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ABSTRACT 
 
Cells are the minimal compartments of life that constantly respond to cues coming from both 
inside and outside of their environment. In response, cells migrate, transport different 
molecules and undergo sudden shape changes to meet their environmental demands. These 
processes are regulated by the actin cytoskeleton, a ubiquitous component of eukaryotic 
organisms that dynamically cycles between monomeric and polymeric form at the sites of 
cellular rearrangements. Polymerization of actin against plasma membranes and organelles 
provides force to the constant remodeling of cells. Consequently, the actin cytoskeleton is 
critical for many fundamental cellular processes, including cell division, cell migration, cellular 
morphogenesis, endo- and exocytosis. 
 
Actin molecules bind ATP and polymerize to polar filaments with structurally two different 
ends. Actin filaments grow from the ‘plus’ (+) ends by the incorporation of ATP-actin 
monomers, after which they convert through ATP-hydrolysis to ADP-state that populates the 
‘minus’ (-) end of the filaments. ADP-state renders actin molecules to a state of 
depolymerization, and thus actin filaments slowly shrink from the (-) ends in steady-state 
conditions. This is a fundamental property of actin filaments that drives their directional 
growth in the force production. Thus, cells require a constant supply of actin monomers from 
depolymerization of ‘old’ filaments and conversion of these actin monomers from ADP- to 
ATP-state. Several proteins, including evolutionary conserved ADF/cofilin and cyclase-
associated protein (CAP), are involved in the regulation of these steps in cells, but the exact 
molecular mechanisms have remained elusive. 
 
In this work, I studied the molecular principles of how actin filaments are dynamically 
converted between monomeric and filamentous forms. CAP is a multidomain protein and 
earlier shown to be critical for actin dynamics in various model organisms. However, the 
molecular mechanisms by which CAP regulates actin dynamics have remained unknown. In 
the first and second parts of my thesis, I utilized X-ray crystallography, mutagenesis and 
biochemical assays to reveal how CAP interacts with both actin monomers and filaments. I 
show that the N-terminal domains of CAP are responsible for binding to the (-) ends of actin 
filaments and catalysis of rapid filament depolymerization in synergy with ADF/cofilin. The C-
terminal domains of CAP scavenge the depolymerized ADP-actin molecules from ADF/cofilin 
and catalyze their conversion to ATP-state. These data establish CAP as a recycling machine 
for actin molecules and explain the earlier in vivo observations why different domains of CAP 
are vital for rapid actin dynamics in cells. 
 
In the fourth part of my thesis, I show how rapid actin dynamics are achieved in an evolutionary 
distant organism, pathological Leishmania parasite that contains only a very simple actin-
regulatory machinery. By utilizing the molecular tools developed in the third study, combined 
with cryo-electron microscopy, mutagenesis and biochemical assays, I show that Leishmania 
actin filaments are inherently dynamic and susceptible to disassembly by ADF/cofilin, and 
reveal the atomic mechanisms behind these attributes. These data help to understand the 
mechanisms that regulate the actin cytoskeleton evolved in eukaryotic organisms and could 
provide a molecular rationale for development of inhibitory compounds against Leishmania 
parasite actin in future. 
 
Together, this work provides a detailed molecular level understanding of new mechanism by 
which the dynamics of actin cytoskeleton are regulated in eukaryotic organisms. This work also 
provides insight into the evolution of the actin cytoskeleton and its regulatory mechanisms. 
Finally, the findings presented here help understanding the basic mechanisms of biological 
processes, and also provide molecular level understanding of the mechanisms of human 
diseases. 
 



 IV 

YHTEENVETO 
 
Solut ovat elämän perusyksiköitä, jotka reagoivat ympäristössä tapahtuviin muutoksiin solun 
ulkoisten tai sisäisten viestien sanelemana. Näiden seurauksena solut voivat liikkua 
ympäristössään, muuttaa muotoaan ja vaihtaa molekyylejä ympäristönsä kanssa. Nämä solun 
perustoiminnot ovat riippuvaisia solujen aktiinitukirangasta. Tämä pääasiassa aktiini-
nimisestä proteiinista koostuva verkosto on jokaisen aitotumallisen solun erityisrakenne, joka 
vaihtelee aktiivisesti monomeerisen ja säikeisen muodon välillä. Aktiinin säikeistyminen 
tuottaa voimaa solukalvojen ja soluelinten muodonmuutoksille sekä uudelleenjärjestelylle. 
Tästä syystä aktiinitukiranka on tärkeä useissa erilaisissa solutoiminnoissa, solujakautumisesta 
solujen liikkumiseen ja muodonmuutoksiin, sekä ekso- ja endosytoosiin.  
 
Aktiinimolekyylit sitovat ATP:tä ja säikeistyvät kaksinapaisiksi rakenteiksi. Tasapainotilassa 
aktiinisäikeet kasvavat liittämällä ATP-tilassa olevia aktiinimonomeereja ’plus’ (+) päähän, 
minkä jälkeen ne muuntuvat ATP-hydrolyysireaktion kautta ADP-tilaan ja purkautuvat 
hitaasti säikeen ’miinus’ (-) päästä. Tämä aktiinisäikeiden perusominaisuus kasvaa (+) päistä ja 
pienentyä (-) päistä on tärkeää kohdennetussa voiman tuotossa. Solut tarvitsevatkin jatkuvasti 
ATP-tilassa olevia aktiinimonomeerejä kierrättämällä niitä ’vanhoista’ aktiinisäikeistä 
ADP/ATP-nukleotidin vaihtoreaktiossa. Näitä aktiinin kierrätysvaiheita säätelevät soluissa 
useat proteiinit, mukaan lukien ADF/kofiliini ja syklaasiin-assosioituva proteiini. Kyseisten 
säätelytekijöiden molekulaariset perustat aktiinin kierrätykselle ovat kuitenkin huonosti 
ymmärrettyjä. 
 
Tässä tutkielmassa tutkin molekylaarisia mekanismeja, joilla aktiinisäikeitä säädellään 
aktiivisesti säikeisen ja monomeerisen tilan välillä. Syklaasiin-assosioituva proteiini on useista 
domeeneista koostuva proteiini, joka on aiemmin havaittu tärkeäksi aktiinin säätelytekijäksi 
eri malliorganismeissa. Tärkeydestään huolimatta tämän proteiinin molekylaarinen perusta 
aktiinitukirangan säätelyssä on huonosti ymmärretty. Tutkielmani ensimmäisessä ja toisessa 
osatyössä selvitin syklaasiin-assosioituvan proteiinin ja aktiinin välisiä vuorovaikutuksia 
hyödyntäen röntgensädekristallografiaa ja biokemiallisia aktiivisuuskokeita soluista eristetyillä 
proteiineilla. Tämän tutkielman tulokset osoittavat molekyylitason mekanismin, joilla 
syklaasiin-assosioituvan proteiinin aminopäässä oleva domeeni vuorovaikuttaa 
aktiinisäikeiden (-) pään aktiinimolekyyleihin niiden purkautumista nopeuttavalla tavalla, 
mikä on riippuvaista ADF/kofiliinin ja aktiinin välisistä vuorovaikutuksista. Lisäksi nämä 
tulokset osoittavat molekyylitasolla miten syklaasiin-assosioituvan proteiinin karboksipäässä 
oleva domeeni vastaanottaa (-) päästä purettuja ADP-tilassa olevia aktiinimolekyylejä, ja 
katalysoi niiden ADP/ATP-nukleotidivaihtoreaktiota. Nämä tulokset havainnollistavat 
molekyylitasolla miksi syklaasiin-assosioituva proteiini on elintärkeä tekijä aktiinitukirangan 
säätelyssä aitotumallisissa soluissa.    
 
Tutkielmani neljännen osatyön tulokset osoittavat kuinka aktiinitukirankaa säädellään 
Leishmania-loisen soluissa. Hyödyntäen apunani kolmannessa osatyössä kehitettyjä työkaluja, 
kryoelektronimikroskopiaa ja biokemiallisia aktiviisuuskokeita, osoitimme että Leishmania-
parasiitin aktiinisäikeet purkautuvat luonnostaan hyvin nopeasti ja ovat erityisesti alttiita 
ADF/kofiliinin säätelylle. Pystyimme myös selvittämään näiden erityisominaisuuksien 
molekylaarisen perustan. Työni tulokset lisäävät ymmärrystä aktiinitukirangan evoluutiosta ja 
voivat auttaa tulevaisuudessa kehittämään Leishmania-loisen aktiinitukirangan toimintaa 
estäviä yhdisteitä. 
 
Tämä väitöskirjatyö havainnollistaa uusia molekyylitason mekanismeja, joilla aktiinisäikeitä 
säädellään aitotumallisissa soluissa. Lisäksi tämä työ lisää ymmärrystä aktiinitukirangan 
muutoksista evoluutiossa sekä sen säätelystä aitotumallisissa soluissa. Nämä havainnot ovat 
tärkeitä solun perusmekanismien ymmärtämisessä, ja voivat siten auttaa myös ymmärtämään 
eri sairauksien perusmekanismeja. 
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1. REVIEW OF THE LITERATURE 
 
1.1 What is actin?  
 
Cells are minimal components of life that constantly sense and communicate with their 
environment. Ability to interact with their environment, transport molecules and undergo 
morphological changes are required for all cells to live and reproduce. These different 
processes are dependent on a special structure of the cells, called the cytoskeleton.  

In the earliest appearances of living organisms billions of years ago, prokaryotic cells 
performed these minimal functions of life by using ancestor molecules of our eukaryotic 
cytoskeletons, which belong to the two superfamilies of tubulin and actin. Tubulin is the main 
component of microtubules, which are hollow cable-like structures polymerized from α/β-
tubulin heterodimers. Microtubules are central in forming a cellular transport network in 
which cargo is delivered to different sub-compartments of the cell by dynein and kinesin 
motor proteins. They have also various other functions from cell division to cell motility, and 
in providing mechanical strength for cellular structures (for a review, see Brouhard and Rice, 
2018). 

Actin is one of the most, if not the most, abundant molecules in many cells, and 
sometimes even more abundant than DNA, found at tens of micromolar to millimolar 
concentrations in cytoplasm. Actin polymerizes spontaneously from monomeric globular G-
actin to filamentous F-actin under physiological ionic concentrations. This phenomenon, and 
interactions with a motor protein called myosin, constitute two major types of force production 
systems in eukaryotic cells.  
 
1.1.1 Actin – taking its shape in the ancient organisms  
 
Actin most likely originated through a gene duplication from an ancestor enzyme capable of 
binding ATP (Pollard, 2016). This, and the fact that actin shares a similar overall fold with a 
large group of chaperones, kinases and cytoskeletal actin-like proteins, makes it part of 
Actin/Hsp70 superfamily (Pollard and Goldman, 2018). To date, the most distant actin protein 
has been identified from the ‘founding organisms’ of eukaryotic life, archaea, which possess an 
actin homolog with ∼59% amino acid sequence identity to human actin (Akıl and Robinson, 
2018; Zaremba-Niedzwiedzka et al., 2017). The closest ‘actin-resembling’ molecule, a protein 
called crenactin, has been discovered from a hyperthermophile archeon Pyrobaculum 
califondatis, which exhibits ∼20% amino acid identity to our actin (Ettema et al., 2011). Despite 
the large divergence in sequence, crenactin is nearly identical in structure to G-actin and 
capable of forming single or double-stranded polymers, both of which resemble the 
organization of an actin filament (Braun et al., 2015; Izoré et al., 2016). Finally, prokaryotic 
organisms contain also several other proteins with structural similarity, but very low sequence 
identity to our actin. These include for example AlfA (Szewczak-Harris and Löwe, 2018), FtsA 
(Szwedziak et al., 2012), MamK (Ozyamak et al., 2013), MreB (van den Ent et al., 2014) and 
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ParM (Bharat et al., 2015), with each of them forming different filamentous assemblies, and 
having specialized roles in different cellular tasks in the bacterial cells. 

Actin, is among the most conserved proteins in eukaryotes, with relatively small 
variability in its ∼375 amino acid composition and ∼42 kDa size (Gunning et al., 2015). Despite 
∼a billion years of evolutionary distance, human and budding yeast S. cerevisiae actins are 89% 
identical in their amino acid composition, whereas actins from unicellular protozoans have 
diverged to a greater extend. For example, apicomplexan parasites such as P. falciparum and 
flagellated parasites, including L. major, are 79% and ∼70% identical in sequence when 
compared to our actin, respectively. More variation occurs in the number of expressed actins 
in eukaryotes; protozoans can express one to several isoforms of actin, plants a dozen, and 
mammals six, of which most are muscle specific (Gunning et al., 2015). However, the presence 
of at least one actin gene, and its high conservation across all species highlights the ubiquitous 
need of actin for life in eukaryotic kingdom, but it also depicts the great sensitivity of actin for 
alterations in sequence.  
 
1.1.2 Changes in the actin conformation define its activity  
 
From the unicellular parasites to fungi, plants and metazoans, the molecular architecture of 
actin is conserved (Kabsch et al., 1990; Ren et al., 2019; Vahokoski et al., 2014; Vorobiev et al., 
2003). Actin is composed of four subdomains that create a binding cavity for an adenosine 
nucleotide (ATP or ADP) and a coordinating cation at the very center of the molecule (Fig. 1). 
Historical reasons, based on the shape of myosin-decorated actin filaments, led to subdomains 
(SD) 2 and 4 be referred as the pointed end (or – end, PE), whereas subdomains 1 and 3 are 
called the barbed end (or + end, BE). The subdomain organization shows a clear separation of 
two larger lobes, called inner and outer domains, which are formed by the SD3/SD4 and the 
SD1/SD2, respectively. This description best illustrates the conformational change occurring 
between monomeric and filamentous state, but also highlights the role of the nucleotide acting 
as a ‘bridge’ that couples the movements of all subdomains in conjunction with each other (Ali 
et al., 2022). Finally, other regions worth highlighting include DnaseI binding loop (D-loop) 
located in the subdomain 2, hydrophobic plug (H-plug) bridging the subdomains 3 and 4, 
target binding cleft and W-loop located in the barbed end between the subdomains 1 and 3. 
These parts of actin are fundamental for actin polymerization, and also utilized as hot spot 
surfaces for interactions by actin binding proteins.  

The nucleotide state, the salt-dependent conformational changes and the hydrolysis of 
the adenosine nucleotide form the basis for monomer/polymer cycling of actin. The globular 
form of actin has little ATPase activity (Korn et al., 1987) and binds preferably ATP over ADP 
with a 100-fold difference in affinity, albeit this is dependent on the bound cation (Kinosian et 
al., 1993). In ATP-state, actin binds Ca2+ and Mg2+ by subnanomolar and submicromolar 
affinity, respectively, whereas in ADP-state the preference is reversed (Kinosian et al., 1993). 
Actin has also other, lower affinity cation binding sites (Carlier et al., 1986; Kang et al., 2013). 
The occupation of these sites has been suggested to ‘stiffen’ the actin molecule to the 
conformation that favors nucleation and filament formation (Kang et al., 2012). For actin 
polymerization to happen, the subdomains 1 and 2 need to twist and rotate into the same plane 
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formed by the subdomains 3 and 4, which results in an overall flattening of the molecule (Oda 
et al., 2009). However, the lifetime of the flattened actin conformation in globular form is short, 
and this is reflected in the rather slow formation of actin nuclei; in order to form stable nuclei, 
the flat actin monomer needs to capture three other flat actin monomers for formation of a 
‘minifilament’, which can then function as a seed for filament elongation (Rosenbloom et al., 
2021; Sept and McCammon, 2001). Finally, when actin molecules are ‘trapped’ in the 
filamentous state, the flattened conformation leads to repositioning of catalytic residues Gln137 
and His161 in the nucleotide binding site (Chou and Pollard, 2019; Kumpula et al., 2019; Merino 
et al., 2018), leading to increase of ATP-hydrolysis activity by >10 000-fold (Pollard and Weeds, 
1984). 

 

 
 
Figure 1. The molecular architecture of monomeric actin.  The most central regions in the regulation of 
actin molecule are highlighted in orange, and the termini of the protein are shown in light blue spheres. 
Abbreviations: G/F = the conformational change from monomer to filamentous state, SD = subdomain.  
 
1.1.3 Actin polymerizes to helical fibers with a distinct polarity 
 
Actin polymerizes to a left-handed helix, where the centers of each monomer are separated by 
∼2.7-2.8 nm and rotate 166-167°  in relation to each other (Fujii et al., 2010; Oda et al., 2009). 
This means an identically oriented actin molecule is met every ∼13 subunits along ∼360Å 
distance in the filament. The helical organization also looks like two separate strands 
intertwined into a slow turning right-handed helix; in this view one can visualize the ‘long 
pitch’ groove that is utilized by a large group of proteins for association with actin filaments. 
Regardless of the helical description, the parallel arrangement of the actin molecules in the 
filament determines that the two ends of the actin polymer are structurally different. This 
makes actin filaments polar, and the biochemical properties of the two ends different.  

Several high resolution cryo-electron microscopy structures of the middle sections of 
actin filaments describe in detail the molecular interactions of the actin subunits within the 
filament (Chou and Pollard, 2019; von der Ecken et al., 2015; Merino et al., 2018; Pospich et al., 
2017) (Fig. 2a). First, a small opening in the barbed end cleft, caused by the flattening of actin 
molecule, repositions the W-loop and allows the D-loop from another actin subunit to bind. 
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Simultaneously, the subdomain 4 from the other actin molecule comes to the vicinity of barbed 
end subdomain 3 and completes the longitudinal contacts in the filament (Fig. 2b). The lateral 
contacts are, on the other hand, formed in a trimeric configuration between the H-plug, the 
barbed end and the D-loop from different actin molecules (Fig. 2c). These interactions 
compose the core of the filament that lies at the very center of the longitudinal axis of the actin 
helix.  
 

