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1. INTRODUCTION

1.1. Actin cytoskeleton

Cell migration, shape changes or movement of subcellular components are
essential for many unicellular or multicellular organisms. Forces that power these
diverse motility processes originate, on the one hand, from the actin cytoskeleton?.

The cytoskeleton is a complex, dynamic network present in the cytoplasm of all
cells, including bacteria and archaea. In eukaryotes, it is composed of microfilaments,
intermediate filaments and microtubules and determines the structural and dynamic
properties of the cell. It is involved in cell stability, cell growth, proliferation, import
and export of nutrients and signaling intermediates, migration of pathogens and immune
cells. One of the main components of the cytoskeleton is the microfilament system,

which are linear polymers composed of the protein; actin (Figure 1)1,
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Figure 1. (A) Components of the actin cytoskeleton in fibroblast-like cells. (B)
Fluorescence micrograph of a rat embryo fibroblast showing actin filaments (cyan) and

myosin 11 (red)*.

The actin cytoskeleton undergoes continuous remodeling through interactions
with a large repertoire of actin-binding proteins (ABPs). These actin remodeling
proteins have multiple functions and regulate actin filament assembly and disassembly

by e.g., severing pre-existing filaments, capping filament ends or promoting filament
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formation; nucleation>*®. The dynamic remodeling of the actin cytoskeleton requires a
spatial and temporal arrangement of ABPs. The ABPs, besides controlling actin
dynamics, are also involved in the assembly of actin filaments into higher-order
structures, like networks and bundles. Other ABPs allow filaments to interact with
cellular membranes. Many of the ABPs bind to the same site of the actin molecule;
therefore, they are expected to compete. On the other hand, the ABPs can interact with

each other and form ternary complexes such as capping protein and mDial'®”,

1.1.1. Actin

Actin is a major functional and structural protein present in the cytoplasm of
most eukaryotic cells. Yeast and amoebas have a single actin gene, whereas in
vertebrates six actin isoforms can be differentiated and divided into two classes, muscle
and non-muscle isoactins®®. Actin isoforms are highly conserved and play important
roles in nearly all aspects of eukaryotic cell biology?. Actin can be found in the highest
concentration in muscle fibers (~ 20% of the total cellular protein); however, it also
presents in significant amounts in non-muscle cells. In vertebrates, the four actin
isoforms (a-skeletal, a-cardiac, a- and y-smooth muscle) are present in muscle cells and
participate in muscle contraction as a component of myofibril. B- and y-cytoplasmic
actins are ubiquitous and expressed in non-muscle cells, where they are involved in cell
motility, cell shape determination, intracellular transport, and mitosis. Isoactins cannot
replace each other, indicating that although actins have a very slight variation in
sequence and have similar physicochemical properties, they are functionally
different®%, Due to their specific biological functions, mutations in actin-coding genes
may cause changes, incomplete operation or loss-of-related functions, which can lead to
severe human diseases, including deafness, cancer and developmental disorders®*2,

Actin can exist in two forms: as monomer (globular or G-actin) and polymer
(filamentous or F-actin). The monomeric actin is composed of 375 amino acids and its
molecular mass is roughly 42.3 kDa?. The molecule consists of two main domains,
which are known as the outer and inner domains. The structure can be further divided
into four subdomains (S1-4). The cleft between S2 and S4 (pointed end or ‘- end’)
represents the ATP and associated divalent cation binding site (Mg?* or Ca?*), which is
a center of enzymatic catalysis'®>. ATP binds with higher affinity to G-actin than ADP
and Mg?* is the dominant cation in cells, which determines how tightly or weakly the
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ATP binds. The cleft between subdomains 1 and 3 (barbed end or '+ end’) composes the
major binding site for many ABPs (Figure 2)>%,

Actin filaments are formed by the polymerization of monomers. The F-actin
structure is considered to be a double-stranded, left-handed helix with a rotation of 166°
around the helical axis and has an axial translation of 27.5 A2 The position of actin
monomers is arranged, giving the distinct structural polarity of F-actin. G-actin has poor
ATPase activity; the catalytic rate is very low (7x10° s). During polymerization the

ATPase activity increases, triggering ATP hydrolysis and phosphate release®*2.
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Figure 2. Structure of the actin monomer**,

1.1.1.1. Assembly of actin filaments - nucleation and elongation

The process of actin assembly into filaments is polymerization. Polymerization
occurs at suitable solvent conditions, including high ionic strength (e.g., [KCI] = 50
mM, [MgCl.] = 1 mM), neutral or slightly acidic pH and elevated temperature>*¢. The
main features of polymerization are nucleation, elongation and steady-state (Figure 3).
During nucleation monomers (G) associate to form dimers (G2) and then trimers (G3)
that act as nuclei for polymerization. Dimers are less stable than trimers. Filaments
lengthen during the elongation phase, where actin monomers are added to the

polymer?81718 Elongation involves the assembly and disassembly of monomers which
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are continuous at both ends of the actin filament. We differentiate a fast-growing barbed
end (‘+ end’) and a slow-growing pointed end (- end”)!°. The association mainly occurs
at the barbed end and dissociation at the pointed end. The subunits of the barbed end
primarily bind ATP, while the subunits of the pointed end ADP-bound. In the steady-
state, the length of the filament remains constant while continuous association and
dissociation of subunits occur. This steady-state assembly and disassembly is known as
treadmilling. Small but limited concentration of actin monomers coexists with the
filament population, which results in a constant monomer:filament ratio?. A dissociation
equilibrium constant can be determined for both ends, which is known as critical
concentration (Ceriticat). It can be calculated as the ratio of the association (k+) and
dissociation (k-) rate constants. The critical concentration marks the level of G-actin
concentration above which polymerization takes place spontaneously. The value of

critical concentration is ~ 0.1 uM at the barbed end and ~ 0.6 pM at the pointed end®2°,
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Figure 3. The phases of actin filament assembly.
1.1.1.2. Assembly of actin filaments - annealing
The length and number of polymers can be influenced by fragmentation and

annealing at steady-state. In the course of fragmentation actin filaments can be broken

into smaller pieces by mechanical forces or thermal fluctuations?:. Annealing occurs



when these short filaments bind end-to-end resulting in an increase in filament length.
While the length of filaments increases, their number decreases. Annealing does not
necessarily require ATP hydrolysis and is probably part of a repairing mechanism that

occurs spontaneously after shearing or sonication?!:?,

1.1.2. Regulation of actin cytoskeleton by actin-binding proteins

Numerous types of ABPs can influence the disassembly and assembly of actin;
actin dynamics. These proteins can bind to monomers and/or filaments modifying their
structure, thus changing actin’s biological function. A large number of ABPs are
known, which are generally classified according to their binding mode/effect on actin.
The ABPs can be classified into the following groups?.

1) G-actin-binding proteins can sequester monomers by forming complexes
with them preventing their polymerization (e.g., profilin, thymosin-p) (Figure 4). In
non-muscle cells, the concentration of actin monomers is about 100 uM which is
approximately 50% of the total actin concentration. For the cells to maintain this large

amount of unpolymerized actin stores, monomer-binding proteins are required®24,

Sequestration

Figure 4. Sequestration of actin monomers.

2) Filament end-binding proteins can cap the ends of the filament, inhibiting
the monomer exchange at the barbed end (e.g., CapZ) or at the pointed end (e.g.,
tropomodulin) (Figure 5).



Capping

Figure 5. Capping proteins cap the filament ends.

3) Depolymerizers promote the conversion of F-actin to G-actin (e.g.,
ADF/cofilins). ADF/cofilin proteins bind to F-actin, inducing conformational change,

which leads to the loss of filament integrity and disassembly (Figure 6).

Depolymerization

Figure 6. Depolymerizing proteins.

4) Severing proteins can fragment actin filaments into smaller pieces by binding
to their side (e.g., gelsolin) (Figure 7). During fragmentation, several shorter filaments
are produced (increased filament end formation), to which actin monomers can bind,

thus enhancing polymerization®2.
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Fragmentation

Figure 7. Severing proteins fragment actin filaments.

5) Cross-linking proteins organize filaments into larger-scale structures,
branched filaments or make three-dimensional networks (e.g., Arp2/3 complex,

actinins) (Figure 8). For example, the Arp2/3 complex nucleates a new filament from
the side of an existing filament?6:236.24,
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Figure 8. Actin cross-linking proteins organize filaments into higher-order

structures.

6) Stabilizing proteins stabilize actin filaments by preventing depolymerization
(e.g., tropomyosin) (Figure 9).

Stabilizing

Tropomyosins

Figure 9. F-actin stabilizing proteins.

7) Actin-nucleating proteins facilitate nucleation and filament formation (e.g.,
formins, Arp2/3 complex, gelsolin) (Figure 10). Spontaneous actin polymerization is
relatively slow in cells; these nucleation factors bind to G-actin and allow rapid
polymerization>*?’. Formins both nucleate actin and act as elongation factors that

associate with the plus end of the filament and can modify the elongation rate®2,
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Figure 10. Nucleating proteins facilitate nucleation and actin filament

formation.
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8) Motor proteins are class of mechanochemical enzymes (e.g., myosins).
Myosins are actin-based motor proteins that move along the actin filament toward the
plus end. They convert chemical energy into mechanical work by the hydrolysis of
ATP. They are essential in processes such as cell movement, cell division, vesicular
transport or muscle contraction?%,

ABPs can have multiple functions and generally cannot be classified into one
functional group. For example, gelsolin shows actin filament severing and capping
activities or the Arp2/3 complex can nucleate filaments and form branch points in actin

networks?4t,

1.1.2.1. Profilin

Profilin is a cytoskeleton-regulating protein that can be found in all eukaryotic
cells and it is among the most highly expressed proteins in the cytoplasm?. The protein
can participate in several cellular functions and have multiple roles (e.g., signal
transmission, catalyzing nucleotide exchange on G-actin). Profilin is a small protein (~
13 kDa) that prefers Mg?*-ATP-G-actin against ADP-G-actin®. It binds to G-actin with
a high affinity, inhibiting nucleation and pointed end elongation. Profilin can also bind
to the “+ end’ of F-actin but with relatively weak affinity (Kr ~ 20 uM) as compared to
G-actin (Kr ~ 0.1 uM)>%, It was found that profilin increases fluctuation in the length
of actin filaments and can interact with other barbed end regulators on F-actin. For
example, the protein can bind to Arp2 in the Arp2/3 complex or inhibit FH1FH2

domain association to barbed ends®.

1.1.2.2. Formins

Formins are multi-domain proteins that can catalyze the nucleation and
formation of linear actin filaments. They contain several conserved domains including
the formin homology domains 1 and 2 (FH1 and FH2)3*5. The FH1 domain is
responsible for the binding of profilin and the FH2 domain is essential for actin
monomer/filament interactions. Formins are classified into seven families: Dia, FMN,
FHOD, delfilin, INF, FRL and DAAM. In general, the cells can express multiple

formins that differ in their filament nucleation/elongation activities®34,
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Based on the sequence homology and function, DAAM proteins belong to the
DRF subfamily (diaphanous-related formin). These formins are regulated by
autoinhibition through their diaphanous inhibitory domain (DID) and diaphanous
autoregulatory (DAD) domains. The two domains interact with each other, inhibiting
the actin binding of the FH2 domain. This intramolecular autoinhibitory interaction can
be released with the binding of Rho GTPases; thereby DRFs become activated>’.

1.1.2.3. Gelsolin superfamily

The gelsolin superfamily is a highly conserved protein family whose members
are present in mammalian as well as in non-mammalian organisms. They play an
important role in cytoskeletal rearrangement, and control actin organization by severing
actin filaments, capping filament ends and nucleating actin assembly®. These proteins
are also involved in cellular processes, including cell motility, control of apoptosis,
regulation of phagocytosis or platelet formation and activation®¢. The family includes
gelsolin, villin, adseverin, capG, advillin, supervillin and Flightless-1. All these proteins
contain three or six gelsolin homology domains®.

Gelsolin (GSN) is an 80 kDa protein with six gelsolin homology (GH) domains,
referred to as GH1-GHS6. It can be divided into two tandem homologous halves, the N-
terminal (GH13) and C-terminal (GH46) GH domains (Figure 11). Gelsolin exists as a
cytosolic and a plasma isoform as well. It is expressed in a wide range of cell types and
a key regulator of actin filament assembly and disassembly®4%4!_Gelsolin is capable of
binding, severing and capping F-actin and controlling actin polymerization at barbed
ends. The activity of gelsolin is controlled by calcium ions (Ca?"), intracellular pH and
phosphoinositides®. In the absence of Ca?*, gelsolin exists in a closed/inactive form that
does not interact with actin3842, Gelsolin activity is stimulated by calcium ions, which
induces a conformational rearrangement that exposes the actin-binding regions (GH1,
GH2 and GH4). The two halves of gelsolin are separated from each other and this open
form will interact with actin (Figure 11)%!. Gelsolin activation requires micromolar free
Ca2* concentration in cells. The C-terminus plays important role in the sensing of Ca?*
effects and regulation of actin-binding. The N-terminus can bind to two actin monomers
and is directly involved in the severing of F-actin. In contrast to the C-terminal half, the
function of the N-terminal half is Ca®*-independent. After severing, gelsolin remains

attached to the filament and caps the plus end?3®-3, Intracellular pH can also affect the

14



activities of gelsolin. At lowered pH, the calcium ion requirement for both severing and

nucleating activities decreases; low pH can also activate gelsolin in the absence of Ca®*
38

A
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B =)
e =
"
\

%

Figure 11. (A) Domain organization of gelsolin. Figure A is a modified version of the

original figure published in reference®. (B) Severing of actin filament by gelsolin®.

1.1.2.3.1. Flightless-I

Flightless-1 (Fli-1) is a relatively newly identified actin-associated protein, which
was originally discovered in Drosophila melanogaster. The mutations in the Fli-1 gene
lead to abnormal myofibrillar arrangements in the flight muscles causing the loss of
flight ability. The severe form of the mutations can cause incomplete cellularization
during early embyogenesis****°. Flightless-l is a member of the GH domain family.
These actin-binding proteins have multiple functions and play an important role in the
remodeling of the actin cytoskeleton. The founding member of this family, the 6 GH

domain gelsolin is characterized in the most detail. It is a multifunctional protein
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possessing actin filament severing, filament end capping and de novo nucleation
activities®,

Like the other members of the gelsolin family, Flightless-1 is evolutionary highly
conserved implying that it has vital functions. It was proved that Fli-I protein is required
for actin distribution during cellularization in Drosophila and mouse***’. In support of
this, homozygous Fli-1 knockout mutation in mice leads to early embryogenic lethality,
which indicates the essential role of the protein in embryonic development®. It is
noteworthy that homozygous null gelsolin®®, CapG®™ or villin® mutant mice are viable
and fertile. Flightless-1 is expressed widely in human tissues; it is abundant in skeletal,
myocardial and nerve cells®#44_ In cells, Flightless-1 presents in the nucleus where it
may act as a hormone-regulated nuclear receptor coactivator (Figure 12)%. Fli-l may
facilitate the interaction of coactivator complexes containing actin or actin-like

proteins®.
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Figure 12. Fli-1 can translocate from the nucleus to the cytoplasm.

In the presence of serum, Fli-1 can translocate from the nucleus to the cytoplasm
where it plays a key role in cell migration, which is thought to be linked to its negative
influences on wound healing and tissue regeneration®>°3°, Previously it has been
shown that reducing the level of Flightless-1 in wounds either genetically or by using a

Fli-1 neutralizing antibody decreases the severity of dermal fibrosis and hypertrophic
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scarring®®°8. The human Flightless-1 is involved in epidermolysis bullosa and Smith-
Magenis syndrome causing developmental and behavioral abnormalities®*>°,

Fli-1 can also take part in the regulation of ovulation and embryogenesis. It was
explored, that the Caenorhabditis elegans Fli-1 homolog has a key role in determining
the asymmetric cell division and establishing the anterior-posterior polarity of the
zygote. The Fli-I gene regulates somatic cell cytokinesis and germline development and
interacts with the phosphoinositol signaling pathway in the regulation of ovulation®.

Flightless-1 alloys leucine-reach repeats (LRR) and gelsolin homology domains,

which confers unique structural characteristics to the protein (Figure 13)*.

1256
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851
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| |
Figure 13. Domain organization of gelsolin (GSN) and Flightless-1 (Fli-I). The protein
fragments investigated in our study are also shown. The figure was made by IBS

1.0.2.5%, Hs: Homo sapiens, Dm: Drosophila melanogaster, GSN: gelsolin, Fli-1:

Flightless-1, LRR: leucine-rich repeat, GH: gelsolin homology, L: linker region.

Flightless-1 has been shown to interact functionally with various proteins; it
participates in cell signaling, regulates cytoskeleton re-organization or influences actin
dynamics and cell migration®. The LRR region consists of 16 tandem leucine-rich repeat
motifs found in several proteins with diverse cellular localization and functions®2®3, The
LRR is potentially involved in protein-protein interactions. C-terminally to the LRR,
Flightless-1 contains six gelsolin homology domains which are potential actin-binding
regions. Although the actin-binding ability of Flightless-1 was proposed, the functional
outcome is still elusive®*®. Incubation of crude yeast extract containing Caenorhabditis
elegans Flightless-1 with actin agarose suggested that Fli-I associates with G-actin even

in the presence of 10 mM EGTA indicating Ca®*-independent interaction. In co-
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sedimentation experiments Fli-1 appeared in the pellet with actin filaments; also it
increased the amount of unpolymerized actin in the supernatant, interpreted as F-actin
severing activity®4. Pyrenyl polymerization experiments suggested that actin assembly is
retarded by mouse Fli-1 in a concentration-dependent manner, while disassembly is not
markedly influenced®. This led to the conclusion that Fli-1 possesses actin filament
capping but not severing activity. The authors also corroborated that the effects of Fli-I
were independent of Ca?* in the range of 0 - 1 mM®. Arora et al. (2015) have shown
that the Fli-l GH16 domain inhibited actin polymerization, while the truncated Fli-I
GH2-6 had no effect®. These results suggest that the actin-related function of
Flightless-1 is associated with its GH1 domain. Recent data have suggested that Fli-I
may enhance the actin nucleation activity of formin proteins, including Daaml and
mDial by binding to Daam1/mDial through its GH46 region®’.

Although several studies have been performed regarding the effects of Fli-1 on
actin dynamics, the underlying molecular mechanism is still controversial and
incomplete. To get more insight into the biological functioning of Fli-1 we aimed to
analyze the actin activities of its different regions, including the gelsolin homology
domains, as well as the leucine-rich repeat segment by protein biochemical and

biophysical approaches.
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2. OBJECTIVE AND AIMS

Although several studies have been performed regarding the effects of Fli-1 on
actin dynamics, we still face a lack of understanding of the molecular mechanisms
underlying its biological functioning. Flightless-1 possesses a leucine-reach repeat
(LRR) and gelsolin-homology domains (GH), which provide a unique structure for
Flightless-1 allowing it to act as an actin remodeling protein. Fli-I is a highly conserved
member of the gelsolin family; it differs in function and structure from the other
members of the family.

We aimed to investigate the activities of Flightless-1 underlying its cytoplasmic
functions. We studied the interactions of different, recombinantly produced Fli-I
constructs with actin by using protein biochemical and biophysical approaches in vitro.
Gelsolin homology domains are potentially responsible for the actin-binding activities;
therefore, we primarily investigated the effects of GH domains of Fli-1 on actin
dynamics. We examined the interactions of the LRR domain with actin as well. The
small actin-binding protein, profilin plays an important role in the building of the
cellular actin structures; thus, we also studied whether profilin influences the actin

activities of Flightless-I.

My work addressed the following questions:
e What are the activities of Flightless-1 LRR and GH domains in actin dynamics?
e How each region (LRR/GH domains) of the protein contributes to these
activities?
e What are the similarities and differences between the regulation and actin
interaction of gelsolin and Flightless-1?
e Does profilin influence the actin activities of Flightless-1? If it does so, what are

the effects of profilin on the actin activities of Flightless-1?
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3. MATERIALS AND METHODS
3.1. Protein expression and purification

3.1.1. Flightless-I

For bacterial protein expression, cDNAs of Drosophila melanogaster Flightless-
| (GenBank accession no. Q24020) were inserted into pGEX-6P1 vector encoding the
GH16 domains and into pGEX-2T vector encoding the LRR, GH13 or GH46 domains
by our collaborator (J6zsef Mihaly, Biological Research Centre, Szeged). Constructs
were expressed as glutathione S-transferase (GST) fusion proteins in the Escherichia
coli BL21(DE3)pLysS strain (Novagen). Transformed bacteria were grown at 37°C in
Luria Broth (Lennox) EZMix™ powder microbial growth medium (Sigma-Aldrich).
Protein expression was induced by the addition of 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) at ODeoo nm ~ 0.6-0.8. After overnight expression at 20°C
the bacterial pellet was collected by centrifugation (Hermle Z326K; 10,000 g, 10
minutes, 4°C) and stored at - 80°C until use.

For protein purification the bacterial pellet was lysed by sonication in Lysis
buffer (20 mM Tris-HCI pH8.0, 1 M NaCl, 5 mM CaClz, 1 mM ATP, 0.5% Triton X-
100, 1% sucrose, 2 mM DTT, 5% glycerol supplemented with 0.1 mM PMSF, and
Protease Inhibitor Cocktail (Sigma-Aldrich P8465)). The cell lysate was centrifuged
(Hitachi CP 80NX; 10,000 g, 25 minutes, 4°C) and the supernatant was poured into a
baker and gently stirred with 0.8% (w/v) polyethylenimine (PEI, Sigma-Aldrich)
(pH7.9, stock concentration 5%) on ice. After the precipitation of nucleic acids, the
solution was centrifuged (Hitachi CP 80NX; 17,300 g, 10 minutes, 4°C) and finely
powdered ammonium sulfate (AS, Sigma-Aldrich) was added to the supernatant to 60%
saturation by gently stirring for 30-45 minutes to precipitate the protein. The solution
was cleared by centrifugation (Hitachi CP 80NX; 21,700 g, 25 minutes, 4°C). The pellet
was resuspended in Lysis buffer and precipitated repeatedly by adding 60% saturated
AS solution to remove PEI. The solution was centrifuged (Hitachi CP 80NX; 21,700 g,
25 minutes, 4°C) and the pellet was resuspended in Low salt buffer (20 mM Tris-HCI
pH7.9, 50 mM NacCl, 1% sucrose, 5% glycerol and 1 mM DTT). The solution was
stirred with Glutathione Sepharose 4B (Sigma-Aldrich) at 4°C overnight. The next day

it was slowly loaded onto column and washed with Low salt buffer. The column was
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incubated at room temperature two times for 10 minutes with Elution buffer ((Low salt
buffer supplemented with 50 mM glutathione (Glutathione Reduced, Sigma-Aldrich),
pH7.9) to elute GST-tagged proteins. The eluate was concentrated with Amicon-Ultra
50 kDa tube (Merck Millipore) by centrifugation (Sartorius Sigma; 3000 g, 5 minutes,
4°C) and loaded onto PD10 column (GE Healthcare) for buffer exchange to Storing
buffer (20 mM Tris-HCI pH7.9, 50 mM NaCl, 1% sucrose, 5% glycerol, 1 mM DTT).
The constructs were clarified by ultracentrifugation (Beckman Coulter Optima MAX-
XP; 300,000 g, 30 min, 4°C) before flash freeze in liquid nitrogen and stored at — 80°C
until use. Control experiments showed that a freeze/thaw cycle does not affect the actin
activities/functionality of the Fli-I constructs (data not shown).

3.1.2. Preparation and isolation of actin and actin-binding proteins: gelsolin,
profilin and Disheveled-associated activator of morphogenesis (DAAM)

Ca?"-ATP-G-actin was isolated from rabbit skeletal acetone powder according to
the standard protocol of Spudich and Watt®8. Actin was gel filtered on Sephadex G-2000
column (GE Healthcare) to separate actin oligomers, capping protein and other minor
contaminants from the actin monomers. G-actin was stored in buffer G (4 mM Tris-HCI
pH7.8, 0.1 mM CaClz, 0.2 mM ATP, 0.005% NaNs, 0.5 M -mercaptoethanol) after the
isolation. The actin-bound Ca?* was replaced by Mg?* by adding 200 uM EGTA and 50
uM MgCl2. Human gelsolin (GSN) and mouse profilinl were purified as described
previously®®". The DAAM subfragments (cDAAM, DAAM FH1-FH2) were isolated
according to Vig et al. (2017)"*.

3.2 Fluorescent labeling of actin

Actin was labeled at Cys®* by N-(1-pyrenyl) iodoacetamide (pyrene, Thermo
Fisher Scientific) or at Lys®?® by Alexa Fluor488 carboxylic acid succinimidyl ester and
by Alexa Fluor568 carboxylic acid succinimidyl ester (Alexa488NHS and
Alexa568NHS, Invitrogen) for fluorescence spectroscopic and microscopic
experiments.

N-(1-pyrenyl) iodoacetamide (pyrene) labeling: G-actin (2 mg/ml) was
polymerized with 100 mM KCI and 2 mM MgCl> for 2 hours at room temperature. F-
actin was incubated at room temperature for 18 hours with a 1.1 molar excess of N-(1-
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pyrenyl) iodoacetamide (Sigma-Aldrich). The protein was at a concentration of 1 mg/ml
and pyrene was introduced as a 5 mg/ml solution in dimethyl sulfoxide (DMSO).
Pyrene-actin solution was centrifuged to pellet F-actin (Beckman Coulter Optima
MAX-XP; 300,000 g, 30 minutes, 20°C). The pellet was resuspended in A buffer,
homogenized in a potter, and dialyzed overnight. The solution was cleared by
centrifugation (Beckman Coulter Optima MAX-XP; 300,000 g, 30 minutes, 4°C). The
labeling efficiency was determined spectrophotometrically and was typically found to
be ~ 80% (chapter 3.2.1.).

Tetramethylrhodamine N-succinimidyl ester (NHSR) labeling: G-actin (2
mg/ml) was dialyzed against F buffer (20 mM PIPES, 0.2 mM CaClz, 0.2 mM ATP and
0.1 M KCI, pH6.9). To the F-actin solution 0.3 mM NHSR (Alexa488NHS and
Alexa568NHS) was added from a 100 mM stock solution in DMF, and incubated at
room temperature for 1 hour. The reaction was stopped by the addition of 10 mM Tris-
HCI, pH7.8. The solution was centrifuged (Beckman Coulter Optima MAX-XP; 40,000
g, 40 minutes, 20°C) to pellet Rh-F-actin. The pellet was resuspended in 2 ml A buffer
(5 mM Tris-HCI pH7.8, 1 mM DTT, 0.1 mM CaCl,, 0.2 mM ATP, 0.01% NaNs)
homogenized in a potter. The actin was gel filtered on a PD-10 column to remove
unbound rhodamine, then polymerized by the addition of 1 mM MgCl, and 0.1 M KCI
for 30 minutes at room temperature. The solution was centrifuged (Beckman Coulter
Optima MAX-XP; 40,000 g, 40 minutes, 20°C), the pellet was resuspended in A buffer
and dialyzed overnight. The solution was cleared by centrifugation (Beckman Coulter
Optima MAX-XP; 40,000 g, 30 minutes, 4°C). The labeling efficiency was determined
spectrophotometrically and was typically found to be ~ 40% (chapter 3.2.1.).

