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Twinfilin and capping protein (CP) are highly conserved

actin-binding proteins that regulate cytoskeletal dynamics

in organisms from yeast to mammals. Twinfilin binds actin

monomer, while CP binds the barbed end of the actin

filament. Remarkably, twinfilin and CP also bind directly

to each other, but the mechanism and role of this interac-

tion in actin dynamics are not defined. Here, we found that

the binding of twinfilin to CP does not affect the binding of

either protein to actin. Furthermore, site-directed muta-

genesis studies revealed that the CP-binding site resides in

the conserved C-terminal tail region of twinfilin. The

solution structure of the twinfilin–CP complex supports

these conclusions. In vivo, twinfilin’s binding to both CP

and actin monomer was found to be necessary for twinfi-

lin’s role in actin assembly dynamics, based on genetic

studies with mutants that have defined biochemical func-

tions. Our results support a novel model for how sequen-

tial interactions between actin monomers, twinfilin, CP,

and actin filaments promote cytoskeletal dynamics.
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Introduction

The actin cytoskeleton plays a central role in many cellular

processes such as morphogenesis, cell migration, cytokinesis,

and endocytosis. The structure and dynamics of the actin

cytoskeleton are regulated by a large number of proteins that

interact with actin filaments and/or monomeric actin (Pollard

et al, 2000). Six classes of actin monomer-binding proteins

are conserved in evolution from yeast to mammals. WASP/

WAVE, verprolin/WIP, and Srv2/CAP are large, multifunc-

tional proteins that link signaling pathways to the actin

cytoskeleton (reviewed in Carlier et al, 1999; Higgs and

Pollard, 2001; Takenawa and Miki, 2001; Hubberstey and

Mottillo, 2002). The three other ubiquitous proteins, ADF/

cofilin, profilin, and twinfilin, are smaller (o40 kDa) and

they directly regulate the size, localization, and dynamics of

the cellular actin monomer pool. ADF/cofilins contribute to

actin dynamics by severing actin filaments and enhancing

depolymerization from the pointed end, and thus provide

new monomers to the cytoplasmic pool (reviewed in

Bamburg et al, 1999; Carlier et al, 1999). Profilins catalyze

the nucleotide exchange on actin monomers, and promote

assembly at the barbed end of the filaments (Pantaloni and

Carlier, 1993; Wolven et al, 2000; Lu and Pollard, 2001).

Twinfilin is a small actin monomer-binding protein origin-

ally identified from budding yeast (Goode et al, 1998). In

cells, twinfilin shows diffuse cytoplasmic localization, but is

also concentrated to cortical actin filament structures.

Mutations of twinfilin in budding yeast and Drosophila result

in an enlargement of cortical actin patches and defects in

actin-dependent developmental processes, respectively

(Goode et al, 1998; Vartiainen et al, 2000; Wahlström et al,

2001). Furthermore, deletion of twinfilin in budding yeast is

synthetically lethal with certain cofilin and profilin muta-

tions, suggesting that it is intimately involved in the regula-

tion of actin dynamics in vivo (Goode et al, 1998; Wolven

et al, 2000).

Twinfilin is composed of two ADF/cofilin-like domains

(ADF-H domain), which are separated by a short (B30-

residue) linker region and followed by an B35-residue C-

terminal tail region. Despite the structural homology to ADF/

cofilins, twinfilins do not bind or depolymerize actin fila-

ments, but are instead strictly actin monomer-binding pro-

teins (reviewed in Palmgren et al, 2002). Twinfilin forms a

stable, high-affinity complex with ADP-actin monomers, and

inhibits their nucleotide exchange and filament assembly

(Goode et al, 1998; Palmgren et al, 2001; Ojala et al, 2002).

Twinfilin also interacts with phosphatidylinositol-dipho-

sphate (PI(4,5)P2) in vitro, but the possible physiological

role(s) of this interaction is not known (Palmgren et al, 2001).

In addition to actin monomers and phospholipids, twinfilin

also interacts with capping protein (CP) (Palmgren et al,

2001; Vartiainen et al, 2003). CP is a conserved heterodimeric

protein that regulates actin dynamics in a wide variety of

organisms (Amatruda et al, 1990; Hug et al, 1995; Hopmann

et al, 1996; Hart and Cooper, 1999; Yamashita et al, 2003). It

binds to filament barbed ends with high affinity (KdB0.1–

5 nM) and prevents loss and addition of actin subunits to the

filament (Caldwell et al, 1989; Schafer et al, 1996; Kim et al,

2004). CP thus blocks a large fraction of actin filaments and

directs actin polymerization to certain regions of the cell

(DiNubile et al, 1995; Loisel et al, 1999). Although the

interaction between twinfilin and CP is conserved in evolu-

tion from yeast to mammals, the structural mechanism and

biological role(s) of this interaction are not known.

Here, we examined the mechanism and biological function

of twinfilin–CP interaction by a combination of biochemical,

genetic, and structural methods. We show that the CP-bind-

ing site resides in the C-terminal tail region of twinfilin.
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Although the interaction between twinfilin and CP does not

affect either protein’s interaction with actin, it is essential for

twinfilin’s correct localization and role in actin dynamics in

yeast cells.

