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1. INTRODUCTION 

 

1. 1. Cytoskeletal polymer networks 

Essential components of the eukaryotic cells are the polymer networks built from 

protein subunits; including microfilaments (or actin filaments, AF), intermediate 

filaments (IF) and microtubules (MT). These cytoskeletal protein arrays have 

fundamental roles in virtually all cellular functions; including but not limited to cell 

division, motility, adhesion, signaling, endocytic trafficking and transport. Health relies 

on proper cellular functionality governed by the spatiotemporal regulation of the 

morphology and dynamics of these polymer networks, which is orchestrated by a large 

repertoire of associated proteins. Therefore, understanding the functional and 

structural principles of the regulation of these cytoskeletal polymers is basic for 

medicine and life sciences.  

 

1. 2. Biochemical aspects of cytoskeletal polymer dynamics 

Cytoskeletal filament networks are composed of biopolymers that share 

common characteristics with respect to their assembly. An inherent property of these 

arrays is that they are built from subunits upon polymerization (Figure 1-3). The subunit 

of the AF system is the actin monomer, while MTs are built from - tubulin 

heterodimers. Intermediate filaments do not share a common protein subunit; more 

than 50 different IF proteins are known, which are categorized into six different types 

(Type I-VI). The polymerization is an intrinsic property of these biopolymers; subunits 

can spontaneously self-assemble into polymers under appropriate conditions (e.g. salt 

concentration, temperature) even in the absence of any associated proteins. In cells, 

the polymers are organized into higher order structural arrays by regulatory proteins, 

which also fine tune their functionality to generate diverse subcompartments optimized 

for specific cellular processes. 

 

1. 2. 1. Structural and kinetic features of actin (micro-) filaments 

Actin was discovered and first extracted from skeletal muscle in the beginning 

of 1940’s in Albert Szent-Györgyi’s lab (Institute of Medical Chemistry, University of 

Szeged) by Ilona Banga and Brúnó F. Straub (1). Since this seminal discovery, actin 

has been attracting and astonishing researchers for more than 70 years now. The basic 
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building block of the actin filament system is the globular actin molecule (monomeric, 

or G-actin) (Figure 1, A). The actin monomer is composed of two main domains (inner 

and outer domains, named after their orientation in the polymer), which can be further 

divided into four subdomains (S1-4). G-actin possesses structural polarity with a 

barbed (or plus) face and a pointed (or minus) face defined by S1-3 and S2-4, 

respectively. Actin binds a molecule of adenosine nucleotide (ATP, ADP) in the 

nucleotide-binding cleft in complex with a divalent cation (Ca2+ in vitro and Mg2+ in 

vivo). Upon polymerization, which can be initiated by increased ionic strength in cell-

free environments (e.g. by adding 100 mM KCl and/or 2 mM MgCl2), the monomers 

assemble into a helical fiber-like structure (filamentous or F-actin) (Figure 1, A). Due 

to the ordered arrangement of the subunits within the filament, the structure of F-actin 

is polarized; one end is called barbed (or plus) end, while the opposite end is the 

pointed (or minus) end. Polymerization starts with the formation of actin dimers and 

trimers, containing two and three actin subunits, respectively (Figure 1, B). This, so 

called nucleation phase is thermodynamically extremely unfavorable, as revealed by 

Brownian dynamics simulations and binding free energy calculations for the nucleation 

intermediates (2). Once the kinetic barrier of nucleation is overcome the diffusion-

limited association of actin monomers to the filament results in growth during the 

elongation phase. In this regime, the kinetic parameters favor monomer incorporation 

and the binding free energy is negative (2). The association and dissociation of 

subunits are characterized by different rate constants at the two ends of the filament 

due to structural compatibilities, which give rise to the kinetic polarity of the actin 

polymer (3,4). Due to the kinetic differences, the lengthening of the filament is ~ 10fold 

faster at barbed ends as compared to pointed ends. At steady-state a dynamic 

equilibrium is established by the net assembly of subunits at the barbed ends, which 

is balanced by their net disassembly at the pointed ends. In this regime actin filaments 

coexist with monomers. The steady-state amount of free G-actin is called the critical 

concentration (𝑐𝑐). Its value can be derived as the ratio of the dissociation (𝑘−) and 

association (𝑘+) rate constants (𝑐𝑐~ 0.1 𝜇𝑀 and 0.6 𝜇𝑀 for the barbed and pointed end, 

respectively, in the ATP regime). Thus, biochemically it is a dissociation equilibrium 

constant for monomer:filament end interaction. However, due the different nucleotide 

states of the associating and dissociating actin subunits (as discussed below) the 

critical concentration is not considered as a true dissociation equilibrium constant. 
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Actin is an ATPase (Figure 1, B). The ATPase activity of G-actin is extremely 

low (0.6 ℎ−1), which is substantially increased upon the structural changes 

accompanying the incorporation of the monomer into the filament (5-8). During 

polymerization, ATP is hydrolyzed into ADP-Pi (𝑡1/2 = 2 𝑠) and subsequently the 

inorganic -phosphate is released (𝑡1/2 = 350 𝑠), which results in inhomogeneous 

nucleotide distribution along the filament. The ATPase activity of actin is not essential 

for polymerization, ADP-G-actin can form filaments, as well. 

 

Figure 1. Structural and kinetic features of actin dynamics. 

(A) X-ray structure of monomeric, and structural model of filamentous actin (5,9). Ribbon representation 

of the actin monomer with the bound nucleotide, subdomains are labeled as S1-4 (PDB 1HLU). 

Structural model of the actin filament. The two-stranded, right-handed helix and the single-stranded, left-

handed helices are shown. Image credit: Beáta Bugyi. (B) Actin polymer dynamics and structural and 

kinetic polarity of F-actin (3,10).  
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1. 2. 2. Structural and kinetic features of intermediate filaments 

Intermediate filament proteins form a large family and show cell and tissue 

specific distribution (Figure 2, A) (11). Despite varying in size and primary amino acid 

sequence, IF protein subunits share a common tripartite domain structure (11-13) 

(Figure 2, B). They consist of a conserved central–helical rod region, which is 

surrounded by N-, and C-terminal domains (head and tail, respectively) varying 

considerably in size and secondary structure. Assembly of IFs starts upon the 

association of two subunits by wounding around the two rod domains, which results in 

a coiled-coil dimer (Figure 2, C). These dimers can be homodimers in case of for 

example lamins and class III IFs. Whereas keratins found in epithelial cells are obligate 

heterodimers consisting of one acidic and one basic keratin polypeptide. 

Subsequently, two dimers bind in an antiparallel fashion and form a tetramer. The end-

to-end association of tetramers results in the formation of protofilaments, finally eight 

protofilaments assemble to an intermediate filament. In contrast to the two other 

cytoskeletal polymers IFs have no structural polarity due to the antiparallel structure of 

the tetramers. IFs do not undergo dynamic assembly or disassembly, either; their 

dynamics is regulated by phosphorylation. 

 

Figure 2. Structural and kinetic features of intermediate filaments. 

(A) Different types of IF proteins. (B) Schematic representation of the characteristic tripartite domain 

structure of IF proteins. (C) Schematic representation of the sequential assembly of IF protein subunits 

to filaments (11,14). 
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1. 2. 3. Structural and kinetic features of microtubules 

Microtubules are the largest cytoskeletal polymers, they are stiff hollow tubes 

with a diameter of ~ 25 nm that grow and shrink primarily at their plus ends. Their 

subunit is composed of - and -tubulins that bind tightly by non-covalent bonds 

forming heterodimers (Figure 3, A) (15). A third type of tubulin, the -tubulin exists also 

in cells, which localizes to the centrosome where it functions in the initiation of 

microtubule assembly. The - and -tubulins share ~ 40 % amino acid sequence 

identity, both have different isoforms and undergo posttranslational modifications (16). 

Most microtubules are composed of 13 protofilaments built from tubulin heterodimers 

bound together in a head-to-tail manner folding together into a tube (Figure 3, B). The 

assembly of tubulin heterodimers can occur in cell-free environment by e.g. increasing 

the temperature above ~ 30oC and the viscosity. Microtubules are polarized structures 

orienting the -tubulin and -tubulin of the heterodimer towards the plus and minus 

end, respectively. In the parallel-aligned protofilaments the neighboring heterodimers 

bind each other by - and - connections giving a robust and stiff structure with 

persistence length of millimeters. Both tubulins bind GTP in their nucleotide-binding N-

terminal part, but GTP that is bound to-tubulin is physically trapped at the 

heterodimer interface and never hydrolyzed or exchanged. During polymerization, the 

-tubulin bound GTP is hydrolyzed and its energy, as elastic strain is stored in the 

microtubule lattice. Microtubules exhibit dynamic instability by alternating of rapid 

shortening (catastrophe) and growing (rescue) phases (Figure 3, B) (17). These 

transitions are controlled by the association and dissociation rates of tubulin to and 

from plus end and the rate of GTP hydrolysis. If the hydrolysis is slower than subunit 

addition a GTP-cap is realized and assembly takes place. However, if the hydrolysis is 

faster than addition of the subunits GDP-tubulin accumulates at the plus end that 

becomes unstable and starts to fall apart. 
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Figure 3. Structural and kinetic features of microtubule dynamics. 

 (A) Ribbon representation of the - tubulin heterodimer with bound GTP (PDB 1TUB). (B) Schematic 

representation of the structural and dynamic features of microtubules (18). 

 

1. 3. Cellular aspects of microfilament and microtubule dynamics 

As mentioned above, subunits of the cytoskeletal polymers can spontaneously 

self-assemble under appropriate conditions. However, this would result in uncontrolled 

and anarchic polymer formation in cells, which would not be compatible with life. 

Therefore, to control the proper functionality of cytoskeletal polymers, regulatory 

modules were evolved. According to current views, the fine-tuning of the structural and 

dynamic features of the cytoskeletal polymers is manifested by geometrical constrains, 

as well as by the diverse palette of associated proteins and their versatile activities 

(3,10,19,20). The coordinated action of actin-, and microtubule-binding proteins is key 

in the regulation of the proper functionality of cytoskeletal polymer systems. Cells use 

these proteins designed in various ways to affect the polymer-subunit equilibrium and 

to influence cytoskeletal filament structure and dynamics according to biological needs. 

 

1. 3. 1. Basic activities of actin-, and microtubule-associated proteins 

The basic activities of the individual associated proteins are relatively simple. It 

is however exceptional, how the simple addition or the synergic and antagonistic 

combination of these activities results in remarkable functional versatility of the 
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cytoskeleton. For the current understanding of how the members of each protein family 

contribute to this complex cytoskeletal regulation I direct the Readers to excellent 

reviews: (3,10,15,19,21-28). 

The simplest view to start the classification of associated proteins may be to 

consider that they can interact with subunits and/or polymers. Upon interacting with 

subunits associated proteins can render them into a polymerization incompetent form 

by sequestration. In the sequestered complex subunits cannot assemble to polymers. 

Thus, this activity results in the inhibition of polymer assembly, and it also provides a 

way for the indirect regulation of end dynamics. Actin sequestrators are the members 

of the Wiskott-Aldrich syndrome homology 2 (WH2) domain-containing protein family 

(its canonical member is thymosin 4), while tubulins are sequestered by stathmin. 

Inversely, subunit binding can facilitate their assembly into polymers by either 

catalyzing nucleation and/or polymer elongation. The firstly identified actin nucleation 

catalyzing factor is the actin-related protein (Arp) 2/3 complex (29). The two actin-

related subunits of the complex (Arp2 and Arp3) mimic a dimer to which a third actin 

monomer can bind. To provide spatiotemporal control for the Arp2/3-catalyzed 

assembly the complex has to be activated, which in part, requires its binding to the 

side of a pre-existing actin filament. Thus, the new filament (daughter filament) 

branches off from the side of an existing one (mother filament). Due to this special 

geometry branched filaments are created, such as found in lamellipodial structures 

(30). The actin-associated formin proteins can also act as nucleation factors by 

stabilizing nucleation intermediates. However, this activity is demonstrated only in vitro, 

the in vivo significance awaits further investigations. Microtubule nucleation is 

catalyzed in the microtubule organizing centers (MTOC) with the help of -tubulin (31). 

-tubulin and other associated proteins build the -tubulin-ring complex, which acts as 

a template for the subsequent association of - tubulin heterodimers. Subunit binding 

can result in directed filament growth, such as mediated by the small G-actin binding 

protein profilin; profilin:actin can incorporate only at filament barbed ends, while it does 

not associate to pointed ends due to structural incompatibilities. Polymer binding can 

also result in different functional consequences. Formins, as actin polymerases 

associate to actin filament plus ends and processively catalyze their growth in concert 

with profilin. Remarkably, some formins can increase the rate of profilin:actin 

incorporation above the diffusion-limited rate (32). Oppositely, end-binding capping 
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proteins can bind permanently to polymer ends and prevent both subunit addition and 

dissociation. Capping proteins include the actin filament barbed end capping 

heterodimeric CapG and gelsolin, the pointed end capper tropomodulin or the MT end 

binding TIPs (end-tracking proteins). Side-binding proteins by stabilizing or 

destabilizing polymers provide further regulation of polymer dynamics. As examples, 

tropomyosins bind in the groove of the two-stranded helix and stabilize actin filaments. 

The members of the microtubule-associated protein family (MAPs) are able to stabilize 

microtubules in a tissue specific manner. Rapid polymer depolymerization is a 

necessity in cell functioning, in which destabilizing and severing proteins play crucial 

role. The members of actin-depolymerizing factor (ADF)/cofilin protein family bind to 

subunits along the sides of actin filaments, distort the helical twist of F-actin, which 

results in polymer destabilization and breakage (severing). Gelsolin also severs actin 

filaments and remains at the barbed end. Katanin and spastin are microtubule severing 

ATPase enzymes, which recognize the posttranslational changes of -tubulin. The 

cytoskeleton displays various structures for various functions. To build robust and 

stable structures for sufficient mechanical support, cells need not only single filaments 

but also bundled/cross-linked polymers. Bundles of filaments are created with the help 

of bundling proteins. Fascin creates parallel F-actin bundles, whereas filamin 

crosslinks actin filaments and tether them into a meshed structure. The larger MAP 

complexes and the smaller protein tau bundle microtubules, thereby regulating the 

spacing between the polymers in the bundle due to their size differences. Polarization 

of the polymers allow plus-, or minus-end directed motor proteins – including the actin-

associated myosin family and the microtubule-associated kinesin, dynein proteins – to 

mediate force generation in contractile structures or cargo transport along the 

polymers. 

Further level of cytoskeletal complexity can arise from the simultaneous 

interaction and regulation by proteins that bind both cytoskeletal polymer types giving 

an opportunity to structurally and functionally crosslink the actin and microtubule 

systems. Emerging evidences – mostly coming from studies related to the neuronal 

cytoskeleton – emphasize that the actin and microtubule cytoskeleton do not act 

individually, but their functions and dynamics are co-regulated by proteins, which can 

interact simultaneously with the two polymer networks (18). 
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1. 3. 2. Microfilament and microtubule networks and their crosstalk in neurons 

 

My research focuses on the regulation of actin-microtubule cytoskeleton by 

associated proteins in the nervous system. In the section below, I summarize our 

current understanding of how the dynamics of the neuronal cytoskeleton, particularly 

the formation of axonal protrusions and growth is regulated.  

 

The dynamic regulation of neuronal cytoskeleton is dominated by the actin and 

microtubule systems, particularly in highly motile regions, such as in axonal growth 

cones at the tip of growing neurons (Figure 4). Neurons are highly complex, dynamic 

and morphologically polarized cells in which the cytoskeleton takes prominent role in 

regulating the development, function, regeneration and degeneration (18,33). 

 

 

Figure 4. Schematic representation of the neuronal cytoskeleton. 

Actin filaments and microtubules are colored in magenta and green, respectively (34). 