3.2.1. Calculation of protein concentration and protein:dye molar ratio

The degree of labeling was calculated by determining the protein and
fluorophore molar concentrations based on UV-VIS absorbance measurements (Jaco
V550 UV/VIS Spectrophotometer). Correction factor was used to determine the exact
amount of fluorescent dyes (Table 1). Fluorescent dyes also absorb at 280 nm;
therefore, the following calculation was used to adjust for the A2go contributed by the

dye: A2gonm, correction = A2gonm — (CF280nm X Amax).

Table 1. Properties of fluorescent dyes used in our study.
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Wavelength
corresponding | Extinction Correction
Fluorophore MW (Da) to maximum coefficient (&) factor (CF )
absorption (M1cm) 2eonm
(Xmax) (nm)
Pyrene 297 344 22000 0.127
Alexa488NHS | 643 495 71000 0.11
Alexa568NHS | 88.92 577 91300 0.46

The degree of labeling was calculated as the quotient of the molar concentration
of protein and the fluorescent dye. The protein concentrations were measured
spectrophotometrically using the extinctions coefficient at 280 nm. The extinction
coefficients and the molecular weights of the proteins were derived from their amino
acid sequence (ExPAsy ProtParam tool http://web.expasy.org/protparam/) (Table 2).
The purity of the proteins was checked by absorption photometry by calculating the
Agsol Azeo ratio’.

Table 2. Characteristics of the examined proteins and protein fragments.

Protein MW (Da) € 280nm
Flightless-1 GH 16 120128.4 185070 Mt cm™?
Flightless-1 GH 13 75441.5 113845 M cm'?
Flightless-1 GH 46 74456.2 114710 Mt cm™?
Flightless-1 LRR 78382.7 56840 Mt cm*
Actin 42300 0.63 mg x mI't x cm?
Gelsolin 85697.52 115280 Mt cm'?
Profilin 14800 1.13mg x mIt x cm*
DAAM FH1-FH2 8139 65780 Mt cm?
cDAAM (DAAM FH1- | 9239 65780 Mt cm?
FH2-DAD-CT)
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3.3. Fluorescence spectroscopy

3.3.1. Bulk actin assembly/disassembly measurements

The effects of Flightless-l1 constructs on actin dynamics were studied with
pyrenyl polymerization assays. The fluorescence emission of pyrene is relatively low in
the case of G-actin and proportionally increases with the amount of actin filaments
formed during polymerization. Actin assembly and disassembly were measured by
monitoring the change in pyrenyl fluorescence emission using a Safas Xenius FLX

spectrofluorimeter (Aex = 365 nm, and Aem = 407 nm).

3.3.1.1. Actin assembly

Polymerization of Mg?*-G-actin (2.5 UM, containing 2% or 5% pyrenyl-actin in
the presence and absence of profilin, respectively) was initiated by the addition of 1 mM
MgCl2 and 50 mM KCI in the absence and presence of different concentrations of Fli-1
proteins. The measurements were performed either in the presence of 1 mM EGTA
(Ca?*-free environment) or 1 mM CaCl; to address the Ca?" effects on the actin
activities of Fli-l. The profilin:G-actin samples contained 6 uM profilin, considering the
dissociation equilibrium constant of profilin:G-actin to be Kp ~ 0.2 uM, ~ 95% of the
monomeric actin was bound to profilin under these conditions. To quantitatively
analyze the effects of Fli-1 on actin dynamics, the polymerization rates were determined
from the slope of the linear part of the pyrenyl traces at each condition. The relative
polymerization rates were derived as the ratio of the polymerization rate measured in
the presence and absence of different amounts of Fli-1 proteins. The relative
polymerization rate (v,qtive) OF profilin:actin as a function of [Fli — I] was fit by the

following equation:

1_"min

— Vo
Urelative = 1- 1+ 1C50 (Eq 1)
[Fli-1]

where v, and v,,,;,, are the relative polymerization rates in the absence and the presence
of saturating amount [Fli-1], respectively, and ICs, is the Fli-l concentration

corresponding to 50% inhibition.
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The [Fli-1] dependence of the rate of cDAAM catalyzed actin assembly (v) was fit by

the following equation:

V=—Vmax _ A0+F0+KD—\/(A0+F0+KD)2—4A0FO

(Eq. 2)

Vmin~Vmax 2F,

where v,,;, and v,,,, are the polymerization rates in the absence and the presence of
saturating amount of [Fli-1]; A, and F, are the total cDAAM and Fli-l concentration,

respectively, Kj, is the dissociation equilibrium constant of the cDAAM:FIli-1 complex.

3.3.1.2. Actin disassembly

Mg?*-ATP-G-actin (50 nM, 50% pyrenyl labeled) was polymerized overnight
with the addition of 1 mM MgCl, and 50 mM KCI. The actin polymer disassembly
kinetics were followed by the decrease in pyrenyl fluorescence emission in the absence
or presence of Fli-1 (105 nM) or GSN (5 nM), in calcium-containing environment
([CaClz] = 1 mM).

3.3.2. Steady-state anisotropy measurements

Steady-state anisotropy of AlexaFluor488 succinimidy! ester labeled Mg?*-ATP-
G-actin (Alexa488NHS-G-actin) was measured to study the Fli-1:G-actin interaction.
The anisotropy measurements were performed in a Fluorolog-3 spectrofluorometer
(Horiba Jobin Yvon, Aexcitation = 488 NM, Aemission = 516 nm, Slitexcitation/Slitemission = 5/5
nm). Alexa4d88NHS-G-actin (0.2 uM) was incubated with LatrunculinA (LatA, 4 uM)
for 15 minutes at room temperature. The Fli-1 constructs were added at different
concentrations to the samples and the solutions were further incubated for 1 h at 22°C
either in the presence of 1 mM EGTA (Ca?*-free condition) or 1 mM CaClz. In profilin-
containing samples, profilin (4 uM) was added to actin after the incubation with LatA.
The samples were incubated for 1 hour at 22°C before adding Fli-1 constructs to them.
LatA binds to actin monomers and prevents them from polymerizing; thus, the increase
in the steady-state anisotropy of LatA-bound actin is expected to result from the binding

of Fli-1 to actin monomers. For quantitative analysis, the Fli-1 concentration dependence
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of the steady-state anisotropy (r) measured either in the absence or presence of profilin

and was calculated as:

r-rq __ A0+F0+KD—\/(A0+F0+KD)2—4A0F0
TAF—TA 2Fy

(Eq.3)

where A, and F, are the total G-actin and Fli-1 concentration, respectively, r, is the
steady-state anisotropy of Alexad88NHS-G-actin, r,p is the steady-state anisotropy of
Alexad88NHS-G-actin at saturating amount of Fli-1, K, is the dissociation equilibrium
constant of the G-actin:Fli-1 complex.
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3.4 Total internal reflection fluorescence microscopy

3.4.1. Actin assembly/disassembly measurements

The effects of Fli-1 and profilin on the assembly/disassembly of actin were
studied by total internal reflection fluorescence microscopy (TIRFM), which allowed us
to observe the activities of actin-binding proteins at the level of individual filaments.

Glass flow cells were incubated with 1 volume of N-ethymaleimide (NEM)
myosin for 1 min, washed extensively with 2 volumes of myosin buffer (F buffer
supplemented with 0.5 M KCI; F buffer = G buffer supplemented with 1 mM MgCl;
and 50 mM KCI) and 1 volume of 1% (w/v) bovine serum albumin (BSA, dissolved in
F buffer). Finally, flow cells were equilibrated with 2 volumes of TIRF buffer (0.5%
(w/v) methylcellulose, 0.5% (w/v) BSA, 10 mM 1,4-diazabicyclo[2,2,2]octane
(DABCO), 100 mM DTT dissolved in F buffer). A mixture of G-actin (0.5 uM, 10%
Alexad488NHS labeled) and different concentrations of Fli-1 constructs were injected
into the flow cell to follow the assembly of G-actin in the absence or presence of Fli-I.

Two-color TIRF experiments were performed to follow the filament growth in
the absence and presence of Fli-1 and profilin. In profilin-containing samples, the
profilin concentration was 2 pM. G-actin (0.5 uM, 10% Alexa488NHS labeled) was
polymerized in the flow cell by the addition of 1 mM MgCl, and 50 mM KCI for 10
minutes to form ‘green’ actin filaments, and then unpolymerized actin was washed out
by 1 volume of TIRF buffer. A mixture of G-actin (0.5 uM, 10% Alexa568NHS
labeled), profilin (2 uM) and Fli-1 in TIRF buffer was transferred into the flow cell.

In assembly assays, filament number was derived 15 — 17 min after the initiation
of actin assembly. Time-lapse images were analyzed by either the MultipleKymograph
plugin of Fiji or by manually tracking filament growth to obtain the length (um) and the
elongation rate of actin filaments (subunitxs™?). Filament length was converted to
subunits using 370 subunits/um filament™ . The elongation rate (v) was related to the
critical concentration of actin assembly (cc ~ 0.1 uM*"3), the association rate constant
of actin monomers to filament barbed ends (k. ) and the total actin concentration ([G,])

by the following equation:

v =ky([Go] —cc) (Eq.4)
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In disassembly assays, G-actin (0.5 pM, 10% Alexa488NHS labeled) was
polymerized for 35 min in the flow cell. The flow cells were equilibrated with TIRF
buffer supplemented with different amounts of Fli-I or gelsolin. Images were captured 5

— 7 min after the initiation of actin disassembly.

3.4.2. Measurement of end-to-end annealing of actin filaments

End-to-end annealing assays were performed to examine the protein-protein
interactions specifically at the filament ends. G-actin (1 pM, containing either 10%
Alexa488NHS or 10% Alexa568NHS labeled actin) was polymerized for 1 h at room
temperature, F-actin was stabilized by unlabeled phalloidin (1:1 molar ratio) overnight.
Actin filaments labeled with different fluorophores were mixed in the absence or
presence of Fli-1 and then fragmented by a 26G syringe (10x). Samples were diluted to
2 nM F-actin into TIRF buffer, adsorbed onto poly-L-lysine-functionalized coverslip
(Sigma-Aldrich, P4707) and processed for microscopy analysis. Images were captured

immediately after fragmentation (t = 0 min) and after 60 min (t = 60 min).

3.4.3. Steady-state measurement of actin filament number

G-actin (2 uM, unlabeled) was polymerized overnight either in the absence or
presence of Fli-l GH16 (800 nM). Filaments were stabilized by Alexa Fluor™ 488
phalloidin (1:1 molar ratio, Thermo Fisher Scientific), diluted to 5 nM into TIRF buffer
and adsorbed onto poly-L-lysine-functionalized coverslip (Sigma-Aldrich, P4707) for

imaging.

3.4.4. Imaging and image analysis

Images were captured with an Olympus IX81 microscope equipped with a laser-
based TIRF module (laser lines: 491 nm, 561 nm, APON TIRF 60x NA1.45 oil

immersion objective, Hamamatsu Orca-ER high-resolution digital B/W CCD camera).

Time-lapse images of actin assembly/disassembly were captured every 10.5 s. The
number and length of actin filaments were derived from a 66x66 um? region of the

images by using Fiji.
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3.5. Statistical analysis

The data represented in the dissertation were derived from at least two
independent experiments. Values are displayed as mean + standard deviation. Statistical
analysis (Student’s t-test) was performed by Microsoft Excel (ns p > 0.05, * p < 0.05,
**p <0.01, *** p <0.001, **** p <0.0001). The significance levels and the number of
independent samples are given in the text or the corresponding figure.
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4. RESULTS AND DISCUSSION

4.1. The GH domains of Flightless-1 interact with actin and affect actin dynamics
in a Ca?*-independent manner

It is well established that the Ca?* binding of gelsolin is a prerequisite for the
activation of its actin interactions and activities*. Proteolytic cleavage of the protein at
the caspase 3 site results in a Ca®*-independent N-terminal (GH13) and a Ca?*-
dependent C-terminal (GH46) halves®>®7, Comparative sequence analysis of gelsolin
and Fli-I reveals that the tail latch and many of the type-2 Ca?* binding sites are not
conserved in Fli-1 (Figure 14). This indicates that, as opposed to gelsolin, the actin
activities of Fli-1 do not rely on Ca?* binding. In support of this, previous work did not
find any effect of Ca?" on the actin-binding of Flightless-1 proteins from mouse and
Caenorhabditis elegans®%. To corroborate this, the actin interactions and activities of
Fli-1 were investigated in the absence and presence of Ca?* ions (Figure 15).
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Figure 14. Domain organization and sequence characteristics of full-length human
gelsolin (GSN) and Drosophila melanogaster Flightless-1 (Fli-1) and the constructs
investigated in this study.

Comparative bioinformatics analysis of the gelsolin homology domains of Fli-l1 and
gelsolin from different species. Hs: Homo sapiens, Mm: Mus musculus, Dm: Drosophila
melanogaster, Fli-1: Flightless-1, GSN: gelsolin, UniProt IDs: Q13045 (Hs Fli-1),
Q9JJ28 (Mm Fli-1), Q24020 (Dm Fli-l1), P06396 (Hs GSN), P13020 (Mm GSN),
Q07171 (Dm GSN). The analysis was performed by ClustalX.

For this purpose, constructs containing all the six gelsolin homology domains
(Fli-1 GH16), as well as an N-, and a C-terminal fragment of Flightless-1 comprising the
first and second half of the GH domains, Fli-l GH13 and GH46, respectively were
studied (Figure 13 and 15).
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Figure 15. The gelsolin homology domains of Flightless-1 interact with actin and

affect actin dynamics in a Ca?*-independent manner
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(A) Steady-state anisotropy of Alexa488NHS-G-actin (0.2 uM) as a function of [GSN]
in the presence of 1 mM EGTA (Ca®*-free condition) or 1 mM CaCly, as indicated.
Black dashed lines show the linear fits of the data segments measured at low and high
[GSN]. The breakpoint was found at [GSN] ~ 150 nM indicating a ~ 1 GSN:2 G-actin
stoichiometry. Data are shown as mean = SD, n = 3. (B, C) Steady-state anisotropy of
Alexa488NHS-G-actin (0.2 uM) as a function of [Fli-1] in the presence of 1 mM EGTA
(Ca?*-free condition) (B) or 1 mM CaCl; (C). Red dashed lines show the fit of the data
according to Eq. 3. The fit gave the following dissociation equilibrium constants; 1 mM
EGTA: KpFii- gH13) = 576 = 18.2 nM, 1 mM CaCl: Kpii-l cH13) = 638 = 151.2 nM.
Data are shown as mean = SD, n = 3. (D, E) Representative pyrenyl emission kinetics
recorded in the absence or presence of Fli-1 or GSN (5 nM) and the presence of 1 mM
EGTA (D) or 1 mM CacCl: (E), as indicated. Conditions: [actin] = 2.5 puM (5% pyrenyl
labeled). (F) Relative polymerization rates derived from pyrenyl transients shown on
panels (D, E). Data are shown as mean + SD, n =2 — 4.

The interaction of Fli- GH16 with G-actin was tested in steady-state anisotropy
(anisotropy) measurements by monitoring the anisotropy of fluorescently labeled G-
actin (0.2 pM Alexa488NHS-G-actin) (Figure 15B, C). Gelsolin is known to bind
monomeric actin and forms a GAz (1 GSN:2 G-actin) complex in a Ca?*-dependent
fashion (reference® and Figure 15A). Consistently, in control measurements we found
that GSN binds extremely weakly to G-actin in the absence of Ca?* (1 mM EGTA
condition), while the addition of CaCl> (1 mM) profoundly strengthens the interaction
(Figure 15A). The breakpoint titration is consistent with the 1 GSN:2 G-actin
stoichiometry (breakpoint at [GSN] ~ 150 nM), as well as the high affinity of the
complex. The addition of Fli-1 GH16 to monomeric actin, even in the absence of CaCl;
(1 mM EGTA condition) resulted in an increase in anisotropy from ~ 0.136 + 0.000 to ~
0.150 = 0.000 at the maximum amount of protein that we could test in these
experiments (Figure 15B). This suggests direct binding of the GH domains of Fli-1 and
G-actin. A similar response in a broader concentration range could be detected in the
case of Fli- GH13 (Figure 15B). The analysis of the anisotropy data gave a dissociation
equilibrium constant of Kp(Fli-1 GH13) = 576 + 182 nM of the Fli-l GH13:G-actin
complex (Figure 15B, Eg. 3). The analysis of the [Fli-I] dependence of the anisotropy
measured in the presence of CaCl. (1 mM) revealed similar binding trend and affinity as
detected in the absence of the divalent cation (Kp(Fli-1 GH13) = 638 + 152 nM, Figure
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15C), indicating that the interaction of Fli-1 with G-actin is not affected by the presence
of Ca?*. Importantly, no significant change in anisotropy was found when Fli-1 GH46
(2050 nM) was added to G-actin suggesting that this region does not interact
significantly with actin (Figure 15B, C).

Subsequently, the calcium response of the effects of Fli-1 on actin assembly was
monitored in pyrenyl polymerization experiments (Figure 15D-F). In control
measurements, we found that gelsolin does not significantly affect actin polymerization
in Ca®*-free environment (1 mM EGTA condition), while it accelerates actin assembly
kinetics in the presence of CaClz (1 mM) (~ 2.46 + 0.19fold increase, n = 3, p < 0.001)
(Figure 15D, E). This observation agrees well with previous data’> "®-'8, Fli-1 GH16 (5
nM) inhibited actin assembly both in the absence and presence of Ca>* (n=2 -3, p >
0.05) (Figure 15D, E). The inhibitory effect of Fli-1 on the rate of actin polymer
formation is in agreement with previous reports®. Qualitatively and quantitatively the
same response was detected for Fli-l GH13 (5 nM) (Figure 15D, E). In contrast, when
Fli-1 GH46 was added at the same concentration as the two other constructs (5 nM) it
did not have any effect on actin assembly, independently from the presence of calcium
(Figure 15D, E).

Altogether, these observations suggest that in contrast to gelsolin, the actin
interactions and activities of Flightless-1 are Ca?*-independent. On the other hand, it is
interesting to note that both G-actin interaction and actin assembly inhibition of the Fli-I
GH16 domains are reconstituted by GH13, suggesting the lack of direct interaction
between Fli-1 GH46 and actin.

4.2. The GH domains of Flightless-1 affect actin assembly from free G-actin in a
biphasic manner which relies on the GH13 regions

To address the biochemical activities of Flightless-I (Fli-1) in actin dynamics, the
effects of Fli-1 on actin assembly kinetics from free G-actin were investigated in bulk
pyrenyl polymerization experiments (Figure 16). The data revealed that the effects of
Fli-l GH16 on polymer formation follow a biphasic concentration-response. At lower
concentrations (< ~ 10 nM) it inhibits the overall rate of actin polymerization; in
contrast, higher concentrations of Fli-l GH16 (> ~ 25 nM) accelerate the assembly

kinetics of free G-actin above the rate of spontaneous assembly (Figure 16A, E). The
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biphasic concentration dependence of the influence of the Fli-l GH domains on
polymerization kinetics suggests multiple activities in actin dynamics. We found that
Fli-1 GH13 can influence actin dynamics in a qualitatively and quantitatively similar
manner as Fli-1 GH16 in the entire concentration range tested in the experiments (Figure
16B, E). In contrast, the GH46 region does not have any effect on actin polymerization
in the concentration range in which the two other fragments of Fli-1 were tested (Figure
16C, E). These results are consistent with our previous data and further support that the

GH13 region of Fli-1 is responsible for the actin activities of the GH domains of the

protein.
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Figure 16. The gelsolin homology domains of Flightless-1 affect actin assembly that
relies on the GH13 domains

(A-D) Representative pyrenyl fluorescence emission kinetics recorded in the absence or
presence of different concentrations of Fli-1, as indicated. Conditions: [actin] = 2.5 uM
(5% pyrenyl labeled). (E) Relative polymerization rate as a function of [Fli-1], as
indicated. Data are shown as mean + SD, n = 2 — 7. Inset: enlarged view of the data
corresponding to low (< 14 nM) Fli-1 concentrations. (F) Left panels: Representative
montages of actin assembly followed by TIRFM in the absence or presence of Fli-I, as
indicated. Right panels: Representative skeletonized TIRFM images used for filament
number analysis showing the field of view of a 66x66 um? region in the absence or
presence of Fli-l, as indicated. Conditions: [actin] = 0.5 pM (10% Alexa488NHS
labeled), [Fli-1 GH16] = 10 nM, [Fli-1 GH13] = 10 nM, [Fli-l GH46] = 100 nM. (G)
Filament growth rate from G-actin in the absence or presence of different Fli-I
constructs, as indicated derived from time-lapse TIRFM images shown on (F), n = 20 —
60.

We also investigated the effects of the LRR region of Flightless-l1 on actin
dynamics. In steady-state anisotropy experiments, no significant change was detected
upon titration of actin monomers (0.2 pM Alexad88NHS-G-actin) with Fli-I LRR (r =
0.130 £ 0.001 in the presence of 800 nM LRR). Fli-l LRR does not affect actin
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assembly in pyrenyl polymerization measurements (Figure 16D, E). These findings
indicate that the isolated LRR does not interact with actin®?.

Upon interaction with fluorescently labeled actin (e.g., by pyrene, IAEDANS)
some proteins can modify the structural properties of actin resulting in a change in the
spectral properties of the actin-bound fluorophore (e.g., Leiomodin (Lmod), Wiskott-
Aldrich Syndrome Homology 2 domains of Sarcomere Length Short (SALS-WH2)79:80),
This effect could result in an apparent change in pyrenyl Kinetics, even in the absence of
any functional effects on actin polymerization. To address this issue, actin assembly at
the level of individual polymers was visualized by using total internal reflection
fluorescence microscopy (TIRFM) in the absence and presence of different regions of
Flightless-1 (Figure 16F, G). In control samples, polymers spontaneously nucleated (N =
34.64 + 8.07 polymer, n = 58) and elongated at a rate of v = 4.61 + 0.36 subunitxs™ (n =
23), which corresponds to the well-established barbed end association rate constant of
free G-actin (k+ = 11.53 = 0.90 pMst 81 Eq. 4.). Addition of Fli-1 GH16 (10 nM) to
actin resulted in almost complete inhibition of polymer growth (0.24 + 0.10 subunitxs™,
n =39, p <0.0001), as well as a marked reduction in the observable polymer number (N
= 6.58 £ 4.26 polymer, n = 36, p < 0.0001). In agreement with the results of pyrenyl
polymerization experiments, the effects of Fli-l GH16 on polymer assembly can be
recapitulated by Fli-l GH13; as 10 nM Fli-1 GH13 resulted in similar assembly
inhibition as observed for 10 nM Fli-1 GH16 (N = 6.43 + 4.97 polymer, n = 32, p =
0.897; v = 0.28 + 0.12 subunitxs™, n = 33, p = 0.158). Consistently with the
observations made in the fluorescence spectroscopy experiments, we found that Fli-I
GH46 does not have a significant effect on either polymer number or growth rate in
TIRFM assays (N = 35.77 + 6.70 polymer, n = 22, p = 0.565; v = 4.56 + 0.30 subunitxs
1 'n=20, p=0.589).

Altogether, TIRFM data support the results obtained from pyrenyl fluorescence
experiments; when present at low amounts Fli-I inhibits actin assembly and this activity

relies on the GH13 segment of the protein.

4.3. The GH domains of Flightless-1 inhibit actin filament growth by barbed end
capping
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Fluorescence spectroscopy data indicate that the gelsolin homology domains of
Fli-1 affect the assembly of free G-actin by having multiple activities in actin dynamics.
The polymerization inhibition that we observe at low nM concentrations reflects high-
affinity interactions and can result from the prevention of subunit addition to filament
ends. This can be manifested by sequestration upon binding to monomeric actin and/or
by capping upon filament end interactions. While accelerated assembly detected in the
presence of higher amounts of Fli-1 is attributed to lower-affinity interactions and can
originate from facilitated nucleation of monomers and/or severing actin polymers,
thereby creating filament ends capable of elongation.

Based on the experimental conditions in our TIRFM assays (0.5 pM free G-
actin), actin polymer growth is dominated by barbed end assembly. Considering the
dissociation equilibrium constant of the Fli-l:G-actin interaction derived from
anisotropy measurements (Figure 15B, C), 10 nM Flightless-I — which causes polymer
growth inhibition in TIRFM experiments — is expected to bind to ~ 1% of monomeric
actin; i.e., ~ 5 nM. This would result in a negligible reduction (~ 1.4%) in polymer
growth rate as predicted by Eq. 4. Thus, G-actin sequestration that relies on monomer
binding by Flightless-I1 does not explain the marked polymerization inhibition that we
observe at nanomolar protein concentrations. Consequently, our data point towards
filament end-related activities.

To experimentally address barbed end capping activity, the end-to-end annealing
kinetics of pre-formed, mechanically fragmented filaments were monitored both in the
absence and presence of Fli-1 by dual-color TIRFM (Figure 17). In the absence of Fli-I,
the spontaneous lengthwise association, i.e., the annealing of actin filament fragments
was supported by the increase in the filament length with time, as well as by the
appearance of spectrally inhomogeneous filament segments. In the presence of either
Fli- GH16 or GH13 the filaments remained short and were characterized by
homogeneous fluorescence emission indicating that annealing is inhibited. No such
inhibitory effect was detected when Fli-1 GH46 was added to actin, in agreement with
our previous observations.

