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A dynamic actin cytoskeleton is essential for pollen germination and tube growth. However, the molecular mechanisms

underlying the organization and turnover of the actin cytoskeleton in pollen remain poorly understood. Villin plays a key role

in the formation of higher-order structures from actin filaments and in the regulation of actin dynamics in eukaryotic cells. It

belongs to the villin/gelsolin/fragmin superfamily of actin binding proteins and is composed of six gelsolin-homology

domains at its core and a villin headpiece domain at its C terminus. Recently, several villin family members from plants have

been shown to sever, cap, and bundle actin filaments in vitro. Here, we characterized a villin isovariant, Arabidopsis thaliana

VILLIN5 (VLN5), that is highly and preferentially expressed in pollen. VLN5 loss-of-function retarded pollen tube growth and

sensitized actin filaments in pollen grains and tubes to latrunculin B. In vitro biochemical analyses revealed that VLN5 is a

typical member of the villin family and retains a full suite of activities, including barbed-end capping, filament bundling, and

calcium-dependent severing. The severing activity was confirmed with time-lapse evanescent wave microscopy of

individual actin filaments in vitro. We propose that VLN5 is a major regulator of actin filament stability and turnover that

functions in concert with oscillatory calcium gradients in pollen and therefore plays an integral role in pollen germination

and tube growth.

INTRODUCTION

Pollen tubes extend rapidly through the style via tip growth,

searching for the ovule to deliver two nonmotile sperm cells to the

embryo sac to achieve double fertilization. The growth of pollen

tubes is a powerful model system for studying polarized cell

expansion or tip growth. This process requires an intact and

dynamic actin cytoskeleton (Gibbon et al., 1999; Vidali et al.,

2001; Chen et al., 2002; Cole and Fowler, 2006). The actin

cytoskeleton assumes distinct distributions in the growing pollen

tube. It is less abundant but highly dynamic at the extreme tip of

the pollen tube; it forms a dense cortical fringe or collar of actin

filaments at the subapex, and it exists as longitudinal actin cables

in the shank (Hepler et al., 2001; Lovy-Wheeler et al., 2005; Chen

et al., 2009). These spatially separated arrays are believed to

perform distinct functions. The apical actin filaments are sug-

gested to regulate exocytic vesicle docking and fusion (Lee and

Yang, 2008). Although the function of the actin fringe is not

entirely clear, it is proposed to organize vesicles that mediate

endocytosis (Lovy-Wheeler et al., 2005; Cardenas et al., 2008),

the corresponding region is also the location where cytoplasmic

streaming reverses direction. The massive, longitudinal actin

cables in the shank of the pollen tube are believed to provide

molecular tracks for cytoplasmic streaming and organelle move-

ment. However, how these diverse actin structures are gener-

ated and maintained remains poorly understood. Recently, we

showed that the Arabidopsis thaliana formin 3 (AFH3) nucleates

actin assembly for the generation of actin cables in the pollen

tube (Ye et al., 2009). Nevertheless, how AFH3-nucleated actin

filaments are subsequently organized into cables or other struc-

tures remains to be determined.

The dynamic behavior of the actin cytoskeleton is modulated

by the coordinated action of a plethora of actin binding proteins

(ABPs) (Staiger and Blanchoin, 2006; Pollard and Cooper, 2009;

Staiger et al., 2010). Among these, several classes of ABPs

bundle and cross-link actin filaments and are believed to be

responsible for the formation and maintenance of higher-order

actin filament structures, such as actin cables (Higaki et al., 2007;

Thomas et al., 2009). Therefore, we previously proposed that

bundling factors (e.g., villins, LIM domain-containing proteins

[LIMs], and fimbrins) work in concert with AFH3 to organize actin

filaments into actin cables and stabilize them (Ye et al., 2009).
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Villin, originally purified from the core actin bundles of intestinal

epithelial cell microvilli (Bretscher and Weber, 1979; Matsudaira

and Burgess, 1979), is one of the major bundling factors iden-

tified in eukaryotic cells. It belongs to a protein superfamily called

the villin/gelsolin/fragmin family (Walsh et al., 1984b; Friederich

et al., 1989, 1990; McGough et al., 2003; Silacci et al., 2004; Su

et al., 2007; Khurana and George, 2008). All of the superfamily

members share a core constructed from conserved gelsolin

repeats. Gelsolin contains six gelsolin-homology repeats (G1 to

G6), whereas severin, fragmin, and CapG contain three gelsolin

repeats (G1 toG3), and ABP29 from lily (Lilium longiflorum) pollen

contains just two repeats (G1 and G2; Xiang et al., 2007). Due to

the presence of an extra headpiece domain at theC terminus that

contributes a second actin binding site, villin can bundle actin

filaments, in addition to capping and severing actin filaments as

gelsolin does. However, not all villins share this full suite of

activities; for instance, Arabidopsis VLN1 and Drosophila mela-

nogaster Quail are simple filament bundlers (Matova et al., 1999;

Huang et al., 2005). The latter findings emphasize the importance

of analyzing the biochemical properties of villins on a case by

case basis prior to understanding their function in vivo. Villin is

Ca2+ regulated in vitro and its function in cells likely depends on

local Ca2+ concentration (Walsh et al., 1984a). Loss of function of

villin in mice prevents actin fragmentation induced by