
Doctoral thesis from the Department of Cell Biology 
The Wenner-Gren Institute 

Stockholm University 
Stockholm,Sweden 

 
 

Cell Behavior and the Role of Profilin 
 
 
 
 
 
 
 
 
 
 

Yu Li 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Stockholm 2008 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Yu Li, 2008 
978-91-7155-677-6 pp.1-53 
Printed by Universitetsservice US-AB, Stockholm University 
 

 2



 

ABSTRACT 
Profilin is a key regulator of the microfilament system. It binds to actin monomers in 

a 1:1 complex, forming the profilin:actin complex, which is the major precursor of 

actin for filament formation in vivo. The distribution of profilin has been studied in a 

variety of cells. It is present not only in the cytoplasm but also in the nucleus. In the 

cytoplasm, it is evenly distributed in a dotted pattern, which is concentrated at the 

edge of advancing lamellipodia and in the perinuclear region. In the nucleus, it is 

localized to Speckles and Cajal bodies. However, the distribution of the profilin:actin 

has not been possible to establish due to the lack of specific reagents. In this thesis I 

present the localization of the profilin:actin complex and demonstrate the importance 

of profilin during cell migration. 

 

The distribution of the profilin:actin complex was studied using affinity purified 

antibodies generated against a covalently coupled variant of profilin:actin in 

colocalization experiments with VASP and the Arp2/3 complex. In both cases, close 

co-distribution with profilin:actin was found. In order to study the role of profilin in 

vivo in migratory cells, I used the siRNA-technique to deplete profilin from motile 

mouse melanoma B16 cells. The particular cell line employed expressed actin fused 

to green fluorescent protein, which enabled imaging of live cells. Upon profilin-

deficiency severe effects on cell behavior were observed, e.g. the cells lacked the 

ability to form characteristic broad lamellipodia at advancing edges, instead small 

protruding structures were generated and extended with a significantly reduced rate 

compared to control cells. Observations were also made suggesting that profilin 

regulates the expression of actin in mammalian cells. 

 

A new experimental system for studies of myoblast fusion and subsequent myotube 

formation in vitro was also established during these studies. This will facilitate 

systematic studies of molecular processes connected to muscle development. 
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1. INTRODUCTION 
1.1 Cell morphology and motility 

Cell motility plays a central role in a variety of biological phenomena such as 

embryogenesis, tissue formation, wound healing, and the immune response. It is 

the result of the activity exerted by complex molecular machineries present in 

all eukaryotic cells, and which are built by actin and tubulin, respectively, as 

major components. This thesis has its focus on actin and its organization in the 

cell. 

 

Actin based cell movements depend on the assembly and disassembly of actin 

filaments and their cooperation with myosin, for reviews see (Pollard and Borisy, 

2003; Le Clainche and Carlier, 2008; Lindberg et al., 2008). Actin polymerizes 

into asymmetric filaments (microfilaments) with a fast growing so called (+)-

end and a slow growing (-)-end, see (Oosawa and Kasai, 1971; Korn, 1982). The 

actin filaments are organized into large assemblies in the form of bundles or net-

like arrangements often juxtaposed to the cell membrane (Hoglund et al., 1980; 

Small, 1981; Koestler et al., 2008). The forward directed force resulting from 

the actin assembly at the cell edge is then complemented by actomyosin 

interactions to drive translocation of the entire cell, e.g (Le Clainche and Carlier, 

2008). The actin filaments at the leading edge are under rapid turnover during 

migration; the actin-bound ATP is hydrolyzed upon incorporation at membrane-

facing filament (+)-ends and the actin subunits in the filament ‘tread-mill’ (see 

below) through the filament towards the inward-pointing (-)-end where they 

dissociate (Wang, 1985; Lai et al., 2008). The released actin monomers are 

captured by actin-binding proteins, transported back to the polymerizing sites at 

the membrane and have their ADP exchanged for ATP, which makes them 

competent for another round of polymerization. 

 

In translocating cells, the actin dynamics is used for three inter-connected 

processes, protrusion, adhesion, and retraction, which are required for the 

migration. In response to various extracellular stimuli, protruding structures like 

lamellipodia and filopodia are formed. Lamellipodia are broad, flat, veil-like 

extensions and filopodia are finger-like structures sometimes extending for long 
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distances from the cell edge. These are used to search the surrounding surface 

for new sites of adhesion. As mentioned above, the microfilament arrangement 

in these structures is highly dynamic, with a turnover of the filaments within 

seconds (Lai et al., 2008). Sometimes the lamellipodia detaches from the surface 

and wave back and forth, this phenomenon is often referred to as ruffling. 

Gradually, these “ruffles” decrease in size and disappear at the dorsal surface 

(Bellairs et al., 1982). Filopodia also appear to contribute to stress fiber 

formation in the region behind the lamellipodia (Nemethova et al., 2008). Stress 

fibers are contractile elements consisting of parallel actin filaments with 

opposing polarities, bipolar myosin filaments and other actin binding proteins 

such as tropomyosin and the actin filament cross-linking protein α-actinin 

(Weber and Groeschel-Stewart, 1974; Lazarides, 1975; Lazarides and Burridge, 

1975; Isenberg et al., 1976; Kreis and Birchmeier, 1980; Singer et al., 1982; 

Katoh et al., 1998). These structures connect to focal adhesions and thus 

indirectly to the extracellular matrix (ECM) via a number of actin-binding 

molecules and members of the integrin family of proteins (Burridge and 

Chrzanowska-Wodnicka, 1996; Zaidel-Bar et al., 2007). Different categories of 

stress fibers were recently characterized as transverse arcs, and ventral and 

dorsal stress fibers (Hotulainen and Lappalainen, 2006). The role of these 

structures has not been fully established but their contractile capacity suggests 

that they can mediate tension between their end-points. 

 

The tension generated through the cell body by the microfilament system in 

combination with the release of trailing edge adhesions and its activities at the 

front is the principle mechanism behind cell locomotion. The dynamic 

organization of the microfilament system and its force-generation is highly 

regulated and involves a large number of components (Ridley et al., 2003) some 

of which will be discussed in the following sections. 
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1.2 Actin 
Actin is a highly conserved 42 000 molecular weight ATPase, present in 

practically all eukaryotic cells; the only exception known so far is a nematode 

sperm (Roberts and Stewart, 1995). Mammals have six actin isoforms encoded 

by separate genes, and on basis of their pI (isoelectric point) are referred to as α, 

β and γ with the α-isoform being the most acidic (Vandekerckhove and Weber, 

1978). α-Actins are unique to muscle cells, while the β- and γ-isoforms are 

typical for non-muscle cells. The latter isoforms differ by only four amino acid 

residues in their N-termini; the first three being aspartic acids (D) in β-actin and 

glutamic acids (E) in γ-actin and position 10 in β-actin has a valine (V) while in 

the γ-isoform it is an isoleucine (I) (Rubenstein, 1990). 

 

Actin is an asymmetric molecule, whose dimensions are 55 × 55 × 35 Å as 

determined by x-ray crystallography (Kabsch et al., 1990; Schutt et al., 1993, 

and reviewed by Schuler 2001). It has two major domains, each of which is 

further divided into two subdomains, denoted I, II, III and IV (Fig. 1). A large 

cleft between the two major domains forms the binding site for the adenosine 

nucleotide (ATP or ADP) and a divalent cation (Mg2+ or Ca2+). The N- and C-

termini are located to subdomain I. Subdomains I and III have similar folds, 

which led to the suggestion that the domain structure of the actin molecule is the 

result of gene duplication (Holmes et al., 1993). The actin structure was 

independently solved by x-ray crystallography of four different complexes: the 

α-actin:DNase I-complex (Kabsch et al., 1990), the α-actin:gelsolin segment I-

complex (McLaughlin et al., 1993) and the β-actin:profilin-complex in two 

different conformational states – a ‘tight’ (Schutt et al., 1993) and an ‘open’ 

state, where a widening of the nucleotide binding cleft was observed (Chik et al., 

1996). The stability of the actin molecule is dependent on the divalent cation-

nucleotide complex (Faulstich et al., 1984; Valentin-Ranc and Carlier, 1991; 

Schuler, 2001). 
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Fig.1. Outline of ß-actin main chain structure in the open-state of the profilin-actin complex with 

the indicated subdomains (Chick et al., 1996); (pdb accession code 2btf), and modified from 

(Schuler 2001). 

 

 

1.2.1 Actin polymerization 

Actin polymerizes spontaneously into filaments (F-actin) in vitro in the presence 

of salt, e.g. 1-2 mM Mg2+ and/or 50-100 mM KCl, i.e. in the physiological 

range. The polymerization proceeds through three distinct stages refereed to as 

nucleation, elongation and steady state (Oosawa and Kasai, 1971; Korn, 1982). 

During nucleation, stable actin oligomers “nuclei” are formed (Tobacman and 

Korn, 1983). This initial phase of filament formation is concentration-dependent. 

Actin dimers rapidly dissociate unless a third actin molecule binds and stabilizes 

the nucleus, therefore this stage is a time-limited phase of the polymerization 

process. During ionic conditions inducing polymerization, the actin-bound ATP 

is hydrolysed (Korn et al., 1987; Schuler, 2001). The nucleation as described 

above is an in vitro phenomenon. In vivo, unpolymerized actin is present in 
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complex with different proteins, such as profilin, thymosin β4 and ADF/cofilin, 

and the nucleation and subsequent polymerization is further controlled by 

specific nucleation promoting protein machineries (reviewed by Goley and 

Welch, 2006; Le Clainche and Carlier, 2008), see also section 1.4 below. 

 

Once stable trimeric actin nuclei are formed during nucleation, elongation 

proceeds by actin monomers being added onto both ends of the growing 

filament with different rates, reflecting the filament asymmetry and the 

difference in Kd-values for monomer association at the (+)-and (-)-ends. The 

arrowhead pattern generated by decoration of actin filaments with myosin S1 

reveal the filament asymmetry (Huxley, 1963; Woodrum et al., 1975), and using 

such decorated filaments as preformed nuclei for polymerization, the (+)- and (-

)-ends of the filament were defined as the barbed and pointed end, respectively. 

The rate of addition of monomers onto the barbed end is 10- to 20-fold faster 

than to the pointed end (Pollard and Mooseker, 1981), which is the basis for the 

today more commonly used nomenclature referring to the filament ends as the 

(+)- and (-)-end, respectively. At the steady state, finally, there is no net change 

in the concentration of filamentous actin. However, actin monomers are 

continuously added to the (+)-end and dissociated from the (-)-end in balanced 

processes as long as ATP is available for exchange for ADP on the dissociated 

monomers. Thus under stable conditions, actin molecules in individual filaments 

are passively transferred through the polymer from the (+)-end to the (-)-end in a 

process referred to as tread-milling while the concentrations of monomeric and 

filamentous actin remain constant (Wegner, 1976; Wegner, 1982). The 

concentration of unpolymerized actin balancing the pool of filamentous actin at 

steady state is defined as the critical concentration for polymerization (Acc). In 

vitro, filament elongation at the barbed end is diffusion-limited, while as 

mentioned above actin polymerization in vivo is spatially and temporally 

regulated by a number of proteins in response to different signaling pathways 

e.g (Goley and Welch, 2006; Le Clainche and Carlier, 2008) and as discussed in 

sections below. 
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1.2.2 Structure of the filament 

The structure of the actin filament was modeled by Holmes et al (Holmes et al., 

1990) based on the structure of monomeric actin determined for α-actin in 

complex with DNAse I and electron diffraction data of ordered gels of actin 

filaments (Popp et al., 1987). Later this structure has been refined (Lorenz et al., 

1995) as is now generally accepted as a true model of the actin filament. 

