because it could not
be purified at high enough concentrations. Surprisingly, all of the other mutants except for
CapuCT-D854N showed a substantial increase in microtubule binding density (Fig. 4.5C
and Table 4.2). Without better structural information about CapuCT or the CapuCT-
microtubule interface, it is difficult to explain this shift in binding density. For now, we
hypothesize that the mutations alter the CapuCT’s conformation in a way that reduces the
binding footprint and allows more CapuCT to bind the microtubule lattice. Because the
mutants still bind microutbules with sub-micromolar affinity, we speculate that this shift in

microtubule density is not directly responsible for the phenotypes observed during oogenesis.
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Figure 4.5 — Mutants variably affect actin assembly and microtubule binding. Actin
assembly activity of 10 nM of each construct in the absence (A) or presence (B) of profilin. (C)
Microtubule binding by all constructs at 50mM KCI with 0.5 pM tubulin.

Table 4.2 — Fit parameters for all microtubule binding curves. The free energy of binding
(A,G) is expressed with units kJ/mol and the binding site size (n) is expressed as the number of
a/f-tubulin dimers per binding site. Error bars for A,G and n represent one standard deviation.
The most probable dissociation constant (K;) values are reported in units of M and calculated
from A,G at 25°C (see Section 7.3 for additional information). All binding curves were measured
at 50 mM KCl with untreated microtubules.

Binding Experiment A, G (kJ/mol) Kgq (pM) n (a/B dimers)

CapuCT 4.74 + 0.11 0.15 1.42 £ 0.01
CapuCT-K586M 3.39 £ 0.14 0.25 0.88 £+ 0.01
CapuCT-P597L 2.96 £ 0.22 0.30 0.88 £ 0.02
CapuCT-D662N 3.41 £ 0.17 0.25 0.87 £ 0.01
CapuCT-D854N 5.70 £ 0.13 0.10 1.48 £ 0.01
CapuCT-HI77Y 4.27 + 0.14 0.18 0.95 £ 0.01
CapuCTAloop 4.39 + 0.14 0.17 1.30 £ 0.01
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4.5 Identification and characterization of Capu’s “loop” domain

While studying these classical mutations, we noticed that the lasso region of Capu varies
substantially from all other formins identified to date. Whereas most formins contain 10-20
residues between the two perfectly conserved tryptophan residues in the lasso, Capu contains
52 residues in this region (Fig. 4.6A). We expect this proline-rich lasso insertion to be fairly

unstructured, and thus refer to it as the “loop” domain.

To begin characterizing this novel loop domain, we created and purified a construct lack-
ing 38 of the loop residues (CapuCTAloop, residues 467-610+649-1059). In size exclusion
chromotagraphy experiments, CapuCT Aloop elutes between the dimer and monomer con-
trols (Fig. 4.6B). There are two feasible explanations for this shift: First, CapuCTAloop
could exist in equilibrium as a monomer and dimer. Second, CapuCTAloop could have a

more compact shape compared to wildtype, causing it to elute as a smaller molecular species.

701 CapuCT dimer | ! monomer 7
dCapu  RPLYWTRIVTSAPPAPRPPSVANSTDSTENSGSSPDEPPAANGADAPPTAPPATKEIWTEIE =~ 60l CapuCT-W600A ; i
MFMNL  KPLYWTRIQINDKSQDAAP- = - === === == <= oo oo ecoemeoo o TLWDSLE "Dé CapuCTAloop \
MFMN2  KPLYWTRIQLHSKRDSSPS - - === === === mc oo LIWEKIE E sor
dmDia  KRANWKATVPAKMS - - - - === DKAFWVKCQ 8
mDial  RRPNWSKFVAEDLS - - == === === === ==mmmmmmoomomooooooe QDCFWTKVK 8
MDia2  RRLNWLKIGPNEMS - - - - === c-=omommmmmomoomomooooooe ENCFWIKVN ]
mDia3  KRINWSKIEPKELS= === == = =commsmmmomoooooooooooooo ENCVWLKLK £
hINF2  KKLNWQKLPSNVAREHN- - - =< SMHASLS >
hDAAML  KSFNWSKLPENKLEG= - == === = === === = === ===~ m oo TVWTEID
SCBNil KQLHWEKLDCTDNS= - - == == === == s @ s oo m oo oo oo IWGTGK
7 8 9 10 1" 12 13
Volume (mL)
Costr D se1 — E e —
CapuCTAloop | CapuCTAloop 0.7F CapuCTAloop
z 3 T osf i 4
S 2810t 3 2810} CapuCT ° CapuCT
s & Q
8 8 £ __ 05F
5 3 £S
S5 © L
@ 2104 | 2 2100 F
o o S &
S S £ oar
= = [
2 2 Q
g 12104 g 12104 a 02
s s @
& & S o1t
actin actin o-
4000 . . . . . . L1 4000 ¢ ! L . L 1 T R S S S S
0 400 800 1200 1600 0 1000 2000 3000 4000 5000 0 1 2 3 4
Time (s) Time (s) Total CapuCT (uM)

Figure 4.6 - Removing Capu’s “loop” domain increases actin assembly activity. (A) Se-
quence alignment showing the location of Capu’s extra “loop” domain between the highly conserved
lasso Trp residues. (B) Size exclusion chromotography of CapuCTAloop compared to wildtype Ca-
puCT (dimer) and CapuCT-W600A (monomer). Actin assembly activity of 10 nM CapuCTAloop
in the absence (C) or presence (D) of profilin. (E) Microtubule binding by CapuCT Aloop compared
to wildtype at 50mM KCI with 0.5 uM tubulin.
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In bulk pyrene-actin polymerization assays, CapuCTAloop was a faster actin nucleator
than wildtype, both in the presence and absence of profilin (Fig. 4.6, C and D). Because
monomeric CapuCT loses its actin assembly activity (data not shown), this supports our
hypothesis that removing the loop domain changes the overall shape of the CapuCT dimer

rather than impairing its ability to dimerize.

We next tested CapuCTAloop binding to microtubules. Although microtubule bind-
ing was very similar to the wildtype control, CapuCTAloop did exhibit a small increase in
binding density (Fig. 4.6E and Table 4.2). Based on our size exclusion chromatography ex-
periments, we speculate that removal of the loop domain results in a more compact CapuCT
dimer; this CapuCTAloop dimer could have a smaller binding footprint on the microtubule,

which would lead to an increased binding density.

4.6 Discussion

Here we have identified and characterized several point mutations from classical capu alleles.
While we had hoped to identify mutations within uncharacterized regions of Capu, the
fact that all mutations appear in the FH2 domain underscores this domain’s functional
importance in vivo. Based on our Capu homology model, all mutations reside in three key

regions of the FH2 domain: the lasso, post, and knob.

The two mutations in the knob (I751T and L768H) appear to be buried hydrophobic
residues. This observation fits well with our in vitro analysis: CapuCT-I751T was difficult to
purify and exhibited severely reduced nucleation activity while CapuCT-L768H could not be
purified at all. Moreover, these mutations displayed the most severe reduction in actin mesh
of all the alleles tested. From this we conclude that the I751T and L768H mutations globally
disrupt the structural stability of Capu, leading to the deleterious phenotypes observed in

VIVO.

