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ABSTRACT 
 

 
Dynamics of Fascin in Filopodia 

 
 

Yvonne S. Aratyn 
 

 
Filopodia play a central role in proper cell navigation; they extend from the cell surface and scan the local 

environment to guide the cell to its proper destination. These dynamic events require precise mechanisms 

for the turnover of key molecules which determine the morphology of filopodia. As of yet, such 

mechanisms are undefined and compose a major gap in our understanding of filopodia function. 

Therefore, we investigated the properties and interaction of actin and the actin cross-linking protein, 

fascin, which are essential for filopodia formation. Using expression of phospho-mimetic mutants, we 

determined that actin bundling in filopodia is dependent upon fascin dephosphorylation at serine 39 while 

phospho-fascin is predominantly unbound and freely diffusing in filopodia. Fluorescence recovery after 

photobleaching (FRAP) analysis revealed that fascin exchanges rapidly in filopodia and that this 

exchange was recapitulated in vitro, indicating that its dynamic behavior is intrinsic to the fascin cross-

linker. A computational model indicated that simple diffusion from a fascin pool in the cell body was not 

sufficient to keep up with observed rates of filopodial elongation. Rather, fascin exchange along the 

length of the filopodium enables the ready supply of fascin to growing filopodial tips. Altogether, these 

results suggest that filopodia have selected for dynamic cross-linking to form adequately stiff bundles and 

allow for remodeling. 
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Chapter 1: General Introduction and Background 
 
State of the filopodium: then and now 

Many cells move about by crawling over surfaces, rather than by using cilia or flagella. An experiment 

led by Albrecht-Buehler in 1976 showed that the direction of cell crawling is preferential rather than 

random, motivating the question; how do motile cells scan and decode positional information? At least 

part of the answer lies in fibrous-like cellular projections, named filopodia, which have been shown to 

have a substrate exploring function (Albrecht-Buehler, 1976). Once filopodia protrude from the cell 

surface, they rapidly scan the local environment until they attach to the substratum. Subsequently, cells 

extend their leading edge, or lamellipodium, in the direction of the filopodia and also adhere to the 

substratum while the rear of the cell is dragged forward by traction (Albrecht-Buehler, 1976; Gundersen 

and Barret, 1980; Zheng et al., 1996). Effectively, filopodia function as exploratory organelles which the 

cell uses to navigate to its proper destination. 

 Recent years have seen great advances in imaging technology, such as sophisticated single 

molecule measurements and live cell fluorescence microscopy, along with the development of 

computational models that have allowed for the testing of long standing hypotheses and the generation of 

new ones. Accordingly, our understanding of filopodia and their role in cell migration has significantly 

increased. In particular, the molecular basis for filopodia formation is fairly well understood and many of 

the molecular players involved have been identified. Nonetheless, information concerning how filopodia 

are coordinated spatially and temporally remains limited. Therefore, this thesis work emphasizes 

questions regarding the dynamics of filopodia, including, what are the cytoskeletal proteins involved in 

filopodia formation? Where and when do they act? Are they stable over the lifetime of filopodia or do 

they turnover? If they are dynamic then what implications does their reorganization have on the 

remodeling and physical properties of filopodia? To address the aforementioned questions, we used the 

latest microscopy techniques, such as fluorescence photobleaching (FRAP and FLIP), to study 

phenomena in the cellular context and extended them for use on in vitro systems to dissect regulatory 
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features of filopodia formation that were irresolvable in vivo. Furthermore, we contributed a numerical 

model to investigate the biological significance of our research findings in the framework of filopodia 

growth. Altogether, this work introduces novel experimental techniques, confers an understanding of how 

the cell assembles and extends its filopodia, and encourages continued study of assembly mechanisms of 

cellular actin bundles. 

 

Actin organization and turnover in filopodia 

Filopodia are composed of bundles containing approximately 15-20 parallel actin filaments (Lewis and 

Bridgman, 1992) that are tightly organized (Fig. 1), with 8-35nm spacing (Meyer and Aebi, 1990; 

Kureishy et al., 2002). Filopodia are long, slender protrusions that can grow more than 70µm in length 

and reach 250-400nm in diameter (McClay, 1999). Within the bundle, filaments are arranged with their 

barbed ends oriented toward the tip of the filopodium and pointed ends toward the cytoplasm (Lewis and 

Bridgman, 1992). The polarity of actin filaments is fundamental to the mechanism of actin assembly in 

cells (Pollard and Borisy, 2003). Actin polymerization occurs by assembly of ATP-actin at the barbed 

end. Upon incorporation of ATP-actin into the filament, ATP is hydrolyzed to ADP and phosphate is 

released. Hydrolysis of ATP reduces the strength of binding between monomers, thereby, promoting 

depolymerization (or disassembly) at the pointed end. The balance between actin polymerization at the 

barbed end and depolymerization at the pointed end is referred to as treadmilling (Neuhaus et al., 1983). 

A free actin filament grows when the rate of barbed-end polymerization exceeds the rate of 

depolymerization. Filopodial extension results from the difference between the rate of tip polymerization 

and retrograde flow, the flow of actin toward the central domain of the cell by action of myosin 

contractility (Fig. 2) (Mallavarapu and Mitchison, 1999; Medeiros et al., 2006). Typical rates of filopodial 

growth range from 1-10µm/min (Mallavarapu and Mitchison, 1999; Aratyn et al., 2007), with bursts of up 

to 25µm/min (Sheetz et al., 1992; McClay, 1999). 
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Figure 1. Structure of filopodia and lamellipodia 
Lamellipodia are made of branched actin filaments. Filopodia contain an 
unbranched bundle of actin filaments, which are aligned axially and 
packed tightly together. Scale bar 200 nm. Electron micrograph was 
prepared in the lab by D. Vignjevic. 
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Figure 2. Model for the regulation of actin dynamics in filopodia 
Filopodia extend by polymerization of actin filaments at the barbed end. 
Flow is driven by motors that pull on the filaments. The identity of the 
motors and what they pull on is not known, although myosin II 
(Wolenski et al., 1995; Ishikawa et al., 2003), V (Ishikawa et al., 2003), 
and XVa (Rzadzinska et al., 2004) have been reported to promote 
retrograde flow of filamentous actin. (Figure modified and adapted from 
Mitchison and Kirschner, 1988). 
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Filopodia formation 

Filopodia initiation and elongation require the availability of free actin barbed ends, polymerization of 

actin into filamentous structures, and cross-linking of those filaments into bundles. Several spatial and 

temporal models have been proposed to describe mechanisms for filopodia formation. While none of the 

models are entirely exclusive, they highlight varying molecular events and key players. 

 

Filopodia emergence via a focal ring 

In this model, focal rings play a significant role in initiating and stabilizing filopodia (Steketee et al., 

2001). They are proposed to develop at the base of the initiation site for filopodia formation. Actin 

filaments radiate from the ring, anchoring it indirectly to adhesion sites, thereby holding it stationary and 

taut within the cytoplasm. The focal ring acts as a nucleating center for new actin filaments, which are 

free to grow while using the ring as a basal adhesion. Filaments that extend outward from the ring and 

toward the cell membrane are bundled together and continue to grow into a mature filopodium. 

 

Convergent Elongation Model for filopodia formation 

The Convergent Elongation Model (CEM) for filopodia initiation is based on a mechanism of self-

organization. This model stipulates that filopodia arise from the gradual re-arrangement of the dendritic 

network, rather than from de novo actin filament nucleation (Fig. 3) (Svitkina et al., 2003). The idea of 

dendritic nucleation arose from in vitro and in vivo data that indicated that actin filaments could nucleate 

off the sides of pre-existing filaments (Mullins et al., 1998; Svitkina and Borisy, 1999). The 

reorganization of lamellipodial dendritic network to form filopodial bundles is thought to be mediated by 

the filopodial tip complex. Filaments formed by Arp2/3 (actin-related protein 2 and 3) complex-mediated 

dendritic nucleation gain protection against capping and can therefore elongate persistently at their barbed 

ends. The collision of the actin barbed ends cluster during filament elongation forming filopodial 

precursors, so-called Λ-precursors. The filopodial tip complex initiates filament cross-linking by 
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recruiting and/or activating fascin. Filament bundling via fascin initiates at the vertex of the self-

organized precursors and facilitates the pushing efficiency of filopodia. Initiated filopodia elongate and 

treadmill at steady state, whereby barbed end growth is balanced by pointed end shrinkage. The filopodial 

tip complex remains associated with the growing tip, allowing for continuous elongation of filopodial 

filaments and mediating filopodia fusion on collision. 

 

Nucleation of parallel bundles by formins 

Yet another model for filopodia formation postulates that actin filaments are nucleated via a formin-

mediated process, which involves the formation of actin bundles in an unbranched network (Kovar and 

Pollard, 2004; Zigmond et al., 2004; Pellegrin and Mellor, 2005). Formins are multi-functional proteins 

that are divided into two domains, the highly conserved formin-homology 2 (FH2) domain which 

interacts with the fast-growing barbed ends of actin filaments and the FH1 domain which binds profilin 

and profilin-actin (Pruyne et al., 2002; Sagot et al., 2002). These domains give formins the ability to 

inhibit end-to-end annealing of actin filaments (Kovar et al., 2003), compete with capping protein for 

barbed ends (Zigmond et al., 2003; Harris et al., 2004), and regulate actin turnover at filopodial tips 

(Schirenbeck et al., 2005). Together, this data suggests a mechanism in which formins promote filament 

elongation by allowing for insertional polymerization of actin at barbed ends of filopodial bundles. 
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Figure 3. Mechanisms for filopodia formation  
(A) Convergent elongation model for filopodia formation. Dendritic 
filaments (1) move laterally in the plane of the leading edge as they 
elongate, resulting in collisions of their barbed ends. Barbed end binding 
molecules associate to form a tip complex (2) which recruit fascin,  
resulting in cross-linking of actin filaments. (3) Continued recruitment of 
fascin together with actin polymerization promote filopodial elongation 
(4). (B) Formins nucleate the assembly of straight, parallel actin 
filaments into filopodia. (C) Schematic model of filopodia forming via 
an actin focal ring. (1) During extension of lamellar region, components 
essential for filopodia formation are made available as the cytoplasm fills 
in. (2) Actin focal rings (black open circles) provide an anchorage site 
and nucleate actin filaments. (3) Precursors to filopodia form as actin 
elongates and is cross-linked. (4) Mature filopodia form via continued 
polymerization and cross-linking. 
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Key molecular players involved in filopodia formation 

Several key molecules have been implicated in the regulation of cytoskeleton reorganization and filopodia 

formation and are shown in Figure 4. The GTP-binding protein, Cdc42, has been shown to induce 

filopodia formation (Adams and Schwartz, 2000) and interacts specifically with Wiskott-Aldrich 

syndrome protein (WASP) (Pantaloni et al., 2001) providing a direct link to actin assembly through the 

activation of the Arp2/3 complex. Filopodia formation relies on the protection of barbed ends from 

capping at the working interface by the Ena/Mena/Vasp family that serve to inhibit capping protein 

(Vignjevic et al., 2003). Formins have also been found to protect barbed ends from capping at filopodial 

tips as well as promote actin polymerization (Zigmond et al., 2003; Harris et al., 2004). The structural 

integrity of filopodia is supported by cross-linking proteins (fascin, filamin, alpha-actinin, espin) (Bartles, 

2000; Brieher et al., 2004), proteins that polarize assembly (profilin) (Carlier and Pantaloni, 1997) and 

promote disassembly from the pointed ends (ADF/cofilin) (Bamburg, 1999), molecular motors that 

transport elongation machinery to the tips of filopodia (myosins X and XVa) (Belyantseva et al., 2003; 

Tokuo and Ikebe, 2004), signaling proteins (IRSp53) (Govind et al., 2001; Yamagishi, 2004), and 

proteins that connect the sides of filaments to the cell membrane (ezrin/radixin/moesin) (Yonemura, 

1998). 
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Figure 4. Components involved in filopodia formation 
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A brief review of actin bundles – Lessons on formation and elongation 

While many of the key components and events involved in filopodia formation are fairly well outlined, 

many have yet to be sorted out. To bridge the gap between the known and unknown, it may be useful to 

examine features of other actin bundles. Filopodia share many composition principles with actin networks 

found in stereocillia, microvilli, Drosophila bristles, the nurse cell strut, fertilization cone, and acrosomal 

processes of sperm, to name a few. These structures are assembled in a specific location or particular 

developmental time and, therefore, can expose molecular mechanisms for bundle formation, in general. 

For this reason, it is worth comparing the similarities and differences between actin bundles as they can 

be advantageously used to study properties of filopodia. Here, we pose unanswered questions in the 

cytoskeletal field and compare and contrast features of actin bundles in an attempt to (partially) resolve 

them. 

   

What is the origin of actin bundles? 

Based on the assumption that all actin bundles possess a common mechanism of morphogenesis, Tilney 

and DeRosier proposed that cells harbor a bundle generating factory that manufactures short bundles, 

which compose the building blocks for longer bundles (Tilney and DeRosier, 2000). According to their 

hypothesis, the identity of these building blocks is microvilli, cellular extensions that are thought to 

increase the surface area of cells, thereby facilitating absorption and secretion. Microvilli are composed of 

roughly 20 actin filaments, bundled together with the same polarity, and grow 3-4µm long (Fath et al., 

1990). They are nucleated from a dense material of unknown composition at the plasma membrane, 

which remains associated at the tip of the bundle as it grows. Other actin bundles are speculated to 

originate from microvilli, which are incorporated into more complex networks depending on the 

biological purpose of the cell. For instance, the fertilization cone, nurse cell strut, and Drosophila bristles 

contain microvillus-like actin bundles that are aggregated into larger discontinuous networks. In these 

cases, the actin bundles are composed of shorter units or modules that bind to each other, with each of 
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these modules derived from the core filament bundle in microvilli. Other actin networks, such as 

stereocilia and the acrosomal process of marine sperm, are also derivatives of microvilli but display 

continuous entities of actin bundles: Stereocilia (mechanosensitive protrusions in inner ear hair cells) 

form by the lateral addition of growing filaments to the microvilar bundle, exhibiting a characteristic 

staircase pattern. These bundles can grow up to 120 micron in length (Harrison et al., 2005; Rzadzinska et 

al., 2005; Rzadzinska et al., 2004). The acrosomal process initiates from small patch of dense material, 

just like microvilli, but then elongates into one continuous process that contain about 85 filaments at its 

base that taper off to 15 filaments near the tip (Tilney et al., 1981). Regardless of type, all the 

aformentioned bundles share common features; (1) filaments are unbranched and tightly bundled, (2) 

unidirectional polarization of filaments with their barbed ends located near the bundle tip, and (3) 

elongation by monomer addition at the barbed ends. Filopodia also exhibit these features and, in this 

context, may also be derived from microvilli. 

 

What controls bundle geometry? 

Actin bundles come in all shapes and sizes; some are short, some are long, some are narrow, and some are 

wide. For instance, the marine sperm acrosomal process (55µm), fly bristle (65-350µm), and long 

stereocilia (60-120µm) are one to two orders of magnitude longer than microvilli (3-4µm) (Tilney et al., 

1981; Fath et al., 1990; Tilney et al., 2003; Rzadzinska et al., 2005). Furthermore, while the acrosomal 

process contains roughly 85 filaments and stereocilia have 30-300 in total, microvilli contain ~20 

filaments and Drosophila bristles have between 10-50 filaments within each of their 12-18 bundles 

(Tilney and DeRosier, 1981; Tilney and DeRosier, 2000; Rzadzinska et al., 2004). These observations 

indicate that bundle length is independent on filament number, leaving us wondering what determines the 

diameter and length of actin bundles? Is there a single mechanism or is bundle geometry regulated by 

many factors? The answer to this question is largely unknown but parts of the answer have surfaced.  
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 One might predict that the morphology of actin bundles is regulated, in part, by the ability of 

the cell to make components of the actin cytoskeleton available in the correct amounts and at the precise 

moment needed for bundle construction. By this method, microvilli and its counterparts might be 

generated sequentially, such that each component is assembled one by one to form the bundles. However, 

what signals the cell to stop making more and more of these components? It may be possible that 

regulatory molecules are made available to activate and inactivate the building blocks of actin bundles. In 

that way, only the active forms are utilized to generate microvilli and the others are left in the inactive 

state within the cytoplasm until the cell generates more bundles or lengthens existing bundles. Tilney and 

DeRosier proposed that the dense material at the tip (sometimes referred to as the ‘tip complex’) might 

play a regulatory role (Tilney and DeRosier, 2000). They propose that the tip complex acts as a bundle 

factory that limits the availability of cytoskeletal proteins during the nucleation event, such that it couples 

the concentration of components to the concentration of nucleation sites. In this case, the filament number 

in a nucleation site are specified and the average length of the bundles would be constant, independent of 

bundle width or rate of growth.  

 The dynamics of proteins that make up bundles has been shown to play a crucial role in length 

determination. For instance, the turnover of actin regulates bundle size and shape (Tilney et al., 2003). 

Bundle shape is controlled by assembly of monomers at the barbed end and disassembly at the pointed 

end, which orchestrates, in part, the movement of actin from bundle base to tip. In stereocilia, actin 

dynamics may play a role in regulating number of bundles, as they are fairly constant from one hair cell to 

the next. In early development, stereocilia bundles which are not incorporated into the staircase array, are 

depolymerized and the cytoskeletal components are recycled, possibly used to form new bundles or 

increase the size of existing bundles to form a mature stereociliary cluster (Tilney et al, 1992). The rate of 

actin delivery also plays a critcal role in bundle length determination. While diffusion of actin monomers 

to the tip is one mechanism for delivery, another mechanism of transport is via myosin motors. For 

instance, myosin XVa has been implicated in regulating the length of stereocila (Rzadzinska et al., 2004), 
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possibly regulating the delivery of growth components to bundle tips. Myosin X has also been found to 

localize to bundle tips in filopodia (Berg and Cheney, 2002). Other motor proteins, such as myosins II, V, 

and VI are speculated to regulate the flow of actin to the bundle base (Mitchison and Kirschner, 1988; 

Rzadzinska, 2004). 