 
 
Figure 2. The structure of actin filament. (a) The overall architecture of the actin filament (light blue and 
orange). The longitudinal (b) and the lateral contacts (c) in the filament are shown as red spheres (Chou 
and Pollard, 2019; Oda et al., 2009). The structural differences at the barbed end (d) and the pointed end (e) 
of actin filament, based on molecular dynamics simulations, are shown (Zsolnay et al., 2020).  
 

The average structures of the center of actin filament do not reveal the exact structural 
organization of the filament ends. Currently, there is no high resolution structural information 
of the filament ends available, and thus both the barbed and pointed end of the filament have 
been studied by molecular dynamics simulations (Zsolnay et al., 2020). The computational 
experiments suggest that the barbed end actin molecules are less compactly connected to each 
other in comparison to the molecules lying at the center of the filament. The flexibly of the 
subunits at the barbed end could provide a larger platform to catch the incoming actin 
monomer, because the D-loop binding site between the H-plug and the barbed end of the two 
actin molecules is more exposed (Fig. 2d). At the pointed end of the filament, however, the 
new actin molecule binding site is partially masked because the D-loop can adopt a 
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conformation that prevents its barbed end association with the incoming monomer (Fig. 2e). 
In addition, this conformation tethers the two subunits more tightly together, and could help 
to explain the slower dynamics at the pointed end (to be described below). The MD simulations 
agree with a low-resolution electron microscopy data describing the slightly different pointed 
end conformation, and thus potentially these computational experiments explain why the 
dynamics of the two ends of actin filaments are very different (Narita et al., 2011).  
 
1.1.4 Dynamics of the actin filament ends differ from each other 
 
The different molecular attributes of the two ends of actin filaments translate into very 
different biophysical behavior (Fujiwara et al., 2007; Pollard, 1986, 2016) (Fig. 3). The ATP-state 
actin monomers associate rapidly with a diffusion-limited rate of ∼12 µM-1s-1 to the barbed ends 
of the filament, where they undergo ATP hydrolysis within seconds and transition to ADP-Pi 
state. In this state, the barbed end monomers rarely depart from the filament, but upon 
dissociation of the γ-phosphate of the hydrolyzed ATP, ADP-actin molecules dissociate at a 
rate of ∼8.0 s-1. The dissociation of phosphate is very slow and stochastic, with a half-time of 
∼6.0 minutes (0.003 s-1), but occurs several orders of magnitude faster at filament ends. Also 
the nucleotide status of adjacent actin molecules may affect the Pi-release (Jégou et al., 2011).  
 

 
 
Figure 3. The biochemical rate constants for different steps of actin dynamics. The figure was adapted 
from Pollard (2016). The nucleotide exchange rate shown corresponds to the off-rate for Mg-ADP from 
Kinosian et al. (2000). Abbreviations: BE = barbed end, PE = pointed end and Pi = inorganic phosphate. 
 

The dynamics of actin molecules are slower in the pointed end of the filament. ATP-
actin monomers associate to the pointed end of the filament much less likely, at a rate of ∼1.3 
µM-1s-1 and dissociate at a rate of ∼0.8 s-1, which is ∼two-fold slower than from the barbed end. 
In ADP-state, actin molecules dissociate even slower at a rate of ∼0.3 s-1. Overall, the different 
association and dissociation rates translate to equilibrium constants of ∼0.12 µM for ATP-actin 
at the barbed and ∼0.6 µM at the pointed end, whereas the equilibrium constant for ADP-actin 
is ∼2.0 µM for both ends. These differences mainly arise from the notably faster association of 
ATP-actin monomers to the barbed end (Fig. 3). It is interesting to note that if only ADP-actin 
monomers are present in solution, actin filaments neither shrink nor grow in equilibrium. 
Thus, in the presence of ATP-actin monomers, actin filaments slowly shrink from their pointed 
ends and preferably elongate at the barbed end of the filament. This makes actin filaments 
‘treadmill’ at steady state, which requires free ATP in the solution to allow actin monomers to 
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spontaneously undergo nucleotide exchange from ADP to ATP-state. However, because the 
spontaneous nucleotide exchange reaction is rather slow (0.071 s-1), it limits the propagation of 
ATP-actin molecules to the barbed ends.  

These special biophysical properties of actin highlight the number of variables in 
defining actin dynamics. At least in animals, actin filaments have adopted a specific set of 
biochemical properties that pose limitations to their turnover in vitro: (1) inefficient nucleation, 
(2) the slow release of inorganic phosphate, (3) slow pointed end depolymerization, and (4) the 
slow spontaneous ADP-to-ATP nucleotide exchange and (5) thus the availability of ATP-actin 
monomers. 
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1.2 Actin-based processes in cells 

1.2.1 Actin filaments generate force 
 
In all eukaryotic cells, the actin cytoskeleton produces force for a variety of cellular tasks. In 
‘textbooks’ actin is often depicted as a mere component of muscle cells, where the sliding of 
myosin and actin filaments along each other leads to shortening of muscle sarcomeres and 
muscle contraction (Huxley and Niedergerke, 1954). However, the actin cytoskeleton is a 
critical constituent of all cell types, and especially central in cell motility, nutrient intake of 
cells by endocytosis, and morphogenetical changes of the cell. In all these processes, actin 
filaments generate forces by two distinct types of mechanisms.  

First type, the inherent ability of actin molecules to polymerize, is translated to pushing 
force by aligning the growing barbed ends against a surface, typically the plasma membrane 
(Small et al., 1978; Svitkina et al., 1997). The thermal fluctuations of the barbed ends of actin 
filaments and the membrane create gaps for incorporation of new monomers, and hence ‘push’ 
the membrane in the direction of filament elongation. Actin filaments can also generate elastic 
force because they constantly undergo Brownian motions; one can imagine actin filaments as 
flagpoles that bend and rebound in ‘gusts of wind’. Both the incorporation of new actin 
monomers to the barbed ends of existing filaments and the elastic forces apply protrusive force 
on the plasma membrane, described as the Brownian ratchet model in actin-based force 
production (Akamatsu et al., 2020; Mogilner and Oster, 1996, 2003).  

Second type of actin-generated force in non-muscle cells is pulling forces. These are 
generated by contractile structures composed from a group of linear, antiparallelly aligned 
actin filaments that are made contractile by myosin motor proteins (Cramer et al., 1997). 
Myosins couple ATP hydrolysis into a lever-like conformational change that translates to the 
movement of the motor along the filament, in most cases towards the barbed ends of actin 
filament (Hartman and Spudich, 2012).  

The forces generated by the actin filaments must be translated to productive work. 
Thus, cells have innovated their own molecular clutches or tethers, which connect the actin 
networks to the surrounding structures. For example, ERM family of proteins act as linkers 
between actin filaments and cellular membranes (Fehon et al., 2010). Individual actin 
filaments, on the other hand, need to be connected to the cellular scale actin networks to 
support them while generating force (Svitkina et al., 1997). Such task is carried out by the 
crosslinking proteins Arp2/3 complex, filamin and spectrin (Bennett and Lorenzo, 2013; 
Blanchoin et al., 2000a; Razinia et al., 2012), and bundling proteins fimbrin, fascin and a-
actinin (Bretscher, 1981; Sjöblom et al., 2008; Yamashiro et al., 1998). Finally, the actin 
networks are connected to focal adhesions or cell-cell junctions, which act as structures that 
link the actin-based forces to the surrounding environment. This is particularly important for 
mesenchymal cell migration, where the friction exerted by the assembled actin networks to 
focal adhesions at the cell front propels the leading edge plasma membrane forward (Gardel et 
al., 2008; Lin and Forscher, 1995).  
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1.2.2 Different actin filament architectures have different cellular tasks 
 
The organization of actin filament structures in cells follows a rough division of two distinct 
types of architectures (Fig. 4a). First, cells contain actin architectures that are densely 
networked and nucleated by the filament branching factor Arp2/3 complex. Branched actin 
filaments are typical at the sites of clathrin-mediated endocytosis (Boulant et al., 2011; 
Kaksonen and Roux, 2018; Young et al., 2004) and at the highly dynamic actin structure called 
lamellipodium located at the cell front (Abercrombie et al., 1970; Svitkina et al., 1997). In these 
two processes, the branched actin network helps to deform the plasma membrane to the 
opposite directions; at the endocytic pit actin pushes the membrane invagination towards the 
cytosol and works against the turgor pressure of the cell, whereas at the lamellipodium, the 
actin network provides support and collectively protrudes the membrane to the direction of 
cell migration (Fig. 4b). In both cases, the resistance experienced from the membrane is critical 
in defining the level of actin network density. Depending on the intracellular pressure or 
membrane tension, actin-based force generation is not even in all cases necessary to 
endocytosis (Aghamohammadzadeh and Ayscough, 2009), whereas with increased membrane 
resistance the number of branching reactions seems to increase in both endocytosis and cell 
migration (Akamatsu et al., 2020; Li et al., 2021; Mehidi et al., 2021). Thus, branched actin 
networks have a unique adaptability to comply with the different external forces in order to 
complete the task in hand. 
 

 
 
Figure 4. Actin structures in non-muscle cells. (a) The actin architectures in non-muscle cells. Stress 
fibers enable pulling forces and connect to focal adhesions, which adhere cells to their surrounding 
environment. Together with the cell cortex, they also provide mechanical durability for the cell. 
Lamellipodium contains a densely branched actin network, which generates pushing force to membrane 
protrusions. Filopodia emerge from lamellipodia to probe the surroundings of the cell. (b) A simplified 
cartoon for the different directionality of actin-based force generation in endocytosis and cell migration (F 
indicates force). The plasma membrane is shown in pale yellow.  
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The second type of actin filament structures is morphologically distinct from branched 
network and involves different types of organization of linear actin filaments, which are 
typically nucleated by formins and Ena/VASP proteins (see Chapter 1.3.2). Ena/VASP generate 
parallel, finger-like actin structures that are typically connected as bundles by fascin and 
observed e.g. in filopodia (Rottner et al., 1999; Small and Celis, 1978; Svitkina et al., 2003). 
These tentacle-like structures often protrude from the lamellipodium to sense the extracellular 
environment, guide cell migration and adhering to other cells or structures (Mattila and 
Lappalainen, 2008). Formins are also required for filopodia generation (Schirenbeck et al., 
2005), but in contrast to Ena/VASP they can generate very rapidly singular, linear actin 
filament structures, which are a prerequisite for e.g. construction of contractile structures; this 
is opposite to the branched actin filaments mainly utilized in protrusive force. Contractile 
structures require actin filaments to arrange in a manner suitable for myosin sliding. These 
structures include stress fibers (Evangelista et al., 2002; Hotulainen and Lappalainen, 2006), 
which are composed of a mixture of antiparallelly crosslinked actin filaments and bundles of 
myosins. Stress fibers provide mechanical strength for the cell and generate pulling forces, 
which is e.g., required for the retraction of the cell rear in cell migration. Stress fibers can be 
further subdivided to several different types depending on their protein composition, 
connections to other structures of the cell and based on how they are generated (Hotulainen 
and Lappalainen, 2006; Lehtimäki et al., 2021; Tojkander et al., 2012). For example, specific actin 
filament side-binding proteins, tropomyosins, play a critical role in distinguishing stress fibers 
from the other cellular actin structures (Gunning et al., 2015). 

However, as often is the case, this simplistic division of actin architectures is not the 
reality in cells. Linear and branched actin architectures coexist, ‘prime’ and are required for 
formation of each other (Damiano-Guercio et al., 2020; Johnson et al., 2015; Machesky et al., 
1999; Svitkina et al., 2003). For example, the generation of branched actin filament structures 
depends on pre-existing ‘mother filaments’ to which Arp2/3 complex can bind to (Achard et 
al., 2010). Paradoxically, Arp2/3 complex can also be converted to a nucleator of linear filaments 
by proteins of WISH/Dip/Spin90 family, which mimic the side of mother filament and make 
Arp2/3 generate ‘primers’ for branches itself. These filaments can be also platforms for rapid 
elongation by formins (Balzer et al., 2019; Cao et al., 2020; Wagner et al., 2013). This type of 
complex interplay is typical for example at the sites of endocytosis, and at the cell cortex that 
provides mechanical durability for the cell (Fig. 4) (Balzer et al., 2020; Bovellan et al., 2014; Cao 
et al., 2020). 

The simplified division of actin architectures, however, best holds true in the ‘primal’ 
single-celled eukaryotes, such as Saccharomyces cerevisiae (budding yeast) and 
Schizosaccharomyces pombe (fission yeast). Fungi lack Ena/VASP proteins, but express 
formins, which generate structures called actin cables. These parallelly aligned and 
crosslinked actin filaments are operated by myosin, and involved in cell polarization, cargo 
transport and formation of contractile ring in cytokinesis. Fungi also express the components 
of Arp2/3 complex, and these are predominantly observed in cortical ‘actin patches’. Actin 
patches are dense branched actin structures that act as sites of endocytosis in yeast (Kovar et 
al., 2011). Because of their simplistic actin cytoskeleton, unicellular yeasts are a common model 
system for studying actin dynamics.  
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1.2.3 The turnover rates of actin architectures in cells vary 
 
To meet the extracellular and intracellular demands, actin filaments are under constant 
assembly, disassembly and reorganization in cells. Furthermore, actin dynamics vary 
depending on the architecture and task in hand. Contractile structures in human osteosarcoma 
cells display turnover rates of several minutes (Hotulainen and Lappalainen, 2006), whereas 
the ∼ 2 µm wide lamellipodial actin networks in vertebrate fibroblasts are turned over rapidly 
in less than a minute (Lai et al., 2008; Theriot and Mitchison, 1991; Watanabe and Mitchison, 
2002; Yamashiro et al., 2014). Lamellipodia also apparently contain actin filament 
subpopulations of varying turnover rates (Lai et al., 2008; Watanabe and Mitchison, 2002; 
Yamashiro et al., 2014), the fastest ∼30% fraction being turned over in less than 10 seconds, 
which is very similar to the measured rates of endocytosis-associated actin structures in yeasts 
(Berro et al., 2010; Kaksonen et al., 2003; Lacy et al., 2019; Sirotkin et al., 2010). These 
observations are hard to explain by the measured treadmilling rates in vitro (as described in 
the ‘Chapter 1.1.4’), i.e. barbed ends growing at the vicinity of the membrane and pointed ends 
being slowly depolymerized away from the membrane. For this to be plausible, mathematical 
modelling suggests that, for example, pointed ends should depolymerize at least 100-fold faster 
to account for the measured actin turnover rates in cells (Berro et al., 2010; Miyoshi and 
Watanabe, 2013). Alternative models and pathways are also possible, and thus to bring insight 
into how the actin dynamics in cells are accelerated in such a drastic fashion, I will next review 
the common molecular principles regulating actin dynamics in cells. 
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1.3 Molecular principles of regulation of the actin cytoskeleton 
 

Actin dynamics in mammalian cells are controlled by at least 100 different proteins (Dos 
Remedios et al., 2003). The number of regulators has drastically increased in evolution as 
certain archaea and unicellular parasites contain only a handful or a dozen of actin binding 
proteins, respectively. The increase in the complexity of actin regulation most likely arises from 
the adaptation of multicellular life to varying needs of actin dynamics in different cell types: 
for example, immune and muscle cells require very different migratory and morphogenetical 
properties (Pollard and Cooper, 2009). Metazoans have also acquired another level of 
complexity in their actin regulation, post-translational modifications. Acetylation, methylation 
and oxidation of actin have been reported to impose a repertoire of effects on the properties of 
actin filaments (Alto and Terman, 2018; Drazic et al., 2018; Nyman et al., 2002; Rebowski et al., 
2020; Varland et al., 2019; Wilkinson et al., 2019). Here, I focus on actin-binding proteins and 
their underlying molecular principles in regulation of different steps of actin dynamics.  
 
1.3.1 Regulation of actin polymerization by actin monomer pool controlling proteins 
 
Because the intracellular concentration of actin is typically high enough to polymerize majority 
of actin in seconds, most actin monomers in cytoplasm are bound to proteins preventing their 
spontaneous polymerization. A large part of this task is carried out by profilin, a small protein 
found ubiquitously in all eukaryotes, and also in archaea (Akıl and Robinson, 2018; Carlsson et 
al., 1977; Goldschmidt-Clermont et al., 1991; Schlüter et al., 1997). Profilin has been shown to 
be essential for normal organization of the actin cytoskeleton in various organisms, and is 
present in cytoplasm at high, >100 µM concentrations (Balasubramanian et al., 1994; Cooley et 
al., 1992; Haarer et al., 1990; Lanier et al., 1999; Skruber et al., 2020; Witke et al., 2001). It binds 
ATP-actin monomer with a Kd of ∼0.1-0.2 µM in 1:1 stoichiometry, and exhibits a 5-fold 
preference for ATP- over ADP-actin monomers (Perelroizen et al., 1995; Vinson et al., 1998). 
Profilin interacts with the barbed end surface of actin monomers between subdomains 1 and 3 
(Fig. 5a) and prevents the spontaneous nucleation of profilin-actin monomers (Carlsson et al., 
1977), but allows profilin-bound actin monomers to associate to the barbed ends of existing 
actin filaments (Pollard and Cooper, 1984; Schutt et al., 1993). However, profilin-bound actin 
monomers cannot associate to pointed ends of actin filaments, and thus profilin promotes 
polarized assembly of actin filaments in cells.  