The remaining mutations are clustered around the lasso and post regions of the FH2
domain, but do not impair Capu’s ability to dimerize in vitro. These mutants varied widely

in their actin assembly activity. The D854N and P597L mutations severely compromised
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actin assembly to levels at least 2-fold slower than wildtype. We believe that this reduction
in actin assembly is sufficient to explain the in vivo phenotypes observed for these two alleles.
The H977Y mutation had a more moderate effect on Capu’s actin nucleation activity, but
behaved poorly in size exclusion chromatography experiments. In addition to forming a
dimer, this mutant appeared to be in equilibrium with an inactive, higher order complex
or aggregate. This finding suggests that the H977Y mutation may structurally destabilize

Capu just enough to be relatively active in vitro but deleterious in a cellular environment.

The remaining two mutations, Kbh86M and D662N, are difficult to explain with our
current data, as both have in wvitro actin assembly activities comparable to wildtype. In
the oocyte, the K58 M mutant had the most intact cytoplasmic actin mesh of all the alleles
tested; however, this mesh was still insufficient to prevent premature cytoplasmic streaming,
suggesting that Capu-K586M may be able to create actin filaments but cannot properly
assemble the actin mesh. Capu-D662N is the most intriguing mutation in that it leads to
a severely reduced actin mesh but retains full actin assembly activity in wvitro. Instead of
abolishing actin assembly, this mutation could disrupt a critical interaction between Capu
and one of its binding partners in the oocyte. We will follow up on this hypothesis by testing
this mutant’s ability to bind Spir’s KIND domain, Capu’s own N-terminal autoregulatory
domain, and the sides of actin filaments [30, 20, 47]. We will also examine actin assembly in
greater detail by using TIRF microscopy to measure the elongation rates and processivity of
all mutants. These experiments will further our understanding of the classical capu mutations

and the role of Capu’s FH2 domain in oogenesis.

A major motivation of this study was to identify mutations that selectively disrupt mi-
crotubule binding by Capu. We were surprised to find that almost all of our mutations
affected microtubule binding, exhibiting a clear shift in microtubule binding density. This
shift in binding density is nearly identical to the shift we observed for several FH2 muta-
tions in Chapter 2. Unfortunately, we currently lack sufficient structural information about
CapuCT and the Capu-microtubule binding interface to readily explain the shift in binding
density. As such, it is unclear whether the shift observed with the classical capu mutations
is mechanistically similar to the shift we observed in Chapter 2. Furthermore, it is diffi-
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cult to assess whether this shift holds any physiological relevance for Capu’s function in the
oocyte. It was previously reported that a P597T mutation compromises Capu’s ability to
crosslink microtubules and actin filaments in vitro [48]. There is currently no known role
for this crosslinking activity in the oocyte, but it is possible that these mutations not only
affect microtubule binding density, but also actin/microtubule crosslinking. If this is true,
the D662N mutation could be a powerful tool for understanding the potential role for Capu-
mediated microtubule bundling during development. Otherwise, we are skeptical that any
of these mutations will be useful for studying Capu-microtubule interactions in vivo. All of
the mutants still bind microtubules with sub-micromolar affinity, and many have a negative

effect on actin assembly activity.

Finally, we report here the first identification and characterization of a unique “loop”
region within Capu’s FH2 domain lasso. Although we have not yet studied it in vivo, we
discovered that removing the loop does not compromise actin nucleation or microtubule
binding by Capu. In fact, CapuCTAloop was a faster actin nucleator than wildtype. Could
this region be important for regulating Capu by being posttranslationally modified or by
binding novel interacting partners? As with the other mutations, our future work will explore
the loop’s role in mediating known interactions with Spir, Capu’s N-terminus, and actin
filaments. Additional in vivo analysis of a CapuAloop construct will also provide important

insight into the physiological relevance of this unique region.
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CHAPTER 5

Tandem affinity purification of Capu binding partners

Through our work in the preceding chapters, we have gained useful mechanistic insight into
Capu’s interaction with microtubules. While we can use this information to speculate about
the role of Capu-microtubule binding in Drosophila oogenesis, it remains unclear how exactly
this interaction contributes to development and whether it is important for Capu’s ability

to build the cytoplasmic actin mesh.

Our in vitro studies in Chapter 2 support a model in which Capu does not simultaneously
assemble actin filaments and bind microtubules. If these activities are in fact mutually ex-
clusive, it follows that they are spatially and/or temporally regulated within the oocyte. To
date, all known Capu binding partners interact through its short C-terminal tail domain and
compete with one another for Capu binding [47, 30, 20]. This competition for Capu binding
could be sufficient to regulate Capu in vivo. For example, Spir and microtubules directly
compete for Capu binding and have opposite effects on Capu’s nucleation activity: micro-
tubules potently inhibit Capu’s nucleation activity while Spir and Capu form a functional
nucleation complex [47, 30]. On the other hand, additional regulatory mechanisms may still
be required to further mediate Capu’s function in vivo. Posttranslational modifications have
been shown to regulate autoinhibition and microtubule binding by other formins [60, 7, 95],

and we hypothesize that similar regulatory mechanisms exist for Capu in the oocyte.

Additionally, it is unclear whether Capu’s ability to bind microtubules contributes to
the creation of the cytoplasmic mesh or if microtubule binding is instead important for
an entirely different function during oogenesis. Our biochemical characterization of classical
capu alleles in Chapter 4 suggests that while actin assembly is important for Capu’s function

in vivo, there may be other interactions necessary for building a coherent cytoplasmic mesh.
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In particular, the capu?3>*

allele had compromised mesh in vivo but was indistinguishable
from wildtype in all of our in vitro actin assembly assays. Our CapuCTAloop construct also
behaved like wildtype CapuCT in vitro, suggesting that this loop region may be important
for regulating Capu in vivo. Furthermore, it is possible that Capu has other functions in the
oocyte beyond building the cytoplasmic actin mesh. It has already been shown, for example,
that Capu assembles actin projections that emanate from the posterior pole of the oocyte

in response to Osk localization [70]. This supports a role for Capu in additional pathways

in oogenesis beyond building the cytoplasmic actin mesh.

Here we used tandem affinity purification to retrieve Capu interacting proteins from
Drosophila ovary lysates. By identifying novel Capu binding partners, we will gain further

insight into Capu’s function and regulation in vivo.
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Figure 5.1 — Experimental set-up for tandem affinity purification. (A) Schematic of
the tandem affinity purification process. The TAP-Capu construct comprises monomeric EGFP
(mEGFP), a PreScission Protease cleavage site (PP), S-peptide, and Capu residues 1-1059 all
under control of an upstream activating sequence (UAS) promoter. This construct was expressed
in fly ovaries under the control of a germline-specific nanos driver (nos-Gald-vpl16). TAP-Capu
and its interacting partners were pulled down from ovarian lysates using anti-GFP beads. TAP-
Capu was then cleaved from the anti-GFP beads using PreScission Protease (PP) and was further
purified by binding to S-agarose. See Section 7.9 for additional experimental details. (B) Silver
stained gel showing fractions from key steps in the tandem affinity purification process: low-speed
supernatant (LSS), high-speed supernatant (HSS), anti-GFP flowthrough (FT), supernatant after
treatment with PreScission Protease (Post-PP), S-agarose flowthrough (FT), and the final elution
fraction (Elute). The final elution fraction contains Capu, PreScission Protease contaminant (PP)
and several bands indicating candidate interacting partners. Molecular weight is indicated in kDa.
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5.1 TAP-Capu expression and pulldown

We created a transgenic fly line containing an N-terminally TAP-tagged Capu construct
(TAP-Capu; Capu residues 1-1059) and expressed it in fly ovaries using a germline specific
nanos driver (Fig. 5.1A). Capu and its binding partners were then isolated from ovary lysates
in two consecutive binding steps as outlined in Fig. 5.1A (see Section 7.9 for experimental
procedures). Using this approach, we were able to isolate Capu along with several binding

partners that could be readily detected on a silver stained gel (Fig. 5.1B).

