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Abstract 
 
Actin is an essential, conserved protein that is necessary for a large number 
of cellular functions including cell division, movement, secretion and 
endocytosis. In cells, actin filaments are dynamic structures that assemble 
and disassemble rapidly in a co-ordinated fashion. This process of actin 
filament dynamics is tightly regulated both spatially and temporally, and 
therefore cells contain a large array of actin-binding proteins. One important 
aspect of actin filament turnover is the regulation of the size and dynamics of 
the actin monomer pool. This study has focused at analysis of two actin 
monomer-binding proteins ADF/cofilin and twinfilin, both of which share a 
common building block, the ADF-homology domain. 
 
ADF/cofilins are essential proteins whose function is to enhance actin filament 
turnover by depolymerizing actin filaments from the pointed ends. Unicellular 
organisms contain only one ADF/cofilin protein, whereas in multicellular 
organisms several isoforms exist. We compared the expression patterns and 
biochemical properties of the three mouse ADF/cofilin isoforms, which have 
70-80% sequence identity. We found that these proteins have distinct 
expression patterns: cofilin-2 is a muscle and ADF an epithelial specific 
isoform, whereas cofilin-1 has a rather ubiquitous expression pattern. These 
mouse ADF/cofilin isoforms also exhibit differences in their biochemical 
properties. ADF is very efficient in enhancing actin filament disassembly and 
turnover, whereas cofilin-2 rather promotes the assembly of filaments. Cofilin-
1 is an intermediate between cofilin-2 and ADF. Therefore, the biochemical 
properties of each isoform are well adapted to promote actin filament 
dynamics in the specific tissues where these proteins are expressed. 
 
Twinfilin is a recently identified actin monomer-binding protein that has been 
shown to regulate actin filament dynamics in yeast. We identified a Drosophila 
homologue of twinfilin and demonstrated that it is also an actin monomer-
sequestering protein. Moreover, our studies showed that twinfilin is essential 
for actin-dependent developmental processes in Drosophila, providing the first 
in vivo evidence for twinfilin’s importance in multicellular organisms. We also 
identified and characterized two murine twinfilin isoforms and showed that 
these proteins have distinct expression patterns, but very similar biochemical 
properties. Furthermore, twinfilin’s localization as well as its overexpression 
phenotype in murine cells establishes twinfilin’s role as a universal regulator 
of actin filament turnover. 
 
Combined with previous results, this study allows us to present a model of 
how various ADF/cofilin and twinfilin isoforms contribute to the regulation of 
the actin monomer pool in animal cells. 
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Introduction 
 

1.  The Cytoskeleton 
 
The cytoskeleton, together with internal membranes and the nucleus, are 
considered to be hallmarks of eukaryotic cells. The cytoskeleton is an 
extensive system of protein filaments that enables eukaryotic cells to organize 
their interiors and to perform various directed movements. The most abundant 
components of the cytoskeleton are microtubules, actin filaments and 
intermediate filaments. Microtubules are long, stiff polymers that extend 
throughout the cytoplasm, determining the overall shape of the cell as well as 
governing the location of membrane bound organelles and directing 
intracellular traffic. Intermediate filaments are tough and durable protein fibres 
that provide mechanical stability to animal cells. Actin filaments are thin and 
flexible, and their mission is to shape the plasma membrane and drive its 
movements (reviewed in Bray et al., 2001). 
 
The development of the cytoskeleton during evolution gave cells many 
advantages, which eventually led to the appearance of multicellular 
organisms. The cytoskeleton enabled cells to change their shape, and the 
surface plasticity might have made possible the engulfment of endosymbiotic 
organelles, which led to the evolution of mitochondria and chloroplasts. 
Appearance of the mitotic spindle based on microtubules could have allowed 
the genome to split into multiple chromosomes, allowing the expansion of 
genetic information. The cytoskeleton also brought along the capacity to 
perform internal movements, which made it possible to expand cell size and 
complexity (reviewed in Bray et al., 2001). 
 
Although prokaryotic organisms do not have a true cytoskeleton like 
eukaryotes, proteins distantly related to actin and tubulin have been found in 
bacteria. FtsZ (filamentous temperature-sensitive protein Z) and MreB (murein 
cluster e B) have only low sequence homology to tubulin and actin, 
respectively, but their three-dimensional structures resemble their eukaryotic 
counterparts. These proteins are also able to form filaments at least in vitro, 
and they function in such processes as cell division. Therefore, it is possible 
that actin and tubulin have a prokaryotic origin and that also prokaryotes 
organize their interior through mechanisms that are similar to, but less 
sophisticated than those of eukaryotes (reviewed in van den Ent et al., 2001). 
 

2.  Actin 
 
Actin is an essential, globular protein with a molecular weight of approximately 
43 kDa that is highly abundant in all eukaryotic cells. It is extremely 
conserved, and even actins from different species can complement each 
other’s functions. Lower eukaryotes, such as yeast, have only one actin gene 
encoding a single protein, but higher eukaryotes, like mammals, have multiple 
isoforms of actin that are selectively expressed in different tissues. In addition, 
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a single cell can contain several isoforms of actin that segregate to different 
structures within cells. Although actin isoforms display some differences in 
their thermodynamic stability, polymerization kinetics and affinity for actin- 
binding proteins, the importance of the different isoforms in vivo is not clear 
(reviewed in Sheterline et al., 1998). 
 
The actin molecule is a relatively flat, two-lobed molecule with a central cleft 
between the two lobes (Figure 1A). Each lobe-shaped domain is further 
divided into two subdomains. The central cleft contains binding sites for a 
nucleotide (ADP or ATP) and a divalent cation, which are essential cofactors 
of actin (Kabsch & Holmes, 1995). Actin monomers (G-actin) are able to 
spontaneously form filaments (F-actin) under the ionic conditions believed to 
exist in cells (Figure 1B). Several models for the F-actin structure have been 
proposed based on the structure of the actin monomer and other 
ultrastructural data. The actin filament can therefore be described either as a 
single-start left-handed helix or a two-start right-handed double helix. The 
typical time course of actin polymerization in vitro first shows a short delay, 
called a lag phase, due to the instability of actin dimers and trimers, which are 
necessary intermediates in actin polymerization. The lag phase is followed by 
a rapid polymerization period until the concentration of actin monomers 
reaches the critical concentration (Cc). At Cc, actin monomers exist in 
equilibrium with actin filaments, and actin polymerization balances 
depolymerization (reviewed in Steinmetz et al., 1997). 
 

 
 
 

 
 
Figure 1. Overview of actin. 
(A) Actin monomer with a 
bound nucleotide (PDB ID: 
1ATM). (B) Model of actin 
filament (PDB ID:1ALM). 
Panels A and B were 
created using programs 
Molscript (Kraulis, 1991) 
and Raster 3D (Merritt et 
al., 1994) (C) Actin 
filaments in NRK (normal 
rat kidney) cells visualized 
by rhodamine-phalloidin. 
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The turnover of actin filaments in cells is rapid, and individual actin filaments 
assemble and disassemble over a period of minutes. The chemical switch 
between polymerization and depolymerization is the hydrolysis of ATP, which 
brings energy to the system. Each actin monomer catalyzes the hydrolysis of 
an ATP molecule during a single cycle of assembly and disassembly. In 
rapidly assembling filaments, hydrolysis lags behind the assembly. Thus the 
hydrolysis of ATP is uncoupled from assembly site, and the hydrolysis occurs 
in the filament yielding first ADP.Pi-F-actin and after the release of the 
pyrophosphate, ADP-F-actin. A conformational switch accompanies this 
process. Because ADP-actin does not pack well into filaments, actin filaments 
are disassembled (reviewed in Welch et al., 1997). 
 
Due to the polar nature of each actin monomer, actin filaments also have a 
unique polarity. This polarity can be detected by decorating actin filaments 
with fragments of myosin. Projections of myosin are tilted in one direction and 
appear as arrowheads. Thus the two ends of actin filaments are called the 
barbed end (or the plus end) and the pointed end (minus end). These two 
ends grow at different rates, due to different association and dissociation rates 
and the difference in CC between the two ends. Under physiological 
conditions the CC for the barbed end is 0.1 µM and for the pointed end 0.7 
µM. For these reasons, barbed ends tend to grow, while pointed ends shrink, 
and individual actin monomers can move steadily from the plus end to the 
minus end in a process called treadmilling (reviewed in Sheterline et al., 
1998).  
 
  

3.  The role of actin in various cell biological processes 
 
3.1 Actin filament structures in cells 
 
Actin filaments are the “functional” forms of actin within cells (Figure 1C). 
However, the filaments seldom function as isolated units, but are instead 
organized into higher-order assemblies. These can be divided into three 
categories (Figure 2). The first class includes antiparallel or bipolar actin 
bundles (Figure 2A), found in their most organized form in striated muscle. In 
muscle fibers, actin filaments are kept precisely interdigitated with myosin 
filaments, which then walk along actin filaments, thus producing the 
contractile force. Similar, but less obviously organized structures can be found 
in smooth muscle cells and non-muscle cells. For example stress fibers, 
adhesion belts and contractile rings of dividing animal cells are antiparallel 
actin bundles with contractile properties (reviewed in Sheterline et al., 1998). 
The second category is parallel actin bundles (Figure 2B), which often 
function to support or stabilize cellular protrusions, such as the neurosensory 
bristles of Drosophila, brush border microvilli and hair cell stereocilia 
(reviewed in Bartles et al., 2000). Also protrusions involved in cell motility, like 
filopodia, microspikes and lamellipodia, display unipolar actin filaments, 
having the fast-growing barbed ends oriented outwards (reviewed in Small et 
al., 2002). In lamellipodia, actin forms branched structures rather than  
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Figure 2. Schematic representation of actin filament structures in cells. Actin 
filaments are in red. (A) Antiparallel actin bundles of the contractile ring (B) Parallel 
actin filaments of filopodia and lamellipodia in a migrating cell (C) Isotropic array of 
actin filaments in the cell cortex. 

bundles. These branches always grow at 70o angles from the mother filament, 
and the branching frequency is highest near the leading edge (Svitkina et al., 
1997). The third category of actin filament structures comprises the isotropic 
array under the plasma membrane, also known as the cell cortex (Figure 2C). 
Within the cortex, actin filaments are linked together in a three-dimensional 
network with small pores. This layer gives the outer surface of the cell 
mechanical strength and enables it to move (reviewed in Bray et al., 2001).  

 

3.2  Cell movements rely on the actin cytoskeleton 
 
Actin has been implicated in numerous cell biological processes. The actin 
cytoskeleton ramifies throughout the whole cytoplasm and provides a large 
surface area on which proteins can anchor themselves. For example, proteins 
of the glycolytic pathway are often bound to actin filaments. In addition, 
signaling complexes can use actin filaments to position themselves in the 
cytoplasm. Several ion transporters associate with actin, and manipulation of 
the actin cytoskeleton can modulate channel function. Actin is also an 
important localizator of mRNA molecules, and, for example, actin mRNA itself 
is associated with actin filaments, and the protein synthesis of actin is 
intimately linked to the actin cytoskeleton (reviewed in Sheterline et al., 1998). 
Most of the well-defined functions of actin have been localized to the 
cytoplasm, but actin can also be detected in the nucleus. The physiological 
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role of nuclear actin is still unclear, but there is some evidence that it is a 
component of the “nuclear matrix”, which provides the organizational scaffold 
upon which nuclear events can take place. Actin has also been implicated in 
the regulation of transcription, RNA splicing and chromatin remodelling 
(reviewed in Rando et al., 2000). 
 
The best-characterized functions of actin are, however, related to cell 
movement and can be divided into two categories. First, actin filaments serve 
as tracks along which motor proteins called myosins can walk in a directed 
fashion. Myosins constitute a large superfamily of proteins that share a 
common domain that is able to interact with actin, to hydrolyze ATP and to 
produce movement. Myosins are typically constructed of three functional 
subdomains: the motor domain, which interacts with actin and ATP, the neck 
domain, which is involved in the regulation of myosin activity, and the tail 
domain, which anchors the myosin to its cargo. This cargo can be, for 
example another actin filament, plasma membrane or a vesicle (reviewed in 
Sellers et al., 2000).  
 
