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ABSTRACT OF THE DISSERTATION

Actin assembly by the Formin Homology Domain-containing Protein (Fhod) family of formins

by

Aanand Anup Patel
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2019

Professor Margot Elizabeth Quinlan, Chair

Actin and myosin form contractile structures that drive muscle contraction, cell motility,
cytokinesis, and many other cellular functions. These functions depend crucially on the correct
assembly, organization, and maintenance of actin filaments. Formins are a major class of actin
nucleators that assemble many actin-based structures through their formin homology (FH) 1
and 2 domains, which together both nucleate and processively elongate actin filaments. The
formin homology domain-containing protein (Fhod) family of formins is responsible for the
assembly of several contractile actin structures, including sarcomeres in muscle cells and stress
fibers in many non-muscle cells. Although Fhod family members are required for actin assembly
in vivo, mammalian Fhods were reported to instead inhibit actin assembly in vitro. Here, we
establish that Drosophila Fhod, human Fhodl1, and human Fhod3 all nucleate and elongate
actin filaments in vitro. We show that the nucleation activity of Fhod1 depends on the actin
isoform, with a significantly weaker ability to nucleate skeletal muscle actin compared to other
isoforms. Drosophila and human Fhod proteins are weak elongators, with slow elongation rates
and short run lengths compared to other formins. Elongation by Drosophila Fhod is impaired by

a coiled coil in the N-terminus, which constrains the ability of the FH1 domain to capture profilin-



actin, and a disordered C-terminal tail, which promotes dissociation of Fhod from growing actin
filaments. Finally, we establish human stem cell-derived cardiomyocytes as a model system to
investigate how Fhod proteins assemble and organize actin in the sarcomere. Taken together,
this work establishes a framework to understand the mechanisms by which the Fhod family of

formins assembles contractile actin structures.
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Chapter 1: Introduction

Actin cytoskeleton

Actin is an abundant, highly conserved protein that self-assembles into filaments.
Spontaneous assembly of actin filaments occurs sequentially, one subunit at a time, with a
prolonged lag phase due to the instability of actin dimers and trimers. The addition of a fourth
actin subunit results in a much more stable structure, called a nucleus (Pollard, 2016). Once an
actin filament has been nucleated, it will readily elongate at either end as long as the
concentration of free actin monomers exceeds a critical concentration, 0.16 uM for Mg-ATP-
actin. Although actin filaments can elongate at either end, these ends are distinct and grow at
different rates, with the more dynamic barbed end growing about ten-fold faster than the pointed
end (Pollard, 1986).

Actin filaments can generate forces by directly polymerizing to push a surface, acting as
a track for myosin motors, or providing structural rigidity to resist forces. To function in these
ways requires that actin filaments be assembled and disassembled precisely at the correct
place and time. Because spontaneous actin assembly is slow and uncontrolled, cells rely on
over a hundred actin-binding proteins to control the assembly, organization, and disassembly of
each actin-based structure.

Mammals have six closely related actin isoforms that carry out distinct functions. These
isoforms include four muscle-specific isoforms (Qskeletal, Ocardiac, Osmooth, &N Ysmooth) and two
ubiquitously expressed isoforms (Beytopiasmic @Nd Yeytoplasmic). Any pair of mammalian actin isoforms
shares at least 93% sequence identity; most of the differences between isoforms are
conservative changes in the acidic residues at the N-terminus that do not affect the overall
structure. Despite the strong conservation between actin isoforms, they have non-overlapping

functions: knockouts of each actin isoform display a distinct phenotype, and in many cases



overexpression of a different actin isoform fails to rescue the knockout phenotype (Perrin and
Ervasti, 2010). There is some evidence to support multiple mechanisms by which each actin
isoform carries out a different function. These mechanisms include differences between actin
isoforms in their assembly and disassembly dynamics (Bergeron et al., 2010), differences in
their interactions with various actin-binding proteins (Chen et al., 2017; De La Cruz, 2005;
Silkworth et al., 2018), and non-coding differences in their nucleotide sequences (Patrinostro et

al., 2018; Vedula et al., 2017).

Formins

Formins are one of three known classes of actin nucleators. They are defined by their
formin homology (FH) 1 and 2 domains, with which they both nucleate and processively
elongate actin filaments. Because of these two activities, formins generally assemble long
parallel or antiparallel bundles of actin filaments, in stark contrast with the short, branched
networks of actin filaments nucleated by the Arp2/3 complex (Goode and Eck, 2007).

The FH2 domain homodimerizes to form a donut shape (Xu et al., 2004) that is
necessary and sufficient for actin nucleation. The FH2 domain is thought to nucleate filaments
by stabilizing actin dimers (Otomo et al., 2005). Upon nucleating a filament, the FH2 binds
tightly to and remains processively associated with the more dynamic barbed end of the actin
filament. While associated with the barbed end, the FH2 domain fluctuates between an “open”
state that permits addition of actin monomers and a “closed” state that prevents addition of
monomers (Otomo et al., 2005; Xu et al., 2004). The fraction of time spent in the closed state,
termed the gating factor (Vavylonis et al., 2006), results in slowed barbed end elongation when
the FH2 domain alone is bound to the barbed end.

The intrinsically disordered FH1 domain contains polyproline tracks, generally consisting

of at least five prolines in six consecutive amino acids, that bind to profilin. Because most actin

monomers in the cell are bound to profilin, the FH1 domain rapidly recruits actin monomers to
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the FH2-bound barbed end. The effectiveness of a polyproline track in recruiting actin
monomers is determined by its “capture” rate (how quickly it binds a profilin-bound actin
monomer) and its “delivery” rate (how quickly it transfers the actin subunit to the barbed end)
(Courtemanche, 2018).

Several parameters control the capture and delivery rates of a polyproline track.
Polyproline tracks with a stronger affinity for profilin (related to the number of prolines in the
track) have faster capture rates at the cost of slower delivery rates. The optimal affinity of a
polyproline track for profilin depends on its distance from the FH2 domain, with polyproline
tracks further from the FH2 domain requiring stronger affinities for profilin to efficiently recruit or
deliver profilin-actin (Courtemanche and Pollard, 2012). Although consecutive polyproline tracks
increase the elongation rate of a formin, they have diminishing returns (Kovar et al., 2006; Paul
and Pollard, 2008). The elongation rate of a formin-bound barbed end thus depends on several
factors: the gating factor of the FH2 domain (how permissive it is to the addition of actin
monomers), the capture and delivery rates of the FH1 polyproline tracks, and the concentrations
of profilin and actin. Formins vary considerably in their elongation rates owing to the diversity in
their gating factors and their FH1 domains.

In addition to their FH1 and FH2 domain, most formins contain autoinhibitory domains to
regulate their activity. In most formins, these domains are the N-terminal diaphanous inhibitory
domain (DID) and the C-terminal diaphanous autoregulatory domain (DAD). Typically, a direct
interaction between the DID and the DAD prevents actin assembly by the FH2 domain (Alberts,
2001; Li and Higgs, 2003). Some exceptions include the Fmn family formins, which use the
analogous CID and CAD as autoinhibitory domains (Bor et al., 2012), and INF2, which requires
cyclase-associated protein and lysine-acetylated actin in addition to the DID and DAD to inhibit
its activity (A et al., 2019).

Formins are classified into nine families in animals (Pruyne, 2016). All formin families

share the overall domain structure and biochemical activities described above, but differ in their
3



actin nucleation and elongation rates, their modes of regulation, and capacity to perform
additional activities. These additional activities include bundling actin filaments, severing actin
filaments, and cross-linking actin filaments to microtubules (Courtemanche, 2018; Goode and

Eck, 2007).

Fhod family of formins

The formin homology domain-containing protein (Fhod) family of formins is required for
several actin-driven processes, particularly for the assembly of contractile actin structures.
Mammals have two Fhod family members, Fhodl and Fhod3. Fhodl is broadly expressed and
responsible for assembling a variety of actin structures, particularly contractile stress fibers that
allow for cell adhesion and motility (Gardberg et al., 2013; Iskratsch et al., 2013; Peippo et al.,
2017; Schulze et al., 2014; Takeya et al., 2008). Fhodl has several other less-studied functions,
including nuclear positioning (Kutscheidt et al., 2014), podosome assembly (Panzer et al.,
2016), immunological synapse formation (Tabdanov et al., 2015), and vaccinia motility (Alvarez
and Agaisse, 2013).

Fhod1 is also expressed in cardiomyocytes but excluded from the sarcomere. Instead,
Fhod1 localizes to intercalated discs (Al Haj et al., 2015; Dwyer et al., 2014), the specialized
junctions that mechanically and electrically couple adjacent cardiomyocytes (Bennett, 2018).
Fhod1 was also proposed to localize to costameres (Al Haj et al., 2015), the specialized focal
adhesions connecting sarcomeres to the extracellular matrix. Despite these reports of Fhod1l
localization in the heart, loss of Fhod1 does not lead to any major cardiac defects (Sanematsu
et al., 2019), and the function of Fhod1 in these cardiac structures remains unknown.

Unlike Fhod1l, Fhod3 localizes to the sarcomere and is essential for sarcomere
assembly (Fenix et al., 2018; Iskratsch et al., 2010; Kan-o et al., 2012; Taniguchi et al., 2009).
Specifically, Fhod3 is required for stress fiber-like premyofibrils to undergo retrograde flow and

reorganize into mature sarcomeres (Fenix et al., 2018). Fhod3 remains associated with mature
4



sarcomeres throughout adulthood, when sarcomeres are no longer actively assembled or
turned over (Ushijima et al., 2018). Sarcomeres remain intact in Fhod3 mutants that cannot
localize to the sarcomere (Taniguchi et al., 2009) and in conditional adult knockouts of Fhod3
(Ushijima et al., 2018). However, adult Fhod3 knockout mice develop cardiac hypertrophy
(Ushijima et al., 2018), and human Fhod3 polymorphisms and mutations are associated with
hypertrophic cardiomyopathy (Ochoa et al., 2018; Wooten et al., 2013). In addition to these
relatively well established roles in the heart, Fhod3 contributes to actin assembly in some non-
muscle contexts, including cancer cell migration (Monzo et al., 2016; Paul et al., 2015) and
neurulation (Sulistomo et al., 2019).

The role of Fhod family members in assembling contractile actin structures is well
conserved across animals. The C. elegans homolog Fhod-1 is required for sarcomere
organization (Mi-Mi et al., 2012), and the Drosophila homolog Fhod (also known as knittrig) is
required for sarcomere assembly in muscle, stress fiber assembly in S2 cells, and migration of
hemocytes and tracheal tip cells (Lammel et al., 2014; Shwartz et al., 2016).

Many cellular functions for Fhod family members have now been established. How Fhod
proteins contribute to these many functions has remained much less clear. Although formins are
known for two major mechanisms, nucleation and processive elongation, neither activity had
been observed previously for Fhod family members. In fact, both Fhod1 and Fhod3 were
instead reported to inhibit actin assembly in vitro (Schonichen et al., 2013; Taniguchi et al.,
2009). These in vitro observations sharply contrast with in vivo observations that Fhod family
members are required for the assembly of stress fibers and sarcomeres. In this dissertation, |
describe our efforts to understand the biochemical mechanisms by which Fhod family members
assemble contractile actin structures. In chapter 2, we show that two Fhod proteins, Drosophila
Fhod and human Fhodl, in fact nucleate and processively elongate actin filaments in vitro. In
chapter 3, we perform biophysical experiments to investigate the factors controlling Drosophila

Fhod’s relatively poor elongation activity. In chapter 4, we demonstrate that human Fhod3 also
5



nucleates actin and show preliminary work to characterize Fhod3 function in vitro and in stem
cell-derived cardiomyocytes. Taken together, this work establishes that Fhod family members
nucleate and elongate actin filaments and identifies multiple factors setting Fhod family

members apart from other formins.
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Formins are a conserved group of proteins that nucleate and
processively elongate actin filaments. Among them, the formin
homology demain- containing protein (FHOD) family of for-
mins contributes to contractility of striated muscle and cell
motility in several contexts. However, the mechanisms by which
they carry out these functions remain poorly understood. Mam-
malian FHOD proteins were reported not to accelerate actin
assembly in vitro; instead, they were proposed to act as barbed
end cappers or filament bundlers. Here, we show that purified
Drosophila Fhod and human FHODI1 both accelerate actin
assembly by nucleation. The nucleation activity of FHOD1 is
restricted to cytoplasmic actin, whereas Drosophila Fhod
potently nucleates both cytoplasmic and sarcomeric actin iso-
forms. Drosophila Fhod binds tightly to barbed ends, where it
slows elongation in the absence of profilin and allows, but does
not accelerate, elongation in the presence of profilin. Fhod
antagonizes capping protein but dissociates from barbed ends
relatively quickly. Finally, we determined that Fhod binds the
sides of and bundles actin filaments. This work establishes that
Fhod shares the capacity of other formins to nucleate and bun-
dle actin filaments but is notably less effective at processively
elongating barbed ends than most well studied formins.

Formins are a major, conserved group of proteins known for
their ability to both nucleate new actin filaments and remain
processively associated with fast-growing barbed ends via their
formin homology 2 (FH2)* domains. While bound to the
barbed end, many formins accelerate elongation, using their
proline-rich FH1 domains to recruit profilin-bound actinmono-
mers to the barbed end. In addition to these classic actiyities,
many formins have additional effects on actin filaments, such as
severing, bundling, or cross-linking to microtubules (1). Ani-
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mals have seven formin families, which share the same domain
structure, including the highly conserved FH2 domains. Impor-
tantly, formins differ in their actin assembly activities and
modes of regulation, allowing them to fulfill distinct cellular
roles.

The formin homology domain— containing protein (FHOD)
family of formins has two mammalian isoforms, FHOD1 and
FHOD?3, which assemble contractile actin structures in several
contexts. FHOD!1 is widely expressed and assembles stress
fibers that contribute to the adhesion, spreading, and motility
of numerous cell types (2—8). FHOD?3 has also been implicated
in the motility of some cancers {9, 10), but its expression is
predominantly restricted to striated muscle (11, 12). In car-
diomyocytes, FHOD3 localizes to the sarcomere and is required
for its assembly and maintenance (12-15), whereas FHOD1
distinctly localizes to costameres and intercalated discs (16, 17).
Changes in expression level and polymorphisms of both
FHOD1 and FHOD?3 are associated with cardiomyopathies (12,
17-20).

The mechanisms by which FHOD family members function
remain poorly understood. Unlike other formins, purified
FHOD1 and FHOD3 were shown to slow, rather than acceler-
ate, actin assembly i vitro and have therefore been proposed to
act as actin cappers or bundlers {13, 21). In contrast, the cell
biology data suggest that FHOD1 and FHOD3 function as actin
nucleators iz vivo. Across a wide range of cell types, expression
of constitutively active FHOD1 or FHOD3 is sufficient to
induce the formation of stress fibers (2-5, 13). Furthermore,
FHOD3 is required for sarcomere assembly following latruncu-
lin washout {12}. These data are most suggestive of actin nucle-
ation, although FHOD1 and FHOD3 might instead function by
stabilizing or rearganizing existing actin filaments.