 

Axons are slender neuronal extensions providing information tracks between 

neurons. These structures must grow and wire up correctly during development and 

serve the communication role between neurons for decades. Protrusions on the 

surface of neurons are fundamental for the formation of axons and dendrites and their 

collateral branch formation. The actin cytoskeleton generates protrusions, which allow 

the cell to extend and change its shape. Cellular structures of lamellipodia and filopodia 

are the basic forms of protrusive structures. Lamellipodia are flat membrane 

projections giving a robust ground for the motile machinery, while filopodia are finger-

like projections – ‘antenna’ – extending into the extracellular environment for sampling 
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it (3,23,34,35). Both structures show similar dynamic behavior in extending and 

retracting; however, the organization of the microfilament system is different. The 

elongating leading edges of lamellipodia are supported by a complicated geometric 

arrangement – branched meshwork – of actin filaments (30). In filopodia, most of the 

actin filaments are organized into parallel bundles and their fast-growing barbed end 

is directed towards the tip where they generate protrusive force (36). Recently, it has 

been demonstrated that the cortex of axon shafts is underlined by short actin filaments, 

which are organized into repetitive rings by spectrin and linked to the cell membrane 

through ankyrins (37). Naturally, these neurites not only consist of actin polymers, but 

depend on their prominent function the microtubule cytoskeleton, as well. In axons, 

microtubules are uniformly oriented with their plus ends distal to the cell body, whereas 

in dendrites microtubules are typically of mixed orientations providing structural rigidity 

to support the outgrowth of these protrusions. Apart from stabilizing, they also facilitate 

intracellular transport and cargo trafficking by building paths for molecular motors such 

as dynein and kinesin (38). Other regions of neurons such as growth cones and branch 

points display characteristic microtubule orientation patterns and play essential role in 

outgrowth and guidance of axons. 

Multiple interactions between actin and microtubules and their coordinated 

dynamics in neurons has been proposed (18,33,39). Actin tracks were demonstrated 

to be the guideline for growing microtubules, and vice-versa; MTs are able to influence 

the dynamics of F-actin meshwork. Some proteins that can orchestrate this 

coordinated dynamics have been identified, including tau and formins (40,41). 

 

1. 4. The formin protein family 

 

1. 4. 1. Identification of the proteins and the novel formin homology domains 

Formin proteins were identified in the beginning of 1990’s, as actin-associated 

proteins. The name of the protein originates from the verb form, since the first identified 

formin in mouse was thought to be a protein product of the limb deformity gene (42). 

However, it turned out that limb malformation is not caused by the formin protein, but 

the product of the structurally and functionally unrelated neighboring gremlin gene (43). 

In these years, the Drosophila Diaphanous and the S. cerevisiae Bni1 proteins were 

found to be homologous to the mouse formin protein. Based on sequence homology 
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two novel protein regions, the formin homology (FH) 1 and 2 domains were defined. 

These highly conserved domains amongst formins became the defining elements of 

this protein family. The FH domains were identified in increasing number of proteins, 

which broadly distribute from yeast to man. To date 15 human formin proteins are 

known, which can be clustered into 7 families (Table 1) (44). 

 

 

Table 1. Name, gene locus and isoform number of human formin proteins. 

 

1. 4. 1. 1. The FH2 domain 

As introduced above, all formins contain a core FH2 domain, a ~ 300 – 400 

amino acid central element that on average shows 24.8% sequence identity amongst 

human formins. High resolution X-ray structures of FH2 to date are from yeast Bni1 

(1UX5), mouse Dia1 (1V9D), human Daam1 (2J1D, 2Z6E) and mouse FMNL3 (Figure 

5) (45-48). The FH2 domain adopts almost completely -helical fold. The N-terminus 

of the FH2 domain is composed of a lasso, an extended linker and a knob region with 

around 120 residues, followed by a coiled-coil and the C-terminal post region that 

contains a highly conserved GN(Y/F)MN sequence motif. Structural and functional 

formin class proteins gene locus isoform 

Diaphanous-related formin (Dia) 

Dia1 5q31.3 2 

Dia2 Xq21.33 3 

Dia3 13q21.2 7 

Dishevelled-associated activator of morphogenesis (DAAM) 
DAAM1 14q23.1 3 

DAAM2 6p21.2 1 

Formin-like protein (FMNL) 

FMNL1 17q21.31 2 

FMNL2 2q23.3 2 

FMNL3 12q13.12 3 

Inverted formin (INF) 
INF1 14q32.33 2 

INF2 4q31.3 1 

FH1/FH2 domain-containing protein (FHOD) 
FHOD1 16q22.1 1 

FHOD3 18q12.2 2 

Delphilin Delphilin 7p22.1 1 

Formin (FMN) 
FMN1 15q13.3 4 

FMN2 1q43 1 
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studies revealed that the proper functional form requires the dimerization of two FH2 

domains (45,46). In the dimer the FH2 domains are head-to-tail oriented forming a 

donut shape. The N-terminal lasso of one FH2 envelops the post region of the other 

FH2 forming a hydrophobic inner dimerization interface established by highly 

conserved residues. Point mutations of highly conserved amino acids have been 

demonstrated to result in significant functional failures. Mutations of the Ile1432 and 

Lys1601 residues in yeast Bni1 or the corresponding residues in human Daam1 (Ile698 

and Lys847, respectively) results in a complete functional loss for actin nucleation and 

capping activities (46,49). Mutations in Ile845 or Met970 in mouse Dia1 result in inhibition 

of actin polymerization (45). Ile643Ala or Lys792Ala substitutions in INF2 result in 

reduced nucleation efficiency (50). 

 

Figure 5. Structural characteristics of the FH2 domain of formins. 

(A) Top: Rainbow representation of the structure of the FH2 domain of yeast Bni1p (PDB 1UX5). The 

lasso, linker, knob, coiled-coil and post regions are indicated. Bottom: Alignment of FH2 domains from 

Bni1p, Daam1 and FMNL3 (PDB 1UX5, 2Z6E, 4EAH). (B) Structural differences in Daam1 between its 

free (dark blue) and actin-bound states (light blue). Image credit: Beáta Bugyi. 

 

Functional studies identified the FH2 domain of formins as the main actin-

interacting element (3,4,23). A general feature of this region is that it can bind 
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monomeric actin and catalyze actin nucleation in vitro by stabilizing nucleation 

intermediates, thus it helps overcoming the kinetic barrier of actin assembly (Figure 6). 

Formin nucleation results in linear actin filaments unlike the branched structure created 

by the Arp2/3 complex machinery. Based on single molecule observations of mouse 

Dia1 in XTC fibroblasts treated with actin cytoskeleton disrupting agents, it was 

proposed that formins are actin filament nucleators in the cellular context (51). Also, 

FHOD3 formin was thought to be responsible for filament initiation in muscle cells, 

however later studies revealed that it rather seems to be required for the maintenance 

of assembled myofibrils (52,53). Thus, whether the nucleation activity of formins has 

relevance in vivo awaits further investigations. 

Besides monomer binding, the FH2 domain can interact with filament ends, as 

well (Figure 6). A remarkable feature of the FH2 domain is that it can remain associated 

to barbed ends simultaneously with monomer incorporation during filament elongation 

(54,55). This mechanism is called processive elongation. By binding to filament ends 

different formins can affect filament elongation differently. As examples, mouse Dia1 

does not significantly affect barbed end association rate constant of free G-actin. In 

contrast, Drosophila DAAM or the yeast Cdc12 almost completely prevents subunit 

addition to filament ends in the absence of profilin, thus these formins possess a 

capping-like activity (32,56,57). Based on single molecule visualization of EGFP-

tagged mouse Dia1 in XTC fibroblasts the processive end tracking of formins was 

demonstrated in the cellular environment (58,59) and it is considered to be functionally 

important for the maintenance of filopodial actin elongation (60-62). By binding to the 

filament side FH2 domains of some formins are able to organize actin filaments into 

higher-order bundled structures, this activity may have relevance in the stabilization of 

cellular actin structures (63). 

 

Figure 6. Schematic representation of the actin activities of formin proteins. (64) 
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1. 4. 1. 2. FH1 domain 

FH1 positioned N-terminally to the core FH2 is composed of regions rich in 

proline amino acids. The poly-proline tracks vary in number and length for different 

formins. Crystal structure (65,66) and solution studies (67) showed that poly-proline 

regions that contain at least six prolines within a stretch of eight residues cover the full 

binding site of the small G-actin binding protein profilin. Consistently, these regions of 

the FH1 domain interact with profilin in a profilin-isoform dependent manner (68,69). 

The profilin binding proline-rich parts of the FH1 are intercalated by flexible 

unstructured linker regions. These regions are attributed to endow the relatively rigid 

structure of the proline rich region with flexibility, as well as to serve as spacers to allow 

simultaneous binding of many profilin-actin units (69-71). In cells a large pool of 

monomeric actin is bound to profilin, which is expected to have a strong influence on 

actin dynamics, since profilin suppresses actin nucleation and directs monomer 

incorporation to the barbed ends (7,9,23). Profilin is an important cofactor of formins, 

since it tunes the kinetic features of formin-assisted actin assembly. First, it suppresses 

actin nucleation catalyzed by the FH1-FH2 domain. On the other hand, it can facilitate 

barbed end growth mediated by FH1-FH2. As the result of the concerted action of 

profilin-FH1-FH2, the barbed end association rate constant can be increased by ~ 1-

15fold as compared to the rate characteristic to spontaneous elongation, in a formin 

type- dependent manner. Thus, the profilin:FH1 interaction renders some formins to 

unique actin assembly machineries, which can accelerate filament elongation from 

profilin:actin at the barbed end over the rate of diffusion-limited growth (10,32).  

 

1. 4. 2. Diaphanous-related formins 

In addition to the FH1 and FH2 domains sequence analysis revealed that 

formins consist of less well conserved domains flanking the formin homology regions. 

Certain formin proteins were recognized as effectors of RhoGTPases, which provides 

a spatiotemporal control to regulate the activities of formins in the cellular context (72). 

While not all formins interact with RhoGTPases a subgroup of formins were identified 

as Diaphanous-related formins (DRFs) based on N-, and C-terminal sequence 

similarities (Figure 7). This subgroup includes Dia, FRL/FMNL, FHOD and Daam 

proteins in mammals and Bni1, Bnr1 and SepA in yeast. DRFs possess an N-terminal 



19 

 

GTP-binding (GBD) domain followed by the Diaphanous inhibitory domain (DID), while 

at the C-terminus the Diaphanous autoregulatory domain (DAD) is located (Figure 7). 

The structural basis and functional consequences of the regulation of DRFs by the Rho 

superfamily were investigated contributing to the better mechanistic understanding of 

formin proteins (73-78). In the absence of RhoGTPases the DAD binds to the DID 

region forming an intramolecular autoinhibitory complex, which inhibits the interaction 

of the FH2 domain with actin, thus renders formins in an inactive state. Activation of 

the FH2 requires the binding of a RhoGTPase to the GBD, which results in the 

displacement of the C-terminal DAD from its N-terminal DID recognition site and the 

FH domains are freed to access their interaction partners; actin and profilin (Figure 7). 

 

Figure 7. Schematic representation of the regulation of the actin activities of the FH1-FH2 

domain of DRFs by N and C terminal regions. (79) 

 

1. 4. 2. 1. Dishevelled-associated activator of morphogenesis (DAAM) formins 

 

In my PhD work I was particularly interested in a formin belonging to the DRF 

family; Dishevelled-associated activator of morphogenesis (DAAM) formin. 

Therefore, this paragraph is dedicated to introduce this formin protein. 

 

DAAM proteins of the formin family were first identified in 2001 and named after 

their binding to the cytoplasmic phosphoprotein Dishevelled, which is part of the -

catenin-independent non-canonical Wnt/PCP signaling pathway regulating cell 

movements and polarity during development through the modification of the actin 
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cytoskeleton (80). However, later studies questioned the role of DAAM in planar cell 

polarity signaling (81). 

Analysis of model animals (mouse, chicken, Xenopus, Drosophila) revealed that 

DAAM is expressed in different tissues during embryogenesis and adults, and it is 

important for developmental and morphogenetic processes through the regulation of 

the actin cytoskeleton (82). As examples, Drosophila DAAM is required to the 

regulation of the actin cytoskeleton in tracheal tissues by organizing apical actin cables 

that define the taenidial fold pattern of the tracheal cuticle (81). The mouse and 

Drosophila DAAM proteins are expressed in skeletal and cardiac muscles, where they 

are associated to sarcomeric thin filaments and are essential for proper 

sarcomerogenesis and skeletal and heart muscle functioning (83). The absence of 

Drosophila DAAM reduces larval motility and causes a flightless phenotype in adult 

animals. Complex sarcomeric defects result from shorter and thinner sarcomeres, 

decreased actin filament levels and the absence of regular Z-disc and M-band 

phenotypes. Interestingly, despite of its barbed end association demonstrated in vitro 

DAAM is located at the pointed end in both mouse and Drosophila muscle cells (56,83). 

Consistently with animal studies, deletion of the human DAAM1 gene is implicated in 

congenital heart defects, suggesting an evolutionary conserved function of DAAM in 

muscles (84). 

DAAM proteins are abundant in the nervous system (82,85,86) where they are 

critical for axonal morphogenesis (87). DAAM has been shown to localize to neurite 

and growth cones and promotes neuronal growth, filopodia formation and axonal 

pathfinding. In primary neuronal cultures of Drosophila DAAMmat/zyg mutant embryos 

(maternal and zygotic dDAAM functions are both impaired) both the number and length 

of filopodia were markedly reduced, as compared to wild-type embryos (87). In 

Drosophila CNS the expression of N-, or C-terminally truncated versions of DAAM 

lacking either the GBD and DID regions or the DAD, respectively, revealed similar 

localization as the wild-type protein. The truncated proteins enhanced neuronal growth 

and increased filopodia number as compared to wild-type flies, which suggests that 

these proteins are constitutively active (87). Similar observation was made in the 

tracheal system in Drosophila (81). Our lab previously showed that in vitro DAAM from 

Drosophila behaves as a bona fide formin based on the nucleation promoting activity 

of the FH2 (56). Similarly, human Daam1 is also an actin nucleation factor, suggesting 
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that this activity is conserved between species (49,88). DAAM FH1 has been 

demonstrated to bind profilin1 and 2 (89). Drosophila DAAM is an unusual formin 

regarding its effects on elongation. In the absence of profilin both DAAM FH2 and FH1-

FH2 almost completely block filament elongation by their capping-like activity (56). In 

contrast, DAAM FH1-FH2 can maintain actin assembly in the presence of profilin, 

although it cannot increase the rate of elongation above the diffusion-limited rate (56). 

The strong requirement of profilin for efficient maintenance of DAAM-mediated actin 

assembly is further corroborated by cellular studies. In Drosophila S2 cells DAAM 

overexpression results in cell shape changes and robust filopodia formation, which is 

counteracted by the depletion of profilin, suggesting functional interaction between the 

two proteins (56).  
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2. MOTIVATION TO MY PhD WORK 

 

In the sections below, I summarize some recent observations on formins, which are 

central to my research and serve as the motivation to my PhD work. 

 

2. 1. Emerging novel activities of the C-terminal regions of formins 

Recent studies showed that – besides functioning as an autoregulatory element – 

the C-terminal regions of some formins from yeast to mammals (such as mouse Dia1, 

FMNL3, INF2, Drosophila Capuccino, human Daam, yeast Bni1 and Bnr1) can 

influence actin assembly mediated by the active FH2 domain (90-93). Biochemical 

studies indicate that a common feature of the C-terminal regions studied so far is that 

they can increase the efficiency of the FH2-catalyzed nucleation. Additionally, isolated 

C-terminal regions can directly interact with actin even in the absence of the FH2 

domain. However, this interaction can have different functional consequences. The C-

terminus of INF2 contains a WH2/DAD-like motif, which in its isolated form sequesters 

monomeric actin and severs actin filaments (90). While the WH2-DAD-CT region of 

FMNL3 in its dimeric form nucleates actin and slows elongation (92). Similarly, the 

isolated dimeric DAD from Dia1 seems to be sufficient to promote actin nucleation (91). 