Results

Interaction with twinfilin does not affect the activity of

CP

To investigate whether twinfilin influences the activity of CP,

we carried out barbed-end seeded actin assembly and steady-

state critical concentration assays, comparing the ability of

CP to cap filament barbed ends in the presence and absence

of twinfilin. As wild-type twinfilin prevents actin filament

assembly through its actin monomer-binding activity, we first

carried out this assay by using a specific yeast twinfilin

mutant, Twf1–3p, that does not interact with actin monomers

but binds CP with similar affinity to wild-type twinfilin

(Palmgren et al, 2001). Yeast CP (Cap1/2p) efficiently inhib-

ited barbed-end polymerization at low nM concentrations,

and addition of a high concentration (11.6 mM) of Twf1–3p

had no significant effect on CP’s activity (Figure 1A and B).

The equilibrium dissociation constants, obtained by kinetic

modeling of the data (Wear et al, 2003), for CP binding to

barbed ends (Kcap) in the absence and presence of Twf1–3p

were 3.771.1 and 3.371.4 nM (mean7s.e., n¼ 3), respec-

tively. The addition of high concentrations of Twf1–3p

(7.8 mM) also had no effect on CP’s activity in steady-state

assays (Figure 1C). Kcap values measured in the absence or

presence of Twf1–3p were 4.371.1 nM (mean7s.e., n¼ 4)

and 5.272.4 nM (mean7s.e., n¼ 3), respectively.

Similar results were obtained when the kinetic assembly

assay was performed with wild-type yeast twinfilin and CP

(Cap1/2p), and the data were corrected for the amount of

actin monomers sequestered by twinfilin (Figure 1D and E).

The amount of actin monomers sequestered by twinfilin in

this assay was calculated from the equilibrium dissociation

constant determined for the twinfilin–ATP-G-actin complex

by a pyrene-actin fluorescence titration assay (Kd¼ 0.6 mM;

Supplementary Figure 1). The corrected time courses of actin

polymerization lie essentially on top of those performed in

the presence of 1.5 mM twinfilin, indicating that wild-type

yeast twinfilin does not have detectable effect on Cap1/2p’s

activity (Figure 1E). Very similar results were also obtained

when barbed-end assembly assays were carried out with

ADP-actin or ATP-actin in the presence of mouse CP and

mouse twinfilin-1 (Supplementary Figures 2 and 3). Together,

these results demonstrate that twinfilin (either alone or in

complex with ADP- or ATP-G-actin) does not modulate the

activity of CP.

CP-binding site is located at the conserved C-terminal

tail region of twinfilin

To map the CP-binding site on twinfilin, we mutated those

evolutionarily conserved residues that, based on previous

mutagenesis studies, are not involved in interactions with

actin monomers (Palmgren et al, 2001; Paavilainen et al,

2002). Seven mutants were alanine substitutions of con-

served residues (Twf1–4p (K68A, E70A); Twf1–5p (P139A,

T141A); Twf1–6p (D143A, E144A, E145A); Twf1–7p (K152A,

Q153A, Q154A); Twf1–8p (D203A, N206A, E207A); Twf1–9p

(D221A, E222A); Twf1–11p (R328A, K329A, R330A, R331A)) and

one mutant was a deletion of twinfilin’s 10 C-terminal

residues (Twf1–10p (DP323–T332)). Five of the mutant pro-

teins (Twf1–5p, Twf1–6p, Twf1–7p, Twf1–10p, Twf1–11p)

were soluble and showed similar stability to wild-type twin-

filin. Native page electrophoresis assays demonstrated that

Twf1–5p, Twf1–6p, and Twf1-7p interact normally with pur-

ified CP. It is important to note that, although Twf1–6p alone

migrates as a smear on native gel, it shifts the mobility of CP

when these proteins are mixed with each other before loading

on the gel. In contrast, Twf1–10p and Twf1–11p do not display

detectable binding to purified yeast CP (Figure 2A). This

binding site is also conserved in mammalian proteins, be-

cause a deletion at the C-terminal region of mouse twinfilin-1

(DK332-D350) disrupts CP binding (Figure 2B). Interestingly,

the CP-binding site appears to be entirely located at the C-

terminal half of the twinfilin molecule. Twinfilin’s isolated N-

terminal domain (residues 1–142) does not interact with CP

on a native gel-electrophoresis assay, whereas a construct

that contains twinfilin’s C-terminal ADF-H domain and tail

region (residues 169–350) binds CP similarly to full-length

twinfilin (Figure 2B).

The native gel-electrophoresis assay was carried out at pH

8.5 under low ionic strength. Therefore, we next examined

the twinfilin–CP interaction under physiological ionic condi-

tions by a pull-down assay. Wild-type yeast glutathione-S-

transferase (GST)-twinfilin efficiently decreased the concen-

tration of yeast CP in the supernatant, and this activity was

not significantly affected by 25 mM PI(4,5)P2 (Figure 2C and

D). However, Twf1–10p and Twf1–11p mutant twinfilins did

not display detectable CP binding in the pull-down assay

(Figure 2C and D).

The two yeast twinfilin mutants Twf1–10p and Twf1–11p,

unable to bind CP, were next analyzed for twinfilin’s other

known activities: actin monomer and PI(4,5)P2 binding.

Fluorometric 7-chloro-4-nitrobenz-2-oxa-1,3-diazole (NBD)-

actin assay showed that Twf1–10p and Twf1–11p bind ADP-

actin monomers with an affinity similar to wild-type twinfilin

(Figure 3A). The Kd values obtained for wild-type twinfilin

(KdE0.04 mM), Twf1–10p (KdE0.06 mM), and Twf1–11p

(KdE0.05 mM) are within experimental error. We also exam-

ined whether binding to CP influences twinfilin’s affinity for

actin monomers. In the presence of 3 mM yeast CP, twinfilin

bound ADP-G-actin with an affinity similar (KdE0.04 mM) to

that in the absence of CP, suggesting that at least in vitro CP

does not affect twinfilin’s actin-binding activity (Figure 3A).

