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ABSTRACT

The actin cytoskeleton is essential for many cellular processes, including motility, 
morphogenesis, endocytosis and signal transduction. Actin can exist in monomeric (G-
actin) or fi lamentous (F-actin) form. Actin fi laments are considered to be the functional 
form of actin, generating the protrusive forces characteristic for the actin cytoskeleton. 
The structure and dynamics of the actin fi lament and monomer pools are regulated by a 
large number of actin-binding proteins in eukaryotic cells. Twinfi lin is an evolutionarily 
conserved small actin monomer binding protein. It is composed of two ADF/cofi lin-like 
domains, separated by a short linker and followed by a C-terminal tail. Twinfi lin forms 
a stable, high affi nity complex with ADP-G-actin, inhibits the nucleotide exchange 
on actin monomers, and prevents their assembly into fi lament ends. Twinfi lin was 
originally identifi ed from yeast and has since then been found from all organisms studied 
except in plants. Not much was known about the role of twinfi lin in actin dynamics in 
mammalian cells before this study. We set out to unravel the mysteries still covering 
twinfi lin’s functions using biochemistry, cell biology, and genetics. We identifi ed and 
characterized two mouse isoforms for the previously identifi ed mouse twinfi lin-1. The 
new isoforms, twinfi lin-2a and -2b, are generated from the same gene through alternative 
promoter usage. The three isoforms have distinctive expression patterns, but are similar 
biochemically. Twinfi lin-1 is the major isoform during development and is expressed 
in high levels in almost all tissues examined. Twinfi lin-2a is also expressed almost 
ubiquitously, but at lower levels. Twinfi lin-2b turned out to be a muscle-specifi c isoform, 
with very high expression in heart and skeletal muscle. It seems that all mouse tissues 
express at least two twinfi lin isoforms, indicating that twinfi lins are important regulators 
of actin dynamics in all cell and tissue types. A knockout mouse line was generated 
for twinfi lin-2a. The mice homozygous for this knockout were viable and developed 
normally, indicating that twinfi lin-2a is dispensable for mouse development. However, 
it is important to note that twinfi lin-2a shows similar expression pattern to twinfi lin-1, 
suggesting that these proteins play redundant roles in mice. All mouse isoforms were 
shown to be able to sequester actin fi laments and have higher affi nity for ADP-G-actin 
than ATP-G-actin. They are also able to directly interact with heterodimeric capping 
protein and PI(4,5)P2 similar to yeast twinfi lin. In this study, we also uncovered a novel 
function for mouse twinfi lins; capping actin fi lament barbed ends. All mouse twinfi lin 
isoforms were shown to possess this function, while yeast and Drosophila twinfi lin were 
not able to cap fi lament barbed ends. Twinfi lins localize to the cytoplasm but also to 
actin-rich regions in mammalian cells. The subcellular localizations of the isoforms are 
regulated differently, indicating that even though twinfi lin’s biochemical functions in 
vitro are very similar, in vivo they can play different roles through different regulatory 
pathways. Together, this study show that twinfi lins regulate actin fi lament assembly 
both by sequestering actin monomers and by capping fi lament barbed ends, and that 
mammals have three biochemically similar twinfi lin isoforms with partially overlapping 
expression patterns. 
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1. The Cytoskeleton

The cytoskeleton of eukaryotic cells 
is a complicated network of protein 
filaments. The cytoskeleton is essential 
for key cellular processes, such as cell 
motility, cell division, morphogenesis and 
endocytosis. The cytoskeleton is composed 
of three types of fi laments: microtubules, 
intermediate fi laments and actin fi laments 
(also called microfi laments) (reviewed in 
Bray et al., 2001). I will shortly describe 
microtubules and intermediate fi laments 
below. For the rest of this thesis book, I 
will focus on the actin cytoskeleton and 
proteins involved in its regulation.

1.1 Microtubules

Microtubules are long hollow cylinders 
with 25-30 nm diameter. They are 
constructed from polymers, which consist 
of alternating globular α- and β-tubulin 
subunits. Both α- and β-tubulin subunits 
bind guanosine triphosphate (GTP). 
Only the GTP bound to the β- subunit 
is hydrolyzed during polymerization. 
Microtubules have plus- and minus-end. 
Typically, the minus-ends are connected 
to the microtubule-organizing centre 
(MTOC), which is located close to 
the nucleus and functions as a site for 
microtubule nucleation. A single MTOC is 
found in most animal cells. The β-tubulin-
subunits point towards the plus-ends and 
the α-subunits towards the minus-end 
(reviewed in Nogales et al., 1999).

The microtubule network is highly 
dynamic and rather rigid. It determines the 
overall shape of the cell. Microtubules form 
the mitotic spindle during the cell division. 
The plus-ends of the microtubule fi laments 
attach to protein assemblies known as the 

kinetochores at the centromeres of the 
duplicated chromosomes. They ensure 
the correct division of chromosomes into 
the two daughter cells. Microtubules also 
form the core of cilia and flagella and 
are involved in cell motility through Rho 
family GTPases (reviewed in Watanabe et 
al., 2005).

A large number of microtubule-
associated proteins (MAPs) are known 
to be involved in the regulation of 
microtubule dynamics (reviewed in 
Halpain and Dehmelt, 2006 and Morrison, 
2007). The tubulin monomers are often a 
subject for post-translational modifi cations 
(reviewed in Westermann and Weber, 
2003). Members of two motor protein 
superfamilies, dyneins and kinesins, 
associate with microtubules. They are 
responsible for moving cargos along the 
microtubule highways in the cell (reviewed 
in Bray et al., 2001).

1.2 Intermediate fi laments 

Intermediate filaments are durable and 
elastic fibers, with a diameter of 7-11 
nm. They are not polarized and have no 
associated motor proteins (reviewed in 
Bray et al., 2001). They have a mainly 
structural role in helping cells in resisting 
mechanical forces, maintaining cell shape 
and keeping cellular organelles in correct 
positions (reviewed in Herrmann et al., 
2007). Other, non-mechanical functions 
have also been recently suggested, such 
as a role in signalling events (reviewed in 
Pallari and Eriksson, 2006). Mutations in 
the intermediate fi lament coding genes are 
responsible for over 30 diseases (reviewed 
in Herrmann and Aebi, 2004).

The monomers of intermediate 
fi laments consist of a rod-shaped central 
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domain and globular N- and C-terminal 
domains (reviewed in Fuchs and Weber, 
1994). The central domain harbours the 
dimerization sites needed during the 
polymerization of the fibre. The distal 
domains have several phosphorylation 
sites through which intermediate fi laments 
are regulated (reviewed in Herrmann and 
Aebi, 2004). Filaments assemble by fi rst 
forming a dimer, then a tetramer and then 
unit-length filaments which polymerize 
into long fi laments (reviewed in Strelkov 
et al., 2003).

The intermediate filaments can be 
formed by several (~65) different proteins, 
which can be divided into five classes, 
based on sequence homology (reviewed in 
Strelkov et al., 2003). Many intermediate 
fi lament proteins are cell-type specifi c, for 
example the neurofi laments in neural cells 
and keratins in epithelial cells (Hesse et 
al., 2001). Also the nuclear lamina consists 
of special types of intermediate fi laments 
(reviewed in Herrmann et al., 2007). 

1.3 The actin cytoskeleton

The actin cytoskeleton is involved in 
almost all cellular functions (reviewed 
in Pollard et al . ,  2000). Several 
morphogenetic processes, like formation 
of cellular protrusions, cell division 
and endo- and exocytosis are all actin-
dependent processes. Actin is also essential 
for cell motility, neuronal pathfi nding and 
cell polarization. The actin cytoskeleton 
can be highly dynamic or structurally 
stable depending on the cell type and 
intracellular localization (reviewed in 
Pollard and Borisy, 2003 and Pantaloni et 
al., 2001).

Actin is a highly conserved protein, 
which can exist in monomeric (G-actin) or 
fi lamentous (F-actin) form. Actin monomer 
consists of 375 amino acids resulting in 
an approximately 43-kDa protein. Actin 

consists of two domains, which can be 
divided into two subdomains numbered 
from 1 to 4. Between the subdomains 
1 and 3 lies a deep hydrophobic cleft, 
which functions as a binding pocket for 
an adenine nucleotide, ATP or ADP, and a 
divalent metal ion, Mg2+ or Ca2+ (reviewed 
in Qualmann and Kessels, 2002). The 
most favourable state for actin filament 
assembly is Mg-ATP-G-actin. On the 
opposite side of the molecule lies a small 
cleft, which functions as a binding site for 
several actin-binding proteins (Dominguez, 
2004). The actin molecule can undergo 
conformational changes depending on the 
nucleotide and the cation state, interaction 
with actin-binding proteins or due to its 
polymerization state (reviewed in Schüler 
et al., 2001).

Actin fi laments are homo-oligomeric 
structures, approximately 7 nm in diameter. 
Single filament consists of two linear 
chains of actin monomers wound around 
each other into double helix. The pitch of 
the helix is about 71 nm. Actin fi lament 
is a polar structure with a slow-growing 
pointed and fast-growing barbed end. 
The fi lament ends are named according to 
the arrowhead pattern formed by myosin 
decorated actin filaments. On the actin 
monomer, subdomains 1 and 3 form the 
barbed end and subdomains 2 and 4 the 
pointed end (reviewed in Sheterline et al., 
1995 and Qualmann and Kessels, 2002). 

Lower organisms, like yeasts, express 
only one actin protein, while higher 
eukaryotes usually have several actin 
isoforms. Mammals have at least six actin-
coding genes, which are divided into three 
groups; α- β- and γ-actins. Actin isoforms 
show only small sequence variations and 
have similar biochemical properties. The 
isoforms are expressed in cell type and 
tissue specifi c manner (Vandekerckhove 
et al., 1978; reviewed in Sheterline et al., 
1995 and Qualmann and Kessels, 2002). 
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Several proteins showing structural 
homology to actin exist in eukaryotic 
organisms. These proteins form the 
actin related protein (Arp) superfamily 
(reviewed in Schafer and Schroer, 1999). 
Among these proteins are Arp2 and Arp3, 
which are part of a multi-subunit Arp2/3 
complex, the most potent filament-
nucleating factor found so far (reviewed in 
Goley and Welch, 2006).

Homologues of actin have also been 
found in prokaryotes. One of them is 
MreB (murein cluster e B), which shows 
little similarity to actin in its amino acid 
sequence, but displays functional and 
structural similarity to eukaryote actins. 
MreB can polymerize into fi laments and 
it is involved in chromosome segregation 
and in maintaining the cell shape (reviewed 
in Graumann, 2007)

1.3.1 Actin fi lament dynamics

Actin monomers can form filaments 
spontaneously under cellular ionic 
conditions but the initiation of filament 
polymerization is kinetically unfavourable 
and the rate-limiting step. Actin dimers 
fall apart easily, but once a third monomer 
is bound, the structure stabilizes and a 

core for rapid fi lament polymerization is 
formed. This process is called nucleation 
(reviewed in Qualmann and Kessels, 
2002). The critical concentration of actin 
monomers i.e. the treshold for addition of 
monomers to the fi lament is higher in the 
pointed end (0,7 μM) than in the barbed 
end (0,1 μM). Thus, when both ends of 
fi lament are free, polymerization continues 
until the concentration of free actin 
monomers reaches the value minimally 
above the critical concentration for barbed 
end, a situation called the steady state. 
In steady state, monomers are mainly 
incorporated to the barbed end and the net 
dissociation takes place at the pointed end. 
So, the fi lament length stays unchanged, 
while there is a net fl ow of monomers from 
pointed end to the barbed end (reviewed 
in Theriot et al., 2000 and Qualmann and 
Kessels, 2002). 

Actin monomers added to the fi lament 
barbed end are typically at the ATP-bound 
form. Shortly after polymerization, the ATP 
is hydrolyzed to ADP and the inorganic 
phosphate is released. The ADP cannot be 
replaced by ATP as long as the monomer 
stays bound to the fi lament (reviewed in 
Theriot et al., 2000 and Qualmann and 
Kessels, 2002). Filaments containing ADP-

Review of the Literature

Figure 1. Actin treadmilling cycle. ATP-bound actin monomers are added to the barbed-end of 
the actin fi lament. ATP hydrolyzes to ADP and inorganic phosphate (Pi). The inorganic phosphate 
is released and the ADP-bound monomers dissociate at the pointed-end of the fi lament. The nu-
cleotide is exchanged and ATP-bound monomer is ready for a new round of polymerization. In 
cells, this process is tightly regulated by a large number of proteins.
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actin are less stable and are disassembled 
from the pointed end (reviewed in Welch 
et al., 1997). After release from the 
filament, the ADP can be exchanged to 
ATP after which the actin monomer is 
ready for a new round of polymerization. 
This phenomenon called treadmilling 
forms the basis of actin cytoskeleton 
dynamics (Figure 1.) (reviewed in Theriot 
et al., 2000; Qualmann and Kessels, 2002; 
dos Remedios et al., 2003). Treadmilling 
takes place spontaneously in vitro. In 
living cells, the rate of treadmilling is 
100-200 times faster than with pure actin, 
being catalysed by a huge number of 
actin-binding proteins in each step of the 
cycle (reviewed in dos Remedios et al., 
2003; Cooper and Schafer, 2000). Some 
proteins bind solely to actin monomers 
or fi laments, while others can bind both 
forms of actin (reviewed in Sheterline et 
al., 1995). Key regulators in the signalling 
pathways leading to the actin cytoskeleton 
modulation are Rho-family small GTPases 
Rho, Rac and Cdc42 (chapter 1.3.2.1) 
as well as PI(4,5)P2 (chapter 1.3.2.2) 
(reviewed in Ridley, 2006 and Hilpelä et 
al., 2004).

Actin network can consist of, 
for example, branched filaments, 
long unbranched filaments and/or 
filament bundles. One significant actin 
superstructure is the cortical actin network 
underlining the plasma membrane. Cortical 
actin network has an important role in 
cell migration, cell morphology, adhesion 
as well as cellular uptake processes, like 
phagocytosis, macropinocytosis and 
endocytosis (reviewed in Pollard and 
Borisy, 2003; Suetsugu and Takenawa, 
2003; Qualmann and Kessels, 2002) 
Cortical actin network gives rise to 
membrane-associated protrusions, such as 
fi lopodia and lamellipodia. Filopodia are 
fi nger-like structures containing parallel 
bundles of actin fi laments. Lamellipodia 

are flat protrusion supported by cross-
linked actin fi bers (reviewed in Pollard et 
al., 2000; Qualmann and Kessels, 2002). 

1.3.1 Regulation of the actin 
cytoskeleton

The actin cytoskeleton is regulated 
through complex signalling cascades 
where different receptor proteins, GTP-
binding proteins, secondary messengers, 
kinases, phosphatases and actin-binding 
proteins work in concert. The most 
important signalling systems involved in 
actin cytoskeleton regulation are the Rho 
family GTPases and phosphoinositide 
lipids (PIPs). Actin can also be subjected to 
different post-translational modifi cations, 
the relevance of which is not yet clear 
(reviewed in Sheterline et al., 1995). 

1.3.2.1 Rho family of small GTPases 

The Rho family of small GTPases are 
involved in regulating cellular processes, 
l ike cell  movement,  cytokinesis, 
differentiation and membrane traffi cking 
as well as mediating external signals to 
effector molecules inside cells. They 
function through different pathways 
resulting in varying responses in the 
actin and microtubule networks. So far, 
22 members have been identified, of 
which RhoA, Cdc42 and Rac1 are the 
most extensively studied. These small 
proteins cycle between an inactive GDP-
bound form and an active GTP-bound 
form. Several proteins are involved in 
regulating the activity state of small 
GTPases. Guanosine nucleotide exchange 
factors (GEFs) act as activators promoting 
the exchange of GDP to GTP. Small 
GTPases have intrinsic GTPase-activity, 
but the inactivation can be enhanced by 
GTPase-activating proteins (GAPs), which 
stimulate GTP hydrolysis. Rho guanine 
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nucleotide dissociation inhibitors (Rho-
GDIs) inhibit the change of GDP to GTP 
on some small GTPases keeping them 
in an inactive form and prohibiting their 
interaction with membranes (reviewed in 
Ridley, 2006).