 

In the profilin:actin crystals, the actin molecules are organized in so called flat 

ribbons - polymeric actin arrangements of the same asymmetry as the ordinary 

filament (Schutt et al., 1993). However, the actin subunit orientation in this 

structure is opposite to the current model with subdomain I and II being close to 

the filament axis instead of III and IV as in the model described by Holmes et al 

(1993). Recently two set of anti-actin antibodies obtained from hens immunized 

with non-dissociable PxA showed two distinct staining patterns. One displayed a 

fine-dotted pattern, and the other colocalized with filamentous actin (Grenklo et 

al., 2004). Characterization of their binding surface on the actin molecule 

indicates that actin subunit orientation in the actin filament is distinct from the 

Holmes model (Grenklo et al., 2004; Johansson, 2005). Independent radiolysis 

data performed by Guan et al (2005), and fluorescence depolarization studies of 

filamentous actin by Marushchak et al (2007) further supports this. Thus the 

structure of the actin filament requires further studies 

 

 

1.3 Profilin 

1.3.1. Profilin isoforms 

Profilin with its 139 amino acids (mammalian isoform I, Ampe et al., 1988) has 

a molecular weight of just under 15 000. It has been isolated from several 

organisms, including yeast, slime molds, Drosophila and mammals (reviewed by 

Witke, 2004; Karlsson and Lindberg, 2006; Jockusch et al., 2007). In mammals, 

there are five isoforms: profilin I, two splice variants profilin IIa and IIb, profilin 

III and profilin IV (Lambrechts et al., 2000). Profilin I is expressed in all tissues 

throughout development, while profilin IIa is abundant only in the central nerve 

system (Witke et al., 1998; Witke et al., 2001). Profilin IIb is expressed in a 
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limited number of tissues, such as muscle and kidney (Honore et al., 1993; Di 

Nardo et al., 2000; Lambrechts et al., 2000). Isoform III and IV are exclusively 

present in testis (Braun et al., 2002; Obermann et al., 2005). All five isoforms 

bind to actin, proline-rich sequences and polyphosphoinositides, but they differ 

in their affinities for these ligands (See section 1.3.2). A phylogenetic analysis 

suggests that the profilin IV sequence represents the most ancient profilin while 

profilin I, II and III occurred later during evolution in conjunction with the 

development of the vertebrates (Polet et al., 2007). 

 

 

1.3.2. The structure of profilin and its interaction sites 

The amino acid sequence of different profilins is relatively divergent, while 

mouse profilin I and human profilin I differ by 5%, for instance, the mouse 

profilin I and II isoforms differ with 35% (Witke, 2004). However, the 

molecular structure molecule is highly conserved (Thorn et al., 1997), reflecting 

a higher evolutionary pressure for structure compared to sequence. 

 

The structure of bovine profilin has been solved by x-ray crystallography both in 

complex with β-actin (Schutt et al., 1993) and separately (Cedergren-

Zeppezauer et al., 1994). It is folded into a central seven-stranded anti-parallel 

β-pleated sheet, with the N- and C-terminal α-helices (helix 1 and helix 4, 

respectively) closely packed on one side and two short α-helices (helix 2 and 

helix 3) on the opposite side (Cedergren-Zeppezauer et al., 1994; Schutt et al., 

1993). In mammalian profilin, strand 5 and 6 (K90-T97) are connected with a 

loop, which protrudes from the surface of the protein (Schutt et al., 1993). 

Double-deletion of two residues (P96 and T97) within this loop increased the Kd 

value for interaction with actin from 0.37 μM to 1.15 μM (Hajkova et al., 1997), 

in congruence with this loop being adjacent to the actin binding surface. This 

loop structure is less prominent in profilins from plants (Thorn et al., 1997), 

Acanthamoeba (Fedorov et al., 1994) and yeast (Eads et al., 1998). 
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1.3.2.1 Actin binding 

The actin-binding site on profilin consists of amino acid residues in α-helices 3 

and 4, and in β-strands 4, 5 and 6 (Schutt et al., 1993), making contacts with 

residues in subdomains I and III at the barbed end of the actin monomer (Schutt 

et al., 1993; Cedergren-Zeppezauer et al., 1994). The stoechiometric 

profilin:actin complex was isolated from tissue extracts by Carlsson et al (1976), 

who used a series of chromatography steps in a classical protein purification 

approach; later it was demonstrated that the complex could be affinity purified 

on poly-(L-proline)-coupled matrices (Tanaka and Shibata, 1985; Lindberg et al., 

1988; reviewed by Schuler et al., 2006). 

 

Profilin was characterized as an actin sequestering protein by Carlsson et al 

(1977) and later studies showed that efficient sequestration over time required 

the presence of the (+)-end capping protein gelsolin (Pantaloni and Carlier, 

1993). The role of profilin in the control of actin polymerization in vitro has 

been extensively studied (Markey et al., 1981; Tilney et al., 1983; Pollard and 

Cooper, 1984; Pring et al., 1992; Pantaloni and Carlier, 1993; Korenbaum et al., 

1998; Nyman et al., 2002). This has led to the generally accepted view of 

profilin as an efficient inhibitor of actin nucleation but the profilin:actin 

complex can contribute to filament elongation by delivering the ATP-bound 

actin to filament (+)-end if available (Witke, 2004; Karlsson and Lindberg, 2006; 

Jockusch et al., 2007). Important in this context is that profilin promotes 

ADP/ATP-exchange on the actin monomer (Tobacman and Korn, 1983; 

Goldschmidt-Clermont et al., 1992), thereby making the actin polymerization-

competent. Se further in section 1.3.3. 

 

1.3.2.2 Poly-(L-proline) binding 

Profilin interacts with a variety of proteins containing proline-rich stretches 

(Witke, 2004; Jockusch et al., 2007). Its N- and C-terminal α-helices form a 

hydrophobic and aromatic core responsible for poly-(L-proline) binding, which 

in profilin I consists of the side chains of residues W3, Y6, W31, H133, L134 

and Y139 (Bjorkegren et al., 1993; Schutt et al., 1993; Cedergren-Zeppezauer et 

al., 1994; Mahoney et al., 1997; Mahoney et al., 1999). 
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Although the binding to poly-proline is a general feature of profilin, the affinity 

for this sequence motif varies among the different profilin isoforms. Profilin IIa 

shows a more tight interaction than profilin I (Lambrechts et al., 1995; 

Lambrechts et al., 1997), which may be due to the amino acid residue at position 

139 - tyrosine (Y) in profilin I and phenylalanine (F) in profilin II (Lambrechts 

et al., 2000; Bjorkegren, 1997). Apparently, the absence of an hydroxyl group in 

the aromatic ring of phenylalanine strengthens the interaction by increasing the 

hydrophobicity of the binding site. Additionally, the difference at position 29, 

serine (S) in profilin I and the tyrosine (Y) in profilin II may also contribute to 

the increased affinity of profilin II for the proline-containing sequence 

(Nodelman et al., 1999). To my knowledge, the profilin encoded by the vaccinia 

virus profilin is the only profilin that does not bind poly-(L-proline) (Machesky 

et al., 1994). 

 

1.3.2.3 Polyphosphoinositide lipid binding 

The interaction of profilin with phosphatidylinositol-4,5-bisphosphate (PI4,5P2) 

dissociates the profilin:actin complex in vitro  (Lassing and Lindberg, 1985; 

Lassing and Lindberg., 1988b). Profilin has two PIP2-interaction surfaces one of 

which partially overlap with the poly-(L-proline) binding surface and the other 

overlap with the actin binding surface (Lambrechts et al., 2002; Skare and 

Karlsson, 2002, and reviewed by Karlsson and Lindberg, 2006; Jockusch et al., 

2007). 

 

The affinities for PIP2 are reported to vary between the profilin isoforms. 

Profilin I displays to tightest interaction followed by profilin IIa and IIb 

(Lambrechts et al., 2000). An initial observation by Gieselman et al (1995) 

showed that human profilin IIb has similar affinity to PIP2 as human profilin I 

was probably due to the experimental setup. It employed an indirect competition 

assay where the interference of gelsolin-binding to actin by PIP2 was monitored 

as the rate of gelsolin-induced actin depolymerization in the presence of the 

profilin isoforms. The higher the rate of actin depolymerization the lower the 

profilin affinity for PIP2. Interpretation of these data is difficult due to the 

complexity of the assay. It is noteworthy that the studies of the PIP2-profilin 
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interaction were performed with PIP2 in vesicles or mixed micelles, which may 

not be relevant for the situation in vivo as recognized recently by Moens and 

Bagatolli (2007) and pointing to the necessity of further scrutiny of this property 

of profilin. 

 

 

1.3.3. Profilin in the cellular context 

Profilin is enriched in regions of the cell characterized by high actin dynamics 

such as lamellipodia and ruffles, and it has also been located to stress fibers and 

focal adhesions as well as to the surface of Listeria monocytogenes after their 

infection of the host cell cytoplasm (Buss et al., 1992; Mayboroda et al., 1997; 

Geese et al., 2000; Skare et al., 2003; Grenklo et al., 2004). Thus profilin is 

present in practically all regions of the cell where actin polymerization is known 

to occur, reflecting its role in the control of this process. The observation that 

maize pollen profilin can rescue the phenotype of profilin-deficient cells from 

the slime mold Dictyostelium discoideum, and that birch profilin expressed in 

mammalian  cells colocalizes with the endogenous profilin, support the view 

that the cellular function of profilin is well conserved (Karakesisoglou et al., 

1996; Rothkegel et al., 1996; Mayboroda et al., 1997). 

 

Profilin gene disruption in Saccharomyces cerevisiae led to abnormal actin 

organization and drastically impaired cell growth (Haarer et al., 1990), and in 

Schizosaccharomyces pombe, Dictyostelium discoideum and Drosophila 

melanogaster the same manipulation caused cell death (Balasubramanian et al., 

1994; Haugwitz et al., 1994; Verheyen and Cooley, 1994). In mice, embryos 

homozygous for profilin gene disruption, profilin (-/-), die already at the two-

cell stage thus even before the development of the blastula, while heterozygous 

embryos, profilin (-/+), survive albeit with reduced viability (Witke et al., 2001). 

Hence, these molecular genetic studies emphasize the role of profilin in the 

control of actin organization and demonstrate its importance for proper cell 

function and viability of both unicellular and multicellular eukaryotes and its 

association with essential processes early during evolution. 
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The profilin:actin complex is the main precursor for actin filament assembly in 

vivo reviewed by (Pollard and Borisy, 2003; Carlier and Pantaloni, 2007). A 

non-dissociable, covalently cross-linked profilin:actin complex called PxA was 

shown to interfere with actin nucleation and elongation in vitro but had no 

effects on the final level of filamentous actin formation (Hajkova et al., 2000; 

Nyman et al., 2002), strongly pointing to an interaction of PxA with growing 

(+)-ends, transiently blocking elongation. Microinjection of PxA effectively 

blocked actin polymerization in spreading and growth-factor stimulated 

fibroblasts (Hajkova et al., 2000), demonstrating more severe effects compared 

to the delayed polymerization kinetics observed in vitro. Furthermore, PxA 

caused detachment of the actin comet tail from the intracellular pathogen 

Listeria monocytogenes and thereby inhibited its motility through the infected 

host cell cytoplasm (Grenklo et al., 2003). Together, these in vivo experiments 

suggest that specific polymer-forming machineries bound the injected PxA and, 

due to the non-dissociable character of the complex, became blocked in their 

activity. Studies of polymer-forming machineries like WASP, VASP and formin 

(see section 1.4) are in congruence with this interpretation (Yarar et al., 2002; 

Higashida et al., 2004; Romero et al., 2004; Romero et al., 2007; Ferron et al., 

2007). Based on these observations the generally accepted view is that 

profilin:actin is the major form of actin recruited for filament formation (Le 

Clainche and Carlier, 2008). This is in agreement with recent results obtained by 

down-regulating profilin in different cell types, pointing to a complex and 

strongly context-dependent function for profilin in cell motility (Janke et al., 

2000; Roy and Jacobson, 2004; Zou et al., 2007; Ding et al., 2006), see also 

paper III for discussion. 

 

In addition to its role as a regulator of actin dynamics at the cell edge, profilin 

may also be associated with actin polymerization in more interior regions of the 

cell. For instance, filamentous actin in stress fibers, which in contrast to the 

traditional view of being relatively stable appear to be subject to rapid turnover 

(Dunn et al., 2002) and may depend on VASP for elongation (Furman et al., 

2007), also show accumulation of profilin (Buss et al., 1992; Mayboroda et al., 

1997; Skare et al., 2003) suggesting that profilin:actin serves as source of the 

actin also here. Over-expression of profilin using an adenovirus vector resulted 
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in dramatically increased localization of profilin to focal adhesion contacts 

(Moldovan et al., 1997) in concurrence with a connection between profilin-

depended actin polymerization and stress fiber formation. 