Once we established that our protocol could successfully isolate Capu and its binding
partners, we repeated the pulldown in tandem with a negative control lysate prepared from
ovaries expressing GFP instead of TAP-Capu (Fig. 5.2). In general, there was very little
overlap between the bands detected for the TAP-Capu pulldown and the negative control.
Several bands could be detected on the negative control gel, but these were very faint and
appeared mainly in the 45-70 kDa range. Far more bands were detected on the TAP-Capu
gel ranging from approximately 10 kDa (the lower limit of the gel) up to approximately 114
kDa (the size of the Capu monomer). To identify these binding partners, we scaled up our
experiment and sent our final elution fraction to the laboratory of Dr. Julian Whitelegge.
There it was digested with trypsin and analyzed by nano-liquid chromatography with tandem

mass spectrometry (see Section 7.9 for additional experimental details).

5.2 Mass spectrometry results

Mass spectrometry analysis identified a number of potential Capu interacting partners. Pep-
tide results were searched against two sequence databases: a database encompassing all
Drosophila species (228,960 sequences) and a database specific to D. melanogaster (5,129
sequences). Searching these two databases revealed 68 and 88 different binding candidates,
respectively, as shown in Tables A.1 and A.2. From these results, we then selected a smaller
subset of protein hits that had particularly good peptide coverage or were of particular

physiological interest (Table 5.1).
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Figure 5.2 - Tandem affinity purification preliminary results. Silver stained gels from two
separate pulldowns: GFP (negative control) and TAP-Capu. Each gel shows fractions from key
steps in the tandem affinity purification process: low-speed supernatant (LSS), high-speed super-
natant (HSS), anti-GFP flowthrough (FT), supernatant after treatment with PreScission Protease
(Post-PP), S-agarose flowthrough (FT), and the final elution fraction (elute). Molecular weight is
indicated in kDa.

Table 5.1 — Selected mass spectrometry results. For full results see Tables A.1 and A.2.

Gene Mass Matches’ % Coverage’
Cappuccino, isoform E 138486 1105 (923) 54.8
Cytoplasmic dynein light chain 10468 65 (56) 55.1
Receptor of activated protein kinase C 1 36109 21 (15) 62.2
Dynamin related protein 1 83085 22 (5) 23.5
Ketel (importin 3) 99886 15 (5) 12.9
Pendulin (importin a2) 58071 23 (1) 24.5
Protein phosphatase 2A 72542 17 (4) 18.0
Polo (protein kinase) 67588 4 (2) 9.2
CG4552 (putative Rab GAP) 78449 32 (18) 32.7
Yolkless (vitellogenin receptor) 222297 12 (2) 6.2
Rab9 28848 6 (1) 7.8

fTotal number of peptide matches. The number of significant (p < 0.05) matches is indicated in parentheses.
§Percentage of total protein sequence for which peptide matches were identified.
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As expected, our top protein hit was Capu itself. However, several peptides matched
Capu sequences N-terminal to the Capu-A isoform used to create our TAP-Capu construct.
While this could simply reflect computer bias in matching peptide fragments, this opens
the intriguing possibility that other Capu isoforms besides Capu-A do in fact exist in the
Drosophila oocyte. Because we specifically pulled down Capu-A in our experiments, this also
suggests that other Capu isoforms may be able to form heterodimers and/or higher-order

complexes with Capu-A.

Other high scoring protein hits with particularly good peptide coverage included Cyto-
plasmic dynein light chain, Receptor of activated protein kinase C 1 (RACK1), and dynamin-
related protein 1 (Drpl). The cytoplasmic dynein light chain hit could be Cytoplasmic dynein
light chain 2 or Cut up, which differ by only one amino acid and cannot be differentiated by
our peptide matches. The remaining hits in Table 5.1 were selected based on their known
or putative physiological function: Ketel (importin ) and Pendulin (importin «2) are both
involved in nuclear import; Polo (protein kinase) and Protein phosphatase 2A (PP2A) are
posttranslational modifiers; and Yolkless (vitellogenin receptor), CG4552 (a putative Rab
GAP), and Rab9 are known or likely to be important for endocytosis [96, 97, 98].

In addition to identifying potential interacting partners, we were able to search our mass
spectrometry results for phosphorylated Capu peptides and identified several putative phos-
phorylation sites (Table 5.2). Two of these sites, Ser-160 and Ser-565, are already annotated
in the Phosida posttranslational modification database [99]. We note that Ser-565 (FH1
domain), Ser-680 (FH2 domain linker region), and Ser-1047 (tail domain) all lie in fairly
unstructured regions of Capu where they could be easily accessible to posttranslational
modifiers. We also ran these putative phosphorylation sites through three different kinase
prediction servers [100, 99, 101] and identified potential kinases for all but one of the phos-
phorylation sites (Table 5.2). We stress, however, that these putative phosphorylation sites
and kinases have not been rigorously tested and are presented here purely as a starting point

for further analysis.
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Table 5.2 — Predicted Capu phosphorylation sites. Mass spectrometry results were submitted
to an error tolerant search to identify potential posttranlsational modifications. Maximum peptide
scores for each predicted phosphorylation site are shown. Scores are calculated as —10log(P) where
P is the probability that the observed match between the experimental data and the database
sequence is a random event.

Residue Score Predicted Kinases

Ser-35 15

Ser-160 47 PKC!, PKD?, CHK1?

Thr-318 60 CDK1?3, CDK22, ERK?, NEK62, CKI', p38MAPK!', GSK3', cdk5!
Ser-565 57 p38MAPK!, cdk5!

Ser-680 8 PKC!

Ser-822 11 NEK62, cdc2!

Thr-925 5 PKA2, cdc2!

Ser-1047 3 PKAM2, PKC!, CKI?, CK22, Aurora?

INetPhosK 1.0 Server (http://www.cbs.dtu.dk/services/NetPhosK) [100]
2Phosida Motif Matcher (http://www.phosida.com) [99]
3Scansite 3 (http://scansite3.mit.edu) [101]

5.3 Discussion

Through our tandem affinity pulldown experiments, we hoped to address two major questions
surrounding Capu’s role in the oocyte: how is Capu regulated and how does microtubule
binding relate to Capu’s physiological function? Although the results presented in this

chapter are still preliminary, they offer some interesting insights into these two questions.