RhoA, Ccd42 and Rac1 have 
different effects on the actin cytoskeleton 
in mammalian cells. RhoA regulates 
the formation of stress fibres and focal 
adhesions. Cdc42 is mainly involved in 
filopodia formation, but promotes also 
lamellipodia formation in some cell types. 
Rac1 is the main inducer of lamellipodia 
formation (reviewed in Sheterline et al., 
1995 and Ridley, 2006). Small GTPases 
transmit their signals to actin network 
through several pathways, some of 
which overlap. RhoA induces stress fi ber 
formation by activating formins and 
myosin kinases (reviewed in Bishop and 
Hall, 2000 and Bresnick, 1999). Cdc42 and 
Rac1 activate Arp2/3 through WASP and 
WAVE proteins, respectively (reviewed in 
Stradal and Scita, 2006; Eden et al., 2002). 
RhoA, Ccd42 and Rac1 can all activate 
LIM kinase, which inactivates ADF/cofi lin 
(Maekawa et al., 1999; reviewed in Bishop 
and Hall, 2000) and associate with PIP5-
kinases, which facilitate the formation of 
PI(4,5)P2 (reviewed in Ridley, 2006).

1.3.2.2 PI(4,5)P2 

Phosphaditylinositol(4,5)bisphosphate, 
PI(4,5)P2, is a central signaling molecule 
involved in the regulation of actin 
dynamics on the plasma membrane and 
during vesicle trafficking (reviewed in 
Sechi and Wehland 2000 and Hilpelä et 
al., 2004). PI(4,5)P2 functions also as a 
precursor for inositol(1,4,5)triphosphat
e (IP3) and diacylglycerol (DAG), which 
are important secondary messengers in 
the cell. IP3 functions by increasing the 
cellular Ca2+ levels and DAG activates 

protein kinase C (PKC) (reviewed in 
Hilpelä et al., 2004).

PI(4,5)P2 interacts directly with 
several actin-binding proteins and 
regulates their activity. The details of 
this regulation are still mostly unclear. 
PI(4,5)P2 promotes the local recruitment 
of actin polymerization machinery to the 
plasma membrane as well as enhances 
actin polymerization and actin filament 
crosslinking. PI(4,5)P2 protects actin 
filaments from capping, severing and 
depolymerization (reviewed in Hilpelä et 
al., 2004).

Interaction of PI(4,5)P2 with profi lin, 
ADF/cofi lin and twinfi lin down-regulates 
the interactions of these proteins with 
actin (Sohn et al., 1995; Yonezaya et 
al., 1990; Palmgren et al., 2001). ADF/
cofilin and twinfilin depolymerize and 
sequester actin monomers, respectively, 
and inhibiting these proteins thus 
enhances actin polymerization. Profilin 
on the other hand increases the rate of 
actin polymerization, so the reason for 
PI(4,5)P2’s effect of dissociating profi lin 
from actin remains enigmatic (reviewed 
in Witke, 2004). PI(4,5)P2 also enhances 
actin polymerization close to the plasma 
membrane by dissociating capping protein 
and gelsolin from the barbed ends of actin 
filaments (Schafer et al., 1996; Janmey 
and Stossel 1987). PI(4,5)P2 binding 
activates the actin fi lament cross-linking 
activity of α-actinin, while it reduces the 
activities of two other actin cross-linking 
proteins, fi lamin and cortexillin. PI(4,5)P2 
is also involved in the regulation of focal 
adhesion proteins talin and vinculin 
(reviewed in Sechi and Wehland, 2000 and 
Hilpelä et al., 2004).

Some proteins are regulated by 
PI(4,5)P2 and Rho GTPases in cooperation. 
WASP and N-WASP bind PI(4,5)P2 
through their N-terminal basic region 
and small GTPases through their CRIB 
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domain (Rohatgi et al., 1999). These 
interactions together activate WASPs, 
which in turn activate Arp2/3, an actin 
nucleation complex (Higgs and Pollard 
2000; Prehoda et al., 2000). PI(4,5)P2 also 
activates ERM (ezrin/radixin/moesin) 
proteins in collaboration with a small 
GTPase Rho. ERM proteins function 
as a link between actin filaments and 
membrane proteins (reviewed in Tsukita 
and Yonemura, 1999).

1.3.3 Actin binding proteins

Spatially and temporally correct response 
of the actin cytoskeleton to extra- and 
intracellular cues is essential for several 
cellular functions. The actin cytoskeleton 
in cells is regulated by a large repertoire 
of actin-binding proteins, which mediate 
and change their functions according to 
different signals (reviewed in Pollard et 
al., 2000). I will briefl y describe the most 
conserved and extensively studied proteins 
in chapters 2 and 3. The most relevant 
proteins for this study are discussed in 
more detail in chapter 5.

Approximately 50% of cellular actin 
in non-muscle cells is in unpolymerized 
form. Concentration of monomeric actin 
(~100 μM) is signifi cantly higher than the 
barbed end critical concentration (0,1 μM). 
In order to maintain a large unpolymerized 
actin pool, cells need actin monomer 
sequestering proteins, like β-thymosins 
(chapter 3.4) (reviewed in Huff et al., 
2001), profi lin (chapter 3.5) (reviewed in 
Witke et al., 2004) and twinfi lin (chapter 
5.5) (reviewed in Palmgren et al., 2002). 
Actin monomers can be sequestered in 
ADP- or ATP-bound form. Some actin 
monomer binding proteins, like profi lin, 
also enhance the exchange rate of ADP 
to ATP (reviewed in Witke et al., 2004), 
while others, like twinfilin, inhibit the 
exchange (Goode et al., 1998). The actin 

monomer sequestering proteins do not 
affect the rate of barbed and assembly of 
actin fi laments, but regulate the G/F-actin 
ratio in cells. After specific signals the 
monomers are released for polymerization 
(reviewed in Pollard and Borisy, 2003).

The fi rst step of actin polymerization, 
the nucleation, is effi ciently accelerated by 
Arp2/3 complex (Chapter 2.1) (reviewed 
in Pollard and Borisy, 2003) and formins 
(Chapter 2.2) (reviewed in Goode and 
Eck, 2007). New actin fi lament nucleating 
proteins, for example Spire (chapter 2.3) 
(Quinlan et al., 2005), have been recently 
identified. Unlike other nucleation 
promoting proteins, Arp2/3 can also 
promote the formation of branched actin 
filament network (reviewed in Mullins, 
2000). 

Actin fi laments continue to grow as 
long as there are ATP-actin monomers 
available or until the fi lament barbed end 
is capped by a capping protein (chapter 4.). 
The most ubiquitous cappers are gelsolins 
(chapter 4.1) (reviewed in McGough et 
al., 2003) and the heterodimeric capping 
protein (chapter 4.2) (reviewed in Wear 
and Cooper, 2004). Filaments can later 
be uncapped in response to, for example, 
PI(4.5)P2 (Schafer et al., 1996; Janmey 
and Stossel 1987). Old and unwanted actin 
fi laments are severed and depolymerized 
from pointed ends by ADF/cofilins 
(chapter 5.1) to replenish the pool of actin 
monomers. Severing can also be applied 
to provide new barbed ends ready for 
polymerization (reviewed in Bamburg, 
1999).

Actin filaments are maintained and 
stabilized by, for example, tropomyosins 
(Blanchoin et al., 2001) and actin 
crosslinking proteins α-actinin and fi lamin 
(Edlund et al., 2001; reviewed in Popowicz 
et al., 2006). Filament crosslinking and 
bundling proteins gather actin fi laments 
into higher order structures; networks and 
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loose or tight bundles. Actin fi laments can 
be crosslinked in the same or opposite 
polarities. Bipolar bundles form stress 
fi bers and muscles and are able to generate 
force (Clark et al., 2002; Peterson et al., 
2004) while unipolar bundles usually 
have a structural role (reviewed in Bartles, 
2000).

Although there is a steadily-growing 
number of actin-binding proteins 
discovered, their interactions with actin are 
mediated through quite small number of 
functional modules. The most ubiquitous 
actin-binding domains are the calponin 
homology (CH) domain (reviewed in 
Gimona et al., 2002), the WASP homology 
2 (WH2) domain (reviewed in Paunola 
et al., 2002), the gelsolin homology 
domain (reviewed in McGough et al., 
2003), the actin-depolymerizing factor 
homology (ADF-H) domain (reviewed 
in Lappalainen et al., 1998), the formin 

homology 2 (FH2) domain (reviewed 
in Higgs, 2005) and the myosin motor 
domain (reviewed in Sellers, 2000). The 
WH2 domain mediates actin monomer 
binding in WASP family of proteins, Srv2/
CAP (chapter 3.3) and Verprolin/WIP 
(chapter 3.2) (reviewed in Paunola et al., 
2002). The ADF-H domain is present in 
ADF/cofi lins, twinfi lin, coactosin (chapter 
5.2), GMF (chapter 5.4) and Abp1/Drebrin 
(chapter 5.3). The ADF-H domain is able 
to interact with both G-actin and F-actin 
(reviewed in Lappalainen et al., 1998), 
similar to the gelsolin domain (reviewed 
in McGough et al., 2003). The CH domain 
interacts solely with filamentous actin 
(reviewed in Gimona et al., 2002)

2. Actin-nucleating proteins

Actin filament growth begins with the 
formation of actin nucleus. This kinetically 

Figure 2. Actin fi lament nucleating 
proteins. Heptameric Arp2/3 complex 
promotes the formation of branched 
filaments. Arp2 and Arp3 form a 
structure mimicking an actin dimer. 
An actin monomer is recruited 
with the help of the WH2 domain 
of WASP to create a trimeric actin 
nucleus. Formins are a large family 
of nucleators, which promote the 
formation of linear fi laments. Formin 
dimers form fi lament nuclei with the 
help of their FH1 and FH2 domains. 
Formins remain associated with the 
elongating fi lament barbed end. Spire 
consists of four WH2 domains. It has 
been suggested that it binds an actin monomer with each of its close-spaced WH2 motifs to 
generate a single-strand linear actin tetramer. Spire remains bound to the pointed end of the 
growing fi lament. Cordon-Bleu is expressed mainly in brains and contains three actin monomer 
binding WH2 domains. It recruits two actin monomers with its closely spaced WH2 motifs to 
form a linear actin dimer. A third monomer is possibly added in cross-fi lament orientation through 
the WH2 domain with a longer linker to create a trimeric actin nucleus. Leiomodin is a strong 
nucleator in muscle cells. It contains three actin monomer-binding sites, which each recruit a 
monomer to form a trimeric fi lament nucleus. 

Arp2/3

Formin

Spire

Cordon Bleu

Leiomodin

Barbed Pointed

ATP-actin

ADP+Pi

ADP-actin
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unfavorable process is greatly accelerated 
by actin filament nucleating proteins 
(reviewed in Qualmann and Kessels, 
2002). A schematic presentation of the 
nucleation mechanisms of the different 
nucleating factors is shown in Figure 2.

2.1 Arp2/3

Actin related protein 2/3 (Arp2/3) complex 
functions as de novo nucleator of actin 
fi laments in cells (reviewed in Pantaloni 
et al., 2001 and Pollard and Borisy, 
2003). Arp2/3 complex is a heptamer 
with a total mass of approximately 200 
kDa. The complex was fi rst isolated from 
Acanthamoeba (Machesky et al., 1994) 
and its subunits (p40, p35, p21, p19, p15, 
Arp2 and Arp3) are highly conserved in 
all eukaryotes (Mullins et al., 1998; Welch 
et al., 1998). The complex is disk-shaped, 
with Arp2 and Arp3 displaying an actin-
like fold. Arp2 and Arp3 mimic an actin 
dimer, thus forming a seed for filament 
polymerization (Robinson et al., 2001). 
p40 and p21 form basic surface areas, 
which may function as binding sites for 
Arp2/3 complex activators, like WASP 
family proteins (reviewed in Winder, 
2003).

Arp2/3 is found at the branch junctions 
of pre-excisting actin filaments, where 
it nucleates the formation of a daughter 
fi lament in a 70-degree angle to the mother 
fi lament (Figure 2.) (Mullins et al., 1998; 
Welch et al., 1998; reviewed in Pantaloni 
et al., 2000). The mechanism of how 
branched nucleation is achieved by Arp2/3 
is still under debate (Amann and Pollard, 
2001; reviewed in Pantaloni et al., 2000). 
One model suggests Arp2/3 complex binds 
to the side of an excisting fi lament (Amann 
and Pollard, 2001), while the other one 
suggests that Arp2/3 complex binds to the 
barbed end of a fi lament where it induces 
fi lament branching (reviewed in Pantaloni 

et al., 2000). So far, no other protein has 
been shown to be able to promote fi lament 
branching. In cells, branched fi laments are 
quickly capped and the number of growing 
barbed ends is maintained in the level 
relative to the concentration of capping 
protein (Wiesner et al., 2003).

Arp2/3 is a weak nucleator on its own 
and for effi cient actin fi lament formation 
activating proteins are required (reviewed 
in Pollard and Borisy, 2003). Several 
activators have been discovered; WASP/
WAVE family (reviewed in Mullins et 
al., 2000), Listeria monocytogenes ActA 
protein (Welch et al., 1998), Abp1 (Goode 
et al., 2001), cortactin (Uruno et al., 2001) 
Pan1p (Duncan et al., 2001), CARMIL 
(Jung et al., 2001) and fi ssion yeast type I 
myosin (Lee et al., 2000). 

2.2 Formins

Formins are a group of quite recently 
discovered homodimeric proteins, which 
nucleate actin filaments and catalyze 
processive fi lament barbed end assembly. 
Formins are involved in several actin-
dependent processes in cells, such 
as filopodia extension, cytokinesis, 
endocytosis, assembly of actin cables in 
yeast and CR3-dependent phagocytosis. 
They directly bind actin fi lament barbed 
ends. Formins remain associated with 
the barbed end of the elongating fi lament 
and mediate growth of long, un-branched 
fi lament independently of Arp2/3 complex 
(Figure 2.) (Romero et al., 2004; reviewed 
in Goode and Eck, 2007). 

All formins share two domains, FH1 
(formin homology 1) and FH2, which are 
both required for in vivo function. FH1 
domain contains a proline-rich region, 
which interacts with profi lin. FH2 domain 
nucleates actin filaments by stabilizing 
an actin dimer. The linker between FH1 
and FH2 domains facilitates dimerization 
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and enables the nucleating activity of 
FH2. The FH1-FH2 dimer catalyzes the 
polymerization of profilin:actin using 
the energy of ATP hydrolysis. Capping 
proteins eventually compete formins 
off from the barbed ends and arrest the 
fi lament elongation (Romero et al., 2004; 
reviewed in Goode and Eck, 2007

Mammals have at least 15 different 
formins .  The most  potent  act in 
polymerising factors of the formin family 
are the mDia proteins. The members of the 
formin family differ in their activities and 
binding partners. Full-lenght formins exist 
in an auto-inhibited conformation, which is 
relieved by Rho family GTPases. Different 
members of Rho family GTPases activate 
different members of the formin family 
(reviewed in Goode and Eck, 2007).  

2.3 Other actin nucleation factors 

Other filament nucleation promoting 
factors are recently identified Spire, 
leiomodin and Cordon bleu (Figure 2.). All 
these proteins contain actin-binding WH2 
domains, which are important for their 
nucleation activity. Similarly to formins 
these proteins promote the formation of 
linear un-branched fi laments (Quinlan et 
al., 2005; Ahuja et al., 2007; Chereau et 
al., 2008). 

Spire contains a cluster of four 
WH2-domains. Each domain binds an 
actin monomer and all are required for 
the maximal nucleation activity. Four 
actin monomers are assembled into a 
linear arrangement along one strand of 
the long-pitch filament helix. Spire is 
highly conserved throughout metazoan 
species. Mammals have two isoforms, 
which are primarily expressed in the 
central nervous system. Spire has no 
sequence homology to formins or the 
members of the Arp2/3 complex (Quinlan 
et al., 2005). Spire interacts directly with 

Cappuccino formins. This interaction 
enhances Spire’s nucleation activity and 
is involved in establishing polarity in, for 
example, Drosophila oocytes (Quinlan et 
al., 2007).

Cordon-Bleu is a brain-enriched 
vertebrate protein, which nucleates 
the growth of long, nonbundled, and 
unbranched actin filaments. Cordon-
Bleu contains three copies of the WH2 
domain clustered near its C-terminus. 
All three WH2 domains are required for 
effi cient polymerization and for binding 
to actin fi laments. Cordon-Bleu stabilizes 
a trimeric actin nucleus by composing a 
linear actin dimer with its two closely-
spaced WH2 domains and adding a third 
monomer in cross-filament orientation 
with the WH2 motif having a longer 
spacer. Cordon-Bleu is involved in the 
morphogenesis of the central nervous 
system (Ahuja et al., 2007).