In contrast, the tail region of Capuccino, even if in its dimeric form, does not influence 

nucleation or elongation in the absence of FH2 (93). These observations support that 

the activities of the C-terminal regions related to monomer binding and filament end 

interactions vary amongst 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. 

 

2. 2. Emerging novel activities of formins in the coordination of actin-

microtubule cytoskeleton 

According to the classical views, formins are key regulators of the actin 

cytoskeleton. Recent evidences, however, emphasize that the members of this protein 

family including mouse Dia1/2, INF1/2 and Drosophila Capuccino can interact with 

microtubules as well, and stabilize microtubule-based structures during cell migration, 

division and virus infection (94-100). In vitro studies on mouse Dia1/2, INF2 and 

Drosophila Capuccino suggest that the microtubule-binding region comprises the FH2 
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domain, the same portion of the protein that is essential for proper actin interaction. In 

contrast, isolated FH2 of INF1 does not bind microtubules, instead a novel C-terminal 

microtubule-binding domain is required for the interaction (97). The stoichiometry of 

the interaction and direct visualization of EGFP-mouse Dia2 FH1-FH2 suggests that 

formins bind along the microtubule lattice (95). The consequences of formin-

microtubule interaction on microtubule dynamics have started to be described. The 

mouse Dia1/2 can stabilize microtubules against cold-, and dilution-induced 

depolymerization, presumably by reducing subunit dissociation from the polymer (95). 

The mouse Dia2, INF2 and Drosophila Capuccino can bundle microtubules (95,96,99). 

Interestingly, INF2 can co-align microtubules with actin filaments (96). 

The biochemical details and the functional consequences of the formin-microtubule 

interaction have just started to be investigated. The observations raise the question 

which regions of formins are required for microtubule interaction and actin-microtubule 

co-alignment. Moreover, the intriguing possibility is raised that formins can interact 

simultaneously with the actin and microtubule cytoskeleton and can coordinate their 

dynamics.  
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3. OBJECTIVES AND QUESTIONS 

 

According to the above discussion the C-terminal regions of formins can have a 

role in FH1-FH2-assisted actin assembly, on the other hand formins emerge as 

regulators of the microtubule cytoskeleton, as well as novel coordinators of the actin-

microtubule cytoskeleton. 

 

In my PhD work I aimed to investigate the activities of the C-terminal regions of 

Drosophila DAAM (dDAAM) in actin assembly and the role of its FH2 and C-terminal 

regions in microtubule and actin-microtubule interactions. For this purpose, I planned 

to study the interactions of recombinantly produced proteins with actin and 

microtubules by using in vitro protein biochemical and biophysical approaches. 

 

I addressed the following questions: 

1. Is dDAAM autoregulated by its N-terminal and C-terminal domains, similarly to 

other DRFs, as predicted from comparative sequence analysis? 

2. Does the C-terminus of dDAAM influence the FH1-FH2-mediated actin 

assembly? If it does so, which regions are important for this activity?   

3. Does the isolated C-terminal region of dDAAM can bind directly to actin?  

4. Does dDAAM bind microtubules? If it does so, which regions are important for 

this interaction and what are the functional consequences? 

5. Does dDAAM bind simultaneously to actin and microtubules? If it does so, which 

regions are important for this interaction?  
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4. EXPERIMENTAL PROCEDURES 

 

4. 1. Protein purifications 

Actin (rabbit skeletal muscle actin, gene: Acta1): Acetone-dried muscle powder was 

extracted from skeletal rabbit muscle as described by Feuer et al. (101). Ca2+-bound 

G-actin was purified according to the method developed by Spudich and Watt (102) 

and subsequently gel filtered on Superdex200 resin (GE Healthcare). Ca2+-G-actin 

was stored in G buffer (4 mM Tris-HCl pH7.8, 0.2 mM ATP, 0.1 mM CaCl2, 0.5 mM -

mercaptoethanol (MEA), 0.005% NaN3) on ice. The actin concentration was 

determined spectrophotometrically (Table 2). 

Fluorescent labeling of actin: Actin was labeled at Cys374 with N-(1-

pyrene)iodoacetamide (pyrene, Sigma-Aldrich) and with the primary amine specific 

Alexa Fluor® 488 carboxylic acid succinimidyl ester (Alexa488NHS, Invitrogen) at 

Lys328 according to standard protocols (56,103-105). Labeling ratios were derived 

spectrophotometrically (Table 2). Typical labeling ratios of ~ 80 % and ~ 40 % were 

obtained for pyrene and Alexa488NHS, respectively. 

Tubulin: Unlabeled and Hylite FluorTM 488 tubulin was purchased from Cytoskeleton. 

The lyophilized proteins were dissolved in BRB buffer (80 mM PIPES pH6.9, 1 mM 

MgCl2, 1 mM EGTA, 2 mM GTP, 1 mM DTT) according to the manufacturer’s 

instructions. Taxol-stabilized microtubules (10 M) were prepared by adding 6 % 

glycerol to the tubulin solution and incubating the samples in a 35oC water bath for 20 

min, then 20 M taxol was added. 

Profilin (mouse profilin 1): Recombinant profilin was purified as described previously 

(106). Profilin was labeled by Alexa Fluor® C5 568 maleimide (Alexa568C, Invitrogen) 

according to standard thiol-reactive probe labeling protocols. Protein concentration and 

labeling ratio was determined spectrophotometrically (Table 2). Freshly purified profilin 

was flash frozen in liquid N2 and stored at – 80°C until use. Control experiments were 

performed to justify that the fluorescent label does not affect the interaction of profilin 

with monomeric actin (data not shown). 

Capping Protein (CP, mouse heterodimeric 12): Recombinant CP was purified as 

described previously (103). Freshly purified CP was flash frozen in liquid N2 and stored 

at – 80°C until use. 
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Table 2. Properties of purified proteins and fluorescent dyes used in this study. 

*The contribution of the fluorescent dye to the absorption of the protein measured at 280 nm was 

corrected as follows: 𝐴280 𝑛𝑚,   𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐴280 𝑛𝑚,   𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐶𝐹280 𝑛𝑚 ×  𝜀𝜆𝑚𝑎𝑥. 

 

dDAAM proteins: For bacterial protein expression cDNAs of native and truncated 

Drosophila melanogaster DAAM subfragments (DID: 115-356 aa cDAAM: 568-1153 

aa, FH1-FH2: 568-1054 aa, cDAAMCT: 568-1116, DAD-CT: 1083-1153 aa, DAD: 

1083-1119 aa) and their mutated version (FH1-FH2I732A, cDAAMI732A, cDAAMR-A, DAD-

CTR-A) were inserted into pGEX-2T vector (Amersham Biosciences) (Figure 8). The 

molecular cloning was performed by our collaborator (József Mihály, Hungarian 

Academy of Sciences, Biological Research Centre, Szeged, Hungary). 

 

Figure 8. Domain organizations of full-length Drosophila melanogaster DAAM formin 

(DmDAAM) and of the constructs used in this study. 

molecule 

molecular 

weight 

(Da) 

280nm 

(mg×ml-1×cm-1) 

290nm 

(mg×ml-1×cm-1) 

max (nm)

max (M-1cm-1) 

correction factor 

(CF280 nm)*

Actin 42300 0.63 1.11 - - 

Tubulin 55000 1.15 - - - 

Profilin 14800 1.13 - - - 

Capping 

protein 
64267 1.12 - - - 

Alexa488NHS 643 - - 
495 

71000 
0.11 

pyrene 297 - - 
344 

22000 
0.127 

Alexa568 880.92 - - 
577 

91300 
0.46 
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G: GTP binding domain, DID: diaphanous inhibitory domain, DD: dimerization domain, CC: coiled coil, 

FH: fomin homology, D: diaphanous autoregulatory domain, CT: C-terminal sequence element. 

Numbers indicate of the first and the last residue in each construct. Asterisks highlight the positions of 

the mutated amino acids. The figure was made with Illustrator for Biological Sciences. 

 

dDAAM constructs were expressed as Gluthation S-Transferase (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-Aldrich). Protein 

expression was induced by addition of 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) at OD600 ~ 0.6 - 0.8. After overnight expression at 20°C, 

the bacterial extracts were collected by centrifugation (10.000 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-HCl pH7.6, 5 mM DTT, 50 mM NaCl, 5 mM 

EDTA, 1 % sucrose, 10 % glycerol supplemented with 1 mM PMSF, 5 mM MgCl2, 0.1 

mg/ml DNase and Protease Inhibitor Cocktail (Sigma-Aldrich P8465)). The cell lysate 

was ultracentrifuged (110.000 g, 1 h, 4°C). The supernatant was slowly loaded onto 

Gluthatione Sepharose 4B resin (Amersham Biosciences) and incubated overnight in 

batch. For Formin Homology (FH) domain-containing constructs, the column was 

sequentially washed with Lysis buffer, Wash1 buffer (50 mM Tris-HCl pH7.6, 5 mM 

DTT, 400 mM NaCl, 10 % glycerol, 1% sucrose), ATP buffer (50 mM Tris-HCl pH7.6, 

5 mM DTT, 100 mM KCl, 10 mM MgCl2, 0.25 mM ATP, 5 % glycerol, 1% sucrose) and 

Wash2 buffer (50 mM Tris-HCl pH7.6, 5 mM DTT, 50 mM NaCl, 5 mM MgCl2, 10 mM 

KCl, 5 % glycerol, 1% sucrose). For the constructs lacking the FH domains, the column 

was washed with Lysis buffer followed by Wash2 buffer. The proteins were eluted by 

Wash2 buffer supplemented with 50 mM Gluthation Reduced (Sigma-Aldrich), 

concentrated (Vivaspin 30000 Da cut-off) and loaded onto a PD10 column (GE 

Healthcare) for buffer exchange to Storing buffer (50 mM Hepes pH7.6, 5 mM DTT, 50 

mM NaCl, 5 % glycerol, 1 % sucrose). The protein samples were clarified by 

ultracentrifugation (100.000g, 30 min, 4°C), flash frozen in liquid nitrogen and stored 

at – 80°C until use. Typically, 5 – 6 g bacterial pellet yielded 2 – 2.5 mg protein. The 

protein concentrations were measured spectrophotometrically, the extinction 

coefficients at 280 nm and molecular weights were derived from the amino acid 

sequences (ExPAsy ProtParam, http://web.expasy.org/protparam/, Table 3). Control 

http://web.expasy.org/protparam/
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experiments showed that a freeze/thaw cycle does not affect the functionality of the 

DAAM constructs (data not shown). 

 

 

Table 3. Properties of GST-tagged DAAM constructs used in this study. 

 

4. 2. General experimental considerations 

Samples at each protein concentration were prepared individually for the 

experiments. All measurements were performed at 20°C. The sum of the volume of 

the proteins and the volume of their storing buffer was constant in the samples and 

represented maximum 50 % of the total volume of the sample. The concentrations 

given in the text are final concentrations. In all experiments Mg2+-ATP-actin was used. 

The actin monomer bound Ca2+ was replaced by Mg2+ by adding 200 M EGTA and 

50 M MgCl2 and incubating the samples for 5 – 10 min at room temperature. 

 

4. 3. Fluorescence spectroscopy 

4. 3. 1. Steady-state anisotropy measurements 

Steady-state fluorescence anisotropy (anisotropy), as a fluorescence parameter 

is a valuable tool to investigate protein-protein interactions. Anisotropy measurements 

allow to obtain information about the average angular displacement of the fluorophore 

between photon absorption and emission, which depends on the rotational diffusion of 

construct amino acids 
number of 

amino acids 

molecular 

weight 

(Da) 

extinction 

coefficient 

(M-1cm-1) 

isoelectric 

point 

FH1-FH2 568-1054 486 81397.8 65780 7.61 

cDAAM 568-1153 585 92395.8 65780 8.66 

cDAAMΔCT 568-1119 551 88214.36 65780 8.19 

cDAAMR-A 568-1153 585 91572.81 65780 6.67 

DAD-CT 1083-1153 71 34810.8 42860 7.68 

DAD-CTR-A 1083-1153 71 33716.5 42860 5.53 

DAD 1083-1119 36 30955.7 42860 6.40 

FH1-FH2I732A 568-1054 486 81397.8 65780 7.61 

cDAAMI732A 568-1153 585 92395.8 65780 8.66 

DID 115-356 241 53813.2 48820 6.35 
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the fluorophore (107). The binding of a partner molecule to the fluorescently labeled 

protein results in the formation of a larger complex, characterized by slower rotational 

diffusion, which can result in an increase in the value of fluorescence anisotropy. 

Conversely, the dissociation of a molecule from the fluorescently labeled protein can 

result in a decrease in anisotropy. To measure steady-state anisotropy, the sample is 

excited by vertically polarized light and the vertically (𝐼𝑉𝑉) and horizontally (𝐼𝑉𝐻) 

polarized components of the fluorescence emission are detected. The value of 

anisotropy can be derived as follows: 

 

𝑟 =
𝐼𝑉𝑉−𝐺𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺𝐼𝑉𝐻
   (Eq. 1.) 

 

where the first and second subscripts indicate the polarization of the excitation and 

emission, respectively and factor 𝐺 =
𝐼𝐻𝑉

𝐼𝐻𝐻
 corrects for the different sensitivities of the 

detection system to vertically and horizontally polarized light (107). 

Sample preparation, measurement and analysis 

The steady-state anisotropy of AlexaFluor® 488 succinimidyl ester labeled G-

actin (Alexa488NHS-G-actin) was measured to study its interaction with dDAAM. The 

presence of different compounds, including salt, glycerol and assembly promoting 

proteins can enhance the assembly of monomeric actin to filaments. Due to the 

different diffusional properties of G-, and F-actin, polymerization induced by the above 

agents would result in an undesirable increase in anisotropy. Therefore, in these 

experiments to avoid artefacts it is of high importance to keep actin in monomeric form. 

Hence, Alexa488NHS-G-actin (0.2 M) was preincubated with LatrunculinA (LatA, 4 

M) for 20 min before addition of dDAAM constructs. LatA is a natural toxin produced 

by certain sponges. This compound binds G-actin with 1:1 stoichiometry near the 

nucleotide-binding cleft and prevents monomer-filament transition by sequestering 

monomers (105,108,109). Considering that the dissociation equilibrium constant of the 

LatA:G-actin complex is 𝐾𝑑 = 0.2 M, 0.19 M actin (~ 95 % of the total concentration) 

is in complex with LatA under our experimental conditions. Thus, the amount of LatA-

free G-actin (10 nM) is estimated to be well below the critical concentration. This 

ensures that actin cannot polymerize under these conditions, consequently the 

increase in anisotropy cannot result from actin assembly. Following LatA treatment, 
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dDAAM constructs were added to actin at different concentrations and the samples 

were further incubated for 2 h at 20oC. When profilin was present in the measurements 

it (0.8 M) was added to actin directly after the LatA treatment and the samples were 

further incubated for 30 min at 20oC prior to the addition of dDAAM constructs. 

Considering the dissociation equilibrium constant of the profilin:G-actin complex (𝐾𝑑  = 

0.2 M (106)), ~ 80 % of the actin was estimated to be bound by profilin under our 

experimental conditions. The anisotropy measurements were performed using a 

Horiba Jobin Yvon spectrofluorometer (ex = 488 nm, em = 516 nm, slits: 5 nm). The 

dissociation equilibrium constant (𝐾𝑑) of the dDAAM:G-actin interaction was derived 

from the dDAAM concentration dependence of the anisotropy of Alexa488NHS-G-actin 

(𝑟) using the following equation: 

 

𝑟−𝑟𝐴

𝑟𝐴𝐷−𝑟𝐴
=

𝐴0+𝐷0+𝐾𝑑−√(𝐴0+𝐷0+𝐾𝑑)2−4𝐴0𝐷0

2𝐷0
   (Eq. 2.) 