Drosophila melanogaster has a single FHOD family member,
referred to here as Fhod (it is also known as Fhos or knittrig).
The Fhod gene is alternatively spliced to produce eight different
isoforms, which maintain constant FH1 and FH2 domains but
alter their regulatory N termini and C-terminal tails. The role of
FHOD proteins in cell motility and contractility is well con-
served in Drosopiiiia, because Fhod contributes to motility in
macrophages and tracheal tip cells (22), sarcomere organiza-
tion in striated muscle {23, 24), and cardiac contractility (18).

Here, we show that purified Drosophila Fhod and human
FHOD1 accelerate actin assembly by nucleation. The nucle-
ation activity of FHODI1 is restricted to cytoplasmic actin,
whereas Drosophila Fhod potently nucleates both cytoplasmic
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Figure 1. The Drosophila formin Fhod accelerates actin assembly. A, domain structure of Drosophila Fhod isoform A. Fhod includes formin homology
doemains for actin assembly and the Diaphanous inhibitory domain (D/D) and Diaphanous autoregulatery domain (DAD) for autoinhibition and regulation. The
Fhod construct used in this work spans residues 638-1393 and includes the FH1 domain, FH2 domain, and tail. Human FHOD?1 has a nearly identical domain
structure. B, Coomassie-stained polyacrylamide gel showing purified Drosophila Fhod and human FHOD1 constructs. C, assembly of 2 um A. castelfanii actin
{10% pyrene-labeled) with 1-8 nm Fhod. Fhod accelerates actin assembly in a dose-dependent manner. D, assembly of 2 um amoeba actin (10% pyrene-
labeled) in the presence of 16 nm wild-type (blue) or mutant (19664, red; K1112A, green) Fhod. Actin assembly by Fhod is reduced moderately by the K1112A
mutation and severely by the 1966A mutation. £, assembly of 2 umamoeba actin (5% pyrene-labeled) in the presence of 4 um S. pombe profilin and the indicated
concentrations of Fhod. Fhod accelerates actin assembly in the presence of profilin. F, 2 um actin was polymerized in the presence or absence of 8 nm Fhod for
5 min, stabilized with Alexa Fluor 488-phalloidin, and imaged by TIRF microscopy. Scafe bars, 10 um. Numbers of filaments per field of view from three

independent experiments are indicated below (means = standard deviation).

and sarcomericactin isoforms. Drosophila Fhod remains pro-
cessively associated with the barbed end, where it slows elon-
gation in the absence of profilin and allows elongation, at
rates similar to actin alone, in the presence of profilin.
Although Fhod does not accelerate barbed-end elongation,
we find that Fhod protects barbed ends from capping protein
with a characteristic run length of ~2 pm. Fhod additionally
binds tightly to the sides of filaments and bundles filaments
together.

Results
Fhod accelerates actin assembly

We purified the C-terminal half of Drosophila Fhod isoform
A, encompassing the FH1 domain, FH2 domain, and C-termi-

SASBMB

nal tail (Fig. 1, A and B). This isoform is sufficient to rescue
viability in Fhod null flies (22), and its C terminus is identical to
that of isoform H, which rescues sarcomere organization in
indirect flight muscle (23). We first tested the effect of Fhod on
the assembly of Acanthamoeba actin in bulk pyrene assays;
Fhod potently accelerated actin assembly in a dose-dependent
manner (Fig. 1C).

To further compare Fhod to characterized formins, we intro-
duced two classical mutations, 1966A and K1112A, in con-
served residues of the FH2 domain {25). The I966A mutation
almost completely abolished activity, whereas the K1112A
mutation markedly reduced, but did not eliminate, activity (Fig.
1D). We also tested the ability of Fhod to promote actin assem-
bly in the presence of profilin, which binds most actin mono-
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Figure 2. Human FHOD1 accelerates bly of Acanth ba actin,

but not rabbit skeletal actin. A, assembly of 2 pm A. castellanii actin (10%
pyrene-labeled) alone orin the presence of 40 nm human FHOD1. 8, assembly
of 2 um actin from Acanthamceba aor rabbit skeletal muscle {10% pyrene-
labeled) alone or in the presence of 40 nm human FHOD1. C, assembly of 2 um
actin from Acanthamoeba or rabbit skeletal muscle (10% pyrene-labeled)
alone or In the presence of 8 nm Drosophila Fhod. D, quantification of actin
assembly rates from C. The data are means *+ standard deviation from three
independent experiments.

mers in the cell and inhibits spontaneous nucleation. Profilin
strongly impaired actin assembly by Fhod, but Fhod still accel-
erated actin assembly in a dose-dependent manner under these
conditions (Fig. 1E).

Forming can promote both nucleation and elongation. To
more directly assess nucleation activity, we imaged actin fila-
ments polymerized in the absence or presence of Fhod. Fhod
greatly increased the number of filaments per field of view, indi-
cating that Fhod promotes actin assembly by nucleation (Fig.
1F). Fhod is thus similar to other studied formins in its ability to
nucleate.

Human FHOD 1 nucleates Acanthamoeba actin, but not rabbit
skeletal actin

We compared Drosophila Fhod with human FHODI, which
was reported to inhibit actin assembly (21). Surprisingly,
FHOD1 accelerated actin assembly in our hands, albeit weakly
(Fig. 24). Previous work with both FHOD1 and FHOD3 used
actin from rabbit skeletal muscle (13, 21). Because formin activ-
ity can depend on the actin isoform," we asked whether our use
of Aecanthamoeba actin could account for these conflicting
results. Indeed, human FHOD1 did not nucleate rabbit skeletal
actin (Fig. 2B). As previously observed, actin assembly was
inhibited over the first 1000 s (21). The pyrene trace suggests
that FHOD1 does interact with rabbit skeletal actin, despite its
inability to nucleate this isoform. In contrast, Drosophifa Fhod
nucleated both actin isoforms, with only slightly lower activity
in the presence rabbit skeletal actin (Fig. 2, C and D). These
results are consistent with the more restricted localization of
human FHODI1 to cytoplasmic actin structures, versus the role

“W.T. Silkworth, K.C. Kunes, G.C. Nickel, M.L. Phillips, M.E. Quinlan, C.L. Viz-
carra, Mol. Biol. Cell, in press.
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Figure 3. Fhed does not accelerate barbed-end elongation. A, actin elon-
gation from preformed seeds. Final conditions were 0.25 um F-actin seeds
{~0.4 nm barbed ends), 0.5 pim G-actin (10% pyrene-labeled), and 1.5-48 nm
Fhod. Fhod slows barbed-end elongation in a dose-dependent manner. B,
quantification of elongation rates from A. Elongation rates were measured as
theinitial slope over the first 90 s, relative to the slope of actin alone. The data
are the means = standard deviation from three independent experiments.
The binding curves show the best fit to the average values. C, actin elongation
from preformed seeds, as in A, with 1.5 um 5. pombe profilin. Fhod does not
slow elongation in the presence of profilin. D, quantification of elongation
rates from C. The data are the means = standard deviation from three inde-
pendent experiments. £, actin elongation from preformed seeds. Final condi-
tions were 0.25 pm F-actin seeds {(-0.4 nv barbed ends), 0.5 M G-actin (10%
pyrene-labeled), and 40 nM hurnan FHCD1. FHOD slows barbed-end elon-
gation. F, actin elengation from preformed seeds, as in E, with 1.5 um S. pombe
profilin, FHOD allows barbed-end elongation at rates similar to actin alone,

of Drosophiia Fhod in both sarcomeric and cytoplasmic struc-
tures (22, 23). Drosophila Fhod actin assembly activity is thus
representative of FHOD family members, at least in non-sar-
comere contexts. Although Dresophila Fhod appeared substan-
tially more potent than human FHOD1, we note that human
FHOD1 was highly prone to C-terminal truncation (Fig. 1B),
which might reduce its nucleation activity (26 —28). Unless oth-
erwise indicated, all subsequent experiments were performed
with Drosophila Fhod and Acanthamoeba actin.

Fhod does not promaote barbed-end elongation

Formins typically slow elongation in the absence of profilin
and accelerate elongation in the presence of profilin. Using bulk
seeded elongation assays, we found that Fhod slows barbed-end
elongation in the absence of profilin with an affinity of 6 nm (Fig.
3, A and B). This effect was unchanged by the K1112A mutation
but strongly reduced by the 1966A mutation. Although high
concentrations of I966A mutant appeared to slow elongation,
we attribute this decrease to filament bundling (see “Fhod bun-
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Figure 4. Drosophila Fhod binds barbed ends. A, direct chservation of
barbed-end elengation by TIRF micrascopy with 5 nm F-actin seeds (1% bioti-
nylated, labeled with Alexa Fluor 647-phalloidin), 1 um G-actin (10% Alexa
Fluor 594-labeled), and 5 pm 5. pambe profilin, = 4 nwm Fhod. Images were
taken 8 min after the start of polymerization. Scale bars, 10 um. B, quantifica-
tion of elongation from A. Ten representative traces from each condition are
plotted. Elongation rates are average * standard deviation from three flow
chambers for each condition {n = 60, actin alone; n = 36, +4 nm Fhod). C.
actin filaments depolymerized by dilution to 0.1 um (70% pyrene-labeled)
with varying concentrations of Fhod. The data were normalized against the
initial pyrene fluorescence. D, quantification of depolymerization rates from
C, represented by the initial slope over the first 90 s. Fhod binds barbed ends
and slows depolymerization. The data and reported K, are the means * stan-
dard deviation from six independent experiments. The binding curve shows
the best fit to the average values. E, reannealing of sheared actin filaments.
Actin filaments were stabilized with Alexa Fluor 488- (green} or rhodamine-
{magenta) phalloidin, sheared, and allowed to reanneal for 30 min at a con-
centration of 0.25 uwm F-actin = 10 nm Fhod. Fhod inhibits reannealing of the
sheared filaments. Scafe bars, 10 pm.

dles actin filaments”) rather than a true effect on barbed-end
elongation because the trend does not follow the expected
dose-response curve, and substantial fluorescence artifacts
were observed in other assays with high concentrations of
Fhod.

In the presence of profilin, Fhod had a minimal effect on
elongation at most concentrations we tested (Fig. 3, C and D).
At high concentrations of Fhod, the elongation rate appeared to
decrease, which we again attribute to bundling. To confirm that
Fhod does not alter barbed-end elongation in the presence of
profilin, we directly measured elongation rates using total
internal reflection fluorescence (TIRF) microscopy. In agree-
ment with our bulk assays, we detected no difference in elon-
gation rates (Fig. 4, A and B). Human FHOD1 had a nearly
identical effect on barbed-end elongation, slowing elongation
in the absence of profilin and permitting elongation in the pres-
ence of profilin (Fig. 3, Eand F).

ZASBMB

Fhod nucleates actin

Because we did not observe clear evidence of processive elon-
gation by Fhod, we used several additional assays to verify and
characterize the interaction between Fhod and barbed ends.
We first verified barbed end binding in bulk barbed end depoly-
merization assays. The dose dependence gives us an additional
measure of the affinity between Fhod and barbed ends. Fhod
inhibited actin depolymerization with a K, of 5 nm (Fig. 4, C and
D), similar to our measurement from the seeded elongation
assays. We then used actin reannealing assays, in which two
colors of sheared actin filaments were mixed and allowed to
reanneal. Fhod inhibited actin reannealing, indicating that it
binds barbed ends and can remain bound on the timescale of
minutes (Fig. 4C). Thus Fhod binds barbed ends tightly, like
other formins, but does not accelerate elongation, unlike most
formins.

Fhod antagonizes capping protein

We measured the ability of Fhod to antagonize capping pro-
tein, which binds tightly to barbed ends and prevents elonga-
tion. In bulk seeded elongation assays, 6 nm capping protein was
sufficient to completely abolish actin elongation. Fhod abro-
gated this effect when added to F-actin seeds prior to capping
protein (Fig. 54). We fit these data to a competition binding
equation to determine that Fhod has an apparent K, of 7 nm for
growing barbed ends (Fig. 58), consistent with our previous
measurements. Recent evidence suggests that formins can
antagonize capping protein not only by passive competition for
the barbed end but also by binding capped barbed ends and
actively displacing capping protein (29, 30). However, filaments
did not grow when capping protein was added before Fhod
(data not shown), indicating that the actin elongation we
observed was due to Fhod processively protecting the barbed
end and not due to Fhod actively displacing capping protein
from barbed ends.

We used TIRF microscopy to observe competition between
Fhod and capping protein on individual filaments. We incu-
bated seeds with Fhod prior to adding capping protein and actin
monomers and then measured how long Fhod could protect the
growing barbed ends. Consistent with our bulk assays, we
found that barbed ends were completely capped by capping
protein in the absence of Fhod but were able to grow in the
presence of Fhod. Because the vast majority of filaments were
capped by the time we could start imaging (2-3 min after the
start of polymerization), we measured filament lengths in static
images taken 5 min after addition of actin monomers (Fig. 5, C
and D). By fitting the filament lengths to a single exponential
curve, we determined that Fhod has a characteristic run
length of 2 pum (Fig. 5E). This provides us with an approxi-
mate measure of Fhod processivity, with two assumptions: 1)
capping protein binds to barbed ends as soon as Fhod disso-
ciates, and 2) capping protein does not cap barbed ends that
are already bound by Fhod. The first assumption is consis-
tent with the strong affinity (~0.4 nm) of capping protein for
barbed ends. However, the ability of capping protein to bind
mDial-bound barbed ends and displace mDial (29, 30) sug-
gests that capping protein might also bind Fhod-bound
barbed ends, which would make our measurement of Fhod
processivity an underestimate.
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Figure 5, Fhod antagonizes capping protein, 4, actin elongation from pre-
formed seeds with a range of Fhod concentrations added before capping
protein. Final conditions were 0.25 um F-actin seeds (0.4 nm barbed ends),
0.5 v G-actin {10% pyrene-labeled), 1.5 pm 5. pombe profilin, == & nm mouse
capping protein and 1.5-48 nv Fhod. B, quantification of elongation rates
from A, measured as the initial slope over the first 90 s relative to the slope of
actin alene. Fhod antagonizes capping protein, allowing elongation. Data
with Fhod and capping protein were fit to a competition hinding model to
determine the affinity of Fhod to barbed ends. The data and reparted K; are
means & standard deviation from four independent experiments. The bind-
ing curve shows the best fit to the average values. C, observation of actin
elongation {white) from prefaermed seeds (green) with Fhod added before
capping protein. Final conditions were 5 nm F-actin seeds (1% hiotinylated,
labeled with Alexa Fluor 647-phallcidin), 1 M G-actin (10% Alexa Fluor 594-
labeled), 5 um S. pombe profilin, = 2 nm Fhod, and 6 nwm capping protein.
Images were taken 5 min after initiation of polymerization. Scale bars, 10 pm.
D, quantification of filament lengths from C, The data represent the amount of
elongation from preformed seeds (n = 150 for each condition). At least five
fields of view from one (actin alene) er two (all other conditions) flow cham-
hers were analyzed foreach condition. In conditions with capping protein, no
box is visible because over 75% of seeds did not elongate. £, exponential fit of
filament lengths in the presence of both Fhod and capping protein from D,
excluding seeds that did not elongate (n = 69 filaments from two flow cham-
hers). Fhod has a characteristic run length of 2.0 um.