Leiomodin is a strong filament 
nucleator in muscle cells. Leiomodin 
consists of flexible N-terminal region, 
leucine-rich repeat domain and C-
terminal extension, each of these regions 
contain one actin binding site. The N-
terminal parts of leiomodin are similar to 
tropomodulin, an actin fi lament pointed 
end capping protein. The C-terminal 
extension contains one WH2 motif. The 
leucine-rich repeat and the WH2 domain 
recruit actin monomers to form a dimer, 
which is subsequently stabilized by a third 
monomer bound by the N-terminal region 
(Chereau et al., 2008).

3. Actin monomer binding 
proteins

As mentioned in chapter 2, a large portion 
of cellular actin needs to be maintained in 
an unpolymerized form. Cells have several 
actin monomer-binding proteins, which 
have a direct effect on the polymerization 
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capability of actin monomers. Six classes 
of actin monomer-binding proteins are 
conserved trough evolution from yeast to 
mammals. These are the WASP protein 
family, verprolin/WIP, Srv2/CAP, profi lins, 
ADF/cofi lins and twinfi lins. The fi rst three 
are large proteins consisting of several 
domains and are involved in signalling 
to the actin cytoskeleton. The last three 
directly regulate the actin monomer 
pool. One more important class of actin 
monomer-binding proteins is found only 
in vertebrates, the β-thymosins (reviewed 
in Pollard et al., 2000 and Paavilainen 
et al., 2004). The WASP protein family, 
verprolin/WIP, Srv2/CAP, profi lins and β-
thymosins will be discussed in this chapter 
and ADF/cofi lins and twinfi lins in chapter 
5. Other, less-abundant proteins with actin 
monomer-binding motifs also exist, but 
they will not be discussed. A schematic 
presentation of the roles of ADF/cofi lin, 
Srv2/CAP, profilin and thymosin-β4 in 
actin dynamics is shown in Figure 3.

3.1 WASP-family of proteins

The WASP (Wiskott-Aldirch Syndrome 
Protein) family of proteins are the major 

Arp2/3 complex activators in eukaryotic 
cells. WASP family proteins are involved 
in several different cellular processes, 
such as phagocytosis, endocytosis, cell 
adhesion, lamellipodia and filopodia 
extension, podosome formation, and 
pathogen infections. The family consists 
of two structurally distinct groups: 
WASPs and Scar/WAVEs (Suppressor of 
cAMP Receptor mutation/WASP verprolin 
homologues proteins) (reviewed in Stradal 
et al., 2004 and Stradal and Scita, 2006). 

Mammals have two WASP proteins, 
WASP and N-WASP (neural-WASP), and 
three WAVE proteins, WAVE1, 2 and 3 
(Miki et al., 1996; 1998; Madania et al., 
1999). The first member of this family, 
WASP was identifi ed as the gene mutated 
in the human immunological disorder 
Wiskott-Aldrich syndrome (WAS) (Derry 
et al., 1994). WAS is characterized by 
severe immunodeficiency affecting T- 
and B-cells. Symptoms include defects in 
blood clotting, eczema, thrombocytopenia 
and lymphoreticular malignancies. Several 
of the mutations causing WAS have been 
discovered to reside in the WH1 domain 
of WASP (Burns et al., 2004). N-WASP 
was first isolated from brain (Miki et 
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Figure 3. Actin binding 
proteins. ADF/cofilins 
depolymerizes  act in 
f i l aments  f rom the 
pointed end. Srv2/CAP 
interacts with ADF/
cofi lin, profi lin and actin 
monomers. It serves as 
a molecular platform in 
recycling actin monomers 
from ADF/cofilin to 
profilin for new rounds 

of polymerization. Profi lin enhances the rate of nucleotide exchange on the actin monomer and 
polymerization at the barbed end. In the absence of free barbed ends, profi lin functions as an actin 
monomer sequestering protein. Thymosin-4 sequesters actin monomers in ATP-bound form to 
maintain the actin monomer pool in cells.

ATP-actin

ADP+Pi

ADP-actin

Thymosin-b4
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al., 1996). WAVE was independently 
identified from mammals (Miki et al., 
1998) and Dictyostelium (where it was 
named Scar) (Bear et al., 1998). WASP is 
expressed in hematopoetic cells, namely 
blood platelets and leukocytes, while N-
WASP is ubiquitous, with especially high 
expression in neural tissues (Miki et al., 
1996). 

The members of WASP family are 
composed of several domains. They 
share a conserved C-terminal domain 
structure, while the N-terminal region is 
more variable allowing them to respond 
to different regulatory messages. In the 
C-terminal area resides the catalytic 
“out-put” VCA-domain, which consists 
of three parts: an actin monomer binding 
WH2 (WASP homology 2) domain, also 
known as Verprolin homology domain 
(V), Cofi lin homology or central domain 
(C) and an Arp2/3 binding acidic region 
(A). Together this module mediates the 
interaction of actin monomers and Arp2/3 
complex, thus promoting the growth of 
new actin fi laments (reviewed in Stradal et 
al., 2004; Stradal and Scita, 2006; Mullins, 
2000). 

The N-terminal regions of WASP 
and N-WASP share a common domain 
organization. Both have a WH1/EVH1 
(WASP homology  1 /ENA-VASP 
homology 1) domain, a basic region (B), 
a GBD/CRIB (GTPases binding domain/
Cdc42 and Rac Interactive Binding) 
domain and a proline rich region (P). 
WH1 domain mediates the interaction 
with verprolin/WIP family proteins 
(Prehoda et al., 2000). Since interruption 
of this association is the cause of WAS, it 
is evident that it is essential for the proper 
function of WASP. Basic region is a stretch 
of basic amino acids mediating F-actin 
and PI(4,5)P2 binding. WAVE isoforms 
lack the WH1 domain, but instead have a 

WHD (WAVE homology domain), which 
does not associate with verprolin/WIP. The 
proline-rich region contains binding sites 
for profi lin and SH3-domain containing 
proteins (reviewed in Stradal et al., 2004).

WASP and N-WASP are autoinhibited 
by the binding of their WH2 and acidic 
domains to their GBD domain. Direct 
binding of activated Cdc42 to GBD 
domain, PI(4,5)P2 or F-actin binding 
to basic region as well as SH3-domain 
containing proteins,  l ike Toca-1 
(Transducer of Cdc42-depandent actin 
assembly) or profi lin binding to proline-
rich region releases the inhibition allowing 
Arp2/3 activation (Rohatgi et al., 1999; 
Higgs and Pollard, 2000; Prehoda et al., 
2000). Previously it was thought that 
WASPs are mainly regulated through the 
release of the autoinhibition state by the 
binding of effector proteins (Prehoda et 
al., 2000). Recently, it was discovered that 
majority of N-WASP in cells is actually 
bound to verprolin/WIP family members, 
which keep it in an inactive conformation 
(Anton et al., 2002). Additional level 
of regulation of the activity of WASPs 
is achieved by post-translational 
modifi cations. Both WASP and N-WASP 
can be phosphorylated on two residues 
affecting their affi nity for Arp2/3 complex 
(Cory et al., 2002; 2003)

Since WAVEs lack the WH1 and 
GBD domains, their regulation differ 
significantly from that of WASPs 
(reviewed in Stradal et al., 2004 and 
Stradal and Scita, 2006). WAVE proteins 
are not autoinhibited, instead isolated 
WAVE is constitutively active (Eden et 
al., 2002). In cells, WAVE is part of a 
multiprotein complex, which includes 
at least Abi1, Nap1, HSCP300 and Sra1/
PIR121. The WHD domain of WAVEs 
mediates the assembly of the complex. 
In response to Rac1 activation, the 
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complex relocalizes to the leading edge of 
extending membrane protrusions in cells 
where the Arp2/3 complex is activated 
(Eden et al., 2002). The exact roles for 
each of the proteins in the complex are still 
unclear. The proline-rich region of WAVEs 
mediates interaction with the insulin 
receptor substrate, IRSp53. IRSp53 links 
WAVE with Rac and PI(3,4,5)P3 (Miki et 
al., 2000). The latter has been implicated 
in regulating WAVE localization at the 
leading edge of membrane protrusions 
(Oikawa et al., 2004). WAVE may also be 
regulated through phosphorylation (Leng 
et al., 2005). 

3.2 Verprolin/WIP

Verprolin/WIP proteins are regulators of 
actin dynamics that were fi rst identifi ed in 
budding yeast Saccharomyces cerevisiae 
(Ramesh et al., 1997). They have since 
been found from all eukaryotes studied, 
except in plants. Fungi, nematodes and 
yeast have one isoform called verprolin 
(very proline-rich protein), while 
vertebrates have three isoforms named 
WIP (WASP interacting protein), CR16 
(glucocorticoid-regulated gene-product) 
and WIRE/WICH (WIP-related/WIP and 
CR16 homologues protein). The proteins 
range in size between 450 to 800 amino 
acids. WIP is the most widely expressed 
isoform, being most abundantly found 
in the hematopoetic cells, while CR16 
and WIRE/WICH expressions are more 
restricted (reviewed in Anton and Jones, 
2006 and Aspenström, 2005).

Verprolin/WIP proteins consist of 
several domains. The functional domains 
have, to a large extent, been conserved 
from yeast to mammals. Mammalian 
verprolin/WIPs have a very high proline 
content (27-29%) and they share one or 
two consensus profi lin-binding domains at 

the N-terminal region (reviewed in Anton 
and Jones, 2006 and Aspenström, 2005; 
Ramesh et al., 1997). One to five other 
profi lin-binding motifs are also possible. 
In addition to profi lin binding the proline-
rich regions appear to interact with SH3 
domains of cortactin, hematopoetic cell 
kinase Hck, adapter protein Nck and 
possibly other, yet unidentifi ed proteins 
(reviewed in Anton and Jones, 2006). 
Verprolin/WIP proteins contain two WH2 
(WASP homology 2) domains, which 
confer G- and F-actin binding (reviewed 
in Aspenström, 2005 and Paunola et al 
2002; Ramesh et al., 1997). At the C-
terminus resides a WASP-binding domain, 
which mediates interaction with the WH1 
(WASP homology 1) domain of WASP/
N-WASP. Also a proline-rich region N-
terminal to the WASP-binding motif has 
been shown to be involved in the WIP-
WASP interaction (reviewed in Anton and 
Jones, 2006 and Aspenström, 2005). 

WIP knockout mice have been 
generated. These mice have a normal 
life span and they do not show any 
signifi cant differences on comparison to 
wild-type littermates. Lymphocytes of 
WIP knockout mice develop normally, 
but they have a decreased ability to 
proliferate and have decreased amount of 
subcortical actin fi laments (Anton et al., 
2002). Subtle phenotype of the knockouts 
is probably due to WIRE and/or CR16 
compensation for the lack of WIP protein. 
Double knockouts of WIP and WASP are 
also viable, but chemotaxis of T-cells is 
severely impaired in these mice (Gallego 
et al., 2006) 

3.3 Srv2/CAP 

Srv/CAP (Suppresor of Ras/Cyclase 
associated protein) is a 50-60 kDa 
actin-monomer binding protein. Srv/
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CAP homologs have been found in 
all eukaryotes and cell types studied 
(reviewed in Hubberstey and Mottillo, 
2002; Bertling et al., 2004). It was 
originally identifi ed from Saccharomyces 
cerevisiae as a suppressor of Ras and as 
a part of the adenylyl-cyclase complex 
(Field et al., 1990; Fedor-Chaiken et al., 
1990). However, activation of adenylyl 
cyclase function of CAP appears to be only 
relevant in fungi (Vojtek et al., 1991).

Mammals have two CAP isoforms, 
CAP1 and CAP2, which share about 64% 
amino acid identity. The two isoforms are 
expressed in cell type specific manner 
(Yu et al., 1994; Swiston et al., 1995; 
Bertling et al., 2004). Loss of CAP 
from Dictyostelium, Drosophila and 
mammalian cells results in diminished 
fi lament depolymerisation and defects in 
ADF/cofilin localization (Noegel et al., 
2004; Baum et al., 2000; Bertling et al., 
2004). Yeast with mutated Srv2/CAP also 
has a severe phenotype, which can be 
partially rescued by animal and plant CAP 
homologues or overexpression of profi lin 
(Zelicof et al., 1993; Votjek et al., 1991). 

Srv2/CAP is an important factor 
in several cellular processes, including 
endocytosis, cell morphogenesis and cell 
motility (reviewed in Hubberstey and 
Mottillo, 2002). The main function of 
Srv2/CAP in vivo seems to be to accelerate 
ADF/cofilin-dependent actin turnover 
(Figure 3.). Srv2/CAP competes the 
ADP-bound actin monomer from ADF/
cofilin and recycles it for a new round 
of polymerization. Addition of an actin 
monomer to the filament barbed end is 
prohibited while the monomer is bound to 
CAP. CAP enhances the profi lin mediated 
nucleotide exchange on actin monomers 
and surrenders the monomer to profilin 
for fi lament assembly (Balcer et al., 2003; 
Bertling et al., 2004; 2007; Mattila et al., 
2004).

CAP domain structure is highly 
conserved in all eukaryotes (reviewed in 
Hubberstey and Motillo, 2002). In the N-
terminus resides a conserved coiled-coil 
structure, which binds adenylyl cyclase in 
yeast (Ksiazek et al., 2003; Mavoungou 
et al., 2004). However, mammalian CAPs 
do not bind adenylyl cyclase (reviewed 
in Hubberstey and Motillo, 2002). After 
the coiled coil region follows a motif 
with six anti-parallel helices. This region 
is probably responsible for the binding 
to ADF/cofilin:actin monomer complex 
(reviewed in Hubberstey and Mottillo, 
2002; Ksiazek et al., 2003; Mavoungou 
et al., 2004). The central domain contains 
two proline-rich regions. The first 
polyproline region binds profi lin (Bertling 
et al., 2007) and the second region binds 
SH3 domain containing protein Abp1 
(actin-binding protein 1) in yeast and is 
responsible for the correct localization of 
CAP (Freeman et al., 1995; Balcer et al., 
2003). In between the two proline-rich 
regions a WH2 domain is found, but in 
contrast to its role in many other proteins 
(reviewed in Paunola et al., 2002), in CAP 
it does not appear to bind actin monomers 
with high affi nity (Freeman et al., 1995; 
Balcer et al., 2003; Mattila et al., 2004).

The C-terminal domain is the actin-
binding motif in all CAPs (Freeman et al., 
1995; Zelicof et al., 1993). ADP-G-actin 
is strongly preferred over ATP-G-actin 
(Mattila et al., 2004). The structure of 
the C-terminal domain is a parallel right-
handed -helix (Dodatko et al., 2004) 
and this domain is involved in the dimer 
formation, which is required for effi cient 
actin binding (Zelicof et al., 1996).

Yeast CAP functions as a multimer 
of six Srv2/CAP molecules (Balcer et al., 
2003; Ksiazek et al., 2003). Each molecule 
is able to bind one actin monomer, but actin 
is not required for the multimerization 
(Balcer et al., 2003). The N-terminal 
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coiled coil region might be involved in 
the multimerization (Mavoungou et al., 
2004).

3.4 Profi lin

Profi lin is a small actin monomer binding 
protein, which is composed of a single 
domain with a molecular weight of 12-16 
kDa. Profi lin is a ubiquitous protein found 
in all eukaryotes, including yeasts, fl ies and 
plants (Oechsner et al., 1987; Cooley et 
al., 1992; Valenta et al., 1991). It was fi rst 
identifi ed from bovine spleen as a DNase 
inhibitor (Lindberg, 1966). It was later 
named profi lin since its function seemed 
to be to keep actin in an unpolymerized 
form (Carlsson et al., 1977).

Lower organisms usually have only 
one profilin isoform, Dictyostelium 
discoideum being an exception with three 
profilin genes (Magdolen et al., 1988; 
Haugwitz et al., 1991). In mammals, there 
are at least fi ve profi lin isoforms: I, IIa, 
IIb, III and IV. The structure and function 
of different profilin isoforms are quite 
conserved even though their sequence 
similarities are quite low (reviewed in 
Witke, 2004). Profilin fold consists of 
seven-stranded anti-parallel β-sheet with 
two α-helices on the top and bottom 
(Schutt et al., 1993; Cedergren-Zeppezauer 
et al., 1994).