 

Fluorescence microscopy of profilin usually display intensified staining in 

perinuclear regions of the cell (Buss et al., 1992; Skare et al., 2003; Grenklo et 

al., 2004; Paper II). The presence of profilin in Golgi-derived vesicular material 

has been reported (Dong et al., 2000) and actin polymerization in this organelle 

may be an important mechanism for vesicle formation and transport (Percival et 

al., 2004), providing further evidence for profilin-associated actin dynamics 

coupled to this organelle. It is possible that actin polymerization generates the 

force for the transport of membrane vesicles through the cytoplasm in a 

mechanism similar to that used by the intracellular pathogen Listeria 

monocytogenes. In support of this idea, over-expression of the PI4P 5-kinase led 

to observations of vesicles apparently moving by a small “comet”-like tail of 

actin filaments (Rozelle et al., 2000). It is noteworthy that dynamin I, synapsin 

and nck-associated protein 1 (Nap 1), which all are protein components of 

membrane vesicle trafficking, were enriched on a column coupled with isoform 

II of profilin after passage of a brain extract (Witke et al., 1998).  

 

1.3.3.1 Profilin connects the microfilament system to cell signaling 

The interaction of profilin with phosphoinositol lipids (PI4,5P2, PI3,4P2, and 

PI3,4,5P3) has lead to the coupling of profilin with ligand-induced receptor 

signaling (Lassing and Lindberg, 1985; Lassing and Lindberg., 1988a; Lu et al., 

1996; reviewed in Sohn and Goldschmidt-Clermon, 1994; Lindberg et al., 2008). 

Clearly, receptor activation causes dramatic remodeling, involving rapid 

formation of actin filaments (Chinkers et al., 1979), and demonstrating the close 

connection between the signaling pathways and actin organization, e.g Ridley 

(2003), but it is unclear whether the PIP2-induced dissociation of profilin:actin 

as seen in vitro occurs in vivo. It is possible that PIP2-rich compartments at the 

plasma membrane cause the accumulation of profilin:actin in juxtaposition to 

sites of polymerization and the destabilized profilin:actin complex then is 

recruited by the polymer-forming protein machineries, alternatively the PIP2-

profilin interaction may be associated with sequestration of profilin after 
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dissociation of actin during the polymerization processes. This issue needs 

further studies at the cellular level to be resolved.  

 

Profilin may also be associated with the turnover of phosphatidylinositol lipids. 

In vitro, it inhibits the phospholipase-Cγ1 (PLCγ1)-induced hydrolysis of PI4,5P2 

unless the enzyme is activated by tyrosine-phosphorylation due to exposure to 

an activated growth factor receptor (Goldschmidt-Clermont et al., 1990; 

Goldschmidt-Clermont et al., 1991). Thus, in non-activated cells, profilin may 

contribute to the control of PIP2 hydrolysis. Profilin also binds to the p85 

subunit of phospholinositol 3-kinase (PI 3-kinase) with the result that the Vmax 

expressed by the catalytic p110 subunit of the enzyme is increased (Singh et al., 

1996). Interestingly, PI3,4,5P3, the product of the PI 3-kinase, activates the 

RhoGTPase Rac via Vav, a Rac GEF, and in a positive feed-back loop 

stimulates further synthesis of PIP2 since the PI4P 5-kinase is under regulation 

of RacGTP (Han et al., 1998; Ren and Schwartz, 1998). Furthermore, increased 

concentration of RacGTP, signals for increased actin polymerization through the 

polymer-forming WAVE-complex (see below) (Jaffe and Hall, 2005). 

 

The relevance of these observations of profilin being connected with 

phosphatidylinositol lipids turnover is unclear but indicates the close connection 

between these signaling molecules and the microfilament system (see Lindberg 

et al., 2008). Profilin is not the only actin regulatory component that binds 

phosphoinositol lipids. In fact, a number of such proteins associates with PIP2 

with the consequence that their activity versus actin is influenced (Hartwig et al., 

1995; Sechi and Wehland, 2000; van Rheenen et al., 2007). 

 

1.3.3.2 Profilin in the nucleus 

In addition to its well established presence in the cytoplasm, profilin has been 

found in the nucleus where it appears to accumulate in subnuclear structures 

referred to as gems, Cajal bodies and Speckles (Giesemann et al., 1999; Skare et 

al., 2003; Rawe et al., 2006; Birbach et al., 2006). Its interaction with the 

survival of motor neuron (SMN) protein (Giesemann et al., 1999), which is 

important in the formation of small nuclear ribonucleoproteins (snRNPs) and 
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hence is coupled to pre-mRNA splicing (Liu and Dreyfuss, 1996), and the 

distribution to Cajal body and Speckles, where pre-mRNA processing 

components are known to reside, suggest that also profilin may function in the 

maturation of mRNA. In favor of this view, Skare and co-workers showed that 

profilin antibodies interferes with pre-mRNA splicing in vitro (Skare et al., 

2003). Similarly, antibodies against the profilin ligand PI4,5P2 interfere with 

mRNA splicing and, moreover, phosphatidylinositol kinases have been observed 

in nuclear speckles (Boronenkov et al., 1998; Osborne et al., 2001). 

 

 

1.4 Actin polymer-forming complexes 
As noted above, poly-(L-proline)-binding is an important activity by which 

profilin interacts with a wide range of proteins. This way profilin can establish 

contact between proline-containing proteins and actin since its actin-binding 

essentially is independent of poly-(L-proline)-binding (Tanaka and Shibata, 

1985; Lindberg et al., 1988), albeit interactions at one of the surfaces can 

influence the other and vice versa (Bjorkegren-Sjogren et al., 1997; Ferron et al., 

2007). Important ligands to the poly-(L-proline)-binding surface are actin-

polymer forming proteins like Ena/VASP, the N-WASP/Arp2,3-complex, and 

the formins. These have been referred to as actin nucleation-promoting factors 

(NPF) (Goley and Welch, 2006). 

 

1.4.1 Ena/VASP - an efficient actin elongation machinery  

The vasodilator-stimulated phosphoprotein (VASP) is the funding member of 

the Ena/VASP family of proteins and is the first protein ligand identified as 

binding to profilin via the poly-(L-proline)-binding surface (Reinhard et al., 

1995a). It is a multidomain protein, which in addition to its profilin-binding 

GP5-motif contains the Ena/VASP-homology (EVH)-1 domain through which it 

interacts with a number of microfilament associated components (Reinhard et al., 

1995b; Drees et al., 2000; Reinhard et al., 1996; Brindle et al., 1996; Niebuhr et 

al., 1997; Marushchak et al., 2007) and the EVH2-domain which binds both 

monomeric and filamentous actin as well as VASP itself (Bachmann et al., 1999, 

for review see Krause et al., 2003; Sechi and Wehland, 2004). 
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The binding of VASP to different actin interacting proteins is reflecting in its 

localization to a variety of actin containing structures in the cell. Hence, VASP 

is present along stress fibers, in focal adhesions, and at leading edges, at the tip 

of protruding lamellipodia and filopodia (Reinhard et al 1992; Rottner et al., 

1999, Applewhite et al., 2007; Koestler et al., 2008 and references therein). It is 

also captured by infecting Listeria monocytogenes (Laurent et al., 1999; Geese 

et al., 2002) where it is important for actin polymerization and motility-

generation by recruitment of profilin:actin (Grenklo et al., 2003). 

 

Recently, Ferron et al (2007) in a combined biochemical and protein structure 

study presented a plausible mechanism for the processive activity of Ena/VASP 

during its elongation of actin filaments. It was demonstrated that the protein 

binds profilin:actin with a lower Kd than profilin alone, and that a series of 

binding-surfaces for profilin:actin of increased binding affinity on the molecule 

are likely to successively ‘pump’ the complex towards the (+)-end of the EVH2-

bound actin filament for delivery of the actin monomer. Oligomerization of the 

VASP protein by the EVH2-domain ensures that the VASP-machinery 

(Dickinson and Purich, 2002) remains associated with the tip of the filaments as 

they elongate processively. Based on a detailed sequence analysis and 

comparison of VASP with N-WASP, the authors in the same article argue that 

also N-WASP may contain such a ‘pump’-mechanism whereby profilin:actin 

could be transferred towards the C-terminally bound Arp2,3-complex for 

nucleation (Chereau and Dominguez, 2006; Ferron et al., 2007). 

 

The activity of VASP including its actin binding is controlled by cAMP- and 

cGMP-dependent protein kinases, which causes serine/threonine 

phosphorylation at several different sites (Halbrugge et al., 1990; Laurent et al., 

1999; Harbeck et al., 2000; Walders-Harbeck et al., 2002; see also Benz et  al., 

2008 for references). 
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1.4.2 Actin nucleation machineries 

The haemapoetic protein Wiskott-Aldrich syndrome protein (WASP) and its 

ubiquitous variant N-WASP represent another family of actin nucleating factors 

(Goley and Welch, 2006; Takenawa and Suetsugu, 2007), which similarly to 

VASP are multimodular molecules with several different interaction partners. 

Thus these proteins have PH-domains for phosphoinositol lipids interactions, 

CRIB/GBD-sequence motifs for interaction with Rho-GTPase and binding 

surfaces for SH3-containing proteins. For full actin nucleation activity, these 

proteins require association with the Arp2,3-complex. This complex of seven 

subunits binds to the C-terminal region of N-WASP where its actin related 

molecules Arp2 and Arp3 form a nucleation surface for incoming actin 

monomers (Welch et al., 1997). N-WASP binds profilin and as mentioned above 

it has been suggested that profilin:actin is recognized and recruited to the 

Arp2,3-complex by a mechanism similar to VASP. In agreement with this view, 

expression of a profilin mutant at position H119, which is central to the 

formation of the profilin:actin complex strongly interfered with filopodia 

formation, indicating an impaired actin polymerization (Suetsugu et al., 1998). 

 

The WASP proteins are under complex regulation. They bind the RhoGTPase 

Cdc42 and phosphoinositol lipid PIP2, and are under control of protein kinases 

(Aspenstrom et al., 1996; Symons et al., 1996; Rohatgi et al., 2000; Cory et al., 

2003; Ridley, 2006). In vitro, the Cdc42-interaction releases an autoinhibitory 

conformational switch with the consequence that binding surfaces for 

monomeric actin and Arp2,3 are exposed. In vivo, interaction with the WASP-

interacting protein WIP appears to form the auto-inhibited complex, which 

requires another protein component, Toca-1 together with Cdc42 and PIP2 for 

dissociation and subsequent activation of WASP (Ho et al., 2004). Possibly the 

primary function of PIP2-binding in vivo is to accumulate the protein to PIP2-

rich membrane compartments (Co et al., 2007). 

 

In agreement with a membrane-binding activity WASP is found at the cell 

periphery and is particularly enriched in filopodia (Takenawa and Suetsugu, 

2007). Interestingly, it has been reported that VASP binds to WASP thereby 
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enhancing efficient actin polymerization (Castellano et al., 2001; Yarar et al., 

2002). 

 

Members of the WASP-related protein family WAVE is also operating as an 

actin nucleating machinery at the leading edge (Miki et al., 1998; Stradal et al., 

2004; Stradal and Scita, 2006). WAVE although having similarities with WASP 

shows unique properties in its regulation. It exists in a multiprotein complex of 

at least 5 subunits one of which, called Sra1/PIR121 binds the RhoGTPase Rac 

and thereby confers regulation to the complex (Steffen et al., 2004; Innocenti et 

al., 2004; Innocenti et al., 2005; Stradal and Scita, 2006). Additional regulation 

and possibly membrane association is due to a binding surface for 

phosphoinositol lipids on WAVE itself. The activated WAVE-complex binds 

the Arp2,3-complex, which just like the case of WASP induces nucleation of 

unpolymerized actin. WAVE appears to be the principle nucleating machinery 

leading to formation of lamellipodia. It would be interesting to elucidate how 

elongation of WAVE-induced actin nucleation proceeds to support the 

continuous advancement at lamellipodial edges. Does VASP cooperate as 

suggested in the case of WASP, or is this protrusive activity a result of WAVE-

Arp2,3-driven mechanism only? If the latter is the case, efficient de-branching 

(Le Clainche et al., 2003; Carlier and Pantaloni, 2007) of the typical so called Y-

branches caused by Arp2,3-dependent actin polymerization in vitro (Mullins et 

al., 1998) must occur in order to generate the dense weave (Hoglund et al., 1980) 

of parallel filaments observed at the edge (Koestler et al., 2008; Lai et al., 2008). 