Altogether, the above data indicate that Fli-I inhibits end-to-end annealing by
binding to filament barbed end. Therefore, we propose that inhibition of actin assembly
by Fli-I results from the prevention of actin incorporation at barbed ends upon direct

capping of filament ends.
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Figure 17. The GH domains of Flightless-1 inhibit actin filament end-to-end
annealing

(A) Representative montages of actin filament end-to-end annealing followed by TIRFM
in the absence or presence of different Fli-1 constructs, as indicated. The t = 0 min
corresponds to the initial fragmentation of filaments, while t = 60 min indicates the time
interval after fragmentation. Conditions: [actin] = 500 nM (10% Alexa488NHS and
10% Alexa568NHS labeled), [Fli-1] = 120 nM. Scale bar = 10 um. (B) Filament length
at t = 0 and 60 min in the absence or presence of Fli-1, derived from TIRFM images

shown on (A), Nsamples = 3 — 9, Niilaments = 136 — 174.
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4.4. The GH domains of Flightless-1 do not depolymerize/disassemble filaments but
facilitate the formation of nucleation intermediates

In pyrenyl polymerization experiments, we noted that the addition of a relatively
large amount of Fli-I resulted in facilitated polymerization, which can be manifested
through enhanced nucleation and/or cutting of actin filaments and generating more ends
for elongation. To test the fragmentation ability of Fli-1, dilution-induced bulk
disassembly/depolymerization kinetics measurements were performed (Figure 18A, B).
In control experiments, we found that the spontaneous disassembly/depolymerization of
actin filaments is relatively slow; in contrast, gelsolin (5 nM, in the presence of 1 mM
CaCl) accelerated disassembly kinetics (Figure 18A, B), consistently with previous
findings™. In the presence of Fli-1 at a concentration that can enhance actin
polymerization in pyrenyl fluorescence experiments (105 nM, Figure 16E), no
significant increase in the rate of filament disassembly was observed as compared to
spontaneous depolymerization, neither in the absence (data not shown) nor in the
presence of 1 mM CacCl, (Figure 18A, B).
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Figure 18. The GH domains of Flightless-1 do not sever filaments but facilitate the
formation of nucleation intermediates

(A) Kinetics of actin polymer disassembly as followed by the decrease in pyrenyl
fluorescence emission in the absence or presence of Fli-1 or GSN, as indicated.
Conditions: [actin] = 50 nM (50% pyrenyl labeled), [GSN] = 5 nM, [Fli-I] = 105 nM,
[CaCl;] = 1 mM. (B) Relative depolymerization rate derived from pyrene transients
shown on panel (A), n = 2 — 3. (C) Left panels: Representative montages of actin
disassembly followed by TIRFM in the absence or presence of Fli-l1 or GSN, as
indicated. The frame labeled by -01:00 and 00:00 shows the field of view just before
and right after the addition of GH homology proteins, respectively. Right panels:
Representative skeletonized TIRFM images used for filament number analysis showing
the field of view of a 66x66 um? region in the absence or presence of Fli-1 or GSN, as
indicated. Conditions: [actin] = 0.5 uM (10% Alexa488NHS labeled), [GSN] = 0.5 nM,
[Fli-1] = 105 nM. Scale bar = 10 um, time = min:s. (D) Percent of area covered by
actin filaments 5 — 7 min after the addition of GH homology proteins derived from

TIRFM images shown on (C), n = 12 — 51.
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(E) Representative skeletonized TIRFM images used for filament number and length
analysis showing the field of view of a 66x66 pum? region in the absence or presence of
Fli-l GH16, as indicated. Conditions: [actin] = 2 uM (10% Alexa488NHS labeled),
[Fli-l GH16] = 800 nM. Scale bar = 10 um. (F) Number of filaments assembled from
G-actin either spontaneously or in the presence of Fli-l GH16, as indicated derived
from TIRFM images shown on (E), n = 69 — 73. (G) Length of filaments assembled from

40



G-actin either spontaneously or in the presence of Fli-l GH16, as indicated derived
from TIRFM images shown on (E), n = 69 — 73. Filament length assembled from G-
actin either spontaneously or in the presence of Fli-l GH16 derived from TIRFM
images shown on (E), n = 69 — 73.****p<(0.0001.

Alternatively, the disassembly/depolymerization efficiency of gelsolin and Fli-I
was visualized in TIRFM experiments by adding GH domain proteins to preassembled
filaments (Figure 18C, D). The disassembly/depolymerization activity was quantified
by measuring the area covered by filamentous actin after 5 - 7 min following GSN or
Fli-1 addition. The presence of gelsolin (0.5 nM, in the presence of 1 mM CaCly)
resulted in a marked decrease in the actin filament area as compared to the control
(A(actin) = 337.47 + 84.92 um?, n = 10, A(GSN) = 165.95 + 49.05 ym?, n =12, p <
0.0001). In contrast, the addition of either the GH16 or GH13 fragments of Fli-l (105
nM) to actin filaments did not influence significantly this parameter (A(Fli-1 GH16) =
373.44 + 38.458 um?, n = 14, p = 0.224, A(Fli-1 GH13) = 370.31 + 54.58 ym?, n =12, p
= 0.373). Based on these results, we conclude that, in contrast to gelsolin, the GH
domains of Fli-I possess filament disassembly/depolymerization activity.

Considering the monomer binding ability of Fli-I revealed by anisotropy
measurements we hypothesize that the assembly-promoting activity of Fli-I results from
its ability to de novo nucleate actin filaments, similarly to gelsolin®. To test the
nucleation ability of Fli-1 the number of actin filaments formed in the absence and
presence of Fli-l GH16 was measured at steady-state by TIRFM (Figure 18E-G). For
this purpose, actin filaments were formed spontaneously or in the presence of a high
concentration of Fli-1 GH16 (800 nM) overnight, followed by phalloidin stabilization
and dilution. In the absence of Fli-l GH16 the number of actin filaments was found to
be N = 11.78 + 5.12, while Fli-l GH16 increased this parameter significantly by ~
4.2fold (N = 49.06 + 15.20, p < 0.0001) (Figure 18F). On the other hand, the steady-
state length of filaments was markedly reduced in the presence of Fli-1 GH16 as
compared to the control samples, further supporting barbed end capping by Fli-1 (Figure
18G). It is worth noting that due to the inhibited lengthening of the filaments by Fli-I,
the size of some filaments may be under the resolution limit of the microscope;
therefore, the filament number is expected to be underestimated in our experiments.
Nonetheless, the above observation indicates that Fli-1 can promote actin assembly by

facilitating the de novo formation of nucleation intermediates.
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4.5 Profilin directs the activities of Flightless-1 towards barbed end capping

Cellular actin structures are built from profilin:G-actin (PA); therefore, we
aimed to investigate whether the presence of profilin influences the actin assembly
activities of Fli-1. In pyrenyl polymerization experiments we found that both Fli-1 GH16
and GH13 inhibit the assembly of profilin:G-actin at subnanomolar concentrations
(Figure 19A-D). However, in contrast to their effects on the assembly of free G-actin,
they failed to increase the bulk polymerization rate of profilin:G-actin at higher
concentrations. The analysis of the Fli-I concentration dependence of the bulk
polymerization rate gave ICso values of ICso(Fli-l GH16) = 0.93 £ 0.12 nM and
ICso(Fli-1 GH13) = 0.13 = 0.01 nM (Figure 19D, Eg. 1). This indicates that Fli-I
prevents the assembly of profilin:G-actin with high-affinity barbed end capping.
Similarly to the lack of the effect of Fli-l GH46 on actin assembly from free G-actin,
this construct failed to influence the bulk polymerization of profilin:G-actin (Figure
19C, D).
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Figure 19. Profilin directs the activities of Flightless-1 towards barbed end capping
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(A-C) Polymerization kinetics of profilin:G-actin (PA) followed by the change in
pyrenyl emission in the absence and presence of different concentrations of Fli-I, as
indicated. Conditions: [actin] = 2.5 uM (2% pyrenly labeled), [profilin] = 6 puM. (D)
Relative polymerization rate as a function of [Fli-1], as indicated. Data are shown as
mean + SD, n = 2 — 7. Inset: enlarged view of the data corresponding to low (< 10 nM)
Fli-1 concentrations. Dashed lines in the corresponding colors show the fit to the data
(Eq. 1). The fit gave I1Cso(Fli-1 GH16) = 0.93 + 0.12 nM and ICso(Fli-1 GH13) = 0.13 +
0.01 nM. (E) Representative montages of actin assembly (green) from preformed F-
actin seeds (magenta) followed by TIRFM in the absence or presence of Fli-I, as
indicated. Arrowheads highlight the filament which were tracked for kymographs.
Conditions: [actin] = 0.5 uM (10% Alexa488NHS or Alexa568 NHS labeled), [profilin]
= 2 UM, [Fli-1] = 10 nM. Scale bar = 10 yum, time = min:s.

(F) Filament growth rate from profilin:G-actin in the absence or presence of Fli-I, as
indicated derived from time-lapse TIRFM images shown on (E), n = 37 — 62. (G)
Steady-state anisotropy of Alexa488NHS-G-actin (0.2 uM) in complex with profilin (4
puM) as a function of [Fli-1]. Data are shown as mean + SD, n = 2 — 3. Dashed lines in
the corresponding color show the fit of the data according to Eq. 3. The fit gave the
following dissociation equilibrium constants: Kp(Fli-l GH13) = 411.43 + 22.69 nM (in
the absence of profilin), Kp(Fli-l GH13) = 4511.6 + 631.92 nM (in the presence of
profilin).

The results of dual-color TIRFM experiments performed to study profilin:G-
actin assembly corroborated our observations made in pyrenyl spectroscopic assays
(Figure 19E, F). Polymer growth (green portion) was observed from preformed F-actin
seeds (magenta portion) both in the absence and presence of Fli-1 (Figure 19E). In
control samples, in the absence of Fli-1, profilin:G-actin assembled at the barbed ends of
preformed F-actin seeds with a rate of v(PA) = 3.14 + 0.58 subunitxs™? (n = 37), which
is consistent with the slightly reduced association rate constant of profilin:G-actin to the
barbed ends as compared to free G-actin (k+ = 7.86 + 1.45 subunitxs™ ™) (Figure 19F).
In the presence of Fli-1 GH16 (10 nM) or GH13 (10 nM) the number of elongating
barbed ends, as well as the rate of profilin:G-actin association to preassembled F-actin
seeds markedly decreased (v(Fli-l GH16) = 0.45 + 0.14 subunitxs™ (n = 62), v(Fli-I
GH13) = 0.46 + 0.23 subunitxs™ (n = 57, p < 0.0001) (Figure 19E, F).
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The lack of the polymerization-promoting effects that we detected in the
presence of profilin indicates that the interaction of Fli-l with monomeric actin is
compromised by profilin. To test this, the steady-state anisotropy of fluorescently
labeled actin (0.2 uM Alexa488NHS-G-actin) in complex with profilin (4 puM) was
measured upon titration with Fli-1 GH13 (Figure 19G). The analysis revealed that the
binding strength of Fli-1 GH13 to profilin:G-actin is reduced (Kp(Fli-1 GH13) > 4000
nM) as compared to free G-actin (Kp(Fli- GH13) ~ 500 — 600 nM, Figure 15B, C).

This result suggests that Fli-1 and profilin competitively bind to monomeric actin.

4.6 The GH46 domains of Flightless-1 interacts with the C-terminus of DAAM and
inhibit its actin assembly activities

In the above experiments, we did not detect any direct actin interaction or
activity of the GH46 domains of Fli-l. In previous studies, this region of the human
Flightless-1 protein was identified to interact with the C-terminal region of formins,
including human mDial and Disheveled-associated activator of morphogenesis (Daam)
157, The interaction seems to be specific to Fli-I since the binding was not detected for
the GH46 domains of gelsolin. Based on this, we sought to investigate the effects of Fli-
I GH46 on Drosophila melanogaster DAAM-catalyzed actin assembly. An N-
terminally truncated DAAM construct comprising the formin homology (FH) domains
FH1FH2 and the C-terminal Diaphanous autoinhibitory domain (DAD)-CT regions
(cDAAM; DAAM FH1FH2-DAD-CT), as well as the isolated DAAM FH1FH2
domains were studied in pyrenyl polymerization experiments (Figure 20). Both DAAM
FH1FH2 and FH1FH2-DAD-CT promoted actin assembly, albeit with different
efficiencies, in agreement with our previous findings®. We found that while Fli-1 GH46
did not influence FH1FH2-mediated actin polymerization, it inhibited the cDAAM-
catalyzed actin assembly in a concentration-dependent fashion. At saturating amount of
Fli-1 GH46, the assembly rate corresponded to that of characteristic to the FH1FH2. The
analysis gave dissociation equilibrium constant of the Fli-1 GH46:cDAAM interaction
of Kp = 254.7 + 189.4 (Eq. 2). This indicates that Fli-1 GH46 interacts with DAAM and
its main binding site is the DAD-CT region corroborating previous findings®’.
Altogether, besides its activities directly targeting actin, this interaction can provide an

indirect way for Fli-I to regulate actin dynamics through the DAAM-mediated pathway.
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Figure 20. The GH46 domains of Flightless-I interact with the C-terminus of DAAM
and inhibit its actin assembly activities

(A, B) Representative pyrenyl emission kinetics recorded in the absence and presence of
cDAAM (FH1FH2-DAD-CT) or DAAM FH1FH2 at different concentrations of Fli-I
GH46, as indicated. Conditions: 2.5 uM actin (5% pyrenyl labeled) [DAAM] = 250
nM. (C) Relative polymerization rates as a function of [Fli-1 GH46]. The dashed line in
the corresponding color shows the fit of the data according to Eq. 2. The fit gave the
dissociation equilibrium constant of the Fli-l GH46:cDAAM interaction of Kp = 254.7
+189.4 nM.

4.7. Flightless-1 disrupts the actin cytoskeleton in vivo

Our collaborator (Jbzsef Mihaly, Biological Research Centre, Szeged) tested the
effect of Fli-1 overexpression in developing Drosophila egg chambers, to estimate the in
vivo significance of our in vitro findings. The experiments and data shown in Figure 21
were performed by Jozsef Mihaly’s research group. They created transgenic lines for
Fli-1 GH16, GH13 and GH46 under UAS control and expressed the proteins with mat-
tub4-Gal4 in the germline cells of the ovary. The results of the overexpression studies
suggest that Fli-1 GH16 and GH13 can influence actin organization of the nurse cells
and disturb the formation of various types of actin structures, while GH46 has no such
effect. The impact of GH13 is completely consistent with the in vitro barbed end
capping activity of GH13 which provides a potential molecular mechanism for the in
vivo effect. We conclude that our in vitro and in vivo data both support that the Fli-I
GH13 domain inhibits actin polymerization, whereas GH46 has no significant effect on

actin dynamics.
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Figure 21. The effect of the gelsolin homology domains of Fli-1 on actin organization
in Drosophila egg chambers

(A, A°) Actin organization in nurse cells of wild-type Drosophila egg chamber in stage
10B is characterized by cortical actin (yellow arrows), ring canals (red arrowheads)
and cytoplasmic actin cables growing from the plasma membrane to the nucleus. Actin

46



is shown in (A) in grayscale, an overlay of DAPI (in cyan) and actin (in red) are shown
in (4°). (B, B’) Maternal expression of a UAS-lacZ control does not affect actin
organization in the nurse cells. (C-D’) Maternal expression of UAS-Fli-I-GH16 (C, C’)
or UAS-FIli-IGH13 (D, D’) severely impairs cytokinesis in the nurse cells resulting in
fused cells with reduced cortical actin level, ring canals are not evident and the nuclear
positioning cytoplasmic actin cables are also missing. (E, E’) By contrast, in UAS-FIi-I
GH46 expressing egg chambers actin organization is not altered as compared to wild
type. Anterior edge of the oocyte is visible on the right side of each panel; anterior is on

the left, posterior is on the right. Scale bar = 50um.
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5. CONCLUSION

In my Ph.D. work, I investigated the effect of Flightless-1 on actin dynamics.
Flightless-1 protein was originally characterized in fruit fly where gene mutation in the
GH domains resulted in an irregular actin organization and defective flight muscles.
Like the other members of the gelsolin family, the protein has multiple functions and
plays an important role in actin cytoskeleton organization. Flightless-1 is widely
expressed in tissues, mostly in skeletal, myocardial and nerve cells. It presents in the
nucleus, where it acts as a hormone-regulated nuclear receptor coactivator. In the
presence of serum, Fli-1 can translocate from the nucleus to the cytoplasm, where it
plays a role in cell migration, which is thought to be linked to its negative influences on
wound healing and tissue regeneration. Fli-l maps with the Smith-Magenis
microdeletion region in 17p1l1.2, suggesting the involvement of the protein in
developmental and behavioral abnormalities.

To better understand the activities of Flightless-1 and reveal the molecular
mechanisms underlying these processes, | investigated the interactions of different,
recombinantly produced Fli-l1 constructs with actin by using protein biochemical,
biophysical and fluorescence microscopy (single and dual-color TIRFM) methods in
vitro. | also studied the effect of the actin-binding protein profilin on the actin activities
of Fli-I.

My main results are as follows:

e Flightless-1 LRR and GH domains were successfully expressed and produced in
the Escherichia coli system.

o Flightless-1 interacts with both actin monomers (low-affinity interaction) and
polymer barbed ends (high-affinity interaction).

o Flightless-1 affects actin assembly in a biphasic manner. Fli-1 GH16 and GH13
inhibit actin polymerization at lower concentrations (high affinity capping
activity) and increase the rate of actin assembly at higher concentrations (low-
affinity nucleation activity).

e Unlike gelsolin, the GH domains of Flightless-1 have no severing activity.

e Fli-l GH46 and LRR have no direct effects on actin dynamics. The actin

interactions and activities of Fli-I rely on the GH13 region.
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e The actin-binding protein, profilin allows Fli-1 to cap barbed ends and block
actin polymer growth, but it inhibits its interaction with actin monomers and
thereby, its nucleation activity.

e In contrast to gelsolin, the actin activities of Fli-l are not calcium-dependent,
which can be explained by the lack of the conservation of type Il calcium-
binding sites between the two proteins.

e Fli-1 GH46 binds to the DAD-CT region of DAAM and thereby tunes the actin
assembly activities of DAAM.

In conclusion, our results indicate that in the cytoplasmic environment, Flightless-I
interferes with actin dynamics by capping polymer ends, which may explain its negative

effects on cell migration, and, thus wound healing and tissue regeneration.
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6. FUTURE INTEREST

According to literature data®’, as well as to our findings presented in Figure 20,
Fli-1 interacts with the C terminal DAD-CT region of DAAM through its GH46 domain.
The DAD-CT of DAAM is known to play an important role in the regulation of the
actin activities of the FH1FH2 domains of DAAM:; it forms an intramolecular contact
with the N-terminal diaphanous inhibitory domain (DID), which renders DAAM
inactive’*. The binding of RhoGTPases to the GTPase binding domain of DAAM can
relieve this inhibitory interaction, leading to DAAM activation. Altogether, these imply
that Fli-1 GH46 may have a role in the activation of DAAM. On the other hand, our
research group has shown that the DAD-CT region is involved in the microtubule-
binding ability of DAAM and potentially in the co-regulation of the actin-microtubule

dynamics’*#4,

Based on the above, the focus of my future research interest is formulated by the

following hypotheses.

Hypothesis 1: The interaction of Fli-I with the DAD-CT of DAAM provides an
alternative/complementary activation pathway of DAAM, in which the DID domain is
competed off by Fli-1 GH46. Thereby, Fli-1 can regulate actin dynamics indirectly
through the activation of the DAAM-mediated pathway. To test this hypothesis, | aim to
examine the interaction of DAAM and Fli-1 GH46 in the presence of DID by using the
above methodology.

Hypothesis 2: The interaction of Fli-l GH46 with DAD-CT can potentially influence the
microtubule-binding, as well as the actin-microtubule crosslinking activity of DAAM.
To tackle this hypothesis, | aim to investigate the DAAM-microtubule double and the
DAAM-actin-microtubule triple interactions in the presence of different regions of Fli-I
by using the above methodology with complementary TIRFM assays that allow the

simultaneous observation of actin and microtubule polymers8,
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7. LIST OF ABBREVIATIONS

AS

ATP
Alexad88NHS
Alexa568NHS
BSA

DAAM

cDAAM

DABCO
DAD

DID
DMSO
DRF

DTT
EGTA
F-actin
FH1 domain
FH2 domain
Fli-I

Fli-l GH13
Fli-l GH16
Fli-1 GH46
GH

GA2
G-actin

G2

G3

GSN

GST

ammonium sulfate

adenosine triphosphate

Alexa Fluor488 carboxylic acid succinimidyl ester
Alexa Fluor568 carboxylic acid succinimidyl ester
bovine serum albumin

Disheveled-associated activator of morphogenesis

C-terminal Disheveled-associated activator of
morphogenesis

1,4-diazabicyclo[2.2.2]octane
diaphanous autoregulatory domain
diaphanous inhibitory domain
dimethyl sulfoxide
Diaphanous-related formins

dithiothreitol

ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid)

filamentous, polymer actin
formin homology domain 1
formin homology domain 2
Flightless-I

Flightless-1 GH 13 domains
Flightless-1 GH 16 domains
Flightless-1 GH 46 domains
gelsolin homology domain
gelsolin:G-actin complex
globular, monomeric actin
actin dimer

actin trimer

gelsolin

glutathione S-transferases
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ICs0
IPTG
Kb
LatA
LRR
NHSR
PA
PEI
PMSF
S1-4
TIRFM

concentration required for half-maximal inhibition
isopropyl B-D-1-thiogalactopyranoside
dissociation equilibrium constant

LatrunculinA

leucine-rich repeat

tetramethylrhodamine N-succinimidyl ester
profilin:G-actin complex

polyethylenimine

phenylmethylsulfonyl fluoride

actin subdomains 1-4

total internal reflection fluorescence microscopy
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The Activities of the Gelsolin
Homology Domains of Flightless-I
in Actin Dynamics

Réka Pinfér’, Tamas Huber?, Péter Bukovics', Péter Gaszler', Andrea Teréz Vig’,
Modnika Agnes Toth', Gabriella Gazso-Gerhat?3, David Farkas?, Ede Migh?,
Jozsef Mihaly? and Beata Bugyi’**

" Department of Biophysics, Medical School, University of Pécs, Pécs, Hungary, 2 Biological Research Centre Szeged,
Institute of Genetics, Szeged, Hungary, ° Faculty of Science and Informatics, Doctoral School in Biology, University
of Szeged, Szeged, Hungary, * Szentagothai Research Center, Pécs, Hungary

Flightless-I is a uniqgue member of the gelsolin superfamily alloying six gelsolin homology
domains and leucine-rich repeats. Flightless-| is an established regulator of the actin
cytoskeleton, however, its biochemical activities in actin dynamics are still largely elusive.
To better understand the biological functioning of Flightless-I we studied the actin
activities of Drosophila Flightless-I by in vitro bulk fluorescence spectroscopy and single
filament fluorescence microscopy, as well as in vivo genetic approaches. Flightless-I was
found to interact with actin and affects actin dynamics in a calcium-independent fashion
in vitro. Our work identifies the first three gelsolin homology domains (1-3) of Flightless-I
as the main actin-binding site; neither the other three gelsolin homology domains (4-6)
nor the leucine-rich repeats bind actin. Flightless-I inhibits polymerization by high-affinity
(~nM) filament barbed end capping, moderately facilitates nucleation by low-affinity
(~pwM) monomer binding, and does not sever actin filaments. Our work reveals that in
the presence of profilin Flightless-I is only able to cap actin filament barbed ends but fails
to promote actin assembly. In line with the in vitro data, while gelsolin homology domains
4-6 have no effect on in vivo actin polymerization, overexpression of gelsolin homology
domains 1-3 prevents the formation of various types of actin cables in the developing
Drosophila egg chambers. We also show that the gelsolin homology domains 4-6 of
Flightless-I interact with the C-terminus of Drosophila Disheveled-associated activator
of morphogenesis formin and negatively regulates its actin assembly activity.

Keywords: actin, gelsolin homology, Flightless-I, Drosophila, fluorescence

Abbreviations: C, C-terminus; CapG, macrophage capping protein; CC, coiled-coil; D, Diaphanous autoregulatory domain;
DAAM, Disheveled-associated activator of morphogenesis; DD, dimerization domain; DID, Diaphanous inhibitory domain;
FH, formin homology domain; Fli-I, Flightless-I; G, GTPase binding domain; GH gelsolin homology domain; GSN, gelsolin;
Lmod, Leiomodin; LRR, leucine-rich repeat; SALS-WH2, Wiskott-Aldrich Syndrome Homology 2 domains of Sarcomere
Length Short; TIREM, total internal reflection fluorescence microscopy.
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Pintér et al.

Flightless-I in Actin Dynamics

INTRODUCTION

The gelsolin (GSN) superfamily comprises actin-remodeling
proteins including gelsolin, Flightless-I (Fli-I), villin, adseverin,
macrophage capping protein (CapG), advillin and supervillin
that regulate diverse aspects of the actin cytoskeleton (reviewed
in Burtnick et al., 2001; Silacci et al., 2004; Ghoshdastider et al.,
2013; Nag et al., 2013). The eponymous member; gelsolin with six
gelsolin domains (Figure 1) is a Ca>*-regulated multifunctional
protein; it interacts with both filamentous and monomeric actin
and possesses barbed end capping, severing and nucleation
activities in vitro (Burtnick et al., 2001; Silacci et al., 2004;
Nag et al., 2013).

Fli-I was originally characterized in Drosophila melanogaster
as a protein product of the flightless-I gene associated
with developmental processes including cellularization and
organization of indirect flight muscle (Perrimon et al., 1989;
Campbell et al., 1993). Disruption of fli-I can cause lethality in
early embryogenesis and defects in actin-associated processes
in mouse, Drosophila and C. elegans indicating the essential
role of the protein in embryonic development (Campbell et al.,
1993; Campbell et al., 2002; Deng et al., 2007; Lu et al., 2008). In
contrast, homozygous null gelsolin (Witke et al., 1995), CapG
(Witke et al., 2001) or villin (Pinson et al., 1998; Ferrary et al.,
1999) mutant mice are viable and fertile. The vital role of Fli-I
is further supported by its tissue distribution that is the most
widespread amongst GSN family proteins; it is abundantly
expressed in skeletal and heart muscles, as well as in nerve cells
(Campbell et al., 1993; Campbell et al., 1997; Davy et al., 2000;
Nag et al., 2013). Fli-I is a well-established negative regulator
of wound healing and tissue regeneration (Cowin et al., 2007;
Cameron et al, 2016). The human protein is implicated in
epidermolysis bullosa and Smith-Magenis syndrome causing
developmental and behavioral abnormalities (Chen et al., 1995;
Kopecki et al., 2011).

Fli-I alloys domains from two protein families that endows it
with unique structural characteristics (Figure 1). The N-terminal
region is composed of tandem leucine-rich repeats (LRRs)
forming a protein-protein interaction domain. The C-terminal
half of the protein possesses six gelsolin homology (GH) domains
analogously to gelsolin. The LRR region of Fli-I has diverse
interaction partners and may participate in interconnecting
signaling and cytoskeletal reorganization events (Liu and Yin,
1998; Fong and de Couet, 1999; Goshima et al.,, 1999; Davy
et al., 2000), while the C-terminal GH domains are thought to
serve as a platform for actin interactions. Notably, the actin-
binding ability of Fli-I of human, mouse and C. elegans origin
has been demonstrated in vitro by pull-down and sedimentation
approaches in cell extracts, as well as with purified proteins (Liu
and Yin, 1998; Goshima et al., 1999; Li et al., 2008; Mohammad
etal., 2012). The association of Fli-I to actin-based structures was
confirmed in various cell lines and also in animal models (mouse,
Drosophila, C. elegans) (Davy et al., 2000, 2001; Campbell et al.,
2002; Deng et al., 2007; Li et al., 2008; Lu et al., 2008; Mohammad
etal,, 2012). The binding of Fli-I to both G-actin and F-actin was
suggested (Liu and Yin, 1998; Goshima et al., 1999; Mohammad
et al,, 2012). The respective contribution of the GH domains of

Fli-I to actin-binding has not been investigated, also its binding
strengths to G-, and F-actin are not known.