Profilin I is the major isoform in 
mammals with ubiquitous expression 
pattern (Witke et al., 1998; 2001). Profi lin 
IIa and IIb are splice-variants of a same 
gene. Profi lin IIa is mainly expressed in the 
brain, while IIb is expressed in few tissues 
(Witke et al., 1998; 2001; Di Nardo et al., 
2000; Lambrechts et al., 2000). Profi lin 
III and IV are expressed exclusively in 
testis (Braun et al., 2002; Obermann et al., 
2005). In cells profi lins localize to areas of 
rapid actin dynamics. Both profi lin I and 

II localize also to the nucleus (Buss et al., 
1992).

Profi lin is one of the central regulators 
of actin dynamics and it has several 
functions (Figure 3.). Profilin binds G-
actin in 1:1 stochiometry with micromolar 
affi nity. Profi lin prefers ATP-G-actin over 
ADP-G-actin. Profi lin binds to the barbed 
end of an actin monomer, thus the profi lin:
actin complex can associate only with the 
barbed end of an actin fi lament. Profi lin 
lowers the critical concentration for the 
barbed end polymerization and enhances 
the nucleotide exchange on the actin 
monomer from ADP to ATP up to 1000-
fold, thus increasing the rate of barbed 
end assembly (reviewed in Yarmola and 
Bubb, 2006 and Witke, 2004). Addition of 
an actin monomer to the fi lament barbed 
end and the dissociation of profilin is 
associated to hydrolysis of the actin-bound 
ATP (Nyman et al., 2002; Schuler et al., 
2001). In the absence of free barbed ends 
profilin functions as an actin monomer 
sequestering protein (reviewed in Witke, 
2004; Carlsson et al., 1977). Profilin 
also inhibits actin filament nucleation 
(reviewed in Yarmola and Bubb, 2006). 

Profilins are crucially important in 
maintaining proper actin dynamics. This 
is demonstrated by serious defects or 
lethality as a result of profi lin depletion 
in several studies (reviewed in Schluter 
et al., 1997 and Ayscough, 1998). Yeasts 
lacking profilin grow extremely slowly 
and have abnormal actin cytoskeleton and 
morphology (Haarer et al., 1990; Wolven 
et al., 2000). Profi lin I knockout in mice 
is lethal at early stages of development 
(Witke et al., 2001). Mice deficient of 
profilin IIa have serious neurological 
defects (Neuhoff et al., 2005).

In addition to actin, profilin has 
several other interaction partners. Profi lin 
binds proline-rich regions on many 
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proteins, including VASP family proteins, 
verprolin/WIP, N-WASP, Scar/WAVE, 
several formins, Arp2/3, and Srv/CAP 
(reviewed in Krause et al., 2003 and Witke, 
2004; Bertling et al., 2007). Through these 
interactions profi lin can function as a link 
between several signalling pathways and 
the actin cytoskeleton. 

P rof i l in  a l so  in te rac t s  wi th 
phosphoinositides (mainly PI(4,5)P2 
and PI(3,4,5)P3) (reviewed in Witke, 
2004). Binding to PI(4,5)P2 causes the 
dissociation of profilin:actin complex 
and might localize profi lin to the plasma 
mebrane (Schluter et al., 1997). Profi lin 
possibly also regulates the metabolism of 
phosphoinositides (Goldschmidt-Clermont 
et al., 1990). PI(4,5)P2 has two binding 
sites on profi lin, one overlapping partly 
with the poly-(L-proline) binding site 
and one with the actin monomer binding 
site. Binding of PI(4,5)P2 thus inhibits 
the binding of other ligands (reviewed in 
Witke, 2004; Lambrechts et al., 2002). 
Actin and poly-(L-proline) containing 
ligands, on the other hand, can bind 
simultaneously with profi lin (Mahoney et 
al., 1997).

3.5 Thymosin-β4

The β-thymosins are a family of small 
actin-monomer sequestering proteins. 
They are highly conserved, 5 kDa polar 
peptides. Some 15 β-thymosins have been 
isolated so far from various vertebrate and 
invertebrate species, but none are found 
in yeasts or plants. Many vertebrate cells 
have very high β-thymosin concentrations, 
thus they are considered to be the most 
important G-actin sequesterers in cells 
(reviewed in Huff et al., 2001 and 
Hannappel, 2007).

Thymosin-β4 is the most prominent 
member of this family in vertebrate tissues 

(Hannappel and van Kampen, 1987). 
Thymosin-β4 was first isolated from 
calf thymus and thought to be a thymic 
hormone (Low et al., 1981). It can be 
found in most mammalian tissues and in 
circulating white blood cells and platelets, 
but not in red blood cells (reviewed in 
Huff et al., 2001; Hannappel and van 
Kampen, 1987). Thymosin-β4 localizes 
to both nucleus and cytoplasm in cells and 
can also be detected in extracellular fl uids 
(reviewed in Huff et al., 2001). The exact 
role of extracellular thymosin-β4 is not 
known, but it has been shown to interact 
with matrix metallo-proteinases and to be 
involved in chemotaxis, angiogenesis and 
wound healing (reviewed in Huff et al., 
2001; Goldstein et al., 2005).

All β-thymosins studied bind G-actin 
with 1:1 stochiometry with micromolar 
affinity and inhibit actin filament 
polymerization (Figure 3.) (reviewed in 
Huff et al., 2001 and Hannappel, 2007). 
They have approximately 50-100-fold 
higher affi nity for ATP-G-actin than ADP-
G-actin (reviewed in Paavilainen et al., 
2004). Thymosin-β4 can form a ternary 
complex with profi lin and actin (Yarmola 
et al., 2001) and inhibit the nucleotide 
exchange on actin monomer (De La Cruz 
et al., 2000). Classical β-thymosins, like 
thymosin-β4, consist of a single domain 
(reviewed in Hannappel, 2007), which is 
mostly unstructured in aqueous solution 
but folds into a stable conformation upon 
binding to G-actin (Domanski et al., 2004; 
Dedova et al., 2006). The β-thymosin 
motif resembles the WH2 domain, which 
is found in many actin cytoskeleton 
regulating proteins, like WASP/WAVE 
family proteins, verprolin/WIP and Srv2/
CAP (reviewed in Paunola et al., 2002).

Multirepeat β-thymosins contain 
several copies of the β-thymosin motif 
(Van Troys et al., 1999). Multirepeat β-
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thymosins are found more frequently in 
lower eukaryotes and in protista, while 
single repeat forms are more common 
in mammals (Manuel et al., 2000). The 
number of copies varies between two to 
twenty-eight (Herrmann et al., 2005). 
Among the most studied members of this 
group are the Acanthamoeba actobindin 
family and Drosophila cibulout (Boquet et 
al., 2000; Hertzog et al., 2002). Multirepeat 
β-thymosins are actin monomer-binding 
proteins and have important roles in 
neuronal development and reproduction. 
Similar to profilin, multirepeat β-
thymosins sequester actin monomers 
efficiently only when barbed ends are 
capped (Boquet et al., 2000; Hertzog et al., 
2002; Herrmann et al., 2005). They also 
inhibit the nucleotide exchange on actin 
monomers and prefer ATP-G-actin over 
ADP-G-actin (Hertzog et al., 2002). Most 
multirepeat β-thymosins can bind several 
actin monomers simultaneously, but 
there seems not to be any co-operativity 
in the binding. Similar to single repeat 
β-thymosins the structure of multirepeat 
β-thymosins is stabilized upon binding to 
actin (Hertzog et al., 2004).

4. Actin fi lament capping 
proteins

Actin filament capping proteins bind 
to the ends of actin fi laments and block 
the association and dissociation of actin 
monomers either completely (strong 
cappers) or partially (leaky cappers) 
(reviewed in Pollard and Borisy, 2003). 
Different proteins cap the barbed and the 
pointed ends (reviewed in Schafer et al., 
1996). Leaky cappers have lower affi nity 
for actin and they do not completely 
block the fi lament ends from assembly-
disassembly events but rather slow 

down the dynamics of the fi lament ends 
(Zigmond et al., 2003). 

Actin filament capping proteins 
are essential for efficient motility. New 
fi laments grow fast for a short while, after 
which they are capped and the addition of 
monomers is prohibited. Capping proteins 
thus help to focus the fast growing 
fi laments on correct locations and stops 
the growth of unwanted fi laments. Cells 
often express several filament-capping 
proteins in high concentrations. The 
most extensively studied strong barbed 
end capping proteins are gelsolin and 
heterodimeric capping protein (reviewed 
in Carlier and Pantaloni 1997 and Pollard 
and Borisy, 2003).

4.1 Gelsolin

Gelsolin is a large (~83 kDa), high-
affi nity actin fi lament barbed end capping 
protein. It is found in higher eukaryotes, 
including plants, but not in yeast. Gelsolin 
is composed of six homologous domains, 
G1-G6, which are 125-150 amino acids 
in size. The linker regions connecting the 
domains have varying lengths (reviewed 
in McGough, 2003 and Silacci, 2004). 
All six domains of gelsolin have probably 
evolved from a single ancestral domain. 
They all show structural similarity to 
ADF-H domain family (Choe et al., 2002). 
Gelsolin is mainly a cytoplasmic protein, 
but in mammals it is also secreted into 
the plasma in a slightly different form to 
prevent the polymerization of actin in the 
blood circulation (reviewed in McGough 
2003 and Silacci 2004). 

Gelsolin activity is controlled by 
calcium and PI(4,5)P2 (Choe et al., 2002; 
Burtnick et al., 2004). Calcium binding 
promotes the opening of the inactive 
conformation of gelsolin and reveals the 
actin binding sites. Gelsolin promotes the 
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severing of actin fi laments in a calcium-
dependent fashion (Choe et al., 2002). 
Gelsolin binding to F-actin induces a 
structural change in the fi lament (Orlova 
et al., 1995). PI(4,5)P2 binding inhibits 
gelsolin’s barbed end capping activity, 
especially near the plasma membrane 
(Burtnick et al., 2004). During apoptosis a 
calcium-independent fragment of gelsolin 
is produced containing the domains 1-
3. This fragment can disassemble actin 
cytoskeleton uncontrollably (Kothakota et 
al., 1997). Gelsolin mutations are linked 
to hereditary human condition known 
as Finnish-type familial amyloidosis 
(Burtnick et al., 2004).

4.3 Heterodimeric capping protein

Heterodimeric capping protein caps 
actin fi lament barbed ends. It is a highly 
conserved protein consisting of α- and 
β-subunits. The molecular weights of 
the subunits range between 28 to 36 kDa 
(reviewed in Pollard and Cooper, 1986). 
The two subunits of capping protein 
share very little sequence identity, but are 
almost identical in structure. A flexible 
extension, ‘tentacle’, can be found at the 
C-terminal end of each subunit (Yamashita 
et al., 2003). These tentacles mediate the 
actin binding at the fi lament barbed ends 
independently of each other (Wear et al., 
2003). Capping protein is found in almost 
all eukaryotes. In non-muscle cells, 
capping protein localizes to the cortical 
actin cytoskeleton (Schafer et al., 1992) 
and in muscle to the Z-discs (Casella et 
al., 1987). It binds to actin fi lament barbed 
ends with affi nity at the nanomolar range 
(0.1-1 nM) (Caldwell et al., 1989; Schafer 
et al., 1996; reviewed in Wear and Cooper, 
2004). 

Capping protein is an essential 
component of the dendritic actin 

nucleation model, in which Arp2/3 
complex, profi lin, ADF/cofi lin and capping 
protein cooperate to produce rapid and 
directed fi lament elongation in response to 
cellular signals. Arp2/3 complex nucleates 
branched fi laments, which are capped by 
capping protein to keep the fi laments short 
and direct the elongation to a few fast-
growing fi laments (reviewed in Pantaloni 
et al., 2001). The components shown to 
be required for lamellipodium motility in 
mammalian cells (Rogers et al., 2003) and 
in the minimal in vitro actin-based motility 
medium (Loisel et al., 1999) also include 
capping protein. 

The spontaneous dissociation of 
capping protein from the fi lament barbed 
ends is very slow. Capping protein binds 
several cellular molecules, which inhibit 
its capping activity and enhance the 
dissociation rate, including PI(4,5)P2 and 
CARMIL (reviewed in Wear and Cooper, 
2004). CARMIL also sequesters capping 
protein (Yang et al., 2005). The PI(4,5)P2 
binding site resides in close proximity 
to capping protein’s actin binding site, 
explaining how it inhibits the activity of 
capping protein (Yamashita et al., 2003). 
Among capping protein binding partners 
are also twinfi lin and Ena/VASP (Enabled/
vasodilator stimulated phosphoprotein). 
These proteins do not have any effect on 
capping protein’s actin fi lament capping 
activity and therefore the biological 
relevance of these interactions is still 
unclear (reviewed in Wear and Cooper, 
2004; Falck et al., 2004).

4.4 Other capping proteins

Other less studied actin fi lament capping 
proteins include Eps8, Aip1 (actin 
interacting protein 1) and tropomudulins. 
Eps8 is a small protein, which consists 
of a phosphotyrosine binding domain, an 
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SH3 domain and a C-terminal effector 
domain. Eps8 family proteins are found 
in higher eukaryotes only. Eps8 caps 
actin barbed ends with nanomolar affi nity 
and is involved in Rac-dependent actin 
reorganization. Eps8 interacts with Abi1 
and this interaction releases Eps8 from 
an autoinhibited state (reviewed in Higgs, 
2004; Disanza et al., 2004). 

Aip1 is a small protein found in 
organisms from yeast to mammals. 
Aip1 has both actin fi lament barbed end 
capping and fi lament severing activities, 
which are dependent on ADF/cofi lin. Aip1 
has a very low affi nity for actin fi laments 
by itself, but in the presence of ADF/
cofi lin the binding is enhanced (reviewed 
in Ono, 2003). Tropomodulins cap the 
actin filament pointed ends. Interaction 
with tropomyosins greatly enhances the 
capping activity of tropomodulins and 
together they protect and stabilize the 
actin filaments. Tropomodulins can be 
found in several metazoan species and 
most vertebrates express four isoforms 
(reviewed in Fischer and Fowler, 2003). 

5. ADF-H domain proteins

The actin-depolymering-factor homology 
(ADF-H) domain is one of the most well-
characterized actin-binding motifs. It is a 
structurally conserved small domain (about 

150 amino acids) mediating the binding 
to both filamentous and monomeric 
actin (reviewed in Lappalainen et al., 
1998). ADF-H domain is present in fi ve 
phylogenetically distinct actin-binding 
protein classes: ADF/cofilins, Abp1/
drebrins, GMFs, coactosins and twinfi lins. 
Each protein group presents different actin-
binding properties, which are described in 
more detail below. The domain structures 
of ADF-H domain containing proteins 
is presented in Figure 4 and few main 
characteristics are collected to Table 1.

Review of the literature

Expression Actin 
binding

Role in actin 
dynamics

Mechanism of 
regulation

ADF/ 
cofi lin

ADF: brain, epithelial tissue 
Cofi lin-1: ubiquitous
Cofi lin-2: muscle

G-actin and 
F-actin

Filament severing and 
depolyme-rization

Phosphorylation, 
PIP2 binding, pH

Coactosin Wide, especially in placenta, 
lung, kidney and leukocytes

F-actin Not known Not known

Abp1/ 
dreprin

Brain F-actin Arp2/3 complex 
activation, endocytosis

Phosphorylation

GMF beta: brain
gamma: infl ammatory cells

F-actin Not known Phosphorylation

Twinfi lin ubiquitous G-actin Monomer sequestering Not known

Table 1. ADF-H domain containing proteins. 

Figure 4. Domain stuctures of ADF-H 
domain containing proteins. ADF/cofi lins, 
GMF and coactosin are composed of a single 
ADF-H domain. Abp1/drebrins have a central 
domains and a SH3 domain in addition to 
the N-terminal ADF-H domain. Twinfi lin is 
composed of two similar ADF-H domains. 
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5.1 ADF/Cofi lin

ADF/cofilins are small, 15-20 kDa, 
evolutionarily conserved actin-binding 
proteins, consisting of a single globular 
ADF-H domain (Figure 4.) (reviewed in 
Lappalainen et al., 1998). ADF/cofilins 
are involved in cytokinesis (reviewed 
in Ono et al., 2003), phagocytosis 
(Nagaishi et al., 1999), endocytosis 
(reviewed in Lappalainen and Drubin, 
1997), maintaining the morphology and 
function of the Golgi apparatus (Rosso 
et al., 2004) as well as in establishment 
and maintenance of cell polarization 
and movement (Dawe et al., 2003). 
ADF/cofi lin mediated actin cytoskeleton 
rearrangements occur during apoptosis, 
although the precise mechanisms of this 
remain unclear (Mannherz et al., 2005). 
In addition, ADF/cofi lins are essential for 
the motility of Listeria monocytogenes, an 
intracellular patogen (Loisel et al., 1999).