 

The Arp2,3 complex is often refereed to in the literature as an nucleator. It 

should be noted, however, that this complex by itself has a weak nucleating 

activity. Instead as pointed out for WASP and WAVE above, the Arp2,3-

complex operates together with other protein components to reach full 

nucleating activity. In addition to the activity control, these interactions 

introduce spatiotemporal regulation to the polymer-forming machineries through 

pathways involving lipid-binding and RhoGTPases (Disanza et al., 2005; Goley 

and Welch, 2006). 
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1.4.3 Formins 

The formins represent another family of multimodular proteins of central 

importance for actin polymerization (Bear, 2002; Carlier and Pantaloni, 2007; 

Kovar and Pollard, 2004). In vitro these can nucleate actin polymerization and 

they have also been shown to operate as efficient filament elongating 

machineries by a processive mechanism (Pruyne et al., 2002; Pring et al., 2003; 

Romero et al., 2004; Watanabe and Higashida, 2004; Zigmond, 2004). These 

proteins are found at the cell edge and apparently their activities must be 

coordinated with the VASP and WASP/WAVE machineries described above 

(Sarmiento et al., 2008). Of the mammalian formins, mDia is the most well 

characterized. RhoGTP is involved in controlling formin activity through 

binding to the so called DAD-domain and thereby releasing an inactive 

conformation (Lammers et al., 2005; Nezami et al., 2006). However, it is not 

unlikely that also for this protein family additional components are associated 

with their spatiotemporal control. In agreement with such a supposition, Abi1, 

which is a component of the WAVE-complex, has also been identified as a 

partner to the formin isoform mDia 2. Moreover, phosphorylation by Src 

tyrosine kinases might play a role in formin regulation (Satoh and Tominaga, 

2001). In its active form, causing rapid elongation of filament (+)-ends formins 

operate as a dimer, associated with the growing filament tip where it 

incorporates actin from profilin:actin (Pruyne et al., 2002; Romero et al., 2004; 

Romero et al., 2007; Sarmiento et al., 2008). Thus, it can be argued that formins 

have a function similar to VASP, driving protrusion of the cell edge by filament 

elongation with profilin:actin as source of actin monomers. 

 

Recently the actin nucleating proteins spire and cobl were identified in the 

central nerve system. The detailed mechanism of operation by these proteins is 

not clear. They contain series of WASP-homology domains with capacity to 

bind 4 and 3 actin molecules, respectively, which is likely to initiate formation 

the actin nuclei (Quinlan et al., 2005; Ahuja et al., 2007). It is possible that a 

similar mechanism, bringing actin monomers or oligomers in the form of short 

filament studs in close apposition for further assembly is a feature shared by 
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other proteins containing series of actin binding sites (Hillberg et al., 2006; see 

also Lindberg et al., 2008) 

 

 

1.4.4 Actin filament turnover 

Recent imaging studies have demonstrated the rapid turnover of the 

microfilament organization that forms and extends the leading edge (Koestler et 

al., 2008; Lai et al., 2008). Actin itself is under fast tread-milling from the 

membrane-facing filament (+)-ends towards the inward-pointing (-)-ends, with 

an average half-life at the lamellipodial tip region of 7.5 seconds (Lai et al., 

2008). In addition to the polymer-forming machineries mentioned above a 

number of proteins participate in rapid actin dynamics seen at the cell edge. The 

capping proteins, for instance, control the filament (+)-end in a PIP2-dependent 

mechanism which also involves CARMIL, and possibly twinfilin (Falck et al., 

2004; Wear and Cooper, 2004; Yang et al., 2005). Another well studied protein 

in this context is gelsolin whose (+)-end capping activity is under regulation by 

PIP2 (Hartwig et al., 1995) and perhaps also by tropomyosin (Nyakern-Meazza 

et al., 2002). An important aspect for actin filament turnover is that gelsolin can 

sever actin filaments in an Ca2+-dependent activity, enhancing actin filament 

disassembly in response to ligand-receptor activation downstream of PI4,5P2-

hydrolysis and subsequent IP3-dependent Ca2+-release (Yin et al., 1981; Janmey 

et al., 1985). 

 

Cofilin, finally, is strongly influencing actin filament turnover by sequestering 

ADP-actin monomers from the (-)-end of filaments and furthermore it can cause 

filament severing by a Ca2+-independent mechanism (Maciver et al., 1991; 

Carlier et al., 1997; Lappalainen and Drubin, 1997; Ichetovkin et al., 2000). It 

binds PIP2 and is released upon receptor-induced PIP2-hydrolysis, contributing 

to filament disassembly and actin turnover at the leading edge of lamellipodia 

(Lappalainen and Drubin, 1997; van Rheenen et al., 2007). Cofilin is also 

regulated by the LIM-kinase whose phosphorylation disables cofilin from actin 

binding. This means that cofilin phosphorylation is under indirect control of the 

Rac GTPase since LIM-kinase is activated by the Rac-dependent kinase PAK1 
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(Edwards et al., 1999). Phosphorylated cofilin stimulates phospholipase D1-

activity pointing to additional functions for this protein in association with 

receptor signaling (Han et al., 2007). Cofilin dephosphorylation is achieved by 

the slingshot and chronophin phosphatases (Niwa et al., 2002; Gohla et al., 

2005). See further Ono (2007) for references on gelsolin and cofilin. 
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2. AIMS OF THIS THESIS 
The overall goal of this project was to analyse the function of profilin in cell 

migration. Specific questions I aimed to answer were: 

1. is it possible to establish an experimental system that improve our 

possibilities to study muscle cell fusion and myotube formation in vitro? 

2. how is the profilin:actin complex distributed in migrating cells? 

3. what is the role of profilin during cell migration? 
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3. RESULTS AND DISCUSSION 
3.1 Myotube Formation on Micro-patterned Glass (Paper I) 

In this study, C2C12 murine skeletal muscle myoblasts were used to test an 

experimental system aimed to induce myotube formation in parallel arrays on a 

glass surface. Dense cultures of C2C12 cells differentiate rapidly into 

multinucleated myotubes upon reduction of serum content in the culture 

medium, e.g. to 2% horse serum. The myotube arrangement formed is unordered 

when occurring on ordinary glass, making such cultures unsuitable for high 

resolution microscopy. In this study we introduced glass cover slips onto which 

fine channels had been etched in parallel arrays by UV-lithography. This 

directed the fusion of the myoblasts into neatly arranged sets of parallel 

myotubes. Fluorescence microscopy was used to locate actin, glucose 

transporters and transcription factors. The contractility of the myotubes was 

tested by electric stimulation and resulted in a simultaneous contraction of the 

entire sheet of myotubes. 

 

This experimental system to study processes during muscle development can 

now be used in more advanced studies, employing live cell imaging and 

possibly also microinjections to interfere with specific processes. For instance, 

this can facilitate studies of proteins involved in myoblast fusion and to what 

extend this is linked to special compartments of the plasma membrane. 

Furthermore, with this technique it will be possible to resolve early stages of 

myofibril formation as well as unique processes in individual nuclei after 

formation of the multinuclear myotubes. 

 

 

3.2 Antibodies generated against PxA were used to label 

profilin:actin (Paper II) 
In this project, antibodies were obtained by immunization of two hens (I and II) 

with the covalently coupled profilin:actin (PxA) (Grenklo et al., 2004). Affinity 

purification of these antibodies from total immunoglobulin preparations (IgY) 

was performed on either a profilin or actin column as the first step. After 

isolation of all specific antibodies, the remaining pool of IgY was passed over 
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the second column of actin or profilin, respectively. Antibodies obtained from 

the profilin-to-actin scheme were denoted as P/PAP→A and A/PAP→A, while 

antibodies resulting from the actin-to-profilin procedure were denoted as 

A/PAA→P and P/PAA→P. 

 

Previous studies by Grenklo et al (2004) showed that actinP→A antibodies from 

the two hens displayed different staining patterns when used for fluorescence 

microscopy of cultured cells. One set of the antibodies stained the cells in a fine-

dotted pattern with increased concentration at the actin-rich leading edge, while 

the other displayed a typical actin filament staining. The dotted pattern was 

similar to the staining pattern obtained with the P/PAP→A antibodies, which 

suggested that those may have labeled profilin:actin in the cells. This issue was 

further investigated here. 

 

Western blot analysis of a total cell extract showed that the PII/PA and AI/PA 

antibodies weakly cross-reacted with actin and profilin independent of the order 

by which they had been affinity purified, i.e. P→A or A→P. 

Immunofluorescence studies resulted in a similar staining pattern with both the 

PII/PA and AI/PA, moreover these antibodies co-distributed with VASP and the 

p34-subunit of the Arp2,3-complex in a similar character, suggesting that they 

recognized the same component in the cells. Based on the antigen used to 

generate these antibodies, the affinity purification scheme, the western blot 

results and their staining patterns, it was inferred that they targeted profilin:actin 

in the fixed and demembranated cells. Since both antibody preparations are of 

IgY origin, it was not possible to double stain cells with the two preparations to 

finally establish their co-distribution. Direct labeling of these two primary 

antibodies with different fluorophores would enable such experiments. Since 

these antibodies so far are the only reagents reported for profilin:actin it will be 

important to perform such a control. However, unfortunately the supply of those 

antibodies are relatively limited since in both cases they only represented a 

small fraction of the total IgY isolated. 
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3.3 Profilin controls actin mRNA level, microfilament organization 

and cell migration of B16 mouse melanoma cells (Paper III) 
In many cases, the function of a particular protein can be studied in its cellular 

context by mutating the corresponding gene. Alternatively, extensive depletion 

of the protein can also provide important information of its function. Small 

interfering RNA (siRNA) is a popular tool to reduce the content of a specific 

protein. This technique employs short, double stranded RNA molecules that can 

target mRNA of a specific sequence for degradation by the RNA interference 

(RNAi) pathway (Dykxhoorn et al., 2003). RNAi is thought to be an ancient 

defense mechanism against virus, many of which form double stranded RNA 

(dsRNA). The RNAi pathway involves the RNAse Dicer and the RNA-induced 

silencing complex (RISC) to finally recognize and degrade the mRNAs. Specific 

mRNA degradation can either be obtained by using an siRNA expression vector 

(Brummelkamp et al., 2002) or directly transfecting cells with short double 

stranded RNA (siRNA-duplexes). The latter approach was used here.  

 

Live imaging of B16 mouse melanoma cells transfected with actin fused to 

green fluorescent protein enabled detailed studies of the effect on cell motility 

after profilin depletion. Dramatic changes in cell behavior were observed and 

the result also pointed to a role of profilin in the control of actin expression. 

Future studies using expression and/or microinjection of wild type as well 

mutant profilins under these conditions should result in further understanding of 

the role of profilin. 

 

 29



 

4. ACKNOWLEDGMENTS 
I am thankful for financial supports to Professor Roger Karlsson from Carl Trygger 

Foundation and for stipends to me from the Wanda Pokora-Kulinskas foundation and 

Jan-Artur Ekströms foundation. 

 

I would like to take this opportunity to express my sincere appreciation to you all who 

helped and encouraged to make this thesis possible. Especially, I would like to 

acknowledge:  

 

Professor Roger Karlsson, my supervisor, for your supports and for sharing your 

broad knowledge in the field of microfilament system during these years. I couldn’t 

reach to this step without you.  

 

I would also like to give my thanks to Professor Eva Severinson and Dr. Ann-

Kristin Östlund Farrants, for your understanding and encouragement. 

 

All the members in Per’s group: Per, Angelica, Anna B, Kicki, Sonja, Javier and 

Thorsten. It is really nice to have you in the department. 

 

All the members in Uno’s group: Uno, Ingrid, Anna-Stina, Louise and Li-Sophie. 

Thank Anna-Stina for giving me my first lesson on confocal microscopy, Louise and 

Li-Sophie for all the fun chats. 

 

Our collaborators: Tore, Robert and Andreas. It is really nice to work with you 

guys.

 

The former members in the lab: Staffan and Thomas. I’m grateful for being able to 

work with you and the pleasant time we had together. 

 

Anna-Karin, my office-mate. Thanks for the friendship and all the happy time during 

past two years. 

 

 30



 

The former and present members in the department: Ingegärd, Patrik, Erica, Ingela, 

Jeremy, Saleemulla, Jelena, Jessica, Anethe, and Fatemeh. 

 

Cheng Qing, my private computer man, for your patience and generous help anytime 

when I need it. 

 

My Chinese friends in and outside Sweden: Qiaolin Deng, Ying Dou, Liqun He, 

Zhe Jin, Jinfeng Shen, Di Sun, Ying Sun, Min Wan, Yanling Wang, Zhi Wang, 

and Yuan Xue. Thank you the joyful and relaxing parties. 

 

My family: father Quangen Li, mother Xiuying Xu and sister Hao Li, for all the love 

and supports. 