 

where 𝐴0 and 𝐷0 are the total G-actin and dDAAM concentrations, respectively, 𝑟𝐴 is 

the anisotropy of free G-actin and 𝑟𝐴𝐷 is the anisotropy of G-actin at saturating amount 

of dDAAM. Alternatively, to study the interaction of dDAAM DAD-CT and profilin:G-

actin the anisotropy of Alexa Fluor® 568C5 maleimide labeled profilin (Alexa568C-

profilin) was measured. In these experiments 2 M of labeled profilin was added to 

LatA (8 M) bound actin monomers (4 M), incubated for 20 min, then supplemented 

with increasing amount of dDAAM DAD-CT and further incubated for 1 h before the 

measurement. 

 

4. 3. 2. Pyrenyl polymerization experiments 

Kinetics of actin polymerization can be followed by using pyrene (N-(1-

pyrene)iodoacetamide) labeled actin (7,110). The fluorescence emission of pyrene 

increases upon the assembly of the monomers into filaments due to the increase in 

the quantum efficiency of the actin bound fluorophore. The increase is proportional to 

the amount of actin filaments formed, thus kinetics of actin assembly can be monitored 

by measuring the change in the fluorescence emission of pyrene in time. It has to be 

noted that, although this method is very useful and handy to follow the overall/bulk 
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polymerization of actin, its disadvantage is that the nucleation and elongation phases 

of the polymerization are difficult to discern. 

Sample preparation, measurement and analysis 

In polymerization kinetics measurements the actin concentration was 2 M that 

contained 5 % or 2 % pyrenyl labeled actin in the absence or presence of profilin, 

respectively. The polymerization was initiated by the addition of 1 mM MgCl2 and 50 

mM KCl in the absence and presence of different proteins (the exact sample 

compositions and concentrations are given in corresponding Figure Legends). The 

measurements were performed using a Safas Xenius FLX spectrofluorimeter (ex = 

365 nm, em = 407 nm). For quantitative analysis the bulk polymerization rate at each 

condition was derived from the slope of the pyrenyl trace at half-maximum 

polymerization. To analyze the effect of DID on cDAAM mediated actin assembly 

(Figure 12) the relative polymerization rate (𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒) was derived as follows: 

 

𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑣

𝑣𝑐𝐷𝐴𝐴𝑀
                (Eq. 3.) 

 

where 𝑣 is the polymerization rate measured in the presence of different amounts of 

DID and 𝑣𝑐𝐷𝐴𝐴𝑀 is the polymerization rate measured in the absence of DID. The DID 

concentration dependence of the relative polymerization rate was fit by the following 

equation: 

 

𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = (1 −
[𝐷𝐴𝐷:𝐷𝐼𝐷]

[𝐷𝐴𝐷0]
) ∗ 𝑣0 + 𝑣𝑚𝑖𝑛               (Eq. 4.) 

 

where 𝑣0 and 𝑣𝑚𝑖𝑛 is the relative polymerization rate in the absence and presence of 

saturating amount of DID, respectively, [𝐷𝐴𝐷0] is the total cDAAM concentration and 

[𝐷𝐴𝐷: 𝐷𝐼𝐷] is the concentration of the DID:cDAAM complex, which was derived from 

the quadratic binding equation. To analyze the effects of dDAAM constructs on actin 

assembly (Figures 13, 18, 19 and 23) the relative polymerization rates (𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒) were 

derived as follows: 

 

𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑣

𝑣𝑎𝑐𝑡𝑖𝑛
                (Eq. 5.) 
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where 𝑣 is the polymerization rate measured in the presence of different amounts of 

dDAAM and 𝑣𝑎𝑐𝑡𝑖𝑛 is the rate of actin assembly in the absence of dDAAM. The 

antagonistic regulation of barbed end dynamics by dDAAM and CP was investigated, 

as described in (111). Briefly, polymerization of profilin:G-actin was initiated in the 

presence of different dDAAM constructs. CP was added to the samples at different 

amounts 120 s after the initiation of pomyerization. The CP concentration dependence 

of the polymerization rate (𝑣) was derived from the initial slopes of the pyrenyl traces 

after CP addition. The data was fit by the following equation: 

 

𝑣 = 𝑣0 − (
𝑣0−𝑣𝑚𝑖𝑛

1+
𝐼𝐶50
[𝐶𝑃0]

)        (Eq. 6.) 

 

where 𝑣0 and 𝑣𝑚𝑖𝑛 is the polymerization rate in the absence and presence of saturating 

amount of CP, respectively, [𝐶𝑃0] is the total CP concentration and 𝐼𝐶50 corresponds to 

the amount of CP that is required for 50 % inhibition. 

 

4. 4. Total internal reflection fluorescence microscopy 

Total internal reflection fluorescence microscopy (TIRFM) uses the unique 

features of the evanescent field generated upon total internal reflection. According to 

the Snellius-Descartes’ law of refraction, if light propagates from an optically denser 

(cover glass) medium towards an optically less dense medium (aqueous sample) at 

an angle larger than the critical angle, light is totally internally reflected back from the 

boundary of the two media (Figure 9). However, Maxwell’s equations predict the 

existence of an electromagnetic field that penetrates into the optically less dense 

medium. The electromagnetic field decays exponentially from the boundary and fades 

away within a short distance of ~ 100 nm. Therefore, the evanescent field excites 

fluorophores only within a thin slice of the sample near the cover glass, consequently 

fluorescence emission is detected only from this region of the sample giving the 

opportunity to eliminate the background fluorescence and improve axial resolution 

(112). Due to the unique excitation mode, TIRFM allows to observe individual actin 

filaments bound to the functionalized glass, therefore the nucleation and elongation 

phases of actin polymerization can be discerned and analyzed separately (113). For 
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quantitative analysis the number of actin filaments and the elongation rate can be 

derived (Figure 10). 

 

Figure 9. Principles of TIRFM microscopy. (114) 

 

4. 4. 1. Actin assembly experiments  

Actin polymerization (0.5 M Mg2+-G-actin containing 10 % Alexa488NHS-G-

actin) was followed by TIRFM in the absence and presence of profilin (2 µM) and 

dDAAM constructs (the exact protein concentrations are given in the corresponding 

Figure Legends). Glass flow cells (~ 100 L) were incubated with 1 volume of N-

ethylmaleimide (NEM) labeled skeletal muscle myosin S1 for 1 min to functionalize 

glass surface. NEM-labeled myosin can bind filamentous actin but it lacks motor 

activity, therefore actin filaments can be captured and hold by NEM-myosin close to 

the glass surface in the evanescent field (113). After functionalization, flow cells were 

washed extensively with 2 volumes of myosin buffer (4 mM Tris-HCl pH7.8, 1 mM DTT, 

0.2 mM ATP, 0.1 mM CaCl2, 500 mM KCl, 1 mM MgCl2, 0.2 mM EGTA) to remove 

unbound myosin. Subsequently, flow cells were treated by 2 volumes of 0.1 % (w/v) 

bovine serum albumin (BSA) to passivate the glass surface free from myosin. Finally, 

flow cells were equilibrated with 2 volumes of TIRFM buffer (0.5 % (w/v) 

methylcellulose, 10 % (w/v) BSA, 10 mM 1,4-diazabicyclo-[2,2,2]octane (DABCO), 10 

mM DTT in F buffer (4 mM Tris-HCl, pH7.8, 1 mM DTT, 0.2 mM ATP, 0.1 mM CaCl2, 

50 mM KCl, 1 mM MgCl2, 0.2 mM EGTA)) before adding the protein mixture. Images 

were captured every 10 s with an Olympus IX81 microscope equipped with a laser-

based (491 nm and 568 nm) TIRFM module using an APON TIRF 60x NA1.45 oil 

immersion objective and a CCD camera (Hamamatsu Orca-ER-1394). Image analysis 

was performed by Fiji. Images were background corrected before analysis. Filament 
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number was derived by using a Fiji plugin from a 66×66 m region of the image, the 

plugin was provided by our collaborator (József Mihály, Hungarian Academy of 

Sciences, Biological Research Centre, Szeged, Hungary). Time-lapse images were 

analyzed either by the MultipleKymograph plugin of Fiji or by manually tracking filament 

growth to derive the elongation rate of actin filaments (Figure 10). Filament length was 

converted to subunits using 370 subunits per micron filament (115). 

 

Figure 10. Observation of actin assembly by wide-field and TIRF microscopy. 

Left panel: Observations of assembly kinetics of actin filaments by using conventional wide-field 

fluorescence and TIRFM microscopy. Right panel: principles of kymograph analysis. (114) 

 

The spontaneous elongation rate of actin filaments (𝑣0) was related to the critical 

concentration of actin assembly (𝑐𝑐~ 0.1 𝜇𝑀, (3,4)), to the association rate constant of 

actin monomer incorporation to filament barbed ends (𝑘+) and to the total actin 

concentration ([𝐺0]) by the following equation: 

 

𝑣0 = 𝑘+([𝐺0] − 𝑐𝑐)  (Eq. 7.)  

 

4. 4. 2. Actin filament-microtubule co-alignment 

Preassembled actin filaments (0.4 M containing 10 % Alexa568NHS-G-actin) 

and microtubules (0.4 M containing 10 % Hylite FluorTM 488-tubulin) were stabilized 

by phalloidin (1 : 1 molar ratio) and taxol (1 : 2 molar ratio), respectively. Mixtures of 

phalloidin:F-actin and taxol:microtubules were incubated with dDAAM constructs (1 

M) in BRB-K buffer (80 mM PIPES pH6.9, 1 mM MgCl2, 1 mM EGTA, 50 mM KCl) at 

room temperature for 30 minutes. Samples were diluted in BRB-K* buffer (BRB-K 

supplemented with 0.2 % (w/v) methylcellulose, 0.5 % (w/v) BSA, 50 mM DABCO and 

100 mM DTT), applied onto poly-L-lysine-treated (Sigma-Aldrich) coverslips and 

visualized by TIRFM microscopy. Images were captured with an Olympus IX81 

microscope equipped with a laser-based (491 nm and 568 nm) TIRFM module using 
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an APON TIRF 60x NA1.45 oil immersion objective and a CCD camera (Hamamatsu 

Orca-ER-1394). Image analysis was performed by Fiji. Images were background 

corrected before analysis. Microtubule-F-actin co-localization was quantified as 

described in (41) by using a home-written plugin provided by our collaborator (József 

Mihály, Hungarian Academy of Sciences, Biological Research Centre, Szeged, 

Hungary). 

 

4. 5. Sedimentation experiments 

Structural organization of cytoskeletal polymers, as well as their interactions 

with associated proteins can be analyzed by the combination of sedimentation and 

SDS-PAGE techniques. High-speed sedimentation assays can be used to study the 

polymer side-binding activities of associated proteins (Figure 11, upper panel). As an 

example, when samples containing actin filaments and an associated protein are 

centrifuged at high speed (~ 100.000 g), the protein fraction that binds/physically linked 

to the polymers sediments with F-actin and appears in the pellet, while the unbound 

fraction remains in the supernatant. Under the experimental conditions, the filament 

end concentration is relatively low (< nM), while the filament side concentration is in 

the micromolar range. Thus, the analysis of the protein content of the Coomassie-

stained SDS-PAGE gels of the pellets can reveal the binding of a protein to the side of 

the polymers. Low-speed sedimentation assays can be used to study the cytoskeletal 

polymer bundling/cross-linking and polymer co-alignment activities of associated 

proteins (Figure 11, middle and lower panel). The sedimentation properties of 

individual polymers and polymers organized into higher-order structures (e.g. 

bundled/cross-linked or co-aligned networks) differ. Upon centrifugation at relatively 

low-speed (4000 - 14.000 g) bundled/cross-linked and co-aligned polymers can 

sediment and appear in the pellet, while individual polymers remain in the supernatant. 
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Figure 11. Schematic representation of strategies used in sedimentation experiments to 

investigate polymer binding, bundling/crosslinking and co-alignment activities of dDAAM. 

 

4. 5. 1. High-speed sedimentation assay 

High-speed centrifugation experiments were performed to investigate the 

binding of the C-terminal constructs of dDAAM to the sides of actin filaments. 

Preassembled actin filaments (2 M) were mixed with dDAAM fragments in 

polymerizing conditions (in the presence of 50 mM KCl and 1 mM MgCl2) and 

incubated overnight. Samples were ultracentrifuged (100.000 g, 30 min, 20°C), 

supernatants and pellets were separated and analyzed by SDS-PAGE. The band 

intensities were corrected for the molecular weights of the proteins and the ratios of 

the dDAAM and actin band intensities measured in the pellets (𝐷) were plotted as the 

function of the total dDAAM concentration [𝐷0]. The data were analyzed by using 

Equation 8 (45): 
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[𝐴0]𝐷2 − ([𝐴0] + [𝐷0] + 𝐾𝐷)𝐷 + 𝐷0 = 0   (Eq. 8.) 

 

where [𝐴0] is the total actin concentration and 𝐾𝐷 is the dissociation equilibrium 

constant of the dDAAM:F-actin interaction. In control experiments we found that the C-

terminal constructs of dDAAM appear in the pellet even in the absence of F-actin, 

however at significantly lower amount than in the presence of it (Figure 26). Therefore, 

for the quantitative analysis the amount of self-pelleting dDAAM protein was subtracted 

from the amount of dDAAM sedimented in the presence of actin. 

 

4. 5. 2. Actin filament and microtubule bundling/crosslinking assay 

To study the polymer bundling/crosslinking activity of dDAAM constructs, either 

preassembled actin filaments or taxol-stabilized microtubules (1 M) in F buffer and 

BRB buffer, respectively, were incubated in the absence or presence of different 

dDAAM constructs for 1 h at 20oC. Subsequently, samples were centrifuged (14.000 

g, 5 min, 20oC). The supernatants and pellets were carefully separated and the 

supernatants were processed for SDS-PAGE analysis. The relative amount of F-

actin/microtubule in the supernatant was derived as the ratio of the amount of F-

actin/microtubule in the presence of different dDAAM constructs to the amount of F-

actin/microtubule in the absence of any other protein and plotted as the function of 

dDAAM concentration. 

 

4. 5. 3. Actin filament-microtubule co-alignment assay 

A low-speed centrifugation assay was developed to study the F-

actin:microtubule co-alignment activity of dDAAM. Phalloidin-stabilized F-actin (2 M) 

and taxol-stabilized microtubules (2 M) were mixed and incubated with dDAAM 

constructs (9 M) in BRB-K at room temperature for 40 min. Samples (25 L) were 

loaded onto a 30 % sucrose cushion and centrifuged (4000 g, 10 min, 200C). Control 

experiments revealed that under these conditions individual polymers, as well as F-

actin bundles do not sediment, only larger filament complexes (MT bundles, F-actin:MT 

co-polymers) appear in the pellet. The pellets and supernatants were carefully 

separated and analyzed by SDS-PAGE. In control experiments based on high-speed 

centrifugation (100.000 g, 30 min, 20oC) both F-actin and MTs appeared in the pellet, 

which confirmed that both proteins exist in polymeric form under the applied 
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experimental conditions, and the lack of sedimentation of the polymers is not due to 

depolymerization.   

 

4. 6. SDS-PAGE analysis 

For quantitative analysis of the sedimentation experiments, the protein content 

of the supernatants and/or pellets was derived from Coomassie-stained gels (Syngene 

bioimaging system). Quantification of Coomassie blue intensities were performed 

within the linear range of exposure identified by a calibration curve. The intensity values 

were corrected for the molecular weight of each protein. 