As a first step toward exploring Capu regulation, we identified a handful of putative
phosphorylation sites and pulled down two candidate binding partners, Polo and PP2A,
that could potentially modify Capu’s posttranslational state. Capu contains three polo-like
kinase consensus sequences at Ser-772, Ser-793, and Ser-954 [102]; however, none of these
putative polo phosphorylation sites correspond to the sites identified by mass spectrometry
(Table 5.2). Further characterization will be needed to determine whether Polo acts directly
on Capu and in what context Polo might regulate Capu’s function. Polo-like kinases are
important regulators of mitosis [103]. A recent study showed that Polo and PP2A collaborate
to promote cell cycle progression in the syncytial blastoderm during Drosophila development
[104]. Although germline cell division does not occur during mid-oogenesis, Capu could be

important for cell division pathways in the germarium and/or the embryo. Because we used
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whole ovary lysates for our pulldown experiments, it is quite likely that we are probing a

wide range of developmental pathways.

In addition to potential regulatory proteins, our mass spectrometry analysis identified
several different Capu isoforms and a second Drosophila formin, Diaphanous (Dia). Because
peptide matches were scattered throughout the entire coding regions of these proteins, we
do not believe that these hits are simply false positives resulting from conserved FH2 do-
main sequences. Daou et al. recently discovered that mDial, mDia2, and mDia3 can form
heterodimers in the cell [59]. Together with our findings, this supports an interesting new
model for formin heterodimerization. Although the physiological relevance of formin het-
erodimerization is not yet clear, this could be yet another example of how formin function
is specialized and regulated within the cell. Such a possibility warrants further investigation

and should be a focus of future research.

With respect to our second question of how microtubule binding relates to Capu’s phys-
iological function, we were pleased to see several microtubule-related hits among our mass
spectrometry results. We were surprised, however, by the lack of actin and actin-binding pro-
teins considering Capu’s known role as an actin nucleator. It is possible that the high-speed
centrifugation step removed most, if not all, of the actin filaments from solution. Because our
tandem affinity purification was performed on ice, microtubules likely depolymerized in the
cold while actin remained intact. This could explain the presence of tubulin but not actin
in our mass spectrometry results. To correct for this bias, experiments should be repeated
in the presence of an actin depolymerizing drug such as LatA. We were also surprised that
Spir was not among our mass spectrometry results. It is well established that Capu and Spir
directly interact during oogenesis [30, 32|, and a previous study demonstrated that Capu
and Spir co-immunoprecipitate from ovary lysates [47]. We speculate that storing ovaries
in the freezer could selectively break down Spir or that the Capu-Spir interaction may not
be stable enough to survive the multiple purification steps and relatively high salt (300 mM
KCl) conditions used in our tandem affinity purification procedure. In future work, a combi-
nation of tandem affinity purification, Western blot analysis, and direct comparison of frozen
versus fresh ovary lysates should clear up this discrepancy.
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Moving forward, we still need to rigorously test and confirm our newly identified Capu
binding partners. In the meantime, these preliminary results suggest intriguing possibilities
for Capu’s role in oogenesis. Cytoplasmic dynein light chain is a particularly exciting hit
given its clear connection with the microtubule cytoskeleton. Following up on this putative
interaction could provide much needed insight into Capu’s relationship with microtubules
during oogenesis. RACKI1 and Drpl are also interesting hits as they both have emerging
roles in Drosophila oogenesis but have not been thoroughly characterized in this context
[105, 106]. Similarly, the importins we identified might play important developmental roles
distinct from the canonical nuclear import pathway. Rather than localizing to the nucleus,
Pendulin associates with the cortex, binds actin filaments, and is important for proper ring
canal assembly during oogenesis [107]. Further characterization of these candidate binding
partners will ultimately improve our understanding of oogenesis and the role of Capu during

development.
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CHAPTER 6

Conclusion

6.1 Emerging mechanisms of formin-microtubule binding

Here we have characterized the mechanism of Capu-microtubule binding as well as its effect
on Capu-mediated actin assembly. To place our work in a broader context, we will discuss
three emerging features of formin-microtubule interactions: (1) the mutually exclusive na-
ture of actin assembly and microtubule binding, (2) the variable role of the formin tail in

microtubule binding, and (3) a putative microtubule binding hot spot in the FH2 domain.

There is a developing trend in the formin field that microtubule binding and actin assem-
bly activity may be mutually exclusive in vivo and represent two distinct aspects of formin
function. Our in vitro data presented in Chapter 2 support a model in which Capu does
not simultaneously assemble actin filaments and bind microtubules. Microtubules potently
inhibit actin nucleation by Capu but have little effect on Capu once it is bound to the end
of an elongating actin filament. Our model fits with previous studies demonstrating that
formin actin nucleation activity is dispensable for microtubule stabilization [43], microtubule
attachment to kinetochores [60], and cortical microtubule capture [59]. Furthermore, mDial
exhibits a clear tradeoff between barbed end association and microtubule binding in vivo:
treating cells with actin depolymerizing drugs or overexpressing actin capping protein liber-
ates mDial from actin barbed ends and promotes mDial-mediated microtubule stabilization
[79]. Our analysis suggests that microtubule binding and actin barbed end association re-
quire overlapping surfaces on the FH2 domain, and Daou et al. recently demonstrated a
similar functional overlap for mDia [59]. Future work will reveal whether this tradeoff be-

tween microtubule binding and actin assembly is a characteristic of all formins.
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Figure 6.1 — Potentially conserved mechanisms of formin-microtubule binding. (A)
Summary of microtubule binding data for several formin tail domains. Formin tails that bind
microtubules with measurable affinity have a theoretical pI > 10. Data for hINF2, mDial, and
mDia2 are from Gaillard et al. [28]. (B) A putative microtubule binding hot spot in the FH2
domain. The original 3K mutation made by Ishizaki et al. is highlighted in yellow. Residues in and
around this region are important for cortical microtubule capture [59] and regulation by Aurora B
kinase [60]. Residues important for in vitro Capu-microtubule binding (Lys-851, Lys-853, and Lys-
856) are shown in red. The residue important for mDia3 phosphorylation by Aurora B is shown
in blue. (C) Structural location of the putative microtubule binding hot spot. Capu homology
model is based on the crystal structure of hDAAM1 (PDB # 2J1D; [87, 88]). Lys-851, Lys-853,
and Lys-856 are shown as red spheres, and Thr-863 is shown as blue spheres. These residues lie on
the same FH2 surface that contacts the actin barbed end.
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A second formin development is the variable role of the C-terminal tail domain in micro-
tubule binding. Of the four formins carefully studied in vitro, Capu and mDia2 require their
C-terminal tails for high affinity microtubule binding, while mDial and hINF2 do not [28].
We note that the Capu and mDia2 tail domains, which can also bind microtubules on their
own, are much more basic than the mDial and hINF2 tail domains (Fig. 6.1A). We found
in Chapter 2 that Capu’s tail domain binds microtubules through nonspecific charge-based
interactions. Perhaps any formin tail with sufficient charge can bind the microtubule lattice
and contribute to microtubule binding in this way. Why tail binding may be important for
some formins and not others remains unclear. It is possible that absence or presence of tail
binding shifts the mode of microtubule binding to influence how different formins interact
with microtubules. For instance, tail binding could alter the ability of formins to stabilize
and/or bundle microtubules. Additional information about the formin-microtubule binding
interface will allow us to begin dissecting the interaction and understand the precise role of

the formin tail.

