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The organization of actin filaments into large ordered structures is a tightly controlled feature of many cellular processes.

However, the mechanisms by which actin filament polymerization is initiated from the available pool of profilin-bound actin

monomers remain unknown in plants. Because the spontaneous polymerization of actin monomers bound to profilin is

inhibited, the intervention of an actin promoting factor is required for efficient actin polymerization. Two such factors have

been characterized from yeasts and metazoans: the Arp2/3 complex, a complex of seven highly conserved subunits in-

cluding two actin-related proteins (ARP2 and ARP3), and the FORMIN family of proteins. The recent finding that Arabidopsis

thaliana plants lacking a functional Arp2/3 complex exhibit rather modest morphological defects leads us to consider

whether the large FORMIN family plays a central role in the regulation of actin polymerization. Here, we have characterized

the mechanism of action of Arabidopsis FORMIN1 (AFH1). Overexpression of AFH1 in pollen tubes has been shown pre-

viously to induce abnormal actin cable formation. We demonstrate that AFH1 has a unique behavior when compared with

nonplant formins. The activity of the formin homology domain 2 (FH2), containing the actin binding activity, is modulated by

the formin homology domain 1 (FH1). Indeed, the presence of the FH1 domain switches the FH2 domain from a tight capper

(Kd ;3.7 nM) able to nucleate actin filaments that grow only in the pointed-end direction to a leaky capper that allows

barbed-end elongation and efficient nucleation of actin filaments from actin monomers bound to profilin. Another exciting

feature of AFH1 is its ability to bind to the side and bundle actin filaments. We have identified an actin nucleator that is able

to organize actin filaments directly into unbranched actin filament bundles. We suggest that AFH1 plays a central role in the

initiation and organization of actin cables from the pool of actin monomers bound to profilin.

INTRODUCTION

In plants, the cytoskeleton (i.e., microtubules and actin filaments)

has long been known to play a major role in specialized functions

during cell division, cell expansion and morphogenesis, or in

response to pathogen attack (Staiger, 2000; Wasteneys and

Galway, 2003; Staiger and Hussey, 2004; Wasteneys and Yang,

2004). Plant cells respond to a wide range of internal or external

stimuli by reorganizing their cytoplasm (Vantard and Blanchoin,

2002). These modifications often correlate with changes in the

actin filament network, suggesting a direct correlation between

signal transduction and actin cytoskeleton reorganization in

plants (Staiger and Hussey, 2004). Despite growing evidence

that signal transduction cascades are required for plants to link

signaling to the actin cytoskeleton, such signaling pathways

have not yet been fully elucidated.

Theelongation of the pollen tube isone of the best-characterized

examples of actin-based cellular morphogenesis in plants (Hepler

et al., 2001; Holdaway-Clarke and Hepler, 2003; Wasteneys and

Galway, 2003). Fast pollen tube elongation (up to 1 cm/h for

maize [Zea mays] pollen growing in vivo) allows fertilization of

the ovule over a long distance in periods of <24 h. Actin is one of

the most abundant proteins in pollen and plays a major role during

tip growth (Yen et al., 1995; Ren et al., 1997; Staiger and Hussey,

2004). Any perturbation of the actin cytoskeleton by overexpres-

sion of actin binding proteins, drug treatments, or antibody

injection into pollen induces morphological defects and often

arrests tip growth (Lin and Yang, 1997; Gibbon et al., 1999; Vidali

et al., 2001; Chen et al., 2002). However, how actin binding

proteins are coordinated to ensure correct behavior of the actin

cytoskeleton during pollen tube growth is an open debate.

A major long-standing challenge in plant biology is to un-

derstand how cells initiate actin filaments and thereby generate

new actin filament arrays. Two main reasons argue against the

spontaneous polymerization of actin filaments in plants. First,

the need for precise spatial and temporal control over actin
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Figure 1. Purification of AFH1 and FH1-FH2-Cter and FH2-Cter Fusion Proteins.
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polymerization in all cellular processes seems obvious. Indeed,

cellular disruption of the equilibrium between actin monomers

and actin filaments by overexpression of actin binding proteins or

using actin cytoskeleton drugs (e.g., latrunculin or phalloidin)

induces morphological and cytoarchitectural defects in plant

cells (Staiger et al., 1994; Gibbon et al., 1999; Szymanski et al.,

1999; Vidali et al., 2001). Second, the high in vivo concentration

of profilin will buffer any free actin monomers and eliminate

spontaneous formation of new filaments (Gibbon et al., 1997;

Snowman et al., 2002; Staiger and Hussey, 2004). In fact, binding

of profilin to ATP-actin monomers inhibits the formation of actin

dimers or trimers, essential intermediates for the formation of

actin filaments (Pollard et al., 2000).

The polymerization of actin in a plant cell, like other eukar-

yotes, will therefore require the intervention of actin-nucleating

factors (Pollard et al., 2000; Staiger, 2000). Two actin-promoting

factors are known: the Arp2/3 complex originally purified from

Acanthamoeba castellanii (Machesky et al., 1994) and formins

identified as a link between Cdc42p and the actin cytoskeleton

during polarized morphogenesis in yeast (Evangelista et al.,

1997). The Arp2/3 complex generates a branched network of

actin filaments (Mullins et al., 1998), whereas formins induce

polymerization of actin filaments organized into parallel cables

(Feierbach and Chang, 2001; Evangelista et al., 2002; Sagot et al.,

2002a). Analysis of the Arabidopsis thaliana genome reveals the

presence of orthologs for all seven subunits of the Arp2/3 com-

plex (Deeks and Hussey, 2003; Smith and Li, 2004). However,

Arabidopsis plants defective in the expression of several of the

subunits show morphological and cytological defects only in

specialized cell types, including trichomes, leaf pavement cells,

and root hairs (Li et al., 2002; Le et al., 2003; Mathur et al., 2003a,

2003b). One hypothesis arising from these surprising results is

that actin polymerization in plant cells is mainly controlled by the

large formin family (Wasteneys and Yang, 2004).

Formins are characterized by the presence of two different

formin homology domains, formin homology domain 1 (FH1) and

formin homology domain 2 (FH2), that allow the multiple activities

of these proteins on actin (Pruyne et al., 2002; Sagot et al., 2002b;

Kovar et al., 2003; Li and Higgs, 2003; Pring et al., 2003). In yeast,

they are responsible for the formation of actin cables involved in

both cell polarity and cytokinesis (Feierbach and Chang, 2001;

Evangelista et al., 2002; Sagot et al., 2002a). Biophysical

approaches show that for yeast and mammalian formins, the

FH2 domain contains the actin binding site, whereas FH1 with its

polyproline-rich stretches binds to profilin and the profilin/actin

complex (Pruyne et al., 2002; Sagot et al., 2002b; Li and Higgs,

2003). General features of all formins include the abilities to

nucleate actin filaments, to interact with the barbed end of actin

filaments, and to allow actin elongation at the barbed end while

remaining attached to the same end (Pruyne et al., 2002; Sagot

et al., 2002b; Kovar et al., 2003; Li and Higgs, 2003; Higashida

et al., 2004; Kovar and Pollard, 2004a; Romero et al., 2004). The

latter behavior led to the elaboration of a model where formin

acts as a processive actin-promoting factor (Pruyne et al., 2002;

Zigmond et al., 2003). However, a detailed analysis of the litera-

ture on formins reveals a wide range of effects on actin poly-

merization (Pruyne et al., 2002; Sagot et al., 2002b; Kovar et al.,

2003; Li and Higgs, 2003; Zigmond et al., 2003; Harris et al.,

2004; Romero et al., 2004). This is probably due to the multiple

synergistic or antagonist reactions that formin has on actin

polymerization (Kovar and Pollard, 2004b).

