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SUMMARY

Cells assemble and maintain functionally distinct actin cytoskeleton networks with various actin 

filament organizations and dynamics through the coordinated action of different sets of actin 

binding proteins. The biochemical and functional properties of diverse actin binding proteins, both 

alone and in combination, have been increasingly well studied. Conversely, how different sets of 

actin binding proteins properly sort to distinct actin filament networks in the first place is not 

nearly as well understood. Actin binding protein sorting is critical for the self-organization of 

diverse dynamic actin cytoskeleton networks within a common cytoplasm. Using in vitro 

reconstitution techniques including biomimetic assays and single molecule multi-color TIRF 

microscopy, we discovered that sorting of the prominent actin bundling proteins fascin and α-

actinin to distinct networks is an intrinsic behavior, free of complicated cellular signaling 

cascades. When mixed, fascin and α-actinin mutually exclude each other by promoting their own 
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recruitment and inhibiting recruitment of the other, resulting in the formation of distinct fascin- or 

α-actinin-bundled domains. Subdiffraction-resolution light microscopy and negative staining 

electron microscopy revealed that fascin domains are densely packed, while α-actinin domains 

consist of widely spaced parallel actin filaments. Importantly, other actin binding proteins such as 

fimbrin and espin show high specificity between these two bundle types within the same reaction. 

Here we directly observe that fascin and α-actinin intrinsically segregate to discrete bundled 

domains that are specifically recognized by other actin binding proteins.

Graphical abstract

INTRODUCTION

Cells simultaneously assemble and disassemble multiple actin filament (F-actin) networks 

from a common pool of proteins [1]. The filament organization and dynamics of these 

networks are tailored to facilitate different fundamental cellular processes such as motility, 

cytokinesis and endocytosis. Functionally diverse F-actin networks are optimized to perform 

specific tasks through the coordinated actions of numerous actin binding proteins (ABPs) 

with complementary biochemical properties [1]. F-actin networks obtain their particular 

properties by recruiting unique sets of ABPs that specifically shape the networks by directly 

regulating the F-actin geometric organization, turnover dynamics and protein composition 

[2].

Although the behavior of individual ABPs has been well studied, we know far less about 

how they segregate to the proper F-actin network in the first place. At least three non-

mutually exclusive mechanisms have been suggested [2]. First, signaling cascades, such as 

through Rho family GTPases, control the formation of different types of networks by 

regulating ABPs. For example, the Arp2/3 complex nucleation promoting factors WASP/

WAVE and Diaphanous-related formins induce branched or straight filament organizations 

in response to different signals [3, 4]. Second, the F-actin binding affinities of ABPs may be 

altered locally, such as through the local chemical environment (e.g. pH or ion 
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concentration). Third, actin filaments within different networks may selectively bind 

different ABPs through recognition of different F-actin features (e.g. branched vs. straight 

architecture) or specific F-actin conformations [2, 5–7].

Metazoan cells contain two general types of bundled F-actin networks that display different 

mechanical properties as a consequence of their association with unique sets of ABPs. The 

first type of network contains tightly packed, parallel-aligned filaments that drive membrane 

protrusions such as filopodia, microvilli and stereocilia. These networks are associated with 

one or more compact bundlers such as fimbrin/plastin, espin/forked, and fascin [8]. The 

second type of network contains widely spaced filaments of mixed polarity. These networks 

make up contractile elements such as stress fibers, muscle sarcomeres and cytokinetic rings. 

They are often associated with the bundling protein α-actinin, an elongated but rigid 

homodimer [9].

Since these bundling proteins facilitate the formation of F-actin networks with 

fundamentally different mechanical properties and vastly different architectures, we posit 

that their segregation could occur without the need for any complex signaling mechanisms. 

We demonstrate through in vitro reconstitution and multi-color Total Internal Reflection 

Fluorescence Microscopy (TIRFM) imaging that self-segregation is an intrinsic property of 

fascin and α-actinin. Fascin and α-actinin compete for F-actin not through simple mass 

action competition, but rather they each drive the formation of F-actin bundles that enhance 

their own recruitment while excluding the other. Therefore, there is a segregation mechanism 

intrinsically built into these classes of bundlers driving them to different types of F-actin 

networks. Additionally, we show that other ABPs discriminate between these types of 

bundles, likely through recognition of a structural or architectural feature of the F-actin 

bundle. We provide evidence that suggests this feature is the spacing between the actin 

filaments.