Finally, there appears to be a putative hot spot for microtubule binding within the FH2
domain of several formins. In an early formin study, Ishizaki et al. identified a three-lysine
(3K) mutation in the FH2 domain that disrupts mDial-mediated microtubule reorganization
[5]. Based on sequence alignments, this 3K mutation corresponds to Capu residues Lys-851,
Lys-856, and His-861 (Fig. 6.1B). Structural studies of the FH2 domain later revealed that
the second 3K lysine (Capu Lys-856) directly contacts the actin barbed end and is essential
for the actin nucleation activity of the yeast formin Bnilp [12, 13]. However, when we
mutated this residue in Capu, we observed little effect on nucleation activity and measured
a striking increase in microtubule binding density. Concurrent with our study, Daou et al.
discovered that mutating the first 3K lysine (Capu Lys-851) disrupts mDia-mediated cortical
microtubule capture [59]. Cheng et al. also demonstrated that phosphorylation by Aurora B
near the 3K mutation region (Capu Thr-863) disrupts mDia3 association with microtubules
in vitro and in vivo [60]. All of these residues are located within a small, well-conserved
region of the FH2 domain. This region lies along the inner surface of the FH2 dimer, which

directly contacts the actin barbed end (Fig. 6.1C). Although future work will be necessary to
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better characterize this region across all formin groups, these findings point to a key region

that may play a conserved role in formin-microtubule binding.

6.2 Implications for Capu-microtubule binding in oogenesis

During Drosophila oogenesis, Capu builds two important actin structures: a cytoplasmic
actin mesh and a collection of posterior actin projections. Although we have characterized
Capu’s ability to bind microtubules in wvitro, it is still unclear how this relates, if at all,
to Capu’s developmental role building either of these actin structures. Addressing this
question will ultimately require better tools for selectively disrupting microtubule binding
in vivo. However, the results of this dissertation should provide useful alternative avenues
for exploring the role of Capu-microtubule binding during development. Here we discuss
the implications of our findings with respect to Capu’s role during oogenesis and suggest

possible directions for future research.

Capu and Spir work together to form the cytoplasmic actin mesh during mid-oogenesis
(69, 32]. However, Capu’s own actin assembly activity is also required for this process [32],
supporting a model in which Capu remains processively attached to growing actin filaments
to build a coherent meshwork. Our in vitro experiments in Chapter 2 revealed that despite
their potent inhibitory effect on Capu’s actin nucleation activity, microtubules have little
effect on Capu once it is bound to the barbed end of an elongating actin filament. Because
Spir directly competes with microtubules for Capu binding [47], the Capu-Spir complex may
be able to efficiently nucleate actin in the presence of microtubules. Once Capu is released
from this complex, it is already attached to the barbed end of an actin filament and could
therefore act as a processive elongation factor in the microtubule-rich oocyte. We suspect
that Capu’s role as an elongation factor is essential during oogenesis. This hypothesis is
reinforced by our results in Chapter 4 demonstrating that some classical capu alleles fail to
build a functional mesh but nucleate actin filaments in vitro. Future work will reveal whether
these mutants are compromised in their ability to processively elongate actin filaments.

Finally, we note the presence of cytoplasmic dynein light chain (Cdlc) in our tandem affinity
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purification results presented in Chapter 5. While the exact mechanism is unknown, dynein
is required to repress premature cytoplasmic streaming during mid-oogenesis [74]. Capu
may therefore interact with dynein to build the cytoplasmic actin mesh and regulate the
timing of streaming. Confirming and characterizing Capu’s putative interaction with Cdlc
could provide valuable insight into Capu-mediated coordination of the actin and microtubule

cytoskeletons.

In addition to building the cytoplasmic actin mesh, Capu works with Spir to build a
set of long actin projections at the oocyte posterior [75, 70]. These projections appear
around stage 10 in response to osk mRNA localization [75]. At this point in development,
microtubules are nucleated from all regions of the oocyte cortex except the posterior pole
[71]. Given the antagonistic relationship between microtubule binding and actin assembly,
microtubules could help regulate Capu function at this stage of oogenesis by restricting the
location of the actin projections. In the current model for actin projection assembly, the
regulatory protein Mon2 acts as a scaffold to link Capu and Spir to a special population
of Osk-induced endocytic vesicles and to promote actin assembly [70]. Again, we point out
our identification of Cdlc as a candidate Capu binding partner as dynein is involved in the
retrograde transport of endosomes and other vesicles [108]. At the oocyte posterior, the
endosomal compartment is restricted to within 1pum beneath the plasma membrane [109],
whereas actin projections are on average 2.5 um in length [75]. Perhaps dynein-mediated
transport is needed to move specialized Capu/Spir/Mon2 vesicles farther into the oocyte
to facilitate construction of such long actin projections. Intriguingly, another candidate
binding partner, RACK1, has been shown to regulate recycling endosome distribution via
the dynein/dynactin complex [110, 111]. Several other candidate binding partners are also
involved in endocytosis including the putative Rab-GAP CG4552, the late endosome GTPase
Rab9 [112], a handful of vitellogenins (yolk proteins), and the vitellogenin receptor Yolkless,
which marks all endocytic structures except yolk granules [75]. Some or all of these proteins
may form endosomal complexes with Mon2, Capu, and Spir to regulate the posterior actin

projections and/or promote Cdlc-mediated vesicle association with microtubules.

Another intriguing possibility is that Capu helps mediate microtubule capture at the
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oocyte posterior. In addition to inducing posterior actin projection formation, osk-upregulated
endocytosis is required for the maintenance of microtubule polarity and proper localization
of additional osk mRNAs to the posterior [76]. Sanghavi et al. recently demonstrated that
microtubule plus ends decorated with CLIP-190 (Drosophila CLIP-170) and EB1 are en-
riched at the oocyte posterior [113]. In their study, disrupting the posterior enrichment
of either protein led to reduced levels of posterior endocytosis, suggesting that this pop-
ulation of microtubules is somehow important for the osk-induced endocytic pathway. In
mammalian cells, mDia mediates cortical microtubule capture during cell migration in a
pathway that involves microtubule plus end associated proteins and the spectraplakin ACF7
[53, 59]. Perhaps not coincidentally, both Capu and the Drosophila spectraplakin, Short stop
(Shot), were identified in a screen for novel osk mRNA localization and anchoring factors
[77]. Because Shot is necessary for oocyte specification in the germarium [114], its role later
in oogenesis has not yet been characterized; however, Shot is known to organize microtubules
and colocalize with both EB1 and APC in larval tendon cells [115]. It will be interesting to
see whether Capu, like mDia, can work with Shot and microtubule plus end associated pro-
teins to capture microtubules at the oocyte posterior. Capu-mediated microtubule capture
could help promote osk mRNA localization and pole plasm assembly and/or help guide in-
coming yolk granules onto microtubule tracks. More experimental evidence will be required

to sort out the precise role, if any, of Capu in such processes.