Profilin also interacts weakly with the barbed ends of actin filaments in ATP or ADP-Pi-
state (Courtemanche and Pollard, 2013).  Despite weak interactions, profilin can momentarily 
create a barrier for incorporation of next monomer in actin polymerization if actin-profilin 
concentration is not limiting (Courtemanche and Pollard, 2013; Funk et al., 2019). Interestingly, 
profilin interacts somewhat strongly (Kd of ∼1 µM) with actin filament barbed ends containing 
ADP-nucleotide (Courtemanche and Pollard, 2013), and may promote their depolymerization 
(Jégou et al., 2011). Profilins also accelerate the ADP-to-ATP nucleotide exchange on actin 
monomers (Goldschmidt-Clermont et al., 1991; Perelroizen et al., 1995), and are thus critical in 
maintaining the pool of polymerizable actin. Interestingly some profilins, for example from 
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plant and yeast, have lost the ability to promote nucleotide exchange on actin molecules 
(Chaudhry et al., 2007; Ti and Pollard, 2011).  

Profilins deliver actin monomers to a number of proteins involved in regulation of actin 
elongation and nucleation (Campellone and Welch, 2010; Suarez and Kovar, 2016). This occurs 
by profilin interactions with polyproline motifs through a dedicated polyproline binding site, 
which is more likely when profilin is bound to an actin monomer (Fig. 5a) (Ferron et al., 2007; 
Mahoney et al., 1997; Tanaka and Shibata, 1985). In specific eukaryotic organisms and cell types, 
profilin also works together with small actin monomer binding peptides β-thymosins, which 
maintain the highly concentrated monomer pool by sequestering ATP-actin monomers (Huff 
et al., 2001; Mannherz and Hannappel, 2009; Safer et al., 1990). β-thymosins achieve high 
binding affinity (Kd of ∼0.5-2.5 µM) by covering the actin monomer from both barbed end and 
pointed end (Fig. 5b-c), which masks the actin molecule completely from being able to 
assemble to filaments (Hertzog et al., 2004; Irobi et al., 2004; Weber et al., 1992; Xue et al., 
2014). Profilins can compete actin monomers from β-thymosins through an allosteric 
mechanism, and thus they provide a preserve for actin monomers to profilin when monomer 
supply is low (Pantaloni and Carlier, 1993; Xue et al., 2014). A third player involved in 
controlling the actin monomer pool is cyclase-associated protein (CAP) (Freeman et al., 
1995; Gieselmann and Mann, 1992), and will be discussed later in chapter 1.4. 

 
 

 
 
Figure 5. Crystal structures of proteins controlling actin monomer pool. (a) Profilin (light blue) binds 
to the barbed end surface of actin monomer (gray) (Schutt et al., 1993) and prevents spontaneous nucleation 
of actin filaments as well as monomer assembly to the pointed ends of actin filaments. Polyproline binding 
site is shown with red spheres. (b) β-thymosin (light orange) binds to the barbed and pointed end surface 
of actin monomer (Xue et al., 2014), and thus prevents actin filament nucleation and assembly. (c) The 
binding sites of profilin and β-thymosin do not overlap, and this allows the competition for actin monomers 
between the proteins. 
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1.3.2 Actin filaments are polymerized by actin nucleation and elongation factors 
 
Actin filament nucleation is a biochemically slow process, and further inhibited by proteins 
controlling the actin monomer pool. Thus, actin polymerization requires a vast number of 
elongation factors, which generate actin filaments for specific needs in cells (Campellone and 
Welch, 2010). Here, I describe the common molecular mechanisms of actin filament assembly 
found ubiquitously in cells. 

Formins are multidomain proteins, which nucleate and processively track actin 
filaments to promote their elongation (Pruyne et al., 2002; Sagot et al., 2002). Nucleation is 
achieved through the highly conserved formin homology 2 (FH2) domain, which dimerizes to 
scaffold actin molecules in a near filamentous configuration resembling the barbed end of an 
actin filament (Otomo et al., 2005) (Fig. 6a). The processivity of formin requires the FH2 dimer 
and the filament barbed end to undergo a conformational change, which moves the FH2 dimer 
away from the incoming actin monomers from the N-terminal FH1 domain (Courtemanche, 
2018; Paul and Pollard, 2009). The FH1 domain contains variable amount of flexibly linked 
polyproline sequences, which bind profilin-actin and recruit them nearby the barbed end of 
the filament (Fig. 6b), increasing the local actin concentration to millimolar range (Michelot 
et al., 2005; Paul and Pollard, 2008; Vavylonis et al., 2006). This allows formins to overcome 
the diffusion-limited rate of actin polymerization and stay processively associated (Kd of ∼nM) 
with actin filaments for up to ∼200 000 subunits (Vavylonis et al., 2006). In this scenario, the 
amount and association of profilin-actins to the FH1 domain, and the dissociation of profilin 
from the barbed end, become rate-limiting steps (Funk et al., 2019; Vavylonis et al., 2006). In 
the absence of profilin-actin, formins are much less active and also show variable functions 
from capping to severing and depolymerization of filaments (Chhabra and Higgs, 2006; Kovar 
et al., 2003).  
 

 
 
 
Figure 6. The crystal structure of formin FH2 domain bound to actin. (a) Formin FH2 domain dimerizes 
(light blue/pink) and binds to two actin molecules (gray/white surface representation), which resembles the 
barbed end of the actin filament (Otomo et al., 2005). The N-termini are shown in red spheres. (b) The 
binding sites of formin and profilin (blue) do not overlap at the barbed end surface of actin, which allows 
the delivery of new actin monomer by profilin through interactions with the N-terminal polyproline motifs 
of formin.   
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Most formins are inactive due to self-interactions of the C- and N-terminally located 
diaphanous inhibitory (DID) and diaphanous autoregulatory domains (DAD). Activation 
occurs through interactions with RhoGTPases, which disrupt the autoinhibited conformation 
(Li and Higgs, 2003, 2005) and allow the WH2-domain (WASP or Wiskott-Aldrich homology 
2)-like DAD domain bind actin (Gould et al., 2011). Upon activation, formins are utilized in 
generation of various actin structures in cells. For example, all three fission yeast formins have 
non-reduntant functions in generating actin cables, the contractile ring, or in sexual 
differentiation (Chang et al., 1997; Feierbach and Chang, 2001; Petersen et al., 1998). In animals, 
at least a dozen of different formins control the formation of distinct cellular structures, 
including the cell cortex, stress fibers, filopodia, and some of them are also involved in 
protrusive force generation in lamellipodia (Hotulainen and Lappalainen, 2006; Kage et al., 
2017; Litschko et al., 2019; Schirenbeck et al., 2005).  

Ena/VASP proteins are modular elongation factors composed of two Ena/VASP 
homology domains (EVH) connected by a proline-rich region (Reinhard et al., 1992). The N-
terminal EVH1 domain is responsible for the protein localization through interactions with 
FPPPP-motifs (Niebuhr et al., 1997). The EVH2 domain contains a WH2 domain-like G-actin 
binding (GAB) domain (Fig. 7), F-actin binding (FAB) domain, and a coiled coil region required 
for tetramerization (Bachmann et al., 1999; Ferron et al., 2007; Prehoda et al., 1999). This allows 
Ena/VASP proteins to interact (Kd of ∼nM) with several filament barbed ends simultaneously 
that promotes clustering and elongation of the actin filaments in a processive-manner, which 
is greatly enhanced by the presence of profilin-actin (Breitsprecher et al., 2008, 2011; Hansen 
and Mullins, 2010; Winkelman et al., 2014). These features make Ena/VASP proteins specific 
elongation factors for generating multiple parallelly-oriented actin filaments, which are 
favorable for bundling. Such parallel actin filament bundles are typically observed in filopodia 
(Rottner et al., 1999; Svitkina et al., 2003), but Ena/VASP members also regulate assembly of 
focal adhesions (Gertler et al., 1996; Rottner et al., 2001) and stress fibers (Tojkander et al., 
2015), as well as maintain the lamellipodial architecture (Bear et al., 2002; Damiano-Guercio et 
al., 2020; Faix and Rottner, 2022).  

 

 
Figure 7. The crystal structure of Ena EVH2 GAB domain bound to actin monomer and profilin. Ena 
interacts with actin monomers through the target binding cleft (light orange) and binds to profilin (light 
blue) via polyproline rich sequence (Ferron et al., 2007). 
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The seven subunit Arp2/3 complex (Machesky et al., 1994; Robinson et al., 2001) 
nucleates branches from the sides of pre-existing actin filaments (Fäßler et al., 2020; Mullins 
et al., 1998; Svitkina et al., 1997; Volkmann et al., 2001). The core of the complex is composed 
of a heterodimer of C2 and C4, which form a clamp that binds to the sides of actin related 
proteins Arp2 and Arp3 (Fig. 8). This leaves the barbed ends of Arps exposed and allows the 
pointed end of Arp3, together with subunits C2 and C4, bind to the side of the mother filament 
‘long-pitch’ groove. Subunit C3 supports the branch junction by occupying a second long-pitch 
groove in the mother filament and keeps the Arps laterally together at the opposite side of 
C2/C4 clamp. This helps C1 in stabilizing Arp2 against Arp3 in a manner that resembles the 
lateral dimer of two actins in actin filament. C1 also contacts the mother filament by utilizing 
a flexible loop that binds to the ‘target binding cleft’. C5, however, has no apparent contacts 
with the mother or the daughter filament, but rather bridges C1 and C4 together. This 
organization of the complex positions the barbed ends of Arps at a ~70° angle in respect to the 
mother filament, in a way that both filaments have their growing ends oriented to same 
direction. It is worth noting that an isolated Arp2/3 complex exhibits a rather weak affinity for 
filament sides (Kd of ∼5 µM) (Beltzner and Pollard, 2008), but this could compensated by the 
high local concentration of actin filaments in cells, or possibly the binding could be enhanced 
by other proteins such as cortactin and coronin (Cai et al., 2008; Helgeson and Nolen, 2013). 
On the other hand, Arp2/3 complex interacts strongly (Kd ∼10-50 nM) with the nascent 
nucleated ATP-actin filament, potently capping the pointed-end (Mullins et al., 1998), but 
exhibits greatly reduced affinity for aged pointed ends that are in ADP-state (Blanchoin et al., 
2000b). 

An isolated Arp2/3 complex is inactive and requires the presence of nucleation-
promoting factor (NPF) for activation (Blanchoin et al., 2000a; Machesky et al., 1999; Yarar 
et al., 1999; Zalevsky et al., 2001). NPFs consist typically of WH2 domain(s) (W or V), central 
(C) and acidic region (A), hence the nomenclature WCA motifs. In the motif, W binds actin 
monomers that are delivered to the Arp2 and Arp3 subunits after activation of the complex by 
CA-binding (Marchand et al., 2001; Padrick et al., 2011; Panchal et al., 2003; Ti et al., 2011; 
Zimmet et al., 2020). The CA-binding induces a similar conformational change in the Arps as 
the monomer-polymer transition of the actin molecule, and leads to a repositioning of the Arp 
molecules in a way that follows helical assembly of actin filaments (Fäßler et al., 2020; Goley et 
al., 2004; Rodal et al., 2005; Rodnick-Smith et al., 2016; Shaaban et al., 2020; Xu et al., 2012). 
However, Arp2/3 complex also requires the delivery of actin monomers by a preferably dimeric 
WCA motif for efficient nucleation, most likely to stabilize the transient nuclei in the daughter 
branch (Zimmet et al., 2020).  

In cells, Arp2/3 complex is most commonly recruited and activated by membrane-
associated Scar/WAVE complex (Machesky et al., 1999), WASP (Symons et al., 1996) and N-
WASP (Miki et al., 1996) family of proteins. Currently the Arp2/3 complex is the only known 
factor to generate branched actin filament structures. Arp2/3 depletion leads to loss of 
lamellipodia in cells, which in contrast display more protrusive, filopodial structures and have 
defects in cell migration (Suraneni et al., 2012; Wu et al., 2012). In budding yeast, Arp2/3 
complex localizes to the cortical actin patches and is required for the patch movement (Winter 
et al., 1997). From the seven subunits only C1 is essential for the viability of the organism, 
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whereas depletion of the other subunits show variable defects in the actin cytoskeleton (Winter 
et al., 1999).   

 

 
 
Figure 8. The molecular architecture of Arp2/3 complex in the actin filament branching site. Arp3 is 
at the center of the complex (in orange, left orientation) and binds to the ‘long-pitch’ groove of mother 
filament and the pointed end of the daughter filament (Fäßler et al., 2020). Arp2 (in turquoise) binds the 
second actin subunit of the daughter filament (right orientation). C2 and C4 (shades of blue) subunits of 
Arp2/3 complex clamp the Arp2 and Arp3 together. C1 (green) and C3 (pink) provide stability for the branch 
junction. C5 (brown) makes no apparent contacts to either the mother or the daughter filament. The binding 
sites of CA-motifs that activate the Arp2/3 complex are shown in red (spheres and cartoon) (Zimmet et al., 
2020). 
 

A variety of other actin filament assembly factors with more tissue-specific expression 
patterns exists. These include nervous-system specific Cobl (Ahuja et al., 2007) and Spir 
(Quinlan et al., 2005) proteins, which utilize tandem WH2 domains and work in synergy with 
formins in actin elongation (Quinlan et al., 2007) and muscle-specific actin nucleator 
leiomodin (Chereau et al., 2008). Common to all the proteins, or their activators, introduced 
above is the recruitment of actin monomers by utilizing WH2-motif that is often coupled to 
proline-rich domains, thus underlining the intertwined role of profilin with all elongation 
factors. 

The coexistence of various nucleators in the cells poses the question of how the limited 
actin monomer pool is distributed between different actin structures (Suarez and Kovar, 2016). 
For example, in both budding and fission yeast (which lack Ena/VASP proteins) stimulating 
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formin-mediated actin polymerization leads to depletion of Arp2/3-dependent cortical 
patches, and vice versa, stimulating Arp2/3-mediated actin polymerization reduces formin-
mediated linear cable-structures (Burke et al., 2014; Gao and Bretscher, 2008). Again, profilin 
seems to exhibit a key role in maintaining actin homeostasis, because profilin overexpression 
shifts the balance towards formin-dependent structures (Burke et al., 2014). This phenotype is 
dependent on interactions of profilin with polyproline motifs, which are more abundant in 
formins (Burke et al., 2014). Interestingly, in vitro experiments demonstrated also that profilin 
can reduce the branching activity of Arp2/3 complex by competing for actin monomers with 
the WCA motifs of Arp2/3 activators (Rotty et al., 2015). Thus, profilin seems to play a key role 
in distribution of actin monomers to different actin elongation factors. 

In multicellular organisms, the regulation of actin structures and monomer homeostasis 
is more complicated. This is due to the coexistence and interconnectedness of various actin 
structures (Damiano-Guercio et al., 2020; Kage et al., 2017; Rotty et al., 2015; Skruber et al., 
2020; Svitkina et al., 2003), but also because the actin monomer pool is regulated by various 
proteins and transcription feedback loops, not to mention lipid binding and complex signaling 
pathways, which are not in the scope of this thesis (Lawson and Ridley, 2018; Miralles et al., 
2003; Senju and Lappalainen, 2019; Skruber et al., 2020; Vitriol et al., 2015). Also, the actin 
filament disassembly affects the G-actin/F-actin balance of actin structures. For example, 
formin-mediated actin assembly is stimulated when actin depolymerization is accelerated by 
actin binding drugs (Higashida et al., 2008). Here it is worth noting that certain actin filaments 
are protected from disassembly by tropomyosins, which can prevent the binding of 
disassembly factors on the actin filament (Gateva et al., 2017; Ono and Ono, 2002). Finally, 
another critical factor in controlling the actin homeostasis is the capping of the two ends of 
the actin filaments, which can have markable effects on their assembly/disassembly properties 
in cells (Hakala et al., 2021; Kumari et al., 2020; Weber et al., 1994). 
 

1.3.3 Capping protein has a central role in regulating the growth of actin filaments 
 
Exploiting actin polymerization for coordinated force generation in cells is a matter of careful 
fine-tuning of actin filament growth. Unregulated polymerization by the actin nucleators could 
exhaust the actin monomer pool, and lead to spurious production of long, single filaments in 
lengths that are not favorable for force generation (Blanchoin et al., 2014; Mogilner and Oster, 
2003). Furthermore, for example, the lamellipodial actin network consists mostly of filaments, 
which fall between 50-150 nm (∼20-60 subunits) in length (Svitkina et al., 1997). At the typical 
cellular actin monomer concentrations, barbed ends could elongate with a speed of up to 
∼8000 nm/s (∼3000 subunits/s), which indicates that actin polymerization from barbed ends 
must be quicky stopped after the initiation of elongation (Blanchoin et al., 2014). To achieve 
this, nearly all eukaryotic cells express a dedicated barbed end capping protein (CP). Indeed, 
cells depleted in CP contain mainly spuriously polymerized long actin filaments, and 
completely lose their branched actin network (Edwards et al., 2015). 
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Figure 9. The molecular basis for actin filament barbed end capping by CP. The heterodimeric CP 
(orange/blue) binds the two terminal actin subunits (gray) and prevents the addition new actin molecules 
(pink spheres) at the barbed end (Funk et al., 2021). CPI motif binding site is shown with red spheres. The 
α- and β-tentacles of CP overlap with binding site of WAVE complex WH2 domain (gold spheres, middle 
panel) (Chereau et al., 2005; Funk et al., 2021). 