 31



 

5. REFERENCES 
Ahuja, R., Pinyol, R., Reichenbach, N., Custer, L., Klingensmith, J., Kessels, M.M., 

and Qualmann, B. (2007). Cordon-bleu is an actin nucleation factor and controls 

neuronal morphology. Cell 131, 337-350. 

Ampe, C., Markey, F., Lindberg, U., and Vandekerckhove, J. (1988). The primary 

structure of human platelet profilin: reinvestigation of the calf spleen profilin 

sequence. FEBS Lett 228, 17-21. 

Applewhite, D.A., Barzik, M., Kojima, S., Svitkina, T.M., Gertler, F.B., and Borisy, 

G.G. (2007). Ena/VASP proteins have an anti-capping independent function in 

filopodia formation. Mol Biol Cell 18, 2579-2591. 

Aspenstrom, P., Lindberg, U., and Hall, A. (1996). Two GTPases, Cdc42 and Rac, 

bind directly to a protein implicated in the immunodeficiency disorder Wiskott-

Aldrich syndrome. Curr Biol 6, 70-75. 

Bachmann, C., Fischer, L., Walter, U., and Reinhard, M. (1999). The EVH2 domain 

of the vasodilator-stimulated phosphoprotein mediates tetramerization, F-actin 

binding, and actin bundle formation. J Biol Chem 274, 23549-23557. 

Balasubramanian, M.K., Hirani, B.R., Burke, J.D., and Gould, K.L. (1994). The 

Schizosaccharomyces pombe cdc3+ gene encodes a profilin essential for cytokinesis. 

J Cell Biol 125, 1289-1301. 

Bear, J.E. (2002). Formins: taking a ride on the barbed end. Dev Cell 3, 149-150. 

Bellairs, R., Curtis, A., Dunn, G., and Abercrombie, M. (1982). The crawling 

movement of metazoan cells. Cell behaviour ISBN 0 521 241073, 19-49. 

Benz, P.M., Blume, C., Moebius, J., Oschatz, C., Schuh, K., Sickmann, A., Walter, U., 

Feller, S.M., and Renne, T. (2008). Cytoskeleton assembly at endothelial cell-cell 

contacts is regulated by alphaII-spectrin-VASP complexes. J Cell Biol 180, 205-219. 

Birbach, A., Verkuyl, J.M., and Matus, A. (2006). Reversible, activity-dependent 

targeting of profilin to neuronal nuclei. Exp Cell Res 312, 2279-2287. 

 32



 

Bjorkegren-Sjogren, C., Korenbaum, E., Nordberg, P., Lindberg, U., and Karlsson, R. 

(1997). Isolation and characterization of two mutants of human profilin I that do not 

bind poly(L-proline). FEBS Lett 418, 258-264. 

Bjorkegren, C. (1997). Doctoral Thesis. Stockholm University ISBN 91-7153-646-9. 

Bjorkegren, C., Rozycki, M., Schutt, C.E., Lindberg, U., and Karlsson, R. (1993). 

Mutagenesis of human profilin locates its poly(L-proline)-binding site to a 

hydrophobic patch of aromatic amino acids. FEBS Lett 333, 123-126. 

Boronenkov, I.V., Loijens, J.C., Umeda, M., and Anderson, R.A. (1998). 

Phosphoinositide signaling pathways in nuclei are associated with nuclear speckles 

containing pre-mRNA processing factors. Mol Biol Cell 9, 3547-3560. 

Braun, A., Aszodi, A., Hellebrand, H., Berna, A., Fassler, R., and Brandau, O. (2002). 

Genomic organization of profilin-III and evidence for a transcript expressed 

exclusively in testis. Gene 283, 219-225. 

Brindle, N.P., Holt, M.R., Davies, J.E., Price, C.J., and Critchley, D.R. (1996). The 

focal-adhesion vasodilator-stimulated phosphoprotein (VASP) binds to the proline-

rich domain in vinculin. Biochem J 318 ( Pt 3), 753-757. 

Brummelkamp, T.R., Bernards, R., and Agami, R. (2002). A system for stable 

expression of short interfering RNAs in mammalian cells. Science 296, 550-553. 

Burridge, K., and Chrzanowska-Wodnicka, M. (1996). Focal adhesions, contractility, 

and signaling. Annu Rev Cell Dev Biol 12, 463-518. 

Buss, F., Temm-Grove, C., Henning, S., and Jockusch, B.M. (1992). Distribution of 

profilin in fibroblasts correlates with the presence of highly dynamic actin filaments. 

Cell Motil Cytoskeleton 22, 51-61. 

Carlier, M.F., Laurent, V., Santolini, J., Melki, R., Didry, D., Xia, G.X., Hong, Y., 

Chua, N.H., and Pantaloni, D. (1997). Actin depolymerizing factor (ADF/cofilin) 

enhances the rate of filament turnover: implication in actin-based motility. J Cell Biol 

136, 1307-1322. 

 33



 

Carlier, M.F., and Pantaloni, D. (2007). Control of actin assembly dynamics in cell 

motility. J Biol Chem 282, 23005-23009. 

Carlsson, L., Nystrom, L.E., Lindberg, U., Kannan, K.K., Cid-Dresdner, H., and 

Lovgren, S. (1976). Crystallization of a non-muscle actin. J Mol Biol 105, 353-366. 

Carlsson, L., Nystrom, L.E., Sundkvist, I., Markey, F., and Lindberg, U. (1977). Actin 

polymerizability is influenced by profilin, a low molecular weight protein in non-

muscle cells. J Mol Biol 115, 465-483. 

Castellano, F., Le Clainche, C., Patin, D., Carlier, M.F., and Chavrier, P. (2001). A 

WASp-VASP complex regulates actin polymerization at the plasma membrane. 

EMBO J 20, 5603-5614. 

Cedergren-Zeppezauer, E.S., Goonesekere, N.C., Rozycki, M.D., Myslik, J.C., Dauter, 

Z., Lindberg, U., and Schutt, C.E. (1994). Crystallization and structure determination 

of bovine profilin at 2.0 A resolution. J Mol Biol 240, 459-475. 

Chereau, D., and Dominguez, R. (2006). Understanding the role of the G-actin-

binding domain of Ena/VASP in actin assembly. J Struct Biol 155, 195-201. 

Chik, J.K., Lindberg, U., and Schutt, C.E. (1996). The structure of an open state of 

beta-actin at 2.65 A resolution. J Mol Biol 263, 607-623. 

Chinkers, M., McKanna, J.A., and Cohen, S. (1979). Rapid induction of 

morphological changes in human carcinoma cells A-431 by epidermal growth factors. 

J Cell Biol 83, 260-265. 

Co, C., Wong, D.T., Gierke, S., Chang, V., and Taunton, J. (2007). Mechanism of 

actin network attachment to moving membranes: barbed end capture by N-WASP 

WH2 domains. Cell 128, 901-913. 

Cory, G.O., Cramer, R., Blanchoin, L., and Ridley, A.J. (2003). Phosphorylation of 

the WASP-VCA domain increases its affinity for the Arp2/3 complex and enhances 

actin polymerization by WASP. Mol Cell 11, 1229-1239. 

 34



 

Di Nardo, A., Gareus, R., Kwiatkowski, D., and Witke, W. (2000). Alternative 

splicing of the mouse profilin II gene generates functionally different profilin 

isoforms. J Cell Sci 113 Pt 21, 3795-3803. 

Dickinson, R.B., and Purich, D.L. (2002). Clamped-filament elongation model for 

actin-based motors. Biophys J 82, 605-617. 

Ding, Z., Lambrechts, A., Parepally, M., and Roy, P. (2006). Silencing profilin-1 

inhibits endothelial cell proliferation, migration and cord morphogenesis. J Cell Sci 

119, 4127-4137. 

Disanza, A., Steffen, A., Hertzog, M., Frittoli, E., Rottner, K., and Scita, G. (2005). 

Actin polymerization machinery: the finish line of signaling networks, the starting 

point of cellular movement. Cell Mol Life Sci 62, 955-970. 

Dong, J., Radau, B., Otto, A., Muller, E., Lindschau, C., and Westermann, P. (2000). 

Profilin I attached to the Golgi is required for the formation of constitutive transport 

vesicles at the trans-Golgi network. Biochim Biophys Acta 1497, 253-260. 

Drees, B., Friederich, E., Fradelizi, J., Louvard, D., Beckerle, M.C., and Golsteyn, 

R.M. (2000). Characterization of the interaction between zyxin and members of the 

Ena/vasodilator-stimulated phosphoprotein family of proteins. J Biol Chem 275, 

22503-22511. 

Dunn, G.A., Dobbie, I.M., Monypenny, J., Holt, M.R., and Zicha, D. (2002). 

Fluorescence localization after photobleaching (FLAP): a new method for studying 

protein dynamics in living cells. J Microsc 205, 109-112. 

Dykxhoorn, D.M., Novina, C.D., and Sharp, P.A. (2003). Killing the messenger: short 

RNAs that silence gene expression. Nat Rev Mol Cell Biol 4, 457-467. 

Eads, J.C., Mahoney, N.M., Vorobiev, S., Bresnick, A.R., Wen, K.K., Rubenstein, 

P.A., Haarer, B.K., and Almo, S.C. (1998). Structure determination and 

characterization of Saccharomyces cerevisiae profilin. Biochemistry 37, 11171-11181. 

 35



 

Edwards, D.C., Sanders, L.C., Bokoch, G.M., and Gill, G.N. (1999). Activation of 

LIM-kinase by Pak1 couples Rac/Cdc42 GTPase signalling to actin cytoskeletal 

dynamics. Nat Cell Biol 1, 253-259. 

Falck, S., Paavilainen, V.O., Wear, M.A., Grossmann, J.G., Cooper, J.A., and 

Lappalainen, P. (2004). Biological role and structural mechanism of twinfilin-capping 

protein interaction. EMBO J 23, 3010-3019. 

Faulstich, H., Merkler, I., Blackholm, H., and Stournaras, C. (1984). Nucleotide in 

monomeric actin regulates the reactivity of the thiol groups. Biochemistry 23, 1608-

1612. 

Fedorov, A.A., Magnus, K.A., Graupe, M.H., Lattman, E.E., Pollard, T.D., and Almo, 

S.C. (1994). X-ray structures of isoforms of the actin-binding protein profilin that 

differ in their affinity for phosphatidylinositol phosphates. Proc Natl Acad Sci U S A 

91, 8636-8640. 

Ferron, F., Rebowski, G., Lee, S.H., and Dominguez, R. (2007). Structural basis for 

the recruitment of profilin-actin complexes during filament elongation by Ena/VASP. 

EMBO J 26, 4597-4606. 

Furman, C., Sieminski, A.L., Kwiatkowski, A.V., Rubinson, D.A., Vasile, E., 

Bronson, R.T., Fassler, R., and Gertler, F.B. (2007). Ena/VASP is required for 

endothelial barrier function in vivo. J Cell Biol 179, 761-775. 

Geese, M., Loureiro, J.J., Bear, J.E., Wehland, J., Gertler, F.B., and Sechi, A.S. 

(2002). Contribution of Ena/VASP proteins to intracellular motility of listeria requires 

phosphorylation and proline-rich core but not F-actin binding or multimerization. Mol 

Biol Cell 13, 2383-2396. 

Geese, M., Schluter, K., Rothkegel, M., Jockusch, B.M., Wehland, J., and Sechi, A.S. 

(2000). Accumulation of profilin II at the surface of Listeria is concomitant with the 

onset of motility and correlates with bacterial speed. J Cell Sci 113 ( Pt 8), 1415-1426. 

Gieselmann, R., Kwiatkowski, D.J., Janmey, P.A., and Witke, W. (1995). Distinct 

biochemical characteristics of the two human profilin isoforms. Eur J Biochem 229, 

621-628. 

 36



 

Giesemann, T., Rathke-Hartlieb, S., Rothkegel, M., Bartsch, J.W., Buchmeier, S., 

Jockusch, B.M., and Jockusch, H. (1999). A role for polyproline motifs in the spinal 

muscular atrophy protein SMN. Profilins bind to and colocalize with smn in nuclear 

gems. J Biol Chem 274, 37908-37914. 

Gohla, A., Birkenfeld, J., and Bokoch, G.M. (2005). Chronophin, a novel HAD-type 

serine protein phosphatase, regulates cofilin-dependent actin dynamics. Nat Cell Biol 

7, 21-29. 