The actin interactions and activities of Fli-I do not seem
to rely on calcium in vitro, suggesting its different mode of
regulation comparing against the calcium-dependent activation
of gelsolin (Goshima et al., 1999; Mohammad et al, 2012).
Biochemical analysis revealed that Fli-I retards actin assembly
in bulk pyrenyl polymerization experiments and increases the
amount of unassembled actin at steady-state, leading to the
suggestion that Fli-I acts as a capping protein (Mohammad
et al., 2012; Arora et al,, 2015). The filament severing activity
of Fli-I was proposed based on the appearance of short actin
filaments in electron microscopy images in the presence of Fli-
I (Goshima et al., 1999). Actively promoting F-actin disassembly
by severing is expected to accelerate filament disassembly kinetics
in dilution induced bulk depolymerization experiments (Coue
and Korn, 1985; Kinosian et al., 1998; Toth et al., 2016). In
contrast, Fli-I failed to enhance the rate of filament disassembly
in such assays (Mohammad et al., 2012). Thus, albeit several
studies have already been performed regarding the effects of
Fli-I on actin dynamics, conflicting data exist in the literature;
the actin activities of Fli-I and the underlying mechanisms are
still largely elusive. To get further insights into the biological
functioning of Fli-I we aimed to analyze the biochemical activities
of recombinantly produced Drosophila proteins including the
gelsolin homology domains, as well as the leucine-rich repeat
segment. We took advantage of the combination of bulk
fluorescence spectroscopy and individual filament total internal
reflection fluorescence microscopy (TIRFM) approaches to
dissect the activities of different regions of Fli-I in the regulation
of actin dynamics. We also investigated the influence of Fli-I
on actin cytoskeleton in developing Drosophila egg chambers by
in vivo genetic approaches.

RESULTS

The Gelsolin Homology Domains of Fli-I
Interact With Actin and Affect Actin
Dynamics in a Calcium-Independent

Manner

Calcium-binding of full-length gelsolin is a prerequisite for
the activation of its actin interactions and activities (Burtnick
et al., 2001; Silacci et al., 2004; Nag et al., 2013; Feldt et al,
2019). Proteolytic cleavage of the protein at the caspase 3 site
results in a Ca?*-independent N-terminal (GH13) and a Ca?*
dependent C-terminal (GH46) halves (Figure 1) (Pope et al.,
1991; Kothakota et al., 1997; Silacci et al., 2004; Nag et al.,
2013). Comparative sequence analysis of gelsolin and Fli-I reveals
that most of the sequence elements responsible for the Ca?*-
induced activation of gelsolin (C-terminal helical latch, type 1 and
type 2 Ca®*-binding sites) are not conserved in Fli-I (Figure 2;
Goshima et al., 1999; Nag et al., 2013). Previous work did not
find any effect of Ca?™ on the actin interactions of Fli- proteins
from mouse and C. elegans, supporting that the actin activities
of Fli-I do not rely on Ca?*-binding (Goshima et al., 1999;
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FIGURE 1 | Domain organization of gelsolin and Flightless-l. Domain organization of gelsolin (GSN: 1-782 aa) and the Flightless-I constructs used in our study (Fli-I
GH16: 461-1256 aa, GH13: 461-881 aa, GH46: 851-1256 aa, LRR: 1-460 aa). The Figure was made by IBS 1.0.2 (Liu et al., 2015). Hs, Homo sapiens; Dm,
Drosophila melanogaster; GSN, gelsolin; Fli-I, Flightless-I; GH, gelsolin homology; L, GH3-GH4 linker region; LRR, leucine-rich repeat.
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FIGURE 2 | Comparative sequence analysis of the gelsolin homology domains of Fli-l and gelsolin from different species. UniProt IDs: Q13045 (Hs Fli-I), Q9JJ28
(Mm Fli-), Q24020 (Dm Fli-l), P06396 (Hs GSN), P13020 (Mm GSN), Q07171 (Dm GSN). The analysis was performed by ClustalX. Hs, Homo sapiens; Mm, Mus
musculus; Dm, Drosophila melanogaster; Flil, Flightless-I; GSN, gelsolin; GH, gelsolin homology.
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Mohammad et al., 2012). Based on the above, first we investigated
the actin interactions and activities of Drosophila Fli-I in the
absence and presence of calcium ions (Figure 3). A fragment
of Fli-I encompassing all the six gelsolin homology domains
(GST-GH16) was produced recombinantly as a GST fusion
protein, similar to previous approaches (Goshima et al., 1999; Li

et al., 2008; Mohammad et al., 2012; Figure 1). To dissect the
activities of the different regions of the protein, an N- (GST-
GH13), and a C-terminal (GST-GH46) GST-tagged segment
corresponding to the caspase 3 proteolytic fragments of gelsolin,
as well as the isolated leucine-rich repeat region (GST-LRR) were
investigated (Figure 1).
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Gelsolin is known to bind monomeric actin and forms a
GA; (1 GSN:2 G-actin) complex in a Ca®>*-dependent fashion
(Coue and Korn, 1985; Selden et al.,, 1998; Nag et al., 2013).
Consistently, by monitoring the steady-state anisotropy of
fluorescently labeled G-actin (0.2 wM Alexa488NHS-G-actin) we
found that GSN binds weakly to monomeric actin in the absence
of Ca®’t (1 mM EGTA condition), while the addition of CaCl,
(I mM) profoundly strengthens the interaction (Figure 3A).
The break-point titration is consistent with the 1 GSN:2 G-actin
stoichiometry, as well as with the high-affinity of the complex.
The addition of Fli-I GST-GH16 to monomeric actin, even
in the absence of CaCl, (1 mM EGTA condition) resulted
in a significant increase in anisotropy from ~0.136 (in the
absence of GST-GH16) to ~0.150 (in the presence of ~1 uM
GST-GH16; the maximum amount of protein that could be
tested in these experiments) (Figure 3B). This result suggests
a direct binding between the gelsolin homology domains of
Fli-I and G-actin in agreement with previous reports (Liu and

Yin, 1998; Goshima et al, 1999; Mohammad et al., 2012).
A similar response in a broader concentration range could be
detected in the case of Fli-I GST-GH13 (Figure 3B). The fit of
the anisotropy data gave a dissociation equilibrium constant of
Kp(pli—-1 GST-GH13) = 576 4 182 nM of the Fli-I GST-GH13:G-
actin complex (Figure 3B, Eq. 3). Analysis of the [GST-Fli-
I] dependence of the anisotropy measured in the presence of
CaCl, (1 mM) revealed a similar binding trend and affinity as
detected in the absence of the divalent cation, indicating that the
interaction of Fli-I with G-actin is not affected by the presence
of Ca?t (Kp(rii—1 GsT—GH13) = 638 £ 152 nM, Figure 3C).
No significant change in anisotropy was found when Fli-I GST-
GH46 (~2 wM) was added to G-actin; either in EGTA or CaCl,
conditions suggesting the lack of actin interaction of this region
(Figures 3B,C).

Subsequently, the calcium-response of the effects of Fli-I
on actin assembly was monitored in pyrenyl polymerization
experiments (Figures 3D-F). In control measurements, we

relative polymerization rate
relative polymerization rate

0 500 1000
time (s)

1500 T 500

= < 0.001.

A B (o
BB o L =ilie =i = 0185 EGTA 0ACE - CaC] Pt
> ! [} > i _. = -
5071? f CacCl, gmso e~ -& §o_1ao . s
g @ 20155 . Bo1sst 7
c0.16- ! £ N = %
e ! ©0150 @ 0 0.150 |
S5 ! i L © d
B © 0.145 ?0.145 @
=) ® = = | @
©0.14 EGTA % 0,140 Fli- GH16 8 01402 Fli-l GH16
W ‘ _________ ® = Fli-l GH13 w ® Fli-l GH13
0.1 s i L 0.13 Fli- GH46 0.1 Fli-l GH46
0 200 400 600 800 1000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
[GSN] (nM} [Flightless-I] (nM) [Flightless-I] (nM)
D E F
3B —— 35 3.0
5 - actin EGTA 30: actin CaCl, EGTA
0/ GSN [ GSN 2.5/
" Fli-l GH16 | Fli-l GH16 CaCl,
25" Flid GH13 S| Fli-l GH13 -
20| Fli- GH46 20: Fli-l GH46
15| i

time (s)

FIGURE 3 | The gelsolin homology domains of Flightless-I influence actin dynamics in a Ca?*-independent manner. (A) Steady-state anisotropy of
Alexa488NHS-G-actin (0.2 M) as a function of [GSN] in the presence of 1 mM EGTA (Ca?*-free condition) or 1 mM CaCl,. Black dashed lines show the linear fits
to the data measured at low and high [GSN]. The breakpoint was found at [GSN] = 140.05 nM indicating a ~1 GSN:2 G-actin stoichiometry. Data are shown as
mean =+ SD, n = 3. (B,C) Steady-state anisotropy of Alexa488NHS-G-actin (0.2 wM) as a function of [GST-Fli-I] in the presence of 1 mM EGTA (Ca2*-free condition)
(B) or 1 mM CaCl, (C). Red dashed lines show the fit of the data according to Eq. 3. The fit gave the following dissociation equilibrium constants: Kpi-|

GST-GH13) = 576 +£ 182 nM (1 mM EGTA), KD(FIH GST-GH13) = 638 + 152 nM (1 mM CaCIZ) Data are shown as mean + SD, n = 3. (D,E) Representative pyrenyl
emission kinetics recorded in the absence or presence of GST-Fli-I (5 nM) or GSN (5 nM) and in the presence of 1 mM EGTA (D) or 1 mM CaCl, (E). Conditions: 2.5
1M actin (5% pyrenyl labeled). (F) Relative polymerization rates derived from pyrenyl transients shown on panels (D,E). Data are shown as mean + SD, n = 2-4.
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found that gelsolin (5 nM) does not significantly affect actin
polymerization in a Ca’*-free environment (1 mM EGTA
condition), while it accelerates actin assembly kinetics in the
presence of CaCl, (1 mM) (2.46 + 0.19-fold increase, n = 2-
3, p = 0.001) (Figures 3D-F; Yin and Stossel, 1979; Coue
and Korn, 1985; Kis-Bicskei et al., 2018). In contrast to the
calcium-dependent polymerization promoting effect of GSN,
Fli-I GST-GH16 (5 nM) inhibited actin assembly to the same
extent both in the absence and presence of Ca’t (n = 2-
3, p = 0.554) (Figures 3D-F). The inhibitory effect of Fli-I
on the rate of actin polymer formation is in agreement with
previous reports (Mohammad et al,, 2012). Qualitatively and
quantitatively the same response was detected for Fli-I GST-
GHI13 (5 nM) (Figures 3D-F). Whereas Fli-I GST-GH46 (5 nM)
did not have any effect on actin assembly, independently from the
presence of calcium (n = 3, p = 0.976) (Figures 3D-F).

Altogether, these observations support that in contrast to
gelsolin, the actin-related activities of Fli-I are not regulated by
Ca?*-binding. On the other hand, it is important to note that
the GH13 region of Fli-I seems to be responsible for the G-actin
interaction and the actin assembly inhibition activities of the
gelsolin homology domains of the protein.

The Gelsolin Homology Domains of Fli-I
Affect Actin Assembly From Free G-Actin
That Relies on the GH13 Regions

To address the biochemical activities of Fli-I in actin dynamics,
the effects of Fli-I on actin assembly kinetics from free
G-actin were further investigated in bulk pyrenyl polymerization
experiments (Figure 4). The data revealed that the effects of Fli-
I GST-GH16 on polymer formation from free G-actin follow
a biphasic concentration-response. At lower concentrations
(<~10nM) it inhibits actin polymerization; in contrast, at higher
concentrations of Fli-I GST-GH16 (>~25 nM) the inhibition was
less pronounced (Figures 4A,E). We found that Fli-I GST-GH13
can influence actin dynamics in a qualitatively and quantitatively
similar manner as Fli-I GST-GH16 (Figures 4B,E). Larger
concentrations of GST-GH13 (>~100 nM) even accelerates
polymerization above the spontaneous rate (Figures 4B,E).
Based on the tendency; this behavior would be expected of
GST-GH16 if higher concentrations could be tested in the
experiments. In contrast, the GST-GH46 region does not affect
actin polymerization in the concentration range in which the
two other fragments of Fli-I were tested (Figures 4C,E). These
results are consistent with our previous data and demonstrate
that the actin activities of Fli-I GST-GH16 are reconstituted by the
GST-GH13 segment, while the GST-GH46 region is not able to
interact with actin. Moreover, the biphasic nature of the effect of
Fli-I GST-GH13/GST-GH16 on polymerization kinetics suggests
multiple activities in actin dynamics.

We also tested whether the isolated leucine-rich repeat of Fli-I
interacts with actin. In steady-state anisotropy measurements, no
significant change was detected upon titration of G-actin (0.2 uM
Alexa488NHS-G-actin) with Fli-I GST-LRR (r = 0.130 = 0.001
in the absence of GST-LRR and r = 0.130 + 0.001 in
the presence of 800 nM GST-LRR). Also, Fli-I GST-LRR

does not affect actin assembly in bulk pyrenyl polymerization
experiments (Figures 4D,E). These observations indicate that
similarly to GH46, the isolated LRR does not interact with actin
(Liu and Yin, 1998).

The Gelsolin Homology Domains of Fli-I
Inhibit Actin Filament Growth by Barbed
End Capping

The polymerization inhibition that we observe at low nM
concentrations of Fli-I reflects high-affinity interactions and
can result from the prevention of subunit addition to filament
ends. This can be manifested by capping through filament
end interactions, but also by sequestration upon binding to
monomeric actin. On the other hand, some proteins by
interacting with fluorescently labeled actin (e.g., by pyrene,
TIAEDANS) can modify its structural properties resulting
in a change in the spectral characteristics of the actin-
bound fluorophore (e.g., Leiomodin (Lmod), Wiskott-Aldrich
Syndrome Homology 2 domains of Sarcomere Length Short
(SALS-WH2) (Toth et al., 2016; Szatmari et al., 2017). This effect
could result in an apparent change in pyrenyl kinetics even in the
absence of any functional effects on actin polymerization.

To elaborate on the mechanisms underlying the
polymerization inhibition activity of Fli-I, actin assembly
was visualized at the level of individual polymers by using total
internal reflection fluorescence microscopy (Figures 5A,B). In
control samples, polymers were nucleated spontaneously and
elongated at a rate of v = 4.61 = 0.36 subunit x s (n =23) that
corresponds to the well-established barbed end association rate
constant of free G-actin (ky = 11.53 £ 0.90 uM~!s~1; Pollard,
2007; Bugyi and Carlier, 2010). Addition of Fli-I GST-GH16
(10 nM) to actin resulted in almost complete inhibition of
polymer growth (0.24 4 0.10 subunit x s~1, n = 39, p < 0.0001).
Consistently with the observations made in the fluorescence
spectroscopy experiments, the effects of Fli-I GST-GH16 on
polymer assembly can be recapitulated by Fli-I GST-GH13; as 10
nM GST-GH13 resulted in a similar inhibition as observed for 10
nM GST-GH16 (v=0.28 & 0.12 subunit x s}, n = 33,p=0.158).
Also, we found that Fli-I GST-GH46 does not have significant
effect on polymer growth rate in TIRFM assays (v = 4.56 £ 0.30
subunit x s~!, n = 20, p = 0.589). Altogether, the TIRFM
data support the results obtained from pyrenyl fluorescence
experiments: low amounts of Fli-I inhibits actin assembly and
this activity relies on the GH13 segment of the protein.

Based on the experimental conditions in our TIRFM
assays (0.5 wM free G-actin; below the pointed end critical
concentration), actin polymer growth is dominated by barbed
end assembly. Considering the dissociation equilibrium constant
of the GST-Fli-I:G-actin interaction derived from anisotropy
measurements (Figures 3B,C), 10 nM Fli-I - which causes
polymer growth inhibition in TIRFM experiments - is expected
to bind to ~1% of the G-actin; ie., ~5 nM. This would
result in a negligible reduction (~1.4%) in the polymer
growth rate as predicted by Eq. 4. Thus, G-actin sequestration
that relies on monomer binding by Fli-I does not explain
the marked polymerization inhibition observed at nanomolar
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protein concentrations. Consequently, our data point toward
barbed end related activities. To experimentally address this issue,
the end-to-end annealing of preformed, mechanically fragmented
filaments was monitored by dual-color TIRFM (Figures 5C,D).
In the absence of Fli-I the spontaneous lengthwise association,
i.e,, annealing of the actin filament fragments was supported
by the increase in filament length with time, as well as
by the appearance of spectrally inhomogeneous filaments. In
the presence of either Fli-I GST-GH16 or GST-GHI13 (120
nM) the filaments remained short and were characterized by
homogeneous fluorescence emission indicating that annealing
is inhibited by these constructs. No such inhibitory effect was
detected when Fli-I GST-GH46 was added to actin, in agreement
with our previous observations.

Collectively, these data show that Fli-I possesses a filament end
capping activity and support that the inhibition of actin assembly
by Fli-I results from the prevention of actin incorporation at
the barbed ends.

The Gelsolin Homology Domains of Fli-I
Do Not Sever Filaments but Facilitate the

Formation of Nucleation Intermediates
Pyrenyl polymerization experiments revealed that the addition
of larger amounts of Fli-I resulted in facilitated polymerization

(Figures 4A,B,E) that might result from cutting of the actin
filaments thereby generating more ends for elongation (severing)
and/or enhanced nucleation. To test the severing ability of Fli-I,
dilution-induced bulk disassembly kinetics measurements were
performed (Figures 6A,B). In control experiments we found
that the spontaneous disassembly of actin filaments is relatively
slow, in contrast, gelsolin (5 nM, in the presence of 1 mM
CaCl,) accelerated disassembly kinetics by ~50-fold consistently
with its severing activity (Figures 6A,B; Kinosian et al., 1998;
Nag et al,, 2013; Toth et al., 2016). In the presence of GST-
Fli-I at a concentration that can enhance actin polymerization
in pyrenyl fluorescence experiments (105 nM, Figure 4E)
no significant increase in the rate of filament disassembly
was observed as compared to spontaneous depolymerization,
neither in the absence (data not shown) nor in the presence
of 1 mM CaCl, (Figures 6A,B). As an alternative approach,
the disassembly efficiency of gelsolin and GST-Fli-I was also
visualized in TIRFM experiments by adding the proteins to
preassembled filaments (Figures 6C,D). The disassembly activity
was quantified by measuring the area covered by filamentous
actin after 5 min following gelsolin or GST-Fli-I addition.
The presence of gelsolin (0.5 nM, in the presence of 1 mM
CaCl,) resulted in a marked decrease in the filament area as
compared to the control (Ascin = 337.47 £ 84.92 pwm?, n = 10,
Agsn = 165.95 £+ 49.05 umz, n =12, p < 0.0001). In contrast,
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addition of either the GST-GH16 or GST-GH13 fragments of Fli-
I (105 nM) did not influence significantly this parameter (Apj—1
GST_GHI16 = 373.44 + 38.458 pm?, n = 14, p = 0.224, Agj;_|
GST—GHI3 = 370.31 £ 54.58 um?, n = 12, p = 0.373). Based
on these results, we conclude that, in contrast to gelsolin, the
gelsolin homology domains of Fli-I do not possess actin filament
severing activity.

Considering the monomer binding ability of Fli-I revealed
by anisotropy measurements, we hypothesized that the assembly
promoting activity of Fli-I results from its ability to de novo
nucleate actin filaments, similarly to gelsolin (Burtnick et al,
2001; Nag et al, 2013; Kis-Bicskei et al., 2018). To test the
nucleation ability of Fli-I the number of actin filaments formed
in the absence or presence of Fli-I GST-GH16 was measured

at steady-state by TIRFM (Figures 6E,F). For this purpose,
actin filaments were allowed to form spontaneously or in the
presence of a relatively high concentration of Fli-I GST-GH16
(800 nM) overnight, followed by phalloidin stabilization and
dilution. In the absence of Fli-I GST-GHI16, the number of
actin filaments was found to be N = 11.78 £ 5.12, while Fli-
I GST-GHI16 increased this parameter significantly by ~4-fold
(N = 49.06 + 15.20, p < 0.0001) (Figure 6F). On the other
hand, the steady-state filament length was markedly reduced in
the presence of Fli-I GST-GH16 as compared to the control,
further supporting the polymerization inhibitory activity of Fli-
I (Figure 6G). Due to the inhibited lengthening of the filaments
by Fli-I, the size of some filaments may be under the resolution
limit of the microscope, therefore filament number is expected
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pyrenyl polymerization experiments, we found that both
Fli-1 GST-GH16 and GST-GHI13 inhibit the assembly of
profilin:G-actin at subnanomolar concentrations (Figures 7A-
D). However, in contrast to their effects on the assembly of free
G-actin, they failed to increase the bulk polymerization rate
of profilin:G-actin at higher concentrations. The analysis
of the GST-Fli-I concentration dependence of the bulk
polymerization rate gave half-inhibitory concentration values
of ICso(rli—1 GsT—GH16) = 0.93 £ 0.12 nM and ICso(Fli—1
GST—GH13) = 0.13 £ 0.01 nM (Figure 7D, Eq. 1). These data

to be underestimated in our experiments. Thus, it appears that
when present at relatively high concentrations, Fli-I can promote
actin assembly at a moderate level by facilitating the de novo
formation of nucleation intermediates that is attributed to its
relatively low-affinity monomer binding.

Profilin Supports Barbed End Capping
but Interferes With Monomer Binding of
Fli-1

Cellular actin structures are built from profilin:G-actin (PA),
therefore we aimed to investigate whether the presence of
profilin influences the actin assembly activities of Fli-I. In

indicate that Fli-I prevents the assembly of profilin:G-actin
with high-affinity barbed end capping. Similar to the lack
of the effect of Fli-I GST-GH46 on actin assembly from free
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G-actin, this construct failed to influence the polymerization of
profilin:G-actin (Figures 7C,D).

Dual-color TIRFM experiments performed to study
profilin:G-actin  assembly corroborated our observations
made in spectroscopic assays (Figures 7E,F). Polymer growth
(Figure 7E, green portion) was observed from preformed F-actin
seeds (Figure 7E, magenta portion) both in the absence and
presence of Fli-I. In control samples, profilin:G-actin assembled
at the barbed ends of preformed F-actin actin seeds at a rate of
vpa = 3.14 & 0.58 subunit x s~ (n = 37) that is consistent with
the slightly reduced association rate constant of profilin:G-actin
to the barbed ends as compared to free G-actin (ki = 7.86 £ 1.45
subunit x s~!; Barko et al.,, 2010; Toth et al., 2016; Vig et al.,
2017; Figure 7F). In the presence of Fli-I GST-GH16 (10 nM) or
GST-GH13 (10 nM) the number of elongating barbed ends, as
well as the rate of profilin:G-actin association to F-actin seeds was
severely reduced [vp;—1 gsT—GHI16 = 0.45 £ 0.14 subunit X s71
(n=62,p <0.0001), Vgji—1 GST—GH13 = 0.46 &£ 0.23 subunit x s7!
(n =57)] (Figures 7E,F).

The lack of the polymerization promoting effect that we detect
in the presence of profilin indicates that the interaction of Fli-
I with monomeric actin is modulated by profilin. To test this,
the steady-state anisotropy of fluorescently labeled actin (0.2 pM
Alexa488NHS-G-actin) in complex with profilin (4 wM) was
measured upon titration with Fli-I GST-GH13 (Figure 7G). The
analysis revealed that the binding strength of Fli-I GST-GH13 to
profilin:G-actin is markedly reduced (Kp(pi—1 gsT—GH13) > 4
wM) as compared to that of free G-actin (Kppi—1 GST—GH13)
~500-600 nM, Figures 3B,C, 7G). These observations are
consistent with the ability of profilin to inhibit Fli-I:G-actin
interaction and suggest that Fli-I and profilin bind to monomeric
actin in a competitive fashion.

The Influence of the GST Fusion on the

Actin Activities of Fli-I

Although previous studies (Goshima et al., 1999; Li et al,
2008; Mohammad et al., 2012), as well as our initial set
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pyrenyl labeled), [profilin] = 6 WM. Dashed line shows the fit to the data (Eq. 1). The

representative pyrenyl fluorescence emission kinetics recorded in the absence or presence of different concentrations of Fli-l GH16. Conditions: 2.5 wM actin (5%

fit gave ICso(Fi-igH16) = 6.92 £ 0.08 nM. ***p < 0.0001.

of experiments, were carried out by using GST-tagged Fli-I
proteins, as an additional control, we wanted to check the
potential of GST to influence the activities of Fli-I on actin
dynamics (Figure 8). We found that Fli-I GH16 lacking
the GST-tag inhibits actin assembly kinetics in a calcium-
independent fashion, and also the end-to-end annealing of actin
filaments at nM concentrations (Figures 8A-D). This is nearly
identical to our results with the GST fusion construct, and
therefore these observations corroborate the high-affinity barbed
end capping of the native gelsolin homology domains of Fli-
I. However, higher concentrations of the tag-free Fli-I GH16
(~1 wM, the maximum amount that could be tested in the
experiments) only modestly increased the rate of pyrenyl actin
assembly (Figure 8A, inset dark blue curve), which is weaker
than the apparent polymerization promoting effect observed
for Fli-1 GST-GH16 (Figures 4A,E). Although no complete
assembly inhibition was observed, the polymerization rate was

decreased to ~20% by the cleaved construct (Figure 8A).
A similar residual ~20% polymerization activity was detected
in the interim regime (~5-10nM) in the presence of Fli-I
GST-GH16 (Figure 4E, inset). To test for G-actin interaction
directly, we performed steady-state anisotropy measurements
and revealed that, similar to Fli-I GST-GH16, Fli-I GH16 can
bind to G-actin, but the removal of the GST-tag attenuates the
interaction (Figure 8E). Due to the limitation of applying higher
protein concentrations, we could not record enough data points
for reliable quantitative analysis. Nevertheless, we estimate that
the interaction is characterized by an affinity in the few WM range.
We also found that the tag-free Fli-I GH16 inhibits completely
the assembly of profilin:G-actin (Figure 8F). The half-inhibitory
concentration was found to be ICsq(pli—1GH16) = 6.92 £ 0.03 nM
(Figure 8F, Eq. 1). This value is somewhat larger than that of Fli-
I GST-GH16; still, it is important to emphasize that it reflects a
high-affinity barbed end interaction.
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FIGURE 9 | The GH46 domains of Flightless-I interact with the C-terminus of DAAM and negatively regulate its actin assembly activities. (A) Domain organization of
the DAAM constructs used in our study (DAAM FH1FH2: 552-1054 aa, DAAM FH1FH2-DAD-CT: 552-1153 aa). G, GTPase binding domain; DID, Diaphanous
inhibitory domain; DD, dimerization domain; CC, coiled-coil; FH, formin homology domain; D, Diaphanous autoregulatory domain; C, C-terminus. (B,C)
Representative pyrenyl emission kinetics recorded in the absence or presence of DAAM FH1FH2-DAD-CT or DAAM FH1FH2 at different concentrations of Fli-|
GST-GH46. Conditions: 2.5 wM actin (5% pyrenyl labeled), [DAAM] = 250 nM. (D) Relative polymerization rates as a function of [Fli-l GST-GH46]. Black dashed line
shows the fit of the data according to Eq. 2. The fit gave dissociation equilibrium constant of Kp = 255 + 189 nM.