Actin cross-linking proteins also seem to play an important role in regulating the geometry of 

bundles. In an in vitro study, bundles with relative high concentration of fascin cross-linker to actin 

produced small bundles, while low fascin to actin ratios yielded larger bundles (Stokes and DeRosier, 

1991). Based on these observations, a two-stage mechanism for bundle growth was proposed, which 

involves the rapid nucleation of short bundles with relatively high concentrations of cross-linker, followed 

by a slow growth phase, which involves continued bundle growth until the number of cross-linkers is 

exhausted. In stereocilia, the espin cross-linker regulate the formation and maintenance of actin bundle 

length; lack of espins results in the inhibition of bundle growth, while overexpression of espin induces 

long stereocilia (Belyantseva, 2003; Rzadzinska et al., 2005). The mechanism by which cross-linkers 

regulate bundle length remains unknown. 

 

Why do some actin bundles have one cross-linker and others have more? 

The above discussion naturally evokes the question of whether actin bundle shape is dependent on type of 

cross-linker. Afterall, each cross-linker requires a particular arrangement of actin filaments as each has a 

different set of actin binding sites. Therefore, the geometry of the actin helix in a filament specifies the 

maximum number and position for a specific cross-linker. The bonding geometry is more complex when 

actin bundles contain more than one type of cross-linker. For instance, microvilli contain three bundlers; 

villin, fimbrin and espin, stereocilia and Drosophila have two each; fimbrin and espin in the former and 

fascin and forked protein in the latter. What might be the purpose of having multiple bundling proteins? 

One possibility is that each protein serves a different role at various stages of bundle development. Or, 

accumulate at different times during the assembly process. In Drosophila, forked appears to initially form 
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bundles while fascin appears later (Tilney et al., 2000). What are the implications of sequential cross-

linking? One cross-linker may be used to initially draw filaments close together such that they are spaced 

within reach of a second or third cross-linker, which function to tighten the bundle. ‘Tightening’ of the 

filaments may affect stiffness properties of bundles, which may be important for protrusion and shape 

maintenance/prevention of buckling (Tseng et al., 2002; Brieher et al., 2004). 

 While many actin bundles contain multiple cross-linking proteins, the minimum requirement for 

bundling is one cross-linker. For instance, actin bundles form in vitro by mixing filaments solely with 

alpha-actinin, T-fimbrin, or fascin. Filopodia formation is inhibited upon knockdown of fascin (Vignjevic 

et al., 2006), suggesting that other cross-linkers are not required for the formation of cellular protrusions. 

However, T-fimbrin and espins are not necessarily absent from these structures (Vignjevic et al., 2006). 

These results suggest that some cross-linking proteins may play a dominant role in bundle formation, 

while other bundlers are only called to duty later in the developmental stage and not at all if bundle 

formation is inhibited. It may even be possible that some cross-linkers function to trigger the activation of 

other cross-linkers in an indirect manner (via regulatory proteins), depending on whether they, 

themselves, are actively participating in bundling filaments. Such hypotheses have not yet been 

experimentally tested. 

 

Fascinating facts about fascin  

Since this thesis work is about filopodia, we studied its main cross-linking protein, fascin. Here, important 

properties about fascin are outlined that will be useful for understanding the basis of results discussed in 

Chapter 2. 

 

Discovery of fascin 

Fascin is a 55kD protein that was first discovered in the late 1970s from cytoplasmic extracts of sea 

urchin oocytes and coelomocytes and later found in HeLa cells in the mid 1980s (Bryan and Kane, 1978; 
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Otto et al., 1979; Yamashiro-Matsumura and Matsumura, 1985). The name, ‘fascin’, was derived from 

its ability to cross-link actin filaments into unipolar and tightly packed bundles (from the Latin, fasiculus, 

a bundle) (Otto et al., 1979). Fascin is well conserved across many species, including Drosophila 

melanogaster, echinoderms, and the platyhelminth Schmidtea mediterranea (Bryan et al., 1993; Kureishy 

et al., 2002; Sanchez et al., 2002; Adams, 2004). Vertebrate genomes encode three forms of fascin: the 

first cloned human fascin, fascin-1, which is highly expressed by mesenchymal tissues and in the nervous 

system; fascin-2, which was cloned from bovine and human retinal photoreceptor cells and shares 55% 

and 56% amino acid identity to first human fascin clone, respectively; and fascin-3, which was cloned 

from human testis and shares 27% identity to both fascin-1 and fascin-2 gene products (reviews: Kureishy 

et al., 2002; Adams, 2004). Sequence alignment of fascin proteins is given in Figure 3. The focus of this 

thesis work is on fascin-1, which, from this point onward, will be referred to as fascin. 
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Figure 5. Sequence alignment of fascin isoforms  
Alignment of 9 cloned fascin proteins: human fascin1, mouse fascin1, X. 
laevis fascin1, human retinal fascin, bovine retinal fascin, sea urchin 
fascin, D. melanogaster singed protein, human testis fascin, and mouse 
testis fascin. The sequences are arranged by β-trefoil domain, as 
predicted based on the crystal structure of human fascin1 (1DFC). Color 
boxes denote conserved features: Black, conserved amino acids; Grey, 
conserved amino acid substitutions; red, protein kinase C-dependent 
phosphorylation sites; yellow, casein kinase II-dependent sites; blue, 
tyrosine kinase-dependent sites; pink, D. melnogaster singed protein 
which disrupt actin bundling activity. 



 31
 

Fascin structure 

A crystal structure of recombinant human fascin at 2.9Å resolution reveals that fascin is a globular 

monomer that is folded into four β-trefoil motifs, each comprising six two-stranded β-hairpins (Fedorov 

et al., 1999; Protein Data Bank Accession number: 1DFC; Ponting and Russel, 2000). Since fascin is a 

monomer, it must contain at least two actin binding sites in order to cross-link filamentous actin. One site 

has been linked to residues 29-42, which is found within a highly conserved region (residues 11-50) 

between sequences of fascin from human, mouse and Drosophila (Kureishy et al., 2002). This region also 

contains a serine phosphorylation site, Ser39 (Yamakita et al., 1996; Ono et al., 1997). This 

phosphorylation site is followed by three lysine residues. If these basic amino acids do indeed interact 

with actin, phosphorylation at Ser39 could inhibit actin binding by creating a negative charge. The second 

putative ABS lies between residues 263 and 474, with Ser274 and Gly393 directly implicated in actin 

binding (Edwards, 1995; Cant et al., 1996). To date, there is no direct evidence that identifies the specific 

residues involved in fascin-actin binding. 
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Figure 6. Fascin structure and putative actin binding sites. (A.) 
Secondary structure of the four Beta-trefoil motifs. (B.) Two actin 
binding sites shown in red and green, with residues Ser39, Ser274, and 
Gly393 highlighted. Mutational analyses have shown that these residues 
disrupt actin binding and bundling. 
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Regulation of actin bundling 

Actin-bundling is inhibited by Protein kinase C-alpha (PKCα) driven phosphorylation at serine 39 

(Yamakita et al., 1996; Ono et al., 1997; Adams et al., 1999). The affinity of fascin for actin drops from 

3.5-6.7x106 M-1 to 0.5-1.5x106 M-1 upon phosphorylation (Yamakita et al., 1996; Ono et al., 1997). 

Recently, mutational analysis has been used to study the regulation of fascin bundling in filopodia. The 

dephosphorylated form of fascin is mimicked by the mutation, S39A (Vignjevic et al., 2006). It localizes 

along the length of filopodia and induces an increase in both filopodia frequency (Vignjevic et al., 2006) 

and length (Yamashiro et al., 1998; Adams and Schwartz, 2000). In contrast, the phosphorylated form of 

fascin is mimicked by the mutation, S39E (Vignjevic et al., 2006). It yields weak localization along the 

length of filopodia and gives a 2.5-fold reduction in filopodia number (Vignjevic et al., 2006). 

Furthermore, the few S39E containing filopodia which do form are short-lived, suggesting that phospho-

fascin, by itself, is insufficient at sustaining the architecture of filopodial bundles. 

 

Fascin:actin stoichiometry in actin bundles 

In vitro experiments revealed that spike-like bundles formed using fascin to actin ratios of 1:3 and 1:10, 

with saturation of bundling occurring at 1 fascin per 4.76 actin molecules (Bryan and Kane, 1978; 

Yamashiro-Matsumura and Matsumura, 1985). These studies were performed using a high concentration 

of fascin (2-9µM). In vitro experiments using lower concentrations (0.45-1.8µM) revealed that bundles 

frequently formed with fascin to actin ratios of 1:33 and 1:66 (Stokes and DeRosier, 1991). These bundles 

were poorly ordered, in contrast with the perfect hexagonal packing observed in the saturated bundles 

(Stokes and DeRosier, 1991). Instead, well-ordered bundles were observed with low fascin to actin ratios 

of 1:264 (Stokes and DeRosier, 1991). The challenge remains to determine the fascin to actin packing in 

filopodia. 

 



 34
The role of fascin in filopodia formation 

Tight crosslinking of filamentous actin is necessary for the generation of stiff protruding filopodia 

(Svitkina et al., 2003; Vignjevic et al., 2003, Vignjevic et al., 2006). A mixture of Wiskott-Aldrich 

syndrome protein (WASP)-coated beads, actin, Arp2/3 complex and fascin was found to be the minimal 

requirement for assembly of parallel actin filaments in vitro (Vignjevic et al., 2003). These results were 

confirmed in vivo by a study that compared the ability of actin cross-linking proteins to form filopodia 

and implicated fascin as a major mediator for actin bundling in filopodia (Vignjevic et al., 2006). The 

same study determined that targeted depletion of fascin by SiRNA inhibits filopodia formation in B16F1 

melanoma cells (Vignjevic et al., 2006). Reintroduction of fascin into those cells rescued filopodia 

formation, whereas other cross-linkers were unsuccessful or only partially able to form filopodia 

(Vignjevic et al., 2006). 

 

Mechanical properties of fascin containing actin bundles 

Several biophysical studies have investigated the ability of fascin to impart rigidity to in vitro actin 

bundles with the goal of understanding the mechanical properties of filopodia. Accordingly, the effect of 

cross-linking on the morphology of liposomes has been used to examine the rigidity of actin bundles. In 

large liposomes, polymerization of actin causes a morphological change from a spherical to a disc shape. 

Inclusion of fascin at ratios of 1 fascin per 16 actin resulted in the extension of straight, rigid projections 

from the surface of liposome discs. Neither alpha-actinin nor filamin triggered the formation of 

protrusions (Honda et al., 1999). Further studies using time-resolved rheometric measurements 

(measurements of flow and deformation) have been used to characterize viscoelastic properties of fascin 

containing actin-bundles (Tseng et al., 2001). They report that the formation of fascin-actin networks 

involves non-monotonic fluctuations in elasticity, and that such properties depend heavily on the 

concentration of fascin. In stark contrast, actin networks cross-linked with alpha-actinin display uniformly 

monotonic properties. Mixtures of fascin, alpha-actinin and actin formed networks that were more elastic 
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than the actin bundles formed by either cross-linking proteins, alone (Tseng et al., 2002). These data 

suggest that the sub cellular localization of different types of cross-linking proteins, or combinations of, 

may in part be determined by their ability to impart unique mechanical properties to actin bundles. 

 

Role of fascin in cell adhesion and motility 

The association of fascin with actin filaments is in part regulated by type of extracellular matrix (ECM) 

(Adams, 1997; Adams et al., 1999; Adams et al., 2000; Adams, 2002). Whereas some ECM components 

induce bundling of actin by fascin, others inhibit their interaction. For instance, cells plated on 

thrombospondin (TSP)-1, laminin, or tenascin-C display large arrays of fascin containing filopodia. In 

contrast, fully spread cells plated on vitronectin or collagen IV show diffuse distribution of fascin. 

Intriguingly, fascin-containing protrusions form transiently during initial cell spreading on fibronectin, 

but are subsequently lost when cells become fully spread (reviewed in Kureishy et al., 2002). The 

inhibition of actin bundling may be due to the regulation of fascin phosphorylation by ECM components 

(Adams et al, 1999).  

In an effort to identify the mechanisms by which cell protrusions and contractile adhesions are 

coordinated to mediate either static or dynamic behavior, Parker et al. observed cultured cells plated on 

square ECM islands (Parker et al., 2002). The study reported that cells preferentially extended 

lamellipodia and fascin containing filopodia at the corner regions of the square islands, where cell-

tractional forces were most heavily concentrated. Depletion of cell tension disrupted lamellipodial and 

filopodial extension. These results suggest a linkage between directional cell motility and mechanical 

interaction between cells and ECM and may explain different biological phenomena correlated with 

healthy development and disease. 
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Correlation to healthy development and disease 

Wound Healing 

During development and adulthood there are many morphological events that necessitate the sealing of 

multiple unobstructed epithelial edges to create a continuous epithelium. Recent wound healing assays 

have shown that when epidermal cells form intercellular contacts, filopodia penetrate and embed 

neighboring cells, which forces the cells to fuse together into a sheet (Vasioukhin and Fuchs, 2001; 

Jamora and Fuchs, 2002). The merging of wounded epithelial sheets involves the formation of many, long 

filopodia at the leading edge of the cells (Wood et al., 2002). These filopodia behave quite dynamic, 

sweeping laterally to sample the local environment and undergo cycles of extension and retraction at a 

rate of one micron per minute (Wood et al., 2002). At the final stages of wound closure, filopodia seem to 

regulate cell movement and recognition as they tug the cells close together, resembling stitching of the 

wound (Martin-Blanco and Knust, 2001; Wood et al., 2002). 

 

Neurological disorders 

Diseases of the Central Nervous System (CNS), which include senile dementia and Alzheimer’s disease 

(AD), are characterized by pronounced cognitive impairment that usually manifests itself in the loss and 

decline of memory and intelligence. Memory is associated with structural modifications of the brain’s 

neuronal network. Such changes have the potential to alter the number of neuronal synapses and their 

function in intercellular communication (Carey, 2002). Each synapse can undergo dynamic changes, 

potentially altering the efficiency of synaptic communication as well as the local architecture of the 

synaptic circuitry (Matus, 2000). The accuracy of the neuronal wiring along with the plasticity of synaptic 

networks represents the foundation of neuronal information processing and brain function (Wong and 

Wong, 2001). 
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One possible way in which brain tissue can respond to loss of neurons is by expanding 

dendrites and refining connections between neurons (Carey, 2002). A mechanism for facilitating synaptic 

communication is via rapid movement of dendritic filopodia (Wong and Wong, 2001; Sala, 2002; Yuste 

and Bonhoeffer, 2004). This movement involves extension, waving over long distances and retraction 

which are thought to regulate cell movement, cell-cell interaction and neuronal pathfinding (Yuste and 

Bonhoeffer, 2004). The regulation of actin bundling in filopodia by actin binding proteins plays an 

important role in characterizing growth cone behavior (Cohan et al., 2001). Fascin is highly expressed in 

growth cones (Cohan et al., 2001) and acts as the primary actin bundling protein necessary for generating 

filopodia (Svitkina et al., 2003; Vignjevic et al., 2006). The depletion of fascin results in inhibition of 

filopodia (Vignjevic et al., 2006), which is associated with growth cone collapse (Zhou and Cohan, 2001) 

and inaccurate pathfinding (Bentley and Toroian-Raymond, 1986). 

 

Cancer metastasis 

Cancer cells become metastatic by acquiring a motile, invasive phenotype. This process requires 

remodeling of the actin cytoskeleton and expression of exploratory, sensory organelles such as filopodia. 

Up-regulation of fascin promotes the formation of filopodia (Kureisy et al., 2002; Vignjevic et al., 2006) 

and could, therefore, be a significant component in the acquisition of invasive phenotypes in carcinoma 

(Hashimoto et al., 2005). Fascin is over expressed in many human cancers (summarized in Table 1) 

including breast, colon, and ovarian cancers (Hu et al., 2000; Grothey et al., 2000; Gonchurek et al., 2002; 

Jawhari et al., 2003; Pelosi et al., 2003a; Pelosi et al., 2003b; Hashimoto et al., 2006; Yoder et al., 2005). 