RESULTS

Fascin and α-actinin bundle F-actin cooperatively and with similar efficiency

Fascin1 and α-actinin-4 are widely expressed F-actin bundling proteins with very different 

structural organization. Fascin is a globular protein (diameter ~5–6 nm) that uses four 

tandem β-trefoil domains to bind F-actin (Figure 1A) [10–13], whereas α-actinin is a dimer 

consisting of two calponin homology F-actin binding domains separated by a rod formed of 

spectrin repeats producing an elongated molecule on the order of 35 nm (Figure 1A) [14–

16]. Given that fascin and α-actinin are found at very different types of bundled F-actin 

networks in cells, we considered whether their segregation is an intrinsic property or 

requires other cellular factors. Therefore, we analyzed their behavior when mixed in F-actin 

bundling assays in vitro. We first investigated the bundlers alone. Fascin and α-actinin 

bundle F-actin with moderate cooperativity (Hill coefficient: 2.3 and 2.5) and with similar 

bundling affinity (KD = 272 and 290 nM) in low speed sedimentation assays (Figures 1B and 

1C). Cooperative F-actin bundling was directly visualized with two-color TIRFM assays. 

Fascin-mediated bundling initiates slowly from discrete spots (Figure 1D), but then 

progresses rapidly, with fascin intensity saturating within seconds (Figure 1E). This suggests 

two limiting steps in bundling, whereby filaments must come into close proximity by 
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diffusion and bundler concentration must be above a critical threshold. This bundling 

threshold is ~25 to 50 nM for fascin and α-actinin, since lower concentrations form transient 

bundles that fall apart rapidly (not shown). Although structurally very different, we conclude 

that Fascin and α-actinin bundle F-actin cooperatively and with similar efficiency.

Fascin and α-actinin segregate to different F-actin networks on biomimetic beads

Since fascin and α-actinin make bundles with unique properties and associate with different 

F-actin networks in cells, we tested whether they compete for F-actin in simplified systems 

using purified components. When mixed in sedimentation assays, increasing concentrations 

of α-actinin reduce the amount of fascin in F-actin bundles, revealing a competitive 

relationship (Figure 2A). We then asked whether fascin and α-actinin intrinsically segregate 

to different F-actin networks assembled in vitro, free of cellular signaling networks (Figures 

2B–2G) [17]. We generated a mixture of short-branched and protruding filopodia-like F-

actin networks on biomimetic beads (Figure 2B). Actin (1% Oregon green-actin) was 

assembled from beads coated with the Arp2/3 complex activator GST-pWA in reactions 

containing capping protein, profilin and fascin in either the absence or presence of α-actinin. 

In these conditions beads form long comet tails (Figures 2B and 2C) and become motile (not 

shown). The periphery contains protrusive F-actin networks that are detectable with 

enhanced image brightness (Figure 2C, inset). In the absence of α-actinin, Cy5-fascin 

associates with both networks (Figure 2C). When TMR-α-actinin is included in the reaction, 

comet tails are shorter and TMR-α-actinin localizes more intensely to comet tails than 

protrusions (Figure 2D). Importantly, in the presence of α-actinin, fascin is depleted in 

comet tails and enriched in protrusions (Figures 2D–2G). Therefore α-actinin and fascin 

appear to have intrinsic properties that are sufficient to drive their segregation in the absence 

of the complex cellular environment. Because we are observing large-scale network effects 

at low resolution, and filament architecture is complex, the mechanism(s) driving 

segregation is difficult to elucidate using biomimetic bead assays.

Fascin and α-actinin separate into mutually exclusive domains on F-actin bundles

To better understand the mechanisms by which α-actinin and fascin segregate, we employed 

multi-color TIRFM to directly visualize bundle formation of elongating actin filaments 

(15% Oregon green-actin). To simplify analysis, we looked exclusively at two-filament 

bundle formation. Two-filament bundles contain unbundled leading barbed ends (marked by 

arrowheads in all figures) and trailing barbed ends (marked by arrows) of the bundle (see 

Figure 3A). With TMR-fascin alone, the trailing barbed end is rapidly bundled, as there is no 

resolvable lag between TMR-fascin signal and the elongating trailing barbed end (Figures 

3A and 3B; Movie S1). TMR-fascin associates with the entire length of the two-filament 

bundle (Figures 3A–3C). Conversely, when unlabeled α-actinin was included in the reaction, 

TMR-fascin separates into discrete domains of the two-filament bundle (Figures 3D–3F; 

Movie S1). In the presence of α-actinin, fascin-decorated two-filament bundles are 

punctuated by long stretches of bundle devoid of fascin (Figures 3D and 3E, asterisks). Line 

scans revealed that TMR-fascin signal within these undecorated regions is not above levels 

associated with either single filaments or background binding (Figure 3F). Elongation rates 

of the trailing filament barbed ends are reduced ~10% in Fascin domains, but not α-actinin 

domains (Figure S1), perhaps because of a structural difference in fascin bundles [18, 19], or 
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the dense packing of filaments in fascin bundles blocks access of actin monomers. Intrinsic 

segregation is a conserved property because TMR-fascin also forms domains in the presence 

of C. elegans α-actinin (Figure S2A–S2B, and Movie S2).