Secondly, actin filaments are also able to generate movement in the absence 
of myosins by inducing changes in the structure of cross-linked actin gels or 
by polymerizing against a surface. Selective breakage or formation of 
crosslinks can drive the remodelling of the cortical actin cytoskeleton, which 
may underlie such processes as phagocytosis, endocytosis and secretion 
(reviewed in Bray et al., 2001). The small intracellular pathogen Listeria 
monocytogenes is an excellent model for polymerization-driven movement. 
This bacterium induces the formation of an actin comet tail on its surface, 
which then propels the bacterium forward in the cytoplasm and assists its 
spreading to adjacent cells (Tilney and Portnoy, 1989). In addition, some 
vesicles are reported to use a similar comet tail mechanism to move within the 
cell (Rozelle et al., 2000; Taunton et al., 2000). The protrusion of the 
lamellipodium during cell locomotion is thought to be accomplished by a 
mechanism similar to that of polymerizing actin pushing the plasma 
membrane. The same key players are present both in the comet tail of Listeria 
and in the lamellipodium of a migrating cell (reviewed in Cameron et al., 
2000).  

 

4.  Actin-binding proteins 
 
The diversity of actin filament structures within cells is the result of the 
association of actin with actin-binding proteins (Table 1). Some of these 
proteins facilitate the organization of actin into higher-order structures, while 
others regulate the dynamics of filament turnover and allow remodelling of the 
actin cytoskeleton in response to appropriate signals, ensuring that proper 
structures are formed in the right place and at the right time. Over 100 ligands 
for actin are currently known (Sheterline et al., 1998). 
 
Nature usually employs a highly economical strategy in which a relatively 
small number of fundamental protein modules perform specific catalytic and  
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Table 1. Actin-binding proteins. Classification and cellular functions of those actin-
binding proteins that are mentioned in the text. 
 

Class Proteins 
Function 

Motor proteins myosins 
 

Move along actin filaments 
carrying a cargo  

Cross-linking proteins α-actinin 
filamin 
vinculin etc. 
ERM proteins 

Cross-link actin into higher- 
order assemblies or to 
other structures e.g. 
plasma membrane 

Regulators of actin 
polymerization 
         

- actin monomer  
      binding 

 
 
 
 

 
 

- nucleating 
 
 
 

- capping 
 

 
 

- actin filament  
             binding 

 
 
 
ADF/cofilin 
twinfilin 
profilin 
 
thymosin β4 
actobindin-
family 
 
Arp2/3 
 
 
 
capping protein 
gelsolin 
 
 
Abp1/drebrin 
Aip1 
tropomyosin 

 
 
 
Depolymerizes actin filaments 
Sequesters ADP-actin monomer 
Controls barbed end 
polymerization 
Sequesters ATP-actin monomers 
 
 
 
Initiates formation of new 
filaments 
as branched networks 
 
Cap filament ends and prevent 
polymerization 
 
 
Activates Arp2/3 
Enhances ADF/cofilin’s activity 
Stabilizes filaments 
 
 

 Signaling       WASPs 
 
 

Link Rho GTPase signaling to 
Arp2/3 activation 

 
 
recognition functions. These modules are then modified, shuffled and 
combined to form a spectrum of proteins able to carry out the broadest 
possible array of biological functions. Therefore, evolution has also produced 
only a relatively small number of actin-binding units. The four most common 
actin-binding modules are the calponin homology domain, the WH2 domain, 
the gelsolin homology domain and the actin-depolymerizing factor homology 
(ADF-H) domain (Lappalainen et al., 1998; Puius et al., 1998; Van Troys et 
al., 1999; Paunola et al., 2002).  
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4.1 The role of actin-binding proteins in actin filament dynamics 
 
The actin polymerization and depolymerization cycle can be dissected into 
smaller tasks, which must all be coordinated in order to create actin-based 
motility, for example at the leading edge of the cell. First of all, polymerization 
of actin requires a free filament end, preferably a barbed end, onto which actin 
monomers can be added. Free barbed ends can be derived from capped 
filaments. Uncapping of filaments can occur, for example, in response to 
phosphatidyl inositol (4,5)bisphosphate [PI(4.5)P2], which can remove the two 
most abundant barbed end cappers, capping protein and gelsolin, from the 
filament ends (Jamney, 1994; Shafer et al., 1996). It is also possible to create 
new filament ends by severing/fragmenting actin filaments. Gelsolin can sever 
actin filaments in response to an increase in the cytoplasmic Ca2+ level, which 
occurs, for example, during platelet activation (Barkalow et al., 1996). 
ADF/cofilins also exhibit a weak severing activity (see paragraph 4.2.4.1).  
 
However, in many cell types, actin polymerization appears to be initiated de 
novo. Arp2/3 complex is the first cellular factor to be identified possessing 
barbed-end nucleating activity. Arp2/3 is a stable complex of seven subunits, 
two of which are actin-related proteins that are thought to act as a template for 
actin polymerization (reviewed in Cooper et al., 2001). Arp2/3 can nucleate 
the formation of actin filaments from the side of another filament, producing a 
70o branch that can be detected in the lamellipodia of moving cells (Svitkina 
and Borisy, 1999). As the Arp2/3 complex is an inefficient nucleator on its 
own, it requires activators. WASp/Scar family proteins act as primary 
activators, and actin filaments are powerful secondary activators of the Arp2/3 
complex. WASp/Scar proteins also link the Arp2/3 complex to several 
signaling pathways (Machesky and Insall, 1999; Takenawa and Miki, 2001). 
Other proteins capable of activating the Arp2/3 complex include the Listeria 
protein ActA (Welch et al., 1998), Abp1 (Goode et al., 2001), cortactin (Uruno 
et al., 2001), Pan1p (Duncan et al., 2001) and myosin (Lee et al., 2000). 
 
Actin filament polymerization also requires a supply of actin monomers, the 
“building blocks”. The pool of unpolymerized actin in non-muscle cells is 
approximately 50% (~ 100 µM) of the total cytoplasmic actin. This is well 
above the Cc for actin polymerization (~ 0.2 µM), and cells have evolved two 
basic mechanisms to maintain such a large actin monomer pool. Capping 
proteins can block the addition of actin monomers onto filaments. Barbed 
ends are capped by the capping protein Cap1/2 and pointed ends by the 
Arp2/3 complex. Both exist in cells at micromolar concentrations and have 
nanomolar affinity for filament ends, thus efficiently capping most filament 
ends (reviewed in Pollard et al. 2000). Cells also contain proteins that bind 
directly to actin monomers and affect their polymerization properties. These 
proteins include profilin, thymosin β4, ADF/cofilin and twinfilin, which are 
discussed more thoroughly in the next chapter. 
 
Once free barbed ends are created and cells contain an adequate supply of 
actin monomers, actin filaments can elongate. For the barbed ends this is a 
diffusion-limited process that is influenced by high concentrations of 
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macromolecules in the cell and the excluded water molecules (Drenckhahn 
and Pollard, 1986; Luby-Phelps, 1994). Capping the barbed end terminates 
filament growth. Capping protein prevents both association and dissociation of 
monomers at the barbed end. It has been estimated that under cellular 
concentrations of capping protein, a free barbed end will have a half life of 
about 0.25 seconds during which it can elongate by >200 monomers. Unless 
actively uncapped or severed, a capped filament will probably never elongate 
again (reviewed in Pollard et al., 2000).  
 
Finally, old actin filaments must be depolymerized. Hydrolysis of ATP after the 
addition of actin subunits to the filament and the dissociation of the 
pyrophosphate are postulated to mark filaments for depolymerization by 
ADF/cofilins, which are discussed more thoroughly in section 4.2.4. Some 
filaments may be protected from depolymerization in order to create the stable 
actin assemblies found in cells. For example, tropomyosin can prevent 
ADF/cofilin-induced actin depolymerization (Ono and Ono, 2002). 
 
 

4.2  Actin monomer-binding proteins 
 
The importance of the maintenance of a large cellular actin monomer pool 
was already explained in section 4.1. Besides preventing the association of 
actin monomers to the ends of filaments by capping them, cells contain actin 
monomer-binding proteins that directly affect the polymerization capacity of 
the monomers. Three classes of actin monomer-binding proteins are 
conserved throughout evolution, existing in organisms as diverse as yeast 
and mammals. These are ADF/cofilins, profilins, and twinfilins. In addition to 
these ubiquitous molecules, a fourth class of small actin monomer-binding 
proteins, β-thymosins, is present in vertebrates. Some additional proteins also 
contain actin monomer-binding motifs, among other domains (for example 
WASPs and Ena/VASP proteins), but these proteins are not as abundant as 
the above-mentioned small actin-binding proteins, and their main function is 
the signaling to the actin cytoskeleton. These large multifunctional proteins 
are not further discussed here. 
 
 
4.2.1 Profilin 
 
Profilin is a small (12-16 kDa) actin-binding protein that has been identified in 
all eukaryotic cells investigated so far. Several organisms, including maize, 
cow, mouse and man, also express more than one isoform of profilin. The 
importance of profilins for cell proliferation has been demonstrated in genetic 
studies: deletion of the profilin gene is either lethal or the organisms are 
impaired in growth and motility (reviewed in Schluter et al., 1997).  
 
Profilin interacts directly with actin, acidic phospholipids and several proteins 
containing polyproline stretches. It binds actin monomers in a 1:1 
stoichiometric complex with a micromolar affinity, preferring ATP-actin to 
ADP-actin. Profilin can affect actin dynamics in several ways. In the absence 
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of a free filament barbed end, profilin functions as an actin monomer-
sequestering protein, because profilin-G-actin complexes do not participate in 
polymerization at the pointed end. Profilin also inhibits nucleation of actin 
filaments. On the contrary, in the presence of free barbed ends, profilin 
promotes barbed end assembly (Pantaloni & Carlier, 1993). Most profilins 
also enhance the nucleotide exchange on actin, and, at least in yeasts S. 
cerevisiae and S. pombe, this activity is essential in vivo (Wolven et al., 2000; 
Lu and Pollard, 2001). Profilin optimizes the directionality of treadmilling, 
because profilin-G-actin complexes associate only with the barbed ends, 
whereas free actin monomers can associate with both ends of actin filaments 
(Didry et al., 1998). 
 
The binding sites of actin and phospholipids overlap on profilin, and the 
binding of these ligands is mutually exclusive. Binding to PI(4,5)P2 can 
localize profilin to the plasma membrane. This interaction also links profilin to 
the phosphatidylinositol cycle, because profilin can protect various 
phosphatidylinositols from hydrolysis (Schluter et al., 1997). Binding to poly-L-
proline is essential for the viability of at least fission yeast (Lu and Pollard, 
2001). Potential protein ligands with proline rich sequences include the 
Ena/VASP family, N-WASP, Scar/WAVE, verprolin/WIP, p140mDia, 
cappuccino, Bni1p and Bnr1p, cdc12, drebrin, gephyrin, SMN and aczonin 
(Schuter et al., 1997). Therefore, profilin can link several signaling pathways 
to actin polymerization. 
 
In mammals, there are at least three genes encoding for profilin. The profilin Ι 
gene encodes the major isoform, having a rather ubiquitous expression 
pattern (Witke et al., 1998). The profilin ΙΙ  gene is transcribed as two splice 
variants, profilin ΙΙa and profilin ΙΙb. Profilin ΙΙa is the major profilin isoform in 
brain tissue, while profilin ΙΙb is expressed in only a few tissues (Di Nardo et 
al., 2000; Lambrechts et al., 2000). These profilin isoforms appear to have 
similar affinities for actin, but different affinities for phosphoinositides and 
proline-rich sequences (Lambrechts et al., 1997). Recently, a third profilin 
gene, profilin ΙΙΙ,  was identified. This isoform seems to be selectively 
expressed in the testis (Braun et al., 2002).   
 