Fhod bundles actin filaments

Finally, we asked whether Fhod shares the capacity of other
formins to bind the sides of actin filaments and bundle them. In
high-speed cosedimentation experiments, Fhod pelleted with
F-actin, demonstrating that Fhod binds the sides of actin fila-
ments, with a K, of 180 nm (Fig. 6, A and B). In low-speed
cosedimentation, Fhod increased the amount of F-actin in the
pellet, indicating that it forms actin bundles (Fig. 6, C and D).
The 1966A and K1112A mutations had no detectable effect on
bundling activity {Fig. 60}. We used TIRF microscopy to deter-
mine the polarity of actin bundles formed by Fhod. Actin bun-
dles typically elongated from both ends, indicating that the fil-
aments in these bundles were not arranged exclusively in
parallel (Fig. 6E).
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Figure 6. Fhod binds the sides of actin filaments and forms actin bundles.
A, high-speed cosedimentation assay with 250 nm Fhod and the indicated
concentrations of phalloidin-actin (in nw). 8, quantification of A. The fraction
of Fhod bound to F-actin was quantified by measuring the amount of Fhod in
the pellet and carrecting forthe amount of Fhod that pellets in the absence of
F-actin. The data and reported K, are means *+ standard deviation from three
independent experiments. The binding curve shows the best fit to the average
values. C, low-speed cosedimentation assay with 5 pum phalloidin-actin and
the indicated concentrations of Fhod (in nm). D, quantification of C. The data
are means * standard deviation from two independent experiments. E, rep-
resentative images of Fhod-induced actin bundles visualized by TIRF micros-
copy. Final conditions were 5 nm F-actin seeds (1% biotinylated, labeled with
Alexa Fluor 647-phalloidin), 1 um G-actin {10% Alexa Fluor 594-labeled), 5 ttm
5. pombe profilin, and 4 nw Fhod. Bundles elengate at both ends, indicating
mixed or antiparallel polarity. Scaie bar, 10 wm.

Discussion

Here, we show that Drosophila Fhod shares the classic activ-
ities of formins, actin nucleation and processive elongation,
with the additional capacity to bundle actin filaments. Qur
observation of actin assembly with both Drosophila Fhod and
human FHODI contrasts substantially with the previous
reports that mammalian FHOD proteins slow actin assembly in
vitro {13, 21). We resolved these conflicting results for FHOD1
by showing that FHODI nucleates actin from Acanthamoeba
effectively but does not nucleate actin from rabbit skeletal mus-
cle. OQur group previously reported a similar preference for the
formin Delphilin, which nucleates cytoplasmic actin isoforms
much more effectively than actin from rabbit skeletal muscle.*
Although Delphilin is expressed exclusively in neurons and
therefore unlikely to encounter sarcomeric actin isoforms,
FHOD1 is expressed in both muscle and non-muscle cells. In
cardiomyocytes, FHOD1 is largely excluded from the sarcom-
ere, instead localizing primarily to the costamere and interca-
lated disc (16, 17). Therefore, the inability of FHOD1 to nucle-
ate sarcomeric actin might be important to its function in this
context.

The use of rabbit skeletal actin in previous work is unlikely to
explain why FHOD?3 did not nucleate in vitro, because FHOD3
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is expressed predominantly in striated muscle and required for
sarcomere assembly. Given the conserved role of FHOD family
members in striated muscle, Drosophila Fhod and mammalian
FHOD3 likely share a common mechanism in assembling sar-
comeric actin. Although we find the cellular data with FHOD3
most suggestive of nucleation (12, 13), it remains possible that
FHOD proteins instead stabilize or bundle filaments that are
polymerized by a different actin nucleator. Flies carrying the
1966A mutation, which abolishes nucleation and barbed end
binding while retaining bundling activity, have relatively mild
defects in sarcomere organization {23), supporting the possibil-
ity that the side binding and bundling activities of Fhod are
more critical than nucleation or barbed end binding.

We did not observe evidence of accelerated barbed-end elon-
gation with either Fhod or human FHODI. This is not unprec-
edented, because some formins such as Drosophila Daam (31)
and mouse FMNL1 (32) either slow barbed-end elongation or
leave the elongation rate unchanged in the presence of profilin.
We expect that both the FH1 and FH2 domains contribute to
the inability of Fhod to accelerate barbed-end elongation. The
slow barbed-end elongation in the absence of profilin is sugges-
tive of an FH2 domain that spends most of the time in a closed
conformation, similar to Cde12 (33). The addition of profilin
restores the elongation rate to that of actin alone, indicating
that the FH1 domain has some ability to recruit profilin-actin
but perhaps not as effectively as the FH1 domains of other
formins. The effectiveness of polyproline tracks in the FH1
domain depends on the number of prolines and their distance
from the FH2 domain (34, 35). The polyproline tracks of the
Fhod FH1 domain are located relatively far from the FH2
domain, with the closest track (PPPMMPP) located 31 residues
from the FH2 domain. For comparison, the weak elongator
Cdcl2 has its closest polyproline track 26 residues away from
the FH2 domain, whereas the closest polyproline tracks of the
strong elongators Bnil and mDial are only 22 and 16 residues
away, respectively.

We approximate that Fhod has a characteristic run length of
2 pm, which is equivalent to a dissociation rate of ~0.01 s
based on the elongation rate of 8 subunits/s. This dissociation
rate is an order of magnitude faster than mDial and several
orders of magnitude faster than mDia2, Bnil, Cdcl2, and Capu
(26, 36), which does not fit the general trend of faster elongation
rates, resulting in faster dissociation rates (34}. We observed
evidence of Fhod protecting barbed ends only when experi-
ments were performed in a tube, i.e. reannealing assays and
when Fhod was incubated with seeds and actin monomers in a
tube prior to introducing the mixture onto the surface. This
suggests that the surface hinders Fhod processivity, making our
measurement of Fhod processive elongation activity an under-
estimate. However, that Fhod is sensitive to conditions that do
not perturb the processivity of other formins may indicate that
processive elongation is not a critical activity of Fhod. FHOD
family members generally localize to the relatively short actin
filaments found in stress fibers and the sarcomere, which likely
do not require accelerated barbed end growth. Therefore, Fhod
nucleation and bundling activities might be more important in
these contexts. We found that Fhod is indeed a potent actin
bundler; its affinity of 0.18 unm for sides of actin filaments is
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comparable with the formins Fus1 {37) and AFH1 {38) and an
order of magnitude stronger than mDial {39}, Daam (31}, and
Capu (26), Alternatively, it is possible that Fhod accelerates
actin elongation in vivo through collaborations with other pro-
teins; for example, CLIP-170 was recently shown to augment
the processive elongation of mDial (40).

Experimental procedures
Protein expression, purification, and labeling

¢DNA for Drosophila Fhod iseform A (SD08909, obtained
from the Drosophila Genomics Resource Center) and human
FHOD1 (generous gift from T. Iskratsch) were used as tem-
plates to clone C-terminal constructs into a modified version of
the pET-15b plasmid with an N-terminal His, tag. Point muta-
tions were generated by site-directed mutagenesis as described
(41). Drosophila Fhod constructs were transformed in Rosetta
(DE3) cells (Novagen), which were grown in 1 liter of Terrific
Broth supplemented with 100 mg/liter ampicillin and 32 mg/
liter chloramphenicol. Expression was induced at an OD of
0.6 —0.8 by adding 0.25 mu isopropyl B-p-thiogalactoside and
shaking overnight at 18 *C. The cells were harvested by cen-
trifugation, washed in PBS, and flash frezen in liquid nitrogen.
Human FHOD1 was expressed in Rosetta 2 (DE3) cells induced
with 0.5 mu isopropyl B-D-thiogalactoside as above.

Cell pellets expressing Drosophila Fhod were thawed in
extraction buffer (10 mm MOPS, pH 7, 0.5% Triton X-100, 1 mm
DTT, 1 mm PMSF, 2 pg/ml DNasel). All subsequent steps were
performed on ice or at 4 °C. The cells were lysed by microfluid-
izing, cleared by centrifugation at 20,000 X g for 20 min, and
then purified using a HitrapSP-FF cation exchange column (GE
Life Sciences) with a gradient of 0.3—1 m NaCl over 16 column
volumes. Pooled fractions were diluted at least 6-fold into 10
mM Tris, pH 8, 1 mm DTT and further purified on a MonoQ
anion exchange column (GE Life Sciences) with a gradient of
40500 mm NaCl over 50 column volumes, Peak fractions were
exchanged into storage buffer (10 mum Tris, pH 8, 150 mm NaCl,
1 mm DTT, 0-20% glycerol), centrifuged at 20,000 X g for 20
min, flash frozen in liquid nitrogen, and stored at —80 °C.

Cell pellets expressing human FHOD1 were resuspended in
extraction buffer (50 mum sodium phosphate, pH 8, 300 mm
NaCl, 1 mm SME) supplemented with PMSF and DNasel and
lysed as above. Clarified lysates were nutated with 1 ml of Talon
resin (Clontech) per liter of culture for 1 h. Resin was washed
with 20 column volumes of extraction buffer, followed by 20
column volumes of wash buffer (50 mm sodium phosphate, pH
7, 300 mm NaCl, 1 mu BME). Resin was washed twice for 30
min each with 20 column volumes of wash buffer supplemented
with 10 mm MgCl, and 5 mm ATP. FHODI1 was eluted with 200
m imidazole in wash buffer. Eluted protein was dialyzed into
10 mym MOPS, pH 7, 200 mm NaCl, | mm DTT, and then run on
a Mono 5 cation exchange column (GE Life Sciences) with a
gradient of 0.2—1 M NaCl over 32 column volumes, Peak frac-
tions were dialyzed overnight into storage buffer (10 mum Tris,
pH 8, 150 mm NaCl, 1 my DTT), centrifuged at 20,000 X ¢ for
20 min, flash frozen in liquid nitrogen, and stored at —80°C.
Actin assembly activity remained stable after freeze-thaw or up
to 4 days on ice,
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Drosophila Fhod protein concentrations were determined
using the absorbance at 280 nm with an extinction coefti-
cient of 122,840 m~" cm ™" {ProtParam), which was verified
by comparing the absorbances of native and denatured pro-
tein. The concentration of human FHOD1 was determined
by quantitative Sypro Red staining. All Drosophila Fhod and
human FHOD1 concentrations are reported in terms of
dimer concentrations.

Acanthamoeba castellani actin was purified (42) and labeled
with pyrene iodoacetamide (42), Alexa Fluor 594 succinimidyl
ester (43), or EZ-link maleimide-PEG2-biotin (Thermo Scien-
tific) (44) according to published protocols. Unlabeled and
pyrene-labeled rabbit skeletal actin were kindly provided by the
Reisler laboratory (University of California, Los Angeles).
Schizosaccharomyces pombe profilin was purified as described
(32) on a polyproline column provided by the Reisler labora-
tory. The concentration was determined using the absorbance
at 280 nm with an extinction coefficient of 1.63 OD/mg/ml (45).
Mouse capping protein was purified as described (46).

Pyrene assays

Pyrene assays were performed essentially as described (47)
on an Infinite 200 Pro plate reader (Tecan). In all assays, Fhod
was diluted in storage buffer before addition to polymerization
bufter to improve stability. The concentration of barbed ends
was calculated from the slope (obtained by linear regression
over 90 s) using the equation [be] = elongation rate/(k | [G-
actin] — k_),wherek, =11.6 pv~'s™ ", and k_ = 1457 (48).
For seeded elongation assays, actin filaments were sheared by
passing three times through a 24-gauge needle and then ali-
quoted into each well of a microplate. Proteins were added to
the seeds and incubated for 2—4 min at room temperature; in
experiments with both Fhod and capping protein, capping pro-
tein was added 2—4 min after addition of Fhod. Seeds and addi-
tional proteins in KMEH (10 mm HEPES, pH 7, 1 mm EGTA, 50
mm KCl, 1T mm MgCl,) were added to magnesium-actin to ini-
tiate actin elongation. Elongation rates were determined by lin-
ear regression over the first 90 s and normalized against the rate
of actin alone in each experiment. For experiments without
capping protein, the affinity of Fhod for barbed ends was deter-
mined by fitting the data to the simplified binding equation, r =
[Fhod]/([Fhod] + K} * @ + b, where r is the normalized elon-
gation rate. The data for capping protein experiments were
analyzed using a competition binding model (49). The follow-
ing equation was used to determine the K, of Fhod for growing

barbed ends,

1 [CP]
*K [Fhod] + K, 1@
Y

xa+b (rqn

where r is the normalized elongation rate, K,, is the affinity of
capping protein for barbed ends (0.4 nym, measured in a seeded
clongation assay in the absence of Fhod), K, is the affinity of
Fhod for barbed ends, and R, is the concentration of free barbed
ends when [Fhod] = 0. The total concentration of barbed ends
was calculated from the initial slope of the polymerization trace
for actin alone as described above.
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For depolymerization assays, 1 un F-actin (70% pyrene-la-
beled) was incubated for at least 15 min at room temperature
and then depolymerized by diluting 10-fold in 1 X KMEH with
additional proteins. The depolymerization rate was determined
by linear regression over the first 90 s. The affinity of Fhod for
barbed ends was determined by fitting the data to the simplified
binding equation as above.

TIRF microscopy

In nucleation assays, assembly of 2 pn actin was initiated by the
addition of KMEH with or without Fhod. After 5 min, actin was
removed from the reaction and stabilized by diluting 10-fold in 1<
KMEH containing Alexa Fluor 488-phalloidin. Actin was incu-
bated with phalloidin for 10 min, diluted 20-fold in 1x KMEH
supplemented with 100 mm DTT, spotted on a poly-L-lysine-
coated coverslip, and imaged, All steps were performed as deli-
cately as possible with cut pipette tips to minimize shearing,

For elongation experiments, biotinylated coverslips were
prepared as follows. Coverslips were rinsed three times in
MilliQ@ water, placed in 2% Hellmanex (Hellma Analytics) at
60-65 °C for 2 h, and then rinsed another five times in MilliQQ
water. Once dry, the coverslips were silanized with (3-glycidy-
loxypropyl)trimethoxysilane for 1 h in a hybridization oven.
Unreacted {3-glycidyloxypropyl)trimethoxysilane was removed
by rinsing three times with acetone. Coverslips were then
PEGylated with a mixture of methoxy-PEG-NHS and biotin-
PEG-NHS as described {47).