 
Heterodimeric capping protein (or β-Actinin, CapZ) was discovered several decades ago 

as the protein preventing addition of actin monomers to the barbed ends of actin filaments 
(Casella et al., 1986, 1987; Isenberg et al., 1980; Masaaki et al., 1977) (Fig. 9). The two subunits, 
α and β are intertwined together forming a pseudosymmetric dimer that resembles the shape 
of a common mushroom (Yamashita et al., 2003).  CP covers both subunits of the actin filament 
barbed end interface and attaches tightly to the ‘target binding clefts’ of two terminal actins 
with two α-helical tentacles. The tentacles structurally resemble the one of WH2-domain and 
mask the new monomer binding sites (Funk et al., 2021; Narita et al., 2006; Urnavicius et al., 
2015; Wear et al., 2003). This organization allows CP to bind strongly actin filaments with an 
off-rate of ∼once per 30 minutes (Schafer et al., 1996) resulting in sub-nanomolar affinity 
(Caldwell et al., 1989). CP exhibits a small preference for ATP- over ADP-actin filament barbed 
ends (Blanchoin et al., 2000b). Thus, CP binds tightly barbed ends regardless of their 
nucleotide state, and prevents both the assembly and disassembly of actin monomers at the 
filament (Wear et al., 2003). 

Due to its strong ability to cap the growing ends of actin filaments, capping protein is 
regulated both allosterically and by steric inhibition in cells. Protein called V1, expressed in 
majority of eukaryotes, can directly inhibit the function of capping protein by occupying its 
actin binding site with a nanomolar affinity interactions (Jung et al., 2016). Additionally, a 
group of allosteric modulators interact with capping protein through capping protein 
interacting motifs (CPIs) (Hernandez-Valladares et al., 2010). The most studied CPI 
containing proteins are Capping protein Arp2/3 myosin I linker (CARMIL) protein family, 
which are membrane-associated proteins involved in numerous different cellular processes 
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(Jung et al., 2001). They localize to the leading edge of migrating cells, and inhibit actin filament 
barbed end capping by CP (Jung et al., 2001; Yang et al., 2005). The variety of proteins 
containing CPI motifs underline a critical role of regulating capping protein in actin dynamics 
in multicellular organisms (Edwards et al., 2014). On the other hand, only twinfilin (Falck et 
al., 2004), and a single CPI-motif containing protein called Aim21 involved in clathrin-
mediated endocytosis, are known to regulate capping protein in budding yeast (Farrell et al., 
2017; Shin et al., 2018) in which disruption of CP leads to defects in the normal organization of 
the actin cytoskeleton (Amatruda et al., 1990). 

In ‘higher eukaryotes’, capping protein has most likely several important functions in 
regulating actin filament assembly. First, CP is localized near the plasma membrane by lipid 
binding and CPI motif containing proteins such as CARMILs and the WASH complex 
(Edwards et al., 2015; Kuhn and Pollard, 2007; Liang et al., 2009). The allosteric inhibition by 
CARMILs could help keeping CP dynamically associated with the nascent barbed ends at the 
immediate proximity of the plasma membrane to allow the assembly of actin filaments. 
Second, the presence of CP at the membrane also facilitates enhanced filament nucleation, 
because CP can untether the nascent barbed ends from the membrane-bound nucleators by 
competing with the bound WH2 motifs (Akin and Mullins, 2008; Funk et al., 2021). Finally, as 
capping protein biases actin polymerization towards uncapped barbed ends, CP may also have 
a role in determining the growth rate of specific actin networks in cells (Antkowiak et al., 2019). 
 
1.3.4 How actin filaments are disassembled 
 
Actin filaments are disassembled in seconds in cells despite the slow depolymerization kinetics 
of purified actin filaments in vitro (see Chapter 1.14 and Fig. 3). A central property controlling 
the actin filament depolymerization is their nucleotide state; after polymerization filaments 
hydrolyze their ATP and become ‘aged’. For this reason, proteins involved in actin disassembly 
typically selectively bind ADP-Pi or ADP-state actin filaments and ADP-actin monomers. A 
central family of proteins carrying out this task in cells is actin depolymerization factor 
homology (ADF-H) superfamily. 

ADF-H superfamily is a large, central group of proteins involved in the regulation of 
actin disassembly. ADF-H domains interact with the barbed end surface of actin through 
subdomains 1 and 3 (Fig. 10), but same ADF-H domains also possess an ability to interact with 
the sides of actin filaments through F-site that is located in subdomains 1 and 2 of actin (Fig. 
11, Galkin et al., 2011; Paavilainen et al., 2008; Poukkula et al., 2011). Depending on their 
sequence specific properties, the ability of ADF-H domain containing proteins bind to 
filamentous and/or monomeric state of actin varies. For example, twinfilin, in addition to 
binding actin monomers (Ojala et al., 2002), binds actin filament barbed ends (Helfer et al., 
2006; Mwangangi et al., 2021), but coactosin and actin binding protein 1 (Abp1) bind 
selectively actin filaments (Dai et al., 2006; Hellman et al., 2004; Provost et al., 2001; Quintero-
Monzon et al., 2005). Glial maturation factor (GMF) on the other hand is specialized in 
disassembling branched actin filaments via interactions with actin-related proteins (Gandhi et 
al., 2010). From the ADF-H family only cofilin is conserved across the eukaryotic kingdom.  
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1.3.5 Cofilin has various activities in actin filament disassembly 
 
‘Cofilamentous protein’ (cofilin) was discovered as a copuritant of actin from porcine brain 
(Bamburg et al., 1980), which reduced the viscosity of actin filaments (Cooper et al., 1986; 
Nishida et al., 1984). A plethora of studies since have revealed the mechanism and its central 
role in actin disassembly throughout eukaryotic kingdom (Aizawa et al., 1996; Akıl et al., 2020; 
Allen et al., 1997; Dong et al., 2001; Gunsalus et al., 1995; Gurniak et al., 2005; Lappalainen and 
Drubin, 1997; Tammana et al., 2008). Cofilin binds nucleotide-state dependently to the sides 
of actin filaments, most preferably to the ones in ADP-state, albeit with relatively weak affinity 
(∼10-20 µM) due to its peculiarly slow on-rate (∼0.06 μM−1 s−1) (Cao et al., 2006; Cooper et al., 
1986; Nishida et al., 1984; Suarez et al., 2011). However, the co-operative binding mode of cofilin 
increases the affinity of next cofilin for actin filament to Kd of 0.025 – 0.500 µM (Cao et al., 
2006).  
 

 
 
Figure 10. The ADF-H domain interacts with the actin monomer barbed end surface. Left and middle: 
the ADF-H domain (light orange) binds to the barbed end cleft of the actin monomer (gray) (Paavilainen et 
al., 2008). Right: The binding site of profilin (light blue) is shown as a comparison, which partially overlaps 
(blue spheres) with the binding site of ADF-H domain. 
 

Cofilin-decoration leads to severing of actin filament (Maciver et al., 1991; McGough et 
al., 1997) preferably at the pointed end domain border of cofilin-decorated and bare actin 
segments (Gressin et al., 2015; Suarez et al., 2011). This is because cofilin-bound actin subunit 
(n) adopts a  twisted conformation, which helps to break the longitudinal D-loop – barbed end 
interaction between the cofilin-bound and bare actin subunit (Fig. 11a) (Galkin et al., 2011; 
Paavilainen et al., 2008; Tanaka et al., 2018). The conformational change creates more space for 
the binding of next cofilin molecule towards the pointed end of the filament and could explain 
the co-operative binding mode of the protein. Furthermore, while the subunit n loses majority 
of the longitudinal filament contacts towards the pointed end of the actin filament (n+2), 
cofilin binding via F-site introduces extra ‘bridging interactions’ between the actin subunits 
downstream (n and n-2) (Hocky et al., 2021; Huehn et al., 2020) (Fig. 11b). This probably 
explains why actin filament severing preferably occurs at the pointed end borders of cofilin-
decorated and bare actin segments. At high cofilin concentrations actin filaments become fully 
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saturated and barely sever. This is most likely due to the ubiquitous presence of the cofilin 
bridging interactions along the filament, but also because the actin subunits twisted by cofilin 
prefer to interact with each other, opposite to the unfavorable interfaces between the bare and 
twisted actin subunits (Hocky et al., 2021; De La Cruz, 2005; Tanaka et al., 2018). 

 
 

 
 

Figure 11. The structure of cofilin-bound actin filament. (a) Cofilin (orange) binding to the actin subunits 
in the filament causes a conformational change (F/G) from filamentous (dark gray) to ‘monomeric’ state 
(gray) (Galkin et al., 2011; Tanaka et al., 2018). (b) The binding of cofilin to the ‘long-pitch groove’ of actin 
filament introduces stabilizing bridge interactions (F-site, red spheres) between subunit n and n-2, but the 
subunit towards the pointed end of the filament (n+2) loses majority of the longitudinal contacts due to the 
induced conformational change (for clarity only one cofilin is shown). This helps to disconnect the D-loop 
(gray spheres) and could promote severing at pointed end domain borders of cofilin segments, but also 
provides space for the co-operative binding of the next cofilin molecule to the filament. 
 
 

Cofilin also interacts with actin monomers at high affinity (Cooper et al., 1986). The 
preference over ADP-actin (Kd of ~0.1-0.2 μM) is ~10-100-fold greater than for ATP-actin or 
actin filaments (Blanchoin and Pollard, 1998; Carlier et al., 1997; Maciver and Weeds, 1994), but 
this varies depending on the cofilin isoform. Actin monomers bound to cofilin are also 
inhibited in ADP-to-ATP nucleotide exchange (Nishida, 1985). Due to the ability to bind to the 
sides of filaments, cofilin can, at least in vitro, also promote nucleation of actin filaments 
(Carlier et al., 1997; Ghosh et al., 2004), and thus cofilin is a poor monomer sequestering agent 
(Maciver et al., 1991). 

Because ADF/cofilins interact with both G- and F-actin, the actin field was puzzled 
whether cofilins accelerate actin dynamics by severing, or severing to create more free barbed 
ends for filament polymerization, or accelerate actin filament depolymerization from both or 
only pointed ends (Andrianantoandro and Pollard, 2006; Carlier et al., 1997; Maciver, 1998; 
Moriyama and Yahara, 1999). Recently, microfluidics-coupled TIRF-microscopy experiments 
clarified cofilin function in various ways (Wioland et al., 2017). First, cofilin can accelerate the 
depolymerization of ADP and ADP-Pi state bare actin filaments at barbed ends, but only in the 
absence of free ATP-actin monomers. Second, fully cofilin-decorated barbed and pointed ends 
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of actin filaments undergo depolymerization, but at very slowly rates of 7.0 → 0.6 and 0.2 → 
0.5 subunits/s, respectively. Third, fully saturated cofilin-decorated filaments are in a state in 
which they cannot polymerize and promote dissociation of capping protein from barbed ends 
(0.0005 → 0.006 s-1). Finally, cofilin severs actin filaments as previously demonstrated. These 
effects combined, cofilin-decorated actin filaments are in a state that promotes filament 
disassembly. Notably, the magnitude of all these effects is cofilin isoform dependent (Wioland 
et al., 2017).  

In cells, knockout of cofilin causes lethality of S. cerevisiae yeast (Kazuko et al., 1993) 
and it is fundamentally required for cortical actin patch turnover (Lappalainen and Drubin, 
1997). In mammalian cells, over-expression of cofilin leads to increased cell motility, (Aizawa 
et al., 1996; Meberg and Bamburg, 2000), and conversely instantaneous inactivation of cofilin 
depletes actin turnover in lamellipodia (Vitriol et al., 2013). However, it is not completely clear 
in how many ways cofilin contributes to actin turnover and remodeling in cells. For example, 
cofilin has been suggested to maintain dense actin networks by creating more short filaments 
for nucleation and branching (Ghosh et al., 2004; Ichetovkin et al., 2002; Zebda et al., 2000). 
Of note, fully cofilin-saturated actin filaments are an ineffective pool of actin for cells, because 
they cannot act as substrate for nucleation or branching and they depolymerize very slowly 
(Chan et al., 2009; Wioland et al., 2017). It is also worth mentioning that cofilin is highly 
abundant in cells at ~1:4 molar ratio to actin (Bertling et al., 2004) and its activity is regulated 
by phosphorylation and dephosphorylation by LIM kinase (Arber et al., 1998; Ohta et al., 1989; 
Yang et al., 1998) and Slingshot family of phosphatases (Niwa et al., 2002), respectively. This is 
interesting because a study utilizing fish keratocytes demonstrated that cells could contain a 
large pool of ‘inactive’ actin oligomers in the lamellipodium, and the authors speculate these 
oligomers could act as a buffer for rapid local assembly of actin filaments (Raz-Ben Aroush et 
al., 2017). How this pool is regulated remains unclear, but it would be interesting to learn 
whether cofilin is associated with these oligomers. In vitro, cofilin dissociates extremely slowly 
from the decorated segments (0.000018 s-1), and thus isolated cofilin-saturated filaments are 
peculiarly long-lived (Wioland et al., 2017). The above listed observations make predicting of 
cofilin activities in cells more challenging, especially because the activities depend greatly on 
the level of actin-filament decoration, and also because cofilin binds actin monomers with high 
affinity. Predicting cofilin activities becomes even more complicated in the presence of cofilin 
‘co-factors’, which synergize with cofilin in the actin disassembly activities. 
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1.3.6 Accessory proteins that synergize in actin disassembly with cofilin 
 
Actin interacting protein 1 (Aip1) is a WD40-repeat domain protein consisting of two seven-
bladed β-propeller domains (Amberg et al., 1995; Voegtli et al., 2003) (Fig. 12a). Aip1 binds 
actin filaments relatively weakly (Kd of ∼2.0-4.0 µM) and has alone neglectable effect on actin 
dynamics, but competes for actin filament side binding with cofilin (Chen et al., 2015; Gressin 
et al., 2015; Jansen et al., 2015; Rodal et al., 1999). Together the two proteins synergize and 
enhance actin filament severing in vitro (Okada et al., 1999; Rodal et al., 1999), but the exact 
molecular mechanism how this occurs remains contradictory (Ono, 2018). It has been 
suggested that Aip1 could prevent filament reannealing by functioning as a ‘capping protein’ 
after actin filaments are severed by cofilin (Balcer et al., 2003; Okada et al., 2002).. However, 
another study contradicts with this observation by showing with TIRF-microscopy 
experiments that Aip1 is not able to prevent the elongation of cofilin-severed actin filament 
(Gressin et al., 2015; Jansen et al., 2015; Nadkarni and Brieher, 2014). Aip1 could also promote 
actin dynamics by competing for actin filament binding with cofilin (Chen et al., 2015) and thus 
indirectly promote cofilin-mediated severing by creating more favorable borders for actin 
filament severing. Another option is that Aip1 directly binds cofilin in the actin filament to 
regulate its severing activity (Gressin et al., 2015; Mohri et al., 2004). Finally, it has also been 
suggested that Aip1 does not displace cofilin on the actin filament, and instead promotes their 
depolymerization with cofilin (Nadkarni and Brieher, 2014). Hopefully future crystallographic 
and/or cryo-EM experiments would reveal the molecular architecture of Aip1 bound to actin 
and cofilin-actin filaments, which would greatly improve our understanding on the function of 
Aip1 in promoting actin dynamics (Fig. 12b). 
 

 
 
Figure 12. The structure of Aip1. (a) The structure of Aip1 is composed of two WDR-repeat domains. The 
predicted actin binding site, based on mutagenesis experiments, is shown (Ono, 2018; Voegtli et al., 2003). 
(b) The molecular docking of Aip1 (blue) to cofilin-decorated (orange) actin filament (different shades of 
gray). This is based on the published binding site of WDR-repeat domain in the actin filament (Ge et al., 
2014). The predicted binding site overlaps with the barbed binding surface for a new actin molecule (not 
shown).  
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Aip1 is an essential protein for the development of multicellular organisms (Ketelaar et 
al., 2004; Ono et al., 2011; Xiao et al., 2017), and its disruption in cells leads to severe disorders 
and lethality (Kile et al., 2007; Xiao et al., 2017). In yeasts, Aip1 (Aip1p) localizes to cortical actin 
patches (Chen et al., 2015; Iida and Yahara, 1999; Rodal et al., 1999), but is not required for the 
viability of the organism. Interestingly, ∆Aip1p is synthetically lethal with cofilin null and 
capping protein null fission yeast (Chen et al., 2015). ∆Aip1p cells have also higher abundance 
of capping protein associated with barbed ends of actin filaments during actin disassembly in 
cortical patches (Berro and Pollard, 2014). Other evidence suggest that Aip1 is important in the 
generation of monomeric actin species from cofilin-actin oligomers (Okreglak and Drubin, 
2010). The exact cellular role of Aip1 remains unknown, but a plethora of studies clearly indicate 
a role in actin disassembly that is tightly connected with cofilin, and with the barbed ends of 
actin filaments.  

Actin filament disassembly by Aip1 and cofilin is greatly enhanced by the presence of 
another actin-binding protein, coronin (Jansen et al., 2015; Kueh et al., 2008). Coronin is 
among the early regulators of actin dynamics in evolution (Baldo et al., 2005; Nayak et al., 2005; 
Srivastava et al., 2015), since coronin is expressed in unicellular parasites whereas for example 
Aip1 is not (Kumpula and Kursula, 2015; Vizcaíno-Castillo et al., 2020). Higher eukaryotes 
express up to seven isoforms of coronin, which are classified into three different types 
depending on their domain composition (Chan et al., 2011). Typical coronins contain a single 
WD40-repeat domain followed by a unique sequence region connected to a C-terminal coiled-
coil domain, which allows variable oligomerization of the protein (Appleton et al., 2006; Spoerl 
et al., 2002). Human coronin binds ADP-Pi actin filaments with high affinity (Kd of ∼ 0.1-0.2 
µM), but interacts only weakly with ADP-actin filaments (Kd of ∼10 µM) (Cai et al., 2007a). 
Interestingly, most likely due its oligomeric nature, coronin can also bundle actin filaments 
(Asano et al., 2001; Cai et al., 2007a; Goode et al., 1999). Underlining the complexity of different 
functions of coronin, it has been reported to inhibit Arp2/3-mediated nucleation of actin 
filaments through its unique C-terminal region (Cai et al., 2007b; Humphries et al., 2002), but 
also increase binding of Arp2/3 complex to actin filaments (Humphries et al., 2002).  