 
4.2.2 Thymosin β4 
 
The β-thymosins comprise a family of small peptides originally thought to be 
thymic hormones. Currently, 14 β-thymosins have been described from 
various vertebrate species, and they form a family of highly conserved polar 5 
kDa peptides consisting of 40-44 amino acid residues. In most mammalian 
tissues investigated, two β-thymosins are expressed. Thymosin β4 is usually 
the main peptide, and its cellular concentration can be up to 0.4 mM 
(reviewed in Huff et al., 2001). 
 
Thymosin β4 and the other β-thymosins examined so far, form a 1:1 complex 
with G-actin and inhibit actin polymerization at approximately equimolar 
concentrations (Hannappel and Wartenberger, 1993; Yu et al., 1993; Heinz et 
al., 1993). Thymosin β4 binds about 50-fold more strongly to ATP-actin than 
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to ADP-actin, and the dissociation constants for the complex are 
approximately 0.5-2.5 µM. (Pantaloni and Carlier, 1993). It has been 
suggested that thymosin β4 competes with profilin for the overlapping binding 
site on actin, because profilin can shuttle actin away from thymosin β4 onto 
the barbed end of the actin filament. The exchange is rapid, owing to the high 
dissociation rate constants. Therefore, ATP-actin monomers would partition 
between profilin and thymosin β4 based on the affinities and concentrations of 
these proteins (reviewed in Pollard et al., 2000). Recent results indicate, 
however, that profilin, thymosin β4 and actin can form a ternary complex. This 
would result in a very large amplification mechanism by which profilin and 
thymosin β4 can sequester much more actin than would be possible for either 
protein acting alone (Yarmola et al., 2001). There is also some evidence that 
thymosin β4 is not just a simple G-actin sequestering protein. At least in vitro, 
the ability of thymosin β4 to depolymerize actin filaments decreases with 
increasing concentrations of thymosin β4. Furthermore, at concentrations 
above 100 µM, thymosin β4 can be crosslinked to actin filaments, and at low 
molar ratios it can be incorporated into filaments (Carlier et al., 1996). 
 
Interestingly, thymosin β4 has also been detected outside the cells in blood 
plasma and in wound fluid. Although the role of the extracellular thymosin β4 
is not known, several functions have been attributed to this fraction. Among 
these are induction of metallo-proteinases, chemotaxis, angiogenesis and 
inhibition of inflammation and bone marrow stem cell proliferation (Huff et al., 
2001). 
 
A β-thymosin-like motif is called the WH2 domain (WASP-homology domain 
2). This 35 residue motif has been found in many proteins regulating the actin 
cytoskeleton, such as WASP, WIP (WASP-interacting protein), Srv2/CAP 
(adenylyl cyclase associated protein), actobindin and in several currently 
uncharacterized proteins (Paunola et al., 2001). The actobindin family is 
interesting because it consists of proteins that are entirely composed of two to 
four copies of WH2 domains. Interestingly, these proteins bind actin in a 1:1 
complex similarly to β-thymosins, but they are able to participate in barbed 
end growth similarly to profilins. Furthermore, proteins of the actobindin family 
interact with the pointed end of the actin filament and thus prevent pointed 
end growth (Boquet et al., 2000; Hertzog et al., 2002). 
 
4.2.3 ADF-H domain proteins 
 
The ADF-H domain is a widely occurring actin-binding module present in 
three phylogenetically distinct protein classes: the ADF/cofilins, twinfilins and 
Abp1/drebrins. Each class has existed in eukaryotic organisms for more than 
a billion years since the divergence of fungi and animals. The ADF-H domain 
can be considered as a building block that is arranged differently in the three 
protein classes (Figure 3). ADF/cofilins are the prototypes, consisting solely of 
a single ADF-H domain. Twinfilins, on the other hand, are composed of two 
ADF-H domains, while Abp1/drebrins have a single ADF-H domain in their N-
terminus, followed by a non-conserved central region and a C-terminal Src 
homology 3 (SH3) domain. Intriguingly, each class seems to possess distinct 
biochemical functions. While ADF/cofilins are able to interact with both actin 
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monomers and filaments, twinfilins bind only monomers and Abp1/drebrins 
only filaments. Therefore, ancient duplication of the ADF-H domain and 
combination with other protein modules have allowed the development of 
functional diversity (Lappalainen et al., 1998). The properties of ADF/cofilins 
and twinfilins are discussed below, since they participate in the regulation of 
the actin monomer pool, whereas Abp1/drebrins have been implicated as 
links between the actin cytoskeleton and endocytosis (Kessels et al., 2001). 
 
 

 
 
Figure 3. Domain structures of the ADF-H domain containing proteins. Adapted from 
Lappalainen et al., (1998). 

 
4.2.4 ADF/Cofilin 
 
ADF/cofilins are small (15-19 kDa), globular proteins composed of a single 
ADF-H domain (Figure 3). They are ubiquitous among eukaryotes, but 
unicellular organisms, such as yeast, have only one ADF/cofilin protein, 
whereas multicellular organisms can have several ADF/cofilin isoforms 
(Lappalainen et al., 1998). Three dimensional structures of human destrin 
(Hatanaka et al., 1996), Saccharomyces cerevisiae cofilin (Fedorov et al., 
1997), Acanthamoeba actophorin (Leonard et al., 1997) and Arabidopsis 
thaliana ADF1 (Bowman et al., 2000), have been determined either by x-ray 
crystallography or by NMR. The ADF/cofilin fold consists of five central β-
sheets flanked by three to four α-helices. A comparative analysis of the 
different ADF/cofilin structures shows that the actin-binding surface has 
remained more conserved than other regions of the surface (Bowman et al., 
2000). 
 
4.2.4.1 Interactions with actin 
 
ADF/cofilins interact with both actin monomers and filaments. Under 
physiological conditions, ADF/cofilins bind ADP-actin monomers and filaments 
with higher affinity than ATP-actin (Maciver and Weeds, 1994; Carlier et al., 
1997; Blanchoin and Pollard, 1998, 1999). ADF/cofilins also inhibit nucleotide 
exchange on actin. The binding of ADF/cofilins to actin filaments is 
cooperative (Hawkins et al., 1993; Hayden et al., 1993), and the binding 
induces a twist in the filament, changing its thermodynamic stability 
(McGough et al., 1997; McGough and Chiu, 1999). ADF/cofilins are also able 
to sever actin filaments. The extent of severing depends on the concentration 
of ADF/cofilin and on time, but the number of breaks is much lower than the 
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number of ADF/cofilins bound (Blanchoin and Pollard, 1999), making 
ADF/cofilin a weak severer, as compared to, for example, gelsolin. 
 
The most important physiological function of ADF/cofilins is to depolymerize 
actin filaments from their pointed ends, thereby increasing actin filament 
turnover. ADF/cofilins can increase the depolymerization rate from the pointed 
ends by about 30-folds. (Carlier et al., 1997). The actin filament disassembly 
activity is enhanced by actin-interacting protein 1 (Aip1), which interacts with 
both actin filaments and ADF/cofilin (Rodal et al., 1999). This protein also 
regulates the localization of ADF/cofilin in cells (Ono, 2001). Profilin competes 
with ADF/cofilins for binding to actin monomers, and physiological 
concentrations of profilin can overcome the inhibition of nucleotide exchange 
by ADF/cofilins (Blanchoin and Pollard, 1998). Profilin rapidly recycles ADP-
actin monomers to the profilin-ATP-actin monomer pool, which is readily 
polymerized, and thus profilin synergizes with ADF/cofilins to enhance the 
turnover of actin filaments to a value 125-fold higher than in pure F-actin 
solutions (Didry et al., 1998). Tropomyosin inhibits binding of ADF/cofilins to 
actin filaments due to a difference in filament structure when tropomyosin or 
ADF/cofilin is bound (McGough, 1998). Tropomyosin also acts as a 
physiological inhibitor of ADF/cofilin-induced actin dynamics (Ono and Ono, 
2002). Therefore, cells seem to contain two F-actin pools: stable actin 
filaments associated with tropomyosin and dynamic filaments accessible to 
ADF/cofilins. 
 
4.2.4.2 Cell biological properties 
 
The activity of ADF/cofilins is fundamental to cells, because ADF/cofilin-
inactivating mutations are lethal in every organisms tested so far (Moon et al., 
1993; McKim et al., 1994; Gunsalus et al., 1995).  ADF/cofilins are essential 
for those cellular processes that require a dynamic actin cytoskeleton, such as 
cell movement (Chen et al., 2001), cytokinesis (Moon et al., 1993; Gunsalus 
et al., 1995), phagocytosis (Nagaishi et al., 1999) and fluid phase endocytosis 
(Lappalainen and Drubin, 1997). Furthermore, the importance of ADF/cofilins 
as key regulators of actin dynamics is demonstrated by the fact that they are 
indispensable for the motility of the small intracellular pathogen Listeria 
monocytogenes (Loisel et al., 1999). 
 
In cells, ADF/cofilins are predominantly cytoplasmic, but upon activation they 
concentrate at the leading edge and ruffling membranes of motile cells. 
ADF/cofilins also localize to other structures displaying high actin filament 
turnover rates, such as the contractile ring and neuronal growth cones 
(reviewed in Bamburg, 1999). ADF/cofilins contain a putative nuclear 
localization signal (NLS), and they can be transported to the nucleus in 
response to various stress factors (Abe et al., 1993). In the nucleus 
ADF/cofilins form rods with actin. As actin itself does not contain a NLS, 
ADF/cofilins could be the transporters that mediate the localization of actin to 
the nucleus. It has been postulated that rod formation is a mechanism to 
conserve ATP in stress situations by decreasing actin filament dynamics, 
which is a major consumer of ATP (reviewed in Bamburg, 1999). 
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4.2.4.3  Regulation by pH, phosphoinositides and phosphorylation 
 
Some, but not all ADF/cofilin isoforms are regulated by pH. The pH 
dependency is the result of an increase in critical concentration for the 
assembly of the ADF/cofilin-actin complex to actin filaments at elevated pH 
(Ressad et al., 1998). The actin-binding and depolymerizing activities of 
ADF/cofilins can also be regulated by PI(4)P and PI(4,5)P2, which inhibit 
ADF/cofilin binding to actin in vitro (Yonezava et al., 1990), because the 
binding site for the phospholipid and actin overlap on the surface of 
ADF/cofilins (Ojala, et al., 2001). 
 
Most ADF/cofilins are specifically phosphorylated at serine-3 (Agnew et al., 
1995). This phosphorylation inhibits the activity of ADF/cofilin by reducing its 
affinity for actin by 20-fold (Ressad et al., 1998). Several kinases responsible 
for this inactivation have been characterized. LIM kinases are composed of N-
terminal LIM domains and a C-terminal kinase domain. LIM kinase 1 is 
expressed mainly in the central nervous system, but LIM kinase 2 has a more 
ubiquitous expression pattern. LIM kinases connect the Rho family of small 
GTPases, which are discussed in section 5.1, to the regulation of actin 
filament depolymerization by ADF/cofilins (Arber et al., 1998; Yang et al., 
1998). Testicular protein kinases (TESK) 1 and 2 also phosphorylate 
ADF/cofilin on the same serine residue (Toshima et al., 2001a;b), but these 
kinases seem to be controlled by integrin mediated signaling pathways 
through 14-3-3 proteins. These proteins bind both TESK and integrins, and 
they can regulate the kinase activity, as well as subcellular localization of 
TESK  (Toshima et al., 2001c). Other kinases phosphorylating ADF/cofilins 
include a calmodulin-like domain protein kinase (Allwood et al., 2001) and a 
neutrophil-specific kinase (Lian et al., 2000). 
 
The activation of ADF/cofilins is induced by dephosphorylation, which occurs 
rapidly in response to various stimuli, such as growth factors, chemotactic 
peptides, and agents increasing the intracellular levels of Ca2+ and cAMP. 
The dephosphorylation could result from down-regulation of a kinase or up-
regulation of a phosphatase, or both (reviewed in Moon and Drubin, 1995). 
Also an ADF/cofilin-specific phosphatase, called Slingshot, has been recently 
idenfied in Drosophila and humans (Niwa et al., 2002). However, it is still not 
known how the activity of this phosphatase is regulated. 
 