Flow chambers of ~15 ul were assembled on the slide using
strips of double-sided tape. Flow chambers were prepared with
the following steps: 1) block with 25 ul of 1% Pluronic F-127
(Sigma), 50 pg/ml casein, in PBS, for 2 min; 2) 25 ul of 1X
KMEH; 3) 25 ul of 40 nu streptavidin in 1 X KMEH; 4) 25 ul of
1% TIRF buffer (1X KMEH, 0.5% methylcellulose (400 cP,
Sigma), 50 mm DTT, 0.2 mm ATP, 20 mum glucose); 5) 50 pl of
magnesium-actin and additional proteins to be assayed, in 1X
TIRF buffer supplemented with 5 nm F-actin seeds {1% biotiny-
lated, stabilized with Alexa Fluor 647-phalloidin), 250 prg/ml
glucose oxidase, 50 ug/ml catalase, and 50 pg/ml casein. Fhod
was incubated with seeds for at least 30 s prior to addition of
magnesium-actin; in experiments with both Fhod and capping
protein, Fhod was incubated with seeds for 15 s prior to addi-
tion of capping protein, and magnesium-actin was added after
an additional 30 s.

To determine the characteristic run length of Fhod on
barbed ends in the presence of capping protein, 1 — cumulative
frequency was treated as the fraction of filaments that were still
elongating at a particular length. The data were fit to the expo-
nential equation, I — ¢f = e Y**a + b, where ¢fis the cumu-
lative frequency, [ is the filament length, and A is the character-
istic run length.

Reannealing assays were conducted essentially as described
(50) using Alexa Fluor 488- or rhodamine-labeled phalloidin-
actin, sheared by passing three times through a 27-gauge nee-
dle. The final concentrations were 250 nv F-actin and 10 nwv
Fhod. The samples were diluted 50-fold, spotted on poly-L-
lysine-coated coverslips, and imaged.

In all experiments, actin filaments were visualized on a
DMI6000 TIRF microscope (Leica) with an HCX PL APO
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objective (100X magnification, N.A. = 1.47), and an Andor
DU-897 camera, using the Leicaapplication suite advanced fluo-
rescence software. The experiments were conducted at room
temperature. The images were obtained at 10-s intervals for 10
min. The images were processed by applying rolling ball back-
ground subtraction and a Gaussian filter. Filament lengths were
quantified using the JFilament plugin for Fiji (51).

Cosedimentation

For high-speed cosedimentation, 250 nv Fhod was incubated
with varying concentrations of phalloidin-stabilized F-actin for
30 min at room temperature. Samples were centrifuged at
90,000 rpm for 25 min in a TLA-100 rotor. Pellets were concen-
trated by resuspending in one-fourth the original volume. The
supernatants and pellets were analyzed with SDS-PAGE, and
the gels were stained with SyproRed. The amount of Fhod in
each fraction was quantified using QuantityOne software,
dividing the intensities of pellet bands by four to correct for the
4-fold concentration of pellets with resuspension. The fraction
of Fhod bound to F-actin was calculated by adjusting for the
amount of Fhod that pellets in the absence of F-actin with
the following equation: 0 = (p — py)/{1 — p,), where 8 is the
fraction of Fhod bound to F-actin, p is the fraction of Fhod in
the pellet, and p,, is the fraction of Fhod in the pellet in the
absence of F-actin. The affinity of Fhod for F-actin was
determined by fitting the data to the binding equation, § =
[F-actin]/{[F-actin] + K;) *a + b.

For low-speed cosedimentation, Fhod was incubated with
phalloidin-stabilized actin filaments (final concentration, 5 pn)
for 1 h at room temperature and then centrifuged at 12,000 X g
for 15 min. The amount of actin in the supernatants and pellets
was quantified by Coomassie-staining SDS-PAGE gels.
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Chapter 3: Multiple domains impair processive elongation by

Drosophila Fhod

Introduction

Formins processively elongate actin filaments through the combined action of their FH1
and FH2 domains. The FH2 domain homodimerizes to form a donut shape, which binds the
dynamic barbed end of the actin filament. The FH2 domain fluctuates between an “open” state
that permits addition of an actin monomer and a “closed” state that prevents addition of a
monomer in a process known as gating (Otomo et al., 2005; Vavylonis et al., 2006). With each
addition of an actin monomer, the FH2 domain must take a step, with one hemidimer sliding
past the other, to remain on the barbed end. The FH2 domain processively tracks the barbed
end but cannot accelerate the elongation rate on its own; the FH2 domains of most formins slow
elongation due to their gating. The FH1 domain enables barbed end elongation through its
polyproline tracks, which bind the actin-binding protein profilin to deliver actin monomers to the
barbed end. Through this mechanism, formins can accelerate barbed end elongation by over
five-fold (Courtemanche, 2018).

In most formins, the FH2 domain is flanked by a disordered tail on the C-terminal side.
The C-terminal tail enhances actin assembly in several formins, including Drosophila Capu and
mammalian mDial and INF2 (Gould et al., 2011; Ramabhadran et al., 2012; Vizcarra et al.,
2014). The tail of Capu enhances both nucleation and processivity; these effects of the tail are
retained after scrambling the sequence of the tail, and gradually lost as the tail is truncated.
These findings suggest that the effect of the tail arises from charge interactions between the
positively charged tail and negatively charged actin (Vizcarra et al., 2014). Capu, like most well
studied formins, is a potent actin elongator, increasing the barbed end elongation rate by at

least five-fold over run lengths of hundreds of microns (Vizcarra et al., 2014). In stark contrast,
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we identified another Drosophila formin, Fhod, that elongates much less effectively, with no
detectable effect on elongation rate and a characteristic run length of 2 um (Chapter 2). In this
chapter, we asked whether the effects we observed for Capu’s C-terminal tail would also apply
to Fhod.

Drosophila Fhod undergoes extensive alternative splicing, which alter the N-terminus
and C-terminal tail while maintaining constant FH1 and FH2 domains between all isoforms. In
previous work, we used the canonical Fhod isoform A, which is sufficient to rescue viability and
hemocyte motility in flies (Lammel et al., 2014). This isoform has an identical C-terminus to
isoforms H and I, which are sufficient for sarcomere assembly in indirect flight muscle (Shwartz
et al., 2016). Three Fhod splice isoforms (B, D, and E) differ from Fhod-A only by their C-
terminal tails.

Here, we took advantage of Fhod splice variants to test how the C-terminal tail of Fhod
modulates processive elongation. Unexpectedly, we found that Fhod-B, with a 30 amino acid
tail, processively elongates filaments over much longer run lengths than Fhod-A, with a 129
amino acid tail, and Fhod-E, with a 123 amino acid tail. We mapped the region of the Fhod-A tail
impairing processivity to the last 24 amino acids and found that the Fhod-A tail binds tightly to
filament sides. Finally, we show preliminary data suggesting that the Fhod N-terminus impairs
processive elongation through a distinct mechanism, dimerizing the FH1 domains to limit their
rate of profilin-actin capture. Taken together, this work establishes multiple mechanisms by
which domains beyond the FH1 and FH2 domains determine formin elongation rate and

processivity.

Results
The Fhod tail impairs processivity.
We purified the C-terminal halves of three Fhod isoforms (A, B, and E), including their

shared FH1 and FH2 domains and their varying C-terminal tails (Figure 3.1). All three isoforms
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nucleated actin with similar activity (Figure 3.2). We then asked how the differences in their C-
terminal tails would influence processivity. Typically, processive elongation by formins can be
directly observed by total internal reflection fluorescence (TIRF) microscopy. Formin-bound
filaments elongate several fold faster and appear dimmer than unbound filaments (Kovar et al.,
2006) due to the reduced affinity of profilin for Cys 374-labeled actin (Vinson et al., 1998). We
previously found that Fhod-A has a relatively low characteristic run length of ~2 um (Chapter 2);
consistent with our previous results, we could not detect any difference in elongation rate or
fluorescence intensity when filaments were grown in the presence of Fhod-A. We similarly
observed no evidence of processive elongation by Fhod-E. In stark contrast, we observed
robust processive elongation by Fhod-B, based on the dim appearance of growing actin
filaments (Figure 3.3). Dim-appearing filaments associated with Fhod-B elongated at a rate of
~17 subunits per second, 3-4 fold faster than unbound filaments, with a characteristic run length
of 23 um (Figure 3.4). Our measurement of the characteristic run length is likely an
underestimate, since most processive runs extended beyond 50 um and were too long to be
measured accurately. Because Fhod-B is simply a truncated form of isoforms A and E, we
concluded that the C-terminal tails of isoforms A and E impair their processivity.

To map which region of the tail impairs processivity, we gradually truncated the C-
terminal tail of Fhod-A, resulting in tails that are intermediate between Fhod-A and Fhod-B. We
found that truncating the last 24 residues of Fhod-A (equivalent to truncating the last 18
residues of Fhod-E) restored processivity to that of Fhod-B, with further truncation having no
major additional effect on processivity (Figure 3.5). If the C-terminal tail adopted a secondary
structure, any truncation might impair the function of the tail simply by disrupting the structure.
To rule out this possibility, we analyzed the circular dichroism (CD) spectra of each isoform’s
tail. We found that all three tails lacked secondary structure on their own (Figure 3.6),

suggesting that truncation of the tail would not disrupt any secondary structure.
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The tails of poorly processive Fhod isoforms bind tightly to filament sides

We considered several models to explain how the C-terminal tails of Fhod-A and -E
impair processivity. We previously proposed for Capu that the interaction between the tail and
the side of the filament keeps the FH2 domain in close proximity to the barbed end, allowing it to
return to the barbed end after dissociating (Vizcarra et al., 2014). This logic leads to the first two
models: (1) The Fhod-A and -E tails might reduce the affinity for filament sides relative to Fhod-
B. (2) The tails might associate too tightly to filament sides, causing the FH2 domain to slip off
the barbed end and remain on the side of the filament. We considered two alternative models:
(3) The larger tails might sterically clash with the actin filament, resulting in a force that
promotes dissociation from the barbed end. (4) The tails might interact with the FH2 domain,
disrupting its ability to interact with the barbed end or step after an actin subunit is incorporated
into the filament.

To test the validity of models 1 and 2, we measured the affinity of the tails for F-actin in
high speed cosedimentation assays. Because the Fhod-A tail was prone to degradation, we
focused our comparison on isoforms B and E. We found that the Fhod-E tail binds tightly to F-
actin with a Kq of 80 nM, whereas the Fhod-B tail had no detectable interaction with F-actin
(Figure 3.7A-B). Our preliminary data indicate that the Fhod-A tail also binds F-actin with sub-
micromolar affinity (data not shown). In contrast, the Capu tail binds F-actin with a Kq of 6 uM
(Vizcarra et al., 2014), at least an order of magnitude weaker than the tails of Fhod-A and Fhod-
E. Taken together, these data are consistent with model 2 but rule out model 1, since isoforms
A and E lack processivity despite binding filament sides more tightly than the processive formins
Fhod-B and Capu.

To test model 4, we monitored processive elongation by Fhod-B in the presence of the
Fhod-E tail. If model 4 were correct, we predicted that the purified Fhod-E tail would interact

with the Fhod-B FH2 domain, impairing processivity. We were still able to observe dim actin
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filaments suggestive of processive elongation in the presence of the Fhod-E tail (Figure 3.7C).

Therefore, our preliminary data do not support model 4.

A putative coiled-coil in the N-terminus slows processive elongation

Having established that the C-terminal tail can impair processive elongation by Fhod, we
asked whether the region N-terminal to the FH1 domain also modulates elongation. This region
includes a predicted coiled coil based on the secondary structure prediction software JPred
(Drozdetskiy et al., 2015). We hypothesized that a dimerization domain N-terminal to the FH1
domains would restrict their diffusive movement, altering the rates of profilin-actin capture and
delivery. To test whether this region in fact dimerizes, we mutated a conserved tryptophan
(W898A), which is essential for dimerization of the FH2 domain (Xu et al., 2004), and asked
whether the N-terminus could hold the two hemidimers in place in the absence of a dimerized
FH2 domain. We used pyrene actin assembly assays to validate that the W898A mutation
disrupted FH2 dimerization in the absence of the putative coiled coil, resulting in an inability to
nucleate actin (Figure 3.8A). Unexpectedly, we found that the W898A mutation had no effect on
actin nucleation in the presence of the putative coiled coil (Figure 3.8B). This result suggests
that although the W898A mutation weakens the interaction between two hemidimers, it can be
overcome by an additional dimerization domain bringing the two hemidimers in closer proximity.
To confirm that this effect was not simply due to the coiled coil nucleating actin, we purified this
domain alone. The coiled coil did not affect actin assembly (Figure 3.8C), suggesting that it
overcomes the W898A mutation by dimerizing the FH2 domain rather than by nucleating actin
itself.

We compared barbed end elongation rates of Fhod-B CT to those of cc Fhod-B CT,
which includes the coiled coil in addition to the FH1 domain, FH2 domain, and short C-terminal
tail. We found that cc Fhod-B CT also processively elongates barbed ends, but at a ~35%

slower rate than Fhod-B CT without the putative coiled coil (Figure 3.8D). To ask whether this
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decrease in elongation rate was caused by dimerization of the N-terminus, we compared
mathematical simulations of FH1-mediated elongation (Bryant et al., 2017) with or without an N-
terminal dimerization domain. In our model, FH1-mediated elongation consists of two steps,
capture (profilin-actin binding a polyproline track in the FH1 domain) and delivery (profilin-actin
binding the barbed end). Compared to the original model, the model including an N-terminal
dimerization domain had slower capture rates (Figure 3.9A) but faster delivery rates (Figure
3.9B). Because capture rates are much slower than delivery rates, the effect of N-terminal
dimerization on capture rate dominates. Therefore, the overall polymerization rate was slowed
by the N-terminal dimerization (Figure 3.9C). The mathematical predictions follow our
experimental observation, suggesting that dimerization is sufficient to explain why the Fhod N-

terminus slows elongation.

Discussion

Formins are generally known for their ability to both nucleate and processively elongate
actin filaments, resulting in long, unbranched bundles of actin filaments (Goode and Eck, 2007).
In contrast, Fhod family members associate with the sides rather than the ends of actin
filaments across a range of biological contexts (Fenix et al., 2018; Kan-o et al., 2012; Mi-Mi et
al., 2012; Schonichen et al., 2013; Schulze et al., 2014; Shwartz et al., 2016). Although
processive barbed end binding is primarily a function of the FH2 domain, we show here that the
rapid dissociation of Drosophila Fhod from the barbed end is a result of the C-terminal tail rather
than a defect in the FH2 domain. In other formins, the formin C-terminal tail enhances actin
assembly through interactions with actin monomers and filaments (Gould et al., 2011; Vizcarra
et al., 2014). In contrast, the tails of Fhod isoforms A and E inhibit processive elongation,
despite (or because of) their strong affinity for actin filaments, suggesting that the Fhod tails play

a different role from other formin tails.
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We observed a negative correlation between side binding and processivity for Fhod tails,
leading us to propose that the strong affinities of the Fhod-A and -E tails for filament sides
promote dissociation of the FH2 domain from the barbed end to remain on the side of the
filament. Previous work has shown single mDial molecules dissociating from the barbed end
and sliding along the side of the filament (Bombardier et al., 2015). Whereas mDial was able to
return to the barbed end and resume processive elongation, Fhod-A and Fhod-E have much
stronger affinities for filament sides than mDial (Li and Higgs, 2003) and would therefore be
expected to remain on the side of the filament. This model can also explain why Fhod family
members localize near the pointed end of filaments, rather than simply dissociating from
filaments: after nucleating an actin filament, Fhod would bind the side of the nascent filament.
Subsequent growth at the faster barbed end would increase the distance between Fhod and the
barbed end. Slow growth at the pointed end would make the distance of this end from Fhod
difficult to detect.