These results indicate that caution is highly recommended
when interpreting data gathered with GST-tagged proteins.
Whereas no qualitative difference was found, it appears
that the quantitative nature of the in vitro G-actin and
filament end interactions of Fli-I are influenced by the
GST tag. This effect might be explained by GST-mediated
stabilization of the protein structure or GST-facilitated
dimerization (Gould et al., 2011; Bell et al., 2013; Zhao
et al., 2013). Nonetheless, based on the above comparison of the
in vitro properties of the GST-tagged versus GST-cleaved
versions of Fli-I GHI16 we conclude that the calcium-
independent high-affinity barbed end capping activity and
the lower-affinity monomer binding ability of the gelsolin
homology domains are retained in the native, GST cleaved
state, and for this reason, our major conclusions do not
require modifications.

The GH46 Domains of Fli-l Interact With
the C-Terminus of DAAM and Negatively
Regulate Its Actin Assembly Activities

In the above experiments, we did not detect any direct actin
interactions or activities of the GH46 domains of Fli-I. Previously,
the GH46 region of the human Fli-I protein was shown
to interact with the C-terminal Diaphanous autoinhibitory
domain (DAD) of human mDial and Disheveled-associated
activator of morphogenesis (Daam) 1 formins in vitro, and
proposed to enhance their actin assembly promoting activities

(Higashi et al., 2010). The interaction was found to be specific
to Fli-I since the binding was not detected for the GH46
domains of gelsolin. Based on this we sought to investigate
the effects of Fli-I GST-GH46 on Drosophila DAAM catalyzed
actin assembly. An N-terminally truncated, constitutively active
DAAM construct comprising the formin homology (FH)
domains, FH1 and FH2 and the C-terminal DAD-CT regions
(FH1FH2-DAD-CT), as well as the isolated DAAM FH1FH2
domains, were studied in pyrenyl polymerization experiments
(Figure 9A; Matusek et al., 2008; Barko et al., 2010; Vig et al,,
2017). Our previous work showed that the FH1FH2-DAD-
CT of DAAM is more potent in promoting actin assembly
as compared to FH1FH2 due to the presence of the DAD-
CT region (Vig et al, 2017; Figures 9B,C). We found that
while Fli-I GST-GH46 does not influence FHIFH2-mediated
actin polymerization, it inhibits the DAAM FH1FH2-DAD-CT-
catalyzed actin assembly in a concentration-dependent fashion
(Figures 9B,C). At maximum saturation, the assembly rate
corresponded to that of characteristic to DAAM FHI1FH2
(Figure 9D). Analysis of the data gave the dissociation
equilibrium constant of the Fli-I GST-GH46:DAAM interaction
of Kp = 255 =+ 189 nM (Eq. 2).

These results indicate that Fli-I GST-GH46 binds to DAAM
through the DAD-CT region, which is in agreement with
previous findings (Higashi et al, 2010) and reveal that the
interaction is conserved from fruitfly to human. On the other
hand, our data suggest that the binding of Fli-I to DAAM inhibits
the contribution of DAD-CT to the actin assembly promoting
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activity of FH1FH2 (Vig et al., 2017) and thereby negatively
regulates the effect of DAAM on actin polymerization.

Fli-1 GH13 Disrupts the Actin
Cytoskeleton in vivo

To assess the in vivo significance of our in vitro findings, we tested
the effect of Fli-I overexpression in developing Drosophila egg
chambers. A wild type egg chamber is composed of 16 germ cells
(the oocyte and 15 nurse cells) surrounded by the somatic follicle
cells forming a single cell layer around the oocyte and the nurse
cells (Figures 10A,A’). Stage 10B egg chambers contain various
types of actin-rich structures such as a prominent cortical actin
network, ring canals and a nuclear positioning stress fiber-like
system in the nurse cells (Figures 10A,A’). Because Fli-I is not
known to contribute to the formation of these actin structures
(Perrimon et al., 1989; Campbell et al., 1993), the egg chamber
appeared as a suitable model system to study the consequences
of ectopic expression of Fli-I in an in vivo system. To this end,
we created transgenic lines for Fli-1 GH16, GH13 and GH46
under UAS control and expressed the proteins with mat-tub4-
Gal4 in the germline cells of the ovary. Overexpression of a
UAS-LacZ control line had no effect on actin organization of the
egg chambers (n = 45) (Figures 10B,B’), whereas that of GH16
(n = 39) and GH13 (n = 42) caused a severe disruption of the
cortical actin network of the nurse cells in every egg chamber
examined, often resulting in giant nurse cells with multiple nuclei
due to fusion of their cytoplasm (Figures 10C-D’). In addition,
we observed markedly reduced actin accumulation around the
ring canals and largely reduced levels of the nuclear positioning
actin cables (Figures 10C-D’). By contrast, expression of GH46
did not influence actin organization in the nurse cells or the
oocyte (n = 43) (Figures 10E,E’). These observations suggest that
the presence of GH13 interferes with the formation of various
types of actin cables, while GH46 has no such an effect. This
effect of GH13 is entirely consistent with the in vitro barbed
end capping activity of GH13 that provides a plausible molecular
mechanism for the in vivo effect. Thus, we conclude that our
in vitro and in vivo data both support that of the truncated Fli-
I GH domains GH13 is a potent inhibitor of actin polymerization
whereas GH46 does not contribute to actin interaction.

DISCUSSION

We have analyzed the activities of Drosophila Fli-I in actin
dynamics in vitro by using a combination of bulk fluorescence
and individual filament approaches. We found that the
gelsolin homology domains of Fli-I possess calcium-independent
activities in the regulation of actin dynamics, in agreement
with previous reports (Figure 3; Goshima et al, 1999;
Mohammad et al, 2012). The experimental data agree well
with the bioinformatics analysis that predicts the lack of the
conservation of structural elements in Fli-I essential for the
calcium-dependent regulation of gelsolin (Goshima et al., 1999;
Mohammad et al., 2012; Nag et al., 2013; Figure 2). The calcium
insensitivity of the Fli-T:actin interaction suggests that the gelsolin
homology domains of Fli-I adopt a conformation different

from that of gelsolin, in which the actin-binding interface is
constitutively exposed.

We showed that gelsolin homology domains of Fli-I interact
directly with both actin filaments and monomers (Figures 3-
6; Liu and Yin, 1998; Goshima et al., 1999; Mohammad et al,,
2012). Importantly, our work reveals that the F-actin and G-actin
binding of Fli-I is characterized by markedly different affinities
in the ~nM and ~pM range, respectively. The magnitude of the
actin affinities of Fli-I agrees well with the preferential association
of the protein to F-actin against G-actin detected in 3T3 and
293T cell lysates (Li et al., 2008; Mohammad et al., 2012). The
binding strength but not the qualitative nature of the interaction
between Fli-I GH16 and actin is influenced by the GST fusion
of the protein (Figure 8). This indicates that GST may influence
the folding of the protein and/or promote the ability of Fli-I
to dimerize (Gould et al., 2011; Bell et al., 2013; Zhao et al.,
2013). Our work identifies the GH13 domains as the main actin
interacting region of Fli-I, since neither the C-terminal GH46
domains nor the leucine-rich repeat region at the N terminus
associates to actin (Figures 3-6). Bioinformatics analysis predicts
that residues responsible for gelsolin:actin interactions show a
rather weak similarity in Fli-I, with the highest conservation in
the GH1 domain (Figure 2). In agreement with our observations,
previous investigations found that the GH1 truncated human
Fli-I, GH26 did not influence the level of steady-state pyrenyl
fluorescence suggesting the critical importance of GH1 in actin
interaction (Arora et al., 2015). Also, the human Fli-I protein
carrying the E586K mutation in the GH1 domain failed to
coimmunoprecipitate with actin in 293T cells (He et al., 2018).
Based on these considerations the GH1 domain of Fli-I is likely
to be the main actin-binding site of the protein.

Our work suggests that the multifunctional nature of gelsolin
is not characteristic of Fli-I. The analysis of the activities of
Fli-I at the level of individual filaments demonstrates that, as a
functional consequence of the high-affinity actin interaction, Fli-
GH16 inhibits actin filament elongation by efhiciently capping
filament barbed ends (Figure 5). Although C. elegans Fli-I was
proposed to possess filament severing activity based on the
appearance of short actin oligomers on electron microscopy
images (Goshima et al., 1999), we have not found any evidence
for an actin filament severing by Fli-I (Figure 6). As an alternative
explanation barbed end capping and limited filament elongation
would also result in short actin filaments as we observed in
TIRFM experiments (Figures 5, 6). Severing by gelsolin requires
the concerted targeting of both its GH1 and GH4 domains
to subunit:subunit interfaces at the opposite sides of the actin
filament that imposes simultaneous steric clashes competing off
the intersubunit interactions (Nag et al., 2013). Besides, the type
1 calcium binding sites of gelsolin may also contribute to severing
by disrupting the intersubunit cation binding site (Glul67) of
actin (Nag et al, 2013). From this aspect, the lack of actin
binding by GH46 and conservation of the type 1 calcium binding
sites in Fli-I already predicts that this protein is very unlikely
to possess a severing activity, and this is entirely confirmed by
our experimental results. We observed that Fli-I can moderately
facilitate the formation of nucleation intermediates due to its
low-affinity binding to monomeric actin (Figure 6). Importantly,
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FIGURE 10 | The effect of the gelsolin homology domains of Fli-| on actin organization in Drosophila egg chambers. (A,A’) Actin organization in nurse cells of a wild
type Drosophila egg chamber in stage 10B is characterized by the presence of cortical actin (yellow arrows), ring canals (red arrowheads) and cytoplasmic actin
cables growing from the plasma membrane to the nucleus. Actin is shown in (A) in grayscale, an overlay of DAPI (in cyan) and actin (in red) are shown in (A’). (B,B’)
Maternal expression of a UAS-lacZ control does not affect actin organization in the nurse cells. (C-D’) Maternal expression of UAS-FIi-l GH16 (C,C’) or UAS-FIi-I
GH13 (D,D’) severely impairs cytokinesis in the nurse cells resulting in fused cells with reduced cortical actin level, ring canals are not evident and the nuclear
positioning cytoplasmic actin cables are also missing. (E,E’) By contrast, in UAS-Fli-l GH46 expressing egg chambers actin organization is not altered as compared
to wild type. Anterior edge of the oocyte is visible on the right side of each panel; anterior is on the left, posterior is on the right. Scale bar = 50 pm.
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profilin interferes with the monomer binding of Fli-I; therefore
in the presence of profilin Fli-I is only able to cap actin
filament barbed ends but fails to promote actin assembly from
profilin:actin (Figure 7). The negative influence of profilin on the
Fli-I:G-actin interaction indicates that the actin-binding sites of
profilin and Fli-I are likely to overlap. High-resolution structural
analysis showed that the GH1 of gelsolin binds in the barbed
end groove of actin subdomains 1 and 3 at a site that is shared
by profilin (Schutt et al., 1993; Burtnick et al., 2004; Nag et al.,
2009). Hence, these data suggest that the GHI region of Fli-I
adopts a similar binding mode to actin as gelsolin. Collectively,
our biochemical analyses indicate that the most prominent actin
interaction of Fli-I is the high-affinity filament end binding
that endows the protein with barbed end capping activity. In
accordance with this, while GH46 has no effect on in vivo actin
polymerization, as expected from the excess of a barbed end
capping protein, overexpression of GH13 prevents the formation
of various types of actin cables in the developing Drosophila egg
chambers (Figure 10).

Although Fli-I GH46 does not interact with actin, we found
that it influences formin-mediated actin assembly in vitro
(Figure 9). Fli-I GH46 inhibits actin assembly catalyzed by
DAAM FHI1FH2-DAD-CT but does not affect that of mediated
by DAAM FHI1FH2. These observations indicate that Fli-I
GH46 interacts with the C-terminal DAD-CT region of DAAM,
corroborating previous studies (Higashi et al., 2010). Our work
reveals that the binding strength of the interaction falls in
the submicromolar range. The functional consequence of this
interaction remains to be elucidated. DAD is involved in the
RhoGTPase-dependent regulation of the activities of DAAM
through its association to the N-terminal Diaphanous inhibitory
domain (DID) (Liu et al., 2008; Vig et al., 2017). This led to the
proposal that the Fli-I:DAAM interaction may interfere with this
autoinhibitory mechanism and thereby promotes the activation
of DAAM (Higashi et al., 2010). Contrasting to this prediction,
in our in vitro system Fli-I had an inhibitory effect. DAD-CT is
involved in the interaction of DAAM with both actin monomers
and filament ends and positively regulates the nucleation and
elongation activities of the protein in vitro (Vig et al., 2017). This
can provide a plausible explanation for our in vitro observations.
Because in vitro in the absence of the DID domain the Fli-
I/DAD-CT interaction might be more stable than the presumably
transient interaction in vivo, further investigations are needed
to resolve this issue. Nevertheless, other functional alternatives
can also be considered. We have formerly shown that the DAD-
CT region is important in microtubule interaction, as well as in
the actin filament:microtubule coalignment activity of DAAM
(Szikora et al., 2017). Based on this, one can hypothesize that
the Fli-I.DAAM interaction has a role in the regulation of
the microtubule cytoskeleton or the actin:microtubule cross-
talk. In support of this, Fli-I was localized to both actin and
microtubule-based structures in Swiss 3T3 fibroblasts (Davy
et al, 2001). Thus, besides its activities directly targeting
actin, the GH46:DAAM interaction can provide an indirect
way for Fli-I to regulate actin dynamics and/or to extend its
activities toward the microtubule cytoskeleton through a formin-
mediated pathway.

MATERIALS AND METHODS

Protein Expression and Purification

The cDNAs of Drosophila melanogaster Flightless-I subfragments
were cloned into pGEX-6P1 vector (GH1-6: 461-1256 aa)
and into pGEX-2T vector (GH1-3: 461-881, GH4-6: 851-
1256, LRR: 1-460). Flightless-I constructs were expressed as
glutathione S-transferase (GST) fusion proteins in Escherichia
coli BL21(DE3)pLysS strain (Novagen). The transformed bacteria
were grown at 37°C in Luria Broth (Lennox) EZMix™
powder microbial growth medium (Sigma-Aldrich) overnight.
Protein expression was induced with 0.5 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) at ODggp ~0.6-0.8. After
overnight expression at 20°C the bacterial pellet was collected
by centrifugation (Hermle Z326K; 10,000 g, 10 min, 4°C) and
stored at ~20°C until use. For protein purification the bacterial
pellet was lysed by sonication in Lysis buffer [20 mM Tris-HCl
pH 8.0, 1 M NaCl, 5 mM CaCl,, 1 mM ATP, 0.5% Triton X-
100, 1% sucrose, 2 mM DTT, 5% glycerol supplemented with
0.1 mM PMSF and Protease Inhibitor Cocktail (Sigma-Aldrich,
P8465)]. The cell lysate was centrifuged (Hitachi CP 80NX;
10,000 g, 25 min, 4°C) and the supernatant was gently stirred
with 0.8% (m/v) polyethyleneimine solution (pH 7.9, PEI, Sigma-
Aldrich) on ice to precipitate nucleic acids. Subsequently, the
solution was centrifuged (Hitachi CP 80NX; 17,300 g, 10 min,
4°C) and solid, fine powdered ammonium sulfate (AS, Sigma-
Aldrich) was added to the supernatant to 60% saturation by
gently stirring it for 30-45 min to precipitate the proteins.
The precipitate was collected by centrifugation (Hitachi CP
80NX; 21.700 g, 25 min, 4°C). The pellet was resuspended
in Lysis buffer and precipitated repeatedly by adding a 60%
saturated AS solution to remove the redundant PEIL. After
centrifugation (Hitachi CP 80NX; 21.700 g, 25 min, 4°C), the
pellet was resuspended in Low salt buffer (20 mM TRIS pH
7.9, 50 mM NaCl, 1% sucrose, 5% glycerol, 1 mM DTT).
The solution was incubated with Glutathione Sepharose 4B
resin (Sigma-Aldrich) at 4°C overnight. Subsequently, it was
loaded onto a column and washed with Low salt buffer. The
GST-tagged proteins were eluted with 50 mM glutathione
dissolved in Low salt buffer (Glutathione Reduced, Sigma-
Aldrich). Alternatively, the GST tag from Fli-I G16 was cleaved
by PreScission Protease on column (4°C, 15 min) and the
cleaved protein was collected as flowthrough. Fli-I proteins
were concentrated with Amicon-Ultra 50 kDa tube (Merck
Millipore) by centrifugation (Hermle Z326K; 3000 g, 5 min,
4°C). The concentrate was loaded onto a PD10 column (GE
Healthcare) for buffer exchange into Low salt buffer. Before
flash freezing in liquid nitrogen the constructs were clarified
by ultracentrifugation (Beckman Coulter; 300,000 g, 30 min,
4°C) and stored at -80°C until use. Control experiments
showed that a freeze/thaw cycle does not affect the functionality
of the constructs (data are not shown). The concentrations
were measured spectrophotometrically using the extinction
coefficients derived from the amino acid sequence (ExPAsy
ProtParam tool)'. The purity of the protein was checked by

'http://web.expasy.org/protparam/
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UV-VIS absorption photometry by calculating the Ajgo/Azeo
ratio (Manchester, 1995), which was found to be >1.7. We
found that such a labor-intensive method was essential for
the efficient removal of nucleic acid contamination from
recombinantly produced Flightless-I. Of note, that difficulty
in isolation of soluble recombinant Flightless-I protein were
reported (Liu and Yin, 1998). Rabbit skeletal muscle actin (actin)
was purified, gel filtered on Superdex 200 (GE Healthcare)
and stored in G-buffer (4 mM TRIS, pH 7.8, 0.1 mM CaCl,,
0.2 mM ATP, 0.5 mM DTT) as described previously (Spudich
and Watt, 1971; Toth et al, 2016; Vig et al., 2017). The
actin bound calcium was replaced to magnesium before the
measurements by adding 200 uM EGTA and 50 uM MgCl,.
Actin was labeled at Lys®?® by Alexa Fluor® 488 carboxylic acid
succinimidyl ester (Alexa488NHS, Invitrogen), Alexa Fluor® 568
carboxylic acid succinimidyl ester (Alexa568NHS, Invitrogen) or
at Cys*’* by N-(1-pyrene)iodoacetamide (pyrene, Thermo Fisher
Scientific) according to standard protocols (Toth et al., 20165
Vig et al., 2017). Mouse profilin 1 (profilin), human gelsolin
(GSN) and fragments of Drosophila Disheveled-associated
activator of morphogenesis (DAAM) formin were obtained as
described previously (Toth et al, 2016; Szikora et al., 2017;
Vig et al., 2017).

Fluorescence Spectroscopy

Bulk Actin Assembly/Disassembly Measurements
Pyrene-actin assembly assay was performed using gel-filtered
actin (2.5 pM, containing 2 or 5% pyrene labeled actin
in the presence and absence of profilin, respectively). The
polymerization of magnesium-actin was initiated by the addition
of 1 mM MgCl, and 50 mM KCl in the absence and presence of
different concentrations of Fli-I proteins. To address the effect
of Ca’t on the actin activities of Fli-I or GSN measurements
were performed either in the presence of 1 mM EGTA (Ca?*-
free condition) or 1 mM CaCl,. In measurements when
profilin was present the profilin concentration was 6 pWM.
Considering the dissociation equilibrium constant of profilin:G-
actin to be Kp ~0.2 pM, ~95% of the monomeric actin
was bound to profilin under these experimental conditions.
Pyrene fluorescence emission was monitored by a Safas Xenius
FLX spectrofluorimeter (hexy = 365 nm, ke = 407 nm). For
quantitative analysis, the polymerization rate was derived as the
slope of the linear part of the pyrene trace at each condition.
The relative polymerization rate was calculated as the ratio
of polymerization rates obtained in the presence and absence
of Fli-I proteins. The relative polymerization rate (Veelative)
of profilin:actin as a function of [Fli-I] (Fp) was fit by the
following equation:

1 — Vinin
Yo
Vrelative = 1 — IC. (1)
1 + 50
Fo

where vp and vy, are the relative polymerization rates in
the absence and presence of saturating amount of Fli-I,
respectively and ICs is the Fli-I concentration corresponding to
50% inhibition.

The Fli-I dependence of the rate of DAAM FH1FH2-DAD-CT
catalyzed actin assembly (v) was fit by the following equation:

v —Vmax Ao+ Fo+ Kp — v/(Ag + Fo + Kp)* — 4A¢Fy
h 2F,

Vmin — Vmax

(2)

where Viin and vmax are the polymerization rates in the absence

and presence of saturating amount of [Fli-I]; Ag and Fy are

the total DAAM FH1FH2-DAD-CT and Fli-I concentration,

respectively, Kp is the dissociation equilibrium constant of the
DAAM:Fli-I complex.

Steady-State Anisotropy Measurements

To study the Fli-I:G-actin interaction the steady-state
anisotropy (anisotropy) of Alexad88NHS-Mg?*-ATP-G-actin
(Alexa488NHS-G-actin) was measured. Alexa488NHS-G-actin
(0.2 wM) was incubated with Latrunculin A (LatA, 4 wM) for
15 min at room temperature. Then Fli-I constructs were added at
different concentrations and the samples were further incubated
for 1 h at 22°C either in the presence of I mM EGTA (Ca?*-free
condition) or 1 mM CaCl,. In measurements when profilin was
present profilin (4 pM) was added to actin after the incubation
with LatA and the samples were further incubated for 1 h at
22°C before the addition of Fli-I constructs. Similarly, to the
kinetic analysis, the anisotropy measurements were performed
in the presence of 1 mM MgCl, and 50 mM KCI/NaCl. Since
the presence of LatA prevents actin polymerization, thus
the increase in steady-state anisotropy could not result from
filament formation, it solely reflects the binding of Fli-I to actin.
Anisotropy was measured using a Horiba Jobin Yvon Fluorolog-3
spectrofluorometer (hex = 488 nm, ke = 516 nm) excitation and
emission slits were both set to 5 nm. For quantitative analysis the
Fli-I concentration dependence of the steady-state anisotropy ()
measured either in the absence or presence of profilin was fit by
the following equation:

r—ra _ Ao+ Fo+ Kp — V(Ao + Fo + Kp)* — 44¢Fy
- 2F,

3)

TAF — TA
where Ay and F; are the total G-actin and Fli-I concentration,
respectively, ra is the steady-state anisotropy of Alexa488NHS-
G-actin, rar is the steady-state anisotropy of Alexa488NHS-G-
actin at saturating amount of Fli-I and Kp is the dissociation
equilibrium constant of the G-actin:Fli-I complex.

Total Internal Reflection Fluorescence

Microscopy

Actin Assembly/Disassembly Measurements

The effects of Fli-I on the assembly/disassembly of individual
actin filaments were studied by total internal reflection
fluorescence microscopy (TIREM). Glass flow cells were
incubated with 1 volume of N-ethylmaleimide myosin for 1 min,
washed extensively with 2 volumes of myosin buffer (F buffer
supplemented with 0.5 M KCI; F buffer = G buffer supplemented
with 1 mM MgCl, and 50 mM KCl) and 1 volume of 1% (m/v)
BSA (dissolved in F buffer) and equilibrated with 2 volumes
of TIRF buffer (0.5% (m/v) methylcellulose, 0.5% (m/v) BSA,
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10 mM 1,4-diazabicyclo[2,2,2]octane (DABCO), 100 mM DTT
dissolved in F buffer). The polymerization of magnesium-actin
(0.5 WM, 10% Alexa488NHS labeled) was initiated by the addition
of 1 mM MgCl, and 50 mM KClI in the absence or presence
of different concentrations of Fli-I constructs. Dual-color TIRF
experiments were performed to follow the assembly of G-actin
in the absence or presence of Fli-I and profilin. G-actin (0.5 pM,
10% Alexa568NHS labeled) was polymerized in the flow cell for
10 min to form “magenta” actin filaments, then unpolymerized
actin was washed out by 1 volume of TIRF buffer. A mixture of
G-actin (0.5 pM, 10% Alexa488NHS labeled), profilin (2 wM)
and Fli-I in TIRF buffer was transferred into the flow cell. Time-
lapse images of actin assembly were captured every 10.5 s with
an Olympus IX81 microscope (laser lines: 491 nm and 561 nm,
APON TIRF 60x NA1.45 oil immersion objective, Hamamatsu
CCD camera). In assembly assays, to derive the elongation rate
of actin filaments time-lapse images were analyzed by either the
MultipleKymograph plugin of Fiji or by manually measuring
filament lengthening. The elongation rate of actin filaments (v)
was related to the critical concentration of actin assembly (c. ~
0.1 wM; Pollard, 2007; Bugyi and Carlier, 2010), to the association
rate constant of actin monomers to filament barbed ends (k)
and to the total actin concentration ([Gg]) by the following
equation:

v =kt ([Go] —co) 4)

In disassembly assays actin (0.5 uM, 10% Alexa488NHS
labeled) was allowed to polymerize for 35 min in the flow
cell, then buffer conditions were changed to TIRF buffer
supplemented with Fli-I (105 nM) or gelsolin (5 nM). Time-lapse
images of actin disassembly were captured every 10.5 s with an
Olympus IX81 microscope (laser lines: 491 and 561 nm, APON
TIRF 60x NA1.45 oil immersion objective, Hamamatsu CCD
camera). The percent area covered by actin filaments 5 min after
the initiation of actin disassembly was derived from a 66 x 66
pm? region of the images by using Fiji.

Annealing Experiments

To study the end-to-end annealing of actin filaments (1 wM,
containing either 10% Alexa488NHS or 10% Alexa568NHS
labeled actin) were allowed to polymerize 1 h at room
temperature and stabilized by phalloidin (1:1 molar ratio)
overnight. Filaments with different spectral properties were
mixed either in the absence or presence of Fli-I and subsequently
fragmented by a 26G syringe (10x). Samples were diluted to
2 nM actin by TIRF buffer and were processed for microscopy
analysis. Images were captured immediately after fragmentation
(t = 0 min) and after 60 min (t = 60 min) with an Olympus
IX81 microscope (laser lines: 491 and 561 nm, APON TIRF 60x
NA1.45 oil immersion objective, Hamamatsu CCD camera). The
length of the actin filaments was derived by using Fiji.