 

 
 
Figure 13. The structure of coronin bound to actin filament. (a) The binding site of coronin WDR-repeat 
domain (blue) in the ‘long-pitch groove’ of bare actin filament (gray) (Ge et al., 2014). (b) The binding of 
coronin does not overlap with binding site of cofilin (orange) in the actin filament.  
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The actin filament disassembly function of coronin appears more complex. A coronin 
construct that lacks the C-terminal coiled coil region promotes actin filament disassembly 
together with cofilin (Gandhi et al., 2009; Goode et al., 1999; Mikati et al., 2015). Full-length 
coronin, on the other hand, was reported to antagonize the binding of cofilin to actin filaments 
in bulk assays (Cai et al., 2007a), whereas in experiments utilizing TIRF-microscopy, coronin 
was reported to precede and enhance the binding of cofilin to actin filaments and inhibit 
cofilin-mediated severing (Jansen et al., 2015). Only in the presence of cofilin and Aip1, full-
length coronin enhances actin disassembly (Jansen et al., 2015). The underlying molecular 
mechanism remains unclear, but the cryo-EM structures of the isolated WD40 domain of 
coronin bound to actin filaments revealed that coronin and cofilin binding sites do not overlap 
in ADP-actin filaments (Fig. 13), although they might have a minor overlap in actin filaments 
with ADP-Pi state (Ge et al., 2014). Thus, most likely the nucleotide state of actin offers an 
explanation to the above-described contradictory findings, because it is unclear whether these 
experiments were carried out with aged actin filaments. Coronin might increase the release of 
phosphate from the filaments (Tang et al., 2020), and hence promote faster binding of cofilin. 
Another option is that coronin alters the actin subunit conformation to make it favorable for 
cofilin binding (Merino et al., 2018).  

In cells, the function of coronin seems to be more connected with Arp2/3 complex (Cai 
et al., 2007b, 2008). This is supported by genetic interactions of coronin with Arp2/3 complex 
in yeast, whilst ∆Crn1p alone has no markable cytoskeletal defects (Goode et al., 1999). On the 
contrary, over-expression of coronin in yeast leads to severe defects in the actin cytoskeleton 
(Goode et al., 1999; Mishima and Nishida, 1999). In mammalian cells, knockdown of coronin-
1b appears to decrease the amount of branched filaments in the lamellipodial actin network in 
cells (Cai et al., 2007b), and the actin binding activity of coronin is needed for the correct 
localization of the protein (Cai et al., 2007a). Thus, perhaps coronin is involved in dissociation 
of Arp2/3 complex from the branched actin networks. A low resolution structural study 
suggests that coronin-bound Arp2/3 complex is in a conformation that could promote the 
release of the daughter filament (Rodal et al., 2005). Future studies will reveal the role of 
coronin in the regulation Arp2/3 complex, and whether its function is similar or different to 
the one of actin filament debranching protein, GMF (Luan and Nolen, 2013). 
 
1.3.7 Twinfilin is an ADF/H domain protein specialized in uncapping actin filament 
barbed ends 
 
Twinfilin is a unique member of the ADF/H family proteins due to its two flexibly linked ADF-
H domains. Originally identified from budding yeast as a protein involved in actin monomer 
sequestration (Goode et al., 1998; Ojala et al., 2002), our understanding of the role of twinfilin 
in regulation of actin dynamics has evolved substantially from this simple task (Hakala et al., 
2021; Mwangangi et al., 2021; Shekhar et al., 2021). Twinfilin interacts strongly with ADP-actin 
monomers (Kd of ~ 0.05 μM) and displays ~10-20-fold preference over ADP-Pi and ATP-actin 
(Helfer et al., 2006; Ojala et al., 2002; Shekhar et al., 2021). In addition to monomeric actin,  
twinfilin also associates with the barbed ends of actin filaments with similar affinity (Hakala et 
al., 2021; Helfer et al., 2006; Shekhar et al., 2021). A separate, CPI-motif containing C-terminal 
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tail region mediates interactions with capping protein and the plasma membrane (Falck et al., 
2004; Hakala et al., 2018).  

Recently, twinfilin was identified as a regulator of CP at actin filament barbed ends 
(Hakala et al., 2021). Twinfilin enhances dissociation of CP from the barbed ends by direct 
overlaps with the binding site of α- and β-tentacles of CP in actin (Mwangangi et al., 2021). 
Interestingly, the competitive binding involves the flexible linker sequence and C-terminal 
ADF-H domain of twinfilin (Fig. 14). Depletion of twinfilin in cells leads to defective dynamics 
and localization of CP, which is dependent on the normal actin binding ability of the two ADF-
H domains (Hakala et al., 2021). The isolated C-terminal tail of twinfilin, harboring the capping 
protein binding CPI motif, cannot dissociate capping protein from barbed end (Mwangangi et 
al., 2021), and its presence is not fully required for the rescue of twinfilin-mediated capping 
protein dynamics in cells (Hakala et al., 2021). The C-terminal tail is, however, needed for the 
proper localization of twinfilin to lamellipodium (Falck et al., 2004; Hakala et al., 2021).  

 

 
 
Figure 14. The structure of twinfilin-CP uncapping complex at the actin filament barbed end. 
Twinfilin (purple) binds to the two terminal subunits at the actin filament barbed end (gray/white) 
(Mwangangi et al., 2021). The C-terminal ADF/H domain, and the linking sequence to N-terminal ADF/H 
domain of twinfilin, overlap with CP (orange/blue) α- and β-tentacle binding sites (overlaps shown with red 
spheres, note that the β-tentacle from CP is unstructured in the complex).  

 
The uncapping function of twinfilin synergizes with V1, a protein responsible for 

sequestering capping protein in cells (Taoka et al., 2003). Indeed, twinfilin-tail bound capping 
protein exhibits a conformation that should promote V1 binding (Mwangangi et al., 2021; 
Takeda et al., 2021). It is worth noting that V1 alone cannot uncap CP from the barbed ends of 
actin filaments (Bhattacharya et al., 2006; Hakala et al., 2021), and that capping protein is also 
regulated by membrane-associated CARMILs. CARMILs, on the other hand, contain a CPI-
motif that binds 30-fold more strongly CP than twinfilin, and promotes dissociation of V1 from 
CP (Fujiwara et al., 2014; Takeda et al., 2010). This allows ‘recycling’ and activation of CP close 
to the plasma membrane.  

Twinfilin also regulates the turnover of actin filaments by promoting barbed end 
depolymerization (Hakala et al., 2021; Shekhar et al., 2021). This occurs by two distinct 
mechanisms. First, twinfilin effectively prevents association of profilin-actin monomers to 
filament barbed ends and thus prevents their elongation. Second, the binding of twinfilin to 
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ADP-state filament barbed ends drives their depolymerization at ∼5 subunits per second. This 
is in stark contrast to actin filaments, which are saturated by cofilin and depolymerize very 
slowly. Twinfilin can also prevent association of formins to the barbed ends, and promote 
depolymerization of ADP-Pi state actin filaments (Shekhar et al., 2021). The observations that 
twinfilin knockout cells exhibit ∼40% slower turnover of actin filaments (Hakala et al., 2021), 
and for example requirement of twinfilin for regulation of actin filament lengths in stereocilia 
(Peng et al., 2009), are well in line with the biochemical evidence of twinfilin functioning as a 
regulator of actin filament barbed end dynamics.  

 
1.3.8 The ‘ancient’ regulators of actin filaments 

 
Gelsolins, together with cofilin and profilin, appear to be the most ancient regulators of the 
actin cytoskeleton, because they are the only actin binding proteins identified to date from 
archaea (Akıl and Robinson, 2018; Akıl et al., 2020, 2021). Albeit the structure of a gelsolin 
domain repeat resembles the one of ADF-H domain, they are classified as their own family due 
to low sequence homology (Burtnick et al., 1997; Hatanaka et al., 1996; McLaughlin et al., 1993). 
Gelsolin family of proteins are composed of 1-6 copies of gelsolin homology domains, referred 
as G1-G6 (Burtnick et al., 1997). The family contains proteins with variable number of gelsolin 
domains and differences in their domain organization (Ghoshdastider et al., 2013). The first 
discovered member of the family, gelsolin, was originally identified as a protein that reduced 
the gel-like behavior of actin to a more soluble form in a Ca2+ activation-dependent manner 
(Fig. 15a, Nag et al., 2013; Yin and Stossel, 1979). Later it was shown that upon activation, 
gelsolin severs and prevents the barbed end assembly of actin filaments (Fig. 15b, Hartwig et 
al., 1995; Janmey et al., 1987). Interestingly though, Ca2+ ions exhibit variable binding affinities 
for different domains of gelsolin, suggesting gelsolins could act as dose-responsive regulators 
of the actin cytoskeleton. Whereas the intracellular calcium levels vary between levels suitable 
for gelsolin activation/inactivation, the extracellular calcium levels are high enough to for 
constant activation of gelsolin proteins (Nag et al., 2013).  

Activation by Ca2+ opens the gelsolin structure, which allows the different gelsolin 
domains interact with different actin surfaces: G1 and G4 interact with the barbed end surface 
of actin between SD1 and SD3, G2 with SD1, SD2 and SD3, G3 with SD1 and G6 with SD3 (Fig. 
15b). These interactions allow gelsolins to act as either nucleators, ‘cappers’ or severing 
proteins of actin filaments and bind actin with near picomolar affinity, with a preference for 
actin molecules in ADP-state (Burtnick et al., 1997, 2004; Choe et al., 2002; Laham et al., 1993, 
1995; Nag et al., 2009; Pope et al., 1995). The precise roles of gelsolin in different cellular 
processes are still incompletely understood, but for example fibroblasts isolated from gelsolin 
knockout mice suffer from various defects in the actin cytoskeleton (Azuma, 1998; Witke et al., 
1995). Finally, possibly unique to any other actin binding proteins, gelsolins are also important 
extracellular factors in preventing clotting by actin assembly in blood circulation (Vasconcellos 
and Lind, 1993). 
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Figure 15. The structure of gelsolin. (a) The inactive, tightly packed conformation of full-length gelsolin 
(Burtnick et al., 1997). The linking sequences are shown in black and termini with spheres. (b) The model 
for gelsolin interactions with actin filament (barbed ends) based on the determined crystal structures 
(Burtnick et al., 2004; Choe et al., 2002). Ca2+  binding sites are shown with red spheres and actin filament in 
gray. 
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1.4 Cyclase-associated protein 
 
1.4.1 The domain structure and molecular architecture of CAP 
 
Cyclase-associated protein (CAP) was originally identified from budding yeast as a protein 
that copurified with adenylate cyclase (Field et al., 1988, 1990). Probably exclusive to fungi 
CAPs, the N-terminal coiled coil region of ∼36 amino acids interacts with adenylate cyclase and 
is needed for preventing the phenotype caused by constant activation of RASVal19. Hence CAP 
is additionally known as suppressor of RasVal19, srv2 (Fedor-Chaiken et al., 1990; Mintzer and 
Field, 1994; Nishida et al., 1998). The same N-terminal region mediates the ability of CAP to 
self-oligomerize into tetramers or hexamers (Kodera et al., 2021; Nishida et al., 1998; Purde et 
al., 2019; Quintero-Monzon et al., 2009) (Fig. 16). The oligomerization domain is followed by 
a bundle of six anti-parallel α-helices known as the helical folded domain (HFD) (Ksiazek et 
al., 2003) (Fig. 16). HFD interacts with cofilin-bound ADP-actin monomers, but does not 
display any resemblance to known actin binding domains (Chaudhry et al., 2013; Moriyama 
and Yahara, 2002; Normoyle and Brieher, 2012; Quintero-Monzon et al., 2009). The central part 
of CAP consists of a WH2 domain that interacts with ATP-actin monomers (Kd ∼0.5-2 µM) and 
which is flanked by two unstructured polyproline rich sequences, P1 and P2. P1 interacts with 
profilin (Kd ∼1 µM) and SH3 domain of Abl tyrosine kinase, whereas P2 is responsible for 
interactions with SH3 domain of actin-binding protein 1 and required for proper localization 
of CAP to endocytic patches in budding yeast (Bertling et al., 2007; Freeman et al., 1996; Lila 
and Drubin, 1997; Makkonen et al., 2013; Mattila et al., 2004). The very C-terminal CAP and X-
linked retinitis pigmentosa 2 protein (CARP) domain possesses an usual fold that is composed 
of six β-helical coils that come together as a right-handed β-helix (Fig. 16). The most C-
terminal coils have separated from the helix, and instead form a strand exchange homodimer 
with another CARP molecule (Dodatko et al., 2004). The CARP domain binds ADP-actin 
monomers in 1:1 stoichiometry and ∼1.5 µM affinity, and shows only very weak binding for ATP-
actin monomers (Mattila et al., 2004). Together with the adjacent WH2 domain CARP domain 
achieves a near nanomolar binding interaction with ADP-actin monomers (Kd ∼20-50 nM) 
(Freeman et al., 1995; Makkonen et al., 2013; Mattila et al., 2004). 
 
1.4.2 Implicated functions in actin dynamics 
 
In the past few decades, CAP has been described with several different roles in regulation of 
actin dynamics. When purified from natural sources, CAP was discovered tightly bound to 
actin monomers. This, together with the conducted spontaneous actin polymerization assays, 
lead to thinking of CAP having a rather passive role as a monomer sequestering protein that 
maintains the actin monomer pool (Freeman et al., 1995; Gieselmann and Mann, 1992; 
Gottwald et al., 1996). However, others have shown that, while CAP indeed prevents 
spontaneous actin polymerization, in a seeded polymerization experiment barbed end 
incorporation of actin monomers is not completely inhibited by CAP, thus downplaying its role 
as a pure sequestering agent (Mattila et al., 2004; Moriyama and Yahara, 2002). Moreover, a 
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study carried out by Moriyama and Yahara (2002) discovered the ability of CAP to promote 
ADP-to-ATP nucleotide exchange on both actin and cofilin-bound actin monomers via its C-
terminal domains. Intriguingly, CAP was also able to accelerate cofilin-mediated actin 
disassembly of gelsolin-capped actin filaments and interact with cofilin-actin monomers. 
Other studies emphasize CAP as a severing protein, either by independently targeting actin 
filaments at acidic pH or by stimulating the function of cofilin (Balcer et al., 2003; Jansen et al., 
2014; Normoyle and Brieher, 2012). Another study discovered an interplay between yeast 
twinfilin and CAP in actin filament disassembly (Hilton et al., 2018; Johnston et al., 2015), but 
a very recent study contradicts with the ability of CAP to promote filament disassembly using 
mouse twinfilin (Hakala et al., 2021).  
 

 
 
Figure 16. The domain structure of cyclase-associated protein. The top panel depicts the domain organization 
of CAP. The corresponding residue numbers for the domain borders of mouse CAP1 are shown. The structures of 
HFD and dimeric CARP domain are depicted below (Dodatko et al., 2004; Ksiazek et al., 2003). Abbreviations: 
OD=oligomerization domain, HFD=helical folded domain, PP1=polyproline rich region 1, WH2=Wiskott-Aldrich 
homology 2 domain, PP2=polyproline rich region 2 and CARP=CAP and X-linked retinitis pigmentosa 2 protein 
domain.  
 

CAP is involved in regulation of actin dynamics in all eukaryotic cells, as shown by 
phylogenetic analyses by Ono (2013). Based on these observations and biochemical 
experiments with Plasmodium falciparum CAP consisting only of a CARP domain, the most 
conserved function of CAP in eukaryotic organisms is the ability to bind ADP-actin monomers 
and catalyze ADP-to-ATP nucleotide exchange (Makkonen et al., 2013). Likewise, also in higher 
eukaryotes the isolated CARP domain is sufficient for promotion of nucleotide exchange on 
actin monomers (Jansen et al., 2014). However, the adjacent WH2 domain seems to be required 
for scavenging ADP-actin monomers from ADF/cofilins (Jansen et al., 2014; Moriyama and 
Yahara, 2002). Interestingly, kinetoplasts such as Leishmania express a short CAP that contains 
a WH2 domain and adjacent polyproline region connected to CARP domain, suggesting the 
ability to take monomers from ADF/cofilins for ‘recharging’ appeared early in the evolution. 
The N-terminal parts of CAP are products of further evolution and appeared in fungi, but it is 
unclear where the N-terminal domains originated from. However, interestingly in addition to 
'short' CAP, at least some Leishmania parasite species contain also a longer, ~500 amino acid, 
homologue of CAP in their genome with very low assignability to animal and fungi full-length 
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CAPs. It is also unclear whether the protein is translated in cells. However, it could present an 
intermediate in the evolution of full-length CAP, but its functionality remains to be tested. 

Finally, CAP has also been indicated in regulation of inverted formin 2 (INF2) (A et al., 
2019, 2020). INF2 is constantly active despite having DID/DAD regulatory domains, and CAP-
bound actin has been indicated to inhibit this activity. Intriguingly, the inhibition of INF2 is 
dependent on actin acetylation and on interactions between the WH2 domain of CAP and INF2 
DID domain (A et al., 2020). Of note, CAP has also been suggested to have other, rather 
puzzling roles outside regulation of actin cytoskeleton, such as acting as a receptor for 
extracellular hormones (Lee et al., 2014) and prenylated Rap1 GTPase, but in the latter case only 
if the C-terminal dimerization motif of CAP is deleted (Zhang et al., 2018). The same authors 
also later suggested mammalian CAP is capable of binding adenylyl cyclase (Zhang et al., 2021), 
but these observations need confirmation by future studies. 
 