ADF/cofilins are responsible for 
rapid turnover of actin monomers, 
depolymerization of undesired fi laments 
and for maintaining the cytoplasmic actin 
monomer pool in cells (Figure 3.). ADF/
cofi lins are able to bind both G- and F-
actin. They prefer ADP-actin over ATP-
actin (Carlier et al., 1997; Blanchoin 
and Pollard, 1999; Ressad et al., 1998), 
although chicken ADF and mouse cofi lin-
2 has a relatively strong affi nity for ATP-
G-actin (Chen et al., 2004; Vartiainen et 
al., 2002). ADF/cofilins promote actin 
dynamics by severing filaments and by 
increasing the depolymerization rate at the 
pointed ends of actin fi laments (Carlier et 
al., 1997; reviewed in Bamburg, 1999). 
ADF/cofilins bind cooperatively to the 
sides of actin fi laments (Hawkins et al., 
1993; Hayden et al., 1993). The binding of 
ADF/cofi lin induces a twist to the fi lament 
(reviewed in Bamburg, 1999). The twist 

changes the stability of the fi lament and 
enhances the severing of the fi lament as 
well as the dissociation of actin monomers 
from the pointed end (reviewed in 
Bamburg, 1999; Paavilainen et al., 2008). 

Three-dimensional structures for 
several members of ADF/cofilin family 
have been solved (Hatanaka et al., 1996; 
Fedorov et al., 1997; Bowman et al., 
2000). The highly conserved structure 
consists of a four-stranded mixed β-
sheet flanked by two pairs of α-helices 
(Hatanaka et al., 1996; Fedorov et al., 
1997). The two distinct actin-binding 
surfaces are even more conserved than 
rest of the structure (Bowman et al., 2000; 
Lappalainen et al., 1997). One actin-
binding site is responsible for the binding 
of filamentous actin while the other is 
required only for the binding of monomeric 
and fi lamentous actin (Lappalainen et al., 
1997). ADF/cofi lins remain bound to the 
dissociated actin monomers and inhibit 
the nucleotide exchange (Hawkins et 
al., 1993). Eventually they release the 
monomers to other actin-binding proteins, 
like Srv2/CAP (reviewed in Bamburg, 
1999 and Paavilainen et al., 2004). ADF/
cofi lins also stimulate the dissociation of 
the inorganic phosphate from the actin 
filaments (reviewed in Blanchoin and 
Pollard, 1999). This shortens the life-time 
of filament branches (Blanchoin et al., 
2000).

First members of this family identifi ed 
were chicken ADF and porcine cofilin 
(Abe and Obinata, 1989; Bamburg et 
al., 1980; Maekawa et al., 1984). Since 
then ADF/cofi lins have been found in all 
eukaryotes studied (e.g. Iida et al., 1993; 
Gunsalus et al., 1995). Lower organisms, 
like yeasts, fruit fl y and starfi sh, have only 
one cofilin isoform, while multicellular 
organisms, like plants and vertebrates, 
can have several isoforms generated 
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either through alternative splicing of one 
gene or as a products of several separate 
genes (reviewed in Lappalainen et al., 
1998 and Maciver and Hussey, 2002). 
Caenorhabditis elegans expresses two 
ADF/cofilin isoforms, named UNC60A 
and UNC60B, through alternative splicing. 
The isoforms share 38% sequence 
identity, but regulate actin dynamics 
differently. UNC60B is muscle-specifi c, 
while UNC60A is ubiquitous (Ono and 
Benian, 1998). Plants can have over ten 
ADF/cofilin isoforms, but lack other 
members of the ADF-H domain family, 
like twinfi lins and Abp/drebrins (reviewed 
in Lappalainen et al., 1998 and Maciver 
and Hussey, 2002).

Mammals have three ADF/cofilin 
isoforms, ADF, cofilin-1 and cofilin-2 
(Vartiainen et al., 2002). The isoforms 
have distinct expression patterns as 
well as different biochemical properties 
(reviewed in Maciver and Hussey, 2002; 
Vartiainen et al. 2002). Cofilin-1 is 
ubiquitously expressed already early in 
development. ADF is most abundantly 
expressed in brain and epithelial tissues, 
while cofilin-2 is the muscle-specific 
isoform (Ono et al., 1994; Vartiainen et al. 
2002). All isoforms bind fi lamentous actin 
equally well and display actin filament 
depolymerization and severing activity, 
but only cofi lin-1 and ADF increase the 
amount of monomeric actin, while cofi lin-
2 promotes the formation of filaments 
(Vartiainen et al. 2002). In cells, ADF/
cofi lins are mainly cytoplasmic. However, 
in response to various stress factors 
ADF/cofi lins can be transported, together 
with monomeric actin, to nucleus, where 
they take part in formation of actin rods 
(Abe et al., 1993; Iida et al., 1993). The 
physiological function of these rods is still 
unclear (Matsuzaki et al., 1988). 

ADF/cofi lins are essential for viability 
in several organisms, like yeasts, fruit fl y 
and plants (reviewed in Bamburg, 1999). 
Mutations in yeast cofi lin and knocking-
down cofi lin-1 and/or ADF from mouse 
fibroblasts result in abnormal actin 
structures (Lappalainen et al., 1997; 
Hotulainen et al., 2005). Yeast cofilin 
mutants can be rescued with mammalian 
ADF or cofilin and mouse knockdown 
phenotype with overexpression of the 
remaining isoform (Moon et al., 1993; 
Hotulainen et al., 2005). Knocking-out 
cofilin-1 in mice results in embryonic 
lethality at day E10.5. The embryos 
display severe defects in neural crest 
cell migration and neural tube closure 
(Gurniak et al., 2005). Mice lacking ADF, 
on the other hand, are born healthy. These 
mice develop irregular thickening of the 
corneal epithelium and become blind by 
one month of age (Ikeda et al., 2003). The 
remaining isoform has been found to be 
upregulated, but is not able to compensate 
for the lacking isoform (Gurniak et al., 
2005; Ikeda et al., 2003). 

Because of its signifi cant role in the 
actin dynamics, ADF/cofi lin activity has to 
be tightly regulated. Several mechanisms 
are involved in ADF/cofilin regulation. 
Phosphorylation, pH, interaction with 
PI(4,5)P2 and other actin-binding/
regulating proteins affect ADF/cofilin 
activity (reviewed in Bamburg, 1999; 
Agnew et al., 1995; Yonezawa et al., 
1985; 1990).

Phosphorylation is the main form 
of regulation of ADF/cofilin activity. 
The N-terminal site of phosphorylation 
(serine-3) is conserved in most ADF/
cofi lins (Agnew et al., 1995; Blanchoin 
et al., 2000; Toshima et al., 2001a;b). The 
phosphorylation of ADF/cofi lins reduces its 
affi nity for actin by 20-30 fold (Ressad et 
al., 1998; Agnew et al., 1995; Blanchoin et 
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al., 2000). Two ubiquitous kinase families, 
LIM and TES, phosphorylate ADF/cofi lins 
(Arber et al., 1998; Yang et al., 1998; 
Toshima et al., 2001a). LIM kinases are 
serine/threonine kinases, containing LIM 
and PDZ domains. Vertebrates have two 
LIM kinase isoforms, LIMK1 and LIMK2. 
LIMK1 is mainly expressed in the nervous 
tissue, while the expression of LIMK2 is 
more ubiquitous. Both isoforms act down-
stream of Rho family GTPases (Arber et 
al., 1998; Yang et al., 1998).

TES kinases (testicular protein 
kinases) are also serine/threonine kinases. 
They contain a kinase domain and a 
C-terminal proline-rich domain. The 
two isoforms, TESK1 and TESK2, are 
activated downstream of integrin-mediated 
signalling pathways (Toshima et al., 
2001a;b). In response to various cellular 
stimuli, ADF/cofi lin is activated through 
dephosphorylation. Dephosphorylation 
is achieved by Slingshot or Cronophin 
phosphatases (Niwa et al., 2002; Gohla et 
al., 2005). Upon activation, ADF/cofi lins 
localize to sites of high actin dynamics, 
like the leading edge and membrane ruffl es 
(reviewed in Bamburg, 1999).

Polyphosphoinositol phosphates 
PI(4)P and PI(4,5)P2 inhibit ADF/cofi lin 
binding to actin (Yonezava et al., 1990; 
1991). The binding site of PIPs and actin 
are overlapping on the surface of ADF/
cofi lins (Ojala, et al., 2001; Yonezava et 
al., 1991). The importance of this inhibition 
in vivo is still under investigation. Some 
ADF/cofi lins are regulated also by pH and 
their activity is higher in pH above 7.1 
(Yonezawa et al., 1985; Hawkins et al., 
1993; Hayden et al., 1993). 

5.2 Coactosin

Coactosin is a small (MW 15-17 kDa) 
evolutionarily conserved protein, which 

was first purified from actin-myosin 
complexes from Dictyostelium discoideum 
homogenates (De Hostos et al., 1993). 
Coactosin homologues have since then 
been found to be widely expressed among 
different organisms, including Drosophila, 
Xenopus, chicken and mammals (Doucet 
et al., 2002; Provost et al., 2001b). 

The human homolog, named CLP 
(coactosin-like protein) was initially found 
as a sequence fl anking a deletion on the 
human chromosome 17 characterizing 
the Smith-Magenis syndrome (Chen et 
al., 1997) and later identifi ed in a yeast-
two hybrid screen using 5-lipoxygenase 
(5LO) as bait (Provost et al., 2001b). The 
mouse CLP (mCLP) was identifi ed among 
EMBL/GenBank EST sequences (Doucet 
et al., 2002). The human CLP amino 
acid sequence shares 98% similarity 
with mouse CLP and 75% similarity with 
Dictyostelium coactosin (Doucet et al., 
2002; Provost et al., 2001b). Coactosin 
amino acid sequence shows some 
similarity (15-25%) to Abp1/drebrin, 
ADF/cofilin proteins and twinfilins (De 
Hostos et al., 1993; Hellman et al., 2004). 
The highest level of homology is shared 
with the N-terminal ADF-H domain of 
Abp1 (Hellman et al., 2004). 

Coactosin is composed of one ADF-H 
domain (Figure 4.). The structure of mCLP 
has been solved by multidimensional 
NMR spectroscopy (Hellman et al., 2004). 
The overall fold of mCLP is similar to 
yeast cofilin (Fedorov et al., 1997) and 
the N-terminal domain of mouse twinfi lin 
(Paavilainen et al., 2002). The surface 
residues known to be important for F-
actin binding in ADF/cofilins, are well 
conserved in CLP, whereas the residues 
essential for G-actin binding are less 
conserved. This suggests that they interact 
with F-actin through a conserved interface 
and the differences in biochemical 
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activities, as compared to other ADF-H 
domain proteins, are accounted for by 
other structural features (Hellman et al., 
2004).

CLP has a wide tissue distribution with 
predominant expression in placenta, lung, 
kidney and peripheral-blood leukocytes. 
Lower expression can be found in brain, 
liver, pancreas, heart, spleen and lymph 
node. CLP is expressed in myeloid cells 
and localizes to the cytosol. In transfected 
mammalian cells, CLP colocalizes with 
actin stress fi bres (Provost et al., 2001a). 
Coactosins associate with F-actin in vitro 
and in vivo, but do not interact with G-
actin (de Hostos et al., 1993; Provost et 
al., 2001b; Doucet et al., 2002). Coactosin 
binds along the length of actin fi laments. 
The binding site is located to a surface 
of actin, which is not involved in subunit 
contacts within the fi lament. Lys75 has a 
crucial role in CLP actin binding (Provost 
et al., 2001b). Lys75 is a highly conserved 
residue in related proteins; it corresponds 
to cofi lin Lys82, which is essential for F-
actin binding (Lappalainen et al., 1997; 
Hellman et al., 2004). 

5.3 Abp1/drebrin

Actin-binding protein 1 (Abp1) is a highly 
conserved filamentous actin-binding 
protein originally identified from yeast 
(Drubin et al., 1988). Its mammalian 
homologs are mAbp1 and drebrins 
(Lappalainen et al., 1998; Ensenat et al., 
1999; Onabajo et al., 2008). Drebrins 
have two splice variants in mammals, 
named A and E and their expressions 
are developmentally regulated (Jin et 
al., 2002). Abp1/drebrins are able to 
interconnect different cellular apparatuses 
by interacting simultanously with actin and 
molecules involved in different signalling 
pathways (Ensenat et al., 1999; Qualmann 

et al., 2004; Kessels et al., 2001; Onabajo 
et al., 2008).

Abp1p is a relatively large protein 
consisting of several domains (Figure 
4.): an N-terminal ADF/cofi lin homology 
(ADF-H) domain, two central acidic 
motifs, a proline-rich region (PRD) and a 
C-terminal SH3 (Src homology)-domain 
(Ensenat et al., 1999; Kessels et al., 
2000; Goode et al., 2001). Abp1/drebrins 
bind F-actin directly through the ADF-
H domain and the central domains with 
submicromolar affinity (Kessels et al., 
2000; Goode et al., 2001; Qualmann et al., 
2000). The two central acidic domains are 
required for Arp2/3 binding of yeast Abp1p 
but Arp2/3 binding sites are not conserved 
in mammalian Abp1 and drebrins (Goode 
et al., 2001; Qualmann et al., 2000). 

Yeast Abp1p directly binds and 
activates Arp2/3 complex (Goode et al., 
2001). Abp1p increases the affinity of 
Arp2/3 for actin fi laments about 30-fold 
(reviewed in Olazabal et al., 2001). It 
recruits Arp2/3 to the sides of pre-existing 
actin fi laments and thus promotes fi lament 
branching. The nucleation promoting 
activity of Abp1p requires intact acidic 
motifs as well as the ADF-H domain 
(Goode et al., 2001; Quintero-Monzon et 
al., 2005). Mammalian mAbp1 regulates 
Arp2/3 indirectly through direct interaction 
with N-WASP (Kessels et al., 2000; Pinyol 
et al., 2007). mAbp1 releases N-WASP 
autoinhibition in collaboration with Cdc42 
(Pinoyl et al., 2007).

Abp1 functions as an adaptor protein 
connecting the actin cytoskeleton and 
the endocytosis machinery in yeast and 
mammalian cells (Quintero-Monzon et 
al., 2005; Onabajo et al., 2008). Deletion 
of Abp1 gene does not result in an obvious 
actin phenotype (Warren et al., 2002; 
Drubin et al., 1988), but instead results in 
syntenic lethality with several mutations 
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in endocytosis-related proteins (Holtzman 
et al., 1993; Lila and Drubin, 1997).

mAbp1 interacts directly with 
dynamin through its SH3-domain. 
Dynamin is a GTPase involved in the 
internalization of clathrin-coated vesicles 
(Kessels et al., 2001). Abp1-dynamin 
interaction is essential for transferrin 
internalization (Kessels et al., 2001; 
Mise-Omata et al., 2003). mAbp1 alo 
interacts with synapsin 1 and synaptojanin 
1 through its SH3-domain (Qualmann et 
al., 2000). Yeast Abp1p has been shown 
to interact with Srv2/CAP family proteins 
and actin-regulating kinases Ark1 and 
Prk1 through its proline-rich and SH3-
domains (Goode et al., 2001; Warren et 
al., 2002; Quintero-Monzon et al., 2005). 
Many other suspected binding partners 
remain still unconfi rmed.

Mammalian Abp1 and drebrins 
localize in punctate pattern to the 
perinuclear region (Kessels et al., 2000; 
reviewed in Olazabal et al., 2001). mAbp1 
is regulated by B cell receptor (BCR) 
through tyrosine phosphorylation (Onabajo 
et al., 2008). Antigen engagement leads to 
the activation of BCR, which induces the 
phosphorylation and activation of mAbp1 
(Han et al., 2003). Upon activation, mAbp1 
translocalizes to the plasma membrane 
where it colocalizes with the cortical F-
actin (Kessels et al., 2000; Onabajo et al., 
2008). This translocalization is dependent 
on actin polymerization and coincides 
with Arp2/3 accumulation (Qualmann 
et al., 2000). mAbp1 then facilitates 
BCR-mediated antigen processing and 
presentation by interacting with dynamin 
and actin cytoskeleton (Onabajo et al., 
2008). Abp1 also functions as a signalling 
regulator in T cells (Ensenat et al., 1999; 
Han et al., 2003; Onabajo et al., 2008).

mAbp1 and drebrin can also be 
recruited to distinct actin-based structures 

on Golgi membranes in an Arf1-dependent 
fashion. Arf1 (ADP-ribosylation factor 1) 
triggers vesicle coat assembly and regulates 
actin polymerization in cooperation 
with Cdc42 (Xu et al., 2006). The actin-
binding regions, the ADF-H domain and 
the acidic domain, are important in correct 
localization of both mAbp1 and drebrins 
(Hayashi et al., 1999; Xu et al., 2006).