 

4. 7. Statistical analysis 

Data presented are derived from at least two independent experiments. Exact 

replicate numbers are given in Figure Legends. Values are displayed as mean ± 

standard deviation. Microscopy data were analyzed statistically by using two-sample 

T-test or Z-test considering the number of data and the variance (Excel, Microsoft). By 

convention p > 0.05 was considered as statistically not significant, *p ≤ 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. The significance levels are given in the text and on the 

corresponding figures. 
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5. RESULTS AND DISCUSSION 

 

5. 1. The interaction of dDAAM FH1-FH2 with actin is regulated by the DID-

DAD module 

Formins of the DRF family, such as Dia1, FHOD1 and FRL2 exist in cells in an 

inactive form. Since the N-terminal DID and the C-terminal DAD domains form an 

intramolecular lock, which inhibits the interaction of their FH2 domain with actin 

(76,116,117). The activation of DRF formins occurs upon binding of an RhoGTPase to 

the GBD domain, which contributes to the release of the DID:DAD interaction, which 

results in the exposure of the FH2 domain to actin. This mode of autoregulation has 

been described for several DRFs but structural details are only known for Dia1 to date 

(75,77). Sequence analysis reveals that dDAAM also possesses N-, and C-terminal 

sequence elements, which are characteristic to the DID and DAD regulatory regions 

(Figure 8). Previous in vivo investigations of dDAAM showed that deletion either of the 

DID or DAD domains results in a constitutively active form of the protein in flies (81,87).  

To investigate the role of DID and DAD in the actin activities of DAAM FH1-FH2 

in vitro pyrenyl polymerization assays were performed. Two constructs were used; 

FH1-FH2 that lacks the C-terminal DAD-CT and cDAAM that possesses the DAD-CT 

regions (Figure 8). First, the effect of isolated DID on spontaneous actin assembly was 

studied (Figure 12, A). This control measurement showed that isolated DID is not able 

to influence spontaneous actin polymerization. The experiments were repeated both 

in the absence or presence of FH1-FH2 and cDAAM. The results revealed that DID 

fails to affect FH1-FH2-mediated actin assembly (Figure 12, A). In contrast, the 

cDAAM-mediated actin polymerization is inhibited by DID in a concentration-

dependent manner (Figure 12, A). In the presence of saturating amount of DID the 

polymerization kinetics was equivalent to that of spontaneous actin assembly. Since 

the only difference between FH1-FH2 and cDAAM can be found at the C-terminal 

region, we concluded that DID affects the actin polymerization activity of dDAAM by 

interacting with the C-terminus. For quantification, the relative polymerization rates 

were derived and plotted as a function of DID concentration (Figure 12, B). The 

dissociation equilibrium constant was found to be ~ 30 nM, indicating a high-affinity 

interaction between DID and the DAD region of cDAAM (Figure 12, B). These findings 

suggest that the actin activities of Drosophila DAAM FH1-FH2 are autoregulated by its 
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N-terminal DID and C-terminal DAD domains in vitro, thus dDAAM is a bona fide DRF 

formin. The above results also indicate that this mode of autoregulation is conserved 

between flies and humans (49). 

 

Figure 12. The interaction of dDAAM FH1-FH2 with actin is regulated through the DID:DAD 

interaction. 

(A) Representative polymerization kinetics of actin in the absence and presence of DID, FH1-FH2 and 

cDAAM, as indicated. [actin] = 2 M (containing 5 % pyrenyl actin), [FH1-FH2] = 5 M, [cDAAM] = 0.51 

M. (B) The relative polymerization rate of cDAAM-catalyzed actin assembly as a function of DID 

concentration. Black dashed line corresponds to the fit of the data using Eq. 4. The fit gave half-inhibition 

of cDAAM by DID at 30.5 ± 14.31 nM. The relative rate of spontaneous actin assembly is indicated by 

grey dashed line. 

 

5. 2. cDAAM is more efficient in promoting actin assembly than FH1-FH2 

The defining feature of formins is the presence of the highly conserved Formin 

homology (FH1-FH2) domains. The basic unit for catalyzing actin nucleation is the FH2 

domain, while the proline-rich FH1 domain interacts with profilin and recruits profilin:G-

actin for elongation (32,54,56,79). Interestingly, recently it has been demonstrated 

using purified proteins, that besides autoregulation the C-terminus of some formins can 

influence the activities of the FH2 domain in vitro (90-93). This activity of the C-terminus 

of formins can be relevant in the biological context as supported by the observations 

of our collaborator; they demonstrated that the FH1-FH2 of dDAAM is more efficient in 

the presence of the C-terminal region in axonal filopodia formation in Drosophila 

primary neurons (118).  

To better understand the underlying mechanism and to elaborate on the role of 

dDAAM DAD-CT in FH1-FH2-mediated actin assembly, first we compared the 

polymerization promoting efficiencies of the FH1-FH2 region in the absence and 
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presence of DAD-CT (corresponding constructs are FH1-FH2 and cDAAM, 

respectively (Figure 8)) in pyrenyl polymerization experiments (Figure 13). The results 

showed that both constructs accelerate actin assembly (Figure 13, A). However, 

quantitative analysis revealed that cDAAM accelerates polymerization ~ 36fold more 

efficiently than FH1-FH2 (Figure 13, B). The effect was independent from the presence 

of profilin (Figure 13). These findings suggest that the DAD-CT of dDAAM – besides 

autoregulation – can tune the actin assembly activity of the active dDAAM FH1-FH2 

region. 

 

Figure 13. 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: [actin] = 2 M (containing 5 % and 2 % 

of pyrenyl actin in the absence and presence of profilin, respectively), [profilin] = 6 M, [FH1-FH2] = 200 

nM, [cDAAM] = 200 nM. (B) FH1-FH2 and cDAAM concentration dependence of the relative 

polymerization rate (Eq. 5.) of free G-actin and profilin:G-actin, as indicated. Error bars: standard 

deviations, n = 3 – 5. 

 

The isolated FH2 domain of some formins (e.g. Bni1p, Dia1) binds G-actin with 

low affinity in the absence of the C-terminal regions (91,119). The different 

polymerization efficiencies of dDAAM FH1-FH2 and cDAAM that we detected in 

pyrenyl polymerization experiments can arise from their different actin binding 

affinities. To test this possibility, the interactions of FH1-FH2 and cDAAM with G-actin 

were compared in steady-state fluorescence anisotropy measurements. The titration 

of fluorescently labeled actin (Alexa488NHS-G-actin) and its complexes with profilin 

by the constructs resulted in a concentration-dependent increase in anisotropy, 

implying that both constructs bind actin (Figure 14). The actin affinities were found to 
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be in the few tens of nM range for both constructs, independently from presence of 

profilin (Table 4). 

 

Figure 14. Interaction of FH1-FH2 and cDAAM with actin monomers, as revealed by steady-

state anisotropy experiments. 

Steady-state anisotropy of Alexa488NHS-G-actin in the absence and presence of profilin as the function 

of dDAAM concentration, as indicated. Dashed lines in the corresponding colors show the fits to the 

data according to Eq. 2. Dissociation equilibrium constants are summarized in Table 4. Error bars: 

standard deviations, n = 2 – 3. Final concentrations: [actin] = 0.2 M, [LatA] = 4 M, [profilin] = 0.8 M, 

[NaCl] = 5 mM. 

 

 

 

 

 

 

Table 4. Dissociation equilibrium constants (Kd) of the dDAAM:actin interactions. FL: 

fluorescently labeled protein. 

 

The results of anisotropy measurements suggest that the different 

polymerization efficiencies of the DAD-CT lacking and possessing constructs do not 

arise from their different binding affinities. Our data also suggest that, unlike other 

formins, the FH2 of dDAAM show significant actin affinity even in the absence of the 

C-terminal regions. 

 

5. 3. cDAAM catalyzes actin assembly more efficiently than FH1-FH2 

The differences between the FH1-FH2-, and cDAAM-mediated polymerization 

can be explained by their different nucleation and/or elongation efficiencies. Since 

these phases of actin assembly are difficult to separate in fluorescence spectroscopic 

construct 
Kd ± SD (M) 

G-actinFL profilin:G-actinFL 

FH1-FH2 0.061 ± 0.02 0.056 ± 0.02 

cDAAM 0.052 ± 0.02 0.068 ± 0.02 
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experiments TIRFM measurements were performed (Figure 15). TIRFM allows to 

observe individual filaments and separately analyze actin nucleation and elongation. 

In control experiments, we found that significantly less filaments are formed in the 

presence of profilin as compared to spontaneously nucleated actin filaments (34.35 ± 

9.43 and 18.60 ± 6.22, respectively, p < 0.001, (Figure 15, A, B)). This observation is 

in good agreement with the well-established nucleation-suppressing activity of profilin 

(3,7,10). Our analysis revealed that, although the number of actin filaments formed in 

the presence of either FH1-FH2 or cDAAM is significantly higher than that is 

characteristic for spontaneous actin assembly, cDAAM is more efficient in filament 

production than the FH1-FH2 both in the absence and presence of profilin (Figure 15, 

B).  

The elongation rate of spontaneously polymerizing actin filaments was found to 

be 4.30 ± 0.61 subunit×s-1 and 3.48 ± 0.38 subunit×s-1 in the absence and presence 

of profilin, respectively (Figure 15, C). These values are in good agreement with the 

well-established barbed end association rate constants of ATP-Mg2+-G-actin (free G-

actin: k+ = 10.23 ± 1.5 µM-1×s-1, profilin:G-actin: k+ = 8.29 ± 0.9 µM-1×s-1, Eq. 7.). FH1-

FH2 and cDAAM strongly inhibit the elongation of free G-actin in the absence of profilin 

(vFH1-FH2 = 0.36 ± 0.15 subunit×s-1 (p < 0.0001), vcDAAM = 0.37 ± 0.13 subunit×s-1 (p < 

0.0001)). In contrast, in the presence of profilin the elongation rate is similar to that of 

the spontaneously growing actin filaments (vFH1-FH2 = 3.44 ± 0.34 subunit×s-1 (p = 0.45), 

vcDAAM = 3.49 ± 0.44 subunit×s-1 (p = 0.44). These observations for FH1-FH2 are in 

agreement with our previous findings (56). dDAAM FH1-FH2 is unique amongst 

formins in terms of its effects on filament elongation: by almost completely inhibiting 

elongation in the absence of profilin it behaves as a capping-like protein. Profilin act as 

a molecular switch in the filament end effects of dDAAM FH1-FH2, although it cannot 

enhance FH1-FH2-mediated filament growth above the diffusion-limited rate as 

observed for Dia1 (32).  
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Figure 15. Effects of FH1-FH2 and cDAAM on actin assembly, as revealed by TIRFM 

measurements. 

(A) 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 m, time = min : s. Final concentrations: [actin] = 0.5 M, [profilin] = 2 M, [FH1-FH2] = 100 nM, 

[cDAAM] = 100 nM. (B) The number of actin filaments nucleated spontaneously or in the presence of 

FH1-FH2 and cDAAM derived from skeletonized images. Final concentrations as in panel (A), n = 20 – 

62. (C) The elongation rate of individual actin filaments polymerized from free G-actin and profilin:G-

actin in the absence and presence of FH1-FH2 or cDAAM. Final concentrations as in panel (A), n = 30 

– 89. 

 

In conclusion, the different actin polymerization promoting efficiency of FH1-FH2 

and cDAAM is not the consequence of their different effects on filament elongation. 

Our observations clearly demonstrate that the more efficient actin assembly promoting 

activity of cDAAM is due to its more potent nucleating efficiency as compared to FH1-

FH2. This suggests that the presence of DAD-CT influences the nucleation promoting 

activity of FH1-FH2. 
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5. 4. dDAAM DAD-CT interacts with G-actin, independently from the FH2 domain 

Recent work reported that isolated C-terminal regions of some formins (INF2, 

FMNL3, Dia1 and Capuccino) can bind directly to monomeric actin (90-93). To 

investigate whether dDAAM DAD-CT shares this property a recombinant DAD-CT 

fragment was produced (Figure 8). The G-actin and profilin:G-actin binding ability of 

DAD-CT was tested in steady-state anisotropy measurements by using Alexa488NHS-

G-actin (Figure 17). We found that in the presence of DAD-CT the anisotropy values 

increase in a concentration-dependent manner, suggesting that this region can interact 

with actin even in the absence of FH2. The binding was relatively weak, the 

corresponding affinity was found to be in the few M range and was not affected 

significantly by the actin-bound profilin (Table 5). Importantly, with increasing salt 

concentrations (from 5 mM to 50 mM NaCl) the anisotropy values gradually decreased, 

suggesting that the binding of DAD-CT is strongly salt-dependent (Figure 17, Table 5). 

To further elaborate on which region of DAD-CT is important for G-actin binding, 

two other constructs were produced; the DAD domain lacking the very C-terminal 

amino acids (DAD) and a mutated version of the DAD-CT construct (DAD-CTR-A), in 

which the arginine residues found in the CT region are replaced by alanine (Figure 8, 

16). 

 

Figure 16. Sequence characteristics of the C-terminal regions of formins and their comparison 

with WH2 domains. 

The hydrophobic amino acid triplet and the LKKT/V motif is 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-CTR-A construct are highlighted by red. Residues that were shown to be 

important for actin interaction in mDia1, FMNL3 and Capuccino are underlined (91,92,99). UniProt 

accession numbers are as follows: Dm DAAM Q8IRY0, Hs WASP P42768, Hs WAVE2 Q9Y6W5, Hs 

Lmod1 P29536, Hs Lmod2 Q6P5Q4, Hs Lmod3 Q0VAK6, Mm FMNL3 Q6ZPF4, Hs INF2 Q27J81. Dm: 

Drosophila melanogaster, Hs: Homo sapiens, Mm: Mus musculus. 

 

http://www.uniprot.org/uniprot/Q9Y6W5
http://www.uniprot.org/uniprot/P29536
http://www.uniprot.org/uniprot/Q6P5Q4
http://www.uniprot.org/uniprot/Q0VAK6
http://www.uniprot.org/uniprot/Q6ZPF4
http://www.uniprot.org/uniprot/Q27J81
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Figure 17. Interaction of the C-terminal regions of DAAM with monomeric actin. 

(A) Steady-state anisotropy of Alexa488NHS-G-actin in the absence and presence of profilin as the 

function of DAD-CT, DAD and DAD-CTR-A concentration, as indicated. Dashed lines in the 

corresponding colors show the fits to the data according to Eq. 2. Error bars: standard deviations, n = 2 

– 4. Final concentrations: [actin] = 0.2 M, [LatA] = 4 M, [profilin] = 0.8 M, [NaCl] = 5 mM (circles), 17 

mM (squares), 50 mM (diamonds). FL: fluorescently labeled protein. Dissociation equilibrium constants 

are summarized in Table 5. 

 

 

 

 

 

 

 

 

 

Table 5. Dissociation equilibrium constants (Kd) of the dDAAM:actin interactions. FL: 

fluorescently labeled protein. 

 

DAD showed an extremely weak interaction in anisotropy measurements even at low 

salt conditions (Kd > 100 M, (Figure 17, Table 5)). In case of DAD-CTR-A there was no 

detectable anisotropy change in the concentration range that we could test in the 

experiments, suggesting an even weaker binding or no interaction with G-actin (Figure 

17, Table 5). 

construct 
Kd ± SD (M) 

G-actinFL profilin:G-actinFL 

DAD-CT 3.87 ± 0.19 

9.71 ± 0.51 (17 mM NaCl) 

44.43 ± 2.85 (50 mM NaCl) 

3.54 ± 0.22 

nd 

nd 

DAD > 100 > 100 

DAD-CTR-A > 500 > 500 
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In conclusion, the DAD-CT of dDAAM can bind to monomeric actin both in the 

absence and presence of profilin, even in the absence of the core actin-binding FH2 

domain.  Our data also indicate that the main actin-interacting element is the CT region. 