Goldschmidt-Clermont, P.J., Furman, M.I., Wachsstock, D., Safer, D., Nachmias, 

V.T., and Pollard, T.D. (1992). The control of actin nucleotide exchange by thymosin 

beta 4 and profilin. A potential regulatory mechanism for actin polymerization in cells. 

Mol Biol Cell 3, 1015-1024. 

Goldschmidt-Clermont, P.J., Kim, J.W., Machesky, L.M., Rhee, S.G., and Pollard, 

T.D. (1991). Regulation of phospholipase C-gamma 1 by profilin and tyrosine 

phosphorylation. Science 251, 1231-1233. 

Goldschmidt-Clermont, P.J., Machesky, L.M., Baldassare, J.J., and Pollard, T.D. 

(1990). The actin-binding protein profilin binds to PIP2 and inhibits its hydrolysis by 

phospholipase C. Science 247, 1575-1578. 

Goley, E.D., and Welch, M.D. (2006). The ARP2/3 complex: an actin nucleator 

comes of age. Nat Rev Mol Cell Biol 7, 713-726. 

Grenklo, S., Geese, M., Lindberg, U., Wehland, J., Karlsson, R., and Sechi, A.S. 

(2003). A crucial role for profilin-actin in the intracellular motility of Listeria 

monocytogenes. EMBO Rep 4, 523-529. 

Grenklo, S., Johansson, T., Bertilson, L., and Karlsson, R. (2004). Anti-actin 

antibodies generated against profilin:actin distinguish between non-filamentous and 

filamentous actin, and label cultured cells in a dotted pattern. Eur J Cell Biol 83, 413-

423. 

Guan, J.Q., Takamoto, K., Almo, S.C., Reisler, E., and Chance, M.R. (2005). 

Structure and dynamics of the actin filament. Biochemistry 44, 3166-3175. 

 37



 

Haarer, B.K., Lillie, S.H., Adams, A.E., Magdolen, V., Bandlow, W., and Brown, S.S. 

(1990). Purification of profilin from Saccharomyces cerevisiae and analysis of 

profilin-deficient cells. J Cell Biol 110, 105-114. 

Hajkova, L., Bjorkegren Sjogren, C., Korenbaum, E., Nordberg, P., and Karlsson, R. 

(1997). Characterization of a mutant profilin with reduced actin-binding capacity: 

effects in vitro and in vivo. Exp Cell Res 234, 66-77. 

Hajkova, L., Nyman, T., Lindberg, U., and Karlsson, R. (2000). Effects of cross-

linked profilin:beta/gamma-actin on the dynamics of the microfilament system in 

cultured cells. Exp Cell Res 256, 112-121. 

Halbrugge, M., Friedrich, C., Eigenthaler, M., Schanzenbacher, P., and Walter, U. 

(1990). Stoichiometric and reversible phosphorylation of a 46-kDa protein in human 

platelets in response to cGMP- and cAMP-elevating vasodilators. J Biol Chem 265, 

3088-3093. 

Han, J., Luby-Phelps, K., Das, B., Shu, X., Xia, Y., Mosteller, R.D., Krishna, U.M., 

Falck, J.R., White, M.A., and Broek, D. (1998). Role of substrates and products of PI 

3-kinase in regulating activation of Rac-related guanosine triphosphatases by Vav. 

Science 279, 558-560. 

Han, L., Stope, M.B., de Jesus, M.L., Oude Weernink, P.A., Urban, M., Wieland, T., 

Rosskopf, D., Mizuno, K., Jakobs, K.H., and Schmidt, M. (2007). Direct stimulation 

of receptor-controlled phospholipase D1 by phospho-cofilin. EMBO J 26, 4189-4202. 

Harbeck, B., Huttelmaier, S., Schluter, K., Jockusch, B.M., and Illenberger, S. (2000). 

Phosphorylation of the vasodilator-stimulated phosphoprotein regulates its interaction 

with actin. J Biol Chem 275, 30817-30825. 

Hartwig, J.H., Bokoch, G.M., Carpenter, C.L., Janmey, P.A., Taylor, L.A., Toker, A., 

and Stossel, T.P. (1995). Thrombin receptor ligation and activated Rac uncap actin 

filament barbed ends through phosphoinositide synthesis in permeabilized human 

platelets. Cell 82, 643-653. 

 38



 

Haugwitz, M., Noegel, A.A., Karakesisoglou, J., and Schleicher, M. (1994). 

Dictyostelium amoebae that lack G-actin-sequestering profilins show defects in F-

actin content, cytokinesis, and development. Cell 79, 303-314. 

Higashida, C., Miyoshi, T., Fujita, A., Oceguera-Yanez, F., Monypenny, J., Andou, 

Y., Narumiya, S., and Watanabe, N. (2004). Actin polymerization-driven molecular 

movement of mDia1 in living cells. Science 303, 2007-2010. 

Hillberg, L., Zhao Rathje, L.S., Nyakern-Meazza, M., Helfand, B., Goldman, R.D., 

Schutt, C.E., and Lindberg, U. (2006). Tropomyosins are present in lamellipodia of 

motile cells. Eur J Cell Biol 85, 399-409. 

Ho, H.Y., Rohatgi, R., Lebensohn, A.M., Le, M., Li, J., Gygi, S.P., and Kirschner, 

M.W. (2004). Toca-1 mediates Cdc42-dependent actin nucleation by activating the N-

WASP-WIP complex. Cell 118, 203-216. 

Hoglund, A.S., Karlsson, R., Arro, E., Fredriksson, B.A., and Lindberg, U. (1980). 

Visualization of the peripheral weave of microfilaments in glia cells. J Muscle Res 

Cell Motil 1, 127-146. 

Holmes, K.C., Popp, D., Gebhard, W., and Kabsch, W. (1990). Atomic model of the 

actin filament. Nature 347, 44-49. 

Holmes, K.C., Sander, C., and Valencia, A. (1993). A new ATP-binding fold in actin, 

hexokinase and Hsc70. Trends Cell Biol 3, 53-59. 

Honore, B., Madsen, P., Andersen, A.H., and Leffers, H. (1993). Cloning and 

expression of a novel human profilin variant, profilin II. FEBS Lett 330, 151-155. 

Hotulainen, P., and Lappalainen, P. (2006). Stress fibers are generated by two distinct 

actin assembly mechanisms in motile cells. J Cell Biol 173, 383-394. 

Huxley, H.E. (1963). Electron Microscope Studies On The Structure Of Natural And 

Synthetic Protein Filaments From Striated Muscle. J Mol Biol 7, 281-308. 

Ichetovkin, I., Han, J., Pang, K.M., Knecht, D.A., and Condeelis, J.S. (2000). Actin 

filaments are severed by both native and recombinant dictyostelium cofilin but to 

different extents. Cell Motil Cytoskeleton 45, 293-306. 

 39



 

Innocenti, M., Gerboth, S., Rottner, K., Lai, F.P., Hertzog, M., Stradal, T.E., Frittoli, 

E., Didry, D., Polo, S., Disanza, A., et al. (2005). Abi1 regulates the activity of N-

WASP and WAVE in distinct actin-based processes. Nat Cell Biol 7, 969-976. 

Innocenti, M., Zucconi, A., Disanza, A., Frittoli, E., Areces, L.B., Steffen, A., Stradal, 

T.E., Di Fiore, P.P., Carlier, M.F., and Scita, G. (2004). Abi1 is essential for the 

formation and activation of a WAVE2 signalling complex. Nat Cell Biol 6, 319-327. 

Isenberg, G., Rathke, P.C., Hulsmann, N., Franke, W.W., and Wohlfarth-Bottermann, 

K.E. (1976). Cytoplasmic actomyosin fibrils in tissue culture cells: direct proof of 

contractility by visualization of ATP-induced contraction in fibrils isolated by laser 

micro-beam dissection. Cell Tissue Res 166, 427-443. 

Jaffe, A.B., and Hall, A. (2005). Rho GTPases: biochemistry and biology. Annu Rev 

Cell Dev Biol 21, 247-269. 

Janke, J., Schluter, K., Jandrig, B., Theile, M., Kolble, K., Arnold, W., Grinstein, E., 

Schwartz, A., Estevez-Schwarz, L., Schlag, P.M., et al. (2000). Suppression of 

tumorigenicity in breast cancer cells by the microfilament protein profilin 1. J Exp 

Med 191, 1675-1686. 

Janmey, P.A., Chaponnier, C., Lind, S.E., Zaner, K.S., Stossel, T.P., and Yin, H.L. 

(1985). Interactions of gelsolin and gelsolin-actin complexes with actin. Effects of 

calcium on actin nucleation, filament severing, and end blocking. Biochemistry 24, 

3714-3723. 

Jockusch, B.M., Murk, K., and Rothkegel, M. (2007). The profile of profilins. Rev 

Physiol Biochem Pharmacol 159, 131-149. 

Johansson, T. (2005). Doctoral Thesis. Stockholm University ISBN 91-7155-153-0. 

Kabsch, W., Mannherz, H.G., Suck, D., Pai, E.F., and Holmes, K.C. (1990). Atomic 

structure of the actin:DNase I complex. Nature 347, 37-44. 

Karakesisoglou, I., Schleicher, M., Gibbon, B.C., and Staiger, C.J. (1996). Plant 

profilins rescue the aberrant phenotype of profilin-deficient Dictyostelium cells. Cell 

Motil Cytoskeleton 34, 36-47. 

 40



 

Karlsson, R., and Lindberg, U. (2006). Profilin, an essential control element for actin 

polymerization. In: Lappalainen Pekka, editor Actin monomer-binding proteins  

Landes Bioscience. Georgetown, USA. 

Katoh, K., Kano, Y., Masuda, M., Onishi, H., and Fujiwara, K. (1998). Isolation and 

contraction of the stress fiber. Mol Biol Cell 9, 1919-1938. 

Koestler, S.A., Auinger, S., Vinzenz, M., Rottner, K., and Small, J.V. (2008). 

Differentially oriented populations of actin filaments generated in lamellipodia 

collaborate in pushing and pausing at the cell front. Nat Cell Biol 10, 306-313. 

Korenbaum, E., Nordberg, P., Bjorkegren-Sjogren, C., Schutt, C.E., Lindberg, U., and 

Karlsson, R. (1998). The role of profilin in actin polymerization and nucleotide 

exchange. Biochemistry 37, 9274-9283. 

Korn, E.D. (1982). Actin polymerization and its regulation by proteins from 

nonmuscle cells. Physiol Rev 62, 672-737. 

Korn, E.D., Carlier, M.F., and Pantaloni, D. (1987). Actin polymerization and ATP 

hydrolysis. Science 238, 638-644. 

Kovar, D.R., and Pollard, T.D. (2004). Progressing actin: Formin as a processive 

elongation machine. Nat Cell Biol 6, 1158-1159. 

Krause, M., Dent, E.W., Bear, J.E., Loureiro, J.J., and Gertler, F.B. (2003). 

Ena/VASP proteins: regulators of the actin cytoskeleton and cell migration. Annu Rev 

Cell Dev Biol 19, 541-564. 

Kreis, T.E., and Birchmeier, W. (1980). Stress fiber sarcomeres of fibroblasts are 

contractile. Cell 22, 555-561. 

Lai, F.P., Szczodrak, M., Block, J., Faix, J., Breitsprecher, D., Mannherz, H.G., 

Stradal, T.E., Dunn, G.A., Small, J.V., and Rottner, K. (2008). Arp2/3 complex 

interactions and actin network turnover in lamellipodia. EMBO J. 

 41



 

Lambrechts, A., Braun, A., Jonckheere, V., Aszodi, A., Lanier, L.M., Robbens, J., 

Van Colen, I., Vandekerckhove, J., Fassler, R., and Ampe, C. (2000). Profilin II is 

alternatively spliced, resulting in profilin isoforms that are differentially expressed 

and have distinct biochemical properties. Mol Cell Biol 20, 8209-8219. 

Lambrechts, A., Jonckheere, V., Dewitte, D., Vandekerckhove, J., and Ampe, C. 

(2002). Mutational analysis of human profilin I reveals a second PI(4,5)-P2 binding 

site neighbouring the poly(L-proline) binding site. BMC Biochem 3, 12. 

Lambrechts, A., van Damme, J., Goethals, M., Vandekerckhove, J., and Ampe, C. 

(1995). Purification and characterization of bovine profilin II. Actin, poly(L-proline) 

and inositolphospholipid binding. Eur J Biochem 230, 281-286. 