The PI(4,5)P2 binding of wild-type twinfilin, Twf1–10p,

and Twf1–11p was measured by a native gel-electrophoresis

assay. In the absence of phospholipids, wild-type twinfilin,

Twf1–10p, and Twf1–11p migrate as sharp bands on native

gels. In the presence of PI(4,5)P2, there is a clear shift in their

mobilities, and instead of sharp bands these proteins show a

smear-like migration pattern, demonstrating that they inter-

act with PI(4,5)P2 in vitro (Figure 3B). Taken together, these

biochemical data show that Twf1–10p and Twf1–11p mutants

have specific defects in CP binding, but interact with

PI(4,5)P2 and actin monomers similarly to wild-type twinfi-

lin.

Interaction with CP is essential for twinfilin’s correct

localization in cells

To examine the in vivo role of twinfilin–CP interaction, we

expressed wild-type twinfilin, Twf1–10p, and Twf1–11p in

Mechanism of twinfilin/capping protein interaction
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Dtwf1 yeast cells under their own promoters from CEN

plasmids. AWestern blot assay demonstrated that the cellular

levels of both mutant proteins were similar to those of the

wild-type protein (Figure 4A). Interaction of wild-type and

mutant twinfilins with CP in vivo was next examined by a co-

immunoprecipitation assay. Wild-type twinfilin efficiently co-

immunoprecipitated with an anti-Cap2 antibody, whereas no

detectable amounts of Twf1–10p or Twf1–11p co-immunopre-

cipitated with CP (Figure 4B). Similarly, CP co-immunopre-

cipitated with anti-Twf1p antibody from wild-type but not

from the mutant yeast extracts (Figure 4C). These data show

that Twf1–10p and Twf1–11p do not interact with CP in vivo.

Furthermore, immunofluorescence microscopy showed that

in wild-type yeast cells twinfilin localizes to cortical actin

patches, whereas twf1–10 and twf1–11 cells show a diffuse

cytoplasmic localization of twinfilin (Figure 4D). Direct

interaction with CP is thus essential for correct localization

of twinfilin in yeast cells. However, twinfilin is not

required for the localization of CP, because Cap1/2p shows

normal cortical actin patch localization in Dtwf1 yeast cells

(Figure 4E).

Interactions with CP and actin monomers are required

for twinfilin’s role in actin dynamics in vivo

To examine the biological role of twinfilin–CP and twinfilin–

actin interactions, we took advantage of the previously

identified synthetic lethality between twinfilin deletion and

cof1–22, as well as pfy1–4 mutants, in budding yeast (Goode

et al, 1998; Wolven et al, 2000). In these experiments, we

used two twinfilin mutants: twf1–3 that has a specific defect

in actin binding (Palmgren et al, 2001) and twf1–10 that has a

specific defect in CP binding (see above). To examine the

biological role of twinfilin’s CP interaction, haploid Dtwf

yeasts carrying either an empty CEN plasmid or one encoding

wild-type TWF1 or twf1–10 were crossed with cof1–22 or

pfy1–4 haploid yeast strains. Sporulation of the diploid yeast

and dissection of B20 tetrads per construct revealed that, like

Dtwf, twf1–10 also shows synthetic lethality with cof1–22 and

pfy1–4 mutants (Figure 5A). Similarly, also twf1–3 that has a

specific defect in actin monomer interactions showed syn-

thetic lethality with cof1–22 (Figure 5A). After prolonged (10

days at 241C) incubation, a few viable cof1–22xtwf1–10, cof1–

22xtwf1–3, and cof1–22xtwfD cells could be obtained. The

Figure 1 Twinfilin does not affect the filament barbed-end capping activity of capping protein. The effect of Cap1/2p on actin polymerization
(1.6 mM actin, 5.2% pyrene labeled) seeded by the addition of spectrin-F-actin seeds was monitored by the increase in pyrene fluorescence,
with [Cap1/2p] as indicated. The experiment was carried out in the absence (A) and presence (B) of 11.6 mM Twf1–3p. The barbed-end capping
activity of Cap1/2p is not affected by the presence of Twf1–3p. Cap1/2p and Twf1–3p were incubated together for 45 min at 251C prior to
addition to the actin mixture. Red lines are the best fits of the data to a capping model, and yield a Kcap (equilibrium dissociation constant for
capping the barbed end) of 3.771.06 nM in the absence and 3.371.4 nM in the presence of Twf1–3p. (C) Effect of Cap1/2p on the steady-state
actin filament concentration (2mM actin, 5% pyrene labelled), in the absence (open circles) or presence of 7.8mM Twf1–3p (closed triangles).
(D) Inhibition of 2mM yeast actin polymerization from the barbed end (nucleated by addition of spectrin-actin seeds) by 6 nM Cap1/2p. The
spontaneous nucleation and polymerization of the same concentration of yeast actin alone are shown for comparison. (E) The effect of 1.5mM
wild-type yeast twinfilin (in the presence of 0 or 6 nM Cap1/2p) on barbed-end polymerization (black time courses), and a similar set of assays
where the amount of ATP-G-actin sequestered by wild-type twinfilin (with a Kd of 0.6mM) is corrected for and performed with 1.1 mM actin
alone (red time courses). The spontaneous nucleation and polymerization of 2 mM actinþ 1.5 mM twinfilin and that of 1.1 mM actin are also
shown. The corrected time courses lie essentially on top of those performed in the presence of 1.5mM twinfilin, indicating that wild-type
twinfilin does not affect Cap1/2p’s activity.