While Fascin and α-actinin may directly compete for binding sites, domain formation 

cannot be fully explained by this type of simple mass action competition. Control reactions 

with both TMR- and Cy5-fascin illustrate that binding site competition does not produce 

resolvable domains (Figures S2C and S2D). We next mixed α-actinin with a range of TMR-

fascin concentrations to determine the dependence of fascin domain length on TMR-fascin 

concentration. Fascin domain length is exponentially distributed (Figure S2E and S2F), and 

higher TMR-fascin concentrations form longer domains as expected (Figures 3G and 3H, 

Figure S2E and S2F). Fascin domains are significantly longer than those predicted from a 

Monte Carlo simulation based on simple mass action kinetics (Figure 3H, dashed blue line), 

whereas including cooperativity by adding an energetic barrier of 4.8 kBT for switching 

from one type of crosslinker to the other gives a reasonable fit to the experimental data 

(Figure 3H, solid blue line, and Figure S3) (see methods). Interestingly, although the fascin 

domains become longer, the density of fascin within the domains stays constant as TMR-

fascin concentration increases (Figure 3I). Since increasing the ratio of fascin to α-actinin 

increases domain length while having no effect on the density of fascin binding within 

domains, we conclude that competition occurs at the leading edge of the trailing barbed end 

as the two-filament bundle assembles rather than within a domain once it is formed.

To better understand the intrinsic sorting of α-actinin and fascin we used three-color TIRFM 

to simultaneously visualize both bundlers on two-filament actin bundles (Figures 3J–3L; 

Movie S3). Indeed, fascin and α-actinin segregate to mutually exclusive sections of two-

filament F-actin bundles. Whereas fascin only binds parallel bundles, α-actinin also binds 

antiparallel bundles and weakly to single filaments (Figure S4). We examined single 

molecule dynamics of fascin and α-actinin on bundles to determine the basis for enhanced 

association with particular domains (Figure S5). Both fascin and α-actinin are highly 

dynamic, with similar residence times of ~5 sec on two-filament bundles (Figures S5D and 

S5E). Although we observed α-actinin molecules binding to single filaments and fascin-

bundled domains, we failed to calculate a reliable koff for these binding modes due to the 

presence of high background in those experiments. On the other hand, we never observed 

association of fascin with single filaments or α-actinin-bundled domains, even at very fast 

imaging rates (10 frames/sec) (Figures S5A–S5C). When mixed with α-actinin, single 

molecules of Cy5-fascin were only observed binding to TMR-fascin domains (Figures S5A–

S5C). We conclude that fascin and α-actinin are dynamic bundling proteins and fascin is 

highly selective for fascin- over α-actinin-bundled domains.

Fascin and α-actinin form bundles with different actin filament spacing

How do fascin and α-actinin mutually exclude each other on F-actin bundles? Ultrastructure 

studies revealed that fascin and α-actinin form bundles with filaments spaced significantly 

differently (~8 and ~35 nm respectively) [11, 14]. We therefore visualized two-filament 

bundles to determine filament spacing in our assays containing mixtures of α-actinin and 

fascin (Figure 4). First, we employed subdiffraction-resolution light microscopy on two-
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filament bundles generated by assembling new actin monomers (33% Oregon green-actin) 

onto preassembled filaments labeled with alexa-647-phalloidin (magenta) (Figures 4A and 

4C). Filament distances were measured by fitting a Gaussian function to each filament peak 

from line scans perpendicular to the bundle (Figures 4A–4D), similar to a previously 

described method [20]. The average filament distances are ~5 and ~25 nm for fascin and α-

actinin domains (Figure 4E), which are probably underestimated because bundles may not 

always lie flat on the surface. We also visualized bundles by electron microscopy of 

negatively stained actin filaments (Figures 4F–4H). On their own, bundles are formed with 

the expected spacing of ~8 nm for fascin and ~32 nm for α-actinin [11, 14]. The distance 

between bound fascin or α-actinin molecules is about 35 nm, corresponding to a turn of F-

actin (Figures 4F and 4G). When fascin and α-actinin were mixed together we observed 

transitions from filaments spaced 8 nm apart by fascin to 32 nm apart by α-actinin (Figure 

4F, lower panel). As expected, we saw the same characteristic interfilament distances when 

both bundlers were present in the same reaction (Figure 4H).

Fimbrin and Espin bind to fascin but not α-actinin bundles

To test the idea that filament spacing is important for segregation of fascin and α-actinin, we 

investigated other F-actin bundling proteins that often co-segregate with fascin in cells. 