Arabidopsis has 21 FORMIN isoforms separated into two

distinct phylogenetic subfamilies (Cvrcková, 2000; Deeks et al.,

2002; Cvrcková et al., 2004). Class I is characterized by a pre-

dicted N-terminal transmembrane domain that partially targets

the formin to or near the plasma membrane (Cheung and Wu,

2004; Favery et al., 2004; Van Damme et al., 2004; Ingouff et al.,

2005). No data are yet available for class II. Overexpression of

Arabidopsis FORMIN1 (AFH1) in pollen tubes induces the for-

mation of prominent actin cables, pollen tube swelling, and

deformation of the cell membrane at the tip of the pollen tube

(Cheung and Wu, 2004). The complexity of formin activities

makes predictions about the mechanisms underlying the broad

effects seen on pollen tubes rather impractical. The yeast and

mammalian cell biologists have expended considerable effort

toward better understanding of the mechanisms of action of

formin in vitro, whereas limited comparable data are yet available

for plant formins (Ingouff et al., 2005). A detailed analysis of the

mechanism of action of AFH1 is urgently needed before going

any further in the understanding of its in vivo functions.

Here, we combined pyrene fluorescence and light scattering

assays of actin polymerization, together with direct visualization

Figure 1. (continued).

(A) Schematic representation of the predicted domain organization of AFH1. The FH1 domain is dark gray (amino acids 430 to 567), and the FH2 domain

is light gray (amino acids 588 to 999). Recombinant FH1-FH2-Cter and FH2-Cter fusion proteins include amino acids 430 to 1051 and 568 to 1051,

respectively. SP, signal peptide, TM, transmembrane domain; aa, amino acids.

(B) Sequence alignment of AFH1 FH2-Cter domain with the equivalent domain of fission yeast Cdc12p and budding yeast Bni1p, based on the structure

of FH2 domain of Bni1p (Xu et al., 2004). Multiple sequence alignment of the AFH1 domain with the Saccharomyces cerevisiae Bni1p FH2 domain and

the Schizosaccharomyces pombe cytokinesis formin Cdc12p sequences was done with MultAlin (http://prodes.toulouse.inra.fr/multalin/). Superim-

position with the secondary structures extracted from the Bni1p crystal structure (Protein Data Bank ID 1UX5) was done with EsPript (http://

espript.ibcp.fr/ESPript/ESPript/). Numbering is based on the Bni1p crystal structure (1UX5).

(C) Coomassie-stained 10.5% SDS-PAGE of purified recombinant formin proteins after purification by affinity chromatography on glutathione-

Sepharose followed by nickel-Sepharose for GST-AFH1-His constructs or by nickel-Sepharose only for His-AFH1-His construct. Lane 1, molecular

weight markers in kD; lane 2, GST-FH2-Cter-His protein; lane 3, GST-FH1-FH2-Cter-His protein; lane 4, His-FH1-FH2-Cter-His protein.

(D) Analytical gel filtration analysis of AFH1, FH1-FH2-Cter constructs. Peak elution volumes for the following markers are shown along the top: 85 Å ¼
thyroglobulin; 61 Å ¼ ferritin; 48.1 Å ¼ aldolase; 35.5 Å ¼ BSA; 30.5 Å ¼ ovalbumin. AFH1 GST-FH1-FH2-Cter-His elutes at 8.15 mL (solid line),

corresponding to a Stokes radius of 41.2 Å, and His-FH1-FH2-Cter-His elutes at 8.3 mL (dashed line), corresponding to an apparent Stokes radius of

39.7 Å. a.u., arbitrary absorbance units.
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of actin filaments at steady state by fluorescence microscopy

or during polymerization by evanescent wave microscopy, to

analyze the effect of AFH1 on actin dynamics. We demonstrate

that recombinant FH2-Cter and FH1-FH2-Cter (the isolated FH1

and FH2 domains) were both able to accelerate polymerization of

actin alone; however, the FH1 domain was essential for effective

nucleation of actin monomers bound to profilin. This plant actin

binding protein is able to use the pool of actin monomers bound

to profilin for efficient nucleation. FH2-Cter and FH1-FH2-Cter

domains of AFH1 interact with the barbed ends of actin filaments,

inhibiting end-to-end annealing, but their effect on barbed-

end dynamics is very different and unique when compared

Figure 2. FH2-Cter and FH1-FH2-Cter Nucleate Actin Polymerization.

Conditions: 10 mM imidazole-HCl, pH 7.0, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM DTT, and 3 mM NaN3 at 208C.

(A) Time course of actin polymerization in the presence of FH2-Cter monitored by pyrene fluorescence. Different concentrations of FH2-Cter were

added to 2 mM of 10% pyrene-labeled actin before initiation of polymerization.

(B) Time course of actin polymerization in the presence of FH1-FH2-Cter. Increasing amounts of FH1-FH2-Cter were added to 4 mM of 10% pyrene-

labeled actin before initiation of polymerization.

(C) to (E) Micrographs of actin filaments in the presence of AFH1. Actin alone (C), actin and 700 nM FH2-Cter (D), and actin and 200 nM FH1-FH2-Cter

(E). Bar in (E) ¼ 5 mm.

(F) Nucleation efficiency of FH2-Cter and FH1-FH2-Cter. The efficiency of nucleation for FH2-Cter (closed circles) and FH1-FH2-Cter (closed squares)

was determined at half-maximal polymerization according to Blanchoin et al. (2000b).
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Figure 3. The FH1 Domain Is Necessary for Efficient Nucleation of Profilin/Actin Complex by AFH1.

Conditions: 10 mM imidazole, pH 7.0, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM DTT, and 3 mM NaN3 at 208C.

(A) Time course of actin polymerization in the presence of FH2-Cter and profilin monitored by pyrene fluorescence. Actin alone at 2 mM, closed circles;
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with nonplant formins. The FH2-Cter domain acts like an efficient

capper and blocks elongation at the barbed end of actin fila-

ments. However, the presence of the FH1 domain allows the

FH1-FH2-Cter protein to bind the barbed ends and allow

elongation at the barbed ends. More surprising, the FH1-

FH2-Cter protein was able to bind to the side and bundle

actin filaments directly. We report an actin nucleator that is

able to organize actin filaments into unbranched actin filament

bundles. These data strongly support a key role of AFH1 in the

initiation and organization of actin cables from the pool of actin

monomers bound to profilin.

RESULTS

Generation of Recombinant FH2-Cter and FH1-FH2-Cter

Domains of AFH1

To characterize the mechanism of action of AFH1, we generated

two C-terminal constructs containing the actin binding activity,

FH2-Cter, and FH1-FH2-Cter, including amino acids 568 to 1051

and 430 to 1051, respectively (Figure 1A). A sequence compar-

ison between FH2-Cter of yeast formins Bni1p, Cdc12p, and

AFH1 reveals that AFH1 shares ;25% similarity with both

proteins and has a Ser-rich extension of 46 amino acids at the

C-terminal end (Figure 1B). The FH1 domain amino acids (430 to

567) contain a typical polyproline-rich stretch, implicated in

binding to profilin (Evangelista et al., 1997; Watanabe et al.,

1997; Banno and Chua, 2000), but shares low similarity with

other formin FH1 domains. We expressed in bacteria both

constructs of AFH1 with a glutathione S-transferase (GST) fusion

at the N terminus and a 6-His tag at the C terminus (Figure 1C).

Cleavage of GST from either construct induced a rapid degra-

dation of the proteins. Because no differences in nucleation

activity between GST-tagged and untagged proteins were de-

tected, we used GST fusions for the bulk of our studies. To rule

out the possibility of GST dimer formation, which might be

responsible for the bundling activity observed with GST-FH1-

FH2-Cter protein, we made recombinant FH1-FH2-Cter with a

6-His tag at both N and C termini (Figure 1C). Using analytical gel

filtration, we compared the elution profiles of the two FH1-FH2-

Cter proteins. Both proteins behaved similarly and eluted with

an apparent Stokes radius at the peak of 41.2 and 39.7 Å,

consistent with a spherical particle of 107 kD for GST-FH1-FH2-

Cter-His and 96.7 kD for His-FH1-FH2-Cter-His. These values

are slightly greater than the masses calculated for the mono-

mers, 96.5 and 68.5 kD, respectively (Figure 1D). These proteins

eluted as a broad peak, suggesting that they exist probably in

a monomer-dimer equilibrium.