1.4.3 The cellular role of CAP 
 
The role of CAP in actin dynamics has been studied in various model systems (Barrero et al., 
2002; Baum et al., 2000; Bertling et al., 2004; Kepser et al., 2019; Schneider et al., 2021), but most 
extensively in budding yeast. CAP/srv2 null S. cerevisiae suffer from a loss of actin cable 
polarization and accumulation of actin into endocytic patches (Gerst et al., 1991; Vojtek et al., 
1991). While the ∆srv2 budding yeast is viable, ∆srv2 exhibits synthetic lethal interactions when 
crossed with ∆Aip1p, actin-binding defective profilin, or a specific cofilin mutant yeast strains 
(Balcer et al., 2003; Lappalainen et al., 1997; Wolven et al., 2000). Subsequently, a series of 
studies have focused on a detailed domain-level functional dissection of CAP in budding yeast, 
with an overall focus on actin cytoskeleton organization and growth sensitivity phenotypes 
(Balcer et al., 2003; Bertling et al., 2007; Chaudhry et al., 2010, 2013; Lila and Drubin, 1997; 
Mattila et al., 2004; Quintero-Monzon et al., 2009). While both the N-terminal and C-terminal 
domains of CAP are critical for normal organization of the yeast actin cytoskeleton, the 
connecting polyproline rich sequences appear less critical.  Intriguingly, the actin cytoskeleton 
defects in ∆srv2 yeast can be rescued by deletion of tropomyosin gene Tpm1 or by 
overexpression of profilin (Chaudhry et al., 2013; Vojtek et al., 1991). A study focusing on the 
role of CAP in yeast endocytosis showed that CAP null strain has major defects in actin 
turnover, both assembly and disassembly (Toshima et al., 2016). While mutations in the HFD 
mostly lead to accumulation of actin in the patch at disassembly phase, mutations in the CARP 
domain affected both steps of the actin turnover.  

Vertebrates contain two CAP isoforms that have tissue-specific expression patterns 
(Bertling et al., 2004). Whereas CAP2 is a brain, heart and skeletal muscle specific isoform, the 
main isoform CAP1 is a highly abundant protein (1:4 to actin) and expressed in most tissues 
except mature skeletal muscle. Furthermore, CAP1 knockout is early embryonic lethal in mice 
(Pers. Commun. Marco Rust). In cultured mouse fibroblasts CAP1 localizes both to cytoplasm 
and lamellipodia, but interestingly a CAP1 protein lacking the N-terminal domains localizes 
diffusely to cytoplasm (Bertling et al., 2004; Moriyama and Yahara, 2002). Furthermore, 
silencing of CAP1 in these cells leads to severely impaired actin assembly and disassembly, 
endocytosis, cell migration, as well as accumulation of cofilin-actin aggregates in the cytoplasm 
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(Baum and Perrimon, 2001; Bertling et al., 2004). The regulation of CAP1 in cells remains 
incompletely understood, but both lipid binding and phosphorylation most likely play a role 
in defining CAP activities in cells (Gottwald et al., 1996; Joshi et al., 2018; Zhou et al., 2014) .  

To summarize, the current model of CAP in regulating actin dynamics involves helping 
cofilin-mediated actin filament severing, recycling the dissociating cofilin from ADP-actin 
monomers, and catalyzing ADP-to-ATP nucleotide exchange on actin monomers and driving 
actin filament depolymerization. However, the molecular mechanisms behind these actions 
have remained unknown (Balcer et al., 2003; Johnston et al., 2015; Makkonen et al., 2013; 
Moriyama and Yahara, 2002; Quintero-Monzon et al., 2009).  
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2. AIMS OF THE STUDY 
 
 
Despite nearly 30 years of its discovery, the molecular basis for the interactions of CAP with 
the actin cytoskeleton has remained unknown. The extensive cell biological and biochemical 
groundwork has established CAP as a ubiquitous, critical modulator of actin dynamics in the 
entire eukaryotic kingdom. Nonetheless, the exact mechanisms by which CAP regulates the 
actin cytoskeleton in cells have remained unclear. This study aimed to solve these questions 
by structural biology approaches. 
 
The first aim of my work was to determine the molecular mechanism by which the conserved 
C-terminal actin binding domain of CAP interacts with its main substrate, ADP-actin, and 
catalyzes ADP-to-ATP nucleotide exchange on actin monomers. The second aim of this thesis 
was to uncover how CAP interacts with cofilin-actin monomers and determine the mechanism 
by which the N-terminal region of CAP is involved in regulation of actin dynamics.  
 
Finally, we asked what are the differences and/or similarities in the regulation of actin 
dynamics in the evolutionary diverged unicellular parasites compared to the well-studied yeast 
and animal actin-regulatory machineries. Leishmania parasites contain a simplistic actin 
cytoskeleton, which for example lacks a canonical CAP protein. Therefore, how this organism 
maintains rapid actin dynamics in the absence of several central actin regulators was puzzling.   
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3. EXPERIMENTAL PROCEDURES 
 
The methods I used in this PhD work are listed below. The methods are described more in 
detail in the indicated studies (roman numbers). 
 

Method Publication 

Molecular cloning and mutagenesis I, II and IV 

4-chloro-7-nitrobenzofurazan (NBD) binding assay I 

Nucleotide exchange assay I 

Actin filament turnover assay I 

Actin co-sedimentation assay I 

Protein-protein interactions by using size-exclusion 
chromatography I, II 

Thermofluor assay I 

Protein crystallization and structure determination I, II, III 

Cryo-EM sample preparation and structure determination IV 

Analyses of the protein structures II, IV 

Recombinant protein expression and purification I, II and IV 

TIRF microscopy and microfluidics II 

Actin filament pointed end depolymerization assays II 

Insect cell culture and baculoviral protein expression IV 

Fluorometric actin filament disassembly assay II 

Bioinformatic analyses IV 

Native-PAGE analysis II 
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4. RESULTS AND DISCUSSION 
 
4.1 Structural basis of actin monomer recharging by cyclase-associated protein 
(publication I) 
 
The critical role of cyclase-associated protein in the regulation of actin turnover has been 
demonstrated extensively both biochemically and in vivo (Bertling et al., 2004; Fedor-Chaiken 
et al., 1990; Moriyama and Yahara, 2002; Ono, 2013; Quintero-Monzon et al., 2009; Vojtek et 
al., 1991). The most conserved region of CAP is the CARP domain, which is found in all 
eukaryotes (Ono, 2013). Whereas the structure of CARP domain has been determined from 
several organisms demonstrating high structural conservation of the domain from parasites to 
humans (Dodatko et al., 2004; Hliscs et al., 2010), its molecular mechanism in actin regulation 
has remained unknown. Furthermore, the CARP domain does not exhibit any structural 
resemblance to the known actin binding domains, and thus it has remained unclear how CAP 
interacts with actin monomers to catalyze their ADP-to-ATP nucleotide exchange. To gain 
knowledge on how the CARP domain interacts with actin monomers, we attempted to 
determine the crystal structure of the CARP domain bound to ADP-actin. 
 

4.1.1 How CAP binds actin monomers 
 
We obtained a ∼2.8 Å resolution crystal structure of the CARP domain associated in 1:1 
stoichiometry with monomeric actin (publication I, figure 1). The symmetrical CARP 
homodimer of CAP is bound to two ADP-actin monomers resembling the organization of yin-
yang symbol, or the letter S, which has both grooves occupied by an individual actin monomer. 
In the complex, the CARP domain dimer makes an extensive contact surface to the barbed end 
and ‘back’ surface of actin, which presents an uncommon binding mode for actin monomer 
binding proteins. The row of six β-strands of the CARP β-helical fold interacts with the actin 
monomer barbed end, mostly through contacts with actin subdomains 1 and 3. A second 
contact interface is formed to actin subdomain 2 by the two separated β-strands and the other 
surface of the β-helix, which come from the second monomer of the CARP homodimer. This 
resembles ‘a handle’ that grabs and pulls the flexible D-loop of actin to an extended 
conformation (publication I, figure 2). At the back surface of actin, the C-terminus of CARP 
domain ‘pokes’ at the methylated His73, which is part of the nucleotide sensing region of actin 
(publication I, figure 4). Overall, these crystallographic data provide a molecular explanation 
for how CAP interacts with actin monomers, and also explains why dimerization of the CARP 
domain is important for the actin binding capability (Iwase and Ono, 2016, 2017).  

Earlier studies have shown that CAP utilizes both its CARP and WH2 domains to bind 
ADP-actin monomers with high affinity and stimulate their ADP-to-ATP nucleotide exchange 
(Chaudhry et al., 2010; Jansen et al., 2014; Mattila et al., 2004; Moriyama and Yahara, 2002). 
Furthermore, the isolated WH2 domain of CAP binds both ADP- and ATP-actin, and inhibits 
their nucleotide exchange and polymerization (Chaudhry et al., 2010), whereas the CARP 
domain interacts with ADP-actin monomers to promote their nucleotide exchange (Jansen et 
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al., 2014; Mattila et al., 2004). Thus, next we performed structure-guided mutagenesis and 
molecular dynamics (MD) simulations to analyze the role of both WH2 and CARP domains in 
the nucleotide-state dependent actin binding (publication I, figure 3, table I). Based on the 
mutagenesis, fluorescence-based binding measurements and MD-simulations conducted in 
this study, we built the molecular models for how CAP binds ATP- and ADP-actin monomers. 
The starting model for WH2 domain was obtained from actin bound to thymosin-β4 (Hertzog 
et al., 2004; Irobi et al., 2004) and was mutated to CAP sequence. Both the MD simulations and 
the performed mutagenesis confirmed that CAP binds ATP-actin mostly through its WH2 
domain with via the ‘target binding cleft’, whereas high affinity ADP-actin binding is achieved 
together with WH2 and CARP domain (publication I, table I, figure S5). In line with the 
biochemical evidence, the MD simulations suggested that the WH2 domain is associated more 
dynamically with ADP-actin in comparison to ATP-actin. This is interesting because a recent 
NMR-study (Ali et al., 2022) demonstrated that the conformational dynamics of the actin 
monomer are very different in ADP- and ATP-nucleotide states. The motions of all subdomains 
are coupled to each other in the ATP-state to adopt a unique sample of conformations, whereas 
the motions between subdomains become uncoupled in the ADP-state, and are instead focused 
to subdomains 1 and 2. This could provide an explanation why the CARP domain preferably 
binds ADP-actin via SD1 and SD2; they adopt a distinct molecular conformation that is dictated 
by the nucleotide state. Furthermore, in line with our MD simulations, this recent study 
reported that the nucleotide-state dependent allosteric effects also transmit to the ‘target 
binding cleft’, which is where the WH2 domain of CAP most likely binds. Overall, the 
structural, biochemical and computational data from our study combined to the recent 
advances in literature provide a molecular explanation for the binding mechanisms of CAP 
with ATP- and ADP-actin monomers, and these are also in good agreement with the earlier 
published findings (Chaudhry et al., 2010, 2014; Iwase and Ono, 2017; Jansen et al., 2014; Mattila 
et al., 2004; Quintero-Monzon et al., 2009). 

 
4.1.2 How CAP catalyzes nucleotide exchange on actin monomers 
 
We did not detect large conformational changes in the actin monomer in the CARP 
domain/ADP-actin crystal structure, except for the D-loop ‘pulled-back’ conformation. Neither 
we observed any major differences in the organization of the nucleotide binding cleft when 
compared to un-complexed actin crystal structures (publication I, figure S1). Thus, it was not 
evident from the crystal structure how CAP catalyzes ADP-to-ATP nucleotide exchange on 
actin monomers. Our mutagenesis experiments confirmed that the CARP domain is required 
for catalyzing the nucleotide exchange on actin monomers (publication I, table I). By executing 
MD simulations, we learned that the CARP domain bound ADP-actin monomer exhibited 
more dynamic behavior in comparison to the bare ADP-actin monomer, and this effect was 
further enhanced in the presence of WH2 domain (publication I, figure S8). However, we were 
puzzled why the C-terminus of CARP domain was associated with the nucleotide sensing 
region of an actin monomer, especially because the last four terminal residues (4C) were not 
involved in the dimerization of the CARP domain. Could the C-terminal tail of CAP be 
hindering the nucleotide coordinating loops of actin to promote the nucleotide exchange 



 38 

reaction? To examine this, we generated a truncated CAP lacking the four C-terminal residues 
(CAP∆4C). Interestingly, the CAP∆4C binding affinity to ADP-actin monomers was increased 
by ∼6-fold (publication I, figure 4). Importantly, the CAP∆4C was several folds less capable of 
promoting nucleotide exchange on ADP-actin monomers. Thus, the C-terminal tail of CAP is 
somehow involved in promoting the nucleotide exchange on actin monomers. 

What is the nucleotide exchange mechanism then? It is probably a combination of 
several effects that CAP binding has on actin monomer; the binding surface to the back surface 
of SD1 and SD2, conformational change of the D-loop and hindering of the nucleotide 
coordinating loops by the C-terminal tail of CAP, which affects the dynamics of the inner and 
outer domains of actin monomer. Nucleotide exchange could also occur between the 
transitions of WH2 and CARP-bound conformations (Oda et al., 2019). This is supported by 
the fact that the CARP domain mutants with completely abolished binding to ADP-actin 
cannot promote nucleotide exchange, but mutants with weakened affinity were paradoxically 
more active. Profilin also catalyzes nucleotide exchange more effectively if its binding affinity 
to actin monomer is weakened (Lu and Pollard, 2001). Overall, the structural, biochemical and 
computational data from this study, combined to recent advances in the literature provide a 
plausible mechanistic explanation for how CAP catalyzes nucleotide exchange on actin 
monomers. However, future NMR-studies should pinpoint the exact molecular conformation 
in which the ADP nucleotide departures and the ATP nucleotide enters the actin monomer. 

 
4.1.3 In vivo role of CAP catalyzed nucleotide exchange 
 
Next, we tested the physiological relevance of CAP-catalyzed nucleotide exchange in cells by 
integrating a CAP∆4C version to the genome of budding yeast. The integration of nucleotide 
exchange deficient CAP protein in budding yeast caused a ‘dominant negative’ phenotype, the 
mutant protein being even more harmful for the cells than deletion of srv2/CAP gene from the 
genome (publication I, figure 5). Compared to wild-type yeast cells, Srv2/CAP∆4C-mutant cells 
showed higher temperature sensitivity, depolarized actin cables, increased cell size and 
accumulation of cortical actin with the larger number of actin patches. Thus, these data 
indicate that the absence of nucleotide exchange catalyzed by CAP is detrimental for the 
normal maintenance of actin cytoskeleton in budding yeast.  

Overall, this study revealed, almost 30 years later after its discovery, the structural basis 
for the most conserved function of CAP, which is its ability to bind ADP-actin monomers 
through the CARP domain and catalyze ADP-to-ATP nucleotide exchange (Fedor-Chaiken et 
al., 1990; Makkonen et al., 2013; Vojtek et al., 1991). It also represents the first ADP-state bound 
nucleotide exchange factor in complex with an actin monomer and reveals an extraordinarily 
large binding surface covering half of the actin monomer, enabling the ability to compete for 
ADP-actin monomers that could be bound to different disassembly factors. This is in contrast 
to profilin, which prefers binding to ATP-actin over ADP-actin and has been considered as the 
main nucleotide exchange factor in cells. Furthermore, plant and yeast profilins cannot 
catalyze nucleotide exchange on actin monomers (Chaudhry et al., 2007; Ti and Pollard, 2011), 
and profilin is inefficient in promoting nucleotide exchange on cofilin-bound actin monomers 
(Chaudhry et al., 2010). Because CAP contains a polyproline motif capable of binding profilin 
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(Bertling et al., 2007), CAP could deliver the ATP-actin monomers for profilin-mediated 
assembly, and increase the local concentration of profilin near CAP-catalyzed nucleotide 
exchange reactions (publication I, figure 6). It is important to note that profilin binds weakly  
(Kd ∼84 µM) to Ena/VASP polyproline motifs if it is not bound to actin monomers (Ferron et 
al., 2007), whereas in the same scenario profilin binds CAP polyproline motifs strongly (Kd ∼1.3 
µM) (Bertling et al., 2007). Overall, these observations suggest that the ‘aged’ ADP-actin 
monomers are scavenged from ADF/cofilins for ADP-to-ATP nucleotide exchange by CAP, and 
then passed on to profilin-mediated actin assembly. 
 
4.2 Mechanism of synergistic actin filament pointed end depolymerization by 
cyclase-associated protein and cofilin (publication II) 
 
A number of studies have reported that depletion of CAP in cells leads to large accumulates of 
filamentous actin that contain cofilin (Baum and Perrimon, 2001; Benlali et al., 2000; Bertling 
et al., 2004; Medina et al., 2008; Moriyama and Yahara, 2002). Furthermore, in cells actin 
filaments are poorly disassembled in the absence of CAP when treated with actin 
depolymerizing drug latrunculin A (Bertling et al., 2004). Also, it has been shown that the N-
terminal region of CAP is mainly responsible for the colocalization with cofilin to lamellipodia 
(Moriyama and Yahara, 2002). In biochemical assays, this part of CAP interacts with cofilin-
actin monomers and disassembles actin filaments together with cofilin, but the molecular 
mechanism has remained unknown (Chaudhry et al., 2013; Jansen et al., 2014; Moriyama and 
Yahara, 2002; Ono, 2013; Quintero-Monzon et al., 2009). Finally, the structure of the N-
terminal helical folded domain (HFD) of CAP does not exhibit any structural resemblance to 
other known actin binding domains (Ksiazek et al., 2003; Yusof et al., 2005). Thus, we decided 
to study the function of N-CAP by crystallizing it with its substrate, ADF-H domain bound 
ADP-actin monomer.  
 