Fimbrin is a globular protein like fascin with an actin bundling core ~6–8 nm in diameter 

(Figure 5A) [21], and is also often present with fascin in densely packed protrusive actin 

structures like microvilli, filopodia and hair cell stereocilia [22, 23]. However, fimbrin is 

actually in the same bundling protein family as α-actinin because they share a conserved 

tandem CH actin binding domain (ABD) [24], and evidence suggests they stabilize a similar 

actin filament structural conformation [25–27]. An important difference between fimbrin 

and α-actinin, is that α-actinin’s ABDs are separated by a long (~25 nm) spectrin repeat rod 

(Figure 5A) [28]. We first looked at fimbrin and fascin in the absence of α-actinin using 

three-color TIRF microscopy. Fascin and fimbrin do not mutually exclude each other, but 

instead colocalize on parallel two-filament bundles (Figure S6A). Fascin binding to parallel 

bundles decreases as a function of TMR-fimbrin concentration, but we never observed 

segregation of fascin and fimbrin into domains (Figure S6A and S6B). We hypothesized that 

fimbrin and fascin colocalize on two-filament bundles due to their similar size (5–8 nm 

diameter), and that fimbrin, like fascin, does not bind well to bundles facilitated by α-

actinin. Therefore, we used three-color TIRFM to follow the assembly of actin (15% Oregon 

green-actin) with TMR-fascin, unlabeled α-actinin and Cy5-fimbrin (Figures 5B and 5C; 

Movie S4). Six-fold more fimbrin associates with fascin bundles than with parallel α-actinin 

bundles (Figures 5B and 5C). A low amount of fimbrin does associate with α-actinin 

bundles, but this is likely due to association with single filaments given that fimbrin binds 

similarly to α-actinin parallel bundles and single filaments (Figure 5C). To determine if this 

segregation feature extends to other proteins that generate compact bundles, we also looked 

at espin using the same three-color TIRFM assay. Espin associates with protrusive F-actin 

structures, and in hair-cell stereocilia it colocalizes with both fimbrin and fascin to generate 

tight parallel bundles [29], (Figure 5A). In the absence of α-actinin, espin isoform 2B 

colocalizes (and competes at high concentrations) with fascin in parallel bundles (data not 

shown). When α-actinin is included in the reaction, Cy5-espin 2B selectively associates with 

fascin domains over α-actinin domains (Figures 5D–5F; Movie S5). Additionally, espin 2B 
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enhances fascin’s ability to compete with α-actinin. As increasingly more espin 2B is 

included in the reaction, the fascin domain length expands (Figure 5F). We conclude that 

fimbrin, espin 2B and fascin recognize a similar bundle type that is different from those 

formed by α-actinin, which facilitates their intrinsic segregation into distinct bundled 

domains. Importantly, fimbrin, Espin and α-actinin all bind to single filaments with a much 

lower affinity than bundled filaments.

Fascin, α-actinin, espin and fimbrin all have a significantly higher affinity for bundled 

filaments than single filaments (for example, see Figure 1D). A sorting model based on 

filament spacing distance predicts that ABPs that bind only one filament would not be 

sensitive to spacing. We tested this possibility by looking at labeled skeletal muscle α/β 
tropomyosin. While tropomyosin competes with and inhibits both fascin and α-actinin 

binding at high concentrations (Figure 5I), at lower concentrations tropomyosin binds to 

both fascin and α-actinin domains as predicted (Figure 5G and 5H).

DISCUSSION

Fascin and α-actinin contain intrinsic properties that drive their segregation

Our work directly shows that α-actinin and fascin contain intrinsic properties that drive their 

segregation in the absence of complex cellular signaling pathways. It has been appreciated 

that actin filaments within different networks are not identical because combinations of 

different ABPs promote particular filament and network properties. Here we show that 

bundlers do not generically crosslink filaments together, but rather, generate specific bundled 

features that result in both cooperative and competitive binding effects that influence the 

association of other ABPs.

Mechanism of segregation

Bundlers generally bind to bundled F-actin with a much higher affinity than single filaments, 

presumably because within the particular bundles, both actin-binding sites are easily 

engaged to adjacent filaments. We propose that filament spacing within bundles may 

facilitate the engagement of both binding sites for specific bundlers, and therefore recruit or 

inhibit the binding of bundler classes. α-Actinin-4 and fascin 1 both bind in exclusive runs 

that are ~50x longer than predicted by simulations based on simple mass action competition 

for binding sites (Figure 3H). Our results could be explained by a mechanism whereby α-

actinin and fascin specifically promote their own binding by stabilizing different filament 

structural conformations [2]. However, fimbrin may actually stabilize an F-actin 

conformation similar to α-actinin [23–25], yet they segregate from each other on two-

filament bundles, suggesting that individual filament conformation is not the primary 

mechanism of sorting. Therefore, we hypothesize that filament spacing, rather than filament 

conformation, is the dominant feature for several reasons (Figure 6). First, both fimbrin and 

espin make very condensed bundles with similar filament spacing to fascin bundles (~10 

nm), and both are highly selective for fascin bundles over α-actinin bundles. Second, fimbrin 

and espin display affinities for α-actinin two-filament bundles that are similar to their 

affinities for single, non-bundled filaments (Figures 5C and 5E), which suggests that these 

bundlers associate with only one of the filaments within the two-filament α-actinin bundle. 
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Third, filaments would need to be highly bent to accommodate heterogeneous binding of 

long and short bundlers (Figures 6C and 6D). The interfilament spacing of an α-actinin 

bundle (Figure 6A) is about the same distance (~35 nm) that separates binding sites along a 

filament (Figure 6B). Fascin bundles the trailing filament rapidly (Figure 1E; Figures 3A–F), 

and as new binding sites appear on growing filaments (~35 nm from last binding site) they 

are rapidly bound by fascin (Figure 6C). This rapid binding can be observed in the 

cooperative binding of these bundlers (Figures 1B–1E), which is likely due to the newly 

assembled binding site being well-oriented for fascin to make contacts with both filaments. 