FH2-Cter and FH1-FH2-Cter Proteins Nucleate

Actin Polymerization

We used a combination of pyrene-actin assays and direct

visualization of actin filaments by light microscopy to study the

effect of FH2-Cter and FH1-FH2-Cter on actin polymerization

(Figures 2A to 2E). In pyrene fluorescence, both FH2-Cter and

FH1-FH2-Cter proteins decreased the initial lag corresponding

to the nucleation step for actin polymerization in a concentration-

dependent manner (Figures 2A and 2B). The behavior of AFH1

FH2-Cter is distinct from the equivalent fusion protein AtFH5,

which does not nucleate actin from a pool of free actin monomers

(Ingouff et al., 2005). The amplitude of pyrene fluorescence at

steady state, which is directly proportional to the actin filament

concentration generated during polymerization, was only slightly

affected by the presence of AFH1 FH1-FH2-Cter fusion protein.

This suggests that this protein does not change the final polymer

concentration during polymerization. Because the mean length

of actin filaments is inversely proportional to the number of nuclei

generated during the polymerization, we used light microscopy

to determine directly the length of actin filaments generated at

the end of actin polymerization in the presence of AFH1 fusion

proteins. The presence of either protein in the polymerization

mixture before dilution and observation in the light microscope

showed a decrease in the mean size of actin filaments from 18

mm for actin alone to 3.4 and 3.7 mm for FH2-Cter (700 nM) and

FH1-FH2-Cter (200 nM), respectively, in agreement with pyrene

fluorescence polymerization curves (Figures 2C to 2E).

The FH1 Domain Is Necessary for Actin Filament

Nucleation from the Profilin/Actin Complex

It has been reported for some plant cells that a large pool of

unpolymerized actin is buffered by a high concentration of

profilin (Gibbon et al., 1999; Snowman et al., 2002; Staiger and

Hussey, 2004). It was imperative to test whether or not AFH1 is

able to use this large pool of actin bound to profilin for efficient

nucleation of actin filaments. We first tested the effect of FH2-

Cter on the polymerization of actin/profilin complex. The pres-

ence of an equimolar amount of profilin to actin inhibited the

polymerization of actin by increasing the lag corresponding to

the nucleation step (Figure 3A, open circles, compared with actin

alone, closed circles). FH2-Cter was able to nucleate polymer-

ization of actin alone (Figure 3A, closed squares). However,

Figure 3. (continued).

2 mM actin with 2 mM profilin, open circles; 2 mM actin with 300 nM FH2-Cter, closed squares; 2 mM actin with 2 mM profilin and 300 nM FH2-Cter, open

squares.

(B) Time course of actin polymerization in the presence of FH1-FH2-Cter and profilin monitored by pyrene fluorescence. Actin alone at 2 mM, closed

circles; 2 mM actin with 2 mM profilin, open circles; 2 mM actin with 50 nM FH1-FH2-Cter, closed squares; 2 mM actin with 2 mM profilin and 50 nM FH1-

FH2-Cter, open squares.

(C) Time course of maize actin polymerization in the presence of FH1-FH2-Cter and maize profilin (ZmPRO5) monitored by pyrene fluorescence. Actin

alone at 2 mM, closed circles; 2 mM actin with 2 mM profilin, open circles; 2 mM actin with 100 nM FH1-FH2-Cter, closed squares; 2 mM actin with 2 mM

profilin and 100 nM FH1-FH2-Cter, open squares.
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polymerization was fully inhibited in the presence of both FH2-

Cter and equimolar profilin to actin (Figure 3A, open squares). By

contrast, FH1-FH2-Cter was able to nucleate actin alone (Figure

3B, closed squares) and profilin/actin complex (Figure 3B, open

squares). Similar results were obtained when we replaced human

profilin and muscle actin with maize profilin and pollen actin

(Figure 3C). FH1-FH2-Cter was able to nucleate both pollen actin

(Figure 3C, closed squares) and pollen actin bound to maize

profilin (Figure 3C, open squares).

FH2-Cter Blocks Elongation at the Barbed Ends Similar

to Capping Protein

The profilin/actin complex can add only onto uncapped filament

barbed ends (Pollard et al., 2000). A possible explanation for the

inhibition of actin polymerization in the presence of FH2-Cter and

profilin/actin is that FH2-Cter blocks elongation at actin filament

barbed ends (Xu et al., 2004; Otomo et al., 2005). To investigate

this hypothesis, seeded filament elongation experiments were

performed. These assays used actin filaments alone or in the

presence of FH2-Cter, as seeds for elongation with a concentra-

tion of pyrene-labeled actin monomers that were below the

critical concentration (Cc) at the pointed ends (i.e., 0.7 mM).

Under these conditions, elongation occurs only at the barbed

ends. The initial rate of elongation is then directly proportional to

the concentration of free barbed ends. We found, as expected,

that 0.4 mM pyrene-actin monomers could elongate the F-actin

seeds (Figure 4, open squares). By contrast, elongation of 0.4mM

pyrene-labeled actin monomers was strongly inhibited in the

presence of FH2-Cter (Figure 4, closed circles) similar to the

Figure 4. FH2-Cter Blocks Elongation at the Barbed Ends of Actin Filaments and Shifts the Cc to the Value for Pointed-End Assembly.

Conditions: 10 mM imidazole-HCl, pH 7.0, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM DTT, and 3 mM NaN3 at 208C.

(A) Time course of 0.4 mM pyrene-labeled actin elongation from a reaction mixture of 1 mM unlabeled actin filaments alone (open squares), 1 mM

unlabeled actin filaments preincubated with 200 nM FH2-Cter (closed circles), or 1 mM unlabeled actin filaments preincubated with 200 nM capping

protein (AtCP; open circles). Control for the effect of 200 nM FH2-Cter on the polymerization of 0.4 mM pyrene-labeled actin (solid line).

(B) Effect of FH2-Cter and FH1-FH2-Cter proteins on the Cc. Dependence of actin polymer concentration on total actin concentration in the absence

(open circles; Cc ¼ 0.14 mM) or presence of 200 nM FH1-FH2-Cter (closed circles; Cc ¼ 0.24 mM), 200 nM FH2-Cter (closed squares; Cc ¼ 0.54 mM),

200 nM AtCP (open squares; Cc ¼ 0.59 mM), or 200 nM human gelsolin (open triangles; Cc ¼ 0.76 mM).
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Figure 5. Direct Visualization by TIRF Microscopy of the Effect of FH2-Cter or FH1-FH2-Cter on Actin Filament Elongation by Profilin/Actin Complex.

(A) to (D) Time lapse evanescent wave fluorescence microscopy of profilin/rhodamine-actin polymerization. Conditions: NEM-myosin was attached to

the cover glass before addition into the flow cell of profilin/rhodamine-actin complex (2 and 1 mM, respectively). Frames were taken at the indicated time

during polymerization. Bar ¼ 5 mm.

(E) to (H) Time lapse evanescent wave fluorescence microscopy of the effect of FH2-Cter on actin polymerization. Conditions: NEM-myosin and FH2-

Cter (500 nM) were attached to the cover glass before addition into the flow cell of profilin/rhodamine-actin complex (2 and 1 mM, respectively). Frames

were taken at the indicated time during polymerization.

AFH1 Nucleates and Bundles Actin 2303



effect of Arabidopsis capping protein, a protein known to block

barbed-end elongation (Huang et al., 2003) (Figure 4, open

circles).

We next investigated the effect of both FH2-Cter and FH1-

FH2-Cter proteins on the Cc for actin assembly. The FH2-Cter

construct increased the Cc from 0.14 mM for actin filament

(Figure 4B, open circles) with free barbed ends to 0.54 mM,

a value close to that for the Cc of the pointed ends (Figure 4B,

closed squares). Arabidopsis capping protein (Cc ¼ 0.59 mM;

Figure 4, open squares) or human gelsolin (Cc ¼ 0.76 mM; Figure

4B, open triangles) had similar effects. However, the FH1-FH2-

Cter construct has only a slight effect on the Cc (Cc ¼ 0.24 mM;

Figure 4B, closed circles). These results suggest that the

presence of the FH1 domain modulates the behavior of the

FH2-Cter domain at the barbed end of actin filaments.