Mechanism of twinfilin/capping protein interaction
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phenotypes of these viable cof1–22xtwf1–10, cof1–22xtwf1–3,

and cof1–22xtwfD double-mutant cells were very similar to

each other, with grossly enlarged cells and abnormal accu-

mulation of F-actin. Twf1–10p shows diffuse cytoplasmic

localization in these cells, whereas Twf1–3p shows some

colocalization with the cortical actin patches (Figure 5B).

Taken together, these data demonstrate that twinfilin’s abil-

ities to bind both CP and actin monomers are essential for its

role in actin dynamics in vivo (Table I).

Structural mechanism of twinfilin–CP interaction

Solution X-ray scattering is a powerful tool in studies of the

solution structures of biological macromolecules. Although

solution X-ray scattering is not suitable for the analysis of

atomic structure, it provides information about gross struc-

tural features such as shape, and quartenary and tertiary

structures of proteins and protein complexes (Svergun and

Koch, 2002). Here we utilized this technique to show the

molecular architecture of the complex between twinfilin and

CP, as well as the individual protein conformations in solu-

tion. Due to better solubility, these assays were carried out

with mouse twinfilin-1 and a1b2 CP instead of yeast proteins.

For the X-ray scattering experiments, each protein/protein

complex was purified by gel filtration to remove any possible

aggregates before the measurements. The increase in the

scattering at low angles was monitored at 30 s intervals

during the experiment to rule out the possibility of aggrega-

tion due to radiation damage. CP and CP–twinfilin complex

were highly stable during the data collection, whereas full-

length twinfilin showed some aggregation after 30–60 s of

exposure. Thus, only the first 30 s of the data were used for

the construction of the scattering curves of twinfilin, and this

resulted in a small increase in the noise at higher scattering

angles. Figure 6 shows the composite experimental scattering

profiles along with the experimental distance distribution

curves. Radius of gyration and maximum diameter values

obtained from these data were 36.6 and 116.0 Å (twinfilin),

30.3 and 95.0 Å (CP), and 45.4 and 150 Å (twinfilin–CP

complex). The low-resolution structures of twinfilin, CP,

and their complex were then generated as described in

Materials and methods. All shape reconstructions resulted

in very similar models, representative shapes of which are

shown in Figure 7.

These studies revealed that full-length twinfilin is an

elongated two-domain structure, with a kinked linker region

separating the two structural domains. The dummy residue

model of CP displays an asymmetric particle, approximately

9 nm in length. The generated model for the twinfilin–CP

complex shows an asymmetric part connected to an elon-

gated two-domain structure. These models were well in

accordance with the experimental p(r) curves, which yielded

biphasic patterns for full-length twinfilin and CP (as well as

Figure 2 Identification of the capping protein-binding site on twin-
filin. (A) Native gel-electrophoresis assay for determining the
interaction between yeast twinfilin mutants and capping protein.
Twf1–10p and Twf1–11p do not interact with Cap1/2p but instead
migrate as separate bands on the gel, while wild-type twinfilin
(Twf1p) and the remaining mutants (Twf1–5p, Twf1–6p, and Twf1–
7p) form complexes with Cap1/2p and migrate at different mobi-
lities than either protein alone. The concentrations of Cap1/2p and
twinfilin were 5 and 4mM, respectively. (B) The C-terminal region is
essential for capping protein binding also in mouse twinfilin-1.
Wild-type twinfilin-1 (Twf1) and the construct containing twinfilin’s
C-terminal half (M-Twf1169–350) interact with a1b2 CP, whereas
twinfilin’s N-terminal ADF-H domain (M-Twf11–142) and a protein
carrying mutations at its C-terminal tail region (M-Twf1DK322-D350)
do not bind CP in vitro. Note that, due to its high isoelectric point,
the isolated M-Twf1169–350 alone does not enter the gel. The final
concentrations of both mouse twinfilin and a1b2 CP were 4 mM. (C)
The ability of wild-type yeast twinfilin, Twf1–10p, and Twf1–11p
mutant proteins to deplete yeast CP from the supernatant in a pull-
down assay under physiological ionic conditions. The CP concen-
tration in this assay was 2mM and the concentration of twinfilin was
varied from 0 to 7mM. Wild-type GST-twinfilin efficiently decreases
the amount of capping protein from the supernatant, and this
activity is not significantly inhibited by 25mM PI(4,5)P2. In contrast,
GST-Twf1–10p and GST-Twf1–11p mutant proteins or GST alone are
not able to deplete CP from the supernatant. Note that the mole-
cular weights of yeast Cap1p (a-subunit) and Cap2p (b-subunit) are
32.1 and 33.6 kDa, respectively, and thus the subunits are not
resolved in the gel. (D) Graphical representation of CP binding
activities of the wild-type twinfilin and twinfilin mutants as quanti-
fied from the intensities of the Coomassie-stained SDS gel bands by
TINA software.

Mechanism of twinfilin/capping protein interaction
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for their complex), indicative of elongated structures (Figures

6 and 7).