Neuronal drebrin is especially 
highly expressed in the cerebral cortex, 
hippocampus, amygdala, thalamus, and 
striatum. Drebrin accumulates specifi cally 
to dendritic spines, where it regulates 
their shapes and densities by rearranging 
actin filaments (reviewed in Majoul 
et al., 2007). Drebrin is also involved 
in GTPase-activating protein junction 
assembly and neurite development. 
Drebrin is present in gap junctions, 
where it colocalizes with Connexin-43. 
It is possibly required for maintaining 
Connexin-43-containing gap junctions 
in their functional state (Butkevich et 
al. 2004; reviewed in Majoul et al., 
2007). Gap junctions are transmembrane 
channels between contacting cells that 
mediate intercellular communication and 
signalling by permitting the passage of 
ions, metabolites, and second messengers 
(Bukauskas et al. 2000).

Non-neuronal drebrin localizes in 
and near actin-rich structures, such as 
lamellipodia and fi lopodia. It has a role 
in cell morphology (Peitsch et al. 2006; 
reviewed in Majoul et al., 2007) and its 
overexpression leads to an increase in 
filopodia-like protrusions (Hayashi and 
Shirao, 1999; Takahashi et al., 2003).

mAbp1 is present in considerable 
high amounts in neurons already early in 
the mouse development (Kessels et al., 
2000; Qualmann et al., 2004). Developing 
neurons with reduced mAbp1 expression 
show an increase in axon lenght, indicating 
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a critical role for mAbp1 in N-WASP-
mediated control of neuronal morphology. 
Similar phenotype has been observed with 
Arp3 knockdown (Pinyol et al., 2007).

mAbp1  knockout mice display 
reduced synaptic endocytosis and defects 
in reformation of fusion-competent 
vesicles in hippocampal neurons. Also 
several organs, including spleen, heart 
and lung, had abnormal morphology 
and function (Connert et al., 2006). T 
and B cells develop normally in the 
knockout mice, but they display defects 
in TCR-mediated signaling and antibody 
responses (Han et al., 2005). Also the rates 
of BCR internalization and transport to 
late endosomes are reduced and thus the 
BCR-mediated antigen processing and 
presentation are defective in these mice 
(Onabajo et al., 2008).

5.4 GMF

Glia maturation factor (GMF) is a 17-kDa 
protein consisting of one ADF-H domain 
(Figure 4.) (Lim et al., 1989). The amino 
acid sequence of GMF is highly conserved 
across species (Zaheer et al., 1993; Ikeda 
et al., 2006). Humans have two GMF 
isoforms, hGMF-β and hGMF-γ, which 
share 82% amino acid sequence identity 
(Asai et al., 1998). GMF-β was identifi ed 
fi rst as a growth and differentiation factor 
from neurons and glia in vertebrate brain 
extracts (Kato et al., 1987; Lim et al., 
1989). Despite the sequence and structural 
homology to other ADF-H domain 
proteins, the possible role(s) of GMFs 
in actin dynamics are currently poorly 
understood. 

GMF-β is mainly expressed in brain, 
especially the glial cells and some neurons. 
In addition, it is expressed weakly in other 
tissues, like testis, ovary, heart, placenta, 
kidney and pancreas (Zaheer et al., 1993; 

Wang et al., 1992). GMF-β has also 
been shown to be expressed in thymic 
epithelial cells and seems to play a role 
in T cell development (Utsuyama et al., 
2003). The expression of GMF-β in the 
proximal tubules of kidneys is upregulated 
in proteinuria. This may play a key role 
in renal disease progression caused by 
proteinuria (Kaimori et al., 2003).  

PKA (protein kinase A), PKC (protein 
kinase C), casein kinase II (CKII) and 
p90 ribosomal S6 kinase (RSK) have 
been shown to phosphorylate GMF-β in 
vitro. PKA- and PKC-phosphorylated 
GMF-β promotes the activity of PKA 
resulting in a positive feedback loop 
(Zaheer and Lim, 1997). PKA- and RSK-
phosphorylated GMF-β is an inhibitor 
of ERK (extracellular signal-regulated 
kinase) (Zaheer and Lim, 1996). PKA-
phosphorylated GMF-β is an enhancer 
of p38 (Lim and Zaheer, 1996). ERK and 
p38 are subfamilies of MAP (mitogen-
activated protein) kinase. Thus, GMF-
β may be a bifunctional regulator of the 
MAP kinase cascades (Zaheer and Lim, 
1997). 

Overexpression of GMF-β  in 
primary astrocytes results in secretion of 
neurotrophic factors through activation 
of the p38 pathway (Zaheer et al., 1993; 
2001). Overexpression of GMF-β in 
astrocyte/microglia co-culture caused 
an increase in the expression of several 
proteins involved in inflammatory 
reactions, like major histocompatibility 
complex proteins, interleukin-1β (IL-1β) 
and MIP-1β. Those are all associated 
with the development of experimental 
autoimmune encephalomyelitis (EAE) 
(Zaheer et al., 2002). Overexpression of 
GMF-β in a glioma cell line resulted in 
decreased tumorigenicity and an increase 
in the expression of the antioxidant 
enzyme superoxide dismutase and several 
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neutrotrophic factors (Pantazis et al., 
2000; Zaheer et al., 1999; Lim et al., 
1998). In contrast, overexpression of GMF 
in neuroblastoma cells caused cytotoxicity 
and loss of cell viability (Zaheer et al., 
2008). GMF-β can thus, depending on 
the surrounding conditions, promote the 
survival or apoptosis of the cells. GMF-
β’s precise function in neurons and glial 
cells is still remains largely a matter of 
speculation.

GMF-β knockout mice develop 
normally to maturity without gross 
m o r p h o l o g i c a l  o r  b e h a v i o u r a l 
abnormalities. The knockout mice show 
no differences to wild-type mice in activity 
level, anxiety, position discrimination, 
spatial memory/learning and swimming 
ability. This indicates the hippocampal 
functions are normal and that GMF-β is 
not involved in hippocampus-dependent, 
declarative type of learning. However, 
GMF-β knockout mice performed poorly 
in beam walking and eyeblink classical 
conditioning indicating impaired motor 
performance and motor procedural 
learning. A loss of neurons in the inferior 
olive was detected (Lim et al., 2004). 
Inferior olive is a component in the 
circuitry of eyeblink conditioning and 
also essential in motor performance as the 
input from inferior olive is essential for 
cerebellar coordination (Kim et al., 1998). 
Exercise induces the production of GMF 
and neurotrophins, like BDNF and NGF in 
normal mice (Neeper et al., 1995; Gomez-
Pinilla et al., 2001). In GMF-β knockout 
mice the exercise-induced production 
of BDNF was impaired, indicating that 
GMF-β may provide neuroprotection 
through BDNF production (Zaheer et al., 
2006). Despite the extensive analysis of 
the knockout mice, the exact cellular role 
of GMF-β and its possible function in actin 
dynamics are currently not understood.

In humans, GMF-γ is predominantly 
expressed in inflammatory cells such 
as T lymphocytes, lymphoblasts and 
macrophages as well as microvascular 
endothelial cells.  hGMF-γ  is not 
expressed in brain, neuronal cells, glia 
or nonendothelial cells. In mouse GMF-
γ is also expressed abundantly in thymus 
and spleen as well as lung. GMF-γ is also 
expressed early during mouse development 
especially in tissues involved in embryonic 
vasculogenesis and hematopoiesis (Ikeda 
et al., 2006). 

In cultured cells, GMF-γ colocalizes 
with F-actin at the membrane ruffles 
similar to cofi lin. It also interacts directly 
with Arp2/3 complex. Phosphorylation 
of GMF-γ at N-terminal serine enhances 
this interaction. Overexpression of GMF-
γ results in increased cell motility and 
enhanced tube formation in endothelial 
cells. It seems that GMF-γ is involved 
in the regulation of actin-based cellular 
functions and may enhance stimulus-
responsive lamellipodia formation (Ikeda 
et al., 2006). GMF-γ may also be involved 
in differentiation, neural degeneration and 
inhibition of cellular proliferation (Peters 
et al., 1999). 

5.5 Twinfi lin

Twinfilin was first identified from 
budding yeast through its sequence 
homology to ADF/cofilins (Goode et 
al., 1998). The human homologue had 
been identified earlier and suggested to 
be a novel tyrosine kinase A6 (Beeler 
et al., 1994; 1997). Subsequent studies 
under similar conditions did not reveal 
any tyrosine kinase activity for either 
recombinant yeast or mouse twinfilin. 
Furthermore, twinfilin does not have 
detectable sequence homology to known 
protein kinases or possess sequence motifs 
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typical for the catalytic domains of protein 
kinases (Goode et al., 1998; Vartiainen et 
al., 2000). Instead, twinfi lins have been 
shown to be ubiquitous regulators of 
actin dynamics (reviewed in Palmgren et 
al., 2002). Homologues of twinfi lin have 
been found from all eukaryotes studied 
except in plants (Lappalainen et al., 1998; 
Palmgren et al., 2001). 

Twinfilin is ~40 kDa, conserved 
protein, composed of two ADF-H domains 
(N-terminal and C-terminal domain) 
connected by a short linker (~30 residues) 
and followed by a C-terminal tail (~35 
residues) (Figure 4.). The two ADF-
H domains show approximately 20% 
sequence similarity to ADF/cofi lins and 
to each other (Lappalainen et al., 1998; 
Goode et al., 1998). The crystal structures 
for mouse twinfi lin’s N-terminal and C-
terminal domains have been resolved 
at 1,6-Å resolution. Although ADF/
cofilin and twinfilins N-terminal ADF-
H domain share only a relatively low 
amino acid similarity, they superimpose 
well structurally (Paavilainen et al., 
2002; 2008). The regions important for 
actin monomer binding in ADF/cofilin 
are highly conserved in sequence and in 
structure in twinfi lin’s ADF-H domains. 
On the contrary, the regions in ADF/cofi lin 
involved in binding fi lamentous actin are 
less conserved in twinfilin’s N-terminal 
ADF-H domain, which does not interact 
with F-actin (Lappalainen et al., 1998; 
Paavilainen et al., 2002). Twinfi lin also 
competes with ADF/cofi lins on binding to 
actin, providing further evidence that they 
bind actin through overlapping surfaces 
(Ojala et al., 2002; Ressad et al., 1998).

Yeast and mouse twinfi lin effi ciently 
sequester actin monomers. They both 
have significantly higher affinity for 
ADP-G-actin than for ATP-G-actin, 
similar to ADF/cofilins (Goode et al., 

1998; Vartiainen et al., 2000; Palmgren 
et al., 2001; Ojala et al., 2002; Maciver 
and Weeds et al., 1994). Twinfi lin is an 
abundant protein in yeast cells. In yeast, 
the actin monomer pool is smaller than 
in mammalian cells, thus twinfi lin could 
potentially sequester the majority of actin 
monomers at a given time (Palmgren et 
al., 2001). Yeast twinfilin also inhibits 
the spontaneous nucleotide exchange on 
actin monomers (Goode et al., 1998). It 
has been recently suggested that yeast 
twinfi lin severs actin fi laments in low pH 
conditions. No severing has been detected 
under physiological conditions, so the 
signifi cance of this function remains to be 
shown (Moseley et al., 2006).

Twinfi lin binds actin monomers in 1:1 
ratio even though it possesses two potential 
actin-binding domains (Goode et al., 1998; 
Vartiainen et al., 2000; Palmgren et al., 
2001). Both ADF-H domains are required 
for effi cient actin monomer sequestering in 
yeast (Palmgren et al., 2001). In contrast, 
the two ADF-H domains of mouse twinfi lin 
bind actin monomers independently, in 
a competitive manner. The C-terminal 
domain has a similar affinity for actin 
monomers as the full-length protein and 
approximately 10-fold higher affinity 
than the N-terminal domain. It has been 
suggested that twinfi lin fi rst binds an actin 
monomer through its N-terminal domain 
and following a conformational change 
the monomer is transferred to the more 
strongly binding C-terminal domain. The 
conserved linker region between the ADF-
H domains and the C-terminal tail region 
do not take part in the actin binding (Ojala 
et al., 2002). 

In addition to actin, twinfi lins interact 
with heterodimeric capping proteins. 
This interaction is mediated by the C-
terminal tail-region of twinfi lin. Although 
interaction with capping protein is 
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essential for twinfi lin’s correct subcellular 
localization and function in yeast, this 
interaction does not affect the actin-
related activities of these two proteins 
and twinfi lin interaction is not needed for 
correct localization of capping protein 
(Palmgren et al., 2001; Falck et al., 2004). 
Yeast twinfilin also interacts directly 
with PI(4,5)P2. This interaction decreases 
twinfilin’s actin sequestering ability 
(Palmgren et al., 2001).

Despite extensive studies, the exact 
biological roles of twinfi lin have remained 
unclear. In yeast, twinfilin localizes to 
cortical actin patches (Goode et al., 
1998; Palmgren et al., 2001). An intact 
actin network and direct interaction with 
heterodimeric capping protein are required 
for the correct localization (Palmgren et 
al., 2001; Falck et al., 2004). Deletion of 
twinfilin in yeast has a mild phenotype, 
showing abnormal cortical actin patches 
and random budding pattern (Goode 
et al., 1998). Mutations in yeast cofilin 
and profilin genes in which their actin 
depolymerization and actin nucleotide 
exchange activities, respectively, are 
affected, show syntenic lethality with 
twinfilin deletion (Lappalainen and 
Drubin, 1997; Goode et al., 1998; Wolven 
et al., 2000). Furthermore, overexpression 
of twinfilin in yeast results in enlarged 
cortical actin patches, depolarization of 
the actin cytoskeleton and formation of 
actin bars in the cytoplasm (Goode et 
al., 1998). In mammalian cells, twinfi lin 
shows diffuse cytoplasmic localization 
when expressed as a GFP-fusion protein, 

but localizes to cortical actin structures 
as endogenous protein. Overexpression 
of twinfi lin in NIH3T3 cells resulted in 
loss of stress fibers and appearance of 
abnormal actin fi lament structures. Small 
GTPase Rac1 was shown to regulate the 
localization of twinfi lin in NIH3T3 cells 
(Vartiainen et al., 2000).

Drosophila twinfi lin exhibits similar 
biochemical characteristics to yeast and 
mammalian twinfilin. Genetic studies 
revealed that twinfi lin plays a signifi cant 
role in the development of Drosophila. 
Twinfilin mutant flies exhibit reduced 
motility and viability, a prolonged larval 
period and several developmental defects, 
such as rough eyes (Wahlström et al., 
2001). The most informative phenotype in 
twinfi lin mutant fl ies was in their bristles. 
Drosophila bristles are sensory organs 
formed as a cytoplasmic extension of 
the cell and are fi lled with actin fi lament 
bundles (Tilney et al., 2000). Twinfilin 
localizes both to the cytoplasm and to 
the actin filament bundles in wild type 
Drosophila bristles. In the absence of 
twinfilin, the actin bundles in bristles 
were misoriented and ectopic actin 
polymerization at the bristle surface 
between the main bundles was detected. 
The phenotype of the mutants indicates 
uncontrollable growth of actin fi laments in 
the absence of twinfi lin (Wahlström et al., 
2001). Twinfi lin also interacts genetically 
with Drosophila ADF/cofilin in bristle 
morphogenesis further supporting its 
role in regulating actin dynamics in fl ies 
(Wahlström et al., 2001).
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Aims of the study

AIMS OF THE STUDY

Aim of this study was to advance our knowledge concerning recently discovered evolu-
tionarily conserved protein named twinfi lin. Twinfi lin homologues had been identifi ed 
in yeasts, fruit fl y, mouse and human. Furthermore, it had been shown to be an abundant 
actin monomer-sequestering protein, with high affi nity for ADP-G-actin. However, the 
mechanism and signifi cance of twinfi lin in regulation of actin dynamics was still poorly 
understood. Several other actin monomer-binding proteins, like ADF/cofi lin and profi lin, 
have more than one isoform in mammalian organisms and deletions of proteins involved 
in the actin dynamics often result in clear consecuences and help understand their role 
in the living organism

The specifi c aims for this study were:

-  to elucidate the role of mouse twinfi lin in regards to the actin cytoskeleton, identify 
possible binding partners and regulatory pathways affecting twinfi lin’s functions in 
vivo and in vitro

-  to identify and characterize possible isoforms for mouse twinfi lin

-  to understand twinfi lin’s role in the development of mouse by creating knock-out mice 
lines
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Materials and methods

MATERIALS AND METHODS

The methods used in this study are listed below. The detailed descriptions can be 
found from original publications at the end of this thesis. The roman numbers of the 
publications are indicated after the method.