Our preliminary data disfavor the other mechanisms for impaired processivity that we
proposed. If impaired processivity of Fhod-A were simply due to its length, we would have
expected a gradual increase in processive run length as we truncated the tail, instead of the all-
or-nothing effect we observed after truncating the last 24 amino acids. In our initial experiments,
addition of the Fhod-E tail did not disrupt processivity of Fhod-B, arguing against a direct
interaction between the tail and the FH2 domain.

We mapped the region impairing Fhod processivity to the last 24 residues of Fhod-A.
This region includes a basic motif conserved across Fhod family members from C. elegans to
human. The conservation of this sequence suggests that poor processivity is an important
feature of Fhod family members. The actin filaments in Fhod-associated structures tend to be
short, ~0.8-1.5 um in sarcomeres (Littlefield and Fowler, 1998). Therefore, the short run lengths

of Fhod family members might help to limit the lengths of these actin filaments.
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Finally, we showed that the Fhod N-terminus slows processive elongation, with
preliminary data suggesting that this results from dimerization of the FH1 domains restricting
their diffusion. A dimeric N-terminus is not unique to Fhod family members; the N-terminal DID
of other diaphanous-related formins and the CID in Capu/Fmn family members are also dimeric.
These dimerization domains are typically excluded from preparations of formins used to
measure processive elongation. We predict that many other formins might have slower
elongation rates than previously measured if their dimerization domains were included, although
the extent of inhibition would depend on the geometry of the dimerization domain, the distance
between the dimerization domain and the polyproline track, and any tension exerted on the FH1

domain.

Materials and methods
Protein expression and purification

Unless otherwise specified, all Fhod C-terminal constructs (spanning the FH1 domain,
FH2 domain, and tail) were cloned into a modified pET-15b vector containing an N-terminal
6xhis tag. All constructs were transformed in Rosetta 1 cells (Novagen), grown in Terrific broth
to an OD of 0.6-0.8, and induced with 0.25 mM IPTG overnight at 18 °C. Fhod-A, truncations,
and Fhod-E were purified by ion exchange chromatography as described in Chapter 2, with
slight modification to improve solubility. Cell pellets were resuspended in 10 mM MOPS pH 7,
150 mM NaCl, 1 mM DTT, 1 mM PMSF, 2 ug/mL DNase, lysed in a microfluidizer, and
centrifuged at 20,000 x g for 20 minutes. Clarified lysates were applied to a HitrapSP cation
exchange column (GE Life Sciences) with a gradient of 0.3 — 1 M NaCl over 16 column
volumes. Peak fractions were dialyzed into 10 mM Tris pH 8, 50 mM NaCl, 1 mM DTT,
centrifuged, and run on a MonoQ anion exchange column (GE Life Sciences) with a gradient of

50 — 600 mM NaCl over 55 column volumes. Peak fractions were dialyzed into Fhod storage
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buffer (10 mM Tris pH 8, 150 mM NaCl, 1 mM DTT), then flash frozen in liquid nitrogen and
stored at -80 °C.

Pellets expressing cc Fhod-B CT (including wild-type and W898A mutant) were
resuspended in extraction buffer (50 mM sodium phosphate pH 8, 300 mM NacCl, 1 mM BME)
supplemented with 1 mM PMSF, 2 ug/mL DNase, then lysed and centrifuged as above. Clarified
lysate was then bound to 1 mL Talon resin (Clontech) for 1 hour, then transferred to a gravity
column. Resin was washed with 25 mL extraction buffer, followed by 25 mL of wash buffer
(same as extraction buffer except pH 7). Protein was eluted with wash buffer containing 200 mM
imidazole. Elution fractions containing cc Fhod-B CT were dialyzed overnight into 10 mM Tris
pH 8, 50 mM NaCl, 1 mM DTT, then centrifuged and run on a MonoQ column with a gradient of
50 — 600 mM NacCl over 55 column volumes. Peak fractions were dialyzed into Fhod storage
buffer, flash frozen in liquid nitrogen, and stored at -80 °C.

Fhod-B was cloned into pGEX-6P-2 and expressed in Rosetta 1 cells as above. Cell
pellets were resuspended in PBS, lysed, and centrifuged. Clarified lysates were bound to 2.5
mL Glutathione Sepharose (GE Life Sciences) for 1 hour. Resin was washed with 25 mL PBS,
then protein was eluted with 50 mM Tris pH 8, 20 mM glutathione, 50 mM NaCl, 150 mM KCI, 1
mM DTT. Eluted protein was dialyzed into PBS with 1 mM DTT and cleaved with Prescission
Protease overnight. The cleaved protein was filtered through glutathione sepharose, dialyzed
into 10 mM Tris pH 8, 50 mM NacCl, 1 mM DTT, then run on MonoQ (50 — 600 mM NaCl over 55
column volumes). Peak fractions were dialyzed into Fhod storage buffer, flash frozen in liquid
nitrogen, and stored at -80 °C.

Fhod tails were cloned into pGEX-6P-2 and expressed as above. Cell pellets were
resuspended in PBS supplemented with 1 mM DTT, 1 mM PMSF, and 2 pg/mL DNase, then
lysed and centrifuged as above. Clarified lysates were bound to 1 mL Glutathione Sepharose for
one hour. Resin was washed with 25 mL PBS with 1 mM DTT, then eluted with 15 mL of 50 mM

HEPES pH 7.3, 20 mM glutathione, 100 mM NaCl, 1 mM DTT. For preparations of Fhod tails
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without the GST tag, the eluted protein was cleaved with Prescission Protease overnight.
Cleaved tails were centrifuged at 20,000 x g for 20 minutes, then bound to a MonoS cation
exchange column (GE Life Sciences). The column was washed with two column volumes of 50
mM HEPES pH 7.3, 100 mM NaCl, 1 mM DTT, then eluted with a step to 50 mM HEPES pH
7.3, 600 mM NacCl, 1 mM DTT. Eluted protein was dialyzed into 10 mM Tris pH 8, 50 mM NacCl,
0.5 mM TCEP and stored on ice for up to one week.

Concentrations of C-terminal Fhod constructs and the Fhod coiled coil were determined
by measuring the absorbance at 280 nm, using predicted extinction coefficients (Expasy), and
indicated in terms of dimer concentrations. Concentrations of tail constructs were determined by
guantitative SDS-PAGE with SyproRed staining. Concentrations of GST-tails are indicated in
terms of monomer concentrations.

Acanthamoeba actin and Drosophila profilin (Chic) were purified as described (Bor et al.,

2012; Zuchero, 2007).

Kinetic assays

Pyrene assays and TIRF microscopy were conducted as described in Chapter 2. Final
conditions for TIRF experiments were 0.5 uM F-actin seeds (1% biotinylated, decorated with
equimolar AlexaFluor 647-phalloidin), 1 uM G-actin (20% Oregon Green-labeled, shown in
grayscale), 5 uM Chic, 0.5 nM Fhod. Bright and dim filaments were distinguished manually. For
processivity measurements, the run length of each Fhod-barbed end binding event was
determined by measuring the length of dim-appearing actin in the JFilament plugin (Smith et al.,
2010). To be included in analysis, each stretch of dim actin had to be flanked by a patch of
bright actin on the barbed end and either a phalloidin-decorated seed or a patch of bright actin
on the pointed end. The majority of processive runs were too long to be measured, because
they either extended outside the field of view or overlapped extensively with other filaments. The

cumulative frequency of run lengths was used to plot the fraction of Fhod-bound barbed ends
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versus length, which was fit to the exponential decay curve, y=e>* * a, where A is the

characteristic run length and a is a constant.

High speed cosedimentation

High speed cosedimentation assays were performed as described in Chapter 2.

Circular dichroism
Secondary structure of Fhod tails was analyzed on a JASCO J-715 circular dichroism
spectrophotometer. Each spectrum is the average of two scans with a response time of 4

seconds and a bandwidth of 1 nm.

Model of FH1-mediated elongation

The mathematical model for FH1-mediated elongation was described previously (Bryant
et al., 2017). This model was modified by including two FH1 domains, which were dimerized
with spacing of 5 nm on the C-terminus (representing the FH2 domain, in both models) and 1

nm on the N-terminus (only in the dimerized N-terminus model).
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Figures
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Fhod-E tail 1265 mmm 1387

Fhod cc 544 @™ 637

Figure 3.1: Summary of constructs used in this chapter

The upper schematic depicts the domain structure of Drosophila Fhod, which includes the
regulatory DID-like domain in its N-terminus, a predicted coiled coil N-terminal to the FH1
domain, the FH1 and FH2 domains that polymerize actin, and the C-terminal tail. Below are
listed the names of constructs used in this chapter and the domains and amino acid residues
they include. Isoforms A, B, and E differ only in their C-terminal tails. The C-terminal tail
includes a 30 amino acid segment shared across all three isoforms (blue), a 75 amino acid
segment shared between isoforms A and E (purple), a 24 amino acid segment unique to the
Fhod-A tail (red), and an 18 amino acid segment unique to the Fhod-E tail (green).
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Figure 3.2: Fhod isoforms A, B, and E assemble actin at similar rates.
Pyrene actin assembly assay with 2 uM Acanthamoeba actin (10% pyrene-labeled). C-terminal
constructs of Fhod-A, -B, and -E all accelerate actin assembly to similar degrees.
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seeds

G-actin

Fhod-B CT Fhod-A CT actin alone

Fhod-E CT

Figure 3.3: Fhod-B processively elongates actin filaments.

TIRF microscopy images of actin filaments elongating alone or in the presence of the indicated
Fhod construct. Final conditions were 0.5 pM F-actin seeds (1% biotinylated, decorated with
equimolar AlexaFluor 647-phalloidin, shown in green), 1 uM G-actin (20% Oregon Green-
labeled, shown in grayscale), 5 uM Chic, 0.5 nM Fhod. Each image was taken at the indicated
time after the start of acquisition. In the presence of Fhod-B, two populations of actin filaments
can be distinguished: formin-bound filaments appear dim and elongate quickly (magenta
arrows), while unbound filaments appear bright and elongate slowly (orange arrows). Scale bar
is 10 pm.
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Figure 3.4: Elongation rates and processivity of Fhod isoforms

Analysis of processive elongation from Figure 3.3. A-D, quantification of barbed end elongation
with actin alone or in the presence of Fhod CT. Filament lengths are expressed as the number
of actin subunits added from the start of analysis. Data from bright-appearing filaments (free
barbed ends) are shown in gray. Data from dim-appearing filaments (formin-bound barbed
ends) are shown in blue. E, quantification of elongation rates from A-D. Each point represents
the elongation rate of one filament, determined by linear regression. Gray points were obtained
from bright-appearing filaments and blue points were obtained from dim-appearing filaments. F,
guantification of processive run length by Fhod-B CT. The run length for each Fhod-barbed end
binding event was determined based on fluorescence intensity and used to calculate the fraction
of barbed ends that remain bound to Fhod at each length. Data were fit to the exponential decay
curve, y = e*** g, where A is the characteristic run length and a is a constant. Run lengths
greater than 50 um were excluded from analysis because these filaments tend to overlap or
extend beyond the field of view.
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Figure 3.5: Truncation of the last 24 residues from Fhod-A CT restores processivity

A, TIRF microscopy images of actin filaments elongating alone or in the presence of the
indicated Fhod construct. Final conditions were 0.5 uM F-actin seeds (1% biotinylated,
decorated with equimolar AlexaFluor 647-phalloidin, shown in green), 1 pM G-actin (20%
Oregon Green-labeled, shown in grayscale), 5 pM Chic, 0.5 nM Fhod. Images were 10 minutes
after the start of acquisition. Scale bar is 10 um. B, quantification of elongation rates from A.
Each point represents the elongation rate of one filament, determined by linear regression. Gray
points were obtained from bright-appearing filaments and colored points were obtained from
dim-appearing filaments. Data for actin alone, Fhod-A CT, and Fhod-B CT are reproduced from
Figure 3.4. C, quantification of processive run length by Fhod based on fluorescence intensity.
Data were fit to the exponential decay curve, y = e * a + b, where A is the characteristic run
length and a and b are constants. Best-fit curves gave characteristic run lengths of 45 um for
Fhod-A A24, 40 um for Fhod-A A 50, 37 um for Fhod-A A 75, and 94 ym for Fhod-B CT. Data
for Fhod-B CT are reproduced from Figure 3.4.
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Figure 3.6: Fhod tails lack secondary structure
The tails of each Fhod isoform were analyzed by circular dichroism spectroscopy. Spectra for all
three isoforms are consistent with random coil.
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Figure 3.7: The Fhod-E tail binds tightly to filament sides but not the FH2 domain

A, high speed cosedimentation assay to measure binding of GST Fhod-E tail to sides of actin
filaments. F-actin at the indicated concentration was mixed with 0.3 uM GST Fhod-E tail, then
centrifuged at high speed to pellet actin filaments. The amount of Fhod tail remaining in the
supernatant was analyzed by SDS-PAGE with SyproRed staining. B, quantification of
supernatant intensity from high speed cosedimentation assays, as shown in A. The tail of
isoform E, but not B, was depleted from the supernatant with increasing concentrations of F-
actin, indicating binding. Data were fit to the simplified binding equation, y = x/(x+Kg) * a + b to
determine the Kq. C, TIRF microscopy image of actin filaments after 10 minutes of growth in the
presence of Fhod-B CT and Fhod-E tail. Final conditions were 0.5 uM F-actin seeds (1%
biotinylated, decorated with equimolar AlexaFluor 647-phalloidin, shown in green), 1 uM G-actin
(20% Oregon Green-labeled, shown in grayscale), 5 uM Chic, 0.5 nM Fhod-B CT, 50 nM Fhod-
E tail. Most filaments appear dim, with bright filaments (orange arrows) indicating Fhod-B
dissociation events. Fhod-B CT processively elongates filaments in the presence of the Fhod-E
tail. Scale bar is 10 pm.
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Figure 3.8: The dimeric Fhod N-terminus slows processive elongation
A, pyrene actin assembly assay with 4 uM actin (5% pyrene-labeled), 4 nM wild-type or W898A
Fhod-B CT. The W898A mutation abolishes actin nucleation, suggesting that it disrupts
dimerization of the FH2 domain. B, pyrene actin assembly assay with 2 uM actin (5% pyrene
labeled), 4 nM wild-type or W898A cc Fhod-B CT. When the putative coiled coil is included, the
WB898A mutation no longer affects nucleation, suggesting that the coiled coil maintains
dimerization of the FH2 domain. C, pyrene actin assembly assay with 2 uM actin (5% pyrene
labeled), 0.6 uM Fhod coiled coil. The coiled coil does not affect actin assembly. D,
guantification of barbed end elongation by TIRF microscopy. Each point represents the
elongation rate of a dim-appearing actin filament. cc Fhod-B CT elongates barbed ends at a

slower rate than Fhod-B CT.
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Figure 3.9: N-terminal dimerization slows elongation in silico