To further confirm this hypothesis, we used a total internal

reflection fluorescence (TIRF) microscope assay designed by

Kovar and Pollard (2004a). In this assay, both N-ethylmaleimide

(NEM)-myosin and FH2-Cter or FH1-FH2-Cter were immobilized

on the cover glass of a flow cell before addition of rhodamine-

actin/profilin complex to monitor polymerization (Figure 5). NEM-

myosin is necessary in this assay to maintain actin filaments in

the focal plane of the evanescent wave of illumination. The

design of the assay and use of the TIRF microscope allowed us to

distinguish two types of events: first, the polymerization in the

volume of the flow cell where no AFH1 is present; second, the

polymerization at the cover glass where both NEM-myosin and

AFH1 are present. We were mostly interested in the elongation

events at the cover glass because these are more likely to have

filaments with AFH1 bound at the barbed end. In the presence of

FH2-Cter (500 nM), actin filaments that were attached to NEM-

myosin and visible in the TIRF focal plane (100 to 150 nm from the

glass) were able to elongate over a period of 20 min at a very slow

rate of 0.6 6 0.6 subunits per second (see Supplemental Movie 2

online; Figures 5E to 5H, open squares in 5M, and 5N). However,

in the absence of FH2-Cter (see Supplemental Movie 1 online;

Figures 5A to 5D) or in the presence of FH1-FH2-Cter (see

Supplemental Movie 3 online; Figures 5I to 5L), actin filaments at

the cover glass were able to elongate several microns during the

20-min observation period. Only filaments attached by one end

were measured to determine the rate of elongation in the

presence of FH1-FH2-Cter construct to be sure that these

filaments have a formin attached. The rates of elongation were

4 6 0.5 subunits per second for profilin/actin complex alone

(Figures 5M, closed circles, and 5N) or 3.5 6 0.5 subunits per

second for profilin/actin complex in the presence of FH1-FH2-

Cter (Figures 5M, open circles, and 5N). This is in perfect

agreement with the elongation and the Cc data (Figures 4A and

4B) and confirms that FH2-Cter blocks elongation at the barbed

ends of actin filaments. According to these observations, we

were then able to determine the nucleation efficiency of both

constructs using the slope at half-maximal polymerization from

the pyrene fluorescence curves (Figures 2A and 2B; Blanchoin

et al., 2000b) using a rate constant of association 10mM�1 s�1 for

FH1-FH2-Cter (i.e., rate constant for barbed-end elongation) and

1.3 mM�1 s�1 for FH2-Cter (i.e., rate constant for pointed end

elongation) (Figure 2F). FH1-FH2-Cter generates a maximum of

0.026 filament barbed ends per formin molecule (Figure 2F). This

is 10 times more efficient than the equivalent fusion protein for

AtFH5, about the same efficiency as Bni1p, but 10 times less

efficient than mDia1 or Cdc12p (Sagot et al., 2002b; Kovar et al.,

2003; Li and Higgs, 2003; Ingouff et al., 2005).

The Presence of the FH1 Domain Switches the FH2-Cter

Protein from a Strong Capper to a Leaky Capper

Actin filament elongation assays (Blanchoin et al., 2000a) were

used to determine the affinity of FH2-Cter and FH1-FH2-Cter for

the barbed end of actin filaments (Figure 6). Freshly prepared

seeds consisting of unlabeled actin filaments were incubated

with various concentrations of FH2-Cter (Figure 6A) or FH1-FH2-

Cter (data not shown) before addition of pyrene-labeled actin

monomers. The decrease in the initial rate of elongation as

a function of the concentration of AFH1 reflects the saturation of

filament barbed ends by AFH1 fusion proteins (Figure 6B). Under

these experimental conditions, the nucleation activity of both

proteins at their highest concentrations did not contribute to the

increase in the pyrene fluorescence signal (data not shown). We

determined apparent Kd values of 3.7 6 1.5 nM for FH2-Cter

(Figure 6B, closed circles) and 40 6 12 nM for FH1-FH2-Cter

binding to muscle actin filament barbed ends (Figure 6B, open

squares). The latter value is consistent with that measured for

FH1-FH2-Cter from AtFH5 (Kd;32 nM; Ingouff et al., 2005). AKd

of 3.1 6 0.4 nM for FH2-Cter binding to pollen actin filament

barbed ends (Figure 6B, open circles) confirmed that the source

of actin does not affect AFH1 properties. Moreover, we found

that binding of FH1-FH2-Cter to barbed ends decreased the rate

of actin filament elongation, but unlike the FH2-Cter construct

did not fully block elongation at the barbed ends (Figure 6B, open

squares) in agreement with the Cc experiments (Figure 4B).

We reported previously that interaction of capping protein (CP)

with the barbed end of actin filaments inhibits annealing of

mechanically sheared actin filaments (Andrianantoandro et al.,

2001; Huang et al., 2003). By wide-field fluorescence micros-

copy, we visualized the products of shearing a mixture of two

colors of actin filaments directly (Figure 7). Ten seconds after

Figure 5. (continued).

(I) to (L) Time lapse evanescent wave fluorescence microscopy of the effect of FH1-FH2-Cter on actin polymerization. Conditions: NEM-myosin and

FH1-FH2-Cter (200 nM) were attached to the cover glass before addition into the flow cell of profilin/rhodamine-actin complex (2 and 1 mM,

respectively). Frames were taken at the indicated time during polymerization. Arrows indicate the position of actin filament ends over time.

(M) Measurement of filament length changes over time. Dotted lines represent actin filament elongation for a single actin filament in the absence (closed

circles) or presence of FH1-FH2-Cter (open circles) or FH2-Cter (open squares). Linear fits (solid line) allow determination of the elongation rate.

(N) Bar graphs comparing elongation rates of filaments in the absence or presence of FH1-FH2-Cter or FH2-Cter.
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fragmentation, most of the filaments were very short (Figure 7A;

mean length ¼ 1.5 mm). Ten minutes after fragmentation, long

actin filaments consisting of alternating red and green segments

were formed by end-to-end annealing of the two original pop-

ulations of filaments (Figures 7B and 7E; mean length ¼ 5.7 mm).

Incubation of actin filaments with 100 nM FH2-Cter before

fragmentation inhibited the annealing reaction (Figures 7C and

7E; mean length ¼ 1.2 mm). However, incubation with 100 nM

FH1-FH2-Cter had only a slight effect on annealing (Figures 7D

and 7E; mean length ¼ 4.1 mm). Increasing the concentration of

both FH2-Cter and FH1-FH2-Cter to 500 nM strongly inhibited

annealing (Figure 7E, mean length ¼ 0.5 mm), demonstrating that

both proteins interact with the barbed ends of actin filaments but

with a different affinity.

CP and FH1-FH2-Cter Compete for Binding to the Barbed

End of Actin Filaments

It has been reported recently that the heterodimeric Arabidopsis

CP binds to the barbed end of actin filaments with high affinity

(Kd ;12 to 24 nM) and blocks elongation with profilin/actin

complex (Huang et al., 2003). We investigated how CP affects

filament nucleation from profilin/actin complexes by FH1-FH2-

Cter using the pyrene fluorescence assay (Figure 8). CP decreased

the nucleation efficiency of FH1-FH2-Cter in a concentration-

dependent manner (Figure 8). In the presence of equimolar CP

and FH1-FH2-Cter protein, nucleation was completely inhibited

(Figure 8, closed squares). This demonstrates that CP and FH1-

FH2-Cter have antagonist effects at the barbed end of actin

filaments.

FH1-FH2-Cter Induces Bundling of Actin Filaments

During the fluorescence light microscopy assays, we discovered

that FH1-FH2-Cter was able to organize individual actin fila-

ments (Figure 9A) into long actin bundles (Figure 9C) similar to

actin filament bundles observed in the presence of Arabidopsis

VILLIN1, a well-characterized plant actin filament bundler (Figure

9B; Huang et al., 2005). No bundles were observed in absence of

either VILLIN1 or FH1-FH2-Cter (Figure 9A). Bundling activity by

a formin was originally reported for mouse formin FRLa (H.