Purifi cation of platelet actin   I 
Affi nity purifi cation of antibodies  I
RNA in situ hybridization   I
Purifi cation of rabbit muscle actin  I, II
Recombinant protein expression   I, II, III
Recombinant protein purifi cation  I, II, III
Labeling actin with NBD   I, II, III
NBD-actin assay    I, II, III
Labeling actin with pyrene   I, II, III
Actin fi lament assembly assay with pyrene-actin I, II, III
Cell culture     I, II, III
Transfection of mammalian cells  I, II, III
Immunofl uorescence microscopy  I, II, III
Native gel electrophoresis assays  I, III
Subcloning     I, III
Plasmid construction    I, III, IV
SDS-PAGE     I, IV
Western blotting    I, IV
Northern blotting    I, IV
Biomimetic bead motility assay   II
Formin-induced motility assay   II 
Preparation of spectrin-actin seeds  II, III
Preparation of gelsolin-actin seeds  II, III
RNA extraction from mouse tissue  III, IV
RT-PCR     III, IV
Q-PCR      III, IV
Protein extraction from mouse tissue  IV
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6. Mouse twinfi lin isoforms

During this thesis work we identified 
and characterized two novel isoforms for 
mouse twinfi lin. We named the previously 
discovered form (Vartiainen et al., 2000) 
twinfi lin-1 and the new isoforms twinfi lin-
2a and twinfilin-2b. We discovered 
twinfilin-2a through database searches 
and for a while we thought it was the 
only isoform in addition to twinfilin-1. 
Twinfi lin-2a was simultaneously identifi ed 
as the catalytic domain of the atypical 
protein kinase C and named A6-related 
protein although the authors did not detect 
any kinase activity in this protein (Rohwer 
et al., 1999). Subsequently, twinfi lin-2b 
was discovered when analysing twinfi lin-
2a knock-out mice (described in more 
detail in chapter 7). 

In the following chapters, I will use 
twinfilin-2 as a general term describing 
both twinfi lin-2 isoforms when twinfi lin-
2a and -2b were not or could not be 
distinguished from each other. Twinfi lin-2a 
and -2b are nearly identical, differing only 
by few residues at the very N-terminus, 
so they could not be distinguished, for 
example, by the antibody that was at our 
disposal or in the in situ hybridization 
experiments. 

6.1 Expression patterns of the mouse 
twinfi lin isoforms (I, III)

We used in situ hybridization (I), Northern 
blot (I, III) and Q-PCR (III) to analyse the 
expression patterns of the three twinfi lin 
isoforms in adult and embryonic mouse 
tissues. RNA in situ hybridization (I) of 
embryonic days (E) 10.5, 12.5, 14.5 and 
18.5 mice revealed that twinfilin-1 and 
twinfi lin-2 are expressed during all stages 

of development. Twinfilin-1 expression 
was wide-spread and strong even from 
the earliest time-point, while twinfi lin-2 
expression was very weak in the fi rst time-
point and increased during development. 
Twinfilin-1 was expressed through-out 
the embryonic tissues, except in skeletal 
muscle, with the strongest expression 
during development observed in the 
central and peripheral nervous system, in 
the olfactory sensory epithelium and in 
the skin keratinocytes (E14.5 and E18.5). 
At E18.5 a strong expression of both 
twinfi lin-1 and twinfi lin-2 was observed in 
the mechanosensory hair cells of the inner 
ear. The possible function of twinfilins 
in the hair cells will be discussed later in 
chapter 6.3.

Northern blot analysis (I, III) 
of embryonic mice (E 7, 11, 15 and 
17) supported the observation that 
twinfl in-1 was the major isoform during 
development, whereas the expression of 
twinfi lin-2 increased during development. 
Based on the Northern blot analysis of 
adult mouse tissues (heart, brain, spleen, 
lung, liver, skeletal muscle, kidney and 
testis), twinfi lin-1 and -2a are expressed 
in variable amounts in most organs, while 
only muscles and heart tissues express 
high levels of twinfilin-2b mRNA. 
Twinfi lin-1 is expressed in high levels in 
almost all tissues examined, with the most 
prominent expression in kidney and liver. 
Twinfi lin-2a expression is also detected in 
almost all issues, but comparatively lower 
levels than twinfi lin-1. 

Q-PCR analysis (III) gave the most 
accurate result on the exact expression 
levels of each isoform in the tissues of 
adult mouse (heart, brain, spleen, lung, 
liver, skeletal muscle and kidney). Q-PCR 
showed that twinfi lin-2b was indeed only 
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expressed in heart and skeletal muscles. 
It was also the most abundant isoform 
in these tissues. Highest expression of 
twinfi lin-2a was detected in spleen, lung 
and skeletal muscle. Spleen was the only 
tissue where twinfilin-2a is the most 
abundant isoform. Twinfi lin-1 was the most 
prominent isoform in all tissues examined, 
except in muscle tissues and spleen. Our 
expression analysis propose that at least 
two twinfi lin isoforms are expressed in all 
mouse tissues. This suggests that twinfi lin 
has a crucial role in the actin dynamics of 
all cell and tissue types. 

6.2 Biochemical characteristics of the 
mouse twinfi lin isoforms (I, II, III)

To study if the biochemical properties of 
the twinfilin-2a and -2b isoforms were 
similar to twinfi lin-1, they were expressed 
as his-tagged fusion proteins in E. coli and 
purifi ed with Ni-NTA- and gel-fi ltration 
columns. The proteins were monomeric 
and soluble after purification. Both 
muscle and platelet actin were used in the 
experiments. 

Actin monomer-binding assay with 
NBD (7-chloro-4-nitrobenz-2-oxa-1.3-
diazole)-labeled actin (I, II, III) revealed 
that all isoforms bind monomeric actin 
under physiological conditions. Binding 
of twinfilin to NBD-actin results in a 
change in the NBD-actin fluorescence 
(Ojala et al., 2002). The change shows 
saturating behaviour, which makes it 
possible to calculate the Kd values for the 
affi nities of each isoform to monomeric 
actin. The results were in agreement with 
previous observations (Palmgren et al., 
2001; Ojala et al., 2002) with all isoforms 
showing a signifi cantly higher affi nity for 
ADP-G-actin (Kd = 120-190 nM) than 
ATP-G-actin (Kd = 650-980 nM). This 
was not a suprise, since most of the actin 

binding residues are highly conserved in 
all isoforms. In our assays twinfi lin-1 or 
-2a did not show any preference to platelet 
or muscle actin, this was not tested on 
twinfi lin-2b. 

Actin monomer binding capacity of 
the isolated ADF-H domains have earlier 
been studied with twinfilin-1 domains 
(Ojala et al., 2002). We performed this for 
the isolated domains of twinfi lin-2a and 
-2b (III). N-terminal domain of twinfi lin-
2a and the C-terminal domain shared by 
both twinfi lin-2 isoforms showed similar 
binding affi nities as previously reported 
for twinfi lin-1 domains (Ojala et al., 2002), 
the N-terminal domain showing similar 
affi nity for ADP-G-actin (Kd = 470 nM) 
and ATP-G-actin (Kd = 540 nM), and the 
C-terminal domain favouring ADP-G-actin 
(Kd = 130 nM) over ATP-G-actin (Kd = 
550 nM). In contrast, N-terminal domain 
of twinfi lin-2b strongly favored ADP-G-
actin (Kd = 170 nM) over ATP-G-actin 
(Kd = 990 nM). This difference may result 
from the differences between the very N-
terminal region of twinfilin-2a and -2b, 
since the N-terminus have been shown to 
play an important part in the affi nity for 
actin monomers of the N-terminal domain 
of twinfi lin-1 (Paavilainen et al., 2002). 

Using an etheno-ATP assay (I) 
(Hawkins et al., 1993) we also revealed 
that mouse twinfi lin-1 and -2a inhibit the 
spontaneous nucleotide exchange on actin 
monomers in a concentration-dependent 
manner. This is similar to what has been 
previously reported for yeast twinfilin 
(Goode et al., 1998). 

Heterodimeric capping protein has 
been shown to be an important interaction 
partner of yeast twinfl in (Palmgren et al., 
2001). To test if mouse twinfi lin isoforms 
also bind capping protein, we performed 
a native PAGE analysis with purified 
twinfilin proteins and heterodimeric 
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capping protein (I, III). All isoforms 
showed a clear shift in the motility in 
the presence of mouse 11 capping 
protein indicating a direct interaction. 
Thus, heterodimeric capping protein is an 
evolutionarily conserved binding partner 
of twinfi lin. Furthermore, at least twinfi lin-
1 and twinfi lin-2a interacted with chicken 
12 and mouse 11 capping proteins 
with equal affi nity, indicating there is no 
isoform specifi ty. Capping protein binding 
site on yeast twinfi lin has been mapped 
to the C-terminal tail of twinfi lin (Falck 
et al., 2004). It is important to note that 
the C-terminal tail-region is relatively 
well conserved in all twinfi lins, providing 
further support to our findings that all 
twinfi lins interact with capping protein. 

To study the effects of twinfi lin-1 to 
actin assembly dynamics we performed 
pyrene-actin polymerization assays 
with spectrin- or gelsolin-actin seeds 
(II). These seeds provide a nucleus for 
actin filament polymerization in one 
direction while capping the other end of 
the fi lament. Gelsolin stays bound to the 
barbed end allowing growth at the pointed 
end. Spectrin functions in an opposite 
manner. Twinfi lin-1 effi ciently inhibited 
the barbed end growth of spectrin-actin 
seeded fi laments and slowed the pointed 
end assembly of gelsolin-seeded fi laments. 
Interestingly, twinfilin-1 inhibited the 
barbed end growth more efficiently 
than would be expected from a merely 
monomer-sequestering protein. This could 
be achieved by capping the barbed end. 

The possible fi lament barbed 
end capping activity of twinfilin-
1 was examined in more detail by 
using biomimetic motility assays (II). 
Biomimetic bead motility assay is based 
on five proteins that were found to be 
essential for actin-based motility in cells 
(Loisel et al., 1999, Rogers et al., 2003). 

Arp2/3, ADF/cofi lin, profi lin and capping 
protein are added to a solution of F-actin 
and silica microbeads coated with N-
WASP. With all the necessary components, 
the beads move and can reach velocity of 
up to 8 m/min. Without capping protein, 
for example gelsolin or heterodimeric 
capping protein, the beads show no 
directed motility and the characteristic 
actin tails fail to form (Loisel et al., 1999). 
Twinfilin-1 was able to supplement for 
suboptimal amounts of capping protein in 
the mixture and replace capping protein in 
this assay. Twinfi lin also exerted on effect 
typical for capping proteins in the formin-
induced motility assay. Formin induces 
processive barbed end filament growth, 
which twinfi lin-1 seems to fi ne-tune by its 
capping and sequestering activities.

Isolated ADF-H domains of twinfi lin-1 
failed to cap fi lament barbed ends, thus two 
functional ADF-H domains are necessary 
for the capping activity (II). This provides 
a reason for having two actin-binding 
domains in a mouse twinfi lin molecule. 
This was subsequently confi rmed in our 
laboratory by mutagenesis and structural 
analysis of twinfi lin domains (Paavilainen 
et al., 2007).

To study if all mouse twinfilin 
isoforms share the barbed end capping 
activity, twinfilin-2a and -2b were 
examined in pyrene-actin polymerization 
assays with spectrin- or gelsolin-actin 
seeds (III). The results indicate that all 
mouse isoforms cap actin fi lament barbed 
ends in a similar strength. In contrast, 
yeast and Drosophila twinfilin do not 
possess the barbed end capping function, 
suggesting this activity originated late in 
evolution (II).

The structure of twinfilin’s N-
terminal domain has been solved earlier 
in our laboratory (Paavilainen et al., 2002) 
and the structure of twinfi lin C-terminal 
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domain was solved by NMR spectroscopy 
in a recent study (Paavilainen et al., 
2007). Both structures show a typical 
ADF-H fold. The structure of the C-
terminal domain resembles the structure 
of ADF/cofi lin more closely than the N-
terminal domain (Paavilainen et al., 2002; 
2007). Co-sedimentation assay showed 
that the C-terminal domain of twinfi lin-
1 was able to bind F-actin in addition to 
G-actin (Paavilainen et al., 2007). The C-
terminal domain also increased pointed 
end depolymerization rate similar to ADF/
cofi lin (Paavilainen et al., 2007; Ressad et 
al., 1998). 

Even though the two ADF-H domains 
of twinfilin and the six domains of 
gelsolin (G1-G6) do not display detectable 
sequence homology to each other, the 
domains are structurally homologous 
(Choe et al., 2002; Paavilainen et al., 
2007). Also the actin-binding sites on 
these domains are similar (Wriggers et 
al., 1998; Dominguez, 2004; Paavilainen 
et al., 2007). Minimal gelsolin fragment 
capable of capping actin fi lament barbed 
end consists of the first two domains, 
G1 and G2. Similar to the N-terminal 
domain of twinfi lin-1, gelsolin segment 1 
binds actin monomers, while the gelsolin 
segment 2 can bind both monomers and 
actin fi laments (Paavilainen et al., 2007). 
In a structural model of gelsolin capped 
filament barbed end (Burtnick et al., 
2004), the gelsolin segments 1 and 2 could 
be replaced by twinfi lin N- and C-terminal 
domains, respectively. Gelsolin segment 
2 could not be replaced by twinfilin N-
terminal domain do to a steric hindrance, 
which could explain why the N-terminal 
domain in unable to bind F-actin. Based 
on this data, it seems likely that twinfi lin-
1 and gelsolin cap actin fi lament barbed 
ends by similar mechanism (Paavilainen 
et al., 2007). 

6.3 Cell biological characteristics of the 
mouse twinfi lin isoforms (I, II, III)

Since most tissue types express two or 
three different twinfilin isoforms and 
they do not differ significantly in their 
biochemical properties, questions arise 
conserning their subcellular localization 
and regulation.  The recombinant 
mouse twinfilin-1 and -2a were used to 
raise antiserum in rabbit and chicken, 
respectively (I). The antibodies proved 
to be specific for twinfilin after affinity 
purifi cation. It was not possible to get the 
antibody specific enough to distinguish 
between twinfilin-2a and -2b, instead 
we created myc-tagged version of each 
isoform for cell biological studies (II, 
III). Antibodies recognizing twinfilin-1, 
twinfilin-2 and myc were subsequently 
applied to study the localizations of 
twinfi lin isoforms in mammalian cells (I, 
II, III).

Mouse twinfilin-1 and -2 are 
abundant proteins in cells. In non-muscle 
mammalian cells endogenous twinfi lin-1 
and -2 localize diffusely to cytoplasm but 
also to actin-rich structures, especially to 
filopodia (I). Similar localizations have 
been detected for yeast and Drosophila 
twinfilin (Goode et al., 1998, Palmgren 
et al., 2001, Wahlström et al., 2001). At 
least twinfi lin-1 localization also partially 
overlaps with endosomes (II). However, 
twinfi lin does not localize to all actin-rich 
structures, like stress fi bers. Localization 
of myc-tagged twinfilin-1, -2a and -2b 
was studied in primary rat cardiomyocytes 
because twinfilin-2b appears to be only 
expressed in muscle cells (III). Mainly 
punctate cytoplasmic expression was 
detected for each isoform, but in a subset 
of cells, twinfilin-1 and -2b showed 
enrichment in myofi brils. 
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A recent study showed that twinfi lin-
1 and twinfi lin-2 knockdown cells display 
severe defects in the endocytosis (Pelkmans 
et al., 2005). To study the role of twinfi lin 
in endocytosis in more detail, we expressed 
full-lenght twinfi lin-1 as well as its either 
the N-terminal or C-terminal ADF-H 
domain as myc-tagged fusion proteins in 
NIH3T3 cells (II). Overexpression of full-
lenght twinfi lin-1 did not cause signifi cant 
effect on transferrin uptake. However, 
overexpression of either ADF-H domain 
led to reduced uptake of transferrin and 
disturbed subcellular distribution of 
transferrin vesicles. This suggests that 
twinfilin’s filament barbed end activity, 
which requires the presence of two 
ADF-H domains, is needed for its role in 
endocytosis.