The atomic structures of twinfilin’s N-terminal ADF-H

domain (residues 1–142) and a1b1 CP have been solved by

X-ray crystallography (Paavilainen et al, 2002; Yamashita et al,

2003). Based on their sequence homology (B25% identical at

the amino-acid level) and similar actin-binding properties and

interfaces (Palmgren et al, 2001; Ojala et al, 2002), we can

predict that the two ADF-H domains of twinfilin are structu-

rally very similar to each other. Thus, we were able to fit these

atomic models onto the obtained experimental dummy resi-

due models (Figure 7). The missing linker regions of the full-

length twinfilin molecule were built either manually or auto-

matically using programs O (Jones et al, 1991) or CHADD

(Petoukhov et al, 2002), respectively, and these models were

subsequently used for scattering simulations with the pro-

gram CRYSOL. The simulated scattering profiles were well in

accordance with the measured data and yielded w2 values of

2.4 (CP), 1.7 (twinfilin), and 2.8 (twinfilin–CP complex).

A model based on our scattering data demonstrates that in

solution twinfilin is an elongated two-domain protein with a

smaller domain composed of the N-terminal ADF-H domain,

and a larger domain composed of the C-terminal ADF-H

domain and flexible C-terminal tail region. The solution

structure of a1b2 CP obtained here by X-ray scattering is

very similar to the recently determined crystal structure of

a1b1 CP (Yamashita et al, 2003). The model of the complex

shows that the N-terminal ADF-H domain of twinfilin does

not interact with CP, whereas the lower region of the C-

terminal domain (most likely the C-terminal tail region) is in

direct contact with CP. This model is also in good agreement

with the biochemical binding studies performed with twinfi-

lin deletion constructs and site-directed mutants (see

Figure 2). As our biochemical data (see Figure 1) demon-

strated that actin filament binding of CP is not affected by

twinfilin, CP in this model is oriented such that its a-helical

region around the N-termini of the a and b subunits is in

contact with twinfilin, and the C-terminal actin-binding sites

(Wear et al, 2003) are pointing away from the twinfilin

molecule (Figure 7).

Discussion

Here we show that twinfilin is composed of two structurally

separable domains, and that its conserved C-terminal tail

region is critical for interactions with CP in yeast and

mammals. Our biochemical studies demonstrate that twinfi-

lin (either alone or in complex with ADP- or ATP-G-actin)

does not regulate the actin filament capping activity of CP.

However, genetic studies with mutant yeast twinfilins with

specific defects in either CP or actin binding demonstrated

that both these activities are essential for twinfilin’s role in

actin dynamics.

A structural model of the twinfilin–CP complex obtained

by solution X-ray scattering studies demonstrates that the CP-

binding site is entirely located at only one of the two globular

domains and that the other domain of twinfilin does not

contribute to this interaction. This model is further refined by

our biochemical analysis of mutant twinfilins demonstrating

that the CP-binding site is located at the conserved C-terminal

tail region of twinfilin and that the C-terminal half of twinfilin

alone is sufficient for CP binding. Although our genetic

studies showed that interaction with CP is essential for

twinfilin’s role in actin dynamics in vivo, this interaction

does not affect the actin filament barbed-end capping activity

of CP. These data suggest that the biological role of twinfilin–

CP interaction is to regulate the activity and localization of

twinfilin in cells. The observation that twinfilin is not a

regulator of CP suggests that the twinfilin-binding site on

CP does not overlap with its actin-binding site. Thus, in our

model, the C-terminal regions of both the a and b subunits

essential for CP’s actin interactions (Wear et al, 2003; Kim

et al, 2004) are located away from the twinfilin-binding site of

the CP molecule.

Our studies also show that in solution CP does not affect

the binding of twinfilin to ADP-G-actin. However, it is im-

portant to note that for technical reasons this assay was

carried out using CP, which is not bound to filament ends.

Therefore, it is possible that the filament-bound form of CP

may affect the actin binding of twinfilin, for example, by

promoting the dissociation of ADP-G-actin from twinfilin.

This hypothesis is supported by the fact that twinfilin’s

high-affinity actin-binding site is located at the C-terminal

ADF-H domain (Ojala et al, 2002), which in the solution

structure is located close to the CP-binding interface.

Figure 3 Twf1–10p and Twf1–11p bind actin and PI(4,5)P2 similarly
as wild-type twinfilin. (A) The change in fluorescence of 0.2mM
NBD-labelled MgADP-actin was measured at different twinfilin
concentrations under physiological conditions. Symbols are data
and the lines are calculated binding curves. Twf1–10p and Twf1–11p
bind ADP-G-actin with affinities similar to wild-type twinfilin.
Cap1/2p does not have significant effect on twinfilin’s actin-binding
ability in solution. (B) Twf1–10p and Twf1–11p interact with
PI(4,5)P2 in a native gel electrophoresis assay. Lane 1, 4mM wild-
type yeast twinfilin; lane 2, 4mM wild-type twinfilinþ 24mM
PI(4,5)P2; lane 3, 4mM Twf1–11p; lane 4, 4mM Twf1–11pþ 24mM
PI(4,5)P2; lane 5, 4mM Twf1–10p; lane 6, 4mM Twf1–10pþ 24mM
PI(4,5)P2. In the absence of phospholipid, these proteins migrate as
sharp bands on the gel, but when incubated with PI(4,5)P2 before
loading on a gel these proteins showed smear-like migration
patterns.
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Genetic and cell biological studies with specific twinfilin

mutants (twf1–10 and twf1–11) demonstrate that interaction

with CP is essential for twinfilin’s correct localization in cells

and for its role in actin dynamics. Similarly, studies using a

twinfilin mutant with a specific defect in actin binding (twf1–

3; see Palmgren et al, 2001) show that also the ability to

interact with actin monomers is essential for the biological

role of twinfilin. These data show that in cells twinfilin is not

just a simple actin monomer-sequestering protein, but that its

ability to localize to actin filament structures through an

interaction with CP is central for its biological activity.