Conversely, due to their small size, fascin (and other small bundlers) can only associate with 

one of the two filaments in an α-actinin bundle (Figure 6D). Small bundlers like fimbrin and 

espin can exchange readily within fascin bundles where they can make connections to both 

filaments (Figure 6E).

Scaling of segregation to multifilament bundles

Much of our work is based on two-filament bundles. Although we do not know how these 

principles scale with bundles containing greater than two filaments, we found that these 

proteins segregate efficiently in our reconstituted biomimetic system where bundles 

presumably contain many filaments (Figures 2B–2G). However, it is difficult in the 

biomimetic system to know the mechanism of segregation. Looking at two filament bundles 

shows that these bundlers segregate intrinsically, and we therefore reasonably speculate that 

similar mechanisms are involved in the biomimetic assay. However, filaments in the 

different parts of the network may display different levels of alignment. Filaments in the 

comet tail may be more highly branched than those in protrusions, and α-actinin may 

crosslink unaligned filaments more efficiently than fascin [30]. Bundlers may also 

differently recognize branched filament architectures. For example, fimbrin does not 

efficiently bundle short-branched 2D networks [31], but we imagine that filament 

architectures are far more complicated in 3D networks.

There are several ways we imagine segregation could scale to multifilament bundles. First, a 

particular actin conformation could be recognized by ABPs that are incorporating new 

filaments into the bundle. Second, multifilament bundles pack into very distinct lattice 

structures. Fascin bundles at steady state have ~20–30 filaments in vitro and assemble into 

highly-ordered hexagonally-packed bundles [32] whereas α-actinin generates a square 

lattice with filaments spaced 30 nm apart [33] (Figure 6F). We imagine that either type of 

bundled structure is stable, whereas a mixed structure is not. α-Actinin crosslinks may 

impose unfavorable and energetically costly defects in hexagonally packed structures, and 

vice versa. Classic experiments showed that multiple compact bundlers coordinate to 

efficiently assemble large protrusive F-actin structures such as bristles and microvilli [8, 34]. 

For example, in the assembly of Drosophila bristles, the espin homolog forked is thought to 

generate F-actin bundles early on that are poised in an orientation to be maximally 

crosslinked by fascin [34].

We propose that filament spacing significantly contributes to the segregation of ABPs to 

different F-actin networks, which is a previously unappreciated mechanism. We imagine that 

other signals are necessary to initiate either fascin or α-actinin networks. Phosphorylation of 
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both fascin and α-actinin regulates their bundling properties [9, 35], and α-actinin bundling 

is sensitive to Ca2+ [9]. Furthermore, actin assembly factors may generate filament 

conformations, and/or filament spacing, which promote binding of particular bundlers. For 

example, densely branched networks of short filaments generated by the Arp2/3 complex in 

lamellipodia may not be favorable to fascin binding, while formin and/or Ena/VASP activity 

may allow filaments to grow long enough to become bundled by fascin. For example, we 

recently discovered that Ena/VASP and fascin have a synergistic relationship [36]. 

Conversely, α-actinin can bind to Arp2/3 complex-generated networks in the lamellipodia 

[32], which could position it to become incorporated into transverse arcs [37]. However, our 

work shows that once fascin or α-actinin bundled networks are initiated, they promote their 

own binding along with specific sets of ABPs.

EXPERIMENTAL PROCEDURES

Protein purification and labeling

Fission yeast fimbrin SpFim1 was purified as described [38]. Human α-actinin-4, C. elegans 
α-actinin, SNAP-espin-2B was expressed in bacteria E. coli BL21-Codon Plus(DE3)-RP 

(Stratagene) cells and purified with affinity chromatography. Actin was purified from rabbit 

muscle acetone powder (Pel Freez Biologicals) and labeled on Cys374 with Oregon green 

(Life Technologies, Grand Island, NY) as described [39, 40]. Mouse capping protein, human 

fascin 1 and human profilin HPRO1 were expressed in bacteria and purified as described 

[41–43]. Arp2/3 complex was purified from calf thymus by WASp(VCA) affinity 

chromatography [44]. WASP fragment construct GST-human WASp pWA was purified by 

Glutathione-Sepharose affinity chromatography [45]. Human fascin and both Human and C. 
elegans α-actinin were labeled with either Cy5-Monomaleimide (GE Healthcare) or TMR-6-

Maleimide (Life Technologies, Grand Island, NY). Skeletal muscle tropomyosin was 

purified from rabbit muscle acetone powder (Pel Freez Biologicals) and labeled as described 

[46]. Proteins containing SNAP fusions were labeled with SNAP-surface-549 or SNAP-

surface-647 (New England BioLabs). Proteins were incubated with the dye overnight at 4°C 

according to manufacturer’s protocols.