Steady-State Measurements of Actin Filament
Number

Actin filaments (2 pM) were allowed to polymerize overnight
either in the absence or presence of Fli-I GHI16 (800
nM). Filaments were stabilized by AlexaFluor™488 Phalloidin

(Thermo Fischer Scientific; 1:1 molar ratio), diluted to 5 nM
into TIRF buffer and were processed for microscopy analysis.
Images were captured with an Olympus IX81 microscope (laser
line: 491 nm, APON TIRF 60x NA1.45 oil immersion objective,
Hamamatsu CCD camera). The number and length of actin
filaments were derived from a 66 x 66 wm? region of the
images by using Fiji.

Fly Work and Immunohistochemistry
Fly-strains were raised under standard laboratory conditions at
25°C. As wild type, we used an isogenized w'!'® stock. For
germline expression of the UAS transgenes, we used mata4
Tub-Gal4 (BDSC#7063). Adult ovaries were dissected in cold
PBS, fixed in 4% paraformaldehyde (diluted in PBS) at room
temperature for 20 min. After fixation, the samples were washed
three times for 20 min in PBS containing 0.1% TritonX-
100 (PBST) and blocked in PBST with 1% BSA, 0.02% NaNj
and 5% FBS (PBT-N) for 2 h. The antibodies were diluted
in PBT-N and incubated overnight at 4°C. Actin was labeled
with AlexaFluor™546 Phalloidin (Thermo Fischer Scientific,
1:100), nurse cell nuclei were labeled with DAPI (Sigma-Aldrich,
1:500). Samples were mounted in ProLong Gold (Thermo Fisher
Scientific). Each staining was repeated twice, and we examined
10-15 egg chambers from each. Confocal images were captured
on a Zeiss LSM 800 confocal microscope. Images were edited with
Image]/Fiji software and Adobe Illustrator CS6.

Statistical Analysis

The data presented were derived from at least two independent
experiments. Values are displayed as mean + SD. The number
of independent experiments is given in the figure legends.
Statistical analysis (Student’s t-test) was performed by Microsoft
Excel ("p > 0.05, *p < 0.05, **p < 001, **p < 0.001,
¥ p < 0.0001). The significance levels are given in the text and
on the corresponding figures.
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Disheveled-associated activator of morphogenesis (DAAM) is
adiaphanous-related formin protein essential for the regulation
of actin cytoskeleton dynamics in diverse biological processes.
The conserved formin homology 1 and 2 (FH1-FH2) domains of
DAAM catalyze actin nucleation and processively mediate fila-
ment elongation. These activities are indirectly regulated by the
N- and C-terminal regions flanking the FH1-FH2 domains.
Recently, the C-terminal diaphanous-autoregulatory domain
(DAD) and the C terminus (CT) of formins have also been shown
to regulate actin assembly by directly interacting with actin.
Here, to better understand the biological activities of DAAM, we
studied the role of DAD-CT regions of Drosophila DAAM in its
interaction with actin with in vitro biochemical and in vivo
genetic approaches. We found that the DAD-CT region binds
actin in vitro and that its main actin-binding element is the CT
region, which does not influence actin dynamics on its own.
However, we also found that it can tune the nucleating activity
and the filament end-interaction properties of DAAM in an
FH2 domain-dependent manner. We also demonstrate that
DAD-CT makes the FH2 domain more efficient in antagonizing
with capping protein. Consistently, iz vivo data suggested that the
CT region contributes to DAAM-mediated filopodia formation
and dynamics in primary neurons. In conclusion, our results dem-
onstrate that the CT region of DAAM plays an important role in
actin assembly regulation in a biological context.

Formins are actin assembly machineries playing essential
roles in diverse biological processes. The core actin-interacting
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region is the conserved formin homology (FH)? 2 domain that
catalyzes actin nucleation and mediates processive elongation
of filament ends. The activities of the FH2 domain are assisted
by the upstream formin homology 1 (FH1) domain that inter-
acts with profilin—actin (1-5). The N- and C-terminal regions
flanking the FH1-FH2 domains have diverse composition and
functions among different formin families. Formins belonging
to the Diaphanous-related formin (DRF) family, including
Diaphanous (Dia), Disheveled-associated activator of morpho-
genesis (DAAM), formin-like protein (FMNL), FH1/FH2
domain-containing protein, and inverted formin2 (INF2) are
characterized by the presence of an N-terminal Diaphanous
inhibitory domain (DID) and a C-terminal Diaphanous auto-
regulatory domain (DAD). It is well established that the intra-
molecular contacts formed between these regions keep the FH2
in an inactive state by preventing its interaction with actin. The
functions of the FH2 domain in actin assembly are activated
upon Rho GTPase-dependent relief of the DID/DAD autoin-
hibitory interaction (5-11).

Recent studies showed that, besides autoregulation, the
C-terminal regions of formins from yeast to mammals (such as
mouse Dial, FMNL3, INF2, Drosophila Capuccino, yeast Bnil
and Bnrl, and human Daam1) can also influence the active FH2
domain-mediated actin assembly (12—15). A common feature
of the C-terminal regions studied so far is that they increase the
efficiency of the FH2-catalyzed nucleation. Additionally, iso-
lated C-terminal regions can directly interact with actin, inde-
pendently of the FH2 domain. The C terminus of INF2 contains
a Wiskott-Aldrich syndrome homology (WH2)-like DAD
motif, which in its isolated form sequesters monomeric actin
and severs actin filaments (12), whereas the WH2-DAD C-ter-
minal region of FMNL3 nucleates actin and slows elongation in
a dimeric form (14). Similarly, the isolated dimeric DAD from
mDial seems to be sufficient to promote actin nucleation (13).
In contrast, the tail region of Capuccino does not influence
nucleation or elongation in the absence of FH2 (15). The bio-

2 The abbreviations used are: FH, formin homology; DRF, diaphanous-related
formin family; DAAM, disheveled-associated activator of morphogenesis;
DID, diaphanous inhibitory domain; DAD, diaphanous autoregulatory
domain; WH2, Wiskott-Aldrich syndrome homology; TIRFM, total internal
reflection fluorescence microscopy; aa, amino acid; CP, capping protein;
CT, C terminus; LatA, latrunculin A.
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chemical evidence suggests that the activities of the C-terminal
regions vary among formins and raise the question how and
which of the activities of the isolated C-terminal regions are
transmitted to the functionality of each formin in the context of
the FH1-FH2 domains. In addition, the in vivo significance of
the direct interaction of the C-terminal regions of formins with
actin and its role in actin cytoskeleton dynamics regulation are
not well understood.

In this work, we investigated the Drosophila DAAM formin
belonging to the DRF family. DAAM is involved in diverse mor-
phogenetic processes mediated by the actin cytoskeleton. For
example, DAAM plays a role in organizing apical actin cables
that define the tracheal cuticle pattern (16). It is also required
for axonal growth and guidance by promoting filopodia forma-
tion in the growth cone (17), and DAAM is essential for sar-
comerogenesis (18 —20). In our previous work, we described the
physicochemical properties of the interaction of Drosophila
DAAM FH1-FH2 and actin, and we showed that DAAM FH1-
FH2 is a profilin-gated actin assembly factor (18, 21). To better
understand the biological functioning of DAAM, we aimed to
analyze the biochemical activities of recombinantly produced
DAD-CT regions of DAAM in its isolated form, as well as in the
context of the FH1-FH2 domains in the regulation of actin
assembly. By dissecting the activities of the DAD and CT
regions of DAAM, we aimed to reveal which of the reported
activities of the C-terminal regions of formins are shared by the
DAD-CT regions of Drosophila DAAM to influence FH1-FH2-
assisted actin assembly. We also investigated how the DAD-CT
region influences filopodia formation and FH2-mediated actin
dynamics in primary neurons using iz vivo genetic approaches.

Results

cDAAM is more efficient in catalyzing actin nucleation than
the FH1-FH2 domains

To investigate the effects of the C-terminal regions of Dro-
sophila DAAM on actin assembly, first we produced two
recombinant proteins that either lack or possess the C-terminal
DAD-CT regions, the FH1-FH2 and cDAAM proteins, respec-
tively (Fig. 14). To analyze the actin assembly efficiencies of
these constructs, the polymerization kinetics of G-actin and
profilin/G-actin were measured in pyrenyl polymerization
experiments (Fig. 2, A and B). We found that both constructs
can accelerate actin polymerization (Fig. 2A4). However,
cDAAM accelerates the overall polymerization rate of both free
G-actin and profilin/G-actin ~36-fold more efficiently than the
FH1-FH2 (which lacks the C-terminal DAD-CT regions) at all
concentrations that were tested (Fig. 2B). This observation is
consistent with the findings on the human Daam1 protein, sug-
gesting that this feature is conserved between species (13).

Because the FH2 domain of some formins, such as Bnil and
mbDial, has low affinity to monomeric actin in the absence of
the C-terminal regions (13, 22, 23), we wanted to examine
whether the differences in the actin assembly promoting activ-
ities of FH1-FH2 and cDAAM can arise from different actin
affinities. Therefore, the interactions of FH1-FH2 and cDAAM
with G-actin and profilin/G-actin were investigated in steady-
state fluorescence anisotropy experiments. To avoid artificial
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increase in anisotropy due to the presence of polymerizing
agents, latrunculin A was used to keep actin in monomeric form
(24, 25). We observed a similar concentration-dependent
increase in the values of the steady-state anisotropy in the pres-
ence of both DAAM constructs (Fig. 2C). This reflects that
FH1-FH2, as well as cDAAM, binds monomeric actin, and the
complexes are characterized by similar affinities in the few tens
of nanomolar range (Table 1). This result suggests that the
lower polymerization activity of FH1-FH2 compared with
c¢cDAAM does not originate from their different affinities to
monomeric actin.

The different polymerization efficiencies of FH1-FH2 and
c¢DAAM can also arise from differences in their nucleation
and/or elongation activities. Because bulk pyrenyl polymeriza-
tion assays cannot distinguish these two activities, the assembly
of individual actin filaments was investigated by total internal
reflection fluorescence microscopy (TIREM) (Fig. 2, D-F). In
control experiments, we found that the number of actin fila-
ments significantly decreased in the presence of profilin, com-
pared with that of measured for free G-actin (p < 0.0001, Fig. 2,
D and E), consistent with the nucleation-suppressing activity of
profilin (26, 27). In the presence of FH1-FH2 and cDAAM, a
dramatic increase in the number of filaments formed was
observed as compared with the number of spontaneously
formed filaments, which reflects the nucleation-promoting
activity of these constructs (Fig. 2, D and E). Importantly, quan-
titative analysis of these data revealed that cDAAM nucleated
significantly more filaments than FH1-FH2, suggesting that
cDAAM is more efficient at promoting the initial nucleation
phase of actin filament formation than FH1-FH2 (Fig. 2, D and
E). This result demonstrates that the DAD-CT region makes
the FH2 domain more efficient in catalyzing actin nucleation.
Spontaneously growing actin filaments elongated at a rate of
4.30 + 0.6 and 3.48 = 0.4 subunitss ' in the absence and pres-
ence of profilin, respectively (Fig. 2F). These values are in agree-
ment with the well-established barbed-end association rate
constants of ATP-Mg? " —G-actin (free G-actin, k, = 10.23 *
1.5 um~ s~ profilin/G-actin, k, = 8.29 = 0.9 um s~ 7, see
Equation 4 (21, 28, 29)). The analysis showed that both FH1-
FH2 and cDAAM almost completely inhibit the elongation of
free G-actin (Ve _pro = 0.36 = 0.2 subunitss ™' (p < 0.0001)
and v_paam = 0.37 = 0.1 subunitss ™' (p < 0.0001), Fig. 2F). In
contrast, in the presence of profilin the elongation rate is
similar to that of the spontaneously growing actin filaments
(Vemi_pro = 3.44 = 0.3 subunits's™' (p = 0.45) and Vo aps =
3.49 *+ 0.4 subunits™' (p = 0.44), Fig. 2F). Thus, profilin by
relieving the elongation inhibitory activity of the constructs
contributes to effective filament growth. These observations,
regarding the profilin-gated effect of FH1-FH2 on filament
elongation are entirely consistent with our previously pub-
lished data (21). The profilin-dependent regulation of filament
elongation was also reported for the human Daaml protein
(30); however, the net effect was different. Daam1 did not affect
filament growth significantly in the absence of profilin,
although it accelerated elongation from profilin—actin ~4-fold as
compared with the spontaneous rate (30). These differences may
arise from different conditions, including the species-specific
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Heg Diaph2 690 ALE--EKKTGPTKKKVKELRILDPKTAQNLSIFLGSYR=-MPYEDIRNVILEVNED-MLSEA 746 (I720)
Hs Diaph3 698 DIE--EKKS--IKKKIKELKFLDSKIAQNLSIFLSSFR-VPYEEIRMMILEVDET-RLAES 752 (1705)
Hs Fmnl 1837 TYEK-=———=~ KNKVKKIIKLLDGKRSQTVGILISSLH~LEMKDIQQAIFNVDDS-VVDLE 1088 (I1061)
Hs Fmn2 1347 TIS~~=s<am= KTKAKQVVKLLSNKRSQAVGILMSSLH-LOMKDIQHAVVNLDNS-VVDLE 1397 (I1208)
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Figure 1. Domain organization and sequence alignments of DAAM. A, domain organization of full-length Drosophila melanogaster DAAM formin (Dm
DAAM) and of the constructs investigated in this study. G, GTPase-binding domain; DID, diaphanous inhibitory domain; DD, dimerization domain; CC, coiled
coil; FH, formin homology domain; D, diaphanous autoregulatory domain; CT, C-terminal sequence element. Numbers indicate the number of the first and the
last residue in each construct. The positions of the mutated amino acids are highlighted by asterisks. The figure was made with lllustrator for Biological Sciences
(57). B, sequence alignment of FH2 domains from different formins. The conserved lle in the FH2 domain is highlighted in red, and its position in each formin
is given in parentheses at the end of the sequences. The aD helix of the knob region is underlined. C, alignment of C-terminal regions from different formins and
WH2 domain sequences. The hydrophobic amino acid triplet and the LKK(T/V) motif are shown by bold and bold italics, respectively. Positively charged Arg and
Lys residues in the CT region are shown in italics. The Arg residues replaced by Ala in the DAAM DAD-CTA"9-"2 construct are highlighted in red. Residues that
are shown to be important for actin interaction in mDia1, FMNL3, and Capuccino are underlined (13, 14, 47). UniProt accession numbers are as follows: Dm
DAAM, Q8IRYO; Hs DAAM1, Q9Y4D1; Hs DAAM2, Q86T65; Hs Diaph1, 060610; Hs Diaph2, 060879; Hs Diaph3, QONSV4; Hs Fmn1, Q68DA7; Hs Fmn2, QINZ56; Hs
FMNL1,095466; Dm Capu, Q24120; Sc Bnr1, P40450; Sc Bni1, P41832; Hs WASP, P42768; Hs WAVE2, Q9Y6WS5; Hs Lmod1, P29536; Hs Lmod2, Q6P5Q4; Hs Lmods3,
QOVAK6; Mm FMNL3, Q6ZPF4; Hs INF2, Q27J81. Dm, D. melanogaster; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Mm, Mus musculus.

differences in activities, the expression system, the tag, the profilin
isoform used, and/or the labeling of hDaam1.

In conclusion, the effects of the FH1-FH2 and cDAAM con-
structs on filament elongation from either free or profilin/G-
actin are quantitatively the same; however, their nucleation
efficiencies differ markedly. These observations clearly show
that the more potent actin assembly activity of cDAAM as com-
pared with FH1-FH2 arises from a difference in their nucleat-
ing efficiency, suggesting that the C-terminal regions contrib-
ute to the nucleating activity of the FH2 domain.

13568 J. Biol. Chem. (2017) 292(33) 1356613583

Main G-actin-binding site in DAD-CT is the CT region

To analyze the activities of the C-terminal regions of DAAM
in more detail, recombinant fragments were produced contain-
ing both the DAD domain and the C-terminal end of the pro-
tein (DAD-CT) or only the isolated DAD domain (Fig. 14).
First, the interaction of DAD-CT and DAD with monomeric
actin was investigated by measuring the steady-state anisotropy
of fluorescently labeled actin. We found that DAD-CT can bind
to G-actin, independently of the FH2 domain (Fig. 34). How-
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Figure 2. cDAAM is more efficient in catalyzing actin assembly than FH1-FH2. A, representative pyrenyl traces of spontaneous and FH1-FH2 or cDAAM
catalyzed assembly of free G-actin and profilin/G-actin, as indicated. Final concentrations are as follows: [actin] = 2 um; [profilin] = 6 um; [FH1-FH2] = 200 nm;
[cDAAM] = 200 nm. B, FH1-FH2 and cDAAM concentration dependence of the relative polymerization rate of free G-actin and profilin/G-actin, as indicated.
Error bars, standard deviations, n = 3-5. C, steady-state anisotropy of Alexa488NHS-G-actin in the absence and presence of profilin as the function of DAAM
concentration, as indicated. Dashed lines in the corresponding colors show the fits to the data according to Equation 3. Dissociation equilibrium constants are
summarized in Table 1. Error bars, standard deviations, n = 2-3. Final concentrations are as follows: [actin] = 0.2 um; [LatA] = 4 pm; [profilin] = 0.8 um;
[NaCl] = 5 mm. D, TIRFM montages of actin assembly and representative skeletonized images showing the field of view of actin assembly in the absence and
presence of FH1-FH2 or cDAAM, as indicated. Scale bar, 10 um, time = min/s. Final concentrations are as follows: [actin] = 0.5 um; [profilin] = 2 um; [FH1-FH2] =
100 nm; [cDAAM] = 100 nm. E, number of actin filaments nucleated spontaneously or in the presence of FH1-FH2 and cDAAM derived from skeletonized images.
Final concentrations asin D, n = 20-62. F, elongation rate of individual actin filaments polymerized from free and profilin/G-actin in the absence and presence
of FH1-FH2 or cDAAM. Final concentrations as in D, n = 30-89. a.u., arbitrary units; ns, not significant.

Table 1 and Table 1), which is similar to the salt-dependent interaction

Dissociation equilibrium constants (KD) of the DAAM/actin interac- reported for the tall domain Of Capuccino (15) DAD-CT inter-

tions acts with profilin/G-actin equally well as with free G-actin indi-
FL means fluorescently labeled protein; ND means not determined. ) . Y o .

K, = S0 () cating that profilin does not affect the binding (Fig. 34 and

Table 1). In contrast to DAD-CT, the interaction of the DAD

Construct G-actin Profilin/G-actin®"  Profilin*"/G-actin
FH1-FH2 0.061 = 0.02 0.056 = 0.02 ND domain lacking the CT region with monomeric actin is
cDAAM 0.052 £ 0.02 0.068 * 0.02 ND extremely weak even at low ionic strength conditions (K, >100
DAD-CT 3.87 *0.19 354 +0.22 471+ 0.53 )
971 + 051 ND ND uMm at 5 mMm NaCl) (Fig. 34 and Table 1). To further analyze
(17 mm NaCl) : . : : : :
4445 -85 ND ND which regions are lmportapt in Fhe 1r.1teract10n betwee.n
(50 mm NaCl) DAD-CT and monomeric actin, we investigated a construct in
DAD >100 >100 ND . . . ) . .
DAD-CTA®Al <500 2500 ND which the basic arginine residues found in the CT region were
FH1-FH2'72*A 678 + 0.96 441 *0.76 ND 1 lani Arg—Alay (Fj
r nin AD-CT Fig. 1, A an . Our
cDAAM73A 0,064 = 0.02 0.093 * 0.04 ND cp ace.d by alanines (DAD-C ) ) ( s L Aa d C). Ou
“ The values were derived in the presence of 5 mm NaCl, unless indicated dataA dlgl not show a detectable interaction between DAD-
otherwise. CT#"*®** and monomeric actin (K >500 uMm at 5 mm NaCl)
(Fig. 34 and Table 1).
ever, the increase in salt concentration (i.e. increase in the To further elaborate on the binding mode of DAD-CT, the

amount of NaCl) resulted in a gradual decrease in actin affinity, influence of different actin-binding proteins was tested on its
suggesting an ionic strength-dependent interaction (Fig. 3A  interaction with G-actin. Profilin is known to interact with the
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Figure 3. Interactions of DAD-CT and DAD with actin. A, steady-state anisotropy of Alexa488NHS-labeled G-actin in the absence and presence of profilin as
the function of DAD-CT, DAD, and DAD-CTA"9"A"2 concentrations, as indicated. Dashed lines in the corresponding colors show the fits to the data according to
Equation 3. Dissociation equilibrium constants are summarized in Table 1. Error bars, standard deviations, n = 2-4. Final concentrations are as follows: [actin] =
0.2 um; [LatA] = 4 uwm; [profilin] = 0.8 um; [NaCl] = 5 mwm (circles); 17 mm (squares); 50 mm (diamonds). FL, fluorescently labeled protein. B, steady-state anisotropy
of Alexa568NHS-labeled profilin in the presence of G-actin as the function of DAD-CT concentration, as indicated. Dashed line in the corresponding color shows
the fit to the data according to Equation 3. Dissociation equilibrium constant is given in Table 1. Error bars, standard deviations, n = 2-3. Final concentrations
are as follows: [actin] = 4 uwm; [LatA] = 8 um; [profilin] = 2 um; [NaCl] = 5 mm. FL, fluorescently labeled protein. C, steady-state anisotropy of Alexa488NHS-
labeled G-actin in complex with DAD-CT as a function of SALS-WH2 concentration. As controls, the steady-state anisotropies of G-actin in the absence of any
binding proteins and G-actin saturated with SALS-WH2 (1.5 wm) are shown. Final concentrations are as follows: [actin] = 0.2 um; [LatA] = 4 um; [DAD-CT] = 20
um; [NaCl] = 5 mm. FL, fluorescently labeled protein. D, representative polymerization kinetics of free G-actin and profilin/G-actin in the absence and presence
of the C-terminal regions of DAAM, as indicated. Final concentrations are as follows: [actin] = 2 um; [profilin] = 6 um. E, TIRFM montages of actin assembly and
representative skeletonized images showing the field of view of actin assembly in the absence and presence of DAD-CT, as indicated (for spontaneous actin
assembly see Fig. 2D). Scale bar = 10 um, time = min/s. Final concentrations are as follows: [actin] = 0.5 um; [profilin] = 2 um; [DAAM] = 42 um. F, number of
actin filaments nucleated spontaneously or in the presence of DAD-CT derived from skeletonized images. Final concentrations asin £, n = 16-20. G, elongation
rate of individual actin filaments polymerized from free and profilin/G-actin in the absence and presence of DAD-CT (42 um), DAD (42 um), or DAD-CTA™9A12 (42
uMm). Final concentrations as in E, n = 24-79. ns, not significant.

hydrophobic cleft of monomeric actin (31). The steady-state
anisotropy of fluorescently labeled profilin in complex with
G-actin was measured in the presence of DAD-CT. We found
that DAD-CT causes a concentration-dependent increase in
the steady-state anisotropy of profilin bound to G-actin (Fig. 3B
and Table 1). In case of competitive binding, one would expect
the dissociation of fluorescent profilin from G-actin, which
would result in a decrease in anisotropy. The opposite tendency
that we observed suggests that a ternary complex is formed
between monomeric actin, profilin, and DAD-CT, indicating
that the core binding site of DAD-CT is different from that of
profilin. Next, we tested how the interaction of DAD-CT is

13570 J Biol. Chem. (2017) 292(33) 1356613583

influenced by WH2 domain proteins, which N-terminally
interact with the barbed face, while their C terminus binds
along the ridge between the inner and outer domains of actin up
to the pointed end (32-34). We used the WH2 domains of
sarcomere length short protein (SALS-WH2), which have rela-
tively long C-terminal extensions linked to the N-terminal
a-helix (28). The steady-state anisotropy of the DAD-CT-G-
actin complex was decreased upon addition of SALS-WH2 in a
concentration-dependent manner (Fig. 3C). At a high SALS-
WH2 concentration, the value of the anisotropy decreased to
the value characteristic to the SALS-WH2-G-actin complex,
suggesting that SALS-WH2 interferes with the G-actin binding
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of DAD-CT. This indicates that the main binding site of
DAD-CT overlaps with that of WH2.

Altogether, these observations indicate that the isolated C
terminus of DAAM can interact with monomeric actin and that
the core C-terminal actin-binding elements are located mainly
in the CT region that is able to establish electrostatic interac-
tions with actin.

DAD-CT does not influence actin dynamics in the absence of
the FH2 domain

To test the functional consequences of monomer binding,
the effects of isolated DAD-CT on actin dynamics were inves-
tigated. In fluorescence spectroscopy experiments we found
that DAD-CT does not affect significantly the assembly of free
G-actin and profilin/G-actin at lower concentrations (Fig. 3D).
However, higher amounts of DAD-CT (> ~40-50 um)
resulted in a concentration-dependent decrease in the pyrenyl
fluorescence, similarly to what was observed for Capuccino tail
(15). In agreement with the spectroscopic data, TIRFM exper-
iments showed that DAD-CT cannot affect significantly actin
nucleation (Fig. 3, E and F), and it does not affect the rate of
elongation at lower concentrations either (data not shown).
DAD-CT moderately slows elongation of free G-actin when it is
present at higher amounts (> ~40 um) (Vpap.cr = 3.79 £ 0.4
subunit's ' (p = 0.009), Fig. 3G), but it does not influence elon-
gation from profilin/G-actin (v opy_cr = 3.64 = 0.6 subunit-s ™'
(» = 0.47), Fig. 3G). Also, DAD and DAD-CT#*¢~*"2 do not
show any effect in the above experiments, consistent with their
negligible interaction with monomeric actin (Fig. 3G).

In conclusion, in contrast to the DAD region of mDial (13),
the isolated DAAM DAD-CT cannot influence significantly
actin assembly in the absence of the FH2 domain, which sug-
gests that the C-terminal region of DAAM possesses an FH2-
dependent function in the regulation of actin dynamics.

Functional CT is required for the full nucleation promoting
activity of DAAM

To further elaborate on the contribution of the DAD-CT
region to the nucleation activity of the FH2 domain, we tested
its effect in the presence of the FH2 domain. For this purpose,
two C-terminally modified constructs were generated possess-
ing the native FH2 but lacking a functional CT region, either by
deleting the CT region (cDAAMACT) or by introducing the
Arg—Ala mutation into the CT region (cDAAM*™41) (Fig,
1A). The effects of the two constructs are indistinguishable
from each other both in pyrenyl and TIRFM actin assembly
assays, which support that the two modifications are equivalent
(Fig. 4). However, neither cDAAMACT nor cDAAMA™8~412 can
retrieve the maximum nucleation-promoting activity of
c¢DAAM. Both C-terminally modified constructs are ~6-fold
more efficient in accelerating the overall rate of actin polymer-
ization than FH1-FH2, but they are ~6-fold less effective than
cDAAM possessing the native CT region (Fig. 4, A and B).
Because they influence elongation in a similar manner as the
wild-type constructs, the polymerization-promoting effect of
cDAAMACT and cDAAMA™84" originates from their actin
nucleation activity, which is intermediate as compared with
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FH1-FH2 and cDAAM, as revealed by TIRFM measurements
(Figs. 2F and 4, C-E).