6.3 Concluding remarks

In this study, we have characterized in vitro Capu-microtubule binding (Chapter 2), stud-
ied the biochemical effects of classical capu mutations (Chapter 4), and identified candidate
Capu binding partners that may be important during development (Chapter 5). When we
began this work, we had hoped to identify point mutations that could be used as tools to
selectively disrupt formin-microtubule binding in vivo. Although we have yet to uncover
such point mutations, our findings have improved our mechanistic understanding of formin-

microtubule binding and provide intriguing directions for future investigation. In particu-
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lar, we are optimistic that the emerging microtubule binding hot spot in the FH2 domain
(Fig. 6.1, B and C) may play a conserved role in microtubule binding among many, if not
all, formins. Continued characterization of formin-microtubule binding will be necessary to
identify any conserved binding mechanisms and useful tools for disrupting microtubule bind-
ing in vivo. In particular, it will be helpful to characterize microtubule binding by formins
from the remaining formin groups (FHOD, DAAM, FMNL, and Delphilin) to provide a more
complete picture of formin-microtubule interactions. Electron microscopy studies of formin-
microtubule complexes will be especially useful for characterizing the formin-microtubule
binding interface. Elucidating the basic mechanisms of direct formin-microtubule binding
will help us to understand how exactly formins regulate microtubule stability and organi-
zation in the cell. Furthermore, it will shed light on the variety of specialized formin roles
within the cell. Why do some formins bundle microtubules but not others? Why are only
some formin tails involved in microtubule binding? In the cell, do formins associate with
microtubules directly, through secondary binding partners, or some combination thereof?
Addressing these questions will advance the field by better characterizing the role of formin-

microtubule binding across many different formins and cell types.

With respect to Capu’s role in Drosophila development, our tandem affinity purification
results in Chapter 5 suggest that Capu does more than build the cytoplasmic actin mesh
and posterior actin projections. This is not particularly surprising considering that capu
mRNA transcripts can be detected throughout oogenesis and into mid-embryogenesis [63].
In fact, not long after Capu was first cloned, Manseau et al. reported a cytokinesis defect in
capu and chic mutant fly lines that resulted in egg chambers with multinucleate nurse cells
[65]. Moreover, GFP-Capu appears enriched along nurse cell membranes [32], yet nothing
is currently known about how Capu might function at this location. The candidate binding
partners identified in Chapter 5 may point us toward uncovering these and other unknown
developmental roles for Capu. For example, identification of the candidate binding partner
Drpl suggests that Capu may be important for mitochondrial fission during development.
In mammalian cells, the ER~associated formin INF2 assembles actin at mitochondrial fission

sites and actively recruits Drpl [116]. Careful characterization of mitochondria in capu
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alleles may reveal a similar role for Capu in the oocyte. Identification of the candidate
binding partners Ketel (importin /) and Pendulin (importin «2) suggests that Capu may
also play a novel role in nuclear import during development. Because Capu is not detected
in the nuclei of live egg chambers [32], we are skeptical that Capu itself is imported into the
nucleus. Instead, Capu could regulate the import of other proteins or interact with Ketel and
Pendulin in roles distinct from nuclear import. Notably, Pendulin has been shown to bind
actin, associate with the oocyte cortex, mediate assembly of ring canals during oogenesis,
and play a role in mitosis [107, 117]. Capu’s role as a cytoskeletal regulator makes it an

interesting candidate for regulating such noncanonical importin functions.

There is clearly much more to learn about Capu’s association with microtubules and its
physiological role during Drosophila development. In this dissertation, we have provided use-
ful mechanistic details of Capu-microtubule binding as well as intriguing avenues for future
research. Ultimately, we hope that careful characterization of Capu and its role in oogene-
sis will elucidate broader mechanisms of formin function and advance our understanding of
Capu’s mammalian homologs, Fmnl and Fmn2. In mouse oogenesis, movement of recycling
endosomes is driven by cytoplasmic actin filaments nucleated by Spir and Fmn2 [118]. Based
on previous Drosophila studies and our preliminary tandem affinity purification results, it
seems likely that Capu may form a similar endosomal complex to build posterior actin pro-
jections. Recent mass spectrometry experiments in mammalian cells also identified novel
mDia associated proteins in similar pathways as our Capu candidate binding partners. In
particular, mDial associates with cytoplasmic dynein heavy chain and mDia2 associates with
a number of nuclear proteins [59]. Further characterization of novel formin binding partners
and formin-microtubule binding will help tease apart the molecular details of formin function
and answer important questions about the physiological role of formins as coordinators of

the actin and microtubule cytoskeletons.
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CHAPTER 7

Experimental procedures

7.1 Protein purification

A. castellani actin, Chic (Drosophila profilin), and S. pombe profilin were purified according

to published protocols [119, 20].

Wildtype (aa 467-1059), mutant, and truncated CapuCT constructs were sub-cloned
into a modified version of pET15b with an N-terminal Hisg tag as previously described [30].
Capu tail (aa 1029-1059) was subcloned into the vector pGEX-6P-2 (GE Healthcare) as de-
scribed [30]. Point mutations were introduced using QuikChange Site Directed Mutagenesis

(Stratagene).

All Hisg-tagged CapuCT and CapuFH2 proteins were expressed and purified as described
[30] with the following modifications for CapuFH2: dialysis buffers were supplemented with
50 mM KCI and storage buffer contained 100 mM NaCl to improve protein solubility. The
total concentration of protein was calculated by quantitative Sypro-Red (Invitrogen) staining

using wildtype CapuC'T as a standard.

GST and GST-tail were expressed as described [30]. Briefly, extracts were passed over
glutathione-Sepharose (GE Healthcare), eluted using glutathione, dialyzed overnight against
10 mM Tris-HCI pH 8.0, 1 mM DTT, and further purified over a MonoQ anion exchange
column (GE Healthcare).

To analyze purified proteins by size exclusion chromotagraphy, a Superdex 200 10/300
GL size exclusion column (GE Healthcare) was equilibrated with Column Buffer (50 mM
HEPES, pH 7.0, 150 mM NaCl, 1 mM DTT). Approximately 4 nmol of each CapuCT

construct was diluted in Column Buffer, centrifuged at 100,000 x g for 20 min at 4°C, and
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loaded onto the equilibrated column.

7.2 Microtubule preparation

Frozen aliquots of tubulin in BRB buffer (80 mM K-PIPES, pH 6.8, 1 mM EGTA, 1 mM
MgCly) supplemented with 1 mM GTP were prepared from lyophilized tubulin (Cat. #
T240, Cytoskeleton, Inc.). Tubulin was thawed quickly at 37°C, incubated for 5 min on
ice, and centrifuged at 100,000 x g for 10-20 min at 4°C. Tubulin concentration in the
supernatant was determined by its absorbance at 280 nm (eg50 = 115,000 em™! M1 and
subsequently polymerized in BRB buffer plus 2 mM GTP at 37°C by addition of 0.1, 1,
and 20 M taxol (paclitaxel, Sigma-Aldrich) at 10 min intervals from 100-fold concentrated
DMSO stocks.

For experiments with subtilisin-treated microtubules, polymerized tubulin was incubated
with 100 pg/mL subtilisin (Sigma-Aldrich) at 37°C for 1 hour. The reaction was quenched
with 2 mM PMSF, and microtubules were spun over a 10% sucrose cushion at 70,000 x g
for 10 min at 25°C to remove cleaved peptides. The pellet was washed and resuspended in
microtubule-binding buffer (MTB; 10 mM Na-HEPES, pH 7.0, 1 mM EGTA, 1 mM MgCl,,
1 mM DTT, 20 uM taxol, 0.5 mM thesit [nonaethylene glycol monodecyl ether, P-9641;
Sigma-Aldrich| and 50 or 100 mM KCI as indicated).