Rouiller, D. Hanein, and Harry Higgs, unpublished data). To

further characterize the bundling activity of FH1-FH2-Cter, we

performed a side by side low-speed cosedimentation assay with

this protein and VILLIN1 (Figures 9D and 9E). At low speed, actin

filaments and FH1-FH2-Cter alone were mostly recovered in the

supernatant (Figure 9D, lanes 2 and 12). When mixed together,

FH1-FH2-Cter induced the sedimentation of actin filaments in

a concentration-dependent manner, consistent with bundle

formation (Figure 9D, lanes 3 to 10). The bundling activity of

FH1-FH2-Cter was independent of the presence of GST because

the His-FH1-FH2-Cter-His fusion protein has a similar activity

(Figure 9E, GST-FH1-FH2-Cter, open squares; His-FH1-FH2-

Cter-His, closed squares) but depends strongly on the ionic

strength (data not shown). AFH1 is a more efficient actin filament

bundler than VILLIN1 (Figure 9E, closed circles; Huang et al.,

2005). A possible explanation for the strong bundling activity of

FH1-FH2-Cter comes from the strong affinity of FH1-FH2-Cter

for the side of actin filaments (Kd ;0.13 mM; Figure 9E, inset),

which is eightfold higher than VILLIN1 (Kd ;1 mM; Huang et al.,

2005). In the same low-speed sedimentation assay, FH2-Cter

has a weak actin bundling activity (Figure 9E, open circles),

suggesting that the FH1 domain is essential for efficient bundle

formation.

We used a light scattering assay to study the kinetics of bundle

formation during actin polymerization (Huang et al., 2005; Figure

9F). Increasing the concentration of FH1-FH2-Cter induced

a large increase in the amplitude of the polymerization curves,

characteristic of bundle formation. For example, compare the

Figure 6. FH2-Cter Binds with a Higher Affinity to the Barbed Ends of

Actin Filaments Than Does FH1-FH2-Cter.

(A) Kinetics of actin filament barbed-end elongation in the presence of

FH2-Cter. Preformed actin filaments (1 mM) were incubated with various

concentrations of FH2-Cter before addition of 1 mM pyrene-actin

monomers.

(B) Variation in the initial rate of elongation as a function of FH2-Cter or

FH1-FH2-Cter concentration. The data were fit with Equation 1 (see

Methods) to determine equilibrium dissociation constant values of

3.7 nM for FH2-Cter (closed circles) with muscle actin, 40 nM for FH1-

FH2-Cter (open squares) with muscle actin, and 3.1 nM for FH2-Cter

(open circles) with pollen actin.
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amplitude at 100 nM FH1-FH2-Cter (Figure 9F, closed circles)

with the amplitude at 200 nM FH1-FH2-Cter (Figure 9F, open

circles). The light scattering curves (Figure 9F) reached a

plateau over a time frame comparable to the pyrene fluores-

cence curves (Figure 2B), suggesting that bundles form rapidly

during polymerization. We also tested whether FH1-FH2-Cter

was able to bundle preformed actin filaments (Figure 9G).

Addition of FH1-FH2-Cter to actin filaments induced a rapid

and large increase in light scattering, indicative of bundle

formation (Figure 9E).

DISCUSSION

Here, we study in detail the mechanism of action of AFH1.

Arabidopsis FORMINs comprise a large family of 21 isoforms

separated into two classes according to the presence or ab-

sence of a predicted N-terminal transmembrane domain

(Cvrcková, 2000; Deeks et al., 2002; Cvrcková et al., 2004).

Formins are recently discovered actin nucleators responsible for

actin cable formation in yeast (Evangelista et al., 1997; Pruyne

et al., 2002; Sagot et al., 2002b). A general feature of nonplant

formins is the presence of an actin nucleation domain (i.e., FH2

domain) and a polyproline-rich profilin binding domain (i.e., FH1

domain) (Evangelista et al., 2002). Arabidopsis class I formins seem

to have retained this overall organization, whereas some diver-

gence occurs in the class II FORMINs (Cvrcková, 2000; Deeks

et al., 2002; Cvrcková et al., 2004). Although AFH1 is a member of

Arabidopsis FORMIN class I, we found that it has a unique mode

of action on actin polymerization. We show that a member of the

formin family is able to generate actin bundles directly. Moreover,

both the nucleating and the bundling activities of AFH1 depend

on the Pro-rich FH1 domain that modulates the activity of the

conserved FH2 nucleation domain. Indeed, the presence of FH1

domain converts the FH2 domain from a strong capper that

Figure 7. AFH1 Inhibits End-to-End Annealing of Actin Filaments.

Conditions: equal amounts of 2 mM rhodamine-phalloidin labeled actin filaments and Alexa green-phalloidin labeled actin filaments were mixed and

sheared by sonication and then allowed to anneal for 10 min before dilution.

(A) Fragmented filaments imaged immediately.

(B) Fragmented filaments imaged after 10 min.

(C) Fragmented filaments in the presence of 100 nM FH2-Cter imaged after 10 min.

(D) Fragmented filaments in the presence of 100 nM FH1-FH2-Cter imaged after 10 min. Bar ¼ 5 mm.

(E) Mean length distribution of fragmented filaments imaged at 10 min as a function of AFH1 concentrations. No AFH1, black bar; FH2-Cter, gray bars;

FH1-FH2-Cter, white bars.
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blocks elongation at the barbed ends to a leaky capper that

allows filament barbed-end growth. To decipher the contribution

of proteins with multiple competing or synergistic effects on actin

dynamics (including nucleation, capping, and bundling activi-

ties), we employed assays, including spectroscopy of pyrene

fluorescence or light scattering, in parallel with fluorescence light

microscopy by evanescent wave imaging of dynamic actin

polymerization. The finding that AFH1 is not a simple actin

nucleator but can generate actin bundles in vitro provides

a potential explanation for the recent in vivo observation of actin

cable formation induced by the overexpression of AFH1 in pollen

tubes (Cheung and Wu, 2004).

Understanding how actin filaments are generated in plant cells

remains an open question. The presence of high concentrations

of profilin has been proposed to buffer the majority of free actin

monomers (Gibbon et al., 1999; Staiger and Hussey, 2004). An

important consequence of the high profilin concentration in vivo

is the total inhibition of the spontaneous actin polymerization

(Pollard et al., 2000). The in vivo polymerization of actin in a plant

cell will therefore require regulation of the profilin–actin inter-

action or intervention of an actin nucleation factor. Analysis of

the Arabidopsis genome reveals the presence of two universal

homologs of actin nucleation-promoting factors, the Arp2/3

complex and FORMINs, although nucleating activity remains to

be shown for the Arp2/3 complex (Cvrcková, 2000; Deeks et al.,

2002; Deeks and Hussey, 2003; Cvrcková et al., 2004; Smith and

Li, 2004; Wasteneys and Yang, 2004). Recently, a recombinant

FH1-FH2-Cter fusion protein from AtFH5 was shown to nucleate

actin filaments, whereas the FH2-Cter had no such activity

(Ingouff et al., 2005). Here, we show that AFH1, FH1-FH2-Cter

and FH2-Cter fusion proteins reduced the initial lag phase of the

actin polymerization curves, corresponding to the nucleation

step, in a concentration-dependent manner (Figures 2A and 2B).

Fluorescence light microscopy provided further evidence of

the nucleation efficiency for both AFH1 constructs. Indeed, the

presence of AFH1 in the polymerization mixture reduced the

length of actin filaments dramatically (Figures 2C to 2E). Because

no severing activity for either AFH1 protein was detected, the

decrease in actin filament length is best explained by an increase

in the concentration of nuclei generated by AFH1, as reported

previously for nucleation by the Acanthamoeba or mammalian

Arp2/3 complex or other formins (Blanchoin et al., 2000b; Kovar

et al., 2003). Both FH2-Cter and FH1-FH2-Cter constructs were

able to nucleate actin alone, whereas the presence of the FH1

domain was essential for nucleation of the profilin/actin complex

(Figure 3) and is in agreement with previous reports (Sagot et al.,

2002b; Kovar et al., 2003; Pring et al., 2003; Romero et al.,

2004). Moreover, FH2-Cter inhibits completely the polymerization

of profilin/actin complex (Figure 3A) similar to other formins

(Romero et al., 2004). Although similar data have been previously

reported for other formins, additional data presented in this study

suggest a mechanism of action for AFH1 that is different.