4.2.1 How CAP promotes actin disassembly 
 
We crystallized the complex of HFD of CAP bound to monomeric ADP-actin complexed with 
ADF-H domain of twinfilin and determined the structure at ∼1.9 Å resolution (publication II, 
figure 1). Surprisingly, the HFD of CAP was bound to the pointed end surface of the actin 
monomer although an earlier study suggested CAP could bind cofilin-actin through a cofilin-
surface (Quintero-Monzon et al., 2009). Instead, the N-terminal bundle of α-helices of CAP 
directly interacts with the flexible D-loop of subdomain 2 and the subdomain 4 of the pointed 
end tip of actin monomer. The near identical conformation of the HFD-bound ADP-actin 
monomer to the one of actin subunit in an cofilin-actin filament structure hinted us that CAP 
could be interacting with the pointed ends of cofilin-decorated filaments (Paavilainen et al., 
2008; Tanaka et al., 2018). Indeed, we could dock two HFDs of CAP to the pointed end subunits 
of cofilin-decorated actin filament without any main chain atom clashes (publication II, figure 
2).  
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This prompted us to test the effect of CAP on cofilin-decorated actin filaments 
biochemically. We utilized microfluidics-coupled total internal reflection fluorescence (TIRF) 
microscopy to follow the dynamics of cofilin-saturated actin filaments, which were anchored 
from their barbed ends to the coverslip surface. Whereas cofilin-saturated actin filaments 
depolymerized very slow from their pointed ends, exposure to N-terminal part of CAP triggered 
rapid depolymerization of the actin filaments from ∼0.7 subunits/s up to ∼13 subunits/s on 
average (publication II, figure 2). Experiments with various concentrations of N-CAP yielded 
an apparent Kd of ∼1 µM of N-CAP for the actin filament pointed end interaction, in line with 
other reported affinities for N-CAP with actin filaments (Jansen et al., 2014; Purde et al., 2019). 
Since the earlier studies suggested CAP promotes cofilin-mediated actin filament severing, we 
also quantified severing events of the cofilin-decorated filaments in the presence and absence 
of CAP. We found no additional severing when exposing filaments to N-CAP, but a minor 
increase when using a full-length CAP protein (publication II, figure S3). However, the full-
length CAP was adhering to the coverslip surface, and this possibly caused the minor increase 
in severing through cross-linking the filaments from their pointed ends to the coverslip surface 
(Wioland et al., 2019). Furthermore, we could not dock the HFD of CAP to the side of either 
bare or cofilin-decorated actin filament structure without severe clashes with the adjacent 
actin monomer or cofilin (publication II, figure S3). Instead, experiments with fluorescently 
labelled N-CAP protein allowed us to detect N-CAP transiently interacting with pointed ends 
of actin filaments, with an off-rate ∼1.7 s-1 (publication II, figure 2). CAP could also bind bare 
actin filaments in a manner that prevented their reannealing (publication II, figure 2) and 
increased their depolymerization the pointed end by ∼3-fold (publication II, figure 3). 
However, the N-CAP interacted with bare actin filaments with weaker affinity, most probably 
due to unfavored conformation of the pointed end actin subunits (Zsolnay et al., 2020) 
(publication II, figure S3). Overall, these crystallographic and biochemical experiments 
demonstrate that CAP binds to the pointed ends of cofilin-actin filaments and accelerates their 
depolymerization. However, unlike reported in earlier studies, CAP does not bind to the sides 
of actin filaments or induce their severing in our experiments. Together, these findings explain 
why CAP depleted cells accumulate cofilin-actin filaments and have drastically impaired actin 
dynamics (Bertling et al., 2004; Moriyama and Yahara, 2002). 
 

4.2.2 Mechanism of pointed end depolymerization catalyzed by CAP 
 
To gain further mechanistic insights into how CAP increases the depolymerization of cofilin-
decorated actin filaments from their pointed ends, we performed MD simulations in the 
absence and presence of HFDs bound to the pointed end of actin filament (publication II, figure 
5). These experiments revealed that the presence of HFDs decreased the number of contacts 
between the pointed end protomers, causing them to drift apart from each other and become 
more dynamic. This lowered the theoretical energy to dissociate the actin monomer from the 
pointed end of the filament by 3-fold (publication II, figure S5).  

We examined the molecular mechanism also in more detail biochemically. Mutagenesis 
experiments targeting the actin binding surface abolished the depolymerization activity of CAP 
(publication II, figure 4). Another critical detail in the mechanism of CAP-mediated actin 



 41 

filament depolymerization was the oligomeric status of the HFD (publication II, figure 4). 
Isolated HFD is monomeric and poorly accelerated the depolymerization cofilin-decorated 
actin filaments at low concentrations. However, 10-fold higher concentrations of the isolated 
HFD reached similar rates of depolymerization as the wild-type N-CAP protein. The lesser 
ability of monomeric HFD to depolymerize cofilin-decorated actin filaments at low 
concentrations suggests that oligomerization promotes binding of CAP to the pointed end of 
the filament. A plausible explanation could be the accessibility of the second actin subunit at 
the pointed end for the binding of second HFD (Zsolnay et al., 2020). Indeed, our MD 
simulations suggested the second actin subunit behaves slightly differently than the first, more 
exposed pointed end protomer (publication II, figure S5). Thus, perhaps the oligomeric HFD 
is more likely to undergo the second binding event, and drive separation of the actin filament 
pointed end protomers and subsequent depolymerization. Together these data provide a 
molecular mechanism for CAP-catalyzed actin filament depolymerization.  
 

4.2.3 Actin monomer recycling by CAP 
 
Finally, we assessed with biochemical and structural analyses how the two separate domain 
entities of CAP (N- and C-CAP) could work together in promoting actin turnover. Interestingly, 
the binding site of HFD on ADP-actin monomer does not overlap with the binding site of CARP 
domain, which catalyzes the nucleotide exchange for actin monomers (publication II, figure 
6). These different binding mechanisms provide a perfect handover mechanism of the 
depolymerized ADP-actin monomer from the HFD to the CARP domain. Further, the WH2 
domain, which is located adjacent to the CARP domain, binds to an actin monomer through a 
surface that overlaps with the binding sites of both HFD and the ADF-H domain. This suggests 
that the WH2 domain can release the ADP-actin monomer from the HFD and ADF/cofilin to 
the CARP domain. Notably, also the D-loop of actin is scavenged by the CARP domain to a 
conformation that prevents rebinding of the HFD domain. Indeed, our gel filtration 
experiments showed that the isolated C-terminal part of CAP effectively competes the actin 
monomer from HFD-bound ADP-actin complexed with ADF/cofilin (publication II, figure 6 
and S6). Also the isolated CARP domain, through a minor overlap with ADF-H domain, is able 
to perform this, but less effectively.  

Overall, this study explains how CAP utilizes its different domains to promote actin 
dynamics by catalyzing actin filament depolymerization and accelerating nucleotide exchange 
(publication II, figure 7). CAP is most likely a processive depolymerase of cofilin-decorated 
actin filaments and regulated by the conformation of the pointed end actin subunits, since it 
only weakly binds and depolymerizes bare actin filaments. The ability of CAP to depolymerize 
cofilin-decorated filaments is conserved in evolution from yeast to mammals, and not only 
limited to cofilin, because also other ADF-H bound/decorated actin could act as substrate for 
CAP (Johnston et al., 2015; Shekhar et al., 2019). Furthermore, the maximal depolymerization 
activity of CAP seems to be coupled to the biochemical properties of the associated ADF-H 
domain: ADF-decorated actin filaments, which inherently depolymerize several folds faster 
than cofilin-decorated filaments (Wioland et al., 2017), depolymerized even more rapidly in the 
presence of CAP than cofilin-decorated filaments (Shekhar et al., 2019). Thus, these studies 
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revealed a new universal and evolutionary conserved mechanism by which actin filaments are 
rapidly disassembled and subsequently recharged back to polymerizable form by the actions 
of cyclase-associated protein.  
 

4.3 A functional family of fluorescent nucleotide analogues to investigate actin 
dynamics and energetics (publication III) 
 
Labelling actin molecules for biochemical experiments is tedious and a major obstacle for actin 
species that can only be purified in low amounts. Often the covalently-coupled dyes may also 
alter the biochemical properties of actin and binding of actin regulators, complicating the data 
analysis of the biochemical experiments (Kuhn and Pollard, 2005; Niedermayer et al., 2012). 
Often, experimental setups utilizing TIRF microscopy to study actin dynamics rely on 
covalently attached C-terminal fluorescence labels, which for example hinder tropomyosin 
binding on the filaments (Gateva et al., 2017). Thus, as a robust method to label actin molecules 
without covalent coupling, we elucidated a completely new way tracking of actin molecules in 
TIRF-microscopy experiments by using nucleotide-coupled fluorescence labels. 
 
4.3.1 Properties of actin labelled with fluorescent nucleotides 
 
Inspired by the experiment on testing different commercial ATP-probes for tracking nucleotide 
exchange of actin monomers, we came across a N6-ATTO-labelled ATP nucleotide, which 
retains a normal ability to bind actin monomers. Conjugation of the fluorescent probe to 
adenosine ring proved to be critical for normal actin interaction, as the ribose or phosphate 
backbones conjugated fluorescence ATP nucleotides failed to bind actin in the fluorescence 
anisotropy measurements (publication III, figure 1). These data were in line with structural 
analyses indicating steric clashes in the nucleotide binding pocket. To study whether the 
binding mode of N6-Atto488 -labelled ATP nucleotide to actin monomer was different from the 
binding of natural ATP, we crystallized actin monomer in the presence of the fluorescent ATP-
Atto488 and the actin monomer sequestering ADF-H domain of twinfilin. Our structure 
revealed that the ATP was bound in an identical manner when compared to natural ATP from 
the identical protein complex (publication III, figure 1; Paavilainen et al., 2008). We could not, 
however, reliably model any part of the fluorescent probe emerging from the N6 atom of the 
adenosine ring, but detected some fragmented and elongated electron densities on the actin 
surface near the nucleotide binding pocket, which could correspond to the fluorescent probe. 
The lack of continuous strong electron density suggests that the N6-ATTO label exhibits high 
flexibility whilst retaining normal binding mode of the adenosine nucleotide (publication III, 
figure S1).  

We carried out several types of control experiments to assess whether the ATP-Atto488 
label affected actin dynamics. Experiments utilizing fluorescence anisotropy demonstrated 
ATP-Atto488 nucleotide followed comparable binding constants with actin, however the off-
rate of the nucleotide from actin was ∼3 times slower (publication III, figure 2, table S2). This 
could be due to unspecific interactions of the fluorescent probe with the actin molecule 
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surface. However, TIRF microscopy experiments utilizing fluorescent recovery after 
photobleaching (FRAP) showed that bleached ATP-Atto488 labelled actin filaments displayed 
no fluorescence recovery; this suggests both that no exchange of nucleotide occurs in the 
filamentous state of actin, and that no strong unspecific binding of ATTO-nucleotide occurs 
on the actin surface (publication III, figure 3; Pollard et al., 1992). We also assessed whether 
certain central actin binding proteins are affected by the presence of N6-labelled fluorescent 
nucleotides. Both cofilin and profilin binding were largely unaffected, and most importantly 
tropomyosin was able to bind actin filaments labelled with N6-conjugated fluorescent 
nucleotide. This is in contrast to actin filaments labelled with C-terminally conjugated Alexa568 
(publication III, figure 4).  
 

4.3.2 Fluorescent ATP-analogues provide a new approach to study actin dynamics in 
vitro 
 
Finally, we assessed the effects of ATP-coupled fluorescent nucleotides in producing force in 
actin-based motility bead motility assay. In the so called ‘motility mix’, actin nucleation and 
polymerization by WASp and Arp2/3 near the bead produce a dense branched actin network, 
which is observed as a comet tail producing force for bead movement. Interestingly, different 
fluorescence label containing nucleotides had different effects on the bead motility when using 
as the only source of ATP (i.e. not mixing with natural ATP), indicating that each fluorophore 
should be first characterized in its properties with actin (publication III, figure 5 and figure S5). 
However, all the N6-fluoresence conjugated nucleotides used at 10% occupancy reached a 
similar rate of motility as with natural ATP, indicating robustness of the approach for tracking 
actin filament in fluorescence microscopy experiments.  

This study provided a new approach to visualize actin filaments in fluorescence 
microscopy. Furthermore, it provides an alternative method to track nucleotide exchange on 
actin monomers to the traditional use of etheno-ATP, which changes fluorescence upon 
binding to actin (Thames et al., 1974). Importantly, this method provides an easy approach to 
label any actin isoform/homolog without laborious road of covalently coupling fluorophores 
to actin. The use of ATP-Atto488, however, assumes that the nucleotide binding properties are 
similar in other actin molecules as with the used rabbit muscle actin in this study. Overall, the 
use of fluorescent N6-nucleotides at low occupancies most likely provides a safe and easy way 
to track any actin homolog under fluorescence microscope. 
 

4.4. Structural basis for rapid actin dynamics in the evolutionary divergent 
Leishmania parasite (publication IV) 
 
The actin cytoskeleton is regulated by a vast number of actin binding proteins in vertebrates 
underlining the complexity of actin cytoskeleton in multicellular organisms (Dos Remedios et 
al., 2003). However, highly diverged, evolutionary distant organisms such as unicellular 
parasites, contain only few actin binding proteins (Kumpula and Kursula, 2015; Vizcaíno-
Castillo et al., 2020), and for example Leishmania parasites lack several central actin regulators 
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including CP, Aip1, gelsolins, and a canonical CAP. This poses the question about the 
biochemical properties of the actin cytoskeleton in the evolutionary distant eukaryotes, and 
how their actin dynamics are regulated in the absence of these central factors. Furthermore, 
little biochemical information is available of the evolutionary distant actin filaments, with most 
focus on malaria parasite, which have a unique function for the actin cytoskeleton in gliding 
motility (Kumpula et al., 2017, 2019; Lu et al., 2019; Vahokoski et al., 2014). Thus, to study the 
evolution of the actin cytoskeleton and regulation of its dynamics, we focused on Leishmania 
major parasite, which similar to fungi, plants and mammals, has been indicated to utilize actin 
cytoskeleton in endocytosis (Gull, 1999; Vizcaíno-Castillo et al., 2020).  
 
4.4.1 Dynamics of Leishmania major actin filaments 
 
Leishmania actin (LmActin) sequence is highly divergent from the ones of fungi, malaria 
parasite, plants and animals (publication IV, figure 1). Thus, we expressed and purified 
Leishmania major actin, and examined the dynamics of Leishmania actin filaments by utilizing 
microfluidics-coupled TIRF microscopy. Despite high divergence, we were able to 
copolymerize recombinantly purified LmActin with rabbit muscle actin, which yielded actin 
filaments in micrometer lengths (publication IV, figure 1). Additionally, we labeled and 
detected LmActin with ATP-Atto488, which also resulted in filaments in micrometer lengths, 
indicating that the two different approaches resulted in stable LmActin filaments. However, 
we noted LmActin polymerizes slower than its vertebrate counterpart, and this effect is slightly 
relieved in the presence of Leishmania major profilin (publication IV, figure 1).  

Aging LmActin filaments from ADP-Pi to ADP-state revealed these filaments release 
phosphate and depolymerize from their barbed ends much faster in both ADP-Pi and ADP-
states (publication IV, figure 2). Furthermore, whereas the pointed ends of rabbit actin 
filaments exhibit very slow dynamics, LmActin filaments depolymerized up to ∼20-fold faster 
from the pointed end. These data indicate LmActin filaments are inherently more dynamic in 
their biochemical properties at both ends in comparison to rabbit actin filaments. 
 
4.4.2 Structural basis for rapid actin dynamics of Leishmania major actin filaments 
 
To understand the molecular basis of the difference in dynamics of LmActin filaments, we 
determined the structures of filamentous LmActin in ADP- and ADP-Pi states at resolutions of 
2.7 Å and 3.3 Å, respectively (publication IV, figure 3). The cryo-EM reconstructions 
demonstrated that the overall helicity and conformation of actin is remarkably conserved in 
evolution. Actin protomers from both states were nearly identical in their conformations when 
compared to protomers from vertebrate actin filaments. We observed minor differences in the 
position of D-loop in subdomain 2 and pointed end tip in subdomain 4. Overlaying the 
differences in the primary sequences of rabbit and LmActin in the structure revealed that most 
of the alterations occur in the regions, which form intra- and interstrand contacts in the 
filament. These include the core of the filament formed by D-loop from subdomain 2 and H-
plug from subdomain 3 and 4, and the pointed end tip of subdomain 4. 
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A closer inspection of the D-loop, H-plug and barbed end, each from different 
neighboring protomers, shows interesting alterations in lateral contacts that could explain the 
different dynamics of the filaments (publication IV, figure 4). Hydrophobic plug of LmActin 
contains several peculiar alterations, which include an insertion of additional aspartate that 
introduces an additional negative charge to the core of the filament. Additionally, Ala272Pro, 
His275Pro and Gln263Lys (from rabbit to Leishmania) most likely reduce the flexibility of this 
α-helical loop in the core of the filament, altering the overall stability of this region in LmActin. 
The D-loop, facing the H-plug from the other protomer, contains substitutions that reduce the 
overall positive charge in this region of LmActin, and thus does not compensate for the 
increased negative charge in this region.  