As an example, over 95% of invasive pancreatic tumors express high levels of fascin and up-regulation of 

fascin is very frequent in non-small cell lung carcinoma (Hashimoto et al., 2005). In addition to the high 

frequency of fascin expression in tumors, fascin expression mediates aggressive tumor metastasis (Yoder 

et al., 2005). For instance, high fascin staining has been observed at the margins of metastatic cancer 

cells, suggesting that cells at the boundary of tumors acquire a more motile and invasive phenotype than 
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cells in the center of the tumor (Wang et al., 2007). Furthermore, fascin expression is strongly 

correlated with poor patient prognosis and/or decreased disease-free survival in non-small lung cancer, 

esophageal, gastric, and breast carcinomas (Pelosi et al., 2003a; Hashimoto et al., 2005; Yoder et al., 

2005). Therefore, current research emphasis is on studying fascin as a potential biomarker or therapeutic 

agent (Hashimoto et al., 2005). Understanding the mechanism for the formation of fascin-containing 

filopodia in cancer cells is vital to the progression of cancer research. 
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Fascin expression in human epithelia and carcinomas

Tissue Normal epithelium Carcinoma Reference
Ampulla N. D. High focal or diffuse staining Van Heek et al. (2004)

   in 77% of carcinoma (n=56).
Biliary duct N. D. Upregulated in 42% of CIS, Swierczynski et al. (2004)

   67% of invasive carcinomas (n=38)
Breast N. D. Positive in hormone receptor- Grothey et al. (2000)

   negative tumors (n=58).
Colon N. D. High (n=10) Jawhari et al. (2003)
Esophagus Positive in Increased (to>50% staining) in 95% Hashimoto et al. (2005)

basal layer    of squamous cell carcinomas (n=200).
Lung N. D. High in NSCLC: 89% of tumors Pelosi et al. (2003)

   (n=220); Diffuse staining of tumor 
   correlates with poor survival.
   Increased in the sarcomotoid 
   component of pleomorphic lung carcinoma.

Ovary N. D. High: focal or diffuse staining in borderline, Hu et al. (2005)
   primary and metastatic carcinomas (n=27). 
   High in 18% of atypical proliferative 
   mucinous tumors, 57% of primary carcinomas.

Cervix Weak High fascin expression in 74% of neoplasms. Kabukcuoglu et al. (2005)
Pancreas Low/absent Increased in 95% of 57 ductal adenocarcinoma Maitra et al. (2002)

   (n=57). High: 97% of infiltrating 
   adenocarcinomas (n=68) 

Skin Epidermal basal High in locally-invasive areas of basal cell Goncharuk et al. (2002)
layer and outer    carcinoma, squamous cell carcinoma; 
root sheath and    Decreased in Merkel cell carcinoma and 
melanocytes are    melanoma; Inverse correlation with metastatic
positive    potential of tumor type (n=78).

Stomach N. D. Increased in 25% of adenocarcinomas (n=214); Hashimoto et al. (2004)
   Overall correlations with poor survival; Extent 
   of tumor staining increased with depth of 
   tumor invasion.

N.D.: Not Detectable, CIS: carcinoma in situ, NSCLC: non-small cell lung cancer

(table modified from Hashimoto et al., 2005)
 

 
 
 

Table 1: Fascin expression in normal epithelia and carcinoma 
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Chapter 2: Research results 
 
General Overview 

Filopodial turning, elongation, and retraction are key events involved in cell migration/neuronal 

pathfinding and require filopodia to be flexible enough to wave about yet rigid enough to protrude many 

microns past the cell surface. To identify the physical and molecular properties which underlie the 

reorganization of filopodia we must understand how actin filaments are cross-linked and how those cross-

links are subsequently taken apart. Since fascin is the primary actin cross-linker in filopodia and is 

essential for filopodia formation (Vignjevic et al., 2006), we investigated features important to its 

function and dynamics. Specifically, we focused on questions regarding the initiation and elongation 

stages of filopodia formation as well as their maintenance and retraction: What is the origin of fascin in 

filopodia? How does fascin get delivered to tips of growing filopodia? How is it organized within actin 

bundles? How does that organization change over time and what implications does this reorganization of 

filaments have on filopodia dynamics and stiffness?  

Filopodia are thought to form by a mechanism which involves the merging of filaments that 

elongate by polymerization of actin. Actin filaments that come in proximity to one another are cross-

linked into unipolar parallel bundles to form mature filopodia (Svitkina et al., 2003; Vignjevic et al., 

2006). There is, however, no established molecular mechanism that explains how fascin molecules are 

recruited to filopodia. One possibility is a higher affinity for actin filaments in filopodia than elsewhere in 

the cell. Activation by dephosphorylation is one way that has been reported to achieve this higher affinity 

(Ono et al., 1997; Yamakita et al., 1996; Adams et al., 1999; Vignjevic et al., 2006).  

Cross-linking of actin filaments carries implications both for the elongation of filopodia and their 

response to mechanical stress. Cross-linking is presumed essential for filopodial protrusion as single actin 

filaments are insufficiently stiff to resist compressive forces (Mogilner and Rubinstein, 2005). 

Experimental support for this conclusion comes from observation of fascin-depleted filopodia which are 

typically bent and buckled under the cell membrane (Brieher et al., 2004; Vignjevic et al., 2006). It has 
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been established that elongation of filopodia is mediated by actin assembly at their tips (Mallavarapu 

and Mitchison, 1999). Presumably, a supply of fascin is also required to cross-link the newly polymerized 

actin. Otherwise, the nascent actin filaments would not be sufficiently rigid to support protrusion of the 

filopodium. To reach the growing (barbed) end of nascent actin filaments, fascin must be translocated 

from the cell body into the filopodium and out to the tip. However, when filopodia reach long lengths or 

elongate rapidly, diffusion, alone, may not be a sufficient mechanism for protein transport. What other 

mechanisms does the cell invoke to overcome the limitations of simple diffusion? 

If filaments are physically attached to each other by cross-linking, how can they re-organize to 

relieve intra- and extra-cellular stresses without compromising structural integrity? Others have shown 

that dynamic interactions exist between α-actinin and actin filaments in stress fibers and that the 

dissociation rate of the cross-linker governs the mechanical properties of these bundles (Sato et al., 1987; 

Xu et al., 1998; Xu et al., 2000). We and others recently reported that fascin rapidly exchanges between 

filopodial actin filaments (Nakagawa et al., 2006; Vignjevic et al, 2006). The time-scale for fascin 

dissociation may provide clues as to how filopodia respond to mechanical stress which may have 

implications for the relationship of such response to cell morphology.  

The purpose of this work is to advance our understanding of filopodia formation which currently 

lacks detailed information regarding the fascin-actin interaction and how that interaction influences the 

molecular organization, remodeling, and mechanical properties of filopodia during its dynamic lifecycle. 

Therefore, we undertook a quantitative, biophysical and kinetic analysis of fascin dynamics. We 

quantified kinetic rates for fascin turnover in filopodia and determined whether these rates are regulated 

or if they are intrinsic to the cross-linker. We probed the role of phosphorylation cycles in regulating the 

active pool of fascin available for actin cross-linking using phospho-mimetic fascin mutants. Finally, we 

examined the limitations of fascin transport by diffusion and developed a quantitative, computational 

model to analyze mechanisms for the delivery of cross-links to filopodial tips. 

 



 42
Localization of fascin in filopodia 

A structure-based strategy and site-directed mutagenesis was used to identify potential actin binding sites 

(ABS) on fascin. The web-based software, Swisspdb viewer 3.7 (http://ca.expasy.org/spdbv/), provided a 

three-dimensional virtual model of fascin based on its crystal structure (protein data bank accession code: 

1DFC). Using this model, we were able to identify amino-acid residues which were likely to be involved 

in actin binding. The phenylalanine residue at position 29 was implicated as a potential member of one 

possible ABS. This inference was based on the observation that F29 is solvent-exposed. Due to the 

hydrophobic nature of phenylalanine, it is probable that F29 is involved in intermolecular interactions, 

perhaps with actin. To test this idea, we constructed two mutants, F29A and F29E, which would 

potentially inhibit actin bundling and examined their localization in filopodia (Fig. 4). The mutant, F29A, 

was enriched toward the filpodial tip with weak staining along the length, similar to the pattern exhibited 

by S39E, the fascin phospho-mimetic mutant (Vignjevic et al., 2006). In contrast, the F29E mutant did 

not localize to filopodia at all. Instead, it was diffuse throughout the cell, which could have been a result 

of its inability to bind or bundle actin or protein misfolding. Extraction experiments, using phalloidin to 

stain actin, indicated no distinct change in the number and length of filopodia between cells transfected 

with wild type and fascin mutants, which implies that F29A and F29E are not dominant negative 

mutations. While filopodia can form by the action of endogenous fascin, our results indicate that 

mutations to F29 either precluded or dramatically weaken actin bundling. Tip localization of the F29A 

mutant may have resulted from interaction between the non-mutated domains and filopodial tip complex 

proteins. 

 



 43
 

 
 
 
 
 

 
 
 
 
 

Figure 7: Localization of fascin in B16 melanoma cells. Distribution 
of (A.) wild type fascin, (B.) fascin-F29A and (C.) fascin-F29E in 
filopodia. The left column shows the localization of GFP-fascin wild 
type and mutants in B16 melanoma cells. Note that wild type fascin is 
distributed evenly along the length of filopodia while fascin-F29A is 
enriched at the tip, with weak expression along the shaft, and fascin-
F29E is not recruited to filopodia at all. The right column shows the 
distribution of actin revealed by phalloidin staining in B16 cells 
expressing wild type and fascin mutants, respectively. No distinct 
differences in the number or length of filopodia were apparent between 
cells expressing wild type and fascin mutants. 
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Dynamics of fascin in filopodia 

In live cells, fascin colocalizes with actin in filopodia (Vignjevic et al., 2006) with the exception of 

proximal regions of filopodial bundles where the amount of fascin with respect to actin is slightly lower 

(Cohan et al., 2001). Photo-activation and –bleaching studies have conclusively shown that actin is 

stably-bound along the length and over the life-time of filopodial filaments (Mallavarapu and Mitchison, 

1999). Together, these data suggest a model for stable fascin association in filopodia. In the simplest 

version of this model, actin is bundled via fascin cross-links at the initiation site of filopodia formation 

and cross-links remain bound during filopodia elongation. Accordingly, Fluorescence Recovery After 

Photobleaching (FRAP) would reveal no significant recovery of either actin or fascin. Surprisingly, 

fluorescence recovery of GFP-WT fascin was rather rapid in filopodia, with half time of recovery t1/2 = 

8.6 ± 1.2 seconds (n = 41) in B16F1 cells and t1/2 = 6.0 ± 1.6 seconds (n = 24) in Neuroblastoma 2a cells 

(Fig. 1A). In contrast and as expected, FRAP of GFP-actin in filopodia resulted in no detectable 

fluorescence recovery (Figs. 1B). Instead, bleached zones displayed retrograde flow, as previously shown 

(Mallavarapu and Mitchison, 1999). The time-scale for fascin exchange was consistent between phases of 

filopodial protrusion, retraction, and stationary periods. This result is consistent with findings in other cell 

types (Nakagawa et al., 2006), which indicates that the dynamic behavior is a conserved feature of the 

fascin protein. 
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Figure 8. localization and dynamics of fascin and actin in filopodia. 
(A) GFP-fascin is enriched in filopodia of Neuro2a cells. (B) FRAP 
experiments reveal rapid recovery of fascin in filopodia, (C) but 
insignificant recovery of actin. Instead, actin undergoes retrograde flow. 
Time is given in seconds. Scale bar: 1µm. 
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Dynamics of T-fimbrin in filopodia 

To determine whether dynamic cross-linking in filopodia is unique to fascin, we repeated photobleaching 

experiments on another actin bundling protein, T-fimbrin. We chose to examine this particular protein 

because, like fascin, T-fimbrin localizes throughout the length of filopodia in both B16F1 and Neuro2a 

cells (Fig. ) and has the ability to rescue filopodia upon fascin knockdown (Vignjevic et al., 2006a; 

current study). Fluorescence recovery data revealed rapid exchange of GFP-T-fimbrin in filopodia (Fig. ), 

with t1/2 = 4.8 ± 2.8 seconds (n = 15). The similarity in recovery rates between fascin and T-fimbrin 

indicates that dynamic cross-linking proteins are common to filopodia and suggests that their localization 

and rapid turnover may be essential to filopodia remodeling and intimately connected to their physiologic 

function. In light of this finding, we further analyzed dynamic features of fascin in filopodia. 
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Figure 9. localization and dynamics of T-fimbrin. (A) GFP-Tfimbrin 
is enriched in filopodia of Neuro2a cells. (B) FRAP experiments reveal 
rapid recovery of T-fimbrin in filopodia. (C) Recovery profile reveals 
that the half time for T-fimbrin exchange in filopodia is approximately 5 
seconds. Time is given in seconds. Scale bar: 1µm. 
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Fascin undergoes rapid local exchange in filopodia and simultaneous slow exchange with the 

cytoplasmic pool 

Although our FRAP data demonstrates the existence of fascin exchange, by itself, it does not reveal the 

source of fascin turnover, specifically, whether the exchange is accomplished predominantly within the 

filopodium, with the cytoplasmic pool, or a combination of both. Assessing the source of fascin turnover 

requires the evaluation of recovery profiles as they provide information about the time-scale for protein 

exchange and the origin of that exchange. FRAP data were quantified by tracing the fluorescence 

intensity along bleached filopodia, normalizing for global loss of fluorescence during image acquisition 

along with pre-bleach intensity values, and plotted for varying times in the experiment (Fig. 2A). The 

trough in intensity at 0 seconds (thin grey line) corresponds to the region bleached in the experiment, 

while the nearly flat profile at 23 seconds (dashed black line) corresponds to the time when fluorescence 

had evenly redistributed within the filopodium. The average half time of this recovery was t1/2 = 6.0 ± 1.6 

seconds (n = 24).  Although fluorescence within the filopodium became uniform by 23 seconds, it had not 

recovered to the pre-bleach level. Instead, it recovered to the average fluorescence at the post bleach time 

(0 seconds), indicating that little fascin exchange had occurred with the pool in the cell body (Fig. 1D, 

dotted line). Therefore, the initial recovery process predominantly represented a redistribution of fascin 

cross-links originally within the filopodium.  

What is the significance of recovery that is uniform but to less than pre-bleach values? One 

possibility is that a fraction of the bleached molecules have been rendered immobile. Another possibility 

is the existence of a second, slower mode of recovery. Extending image acquisition to greater than 100 

seconds showed essentially full restoration of pre-bleach fluorescence (Fig.2B). Since we could infer that 

the initial rapid recovery was predominantly due to intra-filopodial exchange, the secondary slow 

recovery process suggests two additional conclusions: first that essentially all the fascin has remained 

mobile and, second, that fascin in filopodial cross-links can exchange with the cytoplasmic pool of fascin. 



 49
FRAP experiments along the entire length of filopodia containing GFP-fascin revealed recovery times 

that matched those of the secondary recovery phase, confirming these conclusions (Supplemental Fig. 1). 
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Figure 10. Fascin exchanges rapidly in filopodia.  
(A) Recovery profile of bleached zone over time course of FRAP 
experiment. By 6 seconds, half of bleached cross-links have fully 
exchanged with neighboring molecules. The post-bleach average 
intensity along the filopodium matches the average intensity at the time 
when fluorescence has evenly distributed, or fascin has fully exchanged, 
suggesting that fascin turnover is primarily intra-filopodial on this time-
scale. (B) At longer time-scales, the bleach zone recovers fully (to pre-
bleach values), suggesting that filopodial-cytoplasmic exchange restores 
fluorescence to the pre-bleach intensity. The recovery profile is curve-fit 
with a double exponential function with a recovery constant for fast 
intra-filopodial exchange and a second recovery constant for slower 
filopodial-cytoplasmic exchange (see Materials and Methods). Fast and 
slow recovery components are shown in shaded regions, with the 
recovery profile for rapid intra-filopodial exchange separating the two. 
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Figure 11. Recovery of GFP-fascin from the cell body into filopodia 
is relatively slow. (A) FRAP experiment on GFP-fascin in filopodia. 
Entire filopodia were bleached and monitored every 5 seconds for 
fluorescence recovery. Scale bar: 1 µm. Time given in seconds. (B) 
Average intensity of entire filopodium (normalized to pre-bleached state) 
plotted versus time and fit with a single exponential function. Recovery 
profile reveals fluorescence recovery to near pre-bleach intensity by 100 
seconds, with t1/2 ~ 20 seconds, mimicking the slow recovery component 
between filopodial cross-links and the fascin pool from the cell body 
shown in Figure 10B. 
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FRAP data reveal kinetic off-rate of fascin in filopodia 

What is the kinetic significance of the fast fascin recovery observed in the FRAP data? Is this recovery a 

measure of fascin association, dissociation, or a mixture of both events? Theoretical considerations 

indicate that in a simple binding reaction ( ABBA ↔+ ), recovery is exponential ( )( )tkoff−− exp1 and 

that the exponent koff indicates the rate constant of dissociation from the complex (Appendix A; Sprague 

et al., 2004). On this basis, we calculate an off rate of . 112.0 −= skoff

We sought to confirm this value by independent Fluorescence Loss In Photobleaching (FLIP) 

experiments, which provided a more direct measure of the fascin dissociation rate constant in filopodia. 