Furthermore, as described above, twinfilin is also not a

regulator of CP, suggesting that it plays a more complex

role in actin dynamics.

Studies on budding yeast, Drosophila melanogaster, and

mouse demonstrated that twinfilin shows diffuse cytoplasmic

localization, but is also concentrated to certain actin filament

structures in cells (Palmgren et al, 2001; Wahlström et al,

2001; Vartiainen et al, 2003). It is possible that the biological

role of twinfilin is to sequester ADP-actin monomers from the

cytoplasm and localize them to relevant regions of cells

through direct interaction with CP. After dissociation from

the twinfilin–CP complex, the actin monomer would undergo

nucleotide exchange (catalyzed, for example, by profilin) and

assemble into a nearby uncapped filament barbed end. As

twinfilin forms a relatively stable complex with ADP-actin

Figure 4 Twinfilin’s localization in yeast is dependent on direct
interaction with Cap1/2p. (A) Equal amounts of yeast cell extracts
from Dtwf (DDY1434) cells expressing wild-type twinfilin (lane 1),
Twf1–11p (lane 2), and Twf1–10p (lane 3) were run on a 12%
polyacrylamide gel, and twinfilin was subsequently visualized by
Western blotting. The mutant proteins, Twf1–10p and Twf1–11p,
show normal expression levels when compared to wild-type twinfi-
lin. (B) Immunoprecipitation of Cap1/2p with anti-yeast Cap2p
antibody was carried out from Dtwf1/Dtwf1 (DDY1436) cells ex-
pressing wild-type twinfilin (lane 1), Twf1–10p (lane 2), or Twf1–
11p (lane 3). The blot was detected with anti-Twf1p antibody, and it
demonstrates specific co-immunoprecipitation of wild-type twinfilin
(lane 1), but no co-immunoprecipitation of Twf1–10p (lane 2) or
Twf1–11p (lane 3) with Cap1/2p. (C) Similarly, only wild-type
Cap1/2p co-immunoprecipitated with anti-Twf1p antibody.
Immunoprecipitation of twinfilin was carried out from DDY1436
strain expressing wild-type twinfilin (lane 1), Twf1–10p (lane 2),
and Twf1–11p (lane 3). The blot was detected with an anti-Cap1/2p
antibody. (D) Wild-type twinfilin, Twf1–10p, and Twf1–11p were
expressed under their own promoters in twfD cells (DDY1434), and
twinfilin (left) and actin (right) were visualized. Twinfilin localizes
to the actin patches in cells expressing wild-type twinfilin, but
shows diffuse cytoplasmic staining and does not localize to the
actin patches in Twf1–10p- and Twf1–11p-expressing cells. (E)
Localization of capping protein in Dtwf1/Dtwf1 yeast strain.
Twinfilin is not required for the localization of capping protein
(left) to the cortical actin patches (right). Bar, 5mm.

Figure 5 Interactions with Cap1/2p and actin monomers are es-
sential for twinfilin’s role in actin dynamics. (A) Genetic interac-
tions between yeast twinfilin, cofilin, and profilin mutants. Double
mutants were inferred by marker segregation and colonies were
scored 4 days after tetrad dissection at 241C. The number of double
mutants forming colonies over the total number of tetrads is
indicated. Similar to Dtwf1, twf1–10 also shows synthetic lethality
with cof1–22 and pfy1–4. Furthermore, twf1–3 also shows synthetic
lethality with cof1–22, whereas its genetic interactions with pfy1–4
could not be examined due to sporulation problems. (B) After
prolonged incubation at þ 241C, a few viable cof1–22xtwf1–10,
cof1–22xtwf1–3, and cof1–22xtwfD cells were obtained and the
cells were stained with anti-twinfilin (left) and anti-actin (right)
antibodies. cof1–22 cells show relatively normal organization of the
actin cytoskeleton, whereas cof1–22xtwf1–10, cof1–22xtwf1–3, and
cof1–22xtwfD cells are grossly enlarged and show abnormal accu-
mulation of F-actin. Bar, 5mm.
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monomers (Ojala et al, 2002) and inhibits their nucleotide

exchange (Goode et al, 1998; Vartiainen et al, 2003), it is well

suited for preventing actin assembly at undesired cell regions

and localizing actin monomers to sites of rapid filament

assembly such as cortical actin patches in yeast cells. Both

twinfilin and CP are abundant proteins in yeast, found in

approximately 1:10 and 1:5 molar ratios, respectively, to actin

(Palmgren et al, 2001; Kim et al, 2004). A large fraction of CP

in yeast is localized to cortical actin patches and bound to

actin (Kim et al, 2004), indicating that yeast actin patches

contain a high concentration of barbed ends capped by CP.

This suggests that the possible targeting of actin monomers

by twinfilin to CP-bound filament ends could have a signifi-

cant effect on the dynamics and localization of the cytoplas-

mic actin monomer pool. This hypothesis is also supported

by the observation that a strong hypomorphic twinfilin

mutation resulted in accumulation of ectopic actin filament

structures in Drosophila bristles (Wahlström et al, 2001).

However, it is also possible that twinfilin, together with CP,

plays a more complex role in regulating actin filament turn-

over.

Although twinfilin is highly conserved in evolution, it

appears to be essential for morphogenesis and viability

only under certain specific conditions and cell types. In

budding yeast a deletion of twinfilin gene leads to relatively

mild defects in actin organization (Goode et al, 1998), and in

Drosophila S2 cells the presence of twinfilin is not required

for normal lamellipodia formation (Rogers et al, 2003).