A, mathematical simulation of capture rates for polyproline tracks in an FH1 domain with a free
or dimerized N-terminus. Polyproline positions are expressed as fractions of the FH1 length,
with 0 at the FH2 domain and 1 at the N-terminus. N-terminal dimerization slows the capture
rate at all positions, with the strongest effect at positions nearest the dimerization domain. B,
mathematical simulation of delivery rates. N-terminal dimerization slightly accelerates the
delivery rate at all polyproline positions. C, mathematical simulation of overall actin
polymerization rate. As with capture rates, N-terminal dimerization slows elongation with the
strongest effect at positions nearest the dimerization domain.
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Chapter 4: Actin assembly by Fhodl and Fhod3 in human

cardiomyocytes

Introduction

Sarcomeres, the fundamental contractile units of muscle cells, consist of interdigitating
actin and myosin filaments. To generate a unified contraction across the muscle cell, these
filaments must be assembled, organized, and maintained with remarkable precision. How
muscle cells polymerize actin and organize actin filaments into sarcomeres has remained a
longstanding question. In the predominant model, termed the premyofibril model, sarcomeres
arise from precursor structures termed premyofibrils (Sanger et al., 2005). Premyofibrils are
stress fiber-like structures containing actin filaments, non-muscle myosin Il, and muscle-specific
isoforms of several actin-binding proteins, including a-actinin, troponin, and tropomyosin. As
premyofibrils progress to mature sarcomeres, they flow toward the center of the cell, align with
each other, grow in width, and replace non-muscle myosin with muscle-specific myosin
isoforms. This model is well supported by live imaging of cultured cardiomyocytes, where
premyofibrils can clearly be observed flowing and rearranging to form sarcomeres (Dabiri et al.,
1997; Fenix et al., 2018; Sanger et al., 2005).

The formin Fhod3 is required for premyofibril assembly and maturation to sarcomeres in
cellular and animal models of cardiac development (Fenix et al., 2018; Iskratsch et al., 2010;
Taniguchi et al., 2009). In adult mice, Fhod3 is no longer required for sarcomeres to maintain
their morphology, but Fhod3 depletion eventually leads to cardiac hypertrophy and decreased
contractility (Ushijima et al., 2018). In humans, polymorphisms and mutations to Fhod3 alter the
risk of hypertrophic and dilated cardiomyopathies; most notably, numerous mutations to Fhod3

cause hypertrophic cardiomyopathy (Arimura et al., 2013; Esslinger et al., 2017; Ochoa et al.,
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2018; Wooten et al., 2013). Fhod3 thus plays important roles in normal cardiac development
and the pathophysiology of cardiomyopathies.

Fhod3 belongs to the formin class of actin nucleators, known for their ability to both
nucleate and processively elongate actin filaments through their formin homology (FH) 1 and 2
domains (Goode and Eck, 2007). Neither nucleation nor elongation activity has been observed
for Fhod3 in vitro (Taniguchi et al., 2009), raising the question of how Fhod3 contributes to
sarcomere assembly in vivo and how mutations to Fhod3 cause hypertrophic cardiomyopathy.
Here, we combine biochemical and cellular approaches to measure actin assembly by Fhod3.
We find that Fhod3 nucleates and slowly elongates actin filaments in vitro, similar to other Fhod
family members. We then show initial steps we have taken to study how Fhod3 and its paralog

Fhod1 function in human embryonic stem cell-derived cardiomyocytes (hESC-CMSs).

Results
Human Fhod3 nucleates actin filaments

We expressed the C-terminal half of human Fhod3 in E. coli, including both the muscle-
specific splice isoform Fhod3L and the non-specific splice isoform Fhod3S (Iskratsch et al.,
2010). In the C-terminal half of the protein, these isoforms differ only by the inclusion of 8 amino
acids found in the C-terminal tail of Fhod3L but not Fhod3S; additional differences exist in the
regulatory N-terminus. We partially purified both isoforms but were unable to remove a major
truncation product from Fhod3L. Because Fhod3L appears as a doublet even in post-induction
gel samples prior to lysis, we expect that the truncated form of Fhod3L is a product of
incomplete translation rather than proteolytic cleavage. Based on MALDI mass spectrometry,
we estimate that this product is missing the last ~138 amino acids of the C-terminal tail.

We used pyrene actin assembly assays to measure the effect of Fhod3 on actin

dynamics. We found that both splice variants of Fhod3 accelerate the assembly of
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Acanthamoeba actin in a dose-dependent manner (Figure 4.1). Although Fhod3L appeared
much less potent than Fhod3S, this difference might be explained by the lower purity.

Because we previously found that human Fhod1l and, to a lesser extent, Drosophila
Fhod nucleate muscle and non-muscle actin isoforms with different rates, we also measured the
nucleation activity of Fhod3 isoforms with two mammalian sources of actin: rabbit skeletal
muscle (predominantly a-skeletal actin) and human platelet (85% B-cytoplasmic actin, 15% y-
cytoplasmic actin). Both Fhod3L and Fhod3S nucleated actin from either mammalian source
(Figure 4.2 A-D). We observed slightly faster nucleation rates with Acanthamoeba actin than
mammalian actin, but no substantial differences in nucleation rates between the mammalian

actins (Figure 4.2 E-F).

Human Fhod3 binds barbed ends but does not accelerate elongation

Formins can promote actin assembly by both nucleating actin filaments and processively
elongating barbed ends; most formins inhibit barbed end growth in the absence of profilin, while
accelerating elongation in the presence of profilin (Courtemanche, 2018; Goode and Eck, 2007).
We tested the effect of Fhod3S on barbed end elongation using pyrene seeded elongation
assays. In these experiments, a low concentration of actin monomers (0.5 uM) is used to
prevent spontaneous nucleation and pointed-end elongation, so that increases in pyrene
fluorescence can be attributed solely to incorporation of pyrene-actin at the barbed ends of
preformed actin seeds. In the absence of profilin, Fhod3S caused a dose-dependent decrease
in actin elongation rate, with a K4 of 0.5 nM (Figure 4.3 A,C). When we included profilin in the
assay, Fhod3S had no observable effect on the elongation rate (Figure 4.3 B-C). These results,
like our previous observations with Drosophila Fhod and human Fhodl1 (Chapter 2), suggest
that Fhod3S binds barbed ends and allows, but does not accelerate, elongation. Because
Drosophila Fhod dissociates rapidly from growing barbed ends, with a characteristic run length

of only ~2 um (see chapters 2-3), we suspect that Fhod3S also fails to accelerate elongation
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due to poor processivity. However, we cannot exclude the possibility that Fhod3S remains
processively associated with the barbed end, while recruiting profilin-actin at a rate

indistinguishable from the elongation rate of actin alone.

Fhod3 is required for sarcomere assembly in human embryonic stem cell-derived
cardiomyocytes.

Our observation that Fhod3 can modulate both nucleation and elongation led us to ask
which of these activities is required for sarcomere assembly and organization. To address this
guestion, we required a genetically tractable system for structure-function experiments. We
established human cardiomyocytes derived from embryonic stem cells (hESC-CMs) as a
powerful model system, amenable to genetic manipulation and imaging. Human stem cells can
be efficiently differentiated to cardiomyocytes that assemble sarcomeres and beat
spontaneously in culture (Minami et al., 2012; Nakano et al., 2017).

We used siRNA oligonucleotides to deplete Fhod1 and Fhod3 in cardiomyocytes,
observing over 80% knockdown efficiency with the three Fhodl oligonucleotides and two Fhod3
oligonucleotides that we tested by gPCR (Figure 4.4 A, C). We also validated that Fhod3
depletion did not cause a non-specific depletion or compensatory increase of Fhod1 (Figure 4.4
B). In the majority of hESC-CMs treated with any of the four Fhod3 oligonucleotides,
sarcomeres were severely disorganized or completely absent, with a-actinin instead localized to
puncta (Figure 4.5). This same phenotype has been previously observed with Fhod3 depletion
in human iPSC-derived cardiomyocytes (Fenix et al., 2018), primary cardiomyocytes ex vivo
(Iskratsch et al., 2010; Taniguchi et al., 2009), and embryonic cardiomyocytes in vivo (Kan-o et
al., 2012a).

We attempted to rescue this phenotype by transiently transfecting cells with an siRNA-
resistant Fhod3 plasmid. However, we observed very low transfection efficiency with a plasmid

carrying GFP alone; almost all GFP-positive cells were negative for a-actinin, suggesting that
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only the undifferentiated cells could be transfected (Figure 4.6). Therefore, we expect that
rescue experiments will require a more efficient transfection method, such as viral transduction,

or transfection of stem cells prior to differentiation.

Fhodl is not required for sarcomere or junction assembly in hESC-CMs

Finally, we asked what role Fhod1 plays in hESC-CMs. Transfection with any of the four
Fhod1-targeting oligonucleotides had no obvious effect on sarcomere morphology (Figure 4.7).
Because two groups observed Fhodl localized to intercalated discs, the specialized junctions
that mechanically and electrically couple neighboring cardiomyocytes (Al Haj et al., 2015; Dwyer
et al., 2014), we asked whether Fhod1-depleted hESC-CMs could still form intercalated discs.
We transfected hESC-CMs with two of the four Fhod1-targeting oligonucleotides, then stained
for B-catenin, a component of adherens junctions. $-catenin localized to intercellular junctions,
often with the broad, jagged appearance characteristic of intercalated discs (Figure 4.8). We
observed no obvious change in $-catenin levels or morphology with Fhod1 siRNA. These
results are consistent with newly published work in Fhod1 knockout mice, which survive to
adulthood with no defects in sarcomere or intercalated disc morphology (Sanematsu et al.,

2019).

Discussion

Here, we established that Fhod3 shares the capacity of other formins to nucleate actin
filaments and bind barbed ends. In our preliminary biochemical data, human Fhod3 behaves
similarly to Drosophila Fhod as a relatively potent actin nucleator but poor barbed end
elongator. We suspect that the poor elongation ability of Fhod3 is due to low processivity, as we
observed for Drosophila Fhod (Chapters 2-3). We have only measured barbed end elongation
with Fhod3S, the splice variant that does not localize to sarcomeres. Since the tail significantly

alters the processivity of Drosophila Fhod (Chapter 3), the 8 additional residues in the Fhod3L
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tail might also modify its processivity. However, we note that Fhod isoforms across a range of
systems, including muscle and non-muscle cells from C. elegans, Drosophila, and mammals,
preferentially localize to the sides of filaments rather than barbed ends (Fenix et al., 2018; Kan-
o et al., 2012b; Mi-Mi et al., 2012; Schonichen et al., 2013; Schulze et al., 2014; Shwartz et al.,
2016). Therefore, we suspect that the poor processivity we observed for Drosophila Fhod is a
conserved feature of Fhod3 and other Fhod family members.

We asked whether the biochemical properties we observed for Fhod3 are required for
correct sarcomere assembly and organization. Previous work suggests, but does not prove, that
nucleation activity by Fhod3 is required for sarcomere assembly. Classic point mutations 11127A
and K1273D in the FH2 domain eliminate the ability of Fhod3 to assemble sarcomeres in
primary cardiomyocytes (Taniguchi et al., 2009). We found that the corresponding lysine
mutation in Drosophila Fhod impairs its ability to nucleate without affecting its affinity for barbed
ends or sides of filaments (Chapter 2). Assuming our observation with Drosophila Fhod holds
true for mammalian Fhod3, the inability of Fhod3 K1273D to rescue sarcomere assembly
strongly supports the requirement of nucleation. However, the variable effects of FH2 point
mutations across formins (Ramabhadran et al., 2012; Scott et al., 2011; Xu et al., 2004) makes
it unsafe to assume that the lysine mutation will have the same effect on Drosophila and
mammalian Fhods.

In addition, live imaging of cardiomyocytes treated with the pan-formin inhibitor smiFH2
(Rizvi et al., 2009) revealed that the retrograde flow and maturation of premyofibrils completely
halted within three minutes of exposure to smiFH2 (Fenix et al., 2018). Because other formins
are not required for sarcomere assembly (Fenix et al., 2018), this finding suggests that function
of the Fhod3 FH2 domain plays a direct, active role in sarcomere assembly.

We sought to more directly test the importance of nucleation, elongation, and side-
binding for sarcomere assembly in structure-function experiments. To carry out these

experiments, we need mutants that separate each function, and a system to test the ability of
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each mutant to rescue sarcomere assembly. Based on our previous work in Drosophila Fhod,
we suspect that classic mutations in the FH2 domain might abolish nucleation while retaining
actin binding and barbed end elongation. Since the mechanism by which polyproline tracks in
the FH1 domain deliver profilin-actin to the barbed end is well described (Courtemanche and
Pollard, 2012; Paul and Pollard, 2008), we can manipulate the elongation rate by adding,
removing, or repositioning polyproline tracks. Formins vary in how they interact with sides of
filaments (Harris et al., 2006), and Fhod family members have a stronger affinity for filaments
than most other formins (Chapter 2). Therefore, there is not a straightforward way to selectively
perturb side-binding of Fhod3.

Once we establish mutations that separate Fhod3 activities, we would need a system to
add back Fhod3 mutants in cells depleted of endogenous wild-type Fhod3. Although we
observe a clear loss of sarcomeres with Fhod3 depletion in hESC-CMs, we have not yet been
able to rescue this phenotype due to the low transfection efficiency of these cells. However,
transfection of hESCs and viral transduction of hESC-CMs are well-established (Eiges, 2016;
Ribeiro et al., 2015). In the future, the system we establish can also be used to investigate how
cardiomyopathy-associated Fhod3 mutations alter actin assembly in vitro and in

cardiomyocytes.