The D-loop sequence composition also alters the longitudinal interactions with the 
barbed end of the adjacent protomer in LmActin. Val45Met substitution in LmActin might 
provide a more prominent association with the barbed end and compensate for instabilities at 
other filament interfaces. Other option is that the repetitive hydrophobic sequence of three 
methionines (Met41, Met44 and Met45) in D-loop of LmActin alters the overall specificity of 
the interactions to the neighboring protomer barbed end cleft, and thus promotes faster 
dissociation of the loop from the adjacent subunit.  

Finally, we observed a small shift in the pointed end tip at subdomain 4 in Leishmania 
actin. Several alterations, including Arg196Thr, Tyr198Thr and Leu236Asn allow more flexibility 
for the two β-strands at the pointed end tip, possibly increasing the dynamics of the actin 
protomers in this region. It is worth noting that these static structural captions do not reveal 
the overall dynamics of these regions that have a central role in defining the stability of actin 
filaments, and these should be studied by MD simulations in future. 
 
4.4.3 How cofilin regulates Leishmania actin filament dynamics 
 
We were particularly interested in the mechanisms of the disassembly of LmActin filaments 
since the organism lacks cofilin co-factors such as Aip1 and the ‘depolymerization’ domain of 
CAP, which drastically increases the activity of cofilin in ‘higher’ eukaryotes, is absent from a 
Leishmania CAP homolog (Chen et al., 2015; Shekhar et al., 2019, publication II). Strikingly, 
recombinant Leishmania major cofilin (LmCofilin) severed LmActin filaments >100-fold faster 
than mammalian cofilin; LmCofilin severed filaments in seconds after exposure to the actin 
filaments, whereas severing of rabbit actin filaments by mouse cofilin occurred within several 
minutes (publication IV, figure 5 and figure S4). Furthermore, we did not observe stabilization 
of the LmActin filaments with high concentrations of LmCofilin that occurs when rabbit actin 
filaments were fully saturated by mouse cofilin. Based on these observations, we proceeded to 
determine the molecular mechanism by which LmCofilin severs LmActin filaments.  

We determined the structure of LmActin filaments decorated with LmCofilin by 
cryoEM at 3.4 Å resolution. The reconstruction revealed that LmCofilin induces a similar 
conformational change in the actin filament as observed in the vertebrate cofilin-decorated 
actin filament structures (publication IV, figure 5). We noted that the difference in LmActin 
filament twist, as well as the rise per subunit, when bound to LmCofilin were slightly more 
pronounced when compared to the vertebrate structures. Furthermore, the structure of 
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LmCofilin showed interesting features at both its termini (publication IV, figure 6). The C-
terminus of LmCofilin is extended towards the nucleotide binding cleft of actin molecule, 
resembling a ‘battering ram’ that pushes the subdomain 2 of actin towards the twisted 
monomer–like conformation. On the other hand, the N-terminus of LmCofilin contains 
hydrophobic residues, which insert to the barbed end cleft of the actin, overlapping with the 
D-loop binding site. These structural features most probably explain why LmCofilin is a 
drastically more efficient protein in severing LmActin filaments as compared to mammalian 
cofilins. Worth noting is that neither LmCofilin could sever rabbit actin filaments, nor 
vertebrate cofilin could sever LmActin filaments, suggesting that the structural features of 
different cofilins are specifically fine-tuned to bind and distort their species-specific actins.  
 
4.4.4 The role of twinfilin in Leishmania actin dynamics  
 
The absence of heterodimeric capping protein in Leishmania genome is surprising due to its 
central role in controlling barbed end dynamics in other organisms (Akin and Mullins, 2008; 
Funk et al., 2021). Furthermore, the role of twinfilin in ‘higher’ eukaryotes is tightly connected 
to the function of capping protein through its C-terminal CPI-motif (Hakala et al., 2021). We 
thus purified LmTwinfilin and tested its activity on actin filaments (publication IV, figure 7). 
When exposing LmTwinfilin to Leishmania ADP-actin filaments, depolymerization from 
barbed ends was reduced from ∼30 to ∼3 subunits/s, and LmTwinfilin nearly stopped the 
depolymerization of rabbit ADP-actin filaments to ∼0.5 subunits/s. Under polymerization 
promoting conditions, LmTwinfilin effectively prevented LmActin filament assembly from 
their barbed ends, and with higher concentrations, eventually lead to depolymerization of the 
filaments. These data indicate that Leishmania twinfilin is an efficient protein in preventing 
actin polymerization, and that it also drastically decreases the dissociation of ADP-actin 
subunits from the barbed ends. Therefore, in Leishmania parasites twinfilin may partially adopt 
the role of CP in regulation of actin filament barbed end dynamics. 
 
4.4.5 Evolutionary insights into actin turnover in eukaryotes 
 
Overall, this study reveals unusually fast actin dynamics of the evolutionary distant unicellular, 
flagellated Leishmania parasites. This is achieved by the intrinsically rapid dynamics of actin 
filaments at both ends, and by the enhanced activity of Leishmania cofilin. The findings here 
elucidate the evolution of actin turnover machinery in eukaryotes. For example, it appears that 
cofilin has evolved from its origins as a highly potent severing factor more towards a ‘marker’ 
for disassembly, its activity being enhanced by co-factors Aip1 and CAP (Chen et al., 2015, 
publication II). This is because in vertebrates cofilin alone severs actin filaments slowly, cofilin-
decorated segments are remarkably stable, and barely depolymerize (Suarez et al., 2011; 
Wioland et al., 2017). Direct comparison of the activity of Leishmania cofilin to the ones from 
other species is however challenging, because measurements are often carried out by mixing 
actin and cofilin across species (Andrianantoandro and Pollard, 2006). Despite this, fission 
yeast cofilin appears also to be more potent in severing actin filaments than mammalian cofilin, 
albeit measurements were executed by using rabbit actin (Andrianantoandro and Pollard, 
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2006). In future, it would be valuable to study the activity of yeast cofilin with yeast actin using 
comparable experimental setups to gain insight to the evolution of different cofilins. 

We also show that Leishmania twinfilin is a very potent protein of preventing actin 
filament assembly, but also surprisingly effective in preventing their rapid disassembly. Recent 
studies have demonstrated the role of twinfilin as a regulator of capping protein (Hakala et al., 
2021), and suggested twinfilin to be a key driver of actin filament barbed end depolymerization 
(Hakala et al., 2021; Shekhar et al., 2021). In Leishmania, the fact that twinfilin slows 
dramatically the depolymerization of ADP-actin filaments could suggest a role similar to CP; 
regulating the density of actin filament branching in interplay with Arp2/3 nucleators (Akin 
and Mullins, 2008; Funk et al., 2021), such as the WASH complex homolog found in Leishmania. 
However, an obvious role of twinfilin in Leishmania could be to prevent the assembly of old 
actin filaments by ‘capping’. This is supported by the fact that even mammalian twinfilin can 
substitute CP in actin-based force production in bead motility assays (Helfer et al., 2006). It is 
noteworthy that mammalian twinfilin cannot displace mDia1-formin from the growing barbed 
end (Shekhar et al., 2021), but capping protein partly can (Bombardier et al., 2015; Shekhar et 
al., 2015). Thus, it would be interesting to determine in future how twinfilin regulates 
Leishmania formins.   

Interestingly, Leishmania contain also a longer CAP sequence in their genome that 
appears to possess pseudogene-like features in different Leishmania organisms. The N-
terminal sequence of the gene has low assignability to the CAPs from ‘higher’ eukaryotes, but 
appears to have sequence features identified as α-helices. However, in some Leishmania species 
the gene contains early stop codon, suggesting it could be a pseudogene (our unpublished 
observations). In future it is important to determine whether the protein is translated and 
functional in these organisms, and whether it has a role in regulating the disassembly of 
Leishmania actin filaments. 

What are the cellular roles of the actin cytoskeleton in Leishmania? Most of the actin in 
Leishmania is concentrated to a specific cellular structure called flagellar pocket, where 
endocytosis in the parasite takes place (Gull, 1999; Vizcaíno-Castillo et al., 2020). In other 
trypanosomatids, depletion of actin leads to loss of endocytosis (García-Salcedo et al., 2004). 
In the closely related Leishmania donovani knockout of cofilin halts endocytic activity, but also 
causes defects in cytokinesis, suggesting additional roles beyond endocytosis (Tammana et al., 
2010).  Leishmania possess a WASH complex homolog in their genome, which in 'higher' 
eukaryotes is typically involved in endosomal sorting (Derivery et al., 2009). Finally, 
Leishmania parasites additionally express 2-3 different formins (Kushwaha et al., 2021), hinting 
that perhaps similar to budding yeast, formins are critical in defining actin polymerization to 
functionally different actin structures. It remains to be elucidated what are the precise roles of 
the actin cytoskeleton and different actin filament nucleators in Leishmania. At least in fungi, 
endocytic actin structures are turned over in seconds (Lacy et al., 2019), and the findings here 
explain how Leishmania parasites could maintain rapid actin dynamics in similar cellular 
processes without the presence of Aip1 and a canonical CAP protein.  
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 
 
In this study, I focused on the molecular mechanisms by which actin filaments are dynamically 
converted between the monomeric and filamentous states by the evolutionary conserved actin 
regulators cyclase-associated protein and ADF/cofilin. First, I revealed how CAP converts ‘aged’ 
ADP-actin monomers back to polymerizable ATP-state (publication I). Next, I studied how 
CAP and cofilin work together in enhancing actin filament disassembly. We discovered that 
CAP interacts with the pointed ends of actin filaments and catalyzes their rapid 
depolymerization with cofilin, revealing CAP as the first dedicated protein that promotes 
disassembly of actin filaments from pointed ends in cells (publication II).  Overall, these data 
explain why CAP is ubiquitously present regulator of actin dynamics in all eukaryotic 
organisms, and describes why mutations in different domains of CAP lead to impaired actin 
dynamics in cells (Baum and Perrimon, 2001; Bertling et al., 2004; Jansen et al., 2014; Mattila et 
al., 2004; Moriyama and Yahara, 2002; Toshima et al., 2016).  

Moreover, I studied how actin dynamics are regulated in the evolutionary diverged 
Leishmania parasites (publication IV). We learned that the Leishmania actin filaments display 
drastically increased barbed end and pointed end dynamics and faster release of inorganic 
phosphate in comparison to vertebrate actin. While the cryo-EM reconstructions of 
Leishmania actin filaments showed a conserved helical architecture, the structures revealed 
distinct structural features, which most likely explain their faster dynamics when compared to 
vertebrate actin. Furthermore, we revealed how the central regulator of actin dynamics, 
ADF/cofilin, interacts with Leishmania actin filaments to promote their faster dynamics. These 
data could explain how Leishmania parasites maintain rapid actin dynamics in a simplified 
actin turnover system in the absence of Aip1 and pointed end depolymerization domain of CAP. 

This work, together with the recent advances (Hakala et al., 2021; Shekhar et al., 2021; 
Wioland et al., 2017), provides fundamental new mechanistic insight into the regulation of 
actin dynamics in eukaryotic cells. A major contradict in the field has existed between the 
measured rates of actin dynamics in vivo and in vitro (Miyoshi and Watanabe, 2013). The 
findings here help to resolve this contradict with the discovery of CAP as a ‘missing’ actin 
filament pointed end depolymerase. Furthermore, I suggest that the central role of CAP in actin 
filament disassembly makes this protein much more suitable for the role of actin monomer 
recycling instead of profilin (Pollard et al., 2000). Profilin could also catalyze nucleotide 
exchange on actin monomers in cells, but several features of profilin suggest against this: its 
weak ability to compete for ADP-actin monomers from ADF/cofilins (Chaudhry et al., 2007, 
2010), preference for ATP- versus ADP-actin monomers (Vinson et al., 1998), and some profilins 
being unable to catalyze nucleotide exchange on actin monomers (Chaudhry et al., 2007; Ti 
and Pollard, 2011). The relatively strong interaction of profilin with the polyproline motif of 
CAP (Bertling et al., 2007) tempts one to think that CAP could be handing over the ‘recharged’ 
actin monomers to profilin for delivery to the variety of different actin nucleators. Finally, other 
studies have demonstrated that actin filaments can be depolymerized from barbed ends by the 
actions of twinfilin and ADF/cofilin, which changes our thinking of actin dynamics based on 
the ‘traditional’ treadmilling model; actin filaments are most likely also depolymerized from 
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their barbed ends. With the latest advances in the literature and findings presented, I present 
an updated model of the actin disassembly system in cells (Fig. 17).  

This thesis work also brings intriguing new insight into the evolution of actin dynamics 
in eukaryotic cells. It could be that actin filaments were inherently less stable at its origins, 
which was suited for dynamic endocytic actin structures (Kaksonen et al., 2006; Lacy et al., 
2019). Later in the evolution, the number of different actin architectures in cells has increased. 
For example, the appearance of contractile architectures could require more stability from 
actin filaments in order to tolerate the pulling forces that myosins apply to them (Murrell and 
Gardel, 2012). Furthermore, the appearance of tropomyosins helps to distinguish certain, more 
stable actin filaments from more dynamic actin structures by protecting them from the actions 
of cofilin (Gateva et al., 2017; Gunning et al., 2008; Ono and Ono, 2002). Thus, the biochemical 
properties of actin filaments might have evolved towards increased stability to meet the 
demands of different needs for actin in cells. An opposite example of this is the co-existence of 
different cytoskeletal proteins in bacteria, with each having their own specialized cellular 
function (Ghoshdastider et al., 2015). Eukaryotes, instead, have taken a different path of 
increasing the number of actin isoforms and regulators of the actin cytoskeleton (Boiero 
Sanders et al., 2022; Gunning et al., 2015; Dos Remedios et al., 2003). However, plants do make 
an exception with the very large number of actin and actin binding protein isoforms, but 
intriguingly, they lack tropomyosins.  

The actin disassembly system in ‘higher eukaryotes’ has also evolved to rely more on 
interplay between different proteins. Cofilin is the central player of this co-operation and 
dictates the faith of actin filaments. In contrast to Leishmania actin cytoskeleton where cofilin 
itself disassembles actin filaments in seconds, vertebrate cofilin-segments themselves are 
extremely stable, slow to sever, and provoke stabilization rather than rapid disassembly of the 
filaments (Wioland et al., 2017). Thus it appears that vertebrate cofilin behaves more like a 
‘marker’ for actin filaments to be disassembled by its co-factors Aip1, coronin and CAP (Balcer 
et al., 2003; Kueh et al., 2008). Maybe the appearance of more regulated actin disassembly 
system offers better fine-tuning of actin turnover at distinct actin architectures in cells. In 
future it will be important to learn more about the turnover of different actin architectures, for 
example how the disassembly of contractile actin structures is regulated. 

Despite the great improvement in understanding of the actin filament disassembly 
machinery in the past few years, we still understand relatively little about how actin 
disassembly occurs in precise spatiotemporal manner at the sites of rapid actin turnover in 
cells. For example, we do not know what triggers the release of phosphate from actin filaments 
in cells as in vitro the ADP-Pi state of actin filaments is extremely long-lived. Coronin could be 
a protein involved in this step (Tang et al., 2020), but on the other hand, also the high 
concentration of cofilin in cells might promote phosphate release from the filaments 
(Blanchoin et al., 2000b). Also, many unresolved questions remain on the role cofilin in actin 
disassembly. What is the level of cofilin-decoration of actin filaments in cells? Actin filaments 
should be fully decorated near their pointed ends by cofilin to represent a desirable substrate 
for CAP, and this is suggested by the biochemical studies (Gressin et al., 2015; Huehn et al., 
2020; Suarez et al., 2011; Wioland et al., 2017). The attributes described above largely dictate the 
biochemical behavior and targeting of actin filaments by other proteins. Hopefully, future cryo-
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electron tomography studies of motile cell lamellipodia will bring more insight into the exact 
organization of lamellipodial actin filaments.  

 

 
 
 
Figure 17. A model for actin filament disassembly by actin-binding proteins. The figure was adapted 
from Lappalainen et al. (2022, in press). (1) Profilin delivers ATP-actin monomers for membrane-associated 
nucleators (not shown) for actin filament polymerization. (2) Capping protein stops actin polymerization at 
the vicinity of the membrane. (3) Twinfilin controls uncapping of the ‘aged’ ADP-actin filament barbed ends 
and (4) allows their depolymerization. (5) Cofilin binds and decorates the sides of ADP-actin filaments, and 
promotes their severing at the pointed end border of the cofilin-decorated and bare actin segment. Aip1 
increases the severing by cofilin. (6) GMF, coronin and cofilin promote debranching of actin filaments. (7) 
The N-terminal domain of CAP binds to the pointed ends of cofilin-decorated actin filaments and promotes 
their rapid depolymerization. The C-terminal part of CAP simultaneously scavenges the depolymerized actin 
monomers and recharges them with ATP. ATP-actin monomers are handed over to profilin for actin 
polymerization (1). 

 
 
Finally, many more important mechanisms regulating actin turnover in cells remain to 

be discovered. For example, it is still unclear what is the molecular basis for the interplay of 
Aip1 and coronin in actin filament disassembly with cofilin. On the other hand, the cellular 
role of coronin seems to be tightly coupled to the Arp2/3 complex, and thus it would be also 
important to learn the molecular mechanism by which coronin regulates the Arp2/3 complex 
(Cai et al., 2008). Furthermore, we are just beginning to understand how forces applied to actin 
filaments affect their regulation by actin binding proteins; whereas cofilin is much more potent 
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in severing actin filaments under torsion, for example formins become less processive at the 
filament barbed ends (Cao et al., 2018; Jégou and Romet-Lemonne, 2021; Pandit et al., 2020; 
Wioland et al., 2019). Thus, future still holds many challenging questions to be resolved for 
actin biochemists.    
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