However, twinfilin is essential for morphogenesis of large

and/or elongated cells such as Drosophila ommatidia and

bristles (Wahlström et al, 2001). Furthermore, in budding

yeast, twinfilin becomes essential when the cytoplasmic actin

monomer pool is diminished by a specific mutation in the

cofilin gene that decreases filament depolymerization rates

(Lappalainen and Drubin, 1997; Goode et al, 1998). Our

genetic studies show that twinfilin’s ability to localize to

cortical actin patches through direct interaction with CP is

required for rescuing the synthetic lethality with this cofilin

mutation. This suggests that twinfilin’s possible role in

localizing actin monomers to the sites of actin assembly is

specifically required under conditions when the size of the

cytoplasmic actin monomer pool is limiting.

Materials and methods

Site-directed mutagenesis and plasmid construction
The site-directed mutations to yeast (pPL61) and mouse (pPL78)
twinfilin expression plasmids were introduced by PCR-based
overlap extension method (Higuchi et al, 1988). The oligonucleo-
tides used in the amplifications created NcoI and HindIII sites at the
50 and 30 ends of the final PCR fragments, respectively. These
fragments were digested and ligated into pGAT2 (yeast twinfilin
constructs) or pHAT2 (mouse twinfilin constructs) vectors (Peränen
et al, 1996). To express wild-type and mutant twinfilins in yeast, a
1.8 kb genomic fragment containing the TWF1 open reading
frame and its promoter regions was subcloned into yeast

Table I Yeast strains used in this study

Strain Genotype

DDY1102 MAT a/MAT a, ade2-1/+, his3D200/his3D200, leu2–3,112/leu2–3,112, ura3–52/ura3–52, lys2–801/+
DDY1266 MAT a, ura3–52, his3D200, leu2–3,112, lys2–801, cof1–22HLEU2
DDY1434 MAT a, ade2-1, his3D200, leu2–3,112, ura3–52, Dtwf1HURA3
DDY1436 MAT a/MAT a, ade2-1/ade2-1, his3D200/his3D200, leu2–3,112/leu2–3,112, ura3–52/ura3–52, Dtwf1HURA3/Dtwf1HURA3
DDY2009 MAT a, his3D200, leu2–3,112, lys2–801, ura3–52, pfy1–4HLEU2
YJC0389 MAT a, rho+, ade2–101, his3–11,15, leu2–3,112, trp1-1, ura3–1, cap2-D1HHIS3

Standard methods were employed for growth, sporulation, and tetrad dissection of yeast (Rose et al, 1989).

Figure 6 Scattering profiles of full-length twinfilin, capping pro-
tein, the twinfilin–capping protein complex, and twinfilin’s C-
terminal ADF-H domain. Open symbols show the experimental
data and the red lines show the fit produced by the restored
shape models of full-length twinfilin (A), capping protein (B), and
the twinfilin–capping protein complex (C). The theoretical scatter-
ing simulations for twinfilin, capping protein, and twinfilin–capping
protein complex obtained from the models shown in Figure 7 are
indicated with green lines. Inset graphs show the P(r) distance
distribution versus D for the best fit to each protein.
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centromere-based LEU plasmid pRS315 to create plasmid pPL87.
Site-directed mutations were introduced to this plasmid using a
mutagenesis kit (TransformerTM, Clontech), generating plasmids
pPL178 (twf1–11), pPL179 (twf1–10), and pPL247 (twf1–3). The
wild-type TWF1, twf1–10, and twf1–3 genomic fragments were also
subcloned to centromere-based HIS vector pRS413 to create plasmids
pPL229, pPL230, and pPL248. All constructs were sequenced by the
chain-termination method to verify the correct sequences.

Protein expression and purification
Wild-type and mutant yeast twinfilins were expressed and purified
as described (Goode et al, 1998). Full-length mouse twinfilin-1 and
its individual domains were purified as described (Vartiainen et al,
2003). Mouse a1b2 CP and yeast Cap1/2p were expressed and
purified as described (Palmgren et al, 2001; Kim et al, 2004). Rabbit
muscle actin was prepared from acetone powder as described
previously (Spudich and Watt, 1971). ADP-actin was prepared by
incubating NBD-actin with hexokinase-agarose beads (Sigma) and
glucose for 3 h at þ 41C (Pollard, 1986). Yeast actin was purified as
described previously (Goode, 2002).

Actin interaction assays
Twinfilin’s influence on the actin filament barbed-end capping
ability of Cap1/2p was examined by a seeded actin assembly and
steady-state critical concentration assays, and the equilibrium
dissociation and capping rate constants were determined as
described (Wear et al, 2003). The affinities of wild-type and mutant
twinfilins for ADP-actin monomers were determined by measuring
the fluorescence of NBD-labeled G-actin as previously described
(Ojala et al, 2002).

Native gel electrophoresis assays
Twinfilin–Cap1/2p interaction was studied on 10% native poly-
acrylamide gels as described (Palmgren et al, 2001). Native

polyacrylamide gel electrophoresis for studying twinfilin–PI(4,5)P2

(Sigma) interactions was performed as described (Gungabissoon
et al, 1998).

Supernatant depletion pull-down assays
The GST–yeast twinfilin fusion proteins were immobilized on
glutathione sepharose 4B beads (Amersham) at a concentration of
approximately 5 mg of fusion protein/2 ml prewashed beads. The
total amount of protein on beads was quantified from a Coomassie-
stained SDS gel of the beads. In all, 250ml of 2mM yeast CP (in
10 mM Tris (pH 7.5), 100 mM NaCl, 1 mM MgCl2, 0.5 mM DTT) was
incubated alone or with increasing concentrations of GST-twinfilin
coupled to glutathione sepharose 4B beads for 10 min at 251C. The
samples were centrifuged for 5 min at 13 000 g to pellet the beads
and any bound proteins. The amount of CP present in the
supernatant was then examined from 12% SDS gels, and quantified
by using TINA software.