These observations suggest that DAD contributes to the
nucleation-promoting activity of cDAAM, but the presence
of a functional CT region is absolutely necessary to reconsti-
tute its full nucleation ability. Our data also indicate that the
contribution of DAD and CT regions to actin nucleation is
non-cooperative.

DAD-CT cannot compensate for loss-of function mutation-
induced defects in the main activities of the FH2 domain

To better understand the role of DAD-CT in DAAM-medi-
ated actin dynamics, the activities of this region were investi-
gated in the presence of a mutant FH2 domain. The aD helix of
the knob region of the FH2 domain contains a highly conserved
Ile residue, which is essential for FH2-mediated polymerization
(Fig. 1B) (13, 14, 23, 35, 36). By introducing the [732A mutation,
we generated a cDAAM'7??* construct that contains the
DAD-CT region and an FH1-FH2'""?*4 version that is devoid of
the C-terminal domains (Fig. 1A4). Steady-state anisotropy mea-
surements revealed that the 1732A mutation severely reduces
the ability of the FH2 domain to bind both free and profilin/G-
actin in the absence of DAD-CT (Fig. 54 and Table 1). How-
ever, we observed that cDAAM'7?* can bind actin with similar
affinity as cDAAM, which indicates that the presence of
DAD-CT can compensate for the defects in monomer binding
induced by the I732A mutation (Fig. 54 and Table 1).

In pyrenyl polymerization assays, we found that FH1-
FH2'7324 inhibits the overall polymerization of free G-actin, but
the assembly rate of profilin/G-actin is not affected in the con-
centration range that we could test in these experiments (Fig.
5B). The cDAAM"73?4 mutant is more efficient in reducing the
rate of actin assembly from both free G-actin and profilin/G-
actin than FH1-FH2'7?** (Fig. 5B). Importantly, the inhibition
of the bulk polymerization rate by the constructs carrying the
mutation is the opposite as to that observed for the wild-type
FH2 domain (Fig. 2, A and B). These observations show that the
1732A mutation impairs the proper actin assembly activities of
DAAM FH2, which is consistent with previous data (36). To
better understand the underlying effects, TIRFM experiments
were performed. In contrast to the wild-type fragments (Fig.
2E), filament number was not changed significantly in the pres-
ence of either of the two mutant constructs (Fig. 5, C and D).
This finding indicates that despite being able to interact with
actin, the I732A mutation abolishes the nucleation activity of
DAAM. Our data also suggest that the presence of the DAD-CT
region is able to counteract the actin-binding defects of the FH2
domain induced by 1732A; however, it cannot restore the
proper functionality of the mutated FH2 domain in actin nucle-
ation. The analysis of the effects on elongation revealed that
FH1-FH2'7?** only moderately affects filament growth from
free G-actin in the concentration range in which the wild-type
construct almost completely inhibits elongation (Veyy, i > =
4.09 = 0.4 subunits~ ' (p = 0.03), Fig. 5E). Even higher amounts
(20 um FH1-FH2'3?%) resulted only in ~55% inhibition
(Fig. 5E). In agreement with the pyrenyl polymerization
experiments, FH1-FH2'7** does not affect significantly
filament growth from profilin/G-actin at low concentrations
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Figure 4. Effects of DAAM DAD and CT regions in the presence of the native FH2 domain. A, representative pyrenyl traces of spontaneous and
cDAAMA™9 A2 or cDAAMACT-catalyzed assembly of free G-actin and profilin/G-actin, as indicated. The data for FH1-FH2 and cDAAM from Fig. 2E are shown
here as controls. Final concentrations are as follows: [actin] = 2 um; [profilin] = 6 um; [(DAAMA™9-A"%] = 200 nm; [CDAAMACT] = 200 nm. B, cDAAMA™9-A2 or
¢DAAMACT concentration dependence of the relative polymerization rate of free G-actin and profilin/G-actin, as indicated. Error bars, standard deviations, n =
3-4. Data obtained for FH1-FH2 and cDAAM from Fig. 2B are shown. C, TIRFM montages of actin assembly and representative skeletonized images showing
the field of view of actin assembly in the absence and presence of cDAAMA™942 or cDAAMACT, as indicated (for spontaneous actin assembly see Fig. 2D). Scale
bar, 10 um, time = min/s. Final concentrations are as follows: [actin] = 0.5 um; [profilin] = 2 um; [cDAAMA™9A12] = 100 nm; [cDAAMACT] = 100 nm. D, number
of actin filaments nucleated spontaneously or in the presence of cDAAMA™9-12 or cDAAMACT derived from skeletonized images. Final concentrations as in C,
n = 20-54. E, elongation rate of individual actin filaments polymerized from free and profilin/G-actin in the absence and presence of cDAAMA™-A2 of
c¢DAAMACT. Final concentrations as in C, n = 39-79. a.u., arbitrary units; ns, not significant.

(Veri_pro 22 = 3.53 = 0.4 subunits ' (p = 0.30), Fig. 5E),
although it moderately inhibits elongation when it is added at
higher amounts (Ve g >0 = 2.09 = 0.1 subunits ™' (p <
0.0001), Fig. 5E). cDAAM'"*?>* moderately slows filament elon-
gation when it is added at the same amount as cDAAM
(Vepaan' 22" = 3.97 = 0.3 subunit's ™' (p = 0.00014), Fig. 5E).
At relatively high concentrations (2 um), it largely slows down
the elongation from free G-actin, similarly to the wild-type pro-
tein (Vopaan' 24 = 0.15 = 0.02 subunit's " (p < 0.0001), Fig.
5E). However, unlike cDAAM that maintains elongation in the
presence of profilin (Fig. 2F), cDAAM"3?* functions oppo-
sitely, it hinders profilin/G-actin association to barbed ends in a
concentration-dependent manner (Fig. 5E).

The reduced filament growth rate observed in the presence
of cDAAM'??*# can result from the altered barbed-end rate
constants of monomers due to capping-like function and/or a
decrease in assembly-competent G-actin due to sequestration.

13572 J Biol. Chem. (2017) 292(33) 1356613583

To test these possibilities, the influence of cDAAM'3*4 on the
amount of unassembled actin was measured at steady-state (/(c)
plot, Fig. 5F). In the case of spontaneous actin assembly, the
steady-state amount of unassembled free G-actin (critical con-
centration) is reflected by the breaking point of the J(c) plot (Fig.
5F). In the absence of DAAM, the breaking point appeared at
~100 nu, in agreement with the well-established value of the
barbed-end critical concentration (Fig. 5F) (1, 2). The J(c) plot
recorded in the presence of cDAAM'73?* was parallel to the
plot obtained for actin, and the breaking point was not affected
significantly (Fig. 5F). The complete and permanent blocking of
barbed ends by classic barbed-end capping proteins, such as
Cap@G, would result in a shift of the breaking point up to the
value characteristic to the critical concentration of pointed
ends (~600 nm) (1-3, 28). The unaffected breaking point indi-
cates that the filament ends are not strongly capped by
cDAAM'3?2 and monomer-polymer exchanges at barbed
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Figure 5. Effects of DAAM DAD and CT regions on the loss-of-function mutation of FH2. A, steady-state anisotropy of Alexa488NHS-labeled G-actin in the
absence and presence of profilin as the function of DAAM concentration, as indicated. The data for FH1-FH2 and ¢cDAAM from Fig. 2C are shown here as
controls. Dashed lines in the corresponding colors show thefits to the data according to Equation 3. Dissociation equilibrium constants are summarized in Table
1. Error bars, standard deviations, n = 2-3. Final concentrations are as follows: [actin] = 0.2 um; [LatA] = 4 um; [profilin] = 0.8 um; [NaCl] = 5 mm. B,
representative polymerization kinetics of free G-actin and profilin/G-actin in the absence and presence of different regions of DAAM, as indicated. Final
concentrations are as follows: [actin] = 2 um; [profilin] = 6 um. G, TIRFM montages of actin assembly and representative skeletonized images showing the field
of view of actin assembly in the absence and presence of FH1-FH2"732* and cDAAM'73?4, as indicated (for spontaneous actin assembly see Fig. 2D). Scale bar,
10 wm, time = min/s. Final concentrations are as follows: [actin] = 0.5 um; [profilin] = 2 um; [FH1-FH2'732A] = 100 nm; [cDAAM'732A] = 100 nm. D, number of actin
filaments nucleated spontaneously or in the presence of FH1-FH2'7?A and cDAAM'>A derived from skeletonized images. Final concentrations asin C, n =
20-50.F, elongation rate of individual actin filaments polymerized from free and profilin/G-actin in the absence and presence of FH1-FH2'732A and cDAAM'73?4,
Final concentrationsasin C.20 and 2 umindicate the data obtained in the presence of higher concentrations of FH1-FH2'732A and cDAAM'732A, respectively,n =
15-79. F, critical concentration (J(c)) plots of actin assembly in the absence and presence of cDAAM'732A (1 um), as indicated. Inset, enlarged view of the initial
part of the J(c) plot, red arrow highlights the breaking points corresponding to the unassembled actin at steady-state. Dashed lines in the corresponding colors
show the fit to the linear part of the data. Error bars, standard deviations, n = 3. a.u., arbitrary units; ns, not significant.

ends can occur. We made a similar observation for other
DAAM constructs (21). In the case of sequestration, consider-
ing the dissociation equilibrium constant of the cDAAM'??4/
G-actin interaction (Table 1), the critical concentration of actin
assembly (Fig. 5F), and the concentration of cDAAM"?** used
in this experiment (1 uMm), one would expect an increase of
~500 nMm in the amount of unassembled actin due to sequestra-
tion, which would result in a significant shift in the breaking
point to ~600 nM (28). In contrast, in the case of sequestration,
the number of actin filaments is expected to be decreased (28);
however, in TIRFM experiments we found that cDAAM'7324
does not change filament number (Fig. 5D), which further sup-
ports the lack of sequestering activity. Therefore, these data
support that cDAAM'3?4 neither sequesters G-actin nor

blocks completely and permanently monomer-polymer ex-
change at barbed ends as a classic capping protein. To explain
the large but not complete inhibition of elongation by
cDAAM"3?A one can assume that it slows filament elongation
at barbed ends by influencing the rate constants of subunit
association and/or dissociation.

Consistently with the importance of the conserved Ile resi-
due in actin interaction (37), the mutation impairs not only the
nucleation ability of the FH2 domain but also diminishes its
interaction with the barbed end of the filaments. The combina-
tion of these two effects results in a decreased bulk polymeriza-
tion rate, detected in the pyrenyl polymerization assays (Fig.
5B). At high concentration, DAAM FH2'?** can maintain
some interactions with filament ends similarly to other formins
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Figure 6. Antagonism between DAAM and CP. A, polymerization of profilin/G-actin initiated in the absence and presence of DAAM constructs, as indicated.
The addition of CP after 120 s is indicated by an arrow. Final concentrations are as follows: [actin] = 2 um; [profilin] = 6 um; [CP] = 68 nm; [DAAM] = 200 nm. B,
polymerization rates before ([CP] = 0 nm) and after addition of CP at different concentrations derived from pyrenyl traces. Dashed lines in the corresponding
color show the fit of the data using Equation 2. The fit gave ICy, values of IC5o(cDAAM) = 3459 *+ 27.60 nm; IC5o(FH1-FH2) = 47.7 *= 16.97 nm;
IC5o(cDAAMACT) = 108.6 = 19.35 nm; and IC5o(cDAAMA™~A12) = 93,7 + 19,06 nm for CP inhibition. Error bars, standard deviations, n = 2-4. a.u., arbitrary units.

(e.g. mDial (13)). Even if such high concentration is physiolog-
ically not relevant, this approach allowed us to address the
effects of DAD-CT on the interaction of FH2 with barbed ends.
Our data indicate that besides the key Ile residue, other resi-
dues/binding sites in the FH2 domain also contribute to
barbed-end interactions of DAAM, albeit with much lower
affinities. Comparative structural analysis of DAAM FH2 with
other formins reveals that residues in the knob region near the
Ile”®?, as well as the lasso/post interface, can contribute to actin
binding (36). Based on our data, the coordination between these
different binding sites is crucial for functional barbed-end
interaction. Importantly, our observations that the magnitude
of the effect of the FH2'7?>* mutant on filament elongation is
more pronounced in the presence of DAD-CT than in the
absence of it suggests that the C-terminal regions are important
for filament end interaction.

DAD-CT contributes to the antagonism with capping proteins

We found that cDAAM'73?4 affects filament end dynamics
more efficiently than the FH1-FH2'7324 (Fig. 5, Band E), which
suggests that besides nucleation, DAD-CT is also important
for filament end interaction. We studied the effect of these
domains in the presence of capping protein (CP) to further
analyze the potential role of DAD-CT in the formin/barbed-
end interaction. CP is well known for its ability to bind to fila-
ment barbed ends and block their elongation (Fig. 6) (38, 39).
Formins were shown to be able to antagonize the effect of CPs
at barbed ends to sustain processive growth of actin filaments
(40—44). Thus, we investigated whether DAAM can compete
with CP for barbed-end binding and, if it does so, which regions
are important for this activity. Actin assembly was initiated in
the absence or presence of different DAAM constructs, and the
CP in increasing amounts was added to the polymerization
mixtures after ~120 s (Fig. 6A4) (40). CP inhibits both the rate
and the extent of DAAM-mediated actin assembly for all con-
structs, however with different efficiencies (Fig. 6). Quantita-
tive analysis revealed that cDAAM is more efficient than FH1-
FH2 in protecting filament ends (IC5, = 345.9 = 27.60 nm and
IC,, = 47.7 £ 16.97 nw,, respectively). Mutations in the CT region
(cDAAMACT and cDAAM*"#~*1) partially reduce the ability of

13574 J Biol. Chem. (2017) 292(33) 1356613583

DAAM to compete with CP (IC,, = 108.6 * 19.35 nm for
cDAAMACT and IC,,, = 93.7 = 19.06 nm for cDAAMA™&~A1= Fig,
6). FH1-FH2"7%2* and cDAAM"*** failed to antagonize the cap-
ping effect when added at the same concentration as the wild-
type constructs, in agreement with the importance of Ile”** in
barbed-end interaction (Fig. 64) (37). Because FH1-FH2'"?>4
and cDAAM'3?2 do not show any difference in this assay, we
conclude that the DAD-CT region is unable to compete for
barbed-end binding in the absence of a functional FH2 domain
(Fig. 6A). Consistent with this, we found that the isolated
DAD-CT cannot uncap CP-bound barbed ends (Fig. 6A4). These
observations corroborate the role of the C-terminal regions of
DAAM in filament-end interaction. Importantly, our data
clearly demonstrate that although the FH2 domain is necessary
for uncapping of CP, the DAD-CT regions can contribute to
this antagonistic activity by tuning the filament end protection
ability of FH2.

Role of DAD-CT in FH2-mediated F-actin interaction

Previously, we showed that both Drosophila DAAM FH2 and
FH1-FH2 possess actin filament binding and bundling activi-
ties (21). This activity is characteristic for the human Daam1
protein, as well (30, 45). Based on this and to further extend our
studies on the role of DAD-CT in actin interaction, we investi-
gated whether the DAD-CT region can interact with F-actin in
high-speed co-sedimentation experiments (Fig. 7A). The
amount of DAD-CT sedimented with F-actin increased in a
concentration-dependent manner, which indicates that
DAD-CT can bind to the sides of filamentous actin with a dis-
sociation equilibrium constant of K,(DAD-CT) = 38.9 = 3.2
mM (Fig. 7A). This suggests less efficient interaction than that of
the FH2 domain, which is characterized by K, in the low micro-
molar range (21). Removal of the CT significantly reduces the
binding strength of the C terminus (K,(DAD) >100 um),
whereas the binding of the DAD-CT*"¢~*"* mutant to F-actin is
negligible (Fig. 7A). To test the functional consequences of side
binding, the bundling activity of DAAM was studied in low-
speed centrifugation assays. We found that FH1-FH2, as well as
c¢DAAM bundle actin filaments with approximately the same
efficiency, and the I723A mutation does not affect the bundling
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Figure 7. Interaction of DAD-CT with actin filaments. A, DAAM/F-actin ratio in the pellet (P) derived from the analysis of SDS-polyacrylamide gels. Dashed lines
correspond to the fit of the data (21, 35); the fit gave K, values of K,(DAD-CT) = 38.9 = 3.2 um, K,(DAD) > 100 um. [F-actin] = 2.5 um. Error bars, standard deviations,
n = 2-4. B, bundling activity of different regions of DAAM. The relative amount of actin filaments in the supernatant as the function of DAAM concentration,
determined from the quantification of SDS-PAGE analysis of the samples. Final concentrations are as follows: [F-actin] = 1 um. Error bars, standard deviations, n = 2-3.

activity of FH2 (Fig. 7B). Our results revealed that the DAD-CT
region can also bundle F-actin, independently of the FH2
domain; however, its efficiency is extremely low (Fig. 7B). Nei-
ther DAD nor DAD-CT#"8~A show significant activity at the
concentrations we could test in the experiments (Fig. 7B).
Altogether, these results show that the isolated DAD-CT can
interact with the sides of actin filaments and also suggest that
the FH2 domain of DAAM is the core actin filament side-bind-
ing/bundling element, whereas the C-terminal region appears
to have a minor contribution to this activity. Consistently with
the G-actin interaction, these data further support that the
main C-terminal actin-binding element is the CT region.

Actin assembly promoting activity of the FH2 domain of DAAM
is regulated through an autoinhibitory interaction

The DRF formin subfamily proteins are regulated by intra-
molecular autoinhibitory interactions mediated by the N-ter-
minal DID and the C-terminal DAD domains. DAAM pos-
sesses the N- and C-terminal sequence elements characteristic
for these regulatory domains (Fig. 14). Consistently, our previ-
ous investigations showed that Drosophila DAAM constructs
lacking either one of the DID or DAD regions behave as consti-
tutively active forms of the protein in in vivo assays (17). To
address this issue biochemically, the effects of the recombinant
DID fragment on FH1-FH2 (lacking the C-terminal DAD-CT
region) and cDAAM (possessing the C-terminal DAD-CT
region)-mediated actin assembly were investigated in pyrenyl
polymerization experiments (Fig. 84). We found that DID does
not affect the spontaneous actin polymerization or the actin
assembly promoting activity of FH1-FH2 (Fig. 84). In contrast,
it inhibits the cDAAM-mediated actin polymerization in a
concentration-dependent manner (Fig. 8). At saturating DID
concentrations, the polymerization rate was reduced to the
value characteristic of spontaneous actin assembly (Fig. 8). For
quantitative analysis, the relative polymerization rates from the
slopes of the pyrenyl traces at half-maximum polymerization
were derived and plotted as the function of DID concentration
(Fig. 8B). The fit gave a dissociation equilibrium constant of
~30 nMm, consistent with a tight interaction between the DID
and the DAD-CT domains (see Equation 1).

SASBMB

These results support that the interaction of the FH2 domain
of DAAM with actin is regulated by intramolecular interactions
between the DID and the C-terminal regions (46). Thus,
although the DAD-CT domain might be able to bind actin very
weakly (Fig. 3A), similar to other DRFs, its major function is
likely related to DID binding through which it shades the actin
assembly activity of the FH2 domain.

In vivo activity of the CT region

To further assess the functional importance of the actin-in-
teracting domains of DAAM, Drosophila primary neuronal cul-
tures were used to analyze the in vivo effect of FH2 and CT on
actin assembly. We took advantage of the fact that growth cone
filopodia are primarily actin-based structures, and we previ-
ously showed that overexpression of a constitutively active
form of dDAAM, lacking the DAD domain (ADAD-dDAAM),
induces a significant increase in the filopodia number in pri-
mary neurons (17). To exploit this effect, CT-truncated and/or
FH2'3?A_mutated ADAD-dDAAM constructs were expressed
in Drosophila embryos (Fig. 9A4). In accordance with our former
results, the pan-neuronal expression of ADAD-dDAAM
induced a significant increase of axonal filopodia formation as
compared with control cells (9.9 £ 0.60 versus 6.9 = 0.37) (Fig.
9, B and (). In contrast to it, overexpression of ADAD-CT-
dDAAM induced only a moderate increase in filopodia number
(7.8 £ 0.60) (Fig. 9, B and C). Thus, the constitutively active
form of d(DAAM was more effective in the presence of the CT
region. Contribution of the FH2 domain was analyzed by
expression of ADAD-dDAAM'3?#, which was also able to
induce a moderate increase in filopodia number (7.9 * 0.54),
comparable with that of ADAD-CT-dDAAM (Fig. 9, B and C).
These results reveal that, despite the huge differences in their in
vitro actin assembly activity, the FH2 and CT domains display
some requirements during filopodia formation in cultured neu-
rons. In agreement with a partly redundant role, the filopodia
number of cells expressing ADAD-CT-dDAAM"*?* was com-
parable with that of control cells (6.9 * 0.52) (Fig. 9, B and C);
thus, the lack of CT combined with the 1732A mutation abol-
ished completely the actin assembly activity of dDAAM.
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Figure 9. Constitutively active dDAAM induces filopodia formation in Drosophila primary neurons. A, domain organization of full-length D. melanogaster DAAM
formin and of the constructs investigated in the in vivo experiments. Abbreviations are as in Fig. 1A. The position of the I732A mutation is highlighted by asterisk. The
figure was made with Illustrator for Biological Sciences (57). B, representative images of primary neurons obtained from control or constitutively active dDAAM-
overexpressing embryos, stained with tubulin (magenta), actin (green), and HRP (red). Scale bar, 5 um. C, expression of ADAD-dDAAM (c155>UAS-ADAD-dDAAM, n =
62) construct induced a significant increase of filopodia number compared with control (c755/+, n = 162) and ADAD-CT-dDAAM 1732A (c155>UAS-ADAD-dDAAM
1732A, n = 60)-expressing cells. The other genotypes were not significantly different (c155>ADADCT-dDAAM, n = 61; c155>ADADCT-dDAAM 1732A, n = 68). Data
presented on the figure are given as mean = S.E. Data were analyzed with Kruskal-Wallis for the whole-data set, followed by Dunn'’s post hoc test for multiple
comparison. D, representative image from a time-lapse sequence of a neuronal growth cone expressing Actin5C::GFP. Scale bar = 5 um (corresponding to supple-
mental Movie 1). E, comparison of filopodia extension rate showed no significant difference (one-way analysis of variance, p = 0.09; control, 5.4 + 1.2, mean £ S.D.,.n =
3/134; ADAD-dDAAM, 3.6 = 1.2, mean = S.D., n = 4/118; ADAD-CT-dDAAM, 4.8 == 0.3, mean = S.D., n = 4/77). F, retraction rate is significantly lower in the case of
ADAD and ADAD-CT overexpression, compared with the control filopodia (one-way analysis of variance, p = 0.0047; control, 6.4 * 0.7, mean * S.D,, n = 3/91;
ADAD-dDAAM, 3.6 = 0.5, mean =+ S.D., n = 4/63; ADAD-CT-dDAAM, 4.5 + 0.9, mean = S.D., n = 4/40).

To better understand the mechanisms of the actin-binding
domains of DAAM in filopodia formation, filopodia dynamics
was studied in primary neurons expressing ADAD-dDAAM or
ADAD-CT-dDAAM. Filopodia dynamics was followed by co-
expression of actin5C::GFP (Fig. 9D), and as expected, live
imaging of 7-9 HIV neurons revealed an extensive movement
of filopodia (supplemental Movie 1), including lateral displace-
ment, collapse, stasis, and fusion. To characterize filopodia
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dynamics, we used extension and retraction as readouts (Fig. 9,
E and F). We found that the overexpression of the truncated
DAAM isoforms do not change significantly the extension rate
as compared with control neurons, expressing actin5C:GFP
alone (Fig. 9E). However, overexpression of the activated
DAAM isoform (ADAD-dDAAM) leads to decreased filopodia
retraction (Fig. 9F). This finding indicates that activated
DAAM is probably involved in filopodia stabilization rather
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Table 2
Properties of the C-terminal elements of different formins
Mm is M. musculus and Dm is D. melanogaster.

C terminus of formins in actin dynamics

Nucleation activity in

Main actin G-actin binding isolated form/contribution Affecting G-actin Other effects in
Formin interacting module” affinity to FH2-mediated nucleation interaction actin dynamics
Mm INF2 (12>) WH2-like/DAD K, ~0.06 um Nol/yes Profilin interferes Monomer sequestration,
sequence 50 mm KCl1 filament severing
Mm FMNL3 (14) WH2-DAD-CT K, ~2-3 uMm Yes/yes INF2 C terminus interferes Inhibits elongation
50 mm KCI mDial C terminus does not interfere (~ nm)
Mm Dial (13) DAD-CT K, ~100 um Yes/yes Profilin does not interfere Accelerates elongation
200 mM NaCl (~ um)
Dm Capu (15) tail K, ~20 uMm Nol/yes WH2, RPELI interfere Inhibits elongation
50 mm NaCl Profilin does not significantly interfere ~ (>10 um)
Dm DAAM DAD-CT K, = 44.4 = 2.85 um Nol/yes Profilin does not interfere Inhibits elongation
(this study) 50 mm NaCl WH?2 interferes (>40-50 um)

“ The main actin interacting elements of the C-terminal regions are highlighted in boldface.

than filopodia elongation, although it still remains possible that
DAAM is also involved in the initial actin nucleation steps of
filopodia formation. The retraction rate upon ADAD-CT-
dDAAM overexpression is in between the wild-type control
and that of ADAD-dDAAM (Fig. 9F), suggesting that the CT
domain may have a minor role in filopodia stabilization.

Thus, the analysis of filopodia number and dynamics in pri-
mary neurons revealed that the CT domain of DAAM appears
to contribute to filopodia formation in vivo, and it may also
affect the dynamic behavior of filopodia.

Discussion

In this work we extended the characterization of the C-ter-
minal elements of formins by analyzing the role of the DAD and
CT regions of Drosophila DAAM in the regulation of actin
dynamics both in vitro and in vivo. We showed that the
DAD-CT tunes the nucleation activity and the proper filament
end interactions of the FH1-FH2 domains of DAAM, as well as
its ability to antagonize with CP.