Here, we repeatedly bleached a proximal domain of a filopodium containing GFP-fascin while monitoring 

the loss of fluorescence over time in a distal domain (Fig. 2A). Since the bleaching light was confined to 

the proximal domain, any loss of fluorescence in the distal domain was due to fascin molecules that 

dissociated from actin filaments in that domain and diffused into the proximal domain. If we assume that 

a fascin molecule typically diffused out of the distal zone before re-binding, the diminishing brightness of 

the distal domain was a direct indicator of the rate of fascin dissociation. The decay of fluorescence in the 

FLIP experiment was plotted versus time (Fig. 2B) and curve-fit using a single exponential 

function, ( )tkoff−exp , revealing an off rate, koff = 0.1 s-1 (n = 19), corresponding to a half-time for fascin 

dissociation of ≈ 6 seconds. As expected, the half time for dissociation matches the half time of recovery 

from FRAP studies, shown by the complementary profiles of the curves plotted in Figure 2B, reinforcing 

the conclusion that fascin dissociates from actin filaments with koff  = 0.12 s-1. 
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Figure 12. Kinetic analysis of fluorescence recovery of fascin in 
filopodia reveals koff.  
(A) FLIP of GFP-fascin in filopodia. Fluorescence decay near the tip 
represents exchange of GFP-fascin with bleached and endogenous cross-
links. Scale bar: 1µm. Time given in seconds. (B) Plot of relative 
intensity versus time in both FRAP and FLIP experiments on GFP-fascin 
in filopodia. Relative decay of fluorescence in FLIP experiment was 
curve fit with a single exponential function, ( )tk off *exp − , and directly 
reveals a half-time of dissociation of 6 seconds. The corresponding 
FRAP curve shows a half-time of fluorescence recovery of 6 seconds as 
well. This half time also yields the dissociation rate of fascin from actin 
because, assuming that the total concentration of fascin remains 
unchanged in the filopodium over time, the recovered fluorescence is 
equal to the difference between the total amount of fascin and the amount 
that dissociated. Therefore, the FRAP data was curve fit with the 
function, ( )tk off *exp1 −− , where koff = 0.12 s-1. 
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Role of fascin phosphorylation in filopodia formation   

Phosphorylation of fascin at serine 39 is important for its actin bundling activity in vitro (Ono et al., 1997; 

Yamakita et al., 1996) and proper localization in vivo (Adams et al., 1999; Vignjevic et al., 2006). These 

data suggest a model for the regulation of filopodial elongation. In the simplest version of this model, a 

pool of fascin is maintained in an inactive state by phosphorylation at serine 39. This inactive fascin is 

recruited to initiation sites of filopodia, where it is activated via dephosphorylation. Dephosphorylation 

induces a conformational change that allows for high affinity actin binding. Active fascin then crosslinks 

the new domains of actin filaments formed as filopodia elongate at their tips by incorporation of actin 

monomers. Breakdown of filopodia could occur by phosphorylation of fascin, followed by unbundling 

and depolymerization. In this model, phosphorylation could serve to regulate the dynamics and 

localization of fascin in filopodia. 
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Figure 13. Model of phosphorylation-regulated fascin kinetics. Fascin 
cross-links actin filaments in its dephosphorylated (-P) state and weakly 
binds actin in its phosphorylated (+P) state. 
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The characteristic cycles of fascin association and dissociation are an intrinsic property of the fascin-

actin interaction 

To test the proposed model, we examined whether each cycle of fascin association and dissociation in 

filopodia is directly regulated, such as by enzymatic phosphorylation/dephosphorylation or by 

binding/dissociation of a G-protein, or if it the ability to exchange is an intrinsic property of the fascin-

actin interaction.  To test for intrinsic fascin exchange in filopodia, we carried out FRAP experiments in 

reconstituted filopodia-like bundles composed strictly of purified fascin and actin proteins (Vignjevic et 

al., 2003), thereby excluding any proteins that potentially regulate fascin exchange. If the recovery 

behavior of fascin in purified bundles matched that in filopodia, then it would be evidence that fascin 

turnover is an intrinsic property of the cross-linker. 

We tethered in vitro bundles to coverslips via a biotin-avidin interaction in a sealed perfusion 

chamber so that fluorescence recovery could be monitored over time (Fig. 3A). FRAP experiments 

revealed rapid fluorescence recovery of Alexa488-fascin (Fig. 3B, top panel). In contrast, fluorescence 

recovery of TMR-actin was negligible (Fig. 3B, bottom panel and Fig. 3C), confirming our in vivo result 

that fascin undergoes cycles of dissociation and association with actin. The recovery data was normalized 

for global bleaching and fit with a single exponential function as shown in Figure 3C. The half time of 

recovery for fascin in vitro is t1/2 = 6 ± 3 seconds (n = 28), nearly identical to that found in filopodia (Fig. 

3D). Because the time-scale for fascin exchange was recapitulated in vitro, we conclude that fascin 

exchange is an intrinsic property of the fascin-actin interaction and does not require assistance by an 

auxiliary molecule(s) for either binding or release from filopodial actin.  

While the half-times for fast recovery were similar in vitro and in filopodia, in vitro fluorescence 

recovered fully to pre-bleach intensity levels within approximately 20 seconds, while full filopodial 

recovery required a slower component of exchange between the filopodium and cell body. The rapid full 

recovery in vitro was expected, as the bundles were surrounded by a large unbound pool of fascin that 

could undergo three-dimensional diffusion over shorter distances to unoccupied binding sites. In contrast, 



 57
full filopodial recovery required long-distance exchange with the cell body and diffusion through the 

more crowded filopodium.  

Because such an intrinsic property precludes a multi-step association reaction (e.g., with a 

catalyst), we can use the value of a previously measured affinity constant (KA = 6.7 µM-1, Yamakita et al., 

1996) and our measured koff to calculate the kinetic on-rate, kon, of the fascin-actin association reaction as 

follows: kon = KA koff = 0.8 µM-1s-1. 
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Figure 14. Fascin is dynamic in reconstituted filopodia-like bundles. 
(A) Upper panel: photobleaching of Alexa488-fascin in reconstituted 
filopodia-like bundles reveals rapid recovery of fluorescence. Lower 
panel: photobleaching experiment on TMR-actin yields no fluorescence 
recovery. Bleached zone marked by boxes. Scale bar: 1 µm. Time given 
in seconds. (B) Recovery curves show intensity relative to pre-bleach 
value per time of the experiment for fascin and actin, with average half 
time of recovery for fascin of 6 seconds and recovery to pre-bleach level 
by 20 seconds. (C) Plots show the mean (circle) recovery half-times for 
FRAP experiments performed in vitro and in vivo, along with their 
respective 95% confidence intervals. The matching fast recovery kinetics 
for fascin in filopodia and reconstituted bundles reveal that dynamic 
exchange in filopodia is an intrinsic property of the fascin cross-linker. 
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Fascin-mediated actin bundling in filopodia requires that fascin be in the non-phosphorylated state 

Several studies have shown that the formation and life-time of filopodia appear dependent upon 

the state of fascin phosphorylation; when activated by dephosphorylation, fascin yielded numerous, long-

lived filopodia, whereas phospho-fascin yielded sparse, short lived filopodia (Yamakita et al., 1996; 

Adams, 1999; Anilkumar et al., 2003; Vignjevic et al., 2006). These observations suggest that 

phosphorylation limits the availability of fascin for actin bundling in filopodia. However, phosphorylated 

fascin is not excluded from filopodia (Vignjevic et al., 2006) and, therefore, its contribution to actin 

bundling needs to be tested. Here, we quantified and compared the preference for localization in filopodia 

and the turnover rates of fascin phospho-mimetic mutants to determine the extent of binding of 

phosphorylated fascin in filopodia. 

To directly test whether the incorporation of fascin in filopodia was dependent on the 

phosphorylation state, we analyzed the fluorescence distribution of soluble GFP, GFP-tagged wild-type 

fascin, and GFP-tagged mutant fascin proteins that mimic the inactive phosphorylated (S39E) and active 

non-phosphorylated (S39A) states (Fig. 4A). Proteins were expressed in N2a cells (on a background of 

endogenous levels) because these cells generate many filopodia that are easy to study. We used confocal 

microscopy to obtain images of consistent optical depth so that measured intensities would indicate 

relative GFP concentrations, and we plotted the ratio of filopodial to lamellipodial fluorescence for each 

protein in Figure 4B. As a control for uniform optical depth, we first measured this ratio for GFP-

expressing cells and found that Ifil/Ilam  =  0.9 ± 0.1 ≈ 1 (n = 26), as expected for a uniformly soluble 

marker. Also as expected, wild-type GFP-fascin showed significantly greater preference for filopodia 

(Ifil/Ilam  =  7.4 ± 1.0, n = 27) than did diffuse GFP. While both mutants localized along filopodial shafts, 

the active S39A mutant showed strong preference for filopodia (Ifil/Ilam  =  10.0 ± 2.9, n = 27), while 

filopodia containing inactive S39E exhibited only marginal localization (Ifil/Ilam  =  1.3 ± 0.1, n = 27) and a 
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uniform diffuse fluorescence in the cytoplasm. The comparison of intensity distribution among fascin 

mutants implies that fascin incorporation in filopodia is strongly increased by fascin dephosphorylation.  
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Figure 15. Localization of fascin mutants in filopodia.  
(A) Fascin WT and phospho-mutant expression patterns in N2a cells. 
WT and S39A are enriched in filopodia while S39E shows weaker 
localization in filopodia. Soluble GFP localizes uniformly throughout 
cell. Scale bar: 1 µm (B) The relative intensities of filopodia and 
cytoplasm for WT, S39A, and S39E fascin and those of soluble GFP, as 
measured in protruding filopodia and lamellipodia, indicated in dashed 
outlines of (A). Average relative intensity ratios, Ifil/Ilam, (circles) and 
95% confidence intervals are similar and overlap for WT and S39A, 
while those for S39E and GFP are much lower and similar to each other, 
suggesting that S39E weakly localizes to filopodia.  
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The weak localization of phospho-fascin in filopodia suggests either limited access to, or low 

retention within, filopodia. We compared the mobility of fascin mutants using FRAP to test the 

dependence of fascin lifetime in filopodia on phosphorylation state. Filopodia containing GFP-tagged 

S39A mutant revealed recovery after photobleaching (Fig. 4C) with t1/2 = 5.7 ± 1.2 seconds (n = 34) in 

B16F1 cells and t1/2 = 6 ± 2 seconds (n = 17) in Neuro2a cells, which is nearly identical to that exhibited 

by the wild type fascin protein (Fig. 4E). These results suggest that the bound fascin cross-links in 

filopodia exist predominantly in the dephosphorylated state and that this feature is conserved among 

neuronal and non-neuronal cells. In contrast, the recovery profile for the GFP-tagged S39E mutant (Fig. 

4D, left panels) closely resembled that of soluble GFP (Fig. 4D, right panels), with t1/2 = 1.7 ± 0.6 seconds 

(n = 13) and t1/2 = 0.5 ± 0.2 seconds (n = 10), respectively (Fig. 4E). Instead of revealing a distinct 

bleached zone, as in the wild-type and S39A FRAP experiments, the bleached zone and the region distal 

to it appeared to be generally non-fluorescent after photobleaching despite bleaching a zone of identical 

size (1 µm2 area). We infer from the similar mobilities of GFP and the S39E mutant the neither 

appreciably bind actin. Instead, both GFP and S39E likely diffused into the bleached zone during the 

bleaching interval prior to redistributing into the distal domain of the filopodium, leaving the bleached 

zone and the region distal to it non-fluorescent. 
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Figure 16. Dynamics of fascin mutants in filopodia.  
FRAP experiments reveal recovery of (A) GFP-S39A fascin, (B) GFP-
S39E fascin (left panels), and GFP (right panels) in filopodia. Scale bars: 
1µm. Time given in seconds. While FRAP leaves a distinctly visible 
bleached zone in the S39A experiment, it leaves nearly the whole 
filopodium bleached in the S39E and GFP experiments even though the 
same size bleached zone was used to perform the bleaching experiments, 
suggesting that S39E undergoes a diffusion process similar to that of 
GFP in filopodia. (C) Plots show the distribution of half-times of 
recovery for fascin WT and mutants alongside GFP. While recovery of 
S39E and GFP occur in t1/2 = 1.7 ± 0.9 seconds (n = 13) and t1/2 = 0.5 ± 
0.3 seconds (n = 10), respectively, the recovery is slower and similar for 
WT and S39A within and between N2a and B16 cells, with average t1/2 = 
6 seconds, suggesting that filopodial filaments are primarily bundled by 
dephosphorylated fascin.  
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Fascin undergoes free diffusion in filopodia with a moderate diffusion coefficient, D = 6µm2/s 

The tight packing of actin filaments and closely apposed plasma membrane of filopodia suggest 

an environment of limited diffusive mobility. We sought a measure of the diffusion coefficient of fascin 

in filopodia in order to understand the relative difficulty of movement compared to that in the cell body. 

Using experimentally-derived images of FRAP as inputs of filopodia cross-sections and initial and final 

protein concentrations, we simulated the recovery process of both GFP and GFP-S39E using a 

mathematical model of one-dimensional diffusion (Appendix A). Typical experimental recovery profiles 

and their simulation results are plotted versus time in Figure 5A. By matching the recovery half-times 

between experiment and simulation, we determined values of mean diffusion (D) coefficient for GFP and 

GFP-S39E of 7.5 µm2/s and 5.1 µm2/s, respectively. Given the purely diffusive motion of soluble GFP, 

the Stokes-Einstein relationship predicts a diminished diffusion coefficient with increasing molecular 

weight: 31−∝ MD . We fit this relationship through the experimentally-determined diffusion coefficient 

of GFP, and plotted the experimental value for GFP-S39E on the same plot (Fig. 5B). The match between 

the experimentally-measured diffusion coefficient for GFP-S39E and the predicted value based on 

molecular weight confirms that the phospho-mimetic protein is not measurably slowed by actin binding 

or small network pore size in filopodia. Had the recovery process for GFP-S39E been significantly 

slowed by kinetics, the measured D value would have fallen below the curve. 

 The agreement between the experimentally-determined and predicted diffusion coefficients 

allows for the use of the Stokes-Einstein relationship to interpolate a free diffusion coefficient for native 

fascin in filopodia. Fascin’s untagged molecular weight of 55kD corresponds to a diffusion coefficient of 

D = 6 µm2/s (Fig. 5B, discussion of effective diffusion in Appendix B). This value resembles the D value 

for GFP and, therefore, supports the conclusion that the FRAP recovery profiles used to calculate koff were 

indeed kinetically-limited. It is also less than one-tenth the diffusion coefficient previously measured for 
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GFP in the cell body (Swaminanthan, 1997), reflecting the increased rate of collisions with immobile 

proteins and/or the more tortuous paths within the tight filopodial network. 
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Figure 17. Phospho-fascin undergoes pure diffusion in filopodia.  
(A) FRAP recovery curves for soluble GFP and fascin mutants, S39E 
and S39A (symbols). Simulations of recovery data (curves) yield 
diffusion coefficients for GFP and S39E. Recovery data with curve-
fitting for S39A follows reaction-dominant process, plotted for 
comparison. (B) Median values of measured diffusion coefficients for 
GFP (7.5 µm2/s, n = 12) and S39E (5.1 µm2/s, n = 14) plotted versus 
molecular weight. Given a purely diffusive motion of GFP, the Stokes-
Einstein relationship predicts a diminished diffusion coefficient with 
increasing molecular weight that matches S39E recovery data, 
suggesting the phospho-mimetic mutant is negligibly slowed by adhesion 
or small network pore size.  This relationship allows for interpolation of 
diffusion coefficient for unlabeled fascin, yielding D = 6 µm2/s. 
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Incorporation of fascin cross-links in filopodia 

Individual actin filaments cannot impart sufficient stiffness to filopodia extended beyond the 

leading edge, but bundling by fascin allows for protrusion and maintenance of filopodia (Brieher et al., 

2004; Mogilner and Rubinstein, 2005; Vignjevic et al., 2006). It is not known, however, what the fascin-

to-actin ratio is in filopodia. Additionally, while our FRAP data reveal the existence of bound and free 

populations of fascin in filopodia, we do not know the fraction bound. We designed two approaches to 

calculate the relative fascin to actin concentration and solved for the ratio of bound to free fascin. 

Together, these relationships provide an estimate for the number of bound fascin molecules per actin in 

filopodia. 

 

Filopodia contain one fascin cross-link per 25-60 actin monomers 

To solve for the stoichiometry of fascin to actin in filopodia, we developed a two-part technique 

that involves quantitative immunoblotting and fluorescence ratiometry based on previously established 

methods (Zhai and Borisy, 1994; Wu and Pollard, 2005). Immunoblotting was employed to calculate the 

total number of fascin molecules in cells and fluorescence microscopy was performed to determine the 

proportion of cellular fascin molecules that localize to filopodia. The measurements were combined to 

calculate the number of fascin cross-links per actin residing in filopodia. 