4.2.4.4  ADF/cofilin isoforms 
 
Multicellular organisms can have several isoforms of ADF/cofilins, either as a 
result of alternative splicing of a single gene or due to several genes encoding 
ADF/cofilins. For example, Xenopus laevis has two allelic variants of 
ADF/cofilins that differ only by 12 amino acids (Abe et al., 1996). Also 
Caenorhabditis elegans produces two ADF/cofilin transcripts by alternative 
splicing, resulting in proteins Unc60A and Unc60B, which are 36% identical. 
Unc60A is essential for the viability of C.elegans, and Unc-60B is required for 
the development of muscle. These isoforms also have distinct biochemical 
properties. Unc60A tends to depolymerize actin filaments and inhibits 
polymerization, whereas Unc60B binds strongly to actin filaments and can 
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change the rate of actin polymerization (Ono & Benian, 1998). Plants are 
peculiar organisms, because they can contain over ten ADF/cofilin proteins 
(Maciver and Hussey, 2002), but lack altogether the other two ADF-H domain- 
containing proteins twinfilins and Abp1/drebrins. For example in maize, there 
are three ADF/cofilin genes; two are expressed solely in pollen, and the third 
is expressed in vegetative tissues (Lopez et al., 1996). 
 
In previous studies, two ADF/cofilin isoforms have been reported to exist in 
mice, pigs and chicken (Lappalainen et al., 1998), whereas three ADF/cofilins 
are found in humans (Ogawa et al., 1990; Hawkins et al., 1993; Thirion et al., 
2001). The two porcine isoforms display some biochemical differences in actin 
co-sedimentation assays, and they are both widely distributed among tissues 
(Moriyama et al., 1990). During muscle development in mouse, there is a 
switch from the rather ubiquitously expressed cofilin-1 to cofilin-2, which is a 
mainly muscle- and testes-specific isoform (Ono et al., 1994). The exact 
biochemical differences between the mammalian isoforms are not known. 
 
 
4.2.5  Twinfilin 
 
Twinfilin was originally identified in yeast Saccharomyces cerevisiae through 
its sequence homology to ADF/cofilin proteins (Lappalainen et al., 1998, 
Goode et al., 1998). The human homologue of twinfilin, on the other hand, 
was characterized as a novel tyrosine kinase A6 (Beeler et al., 1994). 
Homologues of twinfilin have also been found in S. pombe, Drosophila 
melanogaster, Caenorhabditis elegans, and mice, suggesting that twinfilins 
are present across the entire spectrum of eukaryotic organisms (Lappalainen 
et al., 1998). Curiously, a homologue of twinfilin has not been detected in 
plants to date. 
 
4.2.5.1 Twinfilin is composed of two ADF-H domains 
 
Twinfilin is a 37-40 kDa protein composed of two ADF-H domains that are 
connected by a short linker region and followed by a C-terminal tail (Figure 3). 
The two ADF-H domains are ~ 20% homologous to ADF/cofilin and to each 
other (Lappalainen et al., 1998). The individual twinfilin ADF-H domains are 
more similar across species than the N- and C-terminal ADF-H domains are 
within species, indicating that the ADF-H domain was duplicated once before 
the divergence of fungal and animal lineages (Palmgren et al., 2002).  
 
Both ADF-H domains of twinfilin probably have tertiary structures similar to 
those of ADF/cofilins because the insertions in the twinfilin ADF-H domains 
are located in predicted loop regions. Also, the residues important for actin 
monomer-binding are well conserved in both twinfilin ADF-H domains 
(Lappalainen et al., 1998). Mutagenesis studies on yeast twinfilin have 
demonstrated that these corresponding residues are important for actin 
monomer binding (Palmgren et al., 2001), suggesting that twinfilin and 
ADF/cofilin interact with actin monomers with at least partly overlapping 
interfaces. In contrast, the residues that are important for actin filament 
binding in ADF/cofilins, are not conserved in twinfilins (Lappalainen et 
al.,1998).  
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4.2.5.2 Biochemical and cell biological activities of yeast twinfilin 
 
Yeast twinfilin is an actin monomer-binding protein that, unlike ADF/cofilin, 
does not bind to actin filaments. Instead it forms a 1:1 complex with actin 
monomers and prevents actin filament assembly by sequestering the 
monomers. Yeast twinfilin also inhibits spontaneous nucleotide exchange on 
actin monomers (Goode et al., 1998). Like ADF/cofilins, twinfilin binds ADP-
actin monomers with higher affinity than ATP-actin monomers (Palmgren et 
al., 2001).  
 
Deletion of the twinfilin gene in yeast does not produce a clear phenotype, but 
results in abnormal cortical actin patches and defects in bipolar budding 
pattern (Goode et al.,1998). This deletion also shows synthetic lethality with 
certain cofilin and profilin mutants that exhibit diminished actin filament 
depolymerization and defects in actin nucleotide exchange activity, 
respectively (Lappalainen & Drubin, 1997; Goode et al., 1998; Wolven et al., 
2000). Moreover, overexpression of twinfilin in yeast results in depolarization 
of the actin cytoskeleton and accumulation of actin bars in the cytoplasm 
(Goode et al., 1998). 
 
In yeast, twinfilin localizes to the cytoplasm but is also enriched in the actin 
patches, which are sites of active filament dynamics. Localization to the actin 
patches depends on an intact actin cytoskeleton. A mutant twinfilin that is no 
longer able to bind to actin monomers does not localize to actin patches, 
suggesting that the ability to interact with actin monomers is essential for the 
correct localization of yeast twinfilin. The localization of twinfilin to cortical 
actin patches is also disrupted in yeast strains where genes encoding for the 
two subunits of capping protein, Cap1/2, are deleted. Based on native gel 
electrophoresis and co-immunopresipitation assays, twinfilin and capping 
protein also interact directly with each other. These results suggest that the 
role of twinfilin may be to localize actin monomers, in their inactive ADP-form, 
to the sites of actin assembly in cells (Palmgren et al., 2001).  
 

5.  Signaling to the actin cytoskeleton 
 
An animal cell contains an elaborate system of proteins that enables the cell 
to respond to signals from other cells. This allows each cell to determine its 
position and specialized role in the body of a multicellular organism. This 
system includes cell surface and intracellular receptor proteins, protein 
kinases and phosphatases, GTP-binding proteins and secondary messengers 
as well as a vast number of intracellular proteins with which these 
components interact (reviewed in Barritt, 1996). Many signaling pathways 
converge on the actin cytoskeleton. The targets of these signaling pathways 
are often actin-binding proteins, but also actin itself can be, for example 
phosphorylated or ADP-ribosylated, although the in vivo role of these post-
translational modifications is not known (reviewed in Sheterline et al., 1998). 
The two main signaling systems that regulate the actin cytoskeleton are the 
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Rho family of small GTPases and the phosphoinositide lipid PI(4,5)P2 (Figure 
4). 
 

5.1.  Rho family GTPases 
 
Rho GTPases are members of the Ras superfamily of monomeric GTP-
binding proteins. Ten different mammalian Rho GTPases have been identified 
to date, and the most studied members are Rho, Rac and Cdc42. These 
proteins cycle between an inactive GDP-bound, and active GTP-bound state. 
In the GTP-bound form, Rho GTPases can interact with effector molecules to 
initiate a downstream response. The intrinsic GTPase activity then returns the 
proteins to the GDP-bound status. Numerous cellular proteins regulate cycling 
between the GTP- and GDP-bound states. Guanosine nucleotide exchange 
factors (GEFs) facilitate the exchange of GDP for GTP, and thus act as 
activators. GTPase-activating proteins (GAPs) increase the intrinsic rate of 
GTP hydrolysis of Rho GTPases facilitating the inactivation process. Rho 
GTPases are able to interact with membranes via post-translational lipid 
modifications, but they can also be sequestered to the cytoplasm in their 
inactivated state by a protein called RhoGDI, which also inhibits the exchange 
of GDP to GTP (reviewed in Hall, 2000). 
 
5.1.1. Rho regulates actomyosin-based structures 
 
The major function of Rho GTPases is to link membrane receptors to the 
assembly and organization of the actin cytoskeleton. Each Rho GTPase has 
unique effects on actin, due to different effector proteins, of which over 30 
have been identified. Rho affects the actin cytoskeleton by stimulating the 
formation of actomyosin-based structures and by regulating their contractility. 
Activation of Rho causes the accumulation of stress fibers in cells, and Rho is 
in fact needed for the formation of stress fibres induced by both soluble 
factors and integrin engagement. This is also accompanied by the formation 
of focal adhesions (reviewed in Bishop and Hall, 2000). 
 
ROK (Rho-associated kinase) is a Rho effector thought to be a key player in 
actomyosin assembly. ROK can induce the phosphorylation of myosin light 
chains (MLC), both by inhibiting the MLC phosphatase and by 
phosphorylating the MLC itself.  Phosphorylation of the MLC stimulates the 
actin-activated ATPase activity of myosin II and promotes the assembly of 
actomyosin filaments (reviewed in Bresnick, 1999). Another target of ROK is 
LIM kinase, which is able to phosphorylate and inactivate ADF/cofilins, 
leading to stabilization of actin filament structures (Maekawa et al., 1999). 
ROK also activates Na+/H+ exchange protein (NHE1) and this contributes, via 
an unknown mechanism, to stress fiber and focal adhesion formation (Vexler 
et al., 1996). Other ROK substrates contributing to actin assembly are the 
adducin and ERM (ezrin/radixin/moesin) family of proteins (reviewed in 
Bishop and Hall, 2000).  
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Figure 3. Signaling to the actin cytoskeleton. The two main signaling pathways 
regulating the structure and dynamics of the actin cytoskeleton are the Rho-GTPases 
and PI(4,5)P2. Proteins that are able to integrate signals from both pathways are 
boxed. Actin-binding proteins that are targets of these signaling pathways are in bold. 
Modified from Bishop and Hall, (2000), Sechi and Wehland, (2000) and Ridley et al., 
(2001). 
  
 
ROK alone is not able to stimulate the formation of stress fibers, since it 
requires the assistance of another Rho effector, Dia. Dia is a member of the 
formin-homology (FH) family of proteins, and it is able to bind to the actin 
monomer-binding protein profilin. This allows Dia to promote actin 
polymerization in cells (Watanabe et al., 1999). 
 
5.1.2. Rac and Cdc42 regulate the formation of lamellipodia and filopodia 
 
Rac regulates the formation of lamellipodia and membrane ruffles in a variety 
of cell types, while Cdc42 controls the formation of filopodia. Rac and Cdc42 
have several common effectors, but some are unique to either GTPase 
(reviewed in Bishop and Hall, 2000). Cdc42 is able to bind to WASP and N-
WASP, which are activators of the Arp2/3 complex. The activated Arp2/3 can 
then nucleate polymerization of actin filaments (Rohatgi et al., 1999). Cdc42 
can also induce phosphorylation of MLC, via myotonic dystrophy kinase-
related Cdc42-binding kinase (MRCK) (Leung et al., 1998). Furthermore, 
MRCKα is able to activate LIM kinases 1 and 2 and thus induce inactivation of 
ADF/cofilins (Sumi et al., 2001). Also Cdc42 effector PAK4, a novel PAK 
family member, can activate LIM kinase 1 (Dan et al., 2001). Only a few Rac-
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specific effectors are known. Por-1 has been implicated in Rac-induced 
lamellipodia formation, but the mechanism is unknown. Another Rac-specific 
effector is p140Sra-1 which is able to co-sediment with actin filaments (Bishop 
and Hall, 2000). Also Rac can activate Arp2/3 through proteins of the 
Scar/WAVE family, but it is not known if the interaction is direct (Miki et al., 
1998). Common targets for Rac and Cdc42 include PAK kinases 1, 2 and 3. 
As PAK4, also these PAKs can activate LIM kinase (Arber et al., 1998, 
Edwards et al., 1999) and they decrease the MLC phosphorylation by 
inactivating the MLC kinase (Sanders et al., 1999). This leads to reduced 
assembly of actomyosin structures and is antagonistic to the effects of Rho. 
IQGAPs are able to bind both calmodulin and actin filaments, and it has been 
suggested that binding to Cdc42 or Rac could facilitate the crosslinking 
activity of these proteins (Brill et al., 1996; Hart et al., 1996) 
 

5.2. PI(4,5)P2 
 
Initially, PI(4,5)P2 was regarded merely as a precursor of the second 
messengers inositol 1,4,5-trisphosphate and diacylglycerol, which are formed 
in response to agonist-mediated hydrolysis of PI(4,5)P2. Recent studies have, 
however, established PI(4,5)P2 itself as a key factor in transmitting signals to 
the actin cytoskeleton as well as in vesicle trafficking. PI(4,5)P2 can 
accumulate at membrane rafts and promote local recruitment and activation of 
signaling components at the cell membrane, which may promote for example 
actin filament accumulation and dynamics (reviewed in Sechi and Wehland, 
2000; Caroni, 2001). 
 