Materials and Methods
Protein expression and purification

Human Fhod3S and Fhod3L cDNA was provided by Thomas Iskratsch (Iskratsch et al.,
2010). The C-terminal half of each isoform (residues 787-1438 for Fhod3S and 963-1622 for
Fhod3L) were cloned into pGEX-6P-2. Rosetta 2 cells were transformed with plasmids, grown to
an OD of 0.6 in terrific broth, then induced with 0.25 mM IPTG at 18 °C overnight. Cell pellets

were washed in PBS and flash frozen in liquid nitrogen.
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Cell pellets expressing Fhod3S were resuspended in 20 mM HEPES pH 7.5, 150 mM
NaCl, 1 mM DTT, 1 mM PMSF, and 2 ug/mL DNasel. Cells were lysed by microfluidizing,
centrifuged at 20,000 x g for 20 minutes, and applied to a HitrapSP-FF cation exchange column
(GE Life Sciences). Protein was eluted with a step to 20 mM HEPES pH 7.5, 0.6 M NaCl, 1 mM
DTT. Pooled fractions were cleaved with Prescission Protease and dialyzed overnight into 20
mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT. After dialyzing, protein was centrifuged at
20,000 x g for 20 minutes, then applied to a MonoS cation exchange column (GE Life Sciences)
with a gradient of 150 — 950 mM NaCl over 40 column volumes to remove GST and uncleaved
protein. Peak fractions were dialyzed into 10 mM Tris pH 8, 150 mM NaCl, 1 mM DTT. Fhod3L
was purified on HitrapSP and MonoS columns as above, except using a gradient over 60
column volumes on the MonoS. Peak fractions were dialyzed into 10 mM Tris pH 8, 50 mM
NaCl, 1 mM DTT, and applied to a MonoQ anion exchange column (GE Life Sciences) with a
gradient of 50 — 850 mM NaCl over 80 column volumes. Peak fractions were dialyzed into 10
mM Tris pH 8, 150 mM NaCl, 1 mM DTT, 20% glycerol. Purified Fhod3S and Fhod3L were
aliquoted, flash frozen in liquid nitrogen, and stored at -80 °C.

Actin was purified from Acanthamoeba and rabbit skeletal muscle and labeled with
pyrene iodoacetamide as described (Spudich and Watt, 1971; Zuchero, 2007). Human platelet
actin was purchased from Cytoskeleton. S. pombe profilin was purified according to the
previously published protocol for Drosophila profilin (Bor et al., 2012), and its concentration was
determined using the extinction coefficient of 1.63 OD/mg/mL (Lu and Pollard, 2001). Pyrene

assays were performed and analzyed as described (Chapter 2).

Cell culture and transfection
H9 human embryonic stem cells were maintained and differentiated into cardiomyocytes
using chemically defined media as described (Minami et al., 2012; Nakano et al., 2017). Two

days after plating, cells were transfected with siRNA oligonucleotides (Qiagen) as follows: 1.5
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pL Lipofectamine RNAIMAX (Invitrogen) and 1 pmol siRNA were mixed in 50 pL Opti-MEM
reduced serum media (Gibco) and incubated for five minutes at room temperature. The mixture
was then diluted ten-fold in prewarmed media and added to cells. Transfections were repeated
the following day.

To validate knockdown efficiency, RNA extraction, reverse transcription, and quantitative
PCR were performed as described (Nakano et al., 2017). The following primers were used:
Fhodl forward: CCACCTGCAGCCTGGAC, Fhodl reverse: GAGGGAGACACTTGCAGAGC,
Fhod3 forward: GCAAGAAGCACAGCATCATC, Fhod3 reverse:
GAGGGCCCTTCTCAAATCTC, GAPDH forward: TTGAGGTCAATGAAGGGGTC, GAPDH

reverse: GAAGGTGAAGGTCGGAGTCA.

Immunofluorescence

Cells were fixed, permeabilized, and stained according to the following incubations:

(1) 4% paraformaldehyde in PBS for ten minutes at room temperature

(2) three washes in PBS at room temperature for at least five minutes each

(3) 5% BSA, 1% Triton X-100 in PBS for two hours at room temperature

(4) primary antibodies diluted in 1% BSA, 0.1% Tween-20 in PBS overnight at 4 °C: mouse
anti-a-actinin (Sigma #A7811; clone EA-53) 1:500; mouse anti-B-catenin (Thermo Fisher
#14-2567-80; clone 15B8) 1:50

(5) three washes in PBS with 0.1% Tween-20 at room temperature for at least five minutes
each

(6) AlexaFluor 488 donkey anti-mouse (Invitrogen #A21202) diluted 1:2,000 (a-actinin
staining) or 1:5,000 (B-catenin staining) in 1% BSA, 0.1% Tween-20 in PBS at room
temperature for two hours

(7) three washes in PBS with 0.1% Tween-20 as above.
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After staining, cells were mounted in ProLong Gold with DAPI (Invitrogen). Images were

acquired on a Leica DMI6000 microscope (Torres laboratory).
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Figure 4.1: Fhod3 nucleates actin.

A, assembly of 2 uM Acanthamoeba actin (10% pyrene-labeled) in the presence of human
Fhod3S. B, assembly of 2 uM Acanthamoeba actin (10% pyrene-labeled) in the presence of
human Fhod3L.

54



-
o

2 uM human platelet actin +Fhod3S 2 uM human platelet actin +Fhod3L

o © Q o
N B > co
L 1 1 I

pyrene fluorescence (a.u.)

o
o

1.0
64 nM 128 nM

32 nM 64 nM
= 16 nM 0.8 32nM
— 8 nM — 16 NM

actin alone actin alone

0.6 1

pyrene fluorescence (a.u.)

o
[¢>]
I

pyrene fluorescence (a.u.)
o
N
1

e
N
1

fold change in assembly rate at t1»

T T T T 00 T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
time (s) b time (s)
2 UM rabbit skeletal actin +Fhod3S 10 2 UM rabbit skeletal actin +Fhod3L
= 64 nM 128 nM
—r 3 o8d — 33nM
084 — n 3089 — n
—_— 8 nM & — 16 NM
— actin alone 2 — actin alone
S 0.6
[&]
w
o
S 041
()]
o)
QD
£ 0.2 1
o
= T T T 00 T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
time (s) E time (s)
N2
platelet = platelet
—— muscle ° ! = muscle
4 { — amoeba o 44 — amoeba
©
>
31 € 3
£ °
w
S
2 - c 21 b
(]
o)
5 1
19 @ o 1
[
° s
L
O 1 T 1 0 T T T T T
0 20 40 60 80 0 25 50 75 100 125 150
[Fhod3S] (nM) [Fhod3L] (nM)

55



Figure 4.2: Fhod3 nucleates both muscle and non-muscle actin isoforms.

A, assembly of 2 uM actin (95% human platelet actin, 5% pyrene-labeled Acanthamoeba actin)
in the presence of human Fhod3S. B, assembly of 2 uM actin (95% human platelet actin, 5%
pyrene-labeled Acanthamoeba actin) in the presence of human Fhod3S. C, assembly of 2 uM
rabbit skeletal muscle actin (5% pyrene-labeled) in the presence of human Fhod3S. D,
assembly of 2 uM rabbit skeletal muscle actin (5% pyrene-labeled) in the presence of human
Fhod3L. E, quantification of actin assembly rates with Fhod3S from A and C. Each point
represents the slope of the pyrene fluorescence versus time at the time to half-polymerization,
relative to the slope of actin alone. F, quantification of actin assembly rates with Fhod3L from B
and D.
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Figure 4.3: Fhod3 binds barbed ends but does not accelerate elongation.
A, pyrene seeded elongation assay with 0.25 yM sheared F-actin seeds, 0.5 yM Acanthamoeba
actin (10% pyrene-labeled), and indicated concentrations of Fhod3S. B, pyrene seeded
elongation assay as in A, with 1.5 pM S. pombe profilin. C, quantification of initial elongation
rates from A and B over the first 100 seconds, relative to the elongation rate of actin alone.
Elongation data in the absence of profilin were fit to the simplified binding equation, r = [Fhod3S]
/ ([Fhod3S] + Kg) * a + b, where r is the fold change in elongation rate.
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Figure 4.4: Depletion of Fhod1 and Fhod3 in hESC-CMs with siRNA oligonucleotides.
gRT-PCR measurements of Fhodl and Fhod3 expression after transfection with siRNA
oligonucleotides. Ratios of Fhod/GAPDH RNA were normalized relative to scramble siRNA-
transfected cells. Each point represents the average of three technical replicates. Bars indicate
means. A, measurements of Fhod3 expression after transfection with Fhod3 siRNA
oligonucleotides. B, measurements of Fhod1 expression after transfection with Fhod3 siRNA
oligonucleotide 6. C, measurements of Fhodl expression after transfection with Fhod1 siRNA
oligonucleotides.
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Figure 4.5 Fhod3 depletion in hESC-CMs leads to defects in sarcomere organization.
hESC-CMs were transfected with the indicated siRNA oligonucleotides, then stained for a-
actinin (white) and nuclei (blue) and imaged on a widefield fluorescence microscope. Three
representative images are shown for each condition. Scale bar is 10 pm.

60



a-actinin

GFF merge

Figure 4.6: Plasmid transfection is inefficient in differentiated cardiomyocytes.
hESC-CMs were transiently transfected with the pEGFP plasmid using the lipid-based
transfection reagents Fugene HD or Viafect, then stained with antibodies against GFP and a-

actinin. GFP-positive cells are sparse and rarely stain positively for a-actinin. Scale bars are 50
pm.
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Figure 4.7: Fhod1 is not required for sarcomere assembly.

hESC-CMs were transfected with the indicated siRNA oligonucleotides, then stained for a-
actinin (white) and nuclei (blue) and imaged on a widefield fluorescence microscope. Three
representative images are shown for each condition. Scale bar is 10 pm.
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Figure 4.8: Fhod1l is not required for intercalated disc assembly.
hESC-CMs were transfected with scramble or Fhod1-targeting siRNA, then stained with a B-
catenin antibody to visualize intercalated discs (white) and DAPI (blue). Scale bar is 50 pum.
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Chapter 5: Discussion

Fhod family members are essential for cell adhesion, motility, and contractility in a wide
range of biological contexts. In many of these contexts, it was unclear how Fhods contribute to
the assembly or function of the actin-based structure, particularly in the absence of in vitro data
to support a role for Fhods in actin assembly. Here, we have established three major modes by
which Fhod family members can interact with actin filaments: (1) They nucleate actin filaments,
quite potently but sensitive to the actin isoform (Chapters 2 and 4). (2) They processively
elongate actin filaments, but with a slower elongation rate and a much shorter dwell time than
most other formins (Chapters 2 and 3). (3) They bind relatively tightly to sides of actin filaments
to form actin bundles (Chapter 2). Having established these biochemical activities for Fhod
family members, we now have a framework to understand how Fhods function and a wide range

of new questions to ask.

Which biochemical activities of Fhod are required in cells?

We observed three distinct biochemical activities for Fhod family members, raising the
guestion of which of these activities are required for function in vivo. This is a challenging
problem for many formins: since the FH2 domain mediates all three activities, it can be
challenging to perturb one activity without affecting the others. As a starting place, we
introduced two classic mutations in a conserved isoleucine and lysine in the FH2 domain. These
are often treated as complete loss-of-function mutations, based on their initial characterization in
the yeast formin Bnilp (Xu et al., 2004). However, their effect on actin binding varies
considerably across formins, and they do not always abolish actin binding (Ramabhadran et al.,
2012; Scott et al., 2011).

We found that the isoleucine mutation in Drosophila Fhod and human Fhod1 abolished

nucleation and barbed end binding while retaining the ability to bundle actin filaments (Chapter
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2), although human Fhod1 with this mutation might still inhibit elongation of muscle actin
(Appendix A). These biochemical measurements allow us to better interpret in vivo work with
these mutants. In Drosophila indirect flight muscle, loss of Fhod leads to a severe defect in
sarcomere assembly; flies expressing Fhod I966A can form sarcomeres, but they are sparse
and poorly aligned (Shwartz et al., 2016). This work suggests that side-binding and bundling are
sufficient to build some sarcomeres, but nucleation and/or barbed end elongation contribute
substantially to sarcomere organization in indirect flight muscle. In mammalian fibroblasts,
Fhodl is required for nuclear movement, but Fhod1 I705A functions almost as well as wild-type
Fhodl (Kutscheidt et al., 2014). Therefore, there is at least one context where nucleation and
barbed end binding appear completely dispensable, and Fhod1l functions instead by binding
sides of actin filaments.

Unlike the isoleucine mutant, the lysine mutant of Drosophila Fhod (K1112A) impaired
nucleation activity without affecting either barbed end or side binding (Chapter 2). This mutant
has not been tested in flies, but the corresponding mutation in mammalian Fhod3 fails to
assemble stress fibers in HelLa cells and sarcomeres in primary cardiomyocytes (Taniguchi et
al., 2009), suggesting that actin nucleation activity is specifically required for Fhod3 function. In
future work, this mutation will be a useful tool to separate the importance of nucleation versus

elongation in Drosophila Fhod, and perhaps in mammalian homologs as well.

How are Fhod family members regulated?

Fhod family members are thought to be autoinhibited by interactions between their
unconventional diaphanous inhibitory domain (DID) in the N-terminus and diaphanous
autoregulatory domain (DAD) in the C-terminus. These domains interact in vitro with micromolar
affinity (Schonichen et al., 2006), and Fhod overexpression in cells induces actin assembly only
when the DID or DAD is mutated (Lammel et al., 2014; Schonichen et al., 2006; Schulze et al.,

2014; Takeya et al., 2008). These observations strongly suggest an autoinhibitory interaction
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between the DID and DAD. However, the interaction between the DID and DAD of INF2 is
insufficient to inhibit actin assembly; a complex consisting of CAP and lysine-acetylated actin is
also required to inhibit INF2 (A et al., 2019). Therefore, now that we can measure actin
assembly by Fhod family members in vitro, it will be important to test whether the interaction
between the DID and DAD results in autoinhibition of Fhod family members.

Canonically, autoinhibitory interactions between the DID and the DAD are relieved by
binding of Rho GTPases to the DID. Although Rho GTPases interact with the DID of Fhod
family members, it is unclear whether they relieve autoinhibition. Drosophila Fhod interacts with
RhoA, Racl, and Cdc42 in a GTP-independent manner (Lammel et al., 2014); human Fhod1
similarly interacts with both GTP- and GDP-bound Rac (Gasteier et al., 2003; Westendorf,
2001). Rho GTPases are thus unlikely to relieve autoinhibition of Fhod family members,
because if they did relieve autoinhibition Fhod family members would be continually activated.
However, Rac does control localization of Fhodl in some contexts (Alvarez and Agaisse, 2013;
Gasteier et al., 2003; Schulte et al., 2008). On the other hand, Fhod1 binds specifically to GTP-
bound Ras GTPases (Schulte et al., 2008), although an effect of Ras GTPases on Fhodl
function has not been observed. Based on the above evidence, Rho GTPases are not thought
to directly activate Fhod family members. Instead, autoinhibition is thought to be relieved by
Rho-associated protein kinase (ROCK), which is activated downstream of the GTPase RhoA
and phosphorylates a conserved set of three serines and threonines in the Fhod DAD (Iskratsch
et al., 2013a; Lammel et al., 2014, Takeya et al., 2008).