To determine the concentration of fascin in a cell, non-transfected cells were plated in a dish and 

counted by phase microscopy. Lysates of the counted cell population along with known amounts of pure 

fascin protein were loaded onto an SDS-PAGE gel and incubated with fascin antibody. The blot was 

visualized by chemilluminescence and shown in Figure 6A and Supplemental Figure 2. The intensity of 

the bands corresponding to amount of fascin in cell lysate and pure protein were quantified using NIH 

image software. We determined that B16 and N2a cells contain roughly 100-500nM (n = 20). 
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Figure 18. Western Blots reveal amount of fascin in cell lysates  
Western Blots of (A) B16 and (B) N2a cell lysates (in duplicate) and 
varying amounts of pure fascin protein. Comparison of band intensity 
reveals that B16 cells typically contain 100-300 nM [fascin] while N2a 
cells typically contain 350-500 nM [fascin]. Appendix D reveals a 
calculation of fascin:actin ratio in filopodia based on estimates for fascin 
concentration. 
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Fluorescence ratiometry was used to determine the local concentration of fascin molecules in 

filopodia. Cells expressing GFP-fascin were imaged at varying expression levels in order to evaluate 

intensity variation in filopodial versus non-filopodial parts over a wide expression range. Figure 6B 

shows a typical epi-fluorescent image of a B16 cell expressing GFP-fascin with inset illustrated in Figure 

6C. The solid line demarcates the perimeter of the cell, while the dotted line outlines the outer boundary 

of the cytoplasm. By assuming that intensity is proportional to protein concentration, the ratio of total 

fascin localized to filopodia was calculated by dividing the integrated intensity in filopodia by that of the 

entire cell; filopodia plus cytoplasm. The percent of fascin in filopodia was plotted versus average cell 

intensity for cells expressing GFP-fascin and fit with third order polynomial (Figure 6D, Supplemental 

Figure 2). The y-intercept of the fitted curve yields the percent of total cellular endogenous fascin cross-

links that localize to wild type filopodia to be about 10-30%  (n = 118). Taken together, quantitative 

immunoblotting and fluorescence fractionation revealed that average filopodia contain one fascin 

crosslink per 25-60 actin monomers (calculation shown in Appendix D).  
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Figure 19. Percent fascin localized to filopodia 
(A) Epi-fluorescent image of a B16 cell expressing GFP-fascin along 
with (B) schematic representation of inset. Peripheries of cell (solid) and 
cytoplasm (dashed) are outlined to indicate borders of integrated 
intensity measurements, where Icyt + fil is the total cell intensity and Ifil is 
the intensity of all filopodia in a cell.  Percent fascin localized to 
filopodia was calculated using the expression, 
( ) 100*filcytcytfilcyt III ++ −  and plotted versus average intensity in (C) 
B16 cells and (D) N2a cells for varying expression levels. The data was 
fit with a third order polynomial with y-intercept equal to the percentage 
of endogenous fascin that localizes to filopodia in wild type, non-
expressing cells. Using this technique, we determined that approximately 
11% of total fascin molecules in B16 cells localize to filopodia, or 11-33 
nM [Fascin] reside in filopodia and about 29% of total fascin molecules 
in N2a cells localize to filopodia, or 100-145nM [fascin]. Comparison of 
fascin to actin concentrations in filopodia, we determined that B16 
filopodia contain 1 fascin per 25-60 actin and that N2a filopodia contain 
1 fascin per 27-41 actin.  
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Most fascin molecules in filopodia are bound at any instant 

The stoichiometry of fascin to actin in filopodia determined above includes the total population of 

fascin molecules in filopodia; both bound and unbound fractions. Here, we used a fluorescence 

ratiometric technique to determine the proportion of fascin molecules that are bound. We examined the 

difference between intensity in filopodia and cytoplasm in confocal images of cells expressing GFP-

fascin at varying expression levels. Confocal microscopy serves as an advantage to wide-field microscopy 

in that an image of the same optical depth is acquired. Therefore, intensity levels between different 

cellular structures, namely, filopodia and cytoplasm, can be directly compared. Figure 7A shows a 

representative confocal image of a B16 cell expressing GFP-fascin. Based on the assumption that the 

cytoplasmic pool in the cell body is unbound and that this concentration is uniform throughout the cell 

and filopodia, the per-pixel fluorescence intensity in the cell body (dashed circular region in Figure 7B) 

was taken as proportional to free fascin concentrations, while the fluorescence intensity in the filopodium 

(solid black outline in Figure 7B) was taken as proportional to the sum of bound and free fascin. The 

assumption that fascin is predominantly soluble in the cell body is supported by FRAP experiments in 

which rapid diffusion precluded any discernable bleached zone within lamellipodia or the cell body (data 

not shown). Dividing the fluorescence intensity in the cell body by the filopodial intensity therefore yields 

the proportion of unbound fascin population in the filopodium. Subtracting this value from one gives the 

proportion of bound fascin molecules in filopodia. We plotted the percentage of bound fascin molecules 

in filopodia against average intensity values in the cytoplasm of cells at varying expression levels (Fig. 

7C and Supplemental Fig. 2C). To determine the percentage of bound fascin molecules in wild-type 

filopodia, we curve fit our data with a second order polynomial and extrapolated to zero cell intensity. 

The y-intercept of the curve revealed that, on average, 97% (B16 cells: ncells = 51, nfil = 615; N2a cells: 

ncells = 26, nfil = 353) of endogenous fascin molecules are bound in filopodia, with a range of 94-98%.  
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Figure 20. Percent fascin bound in filopodia. 
(A) Confocal slice of a B16 cell expressing GFP-fascin along with (B) 
schematic representation of the same cell. Average intensities in 
filopodia (sold line) and cytoplasm (dashed circle) were measured. (C 
and D) Thus, the intensity in filopodia, Ifil, is proportional to total 
concentration of fascin, bound and unbound, while intensity in the 
lamellipodium, Icyt, is proportional to amount of unbound fascin in 
filopodia. Percent fascin bound in filopodia of cells was calculated as 
( ) 100*1 filcyt II− and plotted versus average cytoplasmic intensity over 
a range of expression levels. Both the range and mean values for percent 
fascin bound in filopodia were fit with a second order polynomial 
function, where the y-intercept yields the percent endogenous protein 
bound in filopodia of wild type, non-expressing cells. Using this method, 
we found that 94-98% of filopodial fascin is bound, with a mean value of 
97%, independent on whether cells were non-neuronal or neuronal.
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Dynamic fascin cross-linking allows for increased filament bundling at growing filopodial tips 

Filopodial elongation requires actin assembly at their tips (Mallavarapu and Mitchison, 1999). 

Presumably, a supply of fascin is also required to cross-link the newly polymerized actin. Otherwise, the 

nascent actin filaments would not be sufficiently rigid to support protrusion of the filopodium. To reach 

the growing (barbed) end of nascent actin filaments, fascin must diffuse at a sufficient rate from the cell 

body over the entire length of the filopodium. Do binding reactions along the length preclude fascin 

delivery to the tips of long or rapidly-growing filopodia? 

With the kon and diffusion coefficient values reported in this study (Table 2), the average distance 

a fascin molecule diffuses before a binding reaction is ≈ 1.2 µm. In filopodia significantly longer than this 

distance and with irreversible cross-links (i.e., koff = 0), diffusing fascin would permanently fill binding 

spots nearest the base first, and an elongation rate that exceeds fascin supply would leave the tips very 

low in fascin (Fig. 8A). This rapid local transport but slow long-distance diffusion is the same 

phenomenon observed in the fast and slow recovery components of Fig 1. Diffusion with dynamic cross-

linking (koff > 0) might permit a sufficient supply rate to the tip region at longer lengths, however, by 

allowing dissociation of bound fascin and continued diffusion and re-distribution along the length of the 

filopodium. 
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Parameters    Value Units
k off 0.12 s-1

k on 0.8 µM-1/s

D 6 µm2/s

fascin:actin    1:25-60

fascin (bound:free)    19-49:1
 

 
 

Table 2: Parameters determined in this study 
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To quantify this predicted effect, we designed a numerical, 1D, reaction-diffusion model of 

filopodial elongation (Appendix A) and compared the ability of these two mechanisms to accommodate 

growth over a range of filopodial lengths. The value of kon was kept constant at 0.8 µM-1s-1 throughout all 

simulations, such that changing koff was equivalent to changing KA. Unoccupied binding sites at [S] = 10 

µM (Appendix A) were added to the tip of the model filopodium to simulate elongation rates of 1-4 

µm/min, with typical rates of 2-3 µm/min determined by subtracting the rate of actin retrograde flow from 

the rate of filopodial protrusion in FRAP data. A constant pool of free, active fascin [F] = 0.1 µM was 

maintained at the base (cell body). Because growth extends unoccupied binding sites and kon is finite, the 

extreme tip itself was always theoretically devoid of bound fascin. Accordingly, we compared 

concentrations of occupied binding sites, [FS], at a position 0.5 µm from the filopodial tip. Plots could 

have alternatively been made of the bound fascin-to-actin ratio ([FS]/([S]+[FS])), but these curves would 

be of identical shape since the total binding site concentration ([S]+[FS]) is proportional to the actin 

concentration and remains constant along the length. 

As expected, the advantage of fascin dissociation increased with filopodial length at typical rates 

of elongation. With irreversible cross-links, the profile of bound fascin concentration fell sharply toward 

the tip of 3 µm long filopodia (Fig. 8B, black curve). With dynamic cross-linking, the concentration of 

occupied sites near the base decreased due to a lower equilibrium (i.e., maximum) value, but increased by 

a factor of 1.5 near the tip (Fig. 8B, grey curve). When filopodia continued to grow to 10 µm, a markedly 

sigmoidal concentration profile indicated low fascin transport to the tip when koff = 0 s-1, but a 100-fold 

increase in bound fascin concentration was observed with koff = 0.12 s-1. Thus, a process which involves 

diffusion and rapid, irreversible association can supply fascin only to short filopodia, but dynamic cross-

linking was required to sustain longer filopodia. 
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Figure 21. Effective fascin transport to tips of growing filopodia 
require dynamic cross-linking 
(A) A numerical model was developed to compare the suitability of 
fascin delivery to tips of growing filopodia via diffusion with (1) 
irreversible cross-linking, and (2) dynamic cross-linking via dissociation. 
(B) Under mechanism 1, cross-linkers diffuse toward barbed-ends and 
attach permanently near the first available binding site (koff = 0) 
precluding delivery to the growing tips of moderate or long filopodia 
(black curves). In mechanism 2, fascin dissociation allows for cross-links 
to contribute farther along the filopodial length and near the tips (gray 
curves). 
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Is there an optimal off-rate for delivery of fascin to filopodial tips? Figure 8C plots the 

concentrations of bound fascin [FS] near the tips of growing, 3 µm filopodia as a function of koff. 

Consistent with Figure 8B, tip concentrations initially increased with koff. At higher koff, however, 

concentrations decreased due to a diminishing equilibrium bound fascin concentration. The peaks in the 

curves represent an optimal value of koff for maximum bound fascin concentration near the tips of growing 

filopodia. Our measured off-rate compares well with the range of dissociation rates, 0.05-0.25 s-1, that are 

optimal for filopodia growing at rates of 1 to 4 µm/min. 

Figure 8D plots the optimal koff as a function of length for several growth velocities. At growth 

rates of 2 µm/min and lengths of 3 µm, our measured value of koff = 0.12 s-1 provides the highest bound 

fascin concentration near the tip. At 3 µm/min filopodial growth rate, koff is optimized for short, 0.8 µm 

filopodia. At slow growth rates of 1 µm/min, bound fascin concentrations near the tip would be higher 

with a decreased koff at any length. Thus, the koff measured in this study appears to be a good compromise 

among lengths to generate the highest tip concentrations of bound fascin at typical growth rates. 
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Figure 22. Optimal conditions for filopodial elongation 
(A) The percentage of occupied binding sites near the tips of 3 µm 
filopodia was plotted against fascin dissociation rate constants for growth 
rates of 1 to 4 µm/min. The curves reveal an increase in fascin-actin 
complex concentration, [FS], near tips for low rate constants, as well as a 
decrease at high rates due to a diminishing steady state bound 
concentration (dashed curve). The peaks in the curves reflect optimal off 
rates for given conditions. (D) A plot of the optimal off-rate for various 
lengths and growth speeds show that a value of koff = 0.12 s-1 is optimal 
for 3 µm long filopodia growing at 2 µm/min. 
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Chapter 3: Discussion 

Filopodia are highly dynamic cellular protrusions that require precise mechanisms for recruitment, 

maintenance, and turnover of their molecular components. In this study, we showed that filament 

bundling in filopodia requires fascin dephosphorylation, that instantaneous fascin cycling between 

filaments optimizes filopodial growth conditions, and that, on average, filopodia contain fascin:actin 

ratios of 1:25-60. Here, we explore the implications of these results on mechanisms for filopodia 

formation, assembly, and physical properties. 

 

Targeting of fascin to filopodial tips 

As a potent actin filament cross-linker, expressed fascin is capable of associating with actin 

filaments throughout a cell. Yet, it specifically localizes to filopodia, but not, for example, to stress fibers. 

This targeting specificity was also displayed by the constitutively active S39A fascin (Vignjevic et al., 

2006) suggesting that dephosphorylation and phosphorylation of fascin are not necessary for regulating its 

specific targeting.  One possible mechanism of fascin targeting to filopodia is that it specifically 

recognizes closely opposed parallel actin filaments. During normal filopodia formation, accumulation of 

closely spaced parallel filaments at the tips of Λ-precursors may serve as a site for fascin recruitment. 

Additional mechanisms may contribute to fascin exclusion from other bundles, for example, through 

competition with tropomyosin (DesMarais et al., 2002; Ishikawa et al., 1998). 

Even if parallel aligned filaments are sufficient to recruit fascin, our localization data of the F29A 

and S39E mutants suggest an additional mechanism that coordinates filament elongation and bundling in 

growing filopodia in B16F1 cells. In the case of both mutants, the same putative ABS underwent site-

directed mutagenesis while the other ABS was left untouched, presumably free to associate with actin, 

albeit weak. Despite this, both F29A and S39E were enriched at filopodial tips, suggesting a recruitment 

mechanism independent of actin bundling. Svitkina et al., 2003 showed that filopodial tips are associated 
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with a large protein complex.  The composition of the tip complex is poorly characterized, but some 

components are known, including Ena/VASP proteins (Lanier et al., 1999; Rottner et al., 1999), myosin X 

(Berg and Cheney, 2002), Vav 1 (Kranewitter et al., 2001), Abi (Stradal et al., 2001), formins (Pellegrin 

and Mellor, 2005; Peng et al., 2003; Schirenbeck et al., 2005). Some of these or unknown component(s) 

of the filopodial tip complex might be responsible for recruiting fascin to filopodial tips.  Interestingly, it 

was shown that neurotrophin receptor p75 specifically binds fascin in human melanoma cells (Shonukan 

et al., 2003) and thus is a candidate for recruiting fascin to the membrane. However, it is not known 

whether this protein is specifically enriched at filopodial tips.  Another possibility for fascin targeting to 

filopodial tips is that fascin could preferably bind ATP-actin near the growing barbed ends. Concentration 

of fascin at the filopodia tips, which may also be coupled to activation by dephosphorylation, would 

enhance the availability of the cross-linker for actin bundling. 

 

Advantages of dynamic cross-linking in filopodia 

An important and unexpected finding in this work comes from the FRAP experiments, which 

demonstrate that fascin in filopodial bundles undergoes frequent cycles of association and dissociation 

rather than remaining stably bound to actin filaments. Importantly, fast dynamics was also observed in 

vitro and for the constitutively active S39A mutant, suggesting that fast fascin turnover is not coupled to 

cycles of phosphorylation and dephosphorylation.  Such behavior of active dephosphorylated fascin may 

seem counterintuitive if one assumes that rapid dynamics is not consistent with the rigidity of actin 

bundles. However, a high dissociation rate does not necessarily imply a weak binding affinity. If the 

association constant is fast as well, the affinity can be sufficiently strong.  Also, actin filaments in 

filopodia are very densely packed (1 fascin cross-link per 25-60 actin) and many fascin molecules 

participate in the formation of actin bundles. 

What are the advantages of dynamic cross-links over stable ones?  We showed that dynamic 

binding would enhance the availability of fascin molecules to cross-link newly polymerized actin 
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filaments at filopodial tips by decreasing the diffusion distance. This ensures timely filament bundling 

during filopodia elongation.  If fascin was stably bound to actin filaments in filopodia and released only 

with filament disassembly at the rear, free fascin would need to diffuse through the whole filopodial 

length, on the order of micrometers, to reach sites of growth. Furthermore, the energy required to break an 

actin-fascin bond would be costly in comparison. Another possible advantage of dynamic cross-links is to 

allow for the transport of other molecules. For instance, myosin X is proposed to deliver its cargo towards 

the tip of filopodia (Berg and Cheney, 2002). The local de-bundling and re-bundling may transiently 

generate space for passage of such cargos.  Finally, local stresses that are generated within filopodial 

bundles during motility, such as uneven tension, torque, bends, etc., can be more easily relieved by 

dynamic cross-links. Altogether, dynamic association/dissociation cycles of fascin may be advantageous 

for rapid growth and integrity of filopodia. 

 

Fascin phosphorylation acts as a molecular switch for filopodia formation 

Cells have the capacity to form filopodia in response to a variety of signals that arise from environmental 

cues, particular substrates, or other cells. Such a capacity implies the existence of a regulatory 

mechanism. In this work, we tested phosphorylation/dephosphorylation cycles in regulating key events in 

filopodia. Because fascin phosphorylation has been reported to inhibit actin bundling (Ono et al., 1997; 

Yamakita et al., 1996; Adams et al., 1999), we suspected that the role of these cycles may be to regulate 

fascin exchange in filopodia and to limit concentrations of fascin available for actin cross-linking. 

Unexpectedly, we found that the time-scale for fascin dissociation in reconstituted filopodial bundles 

mimicked those in filopodia, indicating that the dynamic exchange does not require an enzymatic 

reaction, but is an intrinsic property of the fascin cross-linker. On the other hand, photobleaching data on 

fascin phospho-mutants revealed that phosphorylation alters the mobility of fascin in filopodia. While the 

non-phosphorylated fascin mutant imitated wild-type kinetic reactions in filopodia, the phospho-fascin 

mutant underwent a predominantly diffusive process. The phospho-mimetic mutant, S39E, contains one 
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active binding site and one that is inactivated by a single-site mutation. While the non-mutated binding 

site is presumably free to associate with actin, it is likely that, without the cooperation of the other binding 

site, fascin does not undergo appreciable binding to filaments. Therefore, only the non-phosphorylated 

form appears to participate in filament cross-linking, while the purpose of fascin phosphorylation is likely 

to limit the size of that pool. On basis of our results, we propose that phosphorylation/dephosphorylation 

cycles serve as a molecular switch to turn fascin activity on or off, which in so doing determines whether 

or not filopodia form. 