Actin filament sedimentation assay

Actin filaments were preassembled for 45 min at 25°C from 15 μM Mg-ATP actin 

monomers. Assembled actin was then incubated with accessory protein(s) for 20 minutes at 

25°C, and spun at 10,000g (low-speed) for 20 minutes at 25°C. In α-actinin-fascin 

competition assays, α-actinin was introduced first and incubated for 20 min and then fascin 

was added and incubated for an additional 20 min. Equal volumes of supernatant and pellet 

were separated by 12.5% SDS-polyacrylamide gel electrophoresis, stained with Coomassie 

Blue for 20 minutes, and destained for 16 hours. Gels were analyzed by densitometry on an 

Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE).

TIRFM assay

TIRF microscopy and flow chamber construction was performed as described previously 

[36].
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Bead motility assay

Polystyrene microspheres (Polysciences, Eppelheim, Germany) were coated with GST-pWA 

[47]. Motile beads were imaged after 15 minutes of polymerization on an inverted 

microscope (Ti-E; Nikon, Melville, NY) with a confocal scan head (CSU-X; Yokogawa 

Electric, Musashino, Tokyo, Japan), 491, 561, and 642 laser lines (Spectral Applied 

Research, Richmond Hill, Ontario, Canada) and an HQ2 CCD camera (Roper Scientific, 

Trenton, NJ). Z-stacks were acquired, reconstructed and analyzed using ImageJ. 

Fluorescence ratios were determined using the central, single plane of motile beads. 

Background-subtracted fluorescence values were measured for each fluorescent protein in 

the comet tail region and in the protrusion region. The fluorescence ratios (Figure 2E and 

2F) were determined by dividing fascin fluorescence by actin fluorescence. The ratio for 

fascin/α-actinin fluorescence was determined similarly.

Interfilament distance measurement by TIRFM

To generate two-filament bundles where each filament was a different color, we first let 5 

μM of Mg-ATP-actin assemble for 45 min at room temperature. These filaments were then 

incubated with an equimolar amount of Alexa-647-phalloidin, diluted in TIRF buffer and 

flowed into the chamber. We then initiated assembly of 1.5 μM actin, 33% OG-labeled, plus 

TMR-fascin and α-actinin and gently flowed this mixture into the chamber. A fraction of the 

bundles that formed contained one Alexa-647-filament and one OG-actin filament. If the 

two-filament bundle had TMR-signal we scored it as a fascin bundle, if no TMR-signal then 

we scored it as an α-actinin bundle. The distance between actin filaments within both fascin 

and α-actinin bundles is expected to be less than the pixel size (< 100 nm) of our images. To 

calculate this sub-pixel value we analyzed the data similar to a previously described method 

[20].

Negative staining electron microscopy

1.5 μM actin was polymerized with either 250–500 nM α-actinin, 1–2 μM fascin, or both 

bundling proteins for 30 minutes. This solution was then applied to Formvar and carbon-

coated 400 mesh copper grids for 1 min, washed and negatively stained with 1% (w/v) 

uranyl acetate for 1 min, blotted, and dried. Visualization of the bundles using transmission 

electron microscopy was performed on a FEI Tecnai G2 Spirit microscope at 120 kV. Images 

were captured on a Gatan 2k × 2k CCD camera. Bundle parameters were measured using 

ImageJ.

Cooperative kinetic model

We choose to model the extension of the bundle as a simple kinetic process on a lattice of 

binding sites where only the next open site can be modified. For the data in Fig 3H, we 

created a lattice of 400 virtual binding sites, corresponding to two actin filaments coming 

together of length 400*37nm ~ 15 μm. In the simulations, there are two types of crosslinkers 

that can occupy a site, A and B. We associate with each a rate of addition to a bundle of like-

type,  and . In the case where a crosslinker of type A occupies a site, the rate of 

addition for crosslinker B is changed to , where kB is Boltzmann’s constant and T is 
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temperature. Similarly, occupancy of site B means the addition rate of A will be changed to 

.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fascin and α-actinin each bundle F-actin cooperatively
(A) Structural fold (top) and domain organizations (bottom) showing the four β-trefoil 

domains of fascin (PDB #3P53; [11]) (left) and an α-actinin dimer (PDB #1SJJ; [15]) 

(right). ABD, Actin-binding domain; SR, spectrin repeat.

(B and C) Low speed (10,000 × g) sedimentation assays. F-actin was assembled from 3.0 

μM Mg-ATP actin monomers with increasing concentrations of (B) fascin or (C) α-actinin. 

Coomassie-stained SDS-PAGE gels (top), and graphs (bottom) of the amount of actin in 

pellets. Error bars indicate SEM; n=2.
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(D and E) Two-color TIRFM of 1.5 μM actin (15% Oregon green-actin) and 100 nM TMR-

fascin.