We are now closer to being able to directly test how Rho GTPases and ROCK influence
Fhod autoinhibition in vitro. Diaphanous formins are only partially activated by binding of Rho
GTPases (Li and Higgs, 2003), requiring assistance of other binding partners such as anillin to
achieve full activity (Chen et al., 2017). Therefore, it will be interesting to explore whether Fhod
family members rely on additional factors besides ROCK to be activated. Several known Fhod

binding partners might influence its activity: casein kinase 2 (CK2) phosphorylates a muscle-

70



specific exon in the C-terminal tail of Fhod3 (Iskratsch et al., 2013a), cardiac myosin-binding
protein (cMYBP) interacts with the N-terminus of Fhod3 and directs its localization to
sarcomeres (Matsuyama et al., 2018), and Src family kinases interact with the N-terminus and
FH1 domain of Fhod1l in focal adhesions (Iskratsch et al., 2013b).

We explored alternative splicing as an additional mechanism to control Fhod activity.
Drosophila Fhod undergoes extensive alternative splicing to produce four possible C-terminal
tails. One of these tails (isoform B) lacks a DAD and is therefore predicted to be constitutively
active. In addition, the truncation of this tail dramatically increased its processivity (Chapter 3).
This work raises the possibility that alternative splicing can be used to regulate actin filament
length. Mammalian Fhod1 and Fhod3 are also alternatively spliced in muscle versus non-
muscle cells (Iskratsch et al., 2010; Tojo et al., 2003). Most of the differences between muscle
and non-muscle variants are in the regulatory N-terminus. These differences most likely serve to
control interactions with other binding partners such as cMyBP-C, which binds to a region of
Fhod3 only found in muscle-specific splice variants. However, the N-terminus of Fhod family
members was previously reported to interact with actin filaments (Schonichen et al., 2013), and
the structure of this region can influence the ability of the FH1 domain to recruit profilin-actin
during barbed end elongation (Chapter 3). Alternative splicing of Fhod3 also adds eight amino
acids, including a CK2 phosphorylation site, to the C-terminal tail of the muscle-specific isoform
(Iskratsch et al., 2010). This subtle change in the tail might also influence actin elongation,

based on our observations with the Drosophila Fhod tail (Chapter 3).

How do mutations to Fhod3 cause cardiomyopathy?

A growing body of evidence implicates Fhod3 in hypertrophic cardiomyopathy (HCM)
and dilated cardiomyopathy (DCM). Most strikingly, 13 mutations to Fhod3 were identified as
likely pathogenic in families with hereditary hypertrophic cardiomyopathy (HCM), accounting for

1-2% of cases (Ochoa et al., 2018). An additional Fhod3 mutation (Y1249N) was identified in a
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patient with hereditary DCM (Arimura et al., 2013). The Fhod3 polymorphism V1151l increases
the risk of HCM (Wooten et al., 2013) while decreasing the risk of DCM (Esslinger et al., 2017).
Fhod3 expression is also altered in HCM and DCM, with lower expression in DCM (Iskratsch et
al., 2010) and higher expression in HCM (Wooten et al., 2013), although it remains unclear
whether these expression changes contribute to or compensate for disease progression.

The Fhod3 mutations and polymorphism that cause or contribute to HCM follow
autosomal dominant inheritance (Ochoa et al., 2018; Wooten et al., 2013). This inheritance
pattern, combined with the observation that Fhod3 knockout is lethal during embryogenesis
while having a milder hypertrophic phenotype in adulthood (Kan-o et al., 2012; Ushijima et al.,
2018), suggests that these mutations are probably not simple loss-of-function alleles. Instead,
they might disrupt localization or autoinhibition. Consistently, HCM-causing mutations are found
throughout the Fhod3 gene but cluster in muscle-specific exons in the N-terminus (Ochoa et al.,
2018), which are thought to control Fhod3 localization (Matsuyama et al., 2018). We hope that
the systems we developed in Chapter 4 to measure Fhod3 function in vitro and in cells will allow

us to determine how disease-causing Fhod3 mutants affect activity.
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Appendix A: Preliminary data on isoform-specific nucleation by

human Fhod1l

Introduction

Mammals express six highly conserved actin isoforms: a-skeletal actin, a-cardiac actin,
a-smooth actin, B-cytoplasmic actin, y-cytoplasmic actin, and y-smooth actin. Each pair of actin
isoforms shares over 90% sequence identity, and yet they localize to distinct structures and
cannot compensate for each other (Perrin and Ervasti, 2010). Several models exist to explain
how each actin isoform can have a different function. First, there might be intrinsic differences
between actin isoforms that alter their assembly and disassembly dynamics; so far, only subtle
differences have been observed between 3 and y cytoplasmic actin (Bergeron et al., 2010).
Second, actin isoforms might vary in their interactions with actin-binding proteins. For example,
the formins Delphilin (Silkworth et al., 2018), Fhod1 (Chapter 2), and mDia2 (Chen et al., 2017)
nucleate actin in an isoform-specific manner. The actin severing protein cofilin (De La Cruz,
2005) has more cooperative binding to cytoplasmic actin flaments than to askeletar actin filaments.
Tropomodulin (Tmod) 3 caps filaments composed of any actin isoform, but only sequesters
monomers of cytoplasmic actin isoforms (Yamashiro et al., 2014). Finally, differences in function
between actin genes might be explained by non-coding variations in nucleotide sequence.
Whereas complete loss of the 3-actin gene is embryonic lethal, editing the endogenous B-actin
gene to encode y-actin does not affect viability, with the only identified phenotype of progressive
hearing loss (Patrinostro et al., 2018; Vedula et al., 2017). Therefore, most of the functional
differences between - and y-actins are not explained by differences in their amino acid
sequences.

Our observation that Fhod1 preferentially nucleates non-muscle actin isoforms is

consistent with the reported localization of Fhod1 to intercalated discs (Al Haj et al., 2015;
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Dwyer et al., 2014), which are thought to contain non-muscle actin isoforms (Bennett et al.,
2006). Therefore, we hypothesized that the ability of Fhod1 to selectively nucleate non-muscle
actin isoforms might account for the exclusion of a-actin from the intercalated disc.

In our initial experiments, we found that Fhod1 accelerated assembly of Acanthamoeba
actin, but inhibited assembly of rabbit skeletal actin in pyrene actin assembly assays (Chapter
2). This result agreed with previously published work (Schonichen et al., 2013), as well as
unpublished observations from other groups (Antoku and Gundersen, 2017). However, in
subsequent experiments we now observe Fhodl accelerating assembly of rabbit skeletal actin.
This appendix describes our efforts to address this discrepancy in whether Fhod1 nucleates

muscle actin.

Results

We measured the ability of Fhod1 to assemble three actin isoforms: Acanthamoeba
actin, a-skeletal actin purified from rabbit skeletal muscle, and human B-cytoplasmic actin
purified recombinantly from Pichia pastoris (Hatano et al., 2018). In contrast to our previous
work (Chapter 2), we now observed Fhod1 nucleating both muscle and non-muscle actin
(Figure A.1). We still find that Fhod1 preferentially nucleates non-muscle actin isoforms, but with
only a ~2-fold difference in nucleation rate versus the completely opposing effects we previously
reported.

We considered the following variables that might account for this discrepancy: the
preparation of Fhod1, the preparation of actin, and the pH of the buffer. We found that both the
old preparation of Fhod1-FFC, which was used in our previously published work, and a new
preparation of Fhod1-FF nucleated rabbit skeletal actin (Figure A.2A). Fhodl was able to
nucleate rabbit skeletal actin from multiple preparations, although in our previous work we also
observed inhibited assembly of rabbit skeletal actin from multiple actin preparations. Whereas

previous work used actin labeled with pyrene-maleimide, we more recently labeled actin with
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pyrene-iodoacetamide. However, when we retested actin labeled with pyrene-maleimide, we still
observed Fhod1l nucleating actin (Figure A.2B), suggesting that the discrepancy in results was
not simply an artifact of labeling chemistry. Because older preparations of muscle actin tend to
aggregate, which can create the false appearance of faster actin assembly, we centrifuged
rabbit skeletal actin at high speeds to separate monomeric actin from oligomers. Fhodl
nucleated actin from the top third of the supernatant and actin from the bottom third at identical
rates (Figure A.2C). Finally, because actin is stored in Tris buffer, which has a temperature-
sensitive pH, we tested the ability of Fhod1 to nucleate rabbit skeletal actin in buffer that was set
to pH 8 either at room temperature (as done for previous experiments in Chapter 2) or at 4 °C
(as done for other experiments shown here). This subtle change in pH did not affect the ability
of Fhod1 to nucleate actin (Figure A.2D).

We found that Fhod1 inhibited actin assembly when introduced to pyrene assays directly
from ion exchange columns, without a buffer exchange step (data not shown). Because Fhod1l
elutes from cation exchange columns at high salt concentrations, we tested whether ionic
strength modulates the effect of Fhod1 on actin assembly. To do this, we diluted Fhod1 in
buffers with varying NaCl concentrations and incubated for 10 minutes before adding Fhod1 to
the other reaction components. Fhod1 inhibited rabbit skeletal actin when incubated in 550 uM
NaCl (Figure A.3A) but was still able to nucleate amoeba actin regardless of NaCl concentration
(Figure A.3B). This result suggests that the ability of Fhod1 to inhibit rabbit skeletal actin
assembly is salt-sensitive. However, in our previous work Fhod1 was stored in 150 mM NacCl,
much lower than the NaCl concentrations we needed to observe inhibited actin assembly here.

To confirm that the ability of Fhod1 to nucleate rabbit skeletal actin depends on the FH2
domain, we tested nucleation activity with Fhod1 1705A, which we previously found to abolish
the interaction between Fhod1 and Acanthamoeba actin (Chapter 2). This mutant no longer
nucleated rabbit skeletal actin, and instead inhibited the assembly of rabbit skeletal actin,

producing the unusually shaped curve we previously observed with wild-type Fhodl and rabbit
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skeletal actin (Figure A.4A). To ask whether Fhod1 1705A inhibits nucleation or elongation of
rabbit skeletal actin, we allowed actin to polymerize for 20 minutes (Figure A.4B), then stabilized
actin filaments with rhodamine-phalloidin and imaged by TIRF microscopy (Figure A.4C).
Profilin and capping protein served as positive controls that inhibit nucleation and elongation,
respectively. Fhodl1 decreased the length of each filament without affecting the number of
filaments per field of view (Figure A.4D-E), suggesting that it inhibits assembly of rabbit skeletal

actin by capping barbed ends, not by suppressing nucleation.

Materials and Methods

Purification of Fhodl CT, amoeba and rabbit skeletal actin, S. pombe profilin, and
capping protein are described in Chapter 2. Fhodl FF (residues 568-1016) was purified
according to the same protocol as Fhodl CT, except that it was dialyzed into 300 mM NacCl
rather than 200 mM NacCl after elution off Talon resin and stored in 20% glycerol. Human (-
cytoplasmic actin was expressed recombinantly in Pichia pastoris and purified as described
(Hatano et al., 2018). Pyrene assays and TIRF microscopy experiments were performed as

described in Chapter 2.
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Figure A.1: Fhod1 nucleates both muscle and non-muscle actin

Pyrene actin assembly assays with 2 pM Qskeletal &Ctin from rabbit muscle or recombinant
Beytoplasmic actin expressed recombinantly in Pichia (10% pyrene-labeled) and 50 nM Fhod1 CT.
Fhod1 accelerates assembly of both muscle and non-muscle actin.
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Figure A.2: Troubleshooting discrepancies in Fhod1 nucleating muscle actin

A, pyrene actin assembly assay with 2 uM rabbit skeletal actin (10% pyrene-labeled) and the
indicated concentrations of recently purified Fhodl FF (the FH1 and FH2 domains, excluding
the C-terminal tail). Freshly prepared Fhod1 still nucleates muscle actin. B, pyrene actin
assembly assay with 2 uM rabbit skeletal actin (10% labeled with pyrene-maleimide rather than
pyrene-iodoacetamide) and 90 nM Fhod1l CT. C, pyrene actin assembly assay with 2 UM rabbit
skeletal actin (10% pyrene-labeled) after centrifugation at 90k rpm for 1 hour to separate
monomers from filaments. Fhod1 (75 nM) nucleates actin from both the upper and lower
fractions. D, pyrene actin assembly with 2 UM rabbit skeletal actin (10% pyrene-labeled) and 75
nM Fhod1 FF. Buffers were set to pH 8 at room temperature, rather than at 4 °C. This slight

difference in pH did not affect nucleation activity.
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Figure A.3: Fhod1 inhibits assembly of rabbit skeletal actin under high ionic strength

A, pyrene actin assembly assay with 2 uM rabbit skeletal actin (10% pyrene-labeled) and 63 nM
Fhodl FF. Fhod1l (shades of blue) or Fhodl storage buffer (grayscale) was diluted to 0.5 uM
Fhod1 and the indicated concentration of NaCl and incubated for 10 minutes before addition to
the pyrene assay. Final NaCl concentrations ranged from 3.3 to 36.7 uM. Fhod1 inhibits
assembly of rabbit skeletal actin at the highest NaCl concentrations. B, pyrene actin assembly
assay as in A, but with actin from Acanthamoeba rather than rabbit skeletal muscle. High ionic
strength conditions slow assembly of amoeba actin, but do not cause Fhodl to inhibit overall
actin assembly.

82



>

pyrene fluorescence (a.u.)

C  actin alone Fhod1 CT 1705A

filament length (um)

2 UM rabbit skeletal actin

— gctin alone

=== Fhod1 CT I705A

time (s)

Kl 4

0 1000 2000 3000 4000

= N N
(&)1 o w
1 1 1
> > > @

-
(e}
1

+|+-
=
f -

B , 2 UM rabbit skeletal actin

- « actin alone

S « Fhod1 CT I705A
s 61 < profilin

° » capping protein
Q

& 5

8]

%]

o

S 4-

©

c

23

2 é:—l/

2 4

1000 2000 3000 4000
time (s)

profilin capping protein

AL
v 4’/..

-

@)

o
1

100 A

[8)]
o

®
& P

filaments per field of view

83



Figure A.4: Fhod1 CT I705A caps barbed ends of rabbit skeletal actin.

A, pyrene actin assembly assay with 2 uM rabbit skeletal actin (10% pyrene-labeled) and 40 nM
Fhodl CT I705A. Fhodl1 CT I705A inhibits assembly of rabbit skeletal actin. B, pyrene actin
assembly assay, as in A, with 40 nM Fhod1 CT I705A, 4 uM S. pombe profilin, or 2 nM mouse
capping protein. Interruptions in data occur 20 and 30 minutes after the start of polymerization
when actin was taken out of the reaction to image. C, TIRF microscopy images of actin
filaments taken from the pyrene assay in B after 20 minutes of polymerization. Scale bar is 10
pm. D, quantification of filament lengths from C. Filament lengths are decreased with Fhod1 CT
I705A and capping protein, but unchanged with profilin. D, quantification of the number of
filaments in each field of view from C. Fhodl CT does not affect filament density, whereas
profilin decreases filament density and capping protein increases filament density.
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