 In summary, we propose a model for the formation and maintenance of filopodia (Fig. 9). In our 

model, activation of fascin by dephosphorylation allows for high affinity actin binding in filopodia. Actin 

cross-linking provides filopodia with the rigidity necessary for protrusion, while intrinsic fascin exchange 

between filaments allows for elongation and filopodial remodeling. Fascin inactivation by 

phosphorylation decreases the availability of fascin to bundle actin, which in turn inhibits filopodia 

formation. 
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Figure 23. Illustrative model of fascin dynamics and organization in 
filopodia.  
Fascin is activated by dephosphorylation, which allows for high-affinity 
interaction with actin filaments in filopodia. Active fascin undergoes 
intrinsic dynamic exchange, which facilitates and ensures efficient 
remodeling of the filopodium during shape changes. 



 86
 

Filopodia represent semi-ordered bundles of actin 

Our study reveals that filopodia contain one bound fascin molecule per 25 to 60 actin monomers. Due to 

the dynamic nature of the cross-links, this ratio represents only partially occupied binding sites.  The 

saturation stoichiometry can be calculated from equilibrium kinetics: 
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where [actin] is the filopodial actin concentration, [F] is the soluble, active fascin concentration, and [S] 

and [FS] are the available and occupied binding sites on the filaments, respectively. Even more fascin 

could theoretically be bound in a perfect filament lattice.  Considering each helix of an actin filament 

separately, if the pitch allowed for a 360 degree rotation precisely every 12 monomers, each monomer 

would contribute a 30 degree rotation.  If these filaments were hexagonally-packed, for example, every 

second actin monomer in the helix would be aligned with an adjacent filament and perhaps accommodate 

a cross-link.  Because each fascin is connected to two filaments, this repeating arrangement would result 

in a molecular ratio of 1 fascin per 4 actin monomers.  (Note that each helix of each filament repeats this 

geometry, such that, neglecting bundle edge effects, the ratio remains 1:4 for the entire bundle).  Indeed, 

lattices appearing hexagonal are apparent in some reconstituted or chemically-fixed bundles (Tilney and 

DeRosier, 1986; Tilney et al., 2000; Volkman et al., 2001), and bound ratios of up to 1:4.6 have been 

measured in vitro (Bryan and Kane, 1978; Yamashiro-Matsumura and Matsumura, 1985).  It appears 

unlikely that the geometry of filopodia would allow for this precise packing, however. The pitch of each 

actin helix of a free filament is imperfect for hexagonal packing, rotating 360 degrees per approximately 

13.7 monomers, or only 26.3 degrees per monomer. Because one bound fascin per 25 to 60 actin 

monomers equates to one cross-link every 6th to 15th monomer along a double helix, a torque aligning 
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the filament for hexagonal packing would result in an angle strain buildup of (30 - 26.3)(6 to 15) = 22 

to 56 degrees between successive cross-links on a filament. Electron micrographs of filopodia formed by 

convergent elongation in fact appear imperfectly packed (Svitkina et al., 2003), and Stokes and DeRosier 

have described bundles formed in vitro with one bound fascin per 33 to 66 actin monomers as plentiful 

but “poorly ordered,” both suggesting a somewhat reduced binding site concentration. The lower range of 

our bound fascin-to-actin ratio (1:25) would translate to a binding site to actin ratio of 1:4.6 if either KA 

was as low as 2.3 µM-1 or the free fascin concentration, [F], was as low as 0.03 µM (an order of 

magnitude lower than our measured 0.1-0.3 µM). 

In summary, filopodia appear to represent semi-ordered bundles, reducing the possible 

fascin:actin ratio from a 1:4 theoretical value to 1:10 to 24.  However, given their dynamic nature and 

limited soluble concentration, they only operate at ratios of 1:25 to 60 in vivo. 

 

Fascin dynamics have implications on the mechanics and remodeling of filopodia 

A key function of fascin as an actin cross-linker is its ability to stiffen filopodia. Individual actin filaments 

are insufficiently rigid to resist compressive forces (Janmey et al., 1991; Mogilner and Rubinstein, 2005), 

and filopodia in fascin-depleted cells are typically bent and buckle under the cell membrane (Vignjevic et 

al., 2006). While the function of stiffening would apparently be best served by high-affinity fascin 

binding, this counteracts the need for filopodia to undergo necessary remodeling (e.g. fusion of 

neighboring filopodia, accommodation to obstacles, or cycling between growth and breakdown). The 

dynamic nature of the fascin cross-links allows for both requirements.  

 The filopodium as a whole undergoes two main loading regimes, with a different mechanical 

response to each. Slow-scale displacement of the filopodium occurs on the timescales of cell motility 

itself, on the order of 1 µm/min, and may occur over small or large distances. A growing filopodium may 

be displaced as it encounters other cells, for example, or be displaced by lamellipodial retraction or the 

motion of adjacent cells. Displacement may also occur on rapid timescales due to Brownian (thermal) 
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motion, under which a single, 10 µm-long actin filament bends considerably (persistence length, 

Isambert et al., 1995). We have shown that the half-time of fascin exchange in filopodia is 6 seconds, 

indicating a timescale of motion that divides two types of mechanical responses: displacement rates that 

build little strain in the cross-links over this time-scale result in little resistance to displacement from 

those cross-links, while rates that build up significant strain on this timescale encounter resistance due to 

the additional stiffness that fascin imparts to the bundle. This resistance rises with the filopodial 

fascin:actin ratio, which we estimated to be high, at 1:25-60. While it is difficult to predict the rate at 

which strain builds in the cross-links of a displaced filopodium without detailed knowledge of the system 

geometry, it is likely that the slow displacements do not build appreciable resistance from fascin over the 

course of a single binding period, while the displacement due to thermal motion almost certainly does. 

The dynamics of fascin exchange therefore mediate a differential, visco-elastic-like response to the two 

common loads, allowing slow remodeling but resisting rapid fluctuations with additional stiffness (Figure 

10). 

 Similar stress-strain relationships have been observed in stress fibers incorporating alpha-

actinin (Sato et al., 1987; Pollard et al., 1990). Like fascin mediated actin bundles, the mechanical 

properties of such actin networks depend on the rate of displacement, where the stiffness can increase by 

an order of magnitude at fast displacements. One significant difference is that the rate of dissociation of 

alpha-actinin is an order of magnitude faster than that of fascin (Xu et al., 2000). The variance in the time-

scales of protein exchange between the two bundlers yield different limits for the rate of deformation. 

Such limits may be critical for the ability of actin bundles to withstand the different types of stresses they 

encounter in their respective subcellular locations. It would be interesting to compare such properties 

between filopodia and other protrusive actin networks such as pseudopodia, microvilli, and stereocillia. 
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Figure 24. Rapid fascin exchange may endow filopodia with a rate-
dependent response mode to mechanical stress.  
Schematic models depicting the behavior of fascin in filopodial bundles 
under different rates of deformation. (A) Fascin undergoes continuous 
exchange within unstressed bundles. (B) Moderate rates of fascin 
exchange allow for filopodia to resist rapid deformations (C) but to re-
organize when stress is applied slowly. In the latter case, fascin provides 
little resistance against the load since cross-links rearrange faster than 
filaments are displaced.  
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Fascin turnover is a key process in filopodial assembly 

Filopodia are naturally subject to selective evolutionary pressures as dictated by their required sensory 

functions. Such pressures include the formation and maintenance of ordered parallel bundles; remodeling 

of filopodial structure at adequate rates under appropriate loads, with resistance to other loads; providing 

the necessary, perhaps non-uniform, stiffness along the filopodial length; and transport of cytoskeletal 

proteins to growing filopodial tips at rates compatible with elongation velocities. Such requirements must 

operate over filopodial lengths of 1 to 50 µm, diameters of only 0.1-0.5 µm (Mitchison and Cramer, 

1996), and growth rates from a typical 2 µm/min (Mallavarapu and Mitchison, 1999; current study) to as 

fast as 25 µm/min (Sheetz et al., 1992). As our numerical analysis shows, filopodia growing at 2 µm/min 

seem to operate near a koff that delivers maximum fascin cross-links to the extending tip. Lower koff values 

allow less dissociation of bound fascin and continued diffusion toward the tip, while higher values further 

limit the equilibrium bound concentration throughout the length. Among the pressures affecting filopodial 

rigidity and morphology, the optimal value of koff to supply fascin to the tip at the typical growth rate 

appears to be of particular importance. Altogether, filopodia may have selected dynamic cross-links to 

form adequately stiff bundles at appropriate rates and allow for remodeling. 
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Chapter 4: Summary of Current Work and Future Perspective  

This thesis research revealed a new conceptual framework for how filopodia form and grow: Initially, 

filopodia formation is triggered in part by fascin activation via dephosphorylation. Once filopodia form, 

fascin incorporates into semi-ordered actin bundles with a ratio of 1 cross-linker per 25-60 actin 

monomers. During the filopodial life time, fascin undergoes intrinsic dynamic exchange on the order of 

10 seconds, which allows for filopodial growth to several microns, at a rate of 2µm/min. In total, this 

thesis work enhanced our understanding of filopodia and inspired several other questions; What is the 

nature of other protein-protein interactions in filopodia? What is the life-time of those interactions? And, 

what molecular players regulate the turnover of proteins in filopodia? 

As future avenues of research on the cytoskeleton are considered, researchers within the field 

must take into account questions regarding both basic and clinical science. Without understanding the 

molecular mechanisms that govern cell behavior, we cannot begin to understand normal physiological 

development and disease. In view of that, this chapter highlights the following research objectives. 

 

Lessons from filopodia: how do actin bundles grow? 

Cell morphology is determined by the assembly of cytoskeletal proteins and the molecules which modify 

their organization. Over the past few years, valuable information about events which generate cell shape 

has become available, yet we still do not know the mechanisms that determine geometric parameters. In 

particular, we are limited in our understanding of the pathways that outline growth patterns of cellular 

actin bundles. The dissimilarity between various bundles, such as microvilli, Drosophila bristles, 

stereocilia, and filopodia only adds to the complexity. While Drosophila bristles are composed of 

modules of actin bundles (Tilney and DeRosier, 2005), microvilli, stereocilia and filopodial bundles are 

assembled in continuous entities of actin filaments (Tilney and DeRosier, 1986; Bartles, 2000; Svitkina et 
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al., 2003). These filaments are cross-linked by different actin bundling proteins, which sometimes act 

alone or in concert. At least one thing these bundles have in common is that their formation, elongation, 

and maintenance are dependent in part by the ability of the cell to deliver precise molecular components 

necessary for growth in a timely fashion. The supply of molecules to protrusive actin bundles can occur 

by at least two methods; diffusion of proteins inward from the cell body and by motor-driven transport. 

Here, we evaluate these factors and their influence on bundle growth. 

In this thesis, we showed that filopodia require dynamic cross-linking of their actin filaments to 

grow and reach lengths longer than 3µm. In contrast, a model which involved diffusion coupled with 

irreversible association of fascin cross-linkers could not keep up with physiological rates of filopodial 

elongation, only short or slow growing filopodia. This result prompts the question of how actin is 

sufficiently supplied to tips of growing filopodia since actin, unlike fascin, is stably bound along the 

length of filaments and mimics the aforementioned model. When filaments are long or fast growing, 

monomeric actin from the cell body has to diffuse several microns to reach the barbed end and has to do 

so fast enough to accommodate the rate of filopodial elongation. We predict that transport of actin by 

diffusion to growing filopodial tips can accommodate slow growing or short filopodia, but not long or fast 

growing bundles. To test our prediction, we devised a numerical, one-dimensional, reaction-diffusion 

model of filopodial elongation (schematic representation given in Figure 15A; T.E. Schaus, personal 

communication). Per the model, filopodia grow by free diffusion of actin from the base to tip along with 

biochemical reactions at the barbed end, by the following set of equations, 
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where m is the number of actin molecules (divided by Avogadro’s number), v is the rate of elongation, 

A is the filopodial cross-sectional area, and δ is the actin monomer length, with all parameters for actin 

given in Table 3. Therefore, in this model there are three equations and three unknowns, which can be 

related to one another in graphical form. For instance, a plot of the rate of protrusion versus filopodial 

length shows that for the physiological average rate of protrusion, 2µm/min, filopodia can grow to at most 

a micron long (Figure 15B). As the filopodium continues to grow, lower and lower actin concentration is 

available for tip polymerization (Figure 15C). Furthermore, the model shows that while free diffusion of 

actin to the tip can occur on the order of seconds in short filopodia, it takes over an entire hour for actin to 

diffuse and bind to the tip of 20 micron long filopodia (Figure 15D and E). In the cell, the rate of actin 

diffusion in filopodia could be slowed down by physical obstacles. Therefore, our model represents the 

extreme upper limit or fastest possible delivery of actin to filopodial tips under our assumptions, and yet 

this rate of growth is inconsistent with physiological behavior, which reveals that filopodia can grow to 

20 microns on the order of just minutes. In summary, the model conclusively supports our prediction that 

diffusion of actin along the length of filopodia can only support short or slow growing filopodia. 
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Variable    Value Units References

A 1.1E-14 m2 (assumed dia = 200nm)

D 6 µm2/s Aratyn et al., 2007
Barbed end k on 12 µM-1/s Pollard, 1986

Barbed end k off 1.4 s-1
Pollard, 1986

δ 2.7 nm Schaus et al., 2007
C base 10 µM assumption

 
 
 

Table 3: Parameters used in numerical study 
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Figure 25. Schematic model of actin diffusion along filopodia 
Schematic representation of free actin diffusion along filopodia with 
biochemical reaction at the barbed and plus ends of filopodial filaments. 
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Figure 26. Actin diffusion cannot adequately supply monomers to 
growing tips of long filopodia 
(A) Graphical comparison of filopodial elongation velocity by actin 
incorporation at the tip versus length of filopodia. The decaying curve 
reveals that as filopodia elongate, the rate of growth dramatically 
decreases. According to the model, at the measured average filopodial 
protrusion rate of 2µm/min, filopodia can at best reach 1.6µm in length. 
However, physiological conditions allow filopodia to grow at the same 
rate for at least an order of magnitude longer (B) Plot of actin 
concentration at filopodial tip, Ctip, versus filopodia length. The model 
reveals that the tip actin concentration dramatically decays with 
filopodial growth. 
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Figure 27. Actin diffusion can support short, growing filopodia 
(A) Plot of time taken for filopodia to reach short lengths (0.5-2.5µm). 
Filopodia can grow to short lengths within the order of 10 seconds. (B) 
However, actin delivery by diffusion does not allow for timely growth to 
long lengths (5-20µm). For instance, the model reveals that it takes about 
one hour for filopodia to grow to 20µm, which is much slower than 
physiological growth patterns, which allow filopodia to grow to similar 
lengths on the order of minutes. In summary, the model shows that actin 
diffusion, alone, cannot support typical growth rates of filopodial 
bundles. 
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Alternate mechanisms for actin delivery in filopodia need to be considered for long or rapidly 

growing filopodia. One possibility is that actin monomers dissociate from along the length of filaments, 

near the barbed end, such that they only have to diffuse short distances before reaching and assembling at 

the filopodial tip. Such dissociation may occur via a severing protein(s) or may be intrinsic to the actin 

molecule. However, this is an unlikely scenario since signs of actin dissociation would have been 

apparent in our FRAP studies, which revealed insignificant actin recovery after photobleaching. Another 

possibility is that filament fragments are made available along the filopodial length that can rapidly break 

apart and supply actin monomers to the tip when needed. For instance, Drosophila bristles contain short-

lived snarls of uncross-linked actin bundles along the length (Tilney et al., 2003; Tilney and DeRosier, 

2005). These snarls could come undone at the precise moment when monomers are in demand at the 

growing bundle tip. Since they are localized along the length, actin would only have to diffuse short 

distances and would, therefore, accommodate physiological growth conditions. Alternatively, filamentous 

fragments may be carried along the filopodial shaft by motor proteins, such as myosin XVa (Rzadzinska 

et al., 2004). Again, such fragments may dissolve into monomeric components near the tip to allow for 

filopodial growth. All possible explanations have yet to be experimentally tested. 

 

Role of filopodia in cancer metastasis 

Recent studies have shown that filopodia are strongly correlated with metastasis of cancer cells and poor 

patient prognosis (Hashimoto et al., 2005), however, the role and mechanism of filopodia in cancer are 

currently unknown. As metastasis remains the cause of roughly 90% of deaths from cancer (Gupta and 

Massague, 2005), the study of filopodia and cell motility are a serious research focus. The primary 

objective is to determine the role filopodia play in varying phases of metastasis (that is, the loss of cellular 

adhesion, increased motility and invasiveness, entry and survival in the circulation, exit into new tissue, 

and eventual colonization of a distant site). Recent studies revealed that filopodia may be involved in cell 
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migration and invasion during the initial steps of metastasis (that is, dissociation from primary tumor 

mass, invasion of basal membrane and migration towards the circulatory system) and during the final 

steps of metastasis (extravasation) (D. Vignjevic, personal communication). In between those stages and 

while in the circulatory system, the cells are likely to be passively carried by blood flow. It remains 

unknown how cells, once in transit, slow themselves down prior to exiting the blood vessel, what initiates 

the docking of those cells to their desired destination on the epithelium, and what role filopodia play 

during this process? It is possible that circulating cancer cells are attracted to chemoattractive gradients 

and extracellular matrix tracks that originate or terminate near the target organs or that signals emanating 

from metastatic cells enhance the permeability of blood vessels (Gupta and Massague, 2005). As 

presumed exploratory organelles, filopodia may decode such signals and navigate the cells to those sites. 