Lambrechts, A., Verschelde, J.L., Jonckheere, V., Goethals, M., Vandekerckhove, J., 

and Ampe, C. (1997). The mammalian profilin isoforms display complementary 

affinities for PIP2 and proline-rich sequences. Embo J 16, 484-494. 

Lammers, M., Rose, R., Scrima, A., and Wittinghofer, A. (2005). The regulation of 

mDia1 by autoinhibition and its release by Rho*GTP. Embo J 24, 4176-4187. 

Lappalainen, P., and Drubin, D.G. (1997). Cofilin promotes rapid actin filament 

turnover in vivo. Nature 388, 78-82. 

Lassing, I., and Lindberg, U. (1985). Specific interaction between 

phosphatidylinositol 4,5-bisphosphate and profilactin. Nature 314, 472-474. 

Lassing, I., and Lindberg, U. (1988a). Evidence that the phosphatidylinositol cycle is 

linked to cell motility. Exp Cell Res 174, 1-15. 

Lassing, I., and Lindberg, U. (1988b). Specificity of the interaction between 

phosphatidylinositol 4,5-bisphosphate and the profilin:actin complex. J Cell Biochem 

37, 255-267. 

Laurent, V., Loisel, T.P., Harbeck, B., Wehman, A., Grobe, L., Jockusch, B.M., 

Wehland, J., Gertler, F.B., and Carlier, M.F. (1999). Role of proteins of the 

Ena/VASP family in actin-based motility of Listeria monocytogenes. J Cell Biol 144, 

1245-1258. 

 42



 

Lazarides, E. (1975). Tropomyosin antibody: the specific localization of tropomyosin 

in nonmuscle cells. J Cell Biol 65, 549-561. 

Lazarides, E., and Burridge, K. (1975). Alpha-actinin: immunofluorescent localization 

of a muscle structural protein in nonmuscle cells. Cell 6, 289-298. 

Le Clainche, C., and Carlier, M.F. (2008). Regulation of actin assembly associated 

with protrusion and adhesion in cell migration. Physiol Rev 88, 489-513. 

Le Clainche, C., Pantaloni, D., and Carlier, M.F. (2003). ATP hydrolysis on actin-

related protein 2/3 complex causes debranching of dendritic actin arrays. Proc Natl 

Acad Sci U S A 100, 6337-6342. 

Lindberg, U., Karlsson, R., Lassing, I., Schutt, C.E., and Hoglund, A.S. (2008). The 

microfilament system and malignancy. Semin Cancer Biol 18, 2-11. 

Lindberg, U., Schutt, C.E., Hellsten, E., Tjader, A.C., and Hult, T. (1988). The use of 

poly(L-proline)-Sepharose in the isolation of profilin and profilactin complexes. 

Biochim Biophys Acta 967, 391-400. 

Liu, Q., and Dreyfuss, G. (1996). A novel nuclear structure containing the survival of 

motor neurons protein. EMBO J 15, 3555-3565. 

Lorenz, M., Poole, K.J., Popp, D., Rosenbaum, G., and Holmes, K.C. (1995). An 

atomic model of the unregulated thin filament obtained by X-ray fiber diffraction on 

oriented actin-tropomyosin gels. J Mol Biol 246, 108-119. 

Lu, P.J., Shieh, W.R., Rhee, S.G., Yin, H.L., and Chen, C.S. (1996). Lipid products of 

phosphoinositide 3-kinase bind human profilin with high affinity. Biochemistry 35, 

14027-14034. 

Machesky, L.M., Cole, N.B., Moss, B., and Pollard, T.D. (1994). Vaccinia virus 

expresses a novel profilin with a higher affinity for polyphosphoinositides than actin. 

Biochemistry 33, 10815-10824. 

Maciver, S.K., Zot, H.G., and Pollard, T.D. (1991). Characterization of actin filament 

severing by actophorin from Acanthamoeba castellanii. J Cell Biol 115, 1611-1620. 

 43



 

Mahoney, N.M., Janmey, P.A., and Almo, S.C. (1997). Structure of the profilin-poly-

L-proline complex involved in morphogenesis and cytoskeletal regulation. Nat Struct 

Biol 4, 953-960. 

Mahoney, N.M., Rozwarski, D.A., Fedorov, E., Fedorov, A.A., and Almo, S.C. 

(1999). Profilin binds proline-rich ligands in two distinct amide backbone orientations. 

Nat Struct Biol 6, 666-671. 

Markey, F., Persson, T., and Lindberg, U. (1981). Characterization of platelet extracts 

before and after stimulation with respect to the possible role of profilactin as 

microfilament precursor. Cell 23, 145-153. 

Marushchak, D., Grenklo, S., Johansson, T., Karlsson, R., and Johansson, L.B. (2007). 

Fluorescence depolarization studies of filamentous actin analyzed with a genetic 

algorithm. Biophys J 93, 3291-3299. 

Mayboroda, O., Schluter, K., and Jockusch, B.M. (1997). Differential colocalization 

of profilin with microfilaments in PtK2 cells. Cell Motil Cytoskeleton 37, 166-177. 

McLaughlin, P.J., Gooch, J.T., Mannherz, H.G., and Weeds, A.G. (1993). Structure of 

gelsolin segment 1-actin complex and the mechanism of filament severing. Nature 

364, 685-692. 

Miki, H., Suetsugu, S., and Takenawa, T. (1998). WAVE, a novel WASP-family 

protein involved in actin reorganization induced by Rac. EMBO J 17, 6932-6941. 

Moens, P.D., and Bagatolli, L.A. (2007). Profilin binding to sub-micellar 

concentrations of phosphatidylinositol (4,5) bisphosphate and phosphatidylinositol 

(3,4,5) trisphosphate. Biochim Biophys Acta 1768, 439-449. 

Moldovan, N.I., Milliken, E.E., Irani, K., Chen, J., Sohn, R.H., Finkel, T., and 

Goldschmidt-Clermont, P.J. (1997). Regulation of endothelial cell adhesion by 

profilin. Curr Biol 7, 24-30. 

Mullins, R.D., Kelleher, J.F., Xu, J., and Pollard, T.D. (1998). Arp2/3 complex from 

Acanthamoeba binds profilin and cross-links actin filaments. Mol Biol Cell 9, 841-

852. 

 44



 

Nemethova, M., Auinger, S., and Small, J.V. (2008). Building the actin cytoskeleton: 

filopodia contribute to the construction of contractile bundles in the lamella. J Cell 

Biol 180, 1233-1244. 

Nezami, A.G., Poy, F., and Eck, M.J. (2006). Structure of the autoinhibitory switch in 

formin mDia1. Structure 14, 257-263. 

Niebuhr, K., Ebel, F., Frank, R., Reinhard, M., Domann, E., Carl, U.D., Walter, U., 

Gertler, F.B., Wehland, J., and Chakraborty, T. (1997). A novel proline-rich motif 

present in ActA of Listeria monocytogenes and cytoskeletal proteins is the ligand for 

the EVH1 domain, a protein module present in the Ena/VASP family. EMBO J 16, 

5433-5444. 

Niwa, R., Nagata-Ohashi, K., Takeichi, M., Mizuno, K., and Uemura, T. (2002). 

Control of actin reorganization by Slingshot, a family of phosphatases that 

dephosphorylate ADF/cofilin. Cell 108, 233-246. 

Nodelman, I.M., Bowman, G.D., Lindberg, U., and Schutt, C.E. (1999). X-ray 

structure determination of human profilin II: A comparative structural analysis of 

human profilins. J Mol Biol 294, 1271-1285. 

Nyakern-Meazza, M., Narayan, K., Schutt, C.E., and Lindberg, U. (2002). 

Tropomyosin and gelsolin cooperate in controlling the microfilament system. J Biol 

Chem 277, 28774-28779. 

Nyman, T., Page, R., Schutt, C.E., Karlsson, R., and Lindberg, U. (2002). A cross-

linked profilin-actin heterodimer interferes with elongation at the fast-growing end of 

F-actin. J Biol Chem 277, 15828-15833. 

Obermann, H., Raabe, I., Balvers, M., Brunswig, B., Schulze, W., and Kirchhoff, C. 

(2005). Novel testis-expressed profilin IV associated with acrosome biogenesis and 

spermatid elongation. Mol Hum Reprod 11, 53-64. 

Ono, S. (2007). Mechanism of depolymerization and severing of actin filaments and 

its significance in cytoskeletal dynamics. Int Rev Cytol 258, 1-82. 

 45



 

Oosawa, F., and Kasai, M. (1971). Actin in subunits in biological systems.  

Monograph, 261-322. 

Osborne, S.L., Thomas, C.L., Gschmeissner, S., and Schiavo, G. (2001). Nuclear 

PtdIns(4,5)P2 assembles in a mitotically regulated particle involved in pre-mRNA 

splicing. J Cell Sci 114, 2501-2511. 

Pantaloni, D., and Carlier, M.F. (1993). How profilin promotes actin filament 

assembly in the presence of thymosin beta 4. Cell 75, 1007-1014. 

Percival, J.M., Hughes, J.A., Brown, D.L., Schevzov, G., Heimann, K., Vrhovski, B., 

Bryce, N., Stow, J.L., and Gunning, P.W. (2004). Targeting of a tropomyosin isoform 

to short microfilaments associated with the Golgi complex. Mol Biol Cell 15, 268-280. 

Polet, D., Lambrechts, A., Vandepoele, K., Vandekerckhove, J., and Ampe, C. (2007). 

On the origin and evolution of vertebrate and viral profilins. FEBS Lett 581, 211-217. 

Pollard, T.D., and Borisy, G.G. (2003). Cellular motility driven by assembly and 

disassembly of actin filaments. Cell 112, 453-465. 

Pollard, T.D., and Cooper, J.A. (1984). Quantitative analysis of the effect of 

Acanthamoeba profilin on actin filament nucleation and elongation. Biochemistry 23, 

6631-6641. 

Pollard, T.D., and Mooseker, M.S. (1981). Direct measurement of actin 

polymerization rate constants by electron microscopy of actin filaments nucleated by 

isolated microvillus cores. J Cell Biol 88, 654-659. 

Popp, D., Lednev, V.V., and Jahn, W. (1987). Methods of preparing well-orientated 

sols of f-actin containing filaments suitable for X-ray diffraction. J Mol Biol 197, 

679-684. 

Pring, M., Evangelista, M., Boone, C., Yang, C., and Zigmond, S.H. (2003). 

Mechanism of formin-induced nucleation of actin filaments. Biochemistry 42, 486-

496. 

Pring, M., Weber, A., and Bubb, M.R. (1992). Profilin-actin complexes directly 

elongate actin filaments at the barbed end. Biochemistry 31, 1827-1836. 

 46



 

Pruyne, D., Evangelista, M., Yang, C., Bi, E., Zigmond, S., Bretscher, A., and Boone, 

C. (2002). Role of formins in actin assembly: nucleation and barbed-end association. 

Science 297, 612-615. 

Quinlan, M.E., Heuser, J.E., Kerkhoff, E., and Mullins, R.D. (2005). Drosophila Spire 

is an actin nucleation factor. Nature 433, 382-388. 

Rawe, V.Y., Payne, C., and Schatten, G. (2006). Profilin and actin-related proteins 

regulate microfilament dynamics during early mammalian embryogenesis. Hum 

Reprod 21, 1143-1153. 

Reinhard, M., Giehl, K., Abel, K., Haffner, C., Jarchau, T., Hoppe, V., Jockusch, 

B.M., and Walter, U. (1995a). The proline-rich focal adhesion and microfilament 

protein VASP is a ligand for profilins. EMBO J 14, 1583-1589. 

Reinhard, M., Halbrugge, M., Scheer, U., Wiegand, C., Jockusch, B.M., and Walter, 

U. (1992). The 46/50 kDa phosphoprotein VASP purified from human platelets is a 

novel protein associated with actin filaments and focal contacts. EMBO J 11, 2063-

2070. 

Reinhard, M., Jouvenal, K., Tripier, D., and Walter, U. (1995b). Identification, 

purification, and characterization of a zyxin-related protein that binds the focal 

adhesion and microfilament protein VASP (vasodilator-stimulated phosphoprotein). 

Proc Natl Acad Sci U S A 92, 7956-7960. 

Reinhard, M., Rudiger, M., Jockusch, B.M., and Walter, U. (1996). VASP interaction 

with vinculin: a recurring theme of interactions with proline-rich motifs. FEBS Lett 

399, 103-107. 

Ren, X.D., and Schwartz, M.A. (1998). Regulation of inositol lipid kinases by Rho 

and Rac. Curr Opin Genet Dev 8, 63-67. 