We find that both FH2-Cter and FH1-FH2-Cter bind to the

barbed end of actin filaments, decrease the elongation rate

of actin filaments, and inhibit end-to-end annealing of actin

filaments. These properties, originally described for CPs

(Andrianantoandro et al., 2001; Huang et al., 2003), have been ex-

tended to other proteins that interact with the barbed end of

actin filaments, including formin and gelsolin (Kovar et al., 2003;

Harris et al., 2004; Huang et al., 2004). The interaction of AFH1

with the barbed end of actin filaments is strongly dependent on

the presence of the FH1 domain. We find that AFH1, FH2-Cter

behaves similarly to Arabidopsis CP to block barbed-end elon-

gation and allow nucleation of actin filaments that grow only from

their pointed ends (Figures 3 to 7; Huang et al., 2003). Recently,

the crystal structure of the yeast Bni1p FH2 domain in complex

with tetramethylrhodamine-actin was solved (Otomo et al.,

2005). This structure indicates that the barbed ends of actin

filaments generated by FH2 are sterically blocked in agreement

with our data (Otomo et al., 2005). However, Bni1p FH2 or FH1-

FH2 domains nucleate filaments that elongate at their barbed

ends (Pruyne et al., 2002; Sagot et al., 2002b; Kovar and Pollard,

2004a; Moseley et al., 2004). A possible explanation for this dis-

crepancy, proposed by Otomo et al. (2005), is that the FH2 is in

equilibrium between two states allowing or not allowing barbed-

end growth. Our data suggest that the AFH1, FH2-Cter domain,

like fission yeast Cdc12p, exists mostly in the state that sterically

blocks barbed-end elongation (this study; Kovar et al., 2003).

In contrast with Cdc12p, we report that AFH1, FH1-FH2-Cter

binds to the barbed ends but still allows elongation at the same

ends, in agreement with the leaky capping property previously

reported for Bni1p (Figures 5 and 6; Zigmond et al., 2003). We

propose that the presence of the FH1 domain in AFH1 induces

a conformational change in the FH2 domain and stabilizes an

accessible configuration at the barbed ends, making elongation

at that end possible. This is closely related to the mechanism of

action of fission yeast Cdc12 (FH1-FH2)p; however, Cdc12 (FH1-

FH2)p alone is not sufficient to generate filaments that grow in the

barbed-end direction and requires the presence of profilin bound

to the FH1 domain (Kovar et al., 2003).

Figure 8. Arabidopsis CP Inhibits Nucleation by FH1-FH2-Cter.

Conditions: 10 mM imidazole-HCl, pH 7.0, 50 mM KCl, 2 mM MgCl2,

1 mM EGTA, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM DTT, and 3 mM NaN3

at 208C. Actin (2 mM), profilin (2 mM), and FH1-FH2-Cter (65 nM) were

incubated with various concentrations of CP before polymerization. The

effect of increasing concentrations of Arabidopsis CP on actin polymer-

ization in the presence of FH1-FH2-Cter and profilin monitored by pyrene

fluorescence as a function of time is plotted.
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Figure 9. FH1-FH2-Cter but Not FH2-Cter Induced the Formation of Actin Bundles.

(A) to (C) Direct visualization of actin filament bundles in the presence of AFH1 or VILLIN1.

(A) Micrograph of actin filaments alone.
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An attractive model for the behavior of AFH1 (FH1-FH2) can be

extrapolated from the end-side binding model for mammalian

formin proposed by Harris and Higgs (2004). In this model, the

FH2 domain of formin binds to the side of actin subunits at the

filament barbed ends (Harris and Higgs, 2004). In the case of

AFH1, we propose that the FH2 domain alone binds mostly to the

barbed ends of actin filaments, whereas the presence of the FH1

domain will induce a conformational change on AFH1 that allows

a rapid equilibrium between the side binding and the end bind-

ing of the FH2-Cter domain, thereby allowing the switch from

pointed-end to barbed-end elongation. This may explain why

no actin filament buckling was observed between AFH1 (FH1-

FH2) and myosin attachment points in the TIRF microscopy

assay (Figures 5I to 5L), in contrast with findings with Cdc12p or

Bni1p (Kovar and Pollard, 2004a). These data suggest that AFH1

(FH1-FH2) does not stay continuously bound to the growing

barbed end. Obviously, this is not the only model possible. AFH1

(FH1-FH2) could also cycle rapidly on and off the barbed end of

actin filaments to allow barbed-end growth. Based on the recent

crystal structure of Bni1p FH2 bound to rhodamine actin (Otomo

et al., 2005), we cannot predict the effect of the presence of the

FH1 on the overall structure of formin bound to actin. The amino

acid sequences of formin are divergent enough to allow major

structural differences in their contacts with actin. Further struc-

tural information on the binding of AFH1 to actin will be required

to fully understand the overall conformational change between

FH2 and FH1-FH2 constructs.

The control of actin elongation at the barbed ends of actin

filaments relies on tightly coordinated action of formin and CPs

(Wear and Cooper, 2004). A conserved property of formin is to

decrease the affinity of CP for the barbed end of actin filaments

(Kovar et al., 2003; Zigmond et al., 2003; Harris et al., 2004;

Moseley et al., 2004). Recently, Romero et al. (2004) demon-

strated that the presence of formin (mDia1) lowers the affinity of

CapG for the barbed ends by 100-fold. Interestingly, the binding

of mDia1 and CapG to the barbed ends seems not to be directly

competitive, but rather they form a complex that poisons actin

elongation (Romero et al., 2004). We report that Arabidopsis CP,

at a one-to-one molar ratio with FORMIN, inhibits actin polymer-

ization induced by AFH1 (FH1-FH2) completely (Figure 8).

This property, different from nonplant formins, favors a model

whereby AFH1 (FH1-FH2) does not stay attached continuously at

the barbed ends of actin filaments. So, the cellular concentrations

of CP and formin, and their respective affinities for barbed ends,

are key elements to understand how these two proteins will exert

control over actin elongation. The affinity of Arabidopsis CP for

the barbed ends of actin filament (Kd ;12 to 24 nM) is 6- to 100-

fold lower than yeast or vertebrate CP (Huang et al., 2003).

However, this affinity is only slightly affected by the presence of

AFH1 (FH1-FH2) (data not shown). In plants, because of the lower

affinity of CP for barbed ends, the inhibition by formin of barbed-

end capping with CP may not be as relevant as in other

organisms. Other cellular factors, including phosphatidylinositol

4,5-biphosphate (Huang et al., 2003) and phosphatidic acid

(S. Huang, L.Y. Gao, L. Blanchoin, and C.J. Staiger, unpublished

data), affect the activity of Arabidopsis CP and may play an

important role in coordinating the dynamics at actin filament

barbed ends in the presence of both formin and CPs.

An exciting novel feature of AFH1 (FH1-FH2) is the ability to

bind the side of actin filaments and organize them into cable-like

structures without a need for other cellular factors (Figure 9). We

find that the FH1 domain is necessary for bundling by AFH1

(Figure 9). Bundling occurs during polymerization or on pre-

formed actin filaments as revealed by a combination of fluores-

cence microscopy, low-speed sedimentation assays, and light

scattering (Figure 9). This bundling activity is consistent with the

end-side binding model because actin filament cross-linking

requires an interaction with the side of actin filaments (this report;

Harris and Higgs, 2004). Our data suggest that the capping, end

binding site, and the bundling side binding site of AFH1 are tightly

related. In the leaky capper state, the FH2 domain may bind to

the barbed ends and to the side of actin filaments in a similar way.

Indeed, the high affinity of FH1-FH2 for the side of actin filaments

suggests that the majority of the cross-linking formin molecules

will not be attached to the end of the filament (Figure 9). The

bundling activity of AFH1 (FH1-FH2) is in good agreement with

the effect of overexpression of AFH1 in pollen tubes (Cheung and

Wu, 2004). Overexpression of AFH1 induces abundant actin

cable formation and affects both the morphology and growth of

the pollen tube (Cheung and Wu, 2004).

Actin cables have been reported to serve as tracks for vesicle

delivery and are required for plasma membrane expansion and

cell wall biogenesis (Shimmen and Yokota, 2004). This study

emphasizes the potential role of formin in generation of actin-

based structures in vivo. The localization of AFH1 depends on

the putative N-terminal transmembrane domain, whereas its

Figure 9. (continued).

(B) Micrograph of actin filament bundles formed in the presence of 1 mM VILLIN1.

(C) Micrograph of actin filament bundles in the presence of 800 nM FH1-FH2-Cter. Bar ¼ 5 mm.