One possibility is that once the cells are within close proximity to the vascular wall, adhesion molecules 

near the tips of filopodia and along their shaft may make contacts and anchor the cells, or slow the cells 

from continued flow. This event could trigger the formation of more filopodia, which then, in a 

cooperative manner, guide the cell closer to the wall and eventually allow for extravasation. The same 

events may influence intravasation as well. Our idea that filopodia can generate surface attachments and 

pull cells toward vessels is based on experimental data on growth cone filopodia, which showed that 

when filopodial tips adhere to a surface, they can exert a pulling force  (Heidemann et al., 1990; Smith, 

1994; Suter et al., 1998; Suter and Forscher, 2000) that can transport attached objects toward the growth 

cone body or pull material from the growth cone anterogradely, resulting in engorgement of the 

filopodium and movement of the growth cone in the direction of the filopodium (Goldberg and 

Burmeister, 1986; Smith, 1994; Letourneau, 1996). Such ideas have partially been outlined in the ‘clutch’ 

model, which involves the formation of substrate adhesions between the filopodial actin bundle and the 

extracellular space, which restricts retrograde flow of actin by molecular motors, and generates tension 

that leads to the advancement of a crawling cell (Mitchison and Kirschner, 1988; Jay, 2000). However, 

the location and dynamics of ‘clutching’ (e.g. the force distribution versus time in filopodia) and motor 



 100
proteins which regulate actin flow have not been characterized. With further research and a better 

understanding of filopodia, perhaps the ‘clutch’ model can be applied to metastatic cells during intra and 

extra-vasation. 

As technologies advance, we are likely to identify the molecular mechanisms associated with 

metastatic progression of cancer. Confirming the relevance of filopodia to metastatic motile behavior of 

cancer cells and dissecting the pathways that underlie it are important avenues for future research. 
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Chapter 5: Appendices 

A. Theoretical derivation of dissociation rate constant from FRAP data 

The objective of our FRAP study is to understand the dynamics of wild type fascin and its mutant forms 

in filopodia. The most commonly used approach to describe the mobility of proteins during FRAP 

experiments is to assume the spatiotemporal dynamics of these proteins to be diffusive in nature. We 

hypothesize that the following model takes place during the assembly and disassembly of filopodia: free 

actin, A, and free fascin, in its fluorescent form, F*, and in its bleached form, F, are constantly binding 

together to create actin bound to fluorescent fascin complexes, AF*, and actin-bound to bleached fascin 

complexes, AF; while at the same time, constantly detaching from each other. Thus, we have two 

transitions that undergo a reversible process of binding and unbinding within a structure that can be 

assumed to be immobile and homogeneously distributed: 

A + F *
offk F*

onk F*

↔ AF * 

A + F
offk F

onk F

↔ AF  

 
We shall make the following assumptions in order to solve for the rate constants 
 

• The system, meaning the entire filopodium, is closed; thus, the concentration of available 

fluorescent fascin, bleached fascin and actin molecules remain constant throughout the recovery 

process. This assumption is confirmed in Figure 10. 

• The system is in equilibrium during the binding and dissociation of fluorescent fascin and 

bleached fascin; thus, the concentrations of bound actin, [ ] [ ]AFAF +* , remain constant 

throughout the recovery process. 

• Diffusion occurs within a relatively short period of time compared to the recovery time inside the 

photobleached zone, thus, its own dynamics can be neglected. This assumption is confirmed in 

Figure 17. 
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• Bleached fascin does not rebind to actin; it simply diffuses out of the photobleached zone. 

This is a reasonable assumption to make as the photobleached region is small compared to the 

length of the filopodium, and, therefore, the pool of bleached fascin is small in contrast to the 

available pool of free fluorescent fascin. 

• The number of free fluorescent fascin molecules remains constant in the photobleached region 

throughout the assembly process. This is a reasonable assumption as when free fluorescent fascin 

binds to free actin it is replaced by diffusion. 

 
After taking these assumptions into consideration, we are left with the following recovery model inside 

the photobleached region: 

A + F *
offk

onk
↔AF * 

Differentiating the above equation with respect to time, we can calculate the variation of concentration of 

fluorescent fascin bound to actin, [ ]*AF , and obtain a first degree inhomogeneous differential equation, 

[ ] [ ] [ ] ( )tAFkFAk
dt
dA

offon
** −=  

Solving the above differential equation, we obtain, 

[ ] ( ) [ ] [ ]⎟⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−= ** FA

k
k

tAFk
dt
dA

off

on
off  

 

[ ] ( ) [ ] [ ]
dtk

FA
k
k

tAF

dtdA
off

off

on

−=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
− **

 

 

By integration, we obtain, 
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[ ] ( ) [ ] [ ] ctkFA
k
k

tAF off
off

on +−=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
− **ln  

where c is a constant. 

 

Taking the exponential of both sides of the above relation yields, 

[ ] ( ) [ ] [ ] ( )ctkFA
k
k

tAF off
off

on +−=− exp**  

Thus, the general solution for our model is 

[ ] ( ) ( ) [ ] [ ]*,* exp FA
k
k

tkctAF
off

on
off +−=  

where c’ is a constant. 

We are able to solve for c’ by applying the initial condition, [ ] ( ) [ ]0
** 0 AFtAF == , to our 

general solution. Thus, [ ] [ ] [ ]*
0

*, FA
k
k

AFc
off

on−= , where [AF*]0 is equal to the concentration of 

fluorescent fascin diffusing into the photobleahced zone and binding to free actin during the 

photobleaching time. 

We obtain the following equation that describes our model: 

[ ] ( ) [ ] [ ] [ ] [ ] [ ] ( )tkAFFA
k
k

FA
k
k

tAF off
off

on

off

on −⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−= exp0

****  

By inserting the following constants into the equation: 

[ ]0
*AFI PB =  

[ ] [ ]*FA
k
kI

off

on=∞ , 

where  is intensity at photobleaching event and  is intensity at the final time in the experiment. We 

obtain the following curve-fitting expression: 

PBI ∞I
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( ) ( ) ( )tkIIIt offPBI −−+= ∞∞ exp  

Due to the fact that the fluorescence intensity is non-uniform throughout the filopodium, 

primarily a result of varying levels of GFP upon transfection and technical reasons (alterations in the 

image mode acquisition), we will normalize the intensity values relative to the intensity at the prebleach 

time, , which yields the final curve fitting equation: 0I

( ) ( ) ( )tk
I

II
I
I

I
tI

off
PB −

−
+= ∞∞ exp

000

 

We propose that the decay follows a first degree reaction and can, therefore, extract a half time for fascin 

dissociation in filopodia, 

offk
t 2ln

21 = , 

with mobile fraction (or the proportion of molecules able to undergo exchange), MF, 

PB

PB

II
IIMF

−
−

= ∞

0

. 

 

B. Description of numerical diffusion-reaction models 

A numerical reaction-diffusion model of filopodia was created for the purposes of calculating 

diffusion coefficients from FRAP image sequences (Fig. 17) and predicting theoretical bound fascin 

concentrations along growing filopodia (Fig. 21-22). The model consisted of a 1D tube of varying cross-

section, discretized into relatively small (constant, ∆x = 0.05 µm long), uniform-concentration segments 

along its length. Over small time steps (∆t ≈ 0.0025 s), deterministic calculations of diffusion between 

adjacent segments (using Fick’s law) and first- and second-order kinetic reactions within a segment were 

made. The filopodial base was assumed held at a constant soluble fascin concentration, while the tip was 

a reflecting boundary (i.e. a “wall”). The simulation was thus a discretization of the 1D diffusion-reaction 

equations, as follows: 
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where square brackets denote concentrations, the subscript i denotes the axial segment (position), Aci 

denotes the filopodial cross-sectional area of segment i, and koff and kon are the kinetic rate constants 

(given in Table 1). The following boundary conditions were applied: 

 
basei FF ][][ 0 ==  fascin concentration is fixed at base 

 

0
][

=
∆

∆ =

x
F tipi  fascin gradient is zero (no diffusion) at tip  

 

t
x

V
∆

=elements ofnumber  filopodial length grows at rate V in time t  

 
In the experimental determination of diffusion coefficients (Fig. 5), sequential images of soluble 

markers undergoing FRAP provided data on the cross-sectional areas and marker concentrations along 

filopodia. The total number of labeled molecules assigned to each model segment was taken as the total 

intensity of the pixels in the corresponding image area. Because soluble markers in the pre-bleach image 

were at a uniform concentration, their total segmental intensity indicated the (significantly varying) cross-

sectional area Aci of each axial segment i. Similarly, the first post-bleach image indicated the total number 

of labeled molecules per segment, but in the “initial condition” state. The model was therefore initialized 

with the filopodial length, respective segment cross sectional areas, and initial concentrations [F]i, (t = 0) 

equal to the total number of molecules in the first post-bleach image divided by the cross-sectional area at 

each segment. Filopodial length remained constant (i.e. V = 0) in both the images and these simulations. 
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Time-dependent diffusion calculations were then carried out (no kinetics were required here), and a 

recovery profile of the total filopodial fluorescence with time was plotted.  This profile was compared to 

the experimental profile measured in the same manner, and the diffusion coefficient of the model was 

adjusted iteratively for a profile match. The diffusion coefficient used to attain a matching profile was 

then reported. 

 Calculation of the theoretical bound fascin concentration along the length of a growing 

filopodium (Fig. 21-22) used the same technique but calculated kinetics and simulated filopodial growth. 

From an initial length near zero, segments were added to the tip to match the desired filopodial elongation 

rate V, and appeared with a constant available fascin binding site concentration [S]i and constant Aci, but 

zero occupied sites [FS]i. Each additional segment was accompanied by a shift in soluble concentration 

values toward the new segment, with the filopodial base segment drawing in fascin at the fixed base 

concentration. From an initial length near zero, each time step consisted of both diffusion calculations 

between segments and kinetic on- and off-reactions within them. The result was a bound fascin 

concentration value as a function of time and axial position. 

 Values measured from B16 cells were used in modeling. The soluble fascin concentration at 

equilibrium was equal to that of the cellular pool, [F], and measured by quantitative western blotting to be 

100 nM (Appendix B). To determine the total binding site concentration, we first calculated the available 

binding site concentration [S] at equilibrium. Taking advantage of the data from Fig. 20, indicating the 

fraction of fascin in filopodia which are bound fbound: 
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The same calculation using a value of fbound = 0.95 results in [S] = 3 µM. Using this range of 3 to 7 µM, 

we can calculate the total binding site concentration as: 
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conc. site binding total][][ =+ FSS  ⎟
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off
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We therefore initialized each added filopodial segment with [FS] = 0 (no bound fascin) and [S] = 10 µM. 

 

C. Effective diffusion of fascin in filopodia 

While we have already found that the free diffusion coefficients of WT fascin (i.e., in its unbound 

state) is 6.0 µm2s-1, its effective diffusion coefficient describes its overall motility.  That is, instead of a 

full description of the kinetic and diffusive processes fascin alternates between, we may more simply 

describe the apparent motion as diffusion with a lower, effective diffusion coefficient. In general, the 1D 

diffusion coefficient of a molecule is the average distance traveled squared, divided by twice the time 

elapsed: D = xRMS
2/(2t). Because fascin molecules in filopodia are only free 2 – 6% of the time (Fig. 7), 

the time required to travel a distance xRMS is the inverse, or 50 – 17 times the interval required for non-

binding molecules with the same actual diffusion coefficient.  The apparent, or effective, diffusion 

coefficients of active forms of GFP-tagged and WT fascin are thus only 0.12 – 0.35 µm2s-1. 

 

D. Determination of the operating fascin:actin ratio in filopodia 

Quantitative immunoblotting was used to determine the concentration of cellular fascin protein to 

be 100-300 nM in B16 cells (350-500nM in N2a cells). That value was converted to number of fascin 

molecules per cell by dividing the amount of fascin protein by molecular weight of fascin (55 kD) and 

Avogrado’s number, yielding 1.0-2.5x105 molecules per B16 cell (3.0-4.6x105 per N2a cell). Using 

fluorescence microscopy, we determined the percent of total fascin molecules in a cell which localize to 

filopodia, 11% in B16 (29% in N2a). To calculate the number of fascin molecules in one filopodium, we 
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divided by the average number of filopodia per cell (number of filopodia in B16 cells = 30, n = 88; 

number of filopodia in N2a cells = 60, n = 30), or 

 

.filopodiumfascin /  920368
filopodia 30

molecules 105.20.111.0
5

−=
−

×
x

 

 
Similar calculations yielded 1450-2200 fascin per N2a filopodium. We found that, on average, B16 

filopodia were 3µm long (Vignjevic et al. 2006) and N2a filopodia were 8µm (current study). By 

assuming that filopodia contain 20 actin filaments (Lewis and Bridgeman, 1992; Mogilner and 

Rubinstein, 2005) and using the accepted incremental extension of an actin monomer of 2.7 nm, which 

gives 370 actin monomers per µm of filament, we found that the filopodia contain: 

 
( )( )

fascin
monomersactin  6025

fascin 920368
filopodium

filopodium
µm 3filaments 20

µm
monomersactin  370

−=
−

×× . 

 
Similar calculations yielded 27-41 actin per fascin in neuronal N2a filopodia. 
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Chapter 6: Materials and Methods 
 
Protein Purification 
 
Actin  

Actin was purified from rabbit muscle as previously described (Spudich and Watt, 1971). TMR-actin was 

prepared by labeling F-actin with 5-(and 6) carboxytetramethylrhodamine succinimidyl ester (NHSR) 

(Molecular Probes) as described in (Isambert et al., 1995) and stored at -80C. Biotinylated-actin was 

prepared with biocytin maleimide (Molecular Probes) by the method of Rock et al (Rock et al., 2000). 

Before use, labeled G-actin was recycled by polymerization for 2h on ice in the presence of 50mM KCl, 

2mM MgCl, and 1mM ATP, sedimentation at 100,000 g for 1.5h at 4°C, resuspension in cold G buffer 

(2mM Tris-HCL, 0.2mM CaCl, 0.2mM ATP, and 0.5mM DTT) to a final concentration of 2 mg/ml, and 

dialysis overnight against G buffer using microdialysis buttons (Pierce Chemical Co.). 

 

Fascin 

Recombinant human fascin was prepared by a modification of the method of Ono et al. (Ono et al., 1997). 

E. Coli carrying the plasmid was grown at 37°C until the A600 reached 0.6. Protein expression was 

induced by adding 0.1 mM IPTG at 20C for 4 h. Cells were harvested by centrifugation and extracted 

with B-PER in phosphate buffer (Pierce Chemical Co.) plus 1mM PMSF and 1mM DTT. The lysate was 

centrifuged at 20,000 g for 20 min, and the supernatant was mixed for 1 h at RT with 2ml glutathione-

Sepharose 4B (Amersham Biosciences) equilibrated with PBS plus 1 mM DTT. The glutathione-

Sepharose was poured into a column and washed with 20ml PBS plus 1mM DTT. 80µl of thrombin 

(Amersham Biosciences) was added, and digestion was allowed to proceed overnight at 4°C. 

Flowthrough fractions were collected in 2 mM PMSF and concentrated by Centricon 10 (Amincon). 

Fascin was labeled with AlexaFluor 488 carboxylic acid, succinimidyl ester (Alexa 488-NHS, Molecular 

Probes). The pH of the fascin solution was raised to 8.3 by the addition of 1/20 volume of 0.1 M NaHCO3 

, pH 9.3.  A ten fold molar excess of Alexa 488-NHS was added from a stock solution of 25mg/ml in 
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DMSO and reacted for one hour at RT. Free dye was separated from labeled fascin on an Excellulose 

desalting column (Pierce). 

 

In vitro bundling assay 

22mm x 22mm coverslips were cleaned with 70% ethanol and blown dry with air (same applies to 

microscope slides). Coverslips were coated with nitrocellulose (1% collodion in amyl acetate (Electron 

Microscopy Sciences)) and allowed to air dry for 1hr. Chambers were created by placing two strips of 

double-sided tape onto microscope slides, 0.5 inch apart, and placing coverslip (nitrocellulose coating 

face down) on top of taped slide. Neutravidin mix (1µl of 5mg/ml Neutravidin in 50mM PBS (pH 8.0) to 

20µl actin polymerization buffer (10mM Imidazole (pH 7.0) 50mM KCl, 1mM MgCl2, 1mM EGTA)) 

was infused into perfusion chamber and allowed to incubate at RT for 1min. Chamber was washed 2x 

with 1mg/ml BSA in actin polymerization buffer to block any non-specific binding. The bundle mixture* 

was infused into chamber. Chamber inlet and outlet was sealed with vasaline/lanolin/paraffin (1:1:1). 