(D) Merged time-lapse micrographs (Scale bar=2 μm). Arrows indicate two initial TMR-

fascin loading events.

(E) Accumulation of TMR-fascin on the actin bundle over time.
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Figure 2. Fascin and α-actinin compete and segregate to different F-actin networks reconstituted 
on motile beads
A) Low speed (10,000 × g) sedimentation of F-actin assembled from 3.0 μM Mg-ATP actin 

monomers with 600 nM fascin and a range of α-actinin concentrations. Coomassie-stained 

SDS-PAGE gel (top), and graph (bottom) of the amount of actin (A), fascin (F) or α-actinin 

(α) in pellets. Error bars indicate SEM; n≥2.

(B–G) Addition of GST-pWA-coated beads to polymerization reactions containing 4 μM 

Mg-ATP actin (1% Oregon green-actin), 5 μM profilin, 100 nM Arp2/3 complex, 20 nM 

capping protein (CP), 150 nM Cy5-fascin (blue), with and without 50 nM TMR-α-actinin 

(red).

(B) Cartoon of comet tail and protrusive networks formed on a motile bead.

(C and D) Fluorescent confocal micrographs of beads in the presence of (C) Cy5-fascin or 

(D) Cy5-fascin and TMR-α-actinin. Shown are representative single planes taken from the 

center of a confocal z-stack with brightness enhanced in the inset for visualization of 

protrusions. Scale bar=2 μm.

(E and F) Comparison of the ratio of Cy5-fascin to Oregon green-actin fluorescence in (E) 

comet tails or (F) protrusions in the absence and presence of α-actinin. Error bars indicate 

SE; n=2 experiments with >20 beads each.

(G) Ratio of Cy5-Fascin to TMR-α-actinin fluorescence in protrusions and comet tails.
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Figure 3. Fascin and α-actinin segregate into mutually exclusive domains on two-filament 
bundles
(A–I) Two-color TIRFM of 1.5 μM actin (15% Oregon green-actin) with TMR-fascin (red).

(A–F) 100 nM TMR-fascin (red) in the absence (A–C) or presence (D–F) of 400 nM α-

actinin dimers. Arrowheads and arrows mark leading and trailing barbed ends of parallel 

two-filament bundles. See also Movie S1 and S2

(A, D) Merged time-lapse micrographs. Scale bar: 2 μm.

(B, E) Merged kymographs of filament length (x-axis scale bar=2 μm) over time (y-axis 

scale bar=50 sec).

(C, F) Line scans of TMR-fascin intensity across the two-filament bundles at 300 sec. Blue 

line scans were generated from fascin intensity on single filaments.

(G–I) 400 nM α-actinin dimers with a range of TMR-fascin (red) concentrations.

(G) Merged micrographs in the presence of 50 nM (top) or 500 nM (bottom) TMR-fascin. 

Scale bar: 2 μm. Arrows indicate TMR-fascin domains on two-filament bundles.

(H) Dependence of TMR-fascin domain length on TMR-fascin concentration. Error bars 

indicate SEM; n=2 experiments each containing >10 domains. Dashed blue line indicates 

domain sizes predicted from a simple kinetic model of competition for binding sites, 

whereas the solid blue line includes a kinetic barrier to exchange of 4.8 kBT (see 

supplemental experimental procedures).

(I) Dependence of TMR-fascin intensity on TMR-fascin concentration within pure fascin 

bundles (cyan circles), fascin domains (red circles) or α-actinin domains (blue circles).

(J–L) Three-color TIRFM of 1.5 μM actin (15% Oregon green-actin), 200 nM TMR-fascin 

(red) and 400 nM Cy5-α-actinin dimers (cyan). See also Movie S3

(J) Micrographs of actin (top) with fascin and α-actinin (bottom). Scale bar=2 μm. Arrows 

indicate leading edge of a two-filament bundle.

Winkelman et al. Page 17

Curr Biol. Author manuscript; available in PMC 2017 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(K) Kymographs of filament length (x-axis scale bar=2 μm) over time (y-axis scale bar=50 

sec) for Oregon green-actin (top), TMR-fascin (middle) and Cy5-α-actinin (bottom). 

Arrowheads and arrow indicate leading and trailing barbed ends.

(L) Line scan of TMR-fascin and Cy5-α-actinin intensity across the two-filament bundle 

from J. See also Figure S1, S2, S3, S4 and S5.
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Figure 4. Actin filaments are spaced differently in bundles formed by fascin and α-actinin
(A–E) Three-color TIRFM of bundles formed with 100 nM TMR-fascin and 400 nM α-

actinin between a preassembled filament stabilized with alexa-647-phalloidin (magenta) and 

1.5 μM spontaneously assembled Mg-ATP actin (33% Oregon green-actin).

(A and C) Schematics of predicted outcomes (top) [8, 14], and merged micrographs of two-

filament bundles (bottom), for (A) fascin and (C) α-actinin. Scale bar=2 μm.