In general, PI(4,5)P2 promotes actin polymerization and enhances crosslinking 
of actin filaments as well as their linkage to the plasma membrane. PI(4,5)P2 
has been reported to affect the function of over 15 actin-binding proteins. In 
the case of actin monomer-binding proteins ADF/cofilin (Yonezava et al., 
1990), profilin (Sohn et al., 1995) and twinfilin (Palmgren et al., 2001), 
PI(4,5)P2 causes dissociation of the actin monomer, thereby preventing the 
sequestering activities of these proteins near the plasma membrane. 
PI(4,5)P2 can also promote actin polymerization by uncapping the filaments. It 
is able to dissociate both capping protein and gelsolin from the barbed end of 
the filament (Heiss & Cooper, 1991; Jamney & Stossel, 1987), creating readily 
polymerizable filament ends. The actin crosslinking proteins, α-actinin and 
filamin, are differentially regulated by PI(4,5)P2. The crosslinking activity of α-
actinin is enhanced and that of filamin reduced in response to PI(4,5)P2. 
PI(4,5)P2 also regulates the linkage of actin filaments to the plasma 
membrane via talin and induces a conformational change in vinculin, 
regulating its binding to other cytoskeletal proteins (Sechi and Wehland, 
2000). 
 
Cells contain proteins that can integrate both PI(4,5)P2 and Rho GTPase-
mediated signals and transmit them to the actin cytoskeleton. WASP proteins 
were already mentioned as effectors of Cdc42 and as activators of the actin 
nucleation machinery, the Arp2/3 complex. In their N-terminal region these 
proteins contain a putative PH-domain, which binds PI(4,5)P2 (Rohatgi et al., 
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1999). Both this domain as well as the GTPase-binding domain appear to be 
critical for regulation of the activity of WASP-family members. Therefore a 
model has been proposed in which WASPs are activated by a GTPase and 
the activation is enhanced by binding PI(4,5)P2, which could also target 
WASPs to the plasma membrane (Higgs and Pollard, 2000). ERM proteins 
have been considered to be good candidates for linking the actin cytoskeleton 
to the plasma membrane because of their capability to interact both with actin 
filaments and membrane components such as CD44, CD43 as well as 
intercellular adhesion molecules (ICAMs). ERM proteins can exist either in an 
active state or in a dormant state, where the important binding sites are 
masked due to interactions between the N- and C-terminus of the protein. 
Rho is able to influence the phosphorylation state, activation and localization 
of ERM proteins. ERM proteins can also bind to PI(4,5)P2 and this seems to 
enhance the ability of these proteins to interact with plasma membrane 
proteins (reviewed in Tsukita and Yonemura, 1999). 
 
Besides interacting with the same effector proteins, PI(4,5)P2 and Rho 
GTPases can directly affect each other’s functions. Rac (and possibly also 
Rho) is able to act upstream of PI(4)P 5-kinase to induce PI(4,5)P2 synthesis. 
Rac is also able to interact with diacylglycerol kinase, which generates 
phosphatidic acid, a strong activator of PI(4)P 5-kinase, further increasing the 
production of PI(4,5)P2. On the other hand, PI(4,5)P2 is able to disrupt the 
interactions between Rac and RhoGDI, thereby allowing Rac to be activated 
and associated with membranes. PI(4,5)P2 has also been shown to stimulate 
the release of GDP from Cdc42 in vitro. Therefore, an initial increase in 
PI(4,5)P2 levels might activate the small GTPases, which in turn could 
stimulate the production of more PI(4,5)P2. The sustained production of 
PI(4,5)P2 may then cause further activation of the Rho GTPases (reviewed in 
Sechi and Wehland, 2000).   
                   
 

 



 28 

Aims of the study 
 
The actin cytoskeleton plays pivotal roles in various essential cell biological 
processes. The regulation of the structure and dynamics of the actin 
cytoskeleton consists of interdependent processes, all of which must take 
place in a temporally and spatially coordinated manner. A large array of actin- 
binding proteins govern this complex network in cells. The contribution of the 
individual components of the actin regulating machinery is still not completely 
understood, and even less is known of the complex interplay between these 
proteins. This study aims to elucidate one aspect of the actin filament 
dynamics, namely the regulation of size and dynamics of the actin monomer 
pool. The focus is on two proteins, ADF/cofilin and twinfilin, which share a 
common ADF-H domain. Specific aims were: 
 

1. To understand why several ADF/cofilin isoforms exist in mammals 
 

- Unicellular organisms have only one ADF/cofilin protein, 
whereas several isoforms exist in multicellular organisms. The 
biochemical differences of the mammalian ADF/cofilin isoforms 
are not known, and detailed expression analysis is also lacking. 
Moreover, different research groups have used distinct isoforms 
in their studies, and this has made it difficult to compare 
individual results and to elucidate the true biological role of this 
essential protein family.  

 
 

2. To elucidate the role of twinfilin in the regulation of actin dynamics 
in multicellular organisms 

 
- Twinfilin is a small, ubiquitous actin monomer-binding protein 

that is conserved throughout evolution. This protein has 
previously been studied only in the unicellular yeast S. 
cerevisiae, but the lack of phenotype in the twinfilin deletion 
strain has hampered our understanding of the cell biological role 
of twinfilin. Database searches have identified homologues of 
yeast twinfilin in mammals and in Drosophila, but the 
biochemical and cell biological activities of these proteins have 
not been characterized. 
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Materials and methods 
 
The experimental methods used in this PhD-thesis project are listed in Table 
2. The detailed description of each method is found in the original publication. 
 
 
Table 2. Experimental methods used in this study. 
Method Publication 
Plasmid construction Ι, ΙΙ, ΙΙΙ  
SDS-PAGE Ι, ΙΙ, ΙΙΙ  
Western blotting ΙΙ, ΙΙΙ 
Northern blotting Ι, ΙΙΙ  
Whole Mount In Situ Hybridization Ι 
Radioactive In Situ Hybridization Ι 
Cell culture Ι, ΙΙΙ 
Transfection of cultured animal cells Ι, ΙΙΙ 
Affinity purification of antibodies ΙΙΙ 
Immunofluorescence Ι, ΙΙΙ 
Protein expression and purification Ι, ΙΙ, ΙΙΙ  
Actin co-sedimentation assay Ι, ΙΙ, ΙΙΙ  
Depolymerization of Alexa-actin Ι 
Actin treadmilling assay Ι 
NBD-actin assay Ι 
Actin filament assembly assays using pyrene actin ΙΙ  
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Results 

6. The three mouse ADF/cofilins have distinct expression patterns as 
well as different biochemical properties (ΙΙΙΙ) 
 
In our database searches we identified three mouse ADF/cofilin isoforms, of 
which two were previously characterized muscle and non-muscle cofilins. The 
third one had the highest sequence homology to chicken and porcine ADF 
and to human destrin. Furthermore, phylogenetic analysis of all known 
mammalian and avian ADF/cofilins grouped these proteins into three distinct 
classes, which we named cofilin-1, cofilin-2 and ADF.  
 
We used in situ hybridization and Northern blotting to analyze the expression 
patterns of the three mouse ADF/cofilin isoforms during development and in 
adult mice. Whole mount in situ hybridization of embryonic day (E) 9.5 mice 
revealed that the only isoform expressed at this stage of development is 
cofilin-1. In E14 embryos cofilin-2 and ADF expression were also detected in 
the developing muscle and epithelial tissues, respectively, while cofilin-1 was 
still expressed throughout the embryo. Based on Northern blot analysis of 
adult mouse tissues, all three ADF/cofilins are expressed at variable amounts 
in many organs, but the only isoform expressed in mature skeletal muscle is 
cofilin-2. Closer examination of the whisker pad, skin and testes by in situ 
hybridization revealed that the isoforms are selectively expressed in different 
tissues within these organs. Cofilin-2 appears to be expressed mainly in 
muscle cells, although it is also found in seminiferous tubules of the testis. 
The expression of ADF is mainly restricted to epithelial tissues, while cofilin-1 
can be detected in many tissues and most of their cell types. 
 
To study the biochemical properties of the three mouse ADF/cofilin isoforms, 
we expressed them as GST-fusion proteins in E.coli. Both muscle and platelet 
actins were used in these experiments. The actin cosedimentation assay 
showed that all isoforms bind equally well to actin filaments and do not show 
any actin isoform specificity.  The same assay was applied to study the 
abilities of the ADF/cofilins to disassemble actin filaments. In this assay, both 
cofilin-1 and ADF were able to increase significantly the amount of monomeric 
actin, while in contrast cofilin-2 increased the amount of actin filaments. 
Although the ADF/cofilins did not display any actin isoform specificity in this 
assay, they all shifted platelet actin more easily to the monomeric fraction 
than muscle actin. We also tested the effect of pH in a similar assay, and 
found that the only isoform regulated by pH is ADF. 
 
Next we examined why cofilin-2 was not able to disassemble actin filaments in 
the cosedimentation assay. First we used a visual assay to examine whether 
this was due to a defect in actin depolymerization or due to fragmenting 
activities of the protein. This assay demonstrated that all isoforms were able 
to shorten fluorescent Alexa 488-actin filaments to a similar extent. In a more 
quantitative actin turnover assay, cofilin-2 was the least efficient isoform in 
increasing actin filament turnover, while ADF was the most efficient. We also 
measured the affinities of these mouse ADF/cofilins for actin monomers using 
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NBD-actin. In agreement with previous results, we found that all mouse 
ADF/cofilins have higher affinity for ADP-actin monomers than for ATP-actin 
monomers. The affinities for ADP-actin monomers were similar for each 
isoform, but cofilin-2 displayed 5-10 times higher affinity for ATP-actin 
monomers than the other two isoforms. 
 

7.  The role of twinfilin in Drosophila development (ΙΙΙΙΙΙΙΙ ) 
 
Twinfilin was originally characterized in yeast, where it has since been 
extensively studied (Goode et al., 1998; Palmgren et al., 2001). The biological 
role of twinfilin has, however, remained unclear, since the deletion of the 
twinfilin gene in yeast has only a mild phenotype. We identified a gene 
encoding a putative protein of 343 amino acids from the complete Drosophila 
genome, and showed that it is 26% identical to yeast twinfilin. We cloned the 
full-length open reading frame of Drosophila twinfilin from an embryonic cDNA 
library and expressed it as a GST-fusion protein in E.coli. After the cleavage 
of GST and purification with gel filtration column, the protein was monomeric 
and fully soluble. To examine whether Drosophila twinfilin has biochemical 
properties that are similar to those of yeast twinfilin we used an actin 
cosedimentation assay and assembly/disassembly assays with pyrene actin. 
Drosophila twinfilin did not copellet with actin filaments, but it was able to 
increase the amount actin monomers in the actin cosedimentation assay. 
Furthermore, Drosophila twinfilin prevented the assembly and promoted the 
disassembly of pyrene actin filaments, indicating that Drosophila twinfilin is an 
actin monomer-sequestering protein and a functional homolog of yeast 
twinfilin. 
 