The strong salt dependence of the interaction suggests that the binding is manifested 

through mostly electrostatic interactions. 

 

5. 5. dDAAM DAD-CT does not influence actin dynamics in the absence of the 

FH2 domain 

The binding of the isolated C-terminal regions of formins to monomeric actin can 

have functional consequences. As examples, the isolated WH2-like DAD domain of 

INF2 inhibits actin polymerization by sequestering actin monomers, as well as severs 

actin filaments (90). In contrast, the C-terminus of FMNL3 and Dia1 in dimeric form 

possesses nucleation activity, even in the absence of FH2 (91,92). While the isolated 

tail domain of Capuccino has no influence on actin dynamics (93). To reveal the 

biochemical activities of isolated dDAAM DAD-CT we studied its effect on actin 

polymerization in the absence and presence of profilin in fluorescence spectroscopy 

and TIRFM measurements. The results revealed that DAD-CT does not have any 

influence on actin assembly – neither on filament number nor on filament growth rate 

– at lower amounts (Figure 18). At higher concentrations (> ~ 40 – 50 µM) the protein 

slightly inhibits actin assembly kinetics (Figure 18, A, D) that might result from its weak 

sequestration activity. Similar effect was observed for the tail domain of Capuccino 

(93). In agreement with the very weak actin binding of DAD and DAD-CTR-A they have 

no influence actin dynamics in these experiments (Figure 18, A, D). 

In conclusion, although isolated DAD-CT is able to bind to monomeric actin it 

has no significant influence on the dynamics of actin assembly in the absence of the 

FH2 domain, even in its dimeric form that is maintained by the GST-tag. This indicates 

that dDAAM DAD-CT possesses an FH2-dependent activity in actin dynamics. In 

agreement with the result of steady-state anisotropy measurements the CT region 

seems to have larger contribution to the actin activities of DAD-CT than the DAD 

domain. 
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Figure 18. The influence of C-terminal constructs of dDAAM on actin dynamics. 

(A) Representative polymerization kinetics of free G-actin and profilin:G-actin in the absence and 

presence of the C-terminal regions of dDAAM, as indicated. Final concentrations: [actin] = 2 M 

(containing 5 % and 2 % of pyrenyl actin in the absence and presence of profilin, respectively), [profilin] 

= 6 M. (B) 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 Figure 15). Scale bar = 10 m, time = min : s.  Final concentrations: [actin] = 0.5 

M, [profilin] = 2 M, [DAD-CT] = 42 M. (C) The number of actin filaments nucleated spontaneously or 

in the presence of DAD-CT derived from skeletonized images. Final concentrations as in panel (B), n = 

16 – 20. (D) The elongation rate of individual actin filaments polymerized from free G-actin and profilin:G-

actin in the absence and presence of DAD-CT (42 M), DAD (42 M) or DAD-CTR-A (42 M). Final 

concentrations as in panel (B), n = 24 – 79. 

 

5. 6. The nucleation promoting activity of dDAAM relies on a functional C-

terminus 

FH1-FH2 lacks the entire DAD-CT region, therefore it is not straightforward to 

investigate the individual contributions of DAD and CT to the activity of FH2 when 

comparing FH1-FH2 with cDAAM. To investigate the contribution of each C-terminal 

element – DAD and CT – to the functionality of FH2, two modified versions of cDAAM 
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were generated. In these constructs either the CT region was truncated (cDAAMΔCT) 

or the arginine amino acids were changed to alanine in the CT region (cDAAMR-A) 

(Figure 8). The constructs behaved similarly both qualitatively and quantitatively in 

pyrenyl polymerization and TIRFM assays, supporting that the two modifications are 

equivalent (Figure 19, 20). Both cDAAMΔCT and cDAAMR-A accelerate actin 

assembly, they are ~ 6fold more potent than FH1-FH2, but ~ 6fold less potent than the 

native cDAAM (Figure 19, B). TIRFM experiments showed that this intermediate 

polymerization promoting effect originates from the more potent nucleation ability of 

these constructs as compared to FH1-FH2, since they influenced filament elongation 

quantitatively similarly to FH1-FH2 and cDAAM (Figure 20). These results indicate that 

although DAD enhances the nucleation activity of FH1-FH2 but a functional CT is 

essential to reconstruct the proper functionality – in terms of actin nucleation – of 

dDAAM. We also observed that the separate contribution of the C-terminal regions to 

the nucleation promoting activity of FH1-FH2 was identical, which suggest non-

cooperative, additive effects between DAD and CT.  

 

 

Figure 19. The effects of DAAM DAD and CT regions on actin assembly in the presence of the 

native FH2 domain, as revealed by fluorescence spectroscopy experiments. 

(A) Representative pyrenyl traces of spontaneous and cDAAMR-A or cDAAMΔCT catalyzed assembly of 

free G-actin and profilin:G-actin, as indicated. The data for FH1-FH2 and cDAAM from (Figure 13, A) 

are shown here as controls. Final concentrations: [actin] = 2 M (containing 5 % and 2 % of pyrenyl 

actin in the absence and presence of profilin, respectively), [profilin] = 6 M, [cDAAMR-A] = 200 nM, 

[cDAAMΔCT] = 200 nM. (B) cDAAMR-A or cDAAMΔCT 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 (Figure 13, B) are shown.  
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Figure 20. The effects of DAAM DAD and CT regions on actin assembly in the presence of the 

native FH2 domain, as revealed by TIRFM experiments. 

(A) TIRFM montages of actin assembly and representative skeletonized images showing the field of 

view of actin assembly in the absence and presence of cDAAMR-A or cDAAMΔCT, as indicated (for 

spontaneous actin assembly see (Figure 15, A)). Scale bar = 10 m, time = min : s. Final concentrations: 

[actin] = 0.5 M, [profilin] = 2 M, [cDAAMR-A] = 100 nM, [cDAAMCT] = 100 nM. (B) The number of 

actin filaments nucleated spontaneously or in the presence of cDAAMR-A or cDAAMΔCT derived from 

skeletonized images. Final concentrations as in panel (A), n = 20 – 54. (C) The elongation rate of 

individual actin filaments polymerized from free G-actin and profilin:G-actin in the absence and presence 

of cDAAMR-A or cDAAMΔCT. Final concentrations as in panel (A), n = 39 – 79. 

 

5. 7. dDAAM DAD-CT cannot compensate for the loss of function mutation-

induced defects in the core activities of the FH2 domain 

The above observations indicate that although the isolated DAD-CT of dDAAM 

can interact with actin, it can influence efficiently the actin activities of the protein only 

in the presence of the native FH2. To further assess the role of the C-terminus of 

dDAAM in actin dynamics, we produced two mutant versions of the protein. The FH2 

domain of formins possesses an isoleucine residue that is conserved from yeast to 

humans (Figure 8, 21). The residue is found in the D helix of the knob region and was 

shown to be essential for FH2-mediated actin polymerization (45-47,91,92). The 
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corresponding residue in Drosophila DAAM is Ile732. Based on this, two mutated 

constructs were generated in which the Ile732 residue was changed to alanine; one 

lacks the C-terminal regions (FH1-FH2I732A), while the other possesses the DAD-CT 

(cDAAMI732A) (Figure 8). 

 

 

Figure 21. Sequence alignment of FH2 domains from different formins. 

The conserved isoleucine in the FH2 domain is highlighted by red, its position in each formin is given in 

parenthesis at the end of the sequences. The αD helix of the knob region is underlined. UniProt 

accession numbers are as follows: Dm DAAM Q8IRY0, Hs DAAM1 Q9Y4D1, Hs DAAM2 Q86T65, Hs 

Diaph1 O60610, Hs Diaph2 O60879, Hs Diaph3 Q9NSV4, Hs Fmn1 Q68DA7, Hs Fmn2 Q9NZ56, Hs 

FMNL1 O95466, Dm Capu Q24120, Sc Bnr1 P40450, Sc Bni1 P41832. Dm: Drosophila melanogaster, 

Hs: Homo sapiens, Sc: Saccharomyces cerevisiae. 

 

First, the G-actin binding ability of these mutated constructs were investigated 

in steady-state anisotropy measurements. The results revealed that cDAAMI732A is able 

to bind both G-actin and profilin:G-actin with approximately the same affinity in the tens 

of nM range (Figure 22, Table 6). Nevertheless, the FH1-FH2I732A construct binds 

monomeric actin with significantly lower affinity in the M range (Figure 22, Table 6). 

These data suggest that mutation of the conserved Ile732 severely compromises actin 

binding by FH2. However, we observed that cDAAMI732A 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 Ile732A mutation (Figure 22).  
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Figure 22. Interaction of FH1-FH2I732A and cDAAMI732A with actin, as revealed by steady-state 

anisotropy. 

Steady-state anisotropy of Alexa488NHS-G-actin in the absence and presence of profilin as the function 

of dDAAM concentration, as indicated. The data for FH1-FH2 and cDAAM from (Figure 14, A) are shown 

here as controls. Dashed lines in the corresponding colors show the fits to the data according to Eq. 2. 

Dissociation equilibrium constants are summarized in Table 6. Error bars: standard deviations, n = 2 – 

3. Final concentrations: [actin] = 0.2 M, [LatA] = 4 M, [profilin] = 0.8 M, [NaCl] = 5 mM. 

 

 

 

 

 

 

Table 6. Dissociation equilibrium constants (Kd) of the dDAAM:actin interactions. FL: 

fluorescently labelled protein. 

 

To further test the effect of the mutation in FH2 on actin assembly pyrenyl 

polymerization assays were performed. These investigations revealed that FH1-

FH2I732A inhibits actin polymerization from free G-actin, while the assembly of 

profilin:G-actin is not affected significantly in the concentration range that we could test 

in the experiments (Figure 23). cDAAMI732A inhibited actin assembly from both free G-

actin and profilin:G-actin more efficiently than FH1-FH2 I732A (Figure 23). First, it has to 

be noted that, importantly, the inhibition of polymerization is the opposite that we 

observed for the native FH2-containing constructs (Figure 13). This indicates that the 

construct 
Kd ± SD (M) 

G-actinFL profilin:G-actinFL 

FH1-FH2I732A 6.78 ± 0.96 4.41 ± 0.76 

cDAAMI732A 0.064 ± 0.02 0.093 ± 0.04 
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I732A mutation impairs not only the monomer binding ability, but also the proper actin 

assembly activities of dDAAM FH2, which is consistent with previous data (47). 

 

Figure 23. Effects of FH1-FH2I732A and cDAAMI732A on actin assembly as revealed by 

fluorescence spectroscopy experiments. 

Representative polymerization kinetics of free G-actin and profilin:G-actin in the absence and presence 

of different regions of dDAAM, as indicated. Final concentrations: [actin] = 2 M (containing 5 % and 2 

% of pyrenyl actin in the absence and presence of profilin, respectively), [profilin] = 6 M. 

 

To investigate the mechanisms underlying the polymerization inhibition by FH1-

FH2 I732A and cDAAMI732A we analyzed their effects on actin dynamics in TIRFM 

experiments (Figure 24). In contrast to the wild type FH2 domain-containing constructs, 

filament number was not changed significantly in the presence of the mutant constructs 

(Figure 24, A, B). This indicates that despite of being able to interact with actin, as 

revealed by anisotropy measurements (Figure 22), the I732A mutation abolishes the 

nucleation ability of dDAAM. Our anisotropy 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 I732A (Figure 22), however it cannot restore the proper functionality of the 

mutated FH2 domain in actin nucleation (Figure 24, A, B). The analysis of the effects 

on filament elongation revealed that FH1-FH2I732A only moderately affects filament 

growth from free G-actin in the concentration range, in which the wild type construct 

almost completely inhibits elongation (vFH1-FH2
I732A = 4.09 ± 0.42 subunit×s-1 (p = 0.03), 

(Figure 24, C)). Even higher amount (20 M FH1-FH2I732A) resulted only in ~ 55 % 

inhibition (Figure 24, C). In agreement with the pyrenyl polymerization experiments, 

FH1-FH2I732A does not affect significantly filament growth from profilin:G-actin at low 

concentrations (vFH1-FH2
I732A = 3.53 ± 0.45 subunit×s-1  (p = 0.30), (Figure 24, C)), while 
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it moderately inhibits elongation when it is added at higher amounts (vFH1-FH2
I732A = 2.09 

± 0.14 subunit×s-1 (p < 0.0001), (Figure 24, C)). cDAAMI732A moderately slows filament 

elongation when it is added at the same amount as cDAAM (vcDAAM
I732A = 3.97 ± 0.32 

subunit×s-1 (p = 0.00014), (Figure 24, C)). At relatively high concentrations (2 M) it 

markedly slows down the elongation from free G-actin, similarly to the wild-type protein 

(vcDAAM
I732A = 0.15 ± 0.02 subunit×s-1 (p < 0.0001), (Figure 24, C)). However, unlike 

cDAAM that maintains elongation in the presence of profilin, cDAAMI732A functions 

oppositely, it hinders profilin:G-actin association to barbed ends in a concentration 

dependent manner (Figure 24, C). 

 

Figure 24: Effects of FH1-FH2I732A and cDAAMI732A on actin assembly, as revealed by TIRFM 

experiments. 

(A) TIRFM montages of actin assembly and representative skeletonized images showing the field of 

view of actin assembly in the absence and presence of FH1-FH2I732A and cDAAMI732A, as indicated (for 

spontaneous actin assembly see (Figure 15, A). Scale bar = 10 m, time = min : s. Final concentrations: 

[actin] = 0.5 M, [profilin] = 2 M, [FH1-FH2I732A] = 100 nM, [cDAAMI732A] = 100 nM. (B) The number of 

actin filaments nucleated spontaneously or in the presence of FH1-FH2I732A and cDAAMI732A derived 

from skeletonized images. Final concentrations as in panel (A), n = 20 – 50. (C) The elongation rate of 

individual actin filaments polymerized from free G-actin and profilin:G-actin in the absence and presence 

of FH1-FH2I732A and cDAAMI732A. Final concentrations as in panel (A). 20 M and 2 M indicate the data 

obtained in the presence of higher concentrations of FH1-FH2I732A and cDAAMI732A, respectively, n = 15 

– 79. 

 

In conclusion, our results revealed that, consistently with the importance of the 

conserved isoleucine residue in actin interaction (120), the mutation impairs both the 

nucleation ability of the FH2 domain and its interaction with the barbed end of the 

filaments. The combination of these two effects results in a decreased polymerization 

rate, detected in the pyrenyl polymerization assays (Figure 23). At high concentration, 
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dDAAM FH2I732A can maintain some interactions with filament ends similarly to other 

formins (e.g. Dia1 (91)). Even if such high concentration is not physiological, this 

approach allowed us to address the effects of DAD-CT on the interaction of FH2 with 

barbed ends. Our data indicates that besides the key Ile732 residue, other 

residues/binding sites in the FH2 domain also contribute to barbed end interactions of 

dDAAM, albeit with much lower affinities. Comparative structural analysis of dDAAM 

FH2 with other formins reveals that residues in the knob region near the Ile732, as well 

as the lasso/post interface can contribute to actin binding (47). 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 

FH2I732A 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.  

 

5. 8. dDAAM antagonizes with capping proteins and DAD-CT contributes to this 

activity 

Classic capping proteins (CP, like CapG) bind filament ends with ~ 10 pM 

affinity. The high-affinity interaction is characterized by low dissociation rate constant 

(k- ~ 10-4 s-1), therefore they completely and permanently block barbed end dynamics 

and contribute to limited actin filament elongation both in vitro and in vivo 

(25,111,121,122). Some formins – including FRL, Dia1, INF2 and FMNL2 – are known 

to be able to compete for barbed ends with classic CPs, which was thought to be based 

on the mutually exclusive interactions of these proteins with filament ends 

(50,54,111,122,123). Recent microfluidics-based TIRFM studies combined with single-

molecule visualization gave novel mechanistic insight into the antagonistic regulation 

of barbed end dynamics by CPs and formins proposing the ‘decision complex’ 

mechanism (111,122). According to this mechanism, both proteins can bind 

simultaneously to filament barbed ends forming a ternary complex, irrespective of the 

order of their binding. In the ternary complex the affinities of both CPs and formins are 

mutually reduced, which can be explained by steric clashes between the two proteins, 

resulting to fast displacement of one protein by the other. 