(D) Bundling activity of FH1-FH2-Cter was determined by a low-speed cosedimentation assay. Lanes 1 and 2, actin filaments alone (2 mM); lanes 3 and

4, actin filaments and FH1-FH2-Cter (25 nM); lanes 5 and 6, actin filaments and 65 nM FH1-FH2-Cter; lanes 7 and 8, actin filaments and 125 nM FH1-

FH2-Cter; lanes 9 and 10, actin filaments and 180 nM FH1-FH2-Cter; lanes 11 and 12, AFH1 alone at 500 nM. P, pellet; S, supernatant.

(E) Percentage of actin filaments recovered in the low-speed pellet as a function of the concentration of FH2-Cter (open circles), FH1-FH2-Cter protein

(open squares), His-FH1-FH2-Cter-His (closed squares), or VILLIN1 (closed circles). Inset shows the percentage of FH1-FH2-Cter construct in the pellet

as a function of actin filament concentration. FH1-FH2-Cter binds to actin filaments with an apparent Kd of 0.13 mM.

(F) Time course of actin polymerization monitored by light scattering. Actin alone, solid line; addition of FH1-FH2-Cter at 100 nM, closed circles; 200 nM,

open circles; 300 nM, open squares.

(G) Time course of the increase in light scattering after addition of FH1-FH2-Cter to actin filaments. Actin filaments after addition of FH1-FH2-Cter at

100 nM closed circles; 200 nM, open circles; 300 nM, open squares.
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activity lies in the FH1-FH2-Cter domains (Cheung and Wu, 2004;

this study). However, AFH1 localization seems not restricted

to the cell membrane (Cheung and Wu, 2004). Overexpression of

the FH2 domain of AFH1 has a reduced activity with respect to the

amount of actin cables present in the pollen tube (Cheung and

Wu, 2004). Our study shows that AFH1, FH2-Cter and FH1-FH2-

Cter domains have opposite effects on actin polymerization in the

presence of profilin (Figure 3). FH1-FH2-Cter acts as a potent

nucleator that rapidly generates new actin filaments from the

profilin actin pool, whereas FH2-Cter acts as a strong actin

filament barbed-end cap under the same conditions. Our data

explain how the presence of profilin and the FH1 domain of AFH1

can modulate the function of this protein in agreement with the in

vivo observations. Moreover, we have shown that FH1-FH2-Cter

was able to generate actin bundles during polymerization or from

preexisting filaments. Overexpression of FH1-FH2-Cter in pollen

will reorganize all actin filaments into bundles independently of

the nucleation activity. This activity is similar to other actin-

bundling proteins, including plant fimbrin and villin (Kovar et al.,

2000b; Huang et al., 2005; L.Y. Gao, D.W. McCurdy, and C.J.

Staiger, unpublished data). Our data highlight the need for a

careful characterization of the mechanism of action of actin bind-

ing proteins to further understand their in vivo functions. In a cel-

lular context, we propose that AFH1 will initiate the formation of

actin cable-like structures at the plasma membrane. The side

binding and bundling activity of AFH1 could be important to ini-

tiate a cluster of actin cables in a very specific area. Obviously,

depending on the context, these cables could be further stabilized

by villin or other bundling proteins (Huang et al., 2005), or they

could rapidly turnoverbyactionofactindepolymerizing factor (ADF)/

cofilin or gelsolin family members (Carlier et al., 1997; Maciver

and Hussey, 2002; Huang et al., 2004). Localization of AFH1 with

isoform-specific antibodies will be needed to further address the

link between AFH1 and actin filament distribution in vivo.

FORMIN is a large family of 21 isoforms in Arabidopsis,

separated into two classes depending on the presence of a

transmembrane domain at the N terminus (Deeks et al., 2002;

Cvrcková et al., 2004). There is no doubt that significant differ-

ences in the mechanism of action together with cellular localiza-

tion of these formins will correlate with specific functions.

Recently, Arabidopsis FORMIN5, AtFH5, a conserved actin nu-

cleator, has been shown to affect cytokinesis and morphogen-

esis in endosperm (Ingouff et al., 2005). Another class I FORMIN,

AtFH6, has been shown to be upregulated during parasitic

nematode infection, but the mechanism involved in this regula-

tion is largely unknown (Favery et al., 2004). It is highly ambitious

just from the sequence to predict how a protein with the com-

plexity of a formin will impact actin polymerization. Indeed, all

formins tested so far present divergent properties (Kovar and

Pollard, 2004b). Structural information is limited to the FH2

domain from yeast and mammalian formins (Shimada et al.,

2004; Xu et al., 2004; Otomo et al., 2005) that are weakly con-

served with plant formins, thereby preventing any solid prediction

of the structure of the plant FH2 domain. The current view that the

role of formin in vivo is to block barbed-end capping by CP and

allow long actin cables to elongate is over simplified. We have

shown that AFH1 is more than just a nucleator. Other cellular

factors including ADF and villin, together with the bundling ac-

tivity of AFH1, will strongly affect actin cable formation (Huang

et al., 2005). Further work is needed to reveal if the bundling

activity is a general feature of Arabidopsis FORMINs. Moreover,

the amino acid sequence of AFH1 does not reveal any obvious

mode for regulation of its activity. The degree of complexity of

formin both as a multifunctional protein and as a large gene family

will require concerted effort by the plant cytoskeleton community

to understand their broad function. In any case, the fact that

Arabidopsis plants defective for the Arp2/3 complex (the other

conserved actin nucleator) have only minor phenotypes argues in

favor of key functions played by FORMIN family proteins in plants.

METHODS

Protein Production

Two AFH1 (At3g25500) fragments, FH1-FH2-Cter and FH2-Cter, were

amplified by PCR from a RAFL clone containing AFH1 cDNA (pda07914,

RIKEN BioResource Center, Ibarabi, Japan) usingNotI-6HisR, containing a

6-His tag (59-ATAGTTTAGCGGCCGCCTAATGGTGATGGTGATGGTGG-

TAAGAAACTAATGAGATTGAGTTATGTTCGTCTTCATC-39) with SalI-FH1

(59-ACGCGTCGACGTCGGCAAGGTTTGCAATCTCAGTTA-39) orSalI-FH2

(59-ACGCGTCGACGGTCTGAAAACTTACCAGTGACTTCG-39) primers.

Error-free SalI-NotI PCR fragments were ligated to pGEX-4T1 vector

(Amersham, Buckinghamshire, UK) restricted with SalI-NotI. The frag-

ment corresponding to the FH1-FH2-Cter construct was also inserted

into pET30a vector (Novagen, Madison, WI) restricted with SalI-NotI.

These constructs were overexpressed in Rosetta Blue (DE3) pLysS strain

of Escherichia coli (Novagen). Cells were grown to an OD600 of 0.8 at 378C

and induced with 0.5 mM isopropylthio-b-galactoside at 228C overnight.

Cultures were resuspended in extraction buffer (25 mM Tris-HCl, pH 7.5,

250 mM sodium chloride, 5% glycerol, 0.1% Triton X-100, 1 mM EDTA,

and 1 mM DTT) with protease inhibitor cocktail. After sonication and

centrifugation (23,000g, 30 min), the supernatant was incubated with

glutathione-Sepharose 4B resin (Amersham), washed with TBSE (25 mM

Tris-HCl, pH 8.0, 250 mM potassium chloride, 1 mM EDTA, and 1 mM

DTT), and eluted with 100 mM glutathione in TBSE. Eluted fractions were

dialyzed overnight against His purification buffer (25 mM Tris-HCl, pH 8.0,

250 mM potassium chloride, 5 mM imidazole, and 2 mM 2-mercapto-

ethanol). The dialyzed proteins were incubated for 1 h with Talon resin

(Clontech, Palo Alto, CA), washed with buffer 2 (25 mM Tris-HCl, pH 8.0,

250 mM potassium chloride, 20 mM imidazole, and 2 mM 2-mercapto-

ethanol), and eluted with elution buffer (25 mM Tris-HCl, pH 8.0, 250 mM

potassium chloride, 600 mM imidazole, and 2 mM 2-mercaptoethanol).

After overnight dialysis against 25 mM Tris-HCl, pH 8.0, 150 mM po-

tassium chloride, 1 mM EDTA, 1 mM DTT, and 1 mM sodium azide, pro-

teins were concentrated with Centriprep YM-30 (Amicon, Bedford, MA)

and flash frozen in liquid nitrogen. The His-FH1-FH2-Cter-His construct

was purified using the same protocol without the glutathione-Sepharose

step and dialyzed overnight in 25 mM imidazole, pH 8.0, 150 mM potas-

sium chloride, 1 mM EDTA, 1 mM DTT, and 1 mM sodium azide.