The recombinant Drosophila twinfilin was also used to raise an antiserum in a 
rabbit. The antiserum proved to be specific recognizing only a single ~ 40 kDa 
band from the extracts of Drosophila larvae. This antiserum was then used to 
study the expression of twinfilin during fly development. A fly strain was 
characterized in which there is a P-element insertion in the first exon of the 
twinfilin gene. This strain is a strong and specific hypomorphic twinfilin mutant 
strain, and the expression of both twinfilin mRNA and protein are significantly 
reduced. Twinfilin mutant flies have several developmental defects, including 
rough-eye phenotype and aberrant bristle morphology. In the absence of 
twinfilin, the bristle actin bundles are misoriented and ectopic actin 
polymerization at the bristle surface between the main bundles takes place. 
Twinfilin also interacts genetically with Drosophila ADF/cofilin in bristle 
morphogenesis. 
 
 

8.   The role of twinfilin in mammals ((((ΙΙΙΙΙΙΙΙΙΙΙΙ ) 
 
Database searches revealed also mammalian homologues of twinfilin that had 
a 25% sequence identity to yeast twinfilin at the amino acid level (Lappalainen 
et al., 1998). Previous studies with these mouse and human proteins had not 
revealed any actin-binding activities in these proteins. Instead the studies 
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suggested that twinfilins constitute a novel class of protein tyrosine kinases 
and they were therefore named A6 protein kinases  (Beeler et al., 1994, 
1997). 
 
We expressed mouse twinfilin-1 as a GST-fusion protein in E. coli. Since 
yeast twinfilin does not possess any tyrosine kinase activity (Goode et al., 
1998), we carried out an in vitro kinase assay under similar conditions as 
described by Beeler et al. (1994). No tyrosine kinase activity was detected 
with our recombinant twinfilin-1. Furthermore, we found that in an actin 
cosedimentation assay, twinfilin did not pellet with actin filaments, but it was 
able to increase the amount of actin monomers. This indicates that mouse 
twinfilin-1 is also an actin monomer-sequestering protein like yeast and 
Drosophila twinfilin. We also confirmed with rate zonal centrifugation that 
mouse twinfilin-1 forms a 1:1 complex with actin monomers. 
 
To examine the expression pattern of mouse twinfilin-1, a multiple tissue 
Northern blot analysis was carried out using twinfilin-1 cDNA as a probe. 
Twinfilin-1 was found to be expressed at variable amount in many tissues, but 
no expression of twinfilin was detected in the spleen or in skeletal muscle. To 
generate antibodies against mouse twinfilin-1, recombinant protein was used 
in immunization of rabbits. The rabbit antiserum was then affinity purified and 
its specificity assessed with Western blotting. The antibody recognized the 
recombinant mouse twinfilin and only a single band of 40 kDa in NIH 3T3 and 
N18 cell extracts, indicating that the antibody was specific for twinfilin. 
 
In NIH 3T3 cells, twinfilin-1 localized both to the cytoplasm and to the cell 
processes. These cell processes were also rich in both actin filaments and 
monomers, as revealed by phalloidin and DNAseΙ stainings, respectively. In 
addition, in N18 neuroblastoma cells, twinfilin-1 showed strong perinuclear 
staining as well as localization to actin-rich filopodia. Overexpression of 
twinfilin-1 in NIH 3T3 cells resulted in loss of stress fibers and appearance of 
abnormal actin filament structures. In addition, we found that the small 
GTPase Rac1, which regulates the formation of membrane ruffles and 
lamellipodia in cells (Ridley et al., 1992), regulates the localization of twinfilin-
1 in NIH 3T3 cells.  
 

9. The two mammalian twinfilin isoforms have similar biochemical 
properties but distinct expression patterns (unpublished) 
 
Our database searches revealed two twinfilin isoforms in mammals. Mouse 
twinfilin-1 and twinfilin-2 have 64% sequence identity. The human homolog of 
twinfilin-2 protein called A6-related protein had previously been characterized 
as a binding partner of the catalytic domain of the atypical protein kinase C 
ξ (Rohwer et al., 1999). 
 
We compared the expression patterns of the two mouse twinfilin isoforms. 
Based on Northern blot analysis (Figure 5A) and whole mount in situ 
hybridization of 9.5-day-old mouse embryos (Figure 5B), both twinfilin 
isoforms are expressed at constant levels during mouse development and 



 

also throughout the whole embryo. However, in adult mice, these twinfilins 
display distinct expression patterns (Figure 5C). Twinfilin-2 is expressed at 
high levels only in the heart and at lower levels in the brain, spleen, lung and 
kidney, and its expression can also be detected in skeletal muscle, where 
twinfilin-1 is not found (ΙΙΙ ). 
 
To compare the biochemical properties of the two mouse twinfilin isoforms, 
twinfilin-2 was expressed in E.coli as a recombinant protein and purified with a 
procedure similar to that used for twinfilin-1. Based on an actin 
cosedimentation assay (data not shown) and assembly assays with pyrene 
actin (figure 6A) twinfilin-2 is also an actin monomer-sequestering protein, and 
has biochemical properties that closely resemble those of twinfilin-1. We 
measured the affinities of the twinfilin isoforms for both platelet and muscle 
actin monomers using NBD-actin (figure 6B-D). Binding of twinfilin to NBD-
actin resulted in an increase in the NBD-actin fluorescence, and the increase 
displayed saturating behavior. This enabled us to calculate the KD values for 
twinfilin-actin monomer complexes. Unfortunately, twinfilin-2 did not increase 
the NBD-actin fluorescence as much as twinfilin-1, and in the case of ATP-
muscle actin, the enhancement was too low to reliably calculate the binding 
curves. Thus, we 
 
 
 
 

 

 

 

Figure 5. Expression patterns of the two
mouse twinfilin isoforms. (A) Northern blot
analysis of twinfilin expression during
development. Both twinfilin-1 mRNA (top)
and twinfilin-2 mRNA are expressed at
constant levels during development. (B)
Whole mount in situ hybridization of E9.5
mouse embryos. With antisense probes,
twinfilin-1 (top left) and twinfilin-2 (lower left)
expressions are detected throughout the

tive sense probes (right panel), indicating tha
embryo. No signal is detected with the respec t
these hybridizations were specific. (C) Northern blot analysis of twinfilin-1 and twinfilin-2
expression in adult mouse. Twinfilin-2 is expressed at high levels only in the heart. Twinfilin-
2 is also detected in skeletal muscle, where twinfilin-1 is not expressed (see ΙΙΙ ).  
33 
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Figure 6. Biochemical comparison of the two mouse twinfilin isoforms. (A) Both 
twinfilins prevent the assembly of actin filaments. Polymerization of 3 µM actin (1:6 
pyrene actin:human platelet actin) in the presence and absence of 0, 1.5 µM or 3 µM 
twinfilin was initiated by the addition of 0.1 M KCl, 2 mM MgCl2 and 0.5 mM ATP. 
Polymerization of filaments was followed by an increase in pyrene fluorescence. (B-
D) Interaction of twinfilins with actin monomers. The increase in fluorescence of 0.2 
µM NBD-labeled Mg-ADP/ATP platelet/muscle actin was measured at different 
concentrations of twinfilin under physiological ionic conditions at pH 8.0. Symbols are 
data points, which are mean values of three independent experiments. Lines are 
calculated binding curves. 
 
 
were unable to obtain the KD value for twinfilin-2-muscle ATP-actin complex. 
In agreement with previous results (Palmgren et al., 2001) we found that both 
twinfilins bind 8-10 times more strongly to ADP-actin monomers (KD=0.04-
0.12 µM, Figure 5B and D) than to ATP-actin monomers (KD=1.76-1.92 µM, 
Figure 5C). While the affinities for platelet ADP-actin monomers are very 
similar for both isoforms (twinfilin-1 KD=0.09 µM and twinfilin-2 KD=0.12 µM), 
twinfilin-2 (KD=0.04 µM) shows two times higher affinity for muscle ADP-actin 
monomers than twinfilin-1 (KD=0.08 µM).  
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Discussion 
 
The focus of this study was to elucidate the role of two actin monomer-binding 
proteins, ADF/cofilin and twinfilin, in regulating actin dynamics in multicellular 
organisms. We show that mice have three isoforms of ADF/cofilin, which 
display distinct expression patterns as well as different biochemical properties 
(Table 3). This has allowed the individual ADF/cofilins to adapt to regulate 
actin dynamics in different cell types. We also show that twinfilin, a novel actin 
monomer-binding protein, is an important regulator of actin dynamics both in 
mammalian cells (Table 3) and in Drosophila.  
 

10. The biochemical properties of mouse ADF/cofilins are adapted to 
their expression patterns 
 
Unicellular organisms contain only one ADF/cofilin protein, whereas several 
ADF/cofilin isoforms exist in multicellular organisms. Our phylogenetic 
analysis of all known mammalian and avian ADF/cofilins grouped these 
proteins into three subgroups, which we named cofilin-1, cofilin-2 and ADF (Ι). 
These three classes probably exist in all mammals and birds, although only 
cofilin-2 and ADF are currently found in chickens (Abe et al., 1990, Adams et 
al., 1990). The isoforms probably arose through two duplications of the 
ancestral ADF/cofilin gene. The first duplication yielded ADF and “cofilin”, 
after which the latter further duplicated into non-muscle (cofilin-1) and muscle 
(cofilin-2) cofilins (Ι; Lappalainen et al., 1998). 
 
Our expression analysis indicates that the three mouse ADF/cofilins have 
distinct expression patterns. In agreement with previous studies, we found 
that although cofilin-1 is present in embryonic skeletal muscle, it is absent 
from mature skeletal muscle (Ι). Previous studies have shown that in 
terminally differentiated myogenic mouse cells, cofilin-1 is replaced by cofilin-
2 (Ono et al., 1994; Obinata et al., 1997; Mohri et al., 2000). Northern blot 
analysis suggested that all three mouse ADF/cofilins would be expressed in 
many organs, but in situ hybridizations showed that these isoforms are 
confined to distinct tissues within these organs. We found ADF to be specific 
for epithelial and nervous tissues, whereas cofilin-2 was mainly found in 
muscle. Cofilin-1 was expressed rather ubiquitously (Ι). Therefore, Northern 
blot analysis gave only partial information about the expression patterns of the 
ADF/cofilin isoforms, and in situ hybridizations were necessary to determine 
the actual tissue distribution of these proteins.  
 
Our expression analysis also shows that more than one ADF/cofilin isoform 
can be expressed in the same cell. This raises questions about the 
differences in localization, regulation and biochemical properties between the 
isoforms present within one cell. Our studies indicate that mouse ADF/cofilins 
do not differ substantially in their basic cell biology. We found that the 
localizations of myc-tagged ADF/cofilins in cultured cells were similar to each 
other (Ι) and to the localizations of endogenous ADF and cofilin-1 (Vartiainen 
et al., unpublished). These localizations agree with those of previous studies 
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(Bamburg and Bray, 1987; Yonezawa et al., 1987). However, it is possible 
that the ADF/cofilin isoforms may behave differently in specific situations. For 
example during cytokinesis, microinjection of cofilin, but not of ADF, causes 
disassembly of actin filaments and their accumulation in the cleavage furrow 
in dividing myoblasts (Obinata et al., 1997). The Rho family of small GTPases 
are able to inactivate ADF/cofilins by inducing their phosphorylation through 
LIM and TES kinases (Arber et al., 1998; Yang et al., 1998; Toshima et al., 
2001a-c). Our data indicate that the Rho GTPases RhoA, Cdc42 and Rac1 
have similar effects on all mouse ADF/cofilin isoforms (Vartiainen et al., 
unpublished). This is supported by the fact that no reports have been 
published suggesting that the LIM- or TES-kinase isoforms prefer a certain 
ADF/cofilin isoform. Beside phosphorylation, the activity of most of the 
ADF/cofilin family members is regulated by pH (Yonezawa et al., 1985; 
Hawkins et al., 1993; Hayden et al., 1993; Maciver et al., 1998). We found 
that ADF was the only mouse isoform whose actin disassembling activity was 
affected by an increase in pH (Ι). This is also supported by the notion that only 
ADF’s distribution in Swiss 3T3 cells is sensitive to changes in the pH 
(Bernstein et al., 2000). 
 