Immunofluorescence microscopy
Cells were grown in an appropriate medium at 301C to an optical
density of 0.5 at 600 nm and prepared for immunofluorescence as
described by Ayscough and Drubin (1998). Twinfilin, actin, and CP
were visualized as previously described (Palmgren et al, 2001; Kim
et al, 2004). The secondary antibodies used were TRITC anti-rabbit
and FITC anti-guinea-pig (Jackson Inc.). Images were acquired
through a SenSys (Photometrics Ltd) camera on an AX70 Provis
microscope (Olympus).

Western blotting and co-immunoprecipitation
Cells were grown to confluence overnight in YEPD medium (1%
(w/v) Bacto-yeast extract, 2% Bacto-peptone, 2% glucose) at 301C,
diluted 1:10, and allowed to grow for B3 h. Cells from 3 ml cultures
were harvested, resuspended in 100ml 20 mM Tris–HCl (pH 7.5),
0.6 mM PMSF, and lysed by addition of glass beads in 1:1 and

Figure 7 Three-dimensional models for full-length twinfilin, capping protein, and the twinfilin–capping protein complex. (A) Representative
dummy residue models for twinfilin (left), capping protein (middle), and twinfilin–capping protein complex (right). (B) Same models rotated
901 relative to their horizontal axes. (C) Structural models for twinfilin (left), capping protein (middle), and twinfilin–capping protein complex
(right). These models were obtained by fitting the high-resolution structures of twinfilin’s ADF-H domain and capping protein onto the models
generated from the scattering data. Red ball-and-sticks indicate the positions of critical capping protein-binding residues (corresponding to
Arg328 and Arg 331 of yeast protein) on the twinfilin molecule. The two arrows indicate the positions of the actin-binding tentacles of capping
protein. The picture was created with the programs Molscript (Kraulis, 1991) and RASTER3D (Merrit and Murphy, 1994).
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vortexing for 5 min at room temperature. Western blotting was
carried out as described previously (Vartiainen et al, 2000) with the
following primary antibodies: guinea-pig anti-yeast CP (1:10 000
dilution) or rabbit anti-yeast twinfilin (1:1000 dilution). Horseradish
peroxidase-conjugated anti-guinea-pig or anti-rabbit secondary
antibodies (Jackson Inc.) were used at 1:10 000 dilutions. Co-
immunoprecipitation experiments from 1�108 diploid Dtwf1/Dtwf1
cells, transformed with the desired CEN plasmids, were carried out
as described (Palmgren et al, 2001).

Solution X-ray scattering experiments
Synchrotron radiation X-ray scattering data were collected with a
2D detector at station 2.1 (Towns-Andrews et al, 1989) of the
Synchrotron Radiation Source (SRS), Daresbury Laboratory, UK.
The studies were performed in a standard cell with two protein
concentrations (1 and 16.5 mg/ml for twinfilin; 2 and 10 mg/ml for
CP; 2 and 11.5 mg/ml for twinfilin–CP complex at 1 and 4.25 m
detector distances, respectively) according to established proce-
dures (Grossmann et al, 2002; Witty et al, 2002). To verify the
sample homogeneity, a gel filtration chromatography (Superdex-
200, Amersham) was carried out for each sample before measure-
ments. All proteins eluted as single peaks at the expected elution
positions for monomeric proteins or a protein complex (twinfilin–
CP complex). All samples were measured at 41C at a wavelength of
1.54 Å. Full-length twinfilin was highly radiation sensitive and thus
only the first 30–60 s were used for averaging. Two sample-to-
detector distances (1 and 4.25 m) were used and the corresponding
profiles merged so as to cover the momentum transfer interval
0.02 Å�1psp0.8 Å�1. The modulus of the momentum transfer is
defined as s¼ 4p sinY/l, where 2Y is the scattering angle and l is
the wavelength used (1.54 Å). The maximum scattering angle
corresponds to a nominal Bragg resolution of 8 Å. The radius of
gyration, the forward scattering intensity, and the intraparticle
distance distribution function p(r) were evaluated with the indirect
Fourier transform program GNOM (Semenyuk and Svergun, 1991).

Three-dimensional modeling and fitting of atomic structures
Low-resolution models of the proteins were generated ab initio
from the scattering profiles with the program GASBOR version 18
(Svergun et al, 2001) using the smoothed data set generated by
GNOM. A large number (420) of independent ab initio shape
restorations were performed for all the proteins and the reconstruc-
tions provided highly consistent shape models. The selected models
are representative of the two proteins and their complex. Super-
imposition of the known atomic structures (twinfilin residues 1–
142, CP a1b2) were carried out either manually using the program
O (Jones et al, 1991) or automatically using the program SUPCOMB
(Kozin and Svergun, 2001). The two twinfilin domains were fitted
independently into the low-resolution bead model and the linker
regions were then added to the resulting pseudo-atomic model.
High-resolution models of twinfilin’s N-terminal ADF-H domain
(Paavilainen et al, 2002) and a1b1 CP (Yamashita et al, 2003) were
used in the theoretical calculation of scattering curves by the
program CRYSOL (Svergun et al, 1995). This method takes into
account the solvent effect by surrounding the protein with a
hydration shell of thickness 3 Å and fitting its excess average
scattering density.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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