(B and D) Plots of average fluorescence intensities across a normal line (white lines in 

dashed boxes (A) and (C)) for two-filament bundles formed by (B) fascin and (D) α-actinin. 

Distances between the centroids of the bundled filaments were revealed by curve fits to a 

Gaussian.

(E) Average distance between filaments within α-actinin or fascin domains. Error bars 

indicate SEM; n≥6 bundles.

(F–H) Electron microscopy of F-actin bundles negatively stained with uranyl acetate, which 

were formed from 1.5 uM actin.

(F) Micrographs of bundles with 1 μM fascin (top), 800 nM α-actinin (middle) or both (1 

μM α-actinin 0.25 μM Fascin (bottom). Magenta and blue arrowheads indicate fascin and α-

actinin molecules. L = the length of the transition zone. Scale bar=30 nm.

(G) Distance of transverse repeat in fascin and α-actinin bundles. Error bars indicate SEM; 

n≥10 bundles.

(H) Distance between filaments in a fascin and α-actinin bundles. Error bars indicate SEM; 

n≥8 bundles.
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Figure 5. Fimbrin and espin segregate to filaments bundled by fascin
Three-color TIRFM of two-filament bundles formed by fascin and α-actinin with (A–C) 

fimbrin, (D–F) espin, or (G and H) muscle tropomyosin. Red and white lines indicate fascin 

and α-actinin domains. White arrowheads and arrows indicate leading and trailing barbed 

ends.

(A) Schematic of bundles formed by fimbrin, espin, fascin and α-actinin [8, 14].

(B–C) 1.5 μM actin (15% Oregon green-actin), 400 nM α-actinin dimers, 75 nM Cy5-fascin 

(red) and 15 nM TMR-fimbrin (Cyan). See also Movie S4

(B) Micrographs (left) and corresponding kymographs (right) of a parallel two-filament 

bundle, with Oregon green-actin (top), TMR-fascin (middle) and Cy5-fimbrin (bottom). 

Scale bars=2 μm.

(C) Cy5-fimbrin molecules on single filaments (n=6), two-filament parallel α-actinin 

bundles (n=23) and two-filament fascin bundles (n=16). Error bars indicate SEM.

(D–F) 1.5 μM actin (15% OG-labeled), 100 nM Cy5-fascin (red), 400 nM α-actinin dimers 

and a range of concentrations of SNAP-647-espin-2B (Cyan). See also Movie S5

(D) Micrographs (left) and corresponding kymographs (right) of a parallel two-filament 

bundle, with Oregon green-actin (top), TMR-fascin (middle) and SNAP-647-espin-2B 

(bottom). Scale bars=2 μm.

(E) Number of SNAP-647-espin-2B molecules per μm of single filament (n=15), parallel α-

actinin bundles (n=15) or fascin bundles (n=17). Error bars indicate SEM.
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(F) Ratio of the total domain length of TMR-fascin two-filament parallel bundles over the 

total length of two-filament parallel bundles as a function of SNAP-647-espin-2B 

concentration. Error bars indicate SEM; n=2 movies.

(G–H) 1.5 μM actin (10% Alexa-488-labeled), 100 nM Cy5-fascin (red), 150 nM α-actinin 

and 100 nM skeletal muscle α/β TMR-tropomyosin (Cyan).

(G) Micrographs (left) and corresponding kymographs (right) of a parallel two-filament 

bundle, with Alexa-488-actin (top), Cy5-fascin (middle) and TMR-tropomyosin (bottom). 

Scale bars = 2 μm.

(H) Normalized Tropomyosin fluorescence on control actin filament, α-actinin and Fascin 

parallel bundles. Error bars indicate SEM.

(I) High speed co-sedimentation assays with 5 μM Mg-ATP actin, 600 nM fascin (blue) or 

α-actinin (red), and an increasing concentration of skeletal muscle α/β tropomyosin. Gels 

(inset) show fascin or α-actinin depletion from the pellet with increasing tropomyosin. 

Graph is the fraction of total fascin or α-actinin in the pellet as a function of tropomyosin 

concentration. Normalized curves were fit to a single exponential decay function.

See also Figure S6
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Figure 6. Model for segregation of fascin and α-actinin on F-actin bundles
(A) Fascin (red) and α-actinin (blue) form bundles with interfilament spacing of ~8 and ~35 

nm, respectively [11, 14].

(B) The transverse repeat (distance between proteins along the length within a bundle) of 

both fascin and α-actinin is ~35 nm, about the same distance as a complete turn of the actin 

filament.

(C) Fascin molecules add cooperatively to a polymerizing fascin bundle, whereas α-actinin’s 

affinity for fascin bundles is much lower.

(D) α-actinin molecules add cooperatively to a polymerizing α-actinin bundle, whereas 

fascin molecules do not.

(E) Short filament spacing bundlers such as fimbrin and espin (cyan) associate well within 

fascin bundles, but not α-actinin bundles.

(F) Fascin and α-actinin drive the formation of square- and hexagonally-packed 

multifilament bundles
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