 

*Bundle mixture: To visualize TMR-actin in fascin-actin bundles, 1µM TMR-actin, 3µM unlabeled actin 

and 1µM Biotinylated-actin were added to an eppindorf tube and allowed to polymerize in actin 

polymerization buffer. 3µM unlabeled fascin was subsequently added to cross-link the filaments. To 

visualize Alexa488-fascin in fascin-actin bundles, 3µM unlabeled fascin and 1.5µM Alexa488-fascin 

were used to bundle filaments composed of 3µM unlabeled actin and 1µM Biotinylated-actin. Fluorescent 

actin and fascin had to be used in separate experiments as the fluorescent tags likely interfered with 

bundling. In vitro bundles were allowed to incubate at RT for 1hr. The following were used to inhibit 

photobleaching: 4.5mg/ml glucose, 0.86 mg/ml glucose oxidase (Sigma G-2133), and 0.14mg/ml catalase 

(Sigma C-3155) added to bundle mixture prior to imaging. 
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Figure 28. In vitro assay 
(A) TMR-actin polymerized in the absence of cross-linking yields wavy, 
unbundled filaments. Addition of fascin resulted in the formation of 
thicker, stiffer actin bundles. Both viewed by wide field Epi-fluorescent 
microscopy. Scale Bar, 5µm. (B) Diagram illustrating the assay chamber. 
It consists of a microscope slide with 2 pieces of double-sided tape, 
spaced as shown. A nitrocellulose-coated coverslip was placed face-
down on the tape. Solutions containing fascin-actin bundles were 
perfused in one side via a pipette. (C) Profile view of perfusion chamber 
design. Actin-fascin bundles were tethered to the nitrocellulose-coated 
coverslip in the chamber via a biotin-neutravidin interaction. 
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Cell Culture 

B16F1 mouse melanoma and Neuro2a mouse neuroblastoma lines were provided by Drs. C. Ballestrem 

(Weizmann Institute of Science, Israel) and A. Ferreira (Northwestern University, Chicago, IL), 

respectively, and maintained in DMEM supplemented with 10% FBS at 37°C. Cells were plated onto 

coverslips, which were coated with 20µg/ml mouse laminin (Invitrogen) for 1hr and thereafter incubated 

with 1% bovine serum albumin in Phosphate Buffered Saline for 20min. Transfection of plasmids was 

carried out by FuGENE6 (Roche) transfection reagent in B16 cells and TransIT-Neural (Mirus) reagent 

for Neuro2a cells, both per manufacturers’ instructions (transfection: 1µg DNA, 4µl FuGENE6 reagent or 

1µl TransIT-Neural reagent, 100µl Optimem medium (Gibco)). For live cell imaging, cells were 

transferred into L-15 medium (Gibco) supplemented with 10% Fetal Bovine Serum (Atlanta BioScience). 

 

Plasmids 

pEGFP-actin construct was purchased from Clonetech. pEGFP-Fimbrin was provided by Dr. J. Bartles 

(Northwestern University, Chicago, IL). pEGFP-fascin construct was provided by Dr. J. Adams 

(Cleveland Clinic Foundation, Cleveland, OH). QuikChangeII site-directed mutagenesis kit (Stratagene) 

was used to create point mutations.  
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Figure 29. A schematic illustration of pEGFP-fascin vector. Total 
nucleotide length is 6.2kb, with fascin insert having 1.5kb. Not shown: 
plasmid is coded for kanamycin resistance. 
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Name Primer Name Primer Sequence (5' to 3')

S39A S39A-F GTGAACGCGTCCGCCAGCGCCCTGAAGAAGAAGCAGATCTGGACG

S39A-R CGTCCAGATCTGCTTCTTCTTCAGGGCGCTGGCGGACGCGTTCAC

S39E S39E-F GTGAACGCGTCCGCCAGCGAACTGAAGAAGAAGCAGATCTGGACG

S39E-R CGTCCAGATCTGCTTCTTCTTCAGTTCGCTGGCGGACGCGTTCAC

F29A F29A-F ACGGCCGAGGCGGCCGGGTTCAAGGTG

F29A-R CACCTTGAACCCGGCCGCCTCGGCCGT

F29E F29E-F CTGACGGCCGAGGCGGAAGGGTTCAAGGTGAAC

F29E-R GTTCACCTTGAACCCTTCCGCCTCGGCCGTCAG

  
 
 
Table 4. Design of fascin mutants. All mutants were designed using the 
pEGFP-fascin WT DNA template.  
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Filename         : pEGFP-fascin 
Sequence Size    : 6379 
 
 AgeI    610       620       630       640       650       660 
 ACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG 
              M  V  S  K  G  E  E  L  F  T  G  V  V  P  I  L   
         670       680       690       700       710       720 
  GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC 
  V  E  L  D  G  D  V  N  G  H  K  F  S  V  S  G  E  G  E  G   
         730       740       750       760       770       780 
  GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTG 
  D  A  T  Y  G  K  L  T  L  K  F  I  C  T  T  G  K  L  P  V   
         790       800       810       820       830       840 
  CCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC 
  P  W  P  T  L  V  T  T  L  T  Y  G  V  Q  C  F  S  R  Y  P   
         850       860       870       880       890       900 
  GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG 
  D  H  M  K  Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q  E   
         910       920       930       940       950       960 
  CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG 
  R  T  I  F  F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E   
         970       980       990      1000      1010      1020 
  GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC 
  G  D  T  L  V  N  R  I  E  L  K  G  I  D  F  K  E  D  G  N   
        1030      1040      1050      1060      1070      1080 
  ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGAC 
  I  L  G  H  K  L  E  Y  N  Y  N  S  H  N  V  Y  I  M  A  D   
        1090      1100      1110      1120      1130      1140 
  AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGC 
  K  Q  K  N  G  I  K  V  N  F  K  I  R  H  N  I  E  D  G  S   
        1150      1160      1170      1180      1190      1200 
  GTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTG 
  V  Q  L  A  D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L  L   
        1210      1220      1230      1240      1250      1260 
  CCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGC 
  P  D  N  H  Y  L  S  T  Q  S  A  L  S  K  D  P  N  E  K  R   
        1270      1280      1290      1300      1310      1320 
  GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAG     EGFP 
  D  H  M  V  L  L  E  F  V  T  A  A  G  I  T  L  G  M  D  E   
   BsrGI   BspEI/SmaI       1350      1360      1370      1380     Start 
  CTGTACAAGTCCGGGGGgccgcgcagcggcctctcgtctactgccaccatgaccgccaac     Human 
  L  Y  K  S  G  G  P  R  S  G  L  S  S  T  A  T  M  T  A  N       Fascin1 
        1390      1400      1410      1420      1430      1440 
  ggcacagccgaggcggtgcagatccagttcggcctcatcaactgcggcaacaagtacctg 
  G  T  A  E  A  V  Q  I  Q  F  G  L  I  N  C  G  N  K  Y  L   F29—A—E  
        1450      1460      1470      1480      1490      1500 TTC—GCC—GAA  
  acggccgaggcgttcgggttcaaggtgaacgcgtccgccagcagcctgaagaagaagcag 
  T  A  E  A  F  G  F  K  V  N  A  S  A  S  S  L  K  K  K  Q            S39—A—E  
        1510      1520      1530      1540      1550      1560 AGC—GCC—GAA  
  atctggacgctggagcagccccctgacgaggcgggcagcgcggccgtgtgcctgcgcagc 
  I  W  T  L  E  Q  P  P  D  E  A  G  S  A  A  V  C  L  R  S   
        1570      1580      1590      1600      1610      1620 
  cacctgggccgctacctggcggcggacaaggacggcaacgtgacctgcgagcgcgaggtg 
  H  L  G  R  Y  L  A  A  D  K  D  G  N  V  T  C  E  R  E  V   
        1630      1640      1650      1660      1670      1680 
  cccggtcccgactgccgtttcctcatcgtggcgcacgacgacggtcgctggtcgctgcag 
  P  G  P  D  C  R  F  L  I  V  A  H  D  D  G  R  W  S  L  Q   
        1690      1700      1710      1720      1730      1740 
  tccgaggcgcaccggcgctacttcggcggcaccgaggaccgcctgtcctgcttcgcgcag 
  S  E  A  H  R  R  Y  F  G  G  T  E  D  R  L  S  C  F  A  Q   
        1750      1760      1770      1780      1790      1800 
  acggtgtcccccgccgagaagtggagcgtgcacatcgccatgcaccctcaggtcaacatc 
  T  V  S  P  A  E  K  W  S  V  H  I  A  M  H  P  Q  V  N  I   
        1810      1820      1830      1840      1850      1860 
  tacagcgtcacccgtaagcgctacgcgcacctgagcgcgcggccggccgacgagatcgcc 
  Y  S  V  T  R  K  R  Y  A  H  L  S  A  R  P  A  D  E  I  A   
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        1870      1880      1890      1900      1910      1920 
  gtggaccgcgacgtgccctggggcgtcgactcgctcatcaccctcgccttccaggaccag 
  V  D  R  D  V  P  W  G  V  D  S  L  I  T  L  A  F  Q  D  Q   
        1930      1940      1950      1960      1970      1980 
  cgctacagcgtgcagaccgccgaccaccgcttcctgcgccacgacgggcgcctggtggcg 
  R  Y  S  V  Q  T  A  D  H  R  F  L  R  H  D  G  R  L  V  A   
        1990      2000      2010      2020      2030      2040 
  cgccccgagccggccactggctacacgctggagttccgctccggcaaggtggccttccgc 
  R  P  E  P  A  T  G  Y  T  L  E  F  R  S  G  K  V  A  F  R   
        2050      2060      2070      2080      2090      2100 
  gactgcgagggccgttacctggcgccgtcggggcccagcggcacgctcaaggcgggcaag 
  D  C  E  G  R  Y  L  A  P  S  G  P  S  G  T  L  K  A  G  K   
        2110      2120      2130      2140      2150      2160 
  gccaccaaggtgggcaaggacgagctctttgctctggagcagagctgcgcccaggtcgtg 
  A  T  K  V  G  K  D  E  L  F  A  L  E  Q  S  C  A  Q  V  V  
        2170      2180      2190      2200      2210      2220 
  ctgcaggcggccaacgagaggaacgtgtccacgcgccagggtatggacctgtctgccaat 
  L  Q  A  A  N  E  R  N  V  S  T  R  Q  G  M  D  L  S  A  N   
        2230      2240      2250      2260      2270      2280 
  caggacgaggagaccgaccaggagaccttccagctggagatcgaccgcgacaccaaaaag 
  Q  D  E  E  T  D  Q  E  T  F  Q  L  E  I  D  R  D  T  K  K   
        2290      2300      2310      2320      2330      2340 
  tgtgccttccgtacccacacgggcaagtactggacgctgacggccaccgggggcgtgcag 
  C  A  F  R  T  H  T  G  K  Y  W  T  L  T  A  T  G  G  V  Q   
        2350      2360      2370      2380      2390      2400 
  tccaccgcctccagcaagaatgccagctgctactttgacatcgagtggcgtgaccggcgc 
  S  T  A  S  S  K  N  A  S  C  Y  F  D  I  E  W  R  D  R  R   
        2410      2420      2430      2440      2450      2460 
  atcacactgagggcgtccaatggcaagtttgtgacctccaagaagaatgggcagctggcc 
  I  T  L  R  A  S  N  G  K  F  V  T  S  K  K  N  G  Q  L  A   
        2470      2480      2490      2500      2510      2520 
  gcctcggtggagacagcaggggactcagagctcttcctcatgaagctcatcaaccgcccc 
  A  S  V  E  T  A  G  D  S  E  L  F  L  M  K  L  I  N  R  P   
        2530      2540      2550      2560      2570      2580 
  atcatcgtgttccgcggggagcatggcttcatcggctgccgcaaggtcacgggcaccctg 
  I  I  V  F  R  G  E  H  G  F  I  G  C  R  K  V  T  G  T  L   
        2590      2600      2610      2620      2630      2640 
  gacgccaaccgctccagctatgacgtcttccagctggagttcaacgatggcgcctacaac 
  D  A  N  R  S  S  Y  D  V  F  Q  L  E  F  N  D  G  A  Y  N   
        2650      2660      2670      2680      2690      2700 
  atcaaagactccacaggcaaatactggacggtgggcagtgactccgtggtcaccagcagc 
  I  K  D  S  T  G  K  Y  W  T  V  G  S  D  S  V  V  T  S  S   
        2710      2720      2730      2740      2750      2760 
  ggcgacactcctgtggacttcttcttcgagttctgcgactataacaaggtggccatcaag 
  G  D  T  P  V  D  F  F  F  E  F  C  D  Y  N  K  V  A  I  K   
        2770      2780      2790      2800      2810      2820 
  gtgggcgggcgctacctgaagggcgaccacgcaggcgtcctgaaggcctcggcggaaacc 
  V  G  G  R  Y  L  K  G  D  H  A  G  V  L  K  A  S  A  E  T   
        2830      2840      2850      2860      2870      2880     STOP 
  Gtggaccccgcctcgctctgggagtactagggccggcccgtccttccccgcccctgccca     3'UTR 
  V  D  P  A  S  L  W  E  Y  *  
        2890      2900      2910      2920      2930      2940 
  catggcggctcctgccaaccctccctgctaaccccttctccgccaggtgggctccagggc 
        2950      2960      2970      2980      2990      3000 
  gggaggcaagcccccttgcctttcaaactggaaaccccagagaaaacggtgcccccacct 
        3010      3020      3030      3040      3050      3060 
  gtcgcccctatggactccccactctcccctccgCCCGGGATCCACCGGATCTAGATAACT 
                                   SmaI  BamHI 
 
  
 

Figure 30. Sequence of human fascin1. cDNA and amino acid 
sequence. Position of mutations at F29 and S39 are shown in cyan and 
red, respectively. Sequence of EGFP precedes that of fascin. 
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Quantitative Immunoblotting 

Cells were lysed in buffer containing 10mM Tris, [pH 7.5], 150mM NaCl, 1% Triton X-100, 10% 

glycerol, and protease inhibitor tablet (Roche). Lysate and purified fascin protein were loaded onto a 

SDS-PAGE (4-20% polyacrylamide) and immunoblotted with mouse monoclonal anti-fascin primary 

antibody (DAKO Cytomation) and secondary mouse antibody (Sigma) using standard protocols. The 

amount of fascin in cell lysates was evaluated by comparing the intensity of the bands of each sample 

(background subtracted) with the pure fascin standard by densitometry using NIH ImageJ software. 
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Figure 31. Protein standard curve.  
Lysate fascin concentration was determined from protein standardization 
curve. Band intensities for fascin protein standards were measured and 
plotted versus amount of fascin loaded onto gel. A second order 
polynomial function was used to fit the data, with x = fascin (ng) and y = 
band intensity. To calculate amount of protein in lysate, lysate band 
intensities (y-axis) were located on plot and matched with corresponding 
fascin concentration (x-axis), or determined from curve fitting equation. 
This plot corresponds to standard curve for western blot in figure 18. 
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Immunofluorescent staining of fixed cells  

Immunostaining was performed after cell extraction for 3 to10 min in 1% Triton X-100 in PEM buffer 

(100 mM Pipes, pH 6.9, 1 mM MgCl2, and 1 mM EGTA), containing 4% polyethylene glycol, mol wt 

40,000 (SERVA), and 2 µM phalloidin (Sigma-Aldrich), followed by fixation with 0.2% glutaraldehyde 

and quenching with NaBH4. For phalloidin staining, 0.033 µM Texas Red phalloidin (Molecular Probes, 

Inc.) was added to the extraction solution instead of unlabeled phalloidin. GFP-fascin expressing cells 

were stained with Texas Red phalloidin after fixation of unextracted cells, followed by permeabilization 

with 1% Triton X-100 in PBS. 

 

Microscopy 

Epi-fluorescent microscopy 

Light microscopy was performed using an Eclipse TE2000 microscope (Nikon) equipped with a 

Plan 100x 1.3 NA objective (Nikon) and a back-illuminated cooled CCD camera (CH250, Roper 

Scientific). MetaMorph Imaging software (Universal Imaging Corp) was used for image acquisition and 

analysis. For live cell imaging, cells were kept in a CO2-independent culture medium (L-15, Gibco) at 37 

˚C. 

 

FRAP and FLIP 

FRAP and FLIP experiments were performed on a Zeiss LSM 510 Meta confocal microscope with a 

100x/1.3 N.A. planapochromat oil objective. TMR-actin was excited with the 543nm line of a HeNe laser 

(1mW) while GFP- and Alexa488-tagged proteins were excited with the 488nm line of an argon laser 

(25mW). We photobleached fluorescence using a rectangular region of 1µm2 area for 0.7-1.7 seconds 

using 100% laser power for photobleaching and recorded images at attenuated laser settings. 

 FRAP data was analyzed as follows: the average intensity in the bleached zone was measured 

over the time course of the experiment. Prior to quantifying the fluorescence recovery, the measurements 

http://www.jcb.org/cgi/redirect-inline?ad=Sigma-Aldrich
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were corrected for photobleaching during image acquisition by a bleaching correction factor. This 

factor was determined by curve-fitting the fluorescence decay of a filopodium located far from the site of 

bleaching during a FRAP experiment (non-bleached bundle in the in vitro experiments) with a single 

exponential function, ( )tkdecay−exp , to extract a decay constant, . We then multiplied the intensity 

in the bleached zone by the correction factor,

decayk

( )tkdecay−exp , for each time point, t,  in the experiment to 

obtain a normalized recovery profile. We curve fit the in vivo FRAP profile with a double exponential 

function, ( ) )exp(*25.0)exp(*75.0 tktkItI slowfastf −−−−= , and single exponential function, 

( ) ( ) ( )tkIIItI fastfof −−+= exp , for the in vitro experiment since fluorescence recovered rapidly to 

pre-bleach values, where is the intensity of the bleached zone at the final time of the experiment 

relative to the pre-bleach state, is the intensity immediately post bleach relative to the pre-bleach 

state,  is the constant reflecting the recovery to quasi-steady state when fascin cross-links have 

redistributed evenly within the filopodium, and  is the constant reflecting the recovery to pre-bleach 

intensity. The half time for dissociation was calculated as 

fI

oI

fastk

slowk

fastkt 2ln21 = , with average values along with 

their 95% confidence interval reported. 

 FLIP data was analyzed by measuring the loss in fluorescence near the filopodial tip. The intensity loss 

was multiplied by a photobleaching correction factor, which was determined in the same manner as 

above. Once normalized, the decay in fluorescence was fit with a single exponential function, 

( ) ( )tkItI offo −= exp , where  is the initial intensity relative to the pre-bleach state and is the 

dissociation rate constant.

oI offk
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