The distinct tissue distribution of the mouse ADF/cofilin isoforms could also 
reflect specificity towards a certain actin isoform. In our actin filament binding 
and disassembly assays we did not detect any preference towards platelet or 
muscle actin with our mouse ADF/cofilin isoforms. However, we found that all 
ADF/cofilin isoforms (Ι) and also both twinfilins (unpublished) were able to 
disassemble platelet actin more efficiently than muscle actin. This indicates 
that platelet and muscle actins have quantitative differences in their dynamics, 
and agrees with the finding that muscle actin filaments are less dynamic than 
actin in other cells (Sanger et al., 1984).  
 
In agreement with recent studies on human ADF and cofilin-1 (Yeoh et al., 
2002) we found that all mouse ADF/cofilins bind equally well to actin 
filaments. However, in other respects the mouse ADF/cofilin isoforms are 
biochemically different from each other. ADF and cofilin-1 disassemble actin 
filaments very efficiently, whereas cofilin-2 promotes filament formation (Ι). 
Similarly, the muscle-specific ADF/cofilin from C. elegans, Unc-60B, is less 
efficient in disassembling actin filaments than the ubiquitously expressed 
Unc60A (Ono and Benian, 1998). At higher concentrations, ADF was more 
efficient in increasing the amount of actin monomers than cofilin-1 (Ι). This 
could be due to the fact the ADP-actin monomer nucleates two times more 
readily when complexed to cofilin-1 than to ADF, which results in higher 
steady state depolymerization activity of ADF (Yeoh et al., 2002). We 
measured actin filament disassembling activity by a cosedimentation assay, 
which is a steady-state assay. This implies that the results obtained from 
these assays are combinations of many different parameters, such as actin 
filament binding, depolymerization, and severing, actin monomer 
sequestering, as well as the ability to promote filament assembly. Therefore, 
due to its inability to increase the amount of actin monomers in these assays, 
cofilin-2 may have differences in any of these aspects. Our visual actin 
depolymerization/severing assay showed that all mouse ADF/cofilins are able 
to depolymerize actin. This assay also indicated that all mouse isoforms have 
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some actin filament-severing activity, since they shortened actin filaments 
more than what could be regarded as mere actin depolymerization (Ι). In 
agreement with these results, recent studies showed that human ADF and 
cofilin-1 are also able to sever actin filaments to a similar extent (Yeoh et al., 
2002). The three mouse ADF/cofilin isoforms, however, increased actin 
filament treadmilling to different extents. Cofilin-2 was the least efficient 
isoform (Ι), which can at least partly explain why cofilin-2 could not shift actin 
to the monomeric form in the actin filament sedimentation assay.  
 
Our results agree with findings that the ADF/cofilins have higher affinity for 
ADP-actin monomers than for ATP-actin monomers (Ι, Carlier et al., 1997; 
Blanchoin and Pollard, 1998, Ressad et al., 1998). However, the affinities we 
obtained are ~ 5-10 times greater than previously reported values. This 
discrepancy may be due to the protein constructs used in different studies. 
The thrombin cleavage of our recombinant GST-ADF/cofilin added an N-
terminal Ser-Gly to the native ADF/cofilins. In other studies, ADF/cofilins were 
expressed from vectors in which translation starts from the methionine of 
ADF/cofilins. In E.coli, this N-terminal methionine is usually removed (Hawkins 
et al., 1993), which may affect the actin-binding properties of these 
recombinant proteins, since the first four amino acids have been shown to be 
important in interactions between actin and ADF/cofilins (Lappalainen et al., 
1997; Wriggers et al., 1998). A significant difference that we found between 
the isoforms was that cofilin-2 showed smaller difference between its affinities 
for ADP- and ATP-actin monomers, due to its 5-10 times greater affinity for 
ATP-actin monomers (Ι). Computer simulations and experimental data 
suggest that the association rate constant of ADF/cofilin-ATP-actin is higher 
than that of ATP-actin monomer alone (Carlier et al., 1997; Sept et al., 1999). 
This suggests, that because it has a higher affinity for ATP-actin monomers, 
cofilin-2 might be able promote filament assembly more efficiently than ADF 
and cofilin-1. 
 
Specialized cells are a hallmark of multicellular organisms. These cells 
express distinct genes, have unique morphologies and different requirements 
for their actin dynamics. Our results indicate that the three mouse ADF/cofilins 
have adapted to promote actin filament turnover in these specific cell types. 
ADF is the most “active” ADF/cofilin. It is expressed in epithelial and nervous 
tissues (Ι), where cells often are highly polarized. Polarization is strongly 
dependent on the dynamic nature of the actin cytoskeleton, and would 
therefore benefit from an efficient promoter of actin turnover. Furthermore, 
epithelial cells often contain specialized cell surface modifications and cell 
junctions, both of which are intimately linked to the actin cytoskeleton. 
Maintenance and modification of these structures therefore rely on the 
dynamic nature of the actin cytoskeleton. Epithelial and endothelial cells are 
often found in those areas of the body that are subjected to physical damage 
and wounding. Cells need to be able to migrate in order to repair such sites, 
and cell movement requires rapid changes in the actin cytoskeleton. 
Therefore, the “active” ADF is ideally located in those cell types that undergo 
rapid actin dynamics. Cofilin-2 is the only ADF/cofilin isoform expressed in 
mature skeletal muscle (Ι, Obinata et al., 1997). Recent results indicate that 
actin dynamics at thin filament ends in cardiac myocytes is comparable to 
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actin dynamics in relatively stable actin structures in other cells (Littlefield et 
al., 2001). The turnover of the entire actin filament in muscle fibers is, 
however, likely to be very slow, and treadmilling probably does not take place 
(Littlefield et al., 2001). Therefore, muscle cells do not require an ADF/cofilin 
that would promote actin dynamics very efficiently. The biochemical properties 
of cofilin-2 are perfectly tuned for muscle cells, because, unlike cofilin-1 and 
ADF, cofilin-2 promotes filament assembly rather than disassembly. This 
suggests that in contractile cells, the specific isoforms of different proteins are 
adapted to keep the sarcomeric structure intact. Moreover, also the muscle 
actin itself is more resistant to depolymerization (Ι).  The ubiquitous cofilin-1 is 
the “normal” ADF/cofilin, which is a biochemical intermediate between ADF 
and cofilin-2. Cofilin-1 may promote actin filament dynamics in less 
specialized cell types, and it might also assist ADF in more dynamic cell 
types. In the future, knock-out mice and RNAi knock-down cell lines of the 
ADF/cofilin isoforms will be very valuable in efforts to evaluate the importance 
of the distinct ADF/cofilin isoforms for different cell types. 
 

11.  Twinfilin is essential for the development of Drosophila 
 
The lack of a clear phenotype in the twinfilin deletion yeast strains (Goode et 
al., 1998) has hampered the understanding of the biological role of this 
ubiquitous actin monomer-binding protein. We identified the Drosophila 
homologue of twinfilin and showed that a mutation in the Drosophila twinfilin 
gene leads to several morphological defects. This provides the first genetic 
evidence for a biological role of twinfilin in the development of multicellular 
organisms (ΙΙ). 
 
Drosophila bristles are sensory organs formed as a cytoplasmic extension of 
a single cell supported by actin filament bundles. Each bundle is composed of 
successive repeated units attached end to end.  As the bristle elongates, actin 
filaments are formed at the tip of the bristle, and then progressively packed to 
form new units that have maximally crosslinked filaments (Tilney et al., 
2000a). For this reason, Drosophila bristles have been extensively used as a 
model to study actin filament bundling. In twinfilin mutant flies, the adult 
macrochaeta possess a similar phenotype (ΙΙ) as that seen in singed and 
forked mutants, which arise from mutations in actin filament bundling proteins 
(Cant et al., 1994; Petersen et al., 1994; Tilney et al., 1995; 1998). The fact 
that twinfilin is an actin monomer-binding protein and does not bind to actin 
filaments suggests that the accurate regulation of the size and dynamics of 
the actin monomer pool is essential for actin assembly in the developing 
bristles. This is supported by observations that mutations in Drosophila cofilin 
(Chen et al., 2001), profilin (Verheyen and Cooley, 1994) and the β-subunit of 
capping protein (Hopmann et al., 1996) genes also lead to defects in bristle 
morphology. Furthermore, loss of function of slingshot, a phosphatase that is 
able to activate ADF/cofilin, results in aberrant bristle morphology (Niwa et al., 
2002). 
 
A unique feature of twinfilin mutant bristles is the presence of ectopic actin 
filament-containing spots and perpendicular tiny bundles in fully elongated 
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mutant bristles (ΙΙ). This could result from uncontrolled polymerization in the 
absence of twinfilin from pre-existing bundles, which would then split 
lengthwise and fragment further. A more plausible explanation is, however, 
that loss of twinfilin’s function would result in spontaneous nucleation of actin 
filaments, which would not be incorporated into the main bundles. This is 
supported by observations that the ectopic spots resemble the actin filament- 
containing spots in young bristles, but are clearly different from the 
fragmented actin bundles observed after cytochalasin D treatment (Tilney et 
al., 2000b). 
 
Our immunostainings show that Drosophila twinfilin localizes both to the 
cytoplasm and to the actin filament bundles in the bristles (ΙΙ). Yeast twinfilin 
(Palmgren et al., 2001) and murine twinfilin (ΙΙΙ ) also show similar 
localizations. In yeast, capping protein is needed for the correct localization of 
twinfilin (Palmgren et al., 2001). In fully elongated bristles, twinfilin localizes 
along actin filaments in spots that may be barbed ends of actin filaments. 
Therefore, it is possible that also in Drosophila, the localization of twinfilin to 
actin bundles is mediated through capping protein. Intriguingly, the bristle 
phenotypes of twinfilin (ΙΙ) and capping protein mutants (Hopmann et al., 
1996) are almost identical. 
 
We have also shown that Drosophila twinfilin and the ADF/cofilin-encoding 
gene twinstar interact genetically in bristle morphogenesis (ΙΙ). A similar 
genetic interaction between twinfilin and ADF/cofilin was previously shown in 
yeast, where a mutation in the cofilin gene that affects its actin 
depolymerization activity rate shows synthetic lethality with a twinfilin deletion 
(Lappalainen and Drubin, 1997; Goode et al., 1998). This suggests that during 
actin bundle formation, the decreased actin filament depolymerization due to 
the ADF/cofilin mutation, together with uncontrolled actin assembly resulting 
from the twinfilin mutation, lead to defects in bristle morphogenesis.  
 

12.  Mouse twinfilin isoforms have similar biochemical properties but 
distinct expression patterns 
 
Mammalian twinfilin-1 and -2 were isolated with an anti-phosphotyrosine 
antibody (Beeler et al., 1994) and as a binding partner for protein kinase 
Cζ (Rohwer et al., 1999), respectively. No actin-related activities were 
reported for these proteins. We were, however, able to show that both mouse 
twinfilins are actin monomer-binding proteins with biochemical properties that 
are similar to each other (Table 3) and to yeast and Drosophila twinfilins. Cell 
biological characterization revealed that twinfilin is an important regulator of 
actin dynamics in murine cells as well. 
 
Previous biochemical study of the human homologue of twinfilin-1, A6, 
suggested that this protein is a protein kinase (Beeler et al.,1994). We re-
examined the putative tyrosine kinase activity of mouse twinfilin-1, which is 
96% identical to the human protein, because twinfilin does not have 
detectable sequence homology with known protein kinases and it does not 
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Table 3. Expression patterns and biochemical properties of mouse ADF/cofilins and 
twinfilins. N.D = not determined. 
 