We have also examined the role 
of twinfilin-1 and -2a in inner ear hair 
cells (Rzadzinska, Nevalainen et al., 
unpublished). Hair cells have thin actin 
filled projections called stereocilia on 
the apical surface of the cell. Stereocilia 
organize in rows forming a staircase 
pattern. Both twinfilin isoforms are 
especially strongly expressed in these 
cells. According to our fi ndings, twinfi lin-
1 localizes along the length of all 
stereocilia, while twinfilin-2a localizes 
to the ends of the shortest stereocilia. 
Twinfilin-2a and myosinVIIa interact 
directly with each other or are found in 
the same protein complex according to 
our co-immunoprecipitation experiments 
(Figure 5.) and twinfi lin-2a localization in 
stereocilia is dependent on this interaction. 
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Figure 5. Twinfi lin-2 interacts with myosinVIIa in vivo. The interaction between twinfi lin-2 
and myosinVIIa was demonstrated by immunoprecipitation from protein lysates of inner ear tissue 
with anti myosinVIIa antibody (myoVIIa), anti twinfi lin-2 antibody (twf-2), protein A-Sepharose 
and anti twinfilin-1 (twf-1) antibody followed by the immunoblot with a anti-myosinVIIa 
antibody (A) and anti-twinfi lin-2 antibody (B). MyosinVIIa effi ciently co-immunoprecipitated 
when using anti-twinfilin-2 antibody, whereas no detectable amounts of myosinVIIa co-
immunoprecipitated when using anti-twinfi lin-1 antibody. In the inverse experiment, twinfi lin-2 
co-immunoprecipitated when using anti-myosinVIIa antibody, while twinfi lin-1 did not. Thus, 
our results show that myosin VIIa and twinfi lin-2 interact with each other. Twinfi lin-2 molecular 
weight is 39 kDa. MyosinVIIa has a molecular weight of about 250 kDa; the band at 100 kDa 
may be the result of unspecifi c binding of anti-myosin VIIa antibodies or may indicate protein 
degradation.
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We thus speculate that twinfilin-2a/
myosinVIIa interaction is involved in 
determining the length gradation of the 
stereocilia.

6.4 Regulation of the mouse twinfilin 
isoforms (I, III)

Different protein isoforms may behave 
differently in specific situations and 
respond differently to signalling pathways. 
In NIH3T3 cells transfected with 
constantly active small Rho GTPases, 
Rac1 or Cdc42, a different response was 
detected for twinfilin-1 and twinfilin-
2 (I). Active Rac1 leads to twinfilin-1 
accumulation to the membrane ruffl es and 
active Cdc42 induces translocalization of 
twinfi lin-1 at the cell-cell contacts, while 
twinfilin-2 does not respond to these 
stimulations. Dominant negative form of 
Rac1 caused twinfi lin-1 to concentrate to 
the cytoplasm. 

Protein phosphorylation is a common 
regulatory mechanism for several proteins 
participating in cytoskeletal dynamics 
(reviewed in Janmey 1994). LIM kinases 
1 and 2 have been shown to phosphorylate 
ADF/cofilins (Arber et al., 1998; Yang 
et al., 1998; Toshima et al., 2001a; 
b). The Rho family small GTPases, 
including Rac1 and Cdc42, regulate the 
phosphorylation of ADF/cofi lins by LIM 
kinases (Arber et al., 1998; Yang et al., 
1998). Our unpublished studies indicate 
that twinfilin-1 is phosphorylated at 
one serine and one threonine residue 
and that LIMK2, but not LIMK1, is 
involved in the phosphorylation (Bernard, 
Nevalainen et al., unpublished). The exact 
phosphorylation sites and the possible 
effects of phosphorylation on twinfilin-
1 activity are still under investigation as 
well as if this phosphorylation is applied 
to all twinfi lin isoforms. 

Phospholipid binding regulates the 
activities of several actin-binding proteins, 
such as ADF/cofilins (Yonezawa et al., 
1990) and profilin (reviewed in Witke, 
2004). Yeast twinfilin has been shown 
to interact with phosphatidylinositol 
(4,5)-bisphosphate (PI(4,5)P2) and this 
interaction inhibits yeast twinfi lin’s actin 
monomer-sequestering activity (Palmgren 
et al., 2001). A native page assay confi rmed 
that also mouse twinfi lin-1 and -2 directly 
interact with PI(4,5)P2 (I). The effect of 
PI(4,5)P2 interaction on mouse twinfi lin’s 
actin interactions was studied by pyrene-
actin polymerization assays with either 
twinfilin-1 and twinfilin-2a with and 
without PI(4,5)P2 (I). In the presence of 
PI(4,5)P2 both twinfilin isoforms were 
much less effi cient in sequestering actin 
monomers than in the absence of PI(4,5)P2, 
demonstrating that twinfi lin’s activity is 
down-regulated by PI(4,5)P2. The possible 
in vivo relevance of this interaction still 
needs to be examined. 

7. Twinfi lin-2a knockout mouse 
(IV)

To elucidate the biological roles and 
functional differences of mouse twinfi lin 
isoforms in various cell biological and 
developmental processes, we set out to 
generate twinfilin-1 and -2a knockout 
mice. So far, we have only succeeded in 
generating twinfilin-2a knockout mice. 
In the construct generated for a targeted 
disruption of the twinfilin-2 gene, a 
knockout cassette was inserted into the fi rst 
exon of the gene. At the time of designing 
the knockout construct, we were not aware 
there was another isoform transcribed 
from twinfi lin-2 gene and as it turned out, 
the construct we created did not knockout 
twinfi lin-2b. The validity of the twinfi lin-
2a knockout was confi rmed by Southern, 
Northern and Western blot hybridizations 
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as well as by RT-PCR from different 
mouse tissues (liver, brain, kidney, spleen, 
lung, heart, and skeletal muscle). These 
analysis showed that twinfi lin-2a mRNA 
and protein were absent form the knockout 
strain.

The Twf-2a+/- and Twf-2a-/- mice 
were born in expected Mendelian ratios 
indicating that twinfi lin-2a is not crucial 
for embryonic development. The knock-
out mice did not manifest any abnormal 
features visible during normal handling 
and observation. The mice developed 
normally to maturity and were able to breed 
normally. We also performed histological 
analysis on several tissues from three-
month-old mice, including spleen, liver, 
kidney, lung, heart and skeletal muscle. No 
differences were detected on comparison 
to wild-type littermate tissues. 

Since there are three twinfilin 
isoforms expressed in mice, with at 
least two isoforms detectable in all the 
tissues studied so far, we next performed 
a Q-PCR analysis in order to fi nd out if 
either twinfilin-1 or twinfilin-2b were 
overexpressed in these tissues in order to 
compensate for the loss of twinfi lin-2a. No 
significant differences were detected in 
the expression levels of either remaining 
isoform. Twinfi lin is an abundant protein 
in cells and we speculate that the normal 
expression levels of the remaining 
isoforms are enough to compensate for the 
loss of one isoform. 

Future  work  should  involve 
examination of aged animals to reveal 
possible progressive phenotypes. We 
have suggestions of shorter lifespan 
and possible problems with the immune 
system of the knockout mice. The 
histological examinations of older mice (> 
1 year of age) often show enlarged spleen 
as well as occational skin infl ammations. 
These were often the cause of death or 

euthanation. This is in good agreement 
with the observation that the highest 
expression detected for twinfilin-2a is 
in spleen. Even though twinfilin-2a is 
not expressed in skin, immunological 
abnormalities often manifest themselves 
with skin problems. We have not been 
able to collect enough data to prove 
statistical signifi cance of these changes, 
since also wild type mice occasionally 
develop similar manifestations upon old 
age. Larger quantity of aged animals 
needs to be studied in order to evaluate 
the signifi cance of twinfi lin-2a in mouse 
development and physiology.

In future studies, the knockout mice 
could also be subjected to different kinds 
of stressfull situations. The importance of 
twinfi lin-2a does not necessarily manifest 
in secure laboratory conditions but may 
decrease the survival of the mice during 
stress. In addition, the other isoforms 
could be knocked out to reveal the exact 
role of twinfilin in mouse development 
and actin dynamics.

8. Biological roles of twinfi lin 
isoforms

Twinfilin gene probably arose from a 
duplication event of an ancient ADF-H 
domain protein. Subsequently, a second 
duplication in a vertebrate lineage gave 
rise to two twinfilin encoding genes. 
Multicellular organisms are composed of 
specialized cells. Different cell types have 
different requirements conserning their 
actin dynamics. Perhaps this has set a stage 
for evolution of three different twinfi lin 
isoforms showing distinct expression 
patterns and slightly different biochemical 
properties. Even though the full-length 
mammalian twinfilin isoforms did not 
show differences in their actin regulating 
capacities, the isolated domains did. This 
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might cause some signifi cant difference in 
the functions of the isoforms and requires 
more specifi c experiments in the future.

ADF/cofilin isoforms also display 
distinct expression patterns. Cofi lin-1 is 
the ubiquitous isoform, while cofilin-2 
is muscle-specific. ADF is specifically 
expressed in epithelial and nervous 
tissues (Vartiainen et al., 2002). Like 
twinfilins, ADF/cofilin isoforms show 
small differences in their biochemical 
characteristics. All ADF/cofi lin isoforms 
bind actin fi laments equally well, but ADF 
and cofi lin-1 disassemble actin fi lament 
efficiently, while cofilin-2 promotes 
filament assembly. Cofilin-2 is also the 
most ineffi cient isoform in promoting actin 
fi lament turnover (Vartiainen et al., 2002). 
Mammalian profilin isoforms are also 
expressed distinctly while sharing similar 
actin-related biochemical characteristics. 
However, they show differencies in 
interactions with other ligands, like 
phosphoinositides and proline-rich proteins 
(Lambrechts et al., 1997). We have shown 

that twinfi lins respond differently to Rac1 
and Cdc42 activation, indicating they are 
regulated through different pathways.

The twinfilin interaction with 
capping protein still remains enigmatic. 
It obviously is signifi cant for twinfi lin’s 
function in cells, since this interaction 
is conserved in all isoforms. It has been 
previously suggested that the role of 
twinfilin in cells would be to sequester 
actin monomers from the cytoplasm or 
compete them off from ADF/cofi lin and 
deliver them to the sites of rapid actin 
dynamics, like actin patches in yeast cells 
and cortical actin network in mammalian 
cells (Palmgren et al., 2001). However, it 
seems somewhat unlogical for twinfi lin to 
transport actin monomers to sites where 
actin filaments are capped, although 
capping proteins function in areas of high 
actin turnover. 

Hindering actin polymerization in the 
physiologically unappropriate locations in 
cells is of equal importance to inducing 
rapid actin polymerization on the correct 
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Figure 6. All mouse twinfi lin isoforms share the same three functions. Twinfi lins effi ciently 
sequester actin monomers (1), interact directly with heterodimeric capping protein (2) and cap 
actin fi lament barbed ends (3).
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locations. The role of twinfilin could 
be to sequester actin monomers and to 
stop unwanted/broken filaments from 
growing through its fi lament barbed end 
capping activity. Twinfi lin-2b is expressed 
specifically in muscles. In muscle 
cells, the turnover of actin filaments is 
comparatively slow. Twinfi lins would be 
perfectly adapted to keep the sarcomeric 
structure intact by capping unwanted/
severed filaments and preventing their 
growth. Similar role could be expected 
for twinfilins in the inner ear hair cells 
and filopodia. Stereocilia and filopodia 
are both long cellular extensions, filled 
with actin filament bundles and should 
be thightly controlled in length and order. 
Observations from Drosophila also support 
this hypothesis. In the absence of twinfi lin, 
uncontrolled actin filament growth 
leads to misoriented and mislocalized 
actin filament structures. In wild-type 
Drosophila twinfilin also localizes to 
actin-rich structures (Wahlström et al., 
2001). In fully elongated bristles twinfi lin 
localizes along actin filaments in spots 
that could be the barbed ends of actin 
filaments (Wahlström et al., 2001). We 

have shown that Drosophila twinfilin 
does not cap actin filament ends, thus 
this localization may be mediated by 
interaction with capping protein. On the 
other hand, our biochemical barbed end 
capping experiments were performed 
using muscle actin. Thus it is possible that 
Drosophila twinfi lin caps Drosophila actin 
filaments, but fails to interact with the 
barbed ends of mammalian actin fi laments. 
This possibility should be examined in the 
future. 

Together our biochemical and cell 
biological characterization of twinfilin 
isoforms demonstrate that all mouse 
twinfi lin isoforms are actin cytoskeleton 
regulators,  which sequester actin 
monomers and cap actin fi lament barbed 
ends, thus controlling the growth of 
actin filaments. Based on our results, a 
schematic picture of the functions shared 
by all mouse twinfi lin isoforms is shown in 
Figure 6. Even though we do not have the 
complete picture yet, all the data obtained 
so far clearly indicates that twinfi lins are 
crucially important players in the actin 
dynamics in eukaryote cells.

Results and discussion
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CONCLUDING REMARKS

Twinfi lins are actin-binding proteins that 
have been identified in all eukaryotic 
organisms studied, except in plants. 
Previously one twinfi lin protein had been 
identified in yeasts, flies, worms and 
mammals. The contribution of twinfilin 
to actin dynamics in cells had remained 
elusive. During this study we identifi ed 
two additional twinfi lin isoforms in mouse, 
and revealed that mammalian twinfilins 
function as fi lament barbed end capping 
proteins. 

Our expression analysis showed that 
twinfilin-1 and -2a are expressed rather 
ubiquitously, while twinfi lin-2b is specifi c 
for muscle cells. At least two twinfilin 
isoforms were expressed in all tissue 
types studied, supporting the importance 
of twinfilins in the regulation of actin 
dynamics. All twinfi lin isoforms exhibited 
similar biochemical characteristics. All 
isoforms bind ADP-G-actin with equally 
high affi nities and at least twinfi lin-1 and 
-2a inhibit the spontaneous nucleotide 
exchange on actin monomers. Before this 
study, it was thought that mouse twinfi lin 
only interacts with monomeric actin and 
not with fi lamentous actin (Goode et al., 
1998; Vartiainen et al., 2000). We showed 
that all twinfi lin isoforms are able to also 
interact with filament barbed ends and 
prevent fi lament polymerization through 
this capping activity. This function 
requires both ADF-H domains of the 
twinfilin molecule and thus provides a 
logical explanation for the presence of two 
ADF-H domains in twinfi lins. 

Our studies revealed that all twinfi lin 
isoforms directly bind heterodimeric 

capping protein and that at least twinfi lin-
1 and twinfilin-2a directly interact with 
PI(4,5)P2. The binding site for capping 
protein has been previously demonstrated 
to reside at the C-terminal tail region of 
twinfi lin, but the phospholipid-binding site 
still remains to be determined. The in vivo 
signifi cance of these interactions needs to 
be examined and the search for additional 
binding partners should continue.

Our  ce l l  b io log ica l  s tud ie s 
demonstrated that twinfilins localize 
diffusely to the cytoplasm, but also to 
actin-rich structures, like filopodia and 
stereocilia. Finding out how twinfilin 
localization and function are regulated 
would give valuable insight into 
twinfilin’s functions as a whole. One 
possible mode of regulation is through 
phosphorylation, because at least twinfi lin-
1 is phosphorylated in cells. Uncovering 
the exact sites of phosphorylation and 
how the phosphorylation is regulated is an 
important goal for the future.

In addition, we generated and 
analyzed twinfilin-2a knockout mice. 
Twinfilin-2a is the first twinfilin to be 
knocked out in mouse. Twinfi lin-2a proved 
to be dispensable for mouse development 
and the knockout mice showed no 
obvious phenotype. In the future, more 
in-depth studies of the knockout mice 
should be performed to reveal possible 
underlying phenotypes not present in un-
stressed young mice. Also knocking-out 
other isoforms and generating double- or 
even triple-knockout mice would give 
more insight into the biological roles of 
twinfi lins in mammals.  

Concluding remarks
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