To explore the ability of dDAAM to antagonize with CPs we performed pyrenyl 

polymerization assays (Figure 25). In these assays, actin assembly was initiated and 
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monitored in the presence of different dDAAM constructs and subsequently (after ~ 

120 s) CP was added to the samples. The analysis of the data showed that both 

cDAAM and FH1-FH2 can compete with CPs, however, quantitative analysis revealed 

that cDAAM is more efficient in maintaining filament elongation in the presence of CPs 

than FH1-FH2 (Table 7).  

 

Figure 25. Antagonistic regulation of filament barbed end dynamics by dDAAM and CP. 

(A) Polymerization of profilin:G-actin initiated in the absence and presence of dDAAM constructs, as 

indicated. The addition of CP after 120 s is indicated by arrow. Final concentrations: [actin] = 2 M, 

[profilin] = 6 M, [CP] = 68 nM, [dDAAM] = 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 Eq. 6., IC50 values are summarized in Table 7. Error 

bars: standard deviations, n = 2 – 4. 

 

 

 

 

 

 

 

 

 

Table 7. IC50 values for antagonistic effects of CP and DAAM constructs. ND: not determined. 

 

Our results suggest that – besides its ability to promote FH1-FH2-mediated 

nucleation – DAD-CT can also contribute to proper filament end interaction of dDAAM 

FH1-FH2, as already indicated in the above experiments: cDAAMI732A affected filament 

construct IC50 ± SD (nM) 

FH1-FH2 47.7 ± 16.97 

cDAAM 345.9 ± 27.60 

cDAAMCT 108.6 ± 19.35 

cDAAMR-A 93.7 ± 19.06 

DAD-CT ND 

FH1-FH2I732A ND 

cDAAMI732A ND 
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end dynamics more efficiently than FH1-FH2I732A (Figures 23, 24). To further elaborate 

on this issue, the ability of C-terminally truncated/mutated cDAAM constructs 

(cDAAMCT and cDAAMCTR-A) to compete with CPs was investigated. We found that 

truncations/mutations in the CT region partially reduces the efficiency of cDAAM to 

uncap CPs bound barbed ends, yet these constructs are still more effective than FH1-

FH2 (Figure 25, Table 7). Neither cDAAMI732A nor FH1-FH2I732A can compete with CPs, 

when they are added at a same amount as the wild-type construct (Figure 25, A). This 

observation is consistent with well-known role of the conserved isoleucine residue in 

filament end interaction. Also, isolated DAD-CT fails to antagonize with CPs in the 

absence of FH2 (Figure 25, A). These results suggest that the wild-type FH2 is 

necessary for the antagonistic action between dDAAM and CPs. However, this activity 

is tuned by the DAD-CT region, which further supports that – besides monomer binding 

– the C-terminus of dDAAM is important to strengthen the filament end interaction of 

FH2. In conclusion, our data reveal a novel role of the C-terminal region as the part of 

the anti-capping module of formins. 

 

5. 9. dDAAM binds to the side of actin filaments and possesses F-actin 

bundling activity  

Certain formins are able to bind to the side of actin filaments and upon these 

interactions they can organize individual filaments into bundles (63,124,125). Our 

previous studies revealed that the FH2 and FH1-FH2 of dDAAM possess these 

activities (56). Since the C-terminus of dDAAM is an actin-binding region, we tested if 

it is able to bind actin filaments in high-speed sedimentation experiments (Figure 26, 

A, B). We found that DAD-CT binds to the sides of actin filaments with a dissociation 

equilibrium constant of 38.9 ± 3.2 M. This suggests that DAD-CT interacts with actin 

filaments, however, with lower efficiency as compared to the FH1-FH2 domain (Kd = 

2.1 ± 0.5 M (56)). Truncation in the CT significantly reduces the filament binding ability 

of the C-terminus (Kd(DAD) > 100 M), while the R-A mutation diminishes actin 

filament interaction (Figure 26, A, B). 

 To test whether the actin filament side-binding ability of the C-terminal regions 

of dDAAM is coupled to F-actin bundling activity low-speed sedimentation experiments 

were performed (Figure 26, C). SDS-PAGE analysis of the supernatants revealed that 

both FH1-FH2 and cDAAM are able to bundle actin filaments with approximately the 
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same efficiency. As expected, the I732A mutation of FH2 has no effect on this activity, 

since its mostly important for filament end interactions and not for side-binding. The 

isolated DAD-CT bundled actin filaments, however with extremely low efficiency, 

consistently with its weak binding to actin filaments. Truncation/mutation of the C-

terminus of dDAAM (DAD, DAD-CTR-A) abolishes the bundling ability of this region. 

This in agreement with anisotropy data (Figure 17) and further supports that the CT 

region is dominant in the DAD-CT:actin interaction.  

These observations show that, besides interacting with actin monomers isolated 

DAD-CT can decorate the side of actin filaments, and as a functional consequence it 

arranges actin filaments into higher-order bundled structures. Our data also suggest 

that the main side-binding/bundling element of DAAM is the FH2 domain, while the 

DAD-CT region has minor contribution to this activity.  

 

Figure 26. Interaction of dDAAM with actin filaments as revealed by high-, and low-speed 

sedimentation assays. 

(A) Coomassie-stained SDS-PAGE gels from co-sedimentation experiments to study the interactions of 

the C-terminal regions of dDAAM with F-actin. The amount of each dDAAM construct in the pellet is 

shown in the presence and absence of F-actin. Numbers indicate the dDAAM concentration in each 

sample. [F-actin] = 2.5 M. (B). The dDAAM:F-actin ratio in the pellet derived from the analysis of SDS-

PAGE gels, shown in panel (A). Dashed lines correspond to the fit of the data according to Eq. 8, the fit 

gave Kd values of Kd(DAD-CT) = 38.9 ± 3.2 M and Kd(DAD) > 100 M. Error bars: standard deviations, 

n = 2 – 4. (C) Bundling activity of the different regions of dDAAM. The relative amount of actin filaments 

in the supernatant as the function of dDAAM concentration, determined from the quantification of SDS-

PAGE analysis of the samples. Final concentrations: [actin] = 1 M. Error bars: standard deviations, n 

= 2 – 3. 

 

5. 10. Sequence characteristics and possible binding modes of DAD-CT on actin  

We showed that the DAD-CT region of dDAAM interacts with actin in vitro, 

however, the binding of DAD is very weak, which is markedly enhanced by the CT 
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region (Figure 17, 26). While the binding mode of the FH2 domains of formins on actin 

is well established, the exact structural features of the interaction of their C-terminal 

regions with actin is not known. Sequence analysis reveals that the C-terminal regions 

of formins, including Dia1, INF, FMNL3 possess sequence elements characteristic to 

the N-terminal region of the short actin-binding Wiskott-Aldrich syndrome homology 

(WH2) domain (Figure 16). WH2 domains are largely intrinsically disordered protein 

regions (IDR), defined by a central canonical LKKT/V motif that is flanked by variable 

N-, and C-terminus (21,126-128). The structural features of the binding of WH2 

domains from different proteins to actin are well known from high-resolution X-ray 

structures (Figure 27, A). The N-terminal part of the WH2 folds into an amphipathic -

helix that interacts with the hydrophobic cleft of actin, the interaction is mediated by a 

conserved hydrophobic amino acid triplet LLxxI of WH2 (Figure 16). The binding is 

further strengthened by the downstream LKKT/V motif (Figure 16). While their C-

terminus extends along the negative surface patch of the actin molecule towards the 

pointed face, through interactions mainly controlled by electrostatic forces. Apparently, 

our bioinformatics analysis revealed that the DAD-CT of DAAM contains the conserved 

LLxxI motif, however the consensus LKKT/V motif that fundamentally strengthens actin 

interactions of WH2 domains is absent, similarly to Dia1 that binds relatively weakly to 

actin (Figure 16) (91). On the other hand, the CT of dDAAM is a relatively long (~ 40 

amino acid) extension and bioinformatics analysis predicts to be intrinsically disordered 

(Figure 27, B), a structural feature that is shared by WH2 domains. On the basis of the 

sequence and predicted structural similarities we hypothesized that dDAAM DAD-CT 

adopts a WH2-like binding mode on actin.  
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Figure 27. Structural features of WH2 domains and the C-terminal regions of formins. 

(A) Ribbon representation of the G-actin:WH2 domain complex. The known X-ray structure of WASP-

interacting protein (WIP) was used (PBD2A41 (128)). The figure was made by PyMol. (B) Bioinformatics 

analysis of the C-terminal regions of different formins. The analysis was made by IUPRed. 

 

To probe this hypothesis, we performed competition experiments based on 

steady-state anisotropy (Figure 28). In our previous measurements we found that 

profilin does not affect significantly the binding of dDAAM DAD-CT to actin and its actin 

activities, either (Figure 17, 18). The binding site of profilin on actin monomers is found 

to be on the hydrophobic cleft between subdomain 1 and 3 at the barbed face (Figure 

28, C) (9). In the anisotropy experiments presented above we used fluorescently 

labeled actin in complex with profilin. To further investigate the interaction of DAD-CT 

with monomeric actin in the presence of profilin we repeated the measurements by 

using Alexa Fluor® C5 568 maleimide-labeled profilin (Alexa568C-profilin) in complex 

with actin (Figure 28, A). This strategy allows to obtain information about the rotational 

diffusion of profilin in the presence of both G-actin and dDAAM. A concentration-

dependent increase in the anisotropy of Alexa568C-profilin was observed upon titration 

with DAD-CT. The value of the dissociation equilibrium constant derived from this 

measurement was similar to that obtained in experiments using unlabeled profilin and 

labeled actin (Kd = 4.71 ± 0.53 M and Figure 17, Table 5). Considering competitive 

binding one would have expected the dissociation of profilin from actin by DAD-CT, 

which would be expected to cause a decrease in the anisotropy of the fluorescently 

labeled profilin. The opposite tendency that we detected suggests that profilin and 
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DAD-CT can bind simultaneously to monomeric actin and form a ternary complex. This 

result predicts that the binding site of the two proteins on actin largely differ. 

In subsequent experiments we studied the actin binding ability of DAD-CT in the 

presence of the WH2 domains of Sarcomere Length Short (SALS) protein (Figure 28, 

B, D). These measurements were performed by Réka Pintér, a PhD student in our 

group. As we reported previously, the binding strength of SALS-WH2 is tighter than 

that of DAD-CT (Kd(SALS-WH2) = 0.34 ± 0.2 µM (105) and Kd(DAD-CT) = 3.87 ± 0.19 

µM, (Figure 17, Table 5)). Their complexes with fluorescent actin monomers 

(Alexa488NHS) are characterized by different anisotropy values (rDAD-CT:G-actin ~ 0.20, 

rSALS-WH2:G-actin ~ 0.15), most likely due to their different sizes (MWDAD-CT = 34.8 kDa, 

MWSALS-WH2 = 21.1 kDa). Upon titrating the DAD-CT:G-actin complex with SALS-WH2, 

we observed that the values of anisotropy decrease from r ~ 0.20 in a SALS-WH2 

concentration dependent manner (Figure 28, B). In the presence of high amount of 

SALS-WH2 the measured value was characteristic to the SALS-WH2:G-actin complex 

(r ~ 0.15, Figure 28, B). These results suggest that the binding of SALS-WH2 interferes 

with that of DAD-CT, indicating that the main binding sites of these proteins overlap. 

Altogether our data support that the weak actin binding of dDAAM DAD may be 

due to the interaction of the WH2-like amino acid triplet LLxxI with the hydrophobic cleft 

of actin, but the complex is fundamentally strengthened by the CT region that may 

mediate the connections between the negative stretch of G-actin towards the pointed 

end in a similar manner as the C-terminal extension of WH2 domains. 
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Figure 28. DAAM DAD-CT does not compete with profilin for G-actin binding, in contrast, SALS-

WH2 and DAD-CT bind G-actin in a competitive fashion. 

(A) Steady-state anisotropy of Alexa568C-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 Eq. 2. Dissociation equilibrium constant was found to be Kd = 4.71 ± 0.53 M. Error bars: standard 

deviations, n = 2 – 3. Final concentrations: [actin] = 4 M, [LatA] = 8 M, [profilin] = 2 M, [NaCl] = 5 

mM. FL: fluorescently labelled protein. (B) Steady-state anisotropy of Alexa488NHS labelled G-actin in 

complex with DAD-CT as a function of SALS-WH2 concentration. As controls, the steady-state 

anisotropy of G-actin in the absence of any binding proteins and G-actin saturated with SALS-WH2 (1.5 

M) are shown. Final concentrations: [actin] = 0.2 M, [LatA] = 4 M, [DAD-CT] = 20 M, [NaCl] = 5 

mM. FL: fluorescently labelled protein. (C) Ribbon representation of the G-actin:profilin complex (PDB 

1HLU). (D) Ribbon representation of the G-actin:WH2 domain complex (PDB 2A41). Panel (C) and (D) 

were made by PyMol. 

 

5. 11. dDAAM interacts with microtubules and organizes these polymers into 

bundled/cross-linked networks 

Formins have been shown to be able to interact not only with actin but with 

microtubules, as well. They participate in MT stabilization and in their organization in 

diverse cellular processes (94). In vivo results demonstrated that the main microtubule-
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interacting partner is the FH2 domain, but the C-terminus has also been shown to be 

able to bind to microtubules (40,96-99). The investigations of our collaborator in 

Drosophila primary neurons revealed that dDAAM co-localizes not only to actin-based 

neuronal structures (~ 47 % of the protein), but a significant fraction of the protein (~ 

37 %) also accumulates along microtubules in axonal growth cones and it regulates 

both the morphology and dynamics of the microtubule cytoskeleton (129). Subsequent 

in vitro investigations revealed that the recombinantly produced FH1-FH2 and DAD-

CT regions of dDAAM bind along the sides of taxol-stabilized microtubules and prevent 

them from cold-induced depolymerization (129). 

We performed additional in vitro experiments to test the functional 

consequences of dDAAM:microtubule interaction (Figure 29-31). In low-speed 

sedimentation experiments we found that besides microtubule-side binding cDAAM is 

able to induce the formation of bundled/cross-linked microtubule arrays (Figure 29). 

Interestingly, FH1-FH2 lacking the C-terminal regions does not possess this activity 

(Figure 29), albeit it was able form actin filament bundles, as revealed by control 

experiments (Figure 29, B). Isolated DAD-CT also fails to bundle/crosslink 

microtubules in the absence of FH1-FH2 (Figure 29, B). These observations indicate 

that, despite their microtubule side-binding ability, isolated FH1-FH2 and DAD-CT 

regions alone are not sufficient to bundle/crosslink these polymers. The efficient 

bundling/crosslinking requires the simultaneous binding of both of these regions of 

dDAAM to microtubules, and our data suggest that this activity of dDAAM relies on 

cooperative interactions. Furthermore, our results indicate that the mechanism of actin 

filament and microtubule bundling/crosslinking by formins may differ.  

 

Figure 29. Bundling/cross-linking of microtubules by dDAAM as revealed by low-speed 

sedimentation experiments. 
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(A) Representative Coomassie-stained SDS-PAGE gels from low-speed centrifugation experiments 

showing the amount of MTs in in the supernatants (SN) and the pellets (P), in the presence of cDAAM, 

FH1-FH2 and DAD-CT as indicated. (B) The relative amount of microtubules in the supernatant (SN) as 

the function of dDAAM concentration, determined from the quantification of SDS-PAGE analysis of the 

samples. Final concentrations: [MT] = 1 M. Error bars: standard deviations, n = 2 – 3. 