Actin was isolated from rabbit skeletal muscle acetone powder

(Spudich and Watt, 1971). Monomeric Ca-ATP-actin was purified by gel

filtration chromatography on Sephacryl S-300 (MacLean-Fletcher and

Pollard, 1980) at 48C in G buffer (5 mM Tris-HCl, pH 8.0, 0.2 mM ATP,

0.1 mM CaCl2, and 0.5 mM DTT). Actin was labeled on Cys-374 to a

stoichiometry of 0.8 to 1.0 with pyrene iodoacetamide (Kouyama and

Mihashi, 1981); as modified by Pollard (1984). Mg-ATP-actin was pre-

pared by incubation of Ca-ATP-actin on ice with 0.2 mM EGTA and an

11-fold molar excess of MgCl2 over actin and used within 1 h. Actin was

polymerized by addition of one-tenth volume (v/v) of 103 KMEI (500 mM

KCl, 10 mM MgCl2, 10 mM EGTA, and 100 mM imidazole-HCl, pH 7.0).
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Maize (Zea mays) pollen actin was purified according to Ren et al. (1997).

Arabidopsis thaliana CP, human profilin 1, and maize PROFILIN5

(ZmPRO5) were purified as described previously (Fedorov et al., 1994;

Carlier et al., 1997; Kovar et al., 2000a; Huang et al., 2003). If not

stipulated, all experiments were performed with skeletal muscle actin and

human profilin 1.

Actin Nucleation Assay

Actin nucleation was performed essentially as described by Higgs et al.

(1999). Mg-ATP-monomeric actin or actin-profilin complexes (10%

pyrene labeled) were polymerized at room temperature in the presence

or absence of AFH1 by the addition of one-tenth volume of 103 KMEI.

The polymerization was followed by changes in pyrene fluorescence

using a MOS450 Bio-Logic fluorimeter (Bio-Logic-Science Instruments,

Claix, France) or a Xenius SAFAS (Safas, Monaco).

Elongation Assay to Determine the Affinity of FH2-Cter and

FH1-FH2-Cter for the Barbed End of Actin Filament

Equivalent amounts of actin filaments were incubated for a few minutes at

room temperature with various concentrations of AFH1. Elongation was

initiated by the addition of pyrene-labeled actin monomers or pyrene-

labeled actin monomers bound to profilin to the actin filament mixture.

The affinity of the fusion proteins for the barbed end of actin filaments was

determined by the variation of the initial rate of elongation as a function of

the concentration of AFH1 using Equation 1:

Vi ¼Vif þðVib �VifÞ

Kd þ½ends�þ ½AFH1��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ½ends�þ ½AFH1�Þ2 �4½ends�½AFH1�

q

2½ends�

0
@

1
A;

(1)

where Vi is the observed rate of elongation, Vif is the rate of elongation

when all the barbed ends are free, Vib is the rate of elongation when all the

barbed ends are capped, [ends] is the concentration of barbed ends, and

[AFH1] is the concentration of AFH1. The data were modeled by Kaleida-

graph version 3.6 software (Synergy Software, Reading, PA).

Fluorescence Microscopy

Actin filaments labeled with fluorescent phalloidin were observed in vitro

by epifluorescence illumination as previously reported (Blanchoin et al.,

2000b). Actin alone, or together with AFH1, was polymerized at room

temperature in 13 KMEI and labeled with an equimolar amount of

rhodamine-phalloidin (Sigma-Aldrich, St. Louis, MO) during polymeriza-

tion. The polymerized F-actin was diluted to 10 nM in fluorescence buffer

containing 10 mM imidazole-HCl, pH 7.0, 50 mM KCl, 1 mM MgCl2,

100 mM DTT, 100 mg/mL glucose oxidase, 15 mg/mL glucose, 20 mg/mL

catalase, and 0.5% methylcellulose. A dilute sample of 3 mL was ap-

plied to a 22 3 22-mm cover slip coated with poly-L-Lys (0.01%).

Actin filaments were observed by epifluorescence illumination with

a Zeiss Axioplan microscope (Jena, Germany) equipped with a 633, 1.4–

numerical aperture Planapo objective, and digital images were col-

lected with a Hamamatsu ORCA CCD camera (Hamamatsu Photonics,

Hamamatsu City, Japan) using Axiovision software.

Dual Color Annealing Assay

Actin filaments (2 mM) labeled with fluorescent rhodamine-phalloidin and

2 mM of actin filaments labeled with fluorescent Alexa-488-phalloidin

(Molecular Probes, Eugene, OR) were mixed together in the presence or

absence of AFH1. The filaments were sheared by a quick sonication and

allowed to anneal for 10 min before dilution into fluorescence buffer. Actin

filaments were observed by epifluorescence illumination as described

above.

TIRF Microscopy

We used methods recently described by Kovar and Pollard (2004a). Actin

filaments were observed by TIRF illumination on an Olympus IX-71

inverted microscope equipped with a 603, 1.45–numerical aperture

Planapo objective (Melville, NY). The time course of actin polymerization

was acquired at 5-s intervals with a Hamamatsu ORCA-EM-CCD camera

(model C9100-12) using WASABI Imaging Software (version 1.4; Hama-

matsu Photonics, Herrsching, Germany). Glass flow cells (Amann and

Pollard, 2001) were coated with a mixture of 10 nM NEM-myosin alone or

with FH2-Cter (500 nM) or FH1FH2-Cter (200 nM) for 1 min and washed

with 1% BSA in fluorescence buffer. A mixture of 1 mM Mg-ATP

rhodamine-actin monomers 40% labeled (Cytoskeleton, Denver, CO)

bound to 2 mM of ZmPRO5 in fluorescence buffer was injected into the

flow cells, and image acquisition began as soon as possible (typically 20 s

after injection) for a 20-min period.

Elongation rates were determined by measuring filament lengths

during actin filaments elongation with MetaMorph version 6.2r6 (Uni-

versal Imaging, Media, PA). Linear fits were made to the plots of length

versus time, with the slope representing elongation rates. Rates were

converted from mm�s�1 to subunits�s�1 using 333 actin monomers per

micrometer.

Cc Determination

A range of concentrations of 5% pyrene-labeled Mg-ATP-actin was

polymerized in 13 KMEI in the absence or presence of FH2-Cter

(200 nM), FH1FH2-Cter (200 nM), AtCP (200 nM), or gelsolin (200 nM) for

17 h in the dark at room temperature. Fluorescence measurements were

performed at room temperature using a Safas Xenius fluorimeter. Linear

best fit of the data, plotted as arbitrary fluorescence units versus actin

concentration, was used to determine the intercept with x axis.

Low- and High-Speed Cosedimentation Assays

Low-speed cosedimentation assays were used to examine the actin-

bundling properties of FH2-Cter and FH1-FH2-Cter as previously

reported for Arabidopsis FIMBRIN1 and VILLIN1 (Kovar et al., 2000b;

Huang et al., 2005). All proteins were preclarified at 200,000g before

each experiment. Various concentrations of FH2-Cter or FH1-FH2-Cter

and actin filaments were incubated together and then centrifuged at

13,500g for 30 min at 48C. Supernatants and pellets were collected and

proteins were separated by SDS-PAGE. Coomassie Brilliant Blue–

stained gels were digitized with a CanoScanLide 30 (Canon, Courbevoie,

France), and the density of gel bands was quantified in the supernatant

and pellet using NIH image.

High-speed cosedimentation assay was performed identically to the

low-speed assay except that the proteins were centrifuged at 300,000g

for 30 min at 208C before separation of the supernatant and pellet.

Light Scattering Assay to Characterize Filament Bundling Activity

A kinetic light scattering assay was performed to determine the ability of

FH1-FH2-Cter to form actin bundles. Light scattering was monitored by

908 light scattering of unlabeled actin at 400 nm. The change of light

scattering was recorded after addition of various concentrations of AFH1

into 2 mM F-actin solution with a Safas Xenius fluorimeter.
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Cvrcková, F. (2000). Are plant formins integral membrane proteins?

Genome Biol. 1, 1–7.
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