Ridley, A.J. (2006). Rho GTPases and actin dynamics in membrane protrusions and 

vesicle trafficking. Trends Cell Biol 16, 522-529. 

 47



 

Ridley, A.J., Schwartz, M.A., Burridge, K., Firtel, R.A., Ginsberg, M.H., Borisy, G., 

Parsons, J.T., and Horwitz, A.R. (2003). Cell migration: integrating signals from front 

to back. Science 302, 1704-1709. 

Roberts, T.M., and Stewart, M. (1995). Nematode sperm locomotion. Curr Opin Cell 

Biol 7, 13-17. 

Rohatgi, R., Ho, H.Y., and Kirschner, M.W. (2000). Mechanism of N-WASP 

activation by CDC42 and phosphatidylinositol 4, 5-bisphosphate. J Cell Biol 150, 

1299-1310. 

Romero, S., Didry, D., Larquet, E., Boisset, N., Pantaloni, D., and Carlier, M.F. 

(2007). How ATP hydrolysis controls filament assembly from profilin-actin: 

implication for formin processivity. J Biol Chem 282, 8435-8445. 

Romero, S., Le Clainche, C., Didry, D., Egile, C., Pantaloni, D., and Carlier, M.F. 

(2004). Formin is a processive motor that requires profilin to accelerate actin 

assembly and associated ATP hydrolysis. Cell 119, 419-429. 

Rothkegel, M., Mayboroda, O., Rohde, M., Wucherpfennig, C., Valenta, R., and 

Jockusch, B.M. (1996). Plant and animal profilins are functionally equivalent and 

stabilize microfilaments in living animal cells. J Cell Sci 109 ( Pt 1), 83-90. 

Rottner, K., Behrendt, B., Small, J.V., and Wehland, J. (1999). VASP dynamics 

during lamellipodia protrusion. Nat Cell Biol 1, 321-322. 

Roy, P., and Jacobson, K. (2004). Overexpression of profilin reduces the migration of 

invasive breast cancer cells. Cell Motil Cytoskeleton 57, 84-95. 

Rozelle, A.L., Machesky, L.M., Yamamoto, M., Driessens, M.H., Insall, R.H., Roth, 

M.G., Luby-Phelps, K., Marriott, G., Hall, A., and Yin, H.L. (2000). 

Phosphatidylinositol 4,5-bisphosphate induces actin-based movement of raft-enriched 

vesicles through WASP-Arp2/3. Curr Biol 10, 311-320. 

Rubenstein, P.A. (1990). The functional importance of multiple actin isoforms. 

Bioessays 12, 309-315. 

 48



 

Sarmiento, C., Wang, W., Dovas, A., Yamaguchi, H., Sidani, M., El-Sibai, M., 

Desmarais, V., Holman, H.A., Kitchen, S., Backer, J.M., et al. (2008). WASP family 

members and formin proteins coordinate regulation of cell protrusions in carcinoma 

cells. J Cell Biol 180, 1245-1260. 

Satoh, S., and Tominaga, T. (2001). mDia-interacting protein acts downstream of 

Rho-mDia and modifies Src activation and stress fiber formation. J Biol Chem 276, 

39290-39294. 

Schuler, H. (2001). ATPase activity and conformational changes in the regulation of 

actin. Biochim Biophys Acta 1549, 137-147. 

Schuler, H., Karlsson, R., and Lindberg, U. (2006). Purification of non-muscle actin. 

In Cell biology A Laboratory handbook 3ed edition 2, 165-171. 

Schutt, C.E., Myslik, J.C., Rozycki, M.D., Goonesekere, N.C., and Lindberg, U. 

(1993). The structure of crystalline profilin-beta-actin. Nature 365, 810-816. 

Sechi, A.S., and Wehland, J. (2000). The actin cytoskeleton and plasma membrane 

connection: PtdIns(4,5)P(2) influences cytoskeletal protein activity at the plasma 

membrane. J Cell Sci 113 Pt 21, 3685-3695. 

Sechi, A.S., and Wehland, J. (2004). ENA/VASP proteins: multifunctional regulators 

of actin cytoskeleton dynamics. Front Biosci 9, 1294-1310. 

Singer, S.J., Ball, E.H., Geiger, B., and Chen, W.T. (1982). Immunolabeling studies 

of cytoskeletal association in cultured cells. Cold Spring Harb Symp Quant Biol 46 Pt 

1, 303-316. 

Singh, S.S., Chauhan, A., Murakami, N., and Chauhan, V.P. (1996). Profilin and 

gelsolin stimulate phosphatidylinositol 3-kinase activity. Biochemistry 35, 16544-

16549. 

Skare, P., and Karlsson, R. (2002). Evidence for two interaction regions for 

phosphatidylinositol(4,5)-bisphosphate on mammalian profilin I. FEBS Lett 522, 119-

124. 

 49



 

Skare, P., Kreivi, J.P., Bergstrom, A., and Karlsson, R. (2003). Profilin I colocalizes 

with speckles and Cajal bodies: a possible role in pre-mRNA splicing. Exp Cell Res 

286, 12-21. 

Small, J.V. (1981). Organization of actin in the leading edge of cultured cells: 

influence of osmium tetroxide and dehydration on the ultrastructure of actin 

meshworks. J Cell Biol 91, 695-705. 

Sohn, R.H., and Goldschmidt-Clermont, P.J. (1994). Profilin: at the crossroads of 

signal transduction and the actin cytoskeleton. Bioessays 16, 465-472. 

Steffen, A., Rottner, K., Ehinger, J., Innocenti, M., Scita, G., Wehland, J., and Stradal, 

T.E. (2004). Sra-1 and Nap1 link Rac to actin assembly driving lamellipodia 

formation. EMBO J 23, 749-759. 

Stradal, T.E., Rottner, K., Disanza, A., Confalonieri, S., Innocenti, M., and Scita, G. 

(2004). Regulation of actin dynamics by WASP and WAVE family proteins. Trends 

Cell Biol 14, 303-311. 

Stradal, T.E., and Scita, G. (2006). Protein complexes regulating Arp2/3-mediated 

actin assembly. Curr Opin Cell Biol 18, 4-10. 

Suetsugu, S., Miki, H., and Takenawa, T. (1998). The essential role of profilin in the 

assembly of actin for microspike formation. EMBO J 17, 6516-6526. 

Symons, M., Derry, J.M., Karlak, B., Jiang, S., Lemahieu, V., McCormick, F., 

Francke, U., and Abo, A. (1996). Wiskott-Aldrich syndrome protein, a novel effector 

for the GTPase CDC42Hs, is implicated in actin polymerization. Cell 84, 723-734. 

Takenawa, T., and Suetsugu, S. (2007). The WASP-WAVE protein network: 

connecting the membrane to the cytoskeleton. Nat Rev Mol Cell Biol 8, 37-48. 

Tanaka, M., and Shibata, H. (1985). Poly(L-proline)-binding proteins from chick 

embryos are a profilin and a profilactin. Eur J Biochem 151, 291-297. 

Thorn, K.S., Christensen, H.E., Shigeta, R., Huddler, D., Shalaby, L., Lindberg, U., 

Chua, N.H., and Schutt, C.E. (1997). The crystal structure of a major allergen from 

plants. Structure 5, 19-32. 

 50



 

Tilney, L.G., Bonder, E.M., Coluccio, L.M., and Mooseker, M.S. (1983). Actin from 

Thyone sperm assembles on only one end of an actin filament: a behavior regulated 

by profilin. J Cell Biol 97, 112-124. 

Tobacman, L.S., and Korn, E.D. (1983). The kinetics of actin nucleation and 

polymerization. J Biol Chem 258, 3207-3214. 

Valentin-Ranc, C., and Carlier, M.F. (1991). Role of ATP-bound divalent metal ion in 

the conformation and function of actin. Comparison of Mg-ATP, Ca-ATP, and metal 

ion-free ATP-actin. J Biol Chem 266, 7668-7675. 

van Rheenen, J., Song, X., van Roosmalen, W., Cammer, M., Chen, X., Desmarais, V., 

Yip, S.C., Backer, J.M., Eddy, R.J., and Condeelis, J.S. (2007). EGF-induced PIP2 

hydrolysis releases and activates cofilin locally in carcinoma cells. J Cell Biol 179, 

1247-1259. 

Vandekerckhove, J., and Weber, K. (1978). At least six different actins are expressed 

in a higher mammal: an analysis based on the amino acid sequence of the amino-

terminal tryptic peptide. J Mol Biol 126, 783-802. 

Verheyen, E.M., and Cooley, L. (1994). Profilin mutations disrupt multiple actin-

dependent processes during Drosophila development. Development 120, 717-728. 

Walders-Harbeck, B., Khaitlina, S.Y., Hinssen, H., Jockusch, B.M., and Illenberger, S. 

(2002). The vasodilator-stimulated phosphoprotein promotes actin polymerisation 

through direct binding to monomeric actin. FEBS Lett 529, 275-280. 

Wang, Y.L. (1985). Exchange of actin subunits at the leading edge of living 

fibroblasts: possible role of treadmilling. J Cell Biol 101, 597-602. 

Watanabe, N., and Higashida, C. (2004). Formins: processive cappers of growing 

actin filaments. Exp Cell Res 301, 16-22. 

Wear, M.A., and Cooper, J.A. (2004). Capping protein: new insights into mechanism 

and regulation. Trends Biochem Sci 29, 418-428. 

 51



 

Weber, K., and Groeschel-Stewart, U. (1974). Antibody to myosin: the specific 

visualization of myosin-containing filaments in nonmuscle cells. Proc Natl Acad Sci 

U S A 71, 4561-4564. 

Wegner, A. (1976). Head to tail polymerization of actin. J Mol Biol 108, 139-150. 

Wegner, A. (1982). Treadmilling of actin at physiological salt concentrations. An 

analysis of the critical concentrations of actin filaments. J Mol Biol 161, 607-615. 

Welch, M.D., DePace, A.H., Verma, S., Iwamatsu, A., and Mitchison, T.J. (1997). 

The human Arp2/3 complex is composed of evolutionarily conserved subunits and is 

localized to cellular regions of dynamic actin filament assembly. J Cell Biol 138, 375-

384. 

Witke, W. (2004). The role of profilin complexes in cell motility and other cellular 

processes. Trends Cell Biol 14, 461-469. 

Witke, W., Podtelejnikov, A.V., Di Nardo, A., Sutherland, J.D., Gurniak, C.B., Dotti, 

C., and Mann, M. (1998). In mouse brain profilin I and profilin II associate with 

regulators of the endocytic pathway and actin assembly. Embo J 17, 967-976. 

Witke, W., Sutherland, J.D., Sharpe, A., Arai, M., and Kwiatkowski, D.J. (2001). 

Profilin I is essential for cell survival and cell division in early mouse development. 

Proc Natl Acad Sci U S A 98, 3832-3836. 

Woodrum, D.T., Rich, S.A., and Pollard, T.D. (1975). Evidence for biased 

bidirectional polymerization of actin filaments using heavy meromyosin prepared by 

an improved method. J Cell Biol 67, 231-237. 

Yang, C., Pring, M., Wear, M.A., Huang, M., Cooper, J.A., Svitkina, T.M., and 

Zigmond, S.H. (2005). Mammalian CARMIL inhibits actin filament capping by 

capping protein. Dev Cell 9, 209-221. 

Yarar, D., D'Alessio, J.A., Jeng, R.L., and Welch, M.D. (2002). Motility determinants 

in WASP family proteins. Mol Biol Cell 13, 4045-4059. 

 52



 

Yin, H.L., Hartwig, J.H., Maruyama, K., and Stossel, T.P. (1981). Ca2+ control of 

actin filament length. Effects of macrophage gelsolin on actin polymerization. J Biol 

Chem 256, 9693-9697. 

Zaidel-Bar, R., Itzkovitz, S., Ma'ayan, A., Iyengar, R., and Geiger, B. (2007). 

Functional atlas of the integrin adhesome. Nat Cell Biol 9, 858-867. 

Zigmond, S.H. (2004). Formin-induced nucleation of actin filaments. Curr Opin Cell 

Biol 16, 99-105. 

Zou, L., Jaramillo, M., Whaley, D., Wells, A., Panchapakesa, V., Das, T., and Roy, P. 

(2007). Profilin-1 is a negative regulator of mammary carcinoma aggressiveness. Br J 

Cancer 97, 1361-1371. 

 

 53


	 TABLE OF CONTENTS