Our data revealed that the DAD-CT region of DAAM can
interact with actin in vitro; however, the binding of isolated
DAD is very weak, and hence it is the CT region that is largely
responsible for actin interaction (Fig. 3A and Table 1). The
C-terminal regions of mDial, INF2, and FMNL3 possess
sequence elements characteristic of the N terminus of the
actin-binding WH2 domains (12-14). Comparative sequence
analysis of the DAD-CT regions of DAAM indicates some
sequence similarity to WH2 domains, as well (Fig. 1C).
The DAD region contains the conserved hydrophobic amino
acid triplet of LLXXI, which mediates interactions between the
N terminus of WH2 domains and the hydrophobic cleft of actin
(34). However, the characteristic LKK(T/V) motif, which is
essential for the actin binding of WH2 domains, is completely
absent from the C terminus of DAAM (Fig. 1C). Similar
sequence characters can be observed for the DAD of mDial and
FMNL3, which also bind actin relatively weakly (Fig. 1C and
Table 2) (13, 14). Conversely, INF2 possesses the LKK(T/V)
motif that appears to strengthen its affinity to actin (Table 2)
(12). The CT of DAAM is a relatively long (~40 aa) extension
and predicted to be intrinsically disordered. Our mutational
analysis indicates that the Arg/Lys residues in the CT region are
central to efficient actin binding (Fig. 3A). Basic amino acids in
the C terminus of mDial, FMNL3, and Capuccino were shown to
contribute to their actin affinity (13, 14, 47). These data suggest
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that the weak actin binding of the DAD region of formins might be
attributed to the hydrophobic WH2-like amino acid triplet; how-
ever, other sequence elements that are present in the CT region
appear to ensure a significantly stronger interaction.

The DAD-CT region of DAAM has similar affinity for free
G-actin and profilin-bound G-actin (Fig. 34 and Table 1). We
do not detect any indication for mutually exclusive binding
between profilin and DAD-CT to monomeric actin, whereas
DAD-CT is displaced by WH2 domains possessing a relatively
long and disordered C-terminal extension (Fig. 3, B and C).
Profilin interacts with the hydrophobic cleft of subdomains 1
and 3 of actin, which might interfere with the WH2-like binding
mode of DAD. The long C-terminal half of WH2 extends along
the negative surface patch of the actin molecule toward the
pointed face, through interactions mainly controlled by elec-
trostatic forces (32—34). The similar structural features and the
competitive binding of DAAM CT and WH2 domains indicate
that DAAM CT adapts a binding mode, which is similar to that
of the C terminus of WH2. These considerations further sup-
port our conclusion that the main actin-binding element of
DAD-CT is not the DAD but is the CT region (Fig. 10).

As opposed to mDial DAD, the isolated DAD-CT of DAAM
cannot nucleate actin filaments on its own, even in its dimeric
form maintained by GST (13). However, it markedly contrib-
utes to the nucleation efficiency of the FH2 domain, yet a prop-
erly functioning FH2 domain is absolutely essential for nucle-
ation (Figs. 2, 4, and 5). The actin binding strengths of the
FH1-FH2 and ¢cDAAM constructs are apparently the same
(Fig. 2C and Table 1). From this aspect the FH2 domain of
DAAM differs from other formins, which requires the C-termi-
nal regions for efficient G-actin binding (13, 22, 23). However,
the more potent nucleation activity of cDAAM as compared
with that of FH1-FH2 indicates that the presence of the
DAD-CT region must change the structural and/or kinetic fea-
tures of FH1-FH2 when in complex with actin. This is sup-
ported by our data, which indicate positive cooperativity
between the association of FH2 and DAD-CT to actin, as well as
structural considerations as discussed below.

Besides their role in stabilizing nucleation intermediaries,
our results also indicate that the C-terminal regions can con-
tribute to proper filament end interaction and to the pro-
cessivity of DAAM. This is supported by the fact that cDAAM is
more efficient in maintaining filament elongation in the pres-
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ence of capping protein than FH1-FH2 and that the DAD-CT
region influences the effect of the I732A mutation on actin
elongation (Figs. 5 and 6). Recent findings on the co-regulation
of barbed-end dynamics by CPs and formins (e.g. mDial,
FMNL2, and human Daam1) propose the existence of a ternary
or decision complex at the filament end (40, 43). Because of the
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overlapping binding sites of CPs and formins, the co-existence
of these proteins at the filament end results in steric clashes,
which can be resolved by the partial dissociation of both CPs
and formin from the barbed end, as suggested by structural
modeling (43). According to the proposed structural features,
the main filament end interacting region of the formin in the
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ternary complex is the aD helix in the knob region. Disrupting
this region, by introducing the mutation in the conserved Ile
residue, is expected to loosen the formin/barbed-end interaction
and weaken its integrity in the ternary complex. This may result in
a faster dissociation and/or slower association or complete
removal of the formin, leaving the ends capped by CPs, consistent-
ly within our experiments (Fig. 6). Importantly, our results shed
light on the importance of DAD-CT in the anti-capping activity of
DAAM. The more efficient anti-capping activity of cDAAM as
compared with FH1-FH2 (Fig. 6) indicates that the C-terminal
regions of DAAM contribute to the stability of the ternary com-
plex, which relies on both DAD and CT. Nevertheless, it seems
that the loss-of-function defects in the FH2 domain regarding fil-
ament end interaction can be compensated by DAD-CT only in
the absence of profilin and CPs. This indicates that in a complex
biological context, i.e. filopodial elongation or sarcomeric thin fil-
ament lengthening, the FH2 domain of DAAM is essential for
properly functioning barbed-end interactions.

What is the mechanistic view of the enhancement of FH2-
mediated actin assembly by DAD-CT?

DAD-CT can stabilize the structure of the FH2 domain mak-
ing it a more efficient nucleator, by which it would contribute
indirectly, independent from its own actin binding ability, to
the core activity of FH2. A similar mode of action was proposed
for the FH1 domain of FMNL3 (48). Alternatively, the binding
of isolated DAD-CT to actin suggests that DAD-CT can
directly interact with actin in their complexes with FH1-FH2—
DAD-CT to promote nucleation. In support of this, structural
data predict that each of the DAD-CT regions in the FH1-
FH2-DAD-CT dimer canestablish contactswithanactinmono-
mer (Fig. 104). This would result in the stabilization of four
actin subunits by DAAM, which would completely overcome
the structural and kinetic barrier of actin assembly imposed by
the nucleation phase. Accordingly, the current model proposes
that the FH1-FH2-C terminus forms a tripartite machinery, in
which the C terminus serves as a monomer recruitment motif
(13, 48). This model implies that the actin monomers captured
by DAD-CT would incorporate at pointed ends, which can be
interfered with by profilin. In contrast, the model implicates
that the affinity of the C-terminal of DAAM and some other
formins, which is relatively weak in their isolated forms (Table
2), must be strengthened in their complexes with FH2. This
might occur by FH2-mediated structural changes in the C-ter-
minal regions. Alternatively, the FH2 domain by bringing actin
subunits into the close proximity of DAD-CT could increase
the apparent affinity of the C terminus. In this scenario, the low-
affinity C-terminal regions of formins may be involved in the sta-
bilization of the FH2—actin complex, whereas high-affinity C-ter-
minal domains can mediate monomer recruitment (Fig. 10B).
Besides nucleation, DAD-CT also supports the interaction of FH2
with the filament ends, as well as its anti-capping efficiency. This is
manifested possibly through interactions of the DAD-CT with the
sub-terminal actin subunits, consistently with the proposed struc-
tural model (Fig. 10) (48). In the presence of the C-terminal
regions, the stair stepping of formins requires the dissociation and
re-association of both FH2 and DAD-CT, which can influence the
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processive mode of filament end tracking, as suggested by our data
and the work of others (15).

The contribution of the DAD-CT of DAAM in tuning the activ-
ities of the FH2 domain is supported by the analysis of its role in
neuronal actin dynamics (Fig. 9). Our results point to the impor-
tance of the CT region in actin interactions, in good agreement
with the biochemical data. Interestingly, the in vivo data suggest
that the contributions of the FH2 and CT regions to filopodia for-
mation are comparable. An explanation might be that the CT
region of DAAM is not only important for actin interaction but it
can also associate with other cytoskeletal regulators, which can
contribute to the functioning of DAAM. As examples, Flightless I
was shown to directly interact with the C terminus of DAAM and
modulate its actin assembly activity; also other formins can bind
microtubules that influence their interactions with actin (20, 47, 49).

In conclusion, the C terminus of DAAM shares similar proper-
ties to other formins with regard to actin binding and tuning the
nucleation-promoting activity of the FH2 domain, as well as to its
processive filament end tracking. We also demonstrate that
DAD-CT makes the FH2 domain more efficient in antagonizing
with capping protein. Our observations suggest that the effects of
DAD-CT on the actin nucleation and elongation activities of
DAAM are manifested by cooperative structural and/or kinetic
stabilization of the interaction of FH2 with actin. Altogether, our
work provides support for the idea that the DAD-CT region plays
a significant role in modulation of the actin-assembling properties
of the Drosophila member of the DAAM formin.

Experimental procedures
Protein purifications and modifications

For bacterial protein expression, cDNAs of DAAM subfrag-
ments (DID, 115-356 aa; cDAAM, 5681153 aa; FH1-FH2,
568 —1054 aa; cDAAMACT, 568-1116; DAD-CT, 1083-1153
aa;and DAD, 1083—-1119 aa) and their mutated versions (FH1-
FH2'7324 cDAAM'732A, cDAAMA™8 A2 and DAD-CTA™EAk)
(Fig. 1A) were inserted into pGEX-2T vector (Amersham Bio-
sciences). Constructs were expressed as glutathione S-transfer-
ase (GST) fusion proteins in Escherichia coli BL21(DE3)pLysS
strain (Novagen). Transformed bacteria were grown at 37 °C in
Luria Broth powder microbial growth medium (Sigma). Protein
expression was induced by addition of 1 mm isopropyl 3-pb-1-
thiogalactopyranoside at Agy, ~0.6—0.8. After overnight
expression at 20 °C, the bacterial extracts were collected by cen-
trifugation (10,000 X g, 15 min, 4 °C) and stored at —80 °C until
use. For protein purification, the bacterial pellet was lysed by
sonication in Lysis buffer (50 mm Tris-HCI, pH 7.6, 5 mM DTT,
50 mm NaCl, 5 mm EDTA, 1% sucrose, 10% glycerol supple-
mented with 1 mm PMSF, 5 mm MgCl,, 0.1 mg/ml DNase, and
Protease Inhibitor Mixture (Sigma P8465)). The cell lysate was
ultracentrifuged (110,000 X g, 1 h, 4 °C). The supernatant was
slowly loaded onto GSH resin (Amersham Biosciences) in a
column. For FH domain-containing constructs, the column
was sequentially washed with Lysis, Wash1 (50 mm Tris-HCI,
pH 7.6, 5 mm DTT, 400 mm NacCl, 10% (v/v) glycerol, 1% (w/v)
sucrose), ATP (50 mMm Tris-HCI, pH 7.6, 5 mm DTT, 100 mm
KCl, 10 mm MgCl,, 0.25 mm ATP, 5% (v/v) glycerol, 1% (w/v)
sucrose), and Wash2 (50 mm Tris-HCI, pH 7.6, 5 mm DTT, 50
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mwm NaCl, 5 mm MgCl,, 10 mm KCl, 5% (v/v) glycerol, 1% (w/v)
sucrose) buffers. For the C-terminal constructs, lacking the FH
domains, the column was washed with Lysis and Wash2 buf-
fers. The proteins were eluted by Wash2 buffer supplemented
with 50 mM glutathione-reduced (Sigma G4251), concentrated
(Vivaspin 30,000-Da cutoff), and loaded onto PD10 column
(GE Healthcare 17-0851-01) for buffer exchange to Storing
buffer (50 mm Hepes, pH 7.6, 5 mm DTT, 50 mm NaCl, 5% (v/v)
glycerol, 1% (w/v) sucrose). Before flash-freezing in liquid
nitrogen, the constructs were clarified by ultracentrifugation
(300,000 X g, 30 min, 4 °C) and stored at —80 °C until use.
Control experiments showed that a freeze/thaw cycle does not
affect the functionality of the constructs (data not shown). Typ-
ically, 5-6 g of bacterial pellet yielded 1-1.2 mg/ml protein.
The protein concentrations were measured spectrophoto-
metrically using the extinction coefficients at 280 nm and
molecular weights derived from the amino acid sequence
(ExPASy ProtParam tool http://web.expasy.org/protparam/).?
Actin was purified from rabbit skeletal muscle, gel-filtered on
Superdex 200, and stored in G buffer (4 mm Tris-HCI, pH 7.8, 0.1
mm CaCl,, 0.2 mm ATP, 0.005% NaNj, 0.5 mm B-mercaptoetha-
nol) according to standard protocols (50, 51). Actin was labeled at
Lys®*® by Alexa Fluor® 488 carboxylic acid succinimidyl ester
(Alexad88NHS, Invitrogen) or at Cys*’* by N-(1-pyrene)iodoacet-
amide (pyrene, Thermo Fisher Scientific) according to standard
protocols (21, 28, 52). Mouse profilin 1 was purified as described
previously and labeled with Alexa Fluor® C, 568 maleimide
(Alexa568C, Invitrogen) (28, 53). Heterodimeric mouse o3 CP
and the WH2 domain-containing construct of SALS (SALS-
WH2) were purified as described previously (28, 54).

General experimental considerations

Samples at each concentration were prepared individually for
experiments. All measurements were performed at 20 °C. The
sum of the volume of the proteins and the volume of their storing
buffer were constant in the samples and represented a maximum
50% of the total volume of the sample. The concentrations given in
the text are final concentrations. In all experiments Mg**-ATP-
actin was used. The actin monomer-bound Ca** was replaced by
Mg?"* by adding 200 um EGTA and 50 um MgCl, and incubating
the samples for 5-10 min at room temperature.

Pyrenyl polymerization assays

The polymerization kinetics of Mg>" -ATP—G-actin was mea-
sured using pyrene-actin. The actin concentration was 2 um
that containing 5 or 2% pyrenyl-labeled actin in the case of free
G-actin and profilin—G-actin, respectively. In profilin-contain-
ing samples, the profilin concentration was 6 um. The polymer-
ization was initiated by the addition of 1 mm MgCl, and 50 mm
KClin the absence and presence of different proteins (for exact
sample composition and concentrations, see the figure leg-
ends). The measurements were performed using a Safas Xenius
FLX spectrofluorimeter (A, = 365 nm, A_,, = 407 nm). To
quantitatively analyze the effect of DAAM on actin assembly,
the polymerization rates were determined from the slope of the

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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pyrenyl traces at half-maximum polymerization. The relative
polymerization rates were derived as the ratio of the polymeri-
zation rate measured in the presence of different amounts of
DAAM and the polymerization rate of spontaneous actin
assembly (Figs. 2B and 4B). For the quantitative analysis of the
effect of DID on cDAAM-mediated actin assembly (Fig. 8B),
the relative polymerization rate was derived as the ratio of the
polymerization rate measured in the presence of cDAAM and
different amounts of DID and the polymerization rate mea-
sured in the presence of cDAAM and in the absence of DID.
The DID concentration dependence of the relative polymeriza-

tion rate (V,jarve) Was fit by Equation 1,
B [cDAAM:DID] N
Vielative = W Vo Vmin (Eq. 1)

where v, and v, ;, are the relative polymerization rates in the
absence and presence of saturating amounts of DID, respec-
tively; [cDAAM,] is the total cDAAM concentration, and
[cDAAM: DID] is the concentration of the cDAAM~-DID com-
plex, which was derived from the quadratic binding equation.

The antagonistic effect of DAAM with CP was investigated as
described (40). Briefly, profilin/G-actin assembly was initiated
in the absence of CP and in the presence of different DAAM
constructs (200 nm), and then CP at different concentrations
was added after ~120 s to the protein mixtures. Polymerization
rates (v) were derived over 40 s just before and 40 s after the
addition of CP. The rates were plotted as the function of [CP],
and data were fit by Equation 2.

Vo = Vmin
V=V,— Hi/cso (Eq. 2)
[CP,]

where v, and v, ;, are the polymerization rates in the absence
and presence of saturating amounts of CP, respectively; [CP] is
the total CP concentration, IC,, is the CP concentration
required for 50% inhibition.

Steady-state fluorescence experiments

Steady-state anisotropy—To study the DAAM/G-actin inter-
action, the steady-state anisotropy of Alexa Fluor 488 succin-
imidyl ester-labeled Mg>*-ATP-G-actin (Alexa488NHS-G-
actin) was measured. Alexad88NHS-G-actin (0.2 um) was
incubated with latrunculin A (LatA, 4 uMm) for 20 min. Then
DAAM constructs were added at different concentrations, and
the samples were further incubated for 1 h at 20 °C. In measure-
ments when profilin was present, profilin (0.8 um) was added to
actin after the incubation with LatA, and the samples were fur-
ther incubated for 30 min at 20 °C, prior to the addition of
DAAM constructs. Note that due to the presence of LatA that
prevents actin polymerization, the increase in steady-state ani-
sotropy could not result from filament formation; it solely
reflects the binding of DAAM constructs to actin. To study the
salt dependence of the DAD-CT/G-actin interaction, the ionic
strength was set by adding NaCl to the samples (for exact con-
centrations see Fig. 3A). Anisotropy measurements were per-
formed using a Horiba Jobin Yvon spectrofluorometer (A, =
488 nm, A, = 516 nm; slits, 5 nm). To study the interaction of
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DAD-CT with profilin/G-actin, steady-state anisotropy mea-
surements were performed using Alexa Fluor 568C; maleim-
ide-labeled profilin (Alexa568C—profilin). In these experiments
Alexa568C—profilin (2 um) was added to Mg>"-ATP-G-actin
(4 wm) bound to LatA (8 uM), and after a 30-min incubation at
20 °C, the samples were supplemented with DAD-CT at differ-
ent concentrations and further incubated for 1 h at 20 °C. The
measurements were performed using a Horiba Jobin Yvon
spectrofluorometer (A, = 578 nm, A_,, = 600 nm; slits, 5 nm).
For quantitative analysis, the DAAM concentration depen-
dence of the steady-state anisotropy (r) measured either in the
absence or presence of profilin was fit by Equation 3,

I’—I’A

Fap = I'a

_Ag + Dy + Ky = (A + Dy + Kg)? — 4AsD,
B 2D,

(Eq.3)

where A, and D, are the total G-actin and DAAM concen-
tration, respectively, r, is the steady-state anisotropy of
Alexad88NHS—-G-actin/Alexa568C—profilin; r,, is the steady-
state anisotropy of Alexad88NHS-G-actin/Alexa568C—pro-
filin at saturating amount of DAAM; and K, is the dissociation
equilibrium constant of the G-actin—~AAM complex.

J(c) plot measurements—To investigate the effect of
cDAAM'32% on the amount of unassembled actin at steady-
state critical concentration, measurements were performed as
described (21, 28). The cDAAM'"??4 concentration was 1 uM.
For the analysis, J(c) plots were generated ([actin] dependence
of the fluorescence emission).

Total internal reflection fluorescence microscopy

The effects of DAAM constructs on the assembly of individ-
ual actin filaments were followed by TIREM, as described pre-
viously (21, 28). Glass flow cells were incubated with 1 volume
of N-ethylmaleimide myosin for 1 min and then washed with 2
volumes of myosin buffer (4 mm Tris-HCI, pH 7.8, 1 mm DTT,
0.2 mm ATP, 0.1 mm CaCl,, 500 mm KCl, 1 mm MgCl,, 0.2 mm
EGTA) and 2 volumes of 0.1% (w/v) BSA. Finally, flow cells
were equilibrated with 2 volumes of TIRFM buffer (0.5% (w/v)
methylcellulose, 0.5% (w/v) BSA, 50 mm 1,4-diazabicyclo-
[2,2,2]octane, 100 mM DTT in buffer F* (4 mm Tris-HCI, pH 7.8,
1 mm DTT, 0.2 mm ATP, 0.1 mm CaCl,, 50 mm KCl, 1 mm
MgCl,, 0.2 mm EGTA)) before adding the protein mixture (for
exact protein composition and concentration see the figure leg-
ends). To follow the assembly of free G-actin or profilin/G-
actin in the absence and presence of DAAM, a mixture of
G-actin (0.5 uMm, containing 10% Alexa488NHS—-G-actin) and
different DAAM constructs in TIRFM buffer was injected into
the flow cell. In profilin-containing samples, the profilin con-
centration was 2 uM. Images were captured every 10 s with an
Olympus IX81 microscope equipped with a laser-based (491
nm) TIRFM module using an APON TIRF X60 NA1.45 oil
immersion objective and a CCD camera (Hamamatsu). Images
were background corrected before analysis. For analysis of the
number of filaments, images were captured 15 min after the
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initiation of actin polymerization. Filament number was
derived from a 66 X 66-um region of the images by using Fiji.
Time-lapse images were analyzed by either the Multiple Kymo-
graph plugin of Fiji or by manually tracking filament growth to
derive the elongation rate of actin filaments. Filament length was
converted to subunits using 370 subunits/um filament (55). The
elongation rate of actin filaments (v) was related to the critical
concentration of actin assembly (cc ~0.1 uM (1, 2)) to the associa-
tion rate constant of actin monomers to filament barbed ends (k)
and to the total actin concentration ([G,]) by Equation 4,

v=k_([Gy] — co) (Eq. 4)

Actin filament binding and bundling assays

To investigate the interaction of DAD-CT with actin fila-
ments, high-speed centrifugation experiments were performed
and analyzed as described (21, 28). In control experiments, we
found that the C-terminal constructs appear in the pellet in the
absence of F-actin, however at significantly lower amounts than
in the presence of actin filaments. Therefore, for quantitative
analysis, the amount of self-pelleting DAAM protein was sub-
tracted from the amount of DAAM sedimented in the presence
of actin. The final F-actin concentration was 2.5 um. To study
the bundling activity of DAAM constructs, Mg>"-ATP-G-
actin (10 um) was polymerized for 2 h at 20 °C by adding 1 mm
MgCl, and 50 mm KCl. Actin filaments were diluted to 1 um in
F buffer (G buffer supplemented with 1 mm MgCl, and 50 mm
KCl), in the absence and presence of different DAAM con-
structs and further incubated for 1 h at 20 °C. Samples were
centrifuged (14,000 X g, 5 min, 20 °C), and then the superna-
tants were carefully removed and processed for SDS-PAGE
analysis. The protein content of the supernatants was derived
from Coomassie Blue-stained gels (Syngene Bioimaging Sys-
tem). Quantification of Coomassie Blue intensities was per-
formed within the linear range of exposure identified by a cali-
bration curve. The intensity values were corrected for the
molecular weight of each protein. The relative amount of F-ac-
tin in the supernatant was derived as the ratio of the amount
F-actin in the absence of any other protein to the amount F-ac-
tin in the presence of different proteins.

Genetics

The following fly stocks were used for in vivo overexpression:
ElavGAL4“"*® or wielavGAL4 were crossed to w;UASADAD-
DAAM, w;UASADAD-CT-DAAM, w;UASADAD-DAAM 17324,
w;UASADAD-CT-DAAM 1732A, w;UAS-ADAD-DAAM;UAS-
Actin5C::GFP, w;UAS-ADAD-CT-DAAM;UAS-ActinSC::GFP.

Primary cell cultures

Drosophila primary neuronal cells were obtained from stage
11 embryos following a protocol published by Sanchez-Soriano
et al. (56) with some modifications. In brief, whole embryos
were squashed in Schneider’s Drosophila (Sigma) medium sup-
plemented with 20% heat-inactivated fetal bovine serum
(Sigma), 2 ug/ml insulin (Sigma), and penicillin/streptomycin
solution (Lonza). Embryonic homogenates were spun at 380 X
g for 4 min at room temperature. Pellets were resuspended in
complete medium, and the cells were grown at 27 °C on glass
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coverslips or in glass-bottom Petri dishes for live imaging
(MaTek). For filopodia number analysis, primary neurons were
fixed 6 h after plating in 4% formaldehyde for 30 min at room
temperature. Cells were washed with PBST (PBS + 0.1% Triton
X-100) and then blocked in 5% goat serum diluted in PBST for
10 min. Cells were incubated with primary antibodies overnight
at 4 °C (mouse anti-tubulin 1:1000 (Sigma), rat anti-actin 1:200
(Babraham Bioscience), rabbit anti-HRP 1:200 (Jackson Immu-
noResearch), diluted in blocking solution). After overnight
incubation, cells were washed in PBST and then incubated with
secondary antibodies for 1 h at room temperature (anti-mouse
Alexa 405 1:600, anti-rat Alexa 488 1:600, and anti-rabbit Alexa
647 1:600 (Life Technologies, Inc.) diluted in blocking solu-
tion). Cells were washed in PBST, and then coverslips were
mounted on microscope slides in 70% glycerol. Confocal
images were collected with an Olympus FV1000 LSM micro-
scope and edited with Image]J software.

Live imaging and filopodia dynamics

Filopodia dynamics measurements were performed on 7-9
HIV neurons in culture using an LSM 880 confocal microscope
(Zeiss) equipped with a X40, 1.4 NA oil-immersion lens. To
follow actin dynamics, we overexpressed Actin5C::GFP in the
cell culture, using a pan-neuronal driver (Elav-Gal4). Imaging
of the neurons was performed in glass bottom Petri dishes
(MatTek Corp.) in growth media. Fluorescence was excited
using the 488-nm line of the argon laser and recorded at a band-
width of 500 —550 nm at an acquisition rate of 1.27 Hz. Filopo-
dia with recognizable extension and retraction phases were
selected for further analysis. To measure the extension and
retraction speed, kymographs were built using KymoReslice-
Wide, a Fiji plugin dedicated to generate kymographs with
improved contrast. Steepness was measured manually and con-
verted to extension and retraction velocities in Excel (Microsoft).

Statistics

The data presented were derived from at least two independent
experiments. Values are displayed as mean * S.D. The number of
independent experiments are given in the figure legends. The sig-
nificance was calculated using two-sample ¢ tests or Z tests consid-
ering the number of data and the variance (Excel, Microsoft). The
data were analyzed by Kruskal Wallis or one-way analysis of vari-
ance considering the distribution of the data. By convention, p =
0.05 was considered as statistically not significant; *, p < 0.05; **,
p <0.01;** p <0.001; and ****, p < 0.0001. The significance levels
are given in the text and on the corresponding figure.

Author contributions—A. T. V. performed the experiments, ana-
lyzed the data, and prepared the digital images. 1. F. performed the
experiments, analyzed the data, and prepared the digital images.
Sz. Sz., performed the experiments, analyzed the data, and prepared
the digital images. E. M. performed the experiments. R. G. per-
formed the experiments and analyzed the data. M. A. T., T. H., and
R. P. performed the experiments and analyzed the data. G.C.S. T.
read the article for intellectual content. J. M. conceived and designed
the experiments, analyzed the data, and drafted the article. B. B. con-
ceived and designed the experiments, performed the experiments,
analyzed the data, drafted the article, prepared the digital images.
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Time lapse sequence of filopodia dynamics of a neuronal growth cone expressing Actin5C::GFP. Scale
bar =5 um, elapsed time is given in seconds.
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