 

5. 12. dDAAM simultaneously interacts with actin filaments and microtubules 

and co-aligns these polymers 

As introduced in the 2.2 section, recent evidences identify the members of the 

formin protein family as functional coordinators of actin-microtubule dynamics in 

diverse cellular processes. Regarding the neuronal cytoskeleton, our collaborator’s 

work revealed that, besides associating to either the actin or the microtubule 

cytoskeleton, a significant portion (~ 22 %) of the dDAAM protein localizes to places 

where to two cytoskeletal polymers overlap in Drosophila primary neurons (129). This 

raises the intriguing possibility that dDAAM has the ability to physically interact with the 

two polymers simultaneously. To test this possibility we developed a low-speed 

sedimentation protocol that offers conditions, which allow to separate the F-actin:MTs 

complexes from other polymer species (e.g. individual polymers or bundled/cross-

linked polymers). To achieve such conditions the centrifugation is performed through 

a 30 % sucrose gradient at relatively low speed (4000 g). Control experiments showed 

that under these conditions individual or bundled/cross-linked actin filaments (e.g. by 

FH1-FH2 or cDAAM) remain in the supernatant (Figure 30, A), while larger protein 

complexes (e.g. bundled/cross-linked microtubules by cDAAM) can be selectively 

sedimented and appear in the pellet (Figure 30, B). Intrinsic to this strategy, actin 

filaments can sediment and appear in the pellet only if they are physically linked to 

microtubules. Our results revealed that a significant fraction of actin filaments 

appeared in the pellet with microtubules in the presence of cDAAM, implying a 

simultaneous interaction between cDAAM and the two polymers (Figure 30, C). In 

contrast, actin filaments do not sediment in the presence of microtubules and FH1-

FH2, DAD-CT, DAD or DAD-CTR-A (Figure 30, C, D). 

These observations suggest that both the FH2 and CT regions are needed for 

the physical co-alignment of actin filaments and microtubules, however neither is 

sufficient alone, indicating a cooperative nature of this activity. 
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Figure 30. Simultaneous interaction of dDAAM with actin filaments and microtubules as 

revealed by low-speed sedimentation experiments. 

(A-C) Representative Coomassie-stained SDS-PAGE gels from low-speed centrifugation experiments 

showing the amount of MTs and F-actin in the supernatants (SN) and the pellets (P), in the presence of 

cDAAM, FH1-FH2, as indicated. (D) Representative Coomassie-stained SDS-PAGE gels from low-

speed centrifugation experiments showing the amount of MTs and F-actin in the supernatants (SN) and 

the pellets (P) in the presence of the C-terminal constructs of dDAAM, as indicated. Final concentrations: 

[F-actin] = 2 µM, [MT] = 2 M, [dDAAM] = 9 M. 

 

To further support the above observations, fluorescently labeled actin filaments 

(Alexa568NHS) and microtubules (HIlyte488) were visualized in dual color TIRFM in 

the absence and presence of dDAAM (Figure 31, A). In control samples, containing 

only F-actin and microtubules and lacking dDAAM a ~ 13 % overlap was detected 

between the two polymers, which can be attributed the random co-organization of the 

polymers (Figure 31, B). When FH1-FH2 was added to the samples the fraction of the 

co-aligned polymers was not significantly increased as compared to the control (~ 12 

%, p > 0.05, Figure 31, B). In the presence of cDAAM the area of overlapping regions 
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significantly increased to ~ 40 % (p = 0.0015, Figure 31, B). This result further supports 

that cDAAM has the capacity to co-align F-actin and microtubules in vitro, which 

corroborates our results from sedimentation experiments. 

 

Figure 31. Simultaneous interaction of dDAAM with actin filaments and microtubules, as 

revealed by TIRFM experiments. 

(A) Representative TIRF micrographs showing the simultaneous visualization of fluorescently labeled 

F-actin (cyan) and MTs (red) in the absence or presence of cDAAM and FH1-FH2, as indicated. Yellow 

regions on the merged images highlight the overlapping F-actin and MT regions. Binary images show 

the overlapping polymer area. (B)  Ratio of the co-aligned F-actin and MT area in the absence or 

presence of cDAAM and FH1-FH2 derived from fluorescence micrographs, n = 19 - 22.  
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6. CONCLUSIONS AND WORKING MODELS 

 

6. 1. Mechanistic view of the enhancement of FH2-mediated actin assembly by 

the C-terminus of formins 

In this work the interaction of dDAAM DAD-CT with actin and its functional 

consequences were described. Attempts were also made to investigate the possible 

structural features of the dDAAM DAD-CT:G-actin interaction. Our main findings are 

that dDAAM DAD-CT makes the FH1-FH2 region a more potent nucleator, it also 

contributes to the strengthening of interactions of FH1-FH2 with filament ends. How 

can we relate and interpret the structural and functional behavior of DAD-CT? Analysis 

of the role of the N-terminally located FH1 domain of FMNL3 in the antagonism of FH2 

with Capping proteins revealed that FH1 increases the ability of FH2 to maintain 

filament elongation in the presence of CPs. Since FH1 is not able to directly interact 

with actin, this observation led to the proposal that FH1 increases the stability of the 

FH2 dimer, which makes it a more efficient elongator (48,91). One possible explanation 

of our findings is that DAD-CT adopts a similar mode of action, it can make the FH2 

dimer a more efficient nucleator by stabilizing its structure. In this way, DAD-CT would 

contribute indirectly – independently from its own actin binding ability – to the core 

activities of FH2. 

Considering that isolated dDAAM DAD-CT can bind monomeric actin 

independently from the FH2 domain (Figure 17) an alternative proposal can be 

envisaged. We suggest that DAD-CT contribute to the enhanced nucleation activity of 

FH2 by its direct interactions with actin. We performed alignments of known X-ray 

structures of actin, WH2 domains and formins to investigate the possible actin binding 

modes of DAD-CT in the FH1-FH2-DAD-CT dimer (Figure 32). Structural data predicts 

that each of the DAD-CT regions in the FH1-FH2-DAD-CT dimer can establish contacts 

with an actin monomer, in addition to the monomers bound by the FH2 dimer (Figure 

32). Considering these, DAD-CT can directly interact with actin in their complexes with 

FH1-FH2-DAD-CT, which can lead to the stabilization of nucleation intermediates, thus 

enhanced nucleation. We propose the ‘monomer stabilization model’ to explain the 

contribution of the C-terminus of formins to FH2-mediated nucleation (Figure 33). 

According to this model, the actin monomers that are captured by the FH1-FH2 dimer 

are subsequently bound and stabilized by DAD-CT in their complexes with dDAAM. In 
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this scenario, the concerted binding of actin by FH1-FH2 and DAD-CT domains in the 

dDAAM dimer would result in the stabilization of four actin subunits by dDAAM, which 

would completely overcome the structural and kinetic barrier of actin assembly 

imposed by the nucleation phase.  

 

Figure 32. Structural model of the interactions of FH2 and C-terminal domains of dDAAM with 

actin. 

The model was generated using X-ray structures of complexes of FH2:G-actin and WH2:G-actin. Four 

actin subunits (gray, indicated by numbers) are shown according to their arrangement in the Oda’s 

model (5). The FH2 dimer of dDAAM (blue) and the DAD region of mouse Dia1 (red) are represented 

as ribbons. Red dashed lines indicate the possible orientation of the disordered CTs of dDAAM. Blue 

dashed lines indicate the ~ 20 amino acid linkers connecting the FH2 and DAD of DAAM. Distances are 

given in Å. The model was generated with PyMOL based on the alignment of the following structures: 

FMNLFH2-TMR-actin (PDB4EAH (48), human Daam1-FH2 (PDB2Z6E (130), mouse Dia1-DAD 

(PDB2BAP (75), WIP-WH2 (PDB2A41 (128). 

 

A recent model proposes that the FH1-FH2-C-terminus of formins forms a 

tripartite machinery, in which the C-terminus serves as a monomer recruitment motif 

that captures monomers and subsequently assembles to the FH1-FH2-bound dimer 

(Figure 33 (91)). The ‘monomer recruitment’ model implies that the DAD-CT bound 

actin monomers incorporate at pointed ends, which would be inhibited by profiling. Yet, 
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we do not detect inhibition of the activities of DAD-CT by profilin (Figure 17, 28). On 

the other hand, one has to consider that the actin affinity of the C-terminus of dDAAM 

and other formins is relatively weak in the absence of the FH2 domain (Table 8). 

Efficient monomer recruitment would require reasonable actin binding strength. 

Considering this, the ‘monomer recruitment’ model implicates that the affinity of the C-

terminus of formins in the FH1-FH2-C-terminus is substantially strengthened. This 

might occur by FH2-mediated structural changes in the C-terminal regions, or 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 stabilization of actin monomers captured by 

the FH2 dimer, while high-affinity C-terminal domains can mediate monomer 

recruitment. 

 

Figure 33. Alternative model of the concerted monomer recruitment and filament end 

interaction by the FH2 and C-terminal regions of formins. 

Schematic representation of the ‘monomer recruitment’ (91) and ‘monomer stabilization’ models, as 

alternative scenarios to explain actin nucleation and elongation mediated by FH1-FH2-DAD-C-terminus. 
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Mm INF2 

(90) 

WH2-like/DAD 

sequence 

KD ~ 0.06 M 

50 mM KCl 
no/yes 

profilin 

interferes 

monomer 

sequestration, 

filament severing 

Mm FMNL3 

(92) 
WH2-DAD-CT 

KD ~ 2-3 M 

50 mM KCl 
yes/yes 

INF2 C-term 

interferes 

mDia1 C-term 

does not 

interfere 

inhibits elongation 

(~ nM) 

Mm Dia1 

(91) 
DAD-CT 

KD ~ 100 M 

200 mM NaCl 
yes/yes 

profilin does not 

interfere 

accelerates 

elongation (~ M) 

Dm Capu 

(93) 
tail 

KD ~ 20 M 

50 mM NaCl 
no/yes 

WH2, RPEL1 

interfere 

profilin does not 

significantly 

interfere 

inhibits elongation 

(> 10 M) 

Dm DAAM 

(in this study) 
DAD-CT 

KD = 44.4 ± 

2.85 M 

50 mM NaCl 

no/yes 

profilin does not 

interfere 

WH2 interferes 

inhibits elongation 

(> 40-50 M) 

 

Table 8. Comparative summary of the properties of the C-terminal elements of different 

formins.  

1The main actin interacting element of the C-terminal regions are highlighted in bold. 

 

Besides nucleation DAD-CT also supports the interaction of FH2 with the 

filament ends, as well as its anti-capping efficiency (Figure 23, 25). This is manifested 

possibly through interactions of the DAD-CT with the sub-terminal actin subunits, 

consistently with the proposed structural model (Figure 32). 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 processive mode of 

filament end tracking, as suggested by our data and other work. 

 

6. 2. Mechanisms of the coordinated regulation of the actin-microtubule 

cytoskeleton by dDAAM 

Besides its actin interactions, in this work we identified novel interactions and 

activities of dDAAM: it can bundle/crosslink microtubules and simultaneously interacts 

with both actin filaments and microtubules and co-align the two cytoskeletal polymers. 

Interestingly, the main actin interacting FH2 domain is not sufficient for microtubule 

bundling/crosslinking and actin-microtubule co-alignment, these activities essentially 

require the presence of the C-terminus (Figure 29-31). Thus, our data reveal a novel 

interaction of the DAD-CT region of dDAAM. Our collaborator revealed that these 
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interactions and activities have biological relevance in Drosophila primary neurons 

(129). In growth cones dDAAM co-localizes with both the actin and the microtubule 

cytoskeleton, and a significant fraction of the protein (~ 22 %) co-aligns with both 

polymer networks. As a functional relevance of these interactions, dDAAM is crucial 

for proper growth cone filopodia formation and dynamics. Albeit more work has to be 

done to truly understand the molecular choreography underlying the actin-microtubule 

cytoskeleton-related neuronal functions of dDAAM, based on our in vitro data we 

propose a working hypothesis of the role of dDAAM in growth cone filopodia formation 

(Figure 34). At the actin-rich peripheral zones, the entangled actin array of lamellipodial 

protrusions is maintained by coordinated action of the Arp2/3 complex machinery and 

Capping proteins, which determine the force production and mechanical properties of 

the network (20). Capping proteins by binding to the filament ends inhibit their 

elongation. At sites of filopodia formation dDAAM is activated by binding to 

RhoGTPases, which in turn relieves the autoinhibitory interaction between DID and 

DAD and exposes the FH1-FH2 module to actin. dDAAM by competing with Capping 

proteins can maintain directed and sustained profilin:actin incorporation at filament 

ends, which results in net filopodial lengthening. On the other hand, dDAAM can bundle 

filopodial actin filaments that may contribute to the mechanical integrity of the array. 

Due to its ability to simultaneously interact with both actin filaments and microtubules, 

dDAAM can co-align the two to polymer networks, which may help for the microtubules 

to emanate into the actin-rich peripheral zone. 

 

Figure 34. Working model of the dDAAM-mediated filopodia formation in neurons.  
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7. SUMMARY 

 

In my PhD work I was interested in the role of Drosophila Dishevelled-

associated activator of morphogenesis (dDAAM) formin in cytoskeleton dynamics 

regulation. DAAM is essential in diverse biological processes and was found to be an 

important component of the regulatory machinery of actin and microtubule remodeling 

in neurons. Previously, our group described the actin activities of the FH1-FH2 of 

dDAAM. Recent studies suggested that the C-terminal regions of formins can also 

influence actin dynamics. Also, in vivo data demonstrated that dDAAM can interact 

with the neuronal microtubule cytoskeleton. 

To better understand the molecular mechanism underlying the biological 

functions of DAAM in the nervous system, I analyzed the interactions of different 

regions of dDAAM with actin and microtubules. My results are summarized below: 

 dDAAM is a bona fide DRF, it is autoregulated through its N-terminal DID and 

C-terminal DAD domains. 

 The DAD-CT containing cDAAM fragment is more efficient in catalyzing actin 

assembly as compared to FH1-FH2, due to its more potent actin nucleation 

activity. 

 The DAD-CT containing cDAAM fragment is more efficient in maintaining 

filament end dynamics in the presence of Capping proteins as compared to 

FH1-FH2, which points towards a novel role of the C-terminus, as part of the 

filament elongation machinery and the anti-capping module of formins. 

 The isolated dDAAM DAD-CT can bind actin monomers and filaments, 

independently from the FH2 domain, and the interaction is mainly mediated by 

electrostatic forces. 

 The binding of dDAAM DAD-CT to monomeric actin is not influenced 

significantly by profilin, in contrast WH2 domain proteins can disrupt the 

interaction. 

 Despite of the ability of dDAAM DAD-CT to bind actin, it fails to influence actin 

dynamics in the absence of FH2, thus this region possesses FH2-dependent 

activities. 

 dDAAM can assemble actin filaments into bundled structures, the FH1-FH2 is 

necessary and sufficient for this activity. 
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 dDAAM can organize microtubules into higher order bundled structures, which 

requires the simultaneous binding of both FH2 and the DAD-CT regions to 

microtubules, presumably via cooperative interactions. 

 dDAAM is able to bind actin filaments and microtubules simultaneously and co-

align the two polymer systems, which relies on both the FH2 and DAD-CT 

regions. 

 

Altogether, my data provide novel insight into the mechanistic view of the regulation 

of the actin and co-regulation of the actin-microtubule cytoskeleton by dDAAM, as well 

as broadens of our understanding of the regulation of these polymers by each region 

of formins.  
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