7.3 Microtubule-binding assays

Microtubule-binding assays were performed essentially as described [47] with modifications.
Briefly, CapuCT proteins, GST, or GST-tail were cleared at 100,000 x g for 20 min at 4°C.
For actin monomer competition experiments, actin was pre-incubated on ice with a 2-fold
molar excess of Latrunculin B (LatB; EMD Millipore Chemicals). LatB-Actin and Chic
samples were each diluted in MTB and cleared at 100,000 x g for 20 min at 4°C. Protein
concentration in the supernatant was determined by absorbance at 280 nm or 290 nm for

LatB-Actin. Proteins were mixed with microtubules (0.5 M) or buffer in MTB. Samples
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were incubated for 15 min and centrifuged at 100,000 x g for 10 min at 25°C. Supernatants

were removed, and pellets were washed before resuspending in SDS-PAGE sample buffer.

Proteins were resolved by SDS-PAGE, stained with Sypro-Red (Invitrogen), and quan-
tified using a Pharos FX Plus Molecular Imager with Quantity One software (BioRad).
Signals from samples without microtubules were subtracted from the corresponding signals
from samples containing microtubules to account for nonspecific protein pelleting. Protein
and tubulin concentrations in each pellet sample were quantified using a standard curve for
tubulin and the protein in question generated on the same gel. All concentrations reported

are dimer concentrations of CapuCT, GST, or tubulin.

Binding data were fit to the McGhee von Hippel model for binding to a polar one-

dimensional lattice [85]:

Croat = MTpopar + —2° L (7.1)
otal — otalV .
total total l—nv\l—-(n—-1)p
where

Ky = e ArC/RT (7.2)

The binding density v was measured by dividing the concentration of bound protein by
the total concentration of polymerized tubulin dimers in the pellet (MT}oq;). For large Cyopar,
the value of v approaches a maximum value of 1/n where n represents the number of tubulin
dimers per binding site. Because we can arbitrarily use the dissociation constant K, versus
the association constant K, of the binding reaction, we instead fit the free energy (A,G) of
the binding reaction, as this is unbiased by the direction of the reaction. We then converted
A, G to the K values reported in Tables 2.1 and 4.2. The fit parameters A,.G and n were
determined using the Levenberg-Marquardt algorithm implemented in Python using SciPy
[120].
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7.4 Pyrene-actin polymerization assays

Pyrene-actin assembly assays were carried out as described [20]. For the experiments in
Fig. 2.2, buffers were supplemented with 20 uM taxol from a 10 mM stock in DMSO. Unless
stated otherwise, microtubules were added to the polymerization buffer before addition to
Mg-G-actin. For experiments with profilin, S. pombe profilin was briefly pre-incubated with
Mg-G-actin and used at a final concentration of 8 uM. Fluorescence was monitored in a
spectrofluorometer (Photon Technology) or a TECAN F200 with Aezeitation = 365 nm and

)\emission = 407 nm.

7.5 Actin elongation TIRF microscopy assays

Cover glass was silanized and functionalized with biotin-PEG as described [20, 121]. Actin
was labeled at Cys-374 with OregonGreen488 iodoacetamide (Life Technologies) or EZ-link
maleimide-PEG2-biotin (Thermo Scientific) essentially as described [20]. Because labeling
with biotin at Cys-374 caused F-actin to depolymerize, the actin was subsequently cen-
trifuged at 195,000 x g and the supernatant was further purified by size exclusion chro-
matography on a Superdex 200 10/300 GL (GE Healthcare) in G-buffer (2 mM Tris-Cl, pH
8.0, 0.1 mM CaCly, 0.2 mM ATP, 0.5 mM TCEP, 0.04% sodium azide). Biotin-actin could

incorporate into actin filaments at low labeling fractions (< 2%).

Microtubules were prepared as described above, with the exception that frozen tubulin
aliquots contained 20% HiLyte647 tubulin (Cat. # TL670M Lot: 013, ~0.2 dyes per tubulin
dimer, Cytoskeleton, Inc.) and 10% biotin tubulin (Cat. # T333P Lot: 013, ~1-2 biotins
per tubulin dimer, Cytoskeleton, Inc.). F-actin seeds were polymerized from 99.4% unlabeled
actin, 0.6% biotinylated actin, and equimolar AlexaFluor488 phalloidin (Life Technologies).
Prior to imaging, approximately 15-ul flow cells were built using double-stick tape. Each
flow cell was prepared with the following series of washes: 25 uL 1% Pluronic-F127 (Sigma-
Aldrich), 100 ug/mL k-casein (Sigma-Aldrich) in phosphate buffered saline for 2 min; 25 uL
TIRF Buffer (KMEH (50 mM KCl, 10 mM Na-HEPES, pH 7.0, 1 mM EGTA, 1 mM MgCl,),

72



50 mM DTT, 20 mM Glucose, 0.2 mM ATP, 0.2% methylcellulose (400 cP, Sigma-Aldrich));
25 pL 40 nM streptavidin (VWR) in KMEH for 1 min; 25 plb TIRF Buffer supplemented
with 20 uM taxol, 25 pL 550 nM F-actin seeds and approximately 0.5 uM taxol-stabilized
microtubules in KMEH with 40 M taxol for 2 min; and 25 pl. TIRF Buffer supplemented
with 20 uM taxol. The Mg-G-actin mix (0.6 uM actin 30% OregonGreen488-labeled, 3 uM
Chic, £ 4 nM CapuCT, TIRF Buffer, 20 uM taxol, 500 ug/mL glucose oxidase, 100 ug/mL
catalase, 500 pg/mL k-casein) was flowed into the cell and imaged after 3-4 min of lag time.
Images were collected every 10 seconds on a DMI6000 TIRF microscope (Leica), using a z

penetration depth of 110 nm.

7.6 Fluorescence imaging of S2 cells

Wildtype S2 cells were kindly provided by Dr. Al Courey. A stable pMT-GFP-tubulin cell
line was a gift of Dr. Steve Rogers. Cells were cultured in Gibco Schneider’s Medium (Life
Technologies) supplemented with 10% FBS. GFP-tubulin expression was induced by adding
500 uM copper sulfate from a 100 mM DMSO stock the evening prior to imaging.

Cells were transfected using the Effectene Transfection Reagent kit (Qiagen) according to
the manufacturer’s instructions. The red fluorescent protein tdTomato was sub-cloned into
the HindIII and Kpnl sites of the pIZ/V5-His vector (Life Technologies). Capu (1-1059),
CapuCT (467-1059), and mDia2 (512-1060) were sub-cloned downstream of tdTomato at the
BamHI and Notl restriction sites. All constructs contained stop codons to prevent inclusion

of the vector’s C-terminal V5 and Hisg tags.

To prepare samples for imaging, 35 mm slide dishes were coated in Concanavalin A
as previously described [122]. Approximately 100-200 uL of confluent cells were added to
prepared slide dishes and allowed to attach for about 1 hour. Where indicated, plated cells
were treated with 5 uM Cytochalasin D (MP Biomedicals) and incubated for 1 hour prior to
imaging. To arrest cells in metaphase for spindle imaging, 20 pM MG132 (Z-Leu-Leu-Leu-al;
Sigma-Aldrich) was added to cells 2 hours prior to plating. Images were collected on a Leica

SPE I inverted scanning confocal microsocpe using a 63x oil immersion objective.
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7.7 Identification and confirmation of capu lesions

To identify capu mutations, ovaries were dissected from fattened female flies in cold ionically
matched adult Drosophila saline buffer [123]. RNA was isolated from the ovaries using
the RNeasy Mini Kit (Qiagen) according to the manufacturers instructions for animal tissue
samples. cDNA was generated using the Maxima Universal First Strand cDNA Synthesis Kit
(Fermentas), sub-cloned into the vector pJET1.2 (Fermentas), and sequenced (GENEWIZ).