 

Expression Filament   
binding 

Increase 
actin 
monomer 

Actin 
isoform 
speci- 
ficity 

Depoly-
meriza- 
tion 

  
  
 
  ATP 

 
 
 
  ADP 

Cofilin-1 Most cell 
types 

+++ + - ++ 0.59 0.031 

 
Cofilin-2 

 
Muscle 
tissues 

 
+++ 

 
+/- 

 
- 

 
+ 

 
0.05-
0.10 

 
0.002-
0.020 

 
ADF 

 
Epithelial 
tissues 

 
+++ 

 
++ 

 
- 

 
+++ 

 
0.88 

 
0.018 

 
Twinfilin-

1 

 
Many 
tissues, 
not 
skeletal 
muscle 

 
- 

 
+++ 

 
- 

 
N.D. 

 
1.76 

 
0.08-
0.09 

 
Twinfilin-

2 

 
High only 
in heart, 
also 
skeletal 
muscle 

 
- 

 
+++ 

 
- 

 
N.D. 

 
1.92 

 
0.04-
0.12 

 
 
 
possess sequence motifs typical for the catalytic domains of protein kinases. 
Furthermore, the mouse protein has the same domain structure and relatively 
high sequence identity (25%) to yeast twinfilin, which is an actin monomer-
binding protein (Goode et al., 1998). With the same experimental setup used 
earlier by Beeler et al., (1994), we did not detect any tyrosine kinase activity 
with our mouse twinfilin-1 (ΙΙΙ ). It is unlikely that a difference in the source of 
twinfilin explains the discrepancies in these results, since Beeler et al., (1994) 
also used a recombinant protein produced in E.coli. Furthermore, our 
recombinant protein was fully active in other biochemical assays. Also 
Rohwer et al. (1999) repeated this experiment with human GST-A6 and GST-
A6rp (twinfilin-2), and they did not detect any tyrosine kinase activity with their 
proteins. Therefore, it is very unlikely that these proteins are tyrosine kinases. 
 
Our biochemical analysis showed that the mouse twinfilins are actin 
monomer-sequestering proteins with similar activities to yeast and Drosophila 
twinfilins. Mouse twinfilins appear somewhat less efficient in increasing the 
critical concentration for actin polymerization compared to yeast twinfilin (ΙΙΙ ; 
unpublished; Goode et al., 1998). Yeast twinfilin sequesters an equal molar 
amount of actin monomers (Goode et al., 2000), and our studies of the mouse 
protein confirms that twinfilin forms a 1:1 complex with actin monomers. This 

Affinity for actin  
monomers µM 
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is intriguing, because twinfilin contains two ADF-H domains, which are both 
theoretically capable of interacting with one actin monomer. In addition, the 
residues important for actin monomer binding in ADF/cofilins are conserved in 
both domains of twinfilin, indicating that each of them is able to bind actin 
(Lappalainen et al., 1998). In agreement with previous data on yeast twinfilin 
(Palmgren et al., 2001), we found that both mouse twinfilins have a higher 
affinity for ADP- than for ATP-actin monomers. We did not find large 
differences in the biochemical properties of the mouse twinfilin isoforms 
(unpublished). Also different mammalian profilin isoforms appear to have 
similar actin-related activities, but they show differences in binding to other 
ligands, e.g. to polyphosphoinositides and proline-rich motifs (Lambrechts et 
al., 1997). It is therefore possible that the twinfilin isoforms may have different 
affinities for their other ligands. It remains to be shown for example, whether 
the twinfilin isoforms prefer a certain capping protein isoform.  
 
Beeler et al., (1994) found that mouse twinfilin-1 is expressed at high levels in 
the liver, kidney and lung and at moderate levels in the heart, brain, skeletal 
muscle and testis. They did not detect twinfilin-1 in the spleen, which agrees 
with our results. Our results also agree with the high expression levels of 
twinfilin-1 in the liver and kidney, but we found only a small amount of twinfilin-
1 in the lung and we did not detect any twinfilin-1 in skeletal muscle (ΙΙΙ ). 
These small inconsistencies could be due to different probes and to the 
quality of the blots used in these studies. Our preliminary in situ hybridizations 
on adult mouse confirm that twinfilin-1 is expressed at high levels in the liver 
and is absent from skeletal muscle. Using the same method we found high 
twinfilin-2 expression in the heart (Vartiainen et al., unpublished). We are 
currently generating knock-out mice of both twinfilin isoforms. The knock-out 
construct will drive the expression of LacZ in the place of twinfilin, which 
allows us obtain detailed expression patterns of these proteins. 
 

13. The cell biological role of twinfilin 
 
In mammalian cells twinfilin localizes both to the cytoplasm and to the cortical 
actin assemblies (ΙΙΙ ). Both yeast (Palmgren et al., 2001) and Drosophila 
twinfilins (ΙΙ) show similar localizations. It is notable that twinfilin does not 
colocalize with all actin filament structures: twinfilin is not found for example in 
stress fibers, but the staining overlaps significantly with the actin monomer 
staining. In cells, these high actin monomer concentrations are found in areas 
where actin filament turnover is rapid (Carlier and Pantaloni, 1997). Therefore, 
twinfilin’s intracellular localization supports its role as a regulator of actin 
dynamics. In yeast, interactions with actin monomer and capping protein are 
essential for the correct localization of twinfilin (Palmgren et al., 2001). Also 
mouse twinfilin-1 interacts directly with capping protein (Palmgren et al., 
2001), and this interaction might drive the localization of mouse twinfilin to the 
cell cortex. Further evidence of twinfilin’s involvement in the regulation of actin 
dynamics comes from the overexpression data, which show that a high 
concentration of twinfilin causes a decrease in the amount of stress fibers and 
appearance of abnormal actin filament structures (III). Also in yeast, 
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overexpression of twinfilin results in the accumulation of abnormal actin 
structures (Goode et al., 1998). 
 
We also found that twinfilin-1 colocalizes with the activated forms of Rac1 and 
Cdc42 at the membrane ruffles and cell-cell contacts, respectively (ΙΙΙ ). These 
GTPases are known to be regulators of the actin cytoskeleton and could thus 
regulate the localization of twinfilin-1 to certain cellular compartments. This 
view is also supported by the observation that activated Rac1 causes 
accumulation of twinfilin to the membrane ruffles, whereas expression of the 
dominant negative form of Rac1 localizes twinfilin-1 to the cytoplasm (ΙΙΙ ). 
Interestingly, the small GTPases, including Rac1 and Cdc42, are able to 
induce phosphorylation and consequent inactivation of ADF/cofilins (Arber et 
al., 1998; Yang et al., 1998). We have recently learned that twinfilin-1 is 
phosphorylated on both serine and threonine residues (Vartiainen et al., 
unpublished), and it remains to be elucidated whether the small GTPases 
control twinfilin’s activity and localization through phosphorylation. 
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Conclusions and future perspectives 
 
The results of this work demonstrate that Drosophila and mouse twinfilins are 
biochemical homologs of the previously characterized yeast twinfilin (ΙΙ, ΙΙΙ , 
Goode et al., 1998). Furthermore, the overexpression and mutant phenotypes 
as well as the localization of twinfilin in Drosophila (ΙΙ) and mouse cells (ΙΙΙ ), 
suggest that animal twinfilins play cell biological roles that are similar to those 
of the yeast twinfilin. In yeast, a “mailman” model suggests that twinfilin’s 
function is to localize the inactive ADP-actin monomers to the sites of rapid 
actin assembly through interactions with the capping protein. Therefore 
twinfilin would act as a link between the ADF/cofilin-induced actin filament 
depolymerization and profilin-mediated actin assembly (Palmgren et al., 2001; 
2002). The uncontrolled actin polymerization in the twinfilin mutant Drosophila 
bristles supports this model (ΙΙ). Moreover, capping protein interacts directly 
with mouse twinfilin-1 (Palmgren et al., 2001) and possibly mediates the 
localization of Drosophila twinfilin as well (ΙΙ).  
 
However, in higher eukaryotes, twinfilin’s biological function is likely to be 
more complex than in yeast. The phenotype of twinfilin mutants in Drosophila 
indicates that twinfilin is required especially in processes where actin 
polymerization occurs in a localized fashion, such as during the development 
of Drosophila bristles. This supports twinfilin’s role as a localizer of actin 
monomers, but could also pinpoint twinfilin’s role in preventing actin filament 
polymerization at unwanted sites. These two processes are very 
interdependent. In mammalian cells twinfilin could therefore also be important 
for the development and maintenance of cell surface protrusions, such as 
brush border microvilla, hair cell strereocilia and even cell motility organs like 
filopodia. Indeed, in N18 cells twinfilin localizes to the filopodia (ΙΙΙ ). Despite 
the fact that twinfilin is clearly involved in regulation of the actin filament 
turnover in mammalian cells (ΙΙΙ ), its exact in vivo function is not yet known. 
Knock-out mice of both twinfilin isoforms are now being developed, and they 
will give valuable information on the biological function of these proteins as 
well as on the relative importance of the two isoforms. The phenotypes of 
these knock-out mice are impossible to predict, but the phenotypes of 
Drosophila twinfilin mutants (ΙΙ) indicate that at least the double knock-out 
should have severe developmental defects.  
 
The “mailman” model predicts that twinfilin and ADF/cofilin function 
sequentially to regulate the actin monomer pool (Figure 7). Indeed, these 
proteins interact genetically during bristle development in Drosophila (ΙΙ). In 
the future, it will be important to elucidate how the activities of these two 
proteins are co-ordinated in cells. An excellent candidate to regulate this 
process is the small GTPase Rac1, which can inactivate the ADF/cofilins 
(Yang et al., 1998) and affect the localization of twinfilin in mammalian cells 
(ΙΙΙ ).  
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Figure 7. Model showing how ADF/cofilin and twinfilin cooperate to regulate actin 
filament dynamics in animal cells. First, ADF/cofilin depolymerizes actin filaments 
from their pointed ends. Secondly, twinfilin and ADF/cofilin compete for binding to the 
ADP-actin monomer. Finally, twinfilin acts as a “mailman” for ADP-actin monomers, 
delivering them to the sites where actin polymerization takes place. This may occur 
through interaction with the capping protein. Rac might regulate the interplay 
between ADF/cofilin and twinfilin, since it is able to both affect the localization of 
twinfilin in cells, and to inactivate ADF/cofilins. Moreover, both ADF/cofilin and 
twinfilin have tissue-specific isoforms, and at least the ADF/cofilin isoforms have 
distinct effects on actin dynamics. 
 
 
This work also demonstrates that the mouse ADF/cofilin isoforms are 
biochemically adapted to regulate actin filament turnover in specific cell types 
(Ι, Table 3). The importance of these different ADF/cofilins is therefore clear. 
However, besides distinct expression patterns, we did not detect major 
differences between the two mouse twinfilins (unpublished, Table 3), and also 
the in vivo significance of the actin isoforms is not obvious. A very detailed 
knock-out and complementation analysis of these proteins would be required 
to unravel the contribution of the individual isoforms.  
 
By definition, isoforms are multiple forms of the same protein that differ 
somewhat in their amino acid sequence (Alberts et al., 1994). This means that 
they fullfill the same function in the cells, but still have some differences in 
their primary structure. These small differences have allowed these proteins 
to acquire specific characteristics, for example different affinities for certain 
ligands or differences in their catalytic activity. In specific cell types the 
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appearance of the actin cytoskeleton is different due to unique compositions 
of actin filament assemblies. For example, most of the actin in muscle cells is 
organized to sarcomers, whereas motile cells have a very prominent cell 
cortex with highly dynamic actin filaments in their lamellipodia. Nevertheless, 
some cells have enormous cell surface structures supported by actin bundles. 
These specialized assemblies set specific requirements for the dynamics of 
the actin cytoskeleton, but at the same time, the cells must be also able to 
perform “normal” actin-dependent cellular functions, such as secretion and 
endocytosis. The regulation of the actin cytoskeleton is therefore an amenable 
field for isoforms, because although cytoskeletal regulation basically occurs in 
a similar manner in every cell, specific requirements are nevertheless posed 
by different cell types. It can be concluded that the isoforms of actin and actin-
binding proteins have evolved to fine-tune the regulation of actin dynamics to 
best suite each individual cell type. 
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