To confirm previously reported and newly identified lesions, genomic DNA was isolated
from single flies as previously described [124]. The DNA region around each reported muta-
tion site was PCR amplified using intronic primers. Amplified PCR products from at least
two flies from each fly line were sequenced (GENEWIZ) to confirm the mutations.

K

capu', capu?, capu®®, capu™X | capu®, and capu®’ flies were kindly provided by Dr. Trudi

Schiipbach [62]. capul®®t, caput®?, capu®®®, and capu®®"" flies were provided by Dr. Stefan
Luschnig and the Tiibingen Drosophila Stock Collection [86]. capu”®®* flies were provided

by Dr. Akira Nakamura [70].

7.8 Drosophila oocyte imaging and analysis

Each capu fly line was crossed to a Df(2L)ed-dp/SM1 deficiency line obtained from the

,w1118

Bloomington stock center. was used as wildtype. Flies were kept at 25°C and were

fed yeast paste approximately 24 hours before being dissected for analysis.

The actin mesh was visualized as previously described [32]. Briefly, ovaries were dissected
and fixed in 10% paraformaldehyde and stained with 1 M AlexaFluor647-phalloidin (Invit-
rogen). Images of mounted samples were acquired within 24 hours of staining using a Leica

SPE I inverted scanning confocal microscope.

To analyze fluid flow within oocytes, live oocytes were dissected under halocarbon 700
oil. Autofluorescent yolk granules were excited at 405 nm, and images were acquired every
10 seconds for 3 min or 5 min using a Leica SPE I inverted scanning confocal microscope.
Standard deviation z-projections of 3 min movies were created in Fiji for demonstration of

74



relative motion [125].

Cytoplasmic streaming velocities were determined as previously described [32] with minor
changes. Briefly, confocal images were analyzed using custom-built particle image velocime-
try [126] developed by Dr. Justin Bois and implemented in Python using NumPy/SciPy
[120]. Movie were analyzed for either 18 or 30 frames with a time gap of 10 seconds be-
tween frames. Streaming velocities are reported as the 95th percentile speed for all speeds

measured in a given movie.

7.9 Tandem affinity purification

The TAP-Capu (mEGFP-PP-S-peptide-Capu) construct was generated by inserting the cod-
ing region of Capu between the BamHI and Xbal sites of pTIGER [127] with mEGFP inserted
between the Kpnl and Spel sites and a PreScission Protease cleavage site and S-peptide in-
serted between Spel and BamHI. A control construct was created by sub-cloning mEGFP
into the Kpnl and Spel sites of pTIGER. Transgenic flies with these plasmids inserted into
the attP2 site were made by Genetic Services [128]. TAP-Capu flies were crossed with

nos-GAL4-vpl6 [129] (Bloomington stock center) to drive expression in the germline.

All flies were kept at 25°C. 1-2 day old females were fed yeast paste for approximately
24 hours before being dissected. Ovaries were dissected in cold ionically matched adult
Drosophila saline [123] and kept on ice for up to 2 hours. Whole ovary samples were snap
frozen in liquid nitrogen and stored at -80°C until needed for experiments. Approximately
200 pairs of ovaries were used for each small-scale pulldown experiment (silver stain gel
only). At least 2000 pairs of ovaries were used for large-scale pulldown experiments for mass

spectrometry.

All tandem affinity purification steps were performed on ice and/or at 4°C. Ovaries were
removed from the freezer, ground with a pestle, and passed several times through an 18 G
needle before being incubated 20 min in TAP300 Buffer (50 mM HEPES pH 7.4, 300 mM
KCl, 1 mM EGTA, 1 mM MgCly, 10% glycerol, 0.5 mM DTT, 0.5% NP-40) supplemented

with 1 tablet per 5 mL cOmplete Protease Inhibitor (Roche). The lysate was centrifuged
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15 min at 16,000 x g. The low-speed supernatant was then centrifuged again for 1 hour
at 120,000 x g. The high-speed supernatant was added to approximately one-tenth volume
Protein A beads conjugated to rabbit anti-GFP antibody (generous gift of Dr. Jorge Torres)
and incubated with rocking for 1.5 hours. The sample was then washed 5 times for 5 min
each with TAP200 Buffer (50 mM HEPES pH 7.4, 200 mM KCIl, 1 mM EGTA, 1 mM
MgCly, 10% glycerol, 0.5 mM DTT, 0.5% NP-40). Recombinant GST-tagged PreScission
Protease was added to an approximate final concentration of 4 mg/mL and incubated with
rocking overnight. The post-PreScission Protease supernatant was added to approximately
one-fifth volume S-protein agarose and incubated with rocking for 4 hours. The sample was
then washed 3 times with TAP200 Buffer followed by 2 washes with TAP100 Buffer (50 mM
HEPES pH 7.4, 100 mM KCI1, 1 mM EGTA, 1 mM MgCl,, 10% glycerol, 0.5 mM DTT). The
supernatant was removed and the S-protein agarose beads were boiled in Sample Buffer (100
mM Tris pH 7.6, 100 mM DTT, 4% SDS). The final elution sample was either run on a 7.5%
SDS-PAGE gel and silver stained (small-scale) or submitted directly for mass spectrometry
(large-scale).

Mass spectrometry analysis was kindly performed by Joe Capri in the laboratory of
Dr. Julian Whitelegge at UCLA. Briefly, protein samples were digested with trypsin. Nano-
liquid chromatography with tandem mass spectrometry and collision induced dissociation
was performed in an Orbitrap (Thermo Fisher) integrated with an Eksigent nano-liquid
chromatographer. Spectra were searched using Mascot software (Matrix Science) against
two databases: NCBInr 20131226 (all Drosophila species) and Drosophila_melanog 020314
(D. melanogaster only). Results with p < 0.05 (95% confidence interval) were considered

significant and indicating identity.
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APPENDIX A

Full list of mass spectrometry results

Mass spectrometry results (10,141 peptide queries) were searched against two separate
databases: NCBInr 20131226 (Table A.1) and Drosophila_melanog 020314 (Table A.2).
Search parameters allowed for up to 2 missed trypsin cleavages. With the Drosophila tax-
onomy filter, the NCBInr database searched 228,960 sequences with an approximate false
discovery rate of 4%. The much smaller Drosophila_melanog database searched only 5,129

sequences with an approximate false discovery rate of 10%.

Protein hits are grouped into families based on shared peptide matches. The score given
for each protein is derived from the individual ion scores. Ion scores are calculated as
—10log(P) where P is the probability that the observed match between the experimental
data and the database sequence is a random event. The total number of peptide matches and
unique sequence matches are shown for each protein, with the number of significant (p < 0.05)
peptide matches and unique sequences reported in parentheses. The exponentially modified
protein abundance index (emPAI) provides an approximate quantification of the relative
abundance of proteins based on protein coverage by the peptide matches in the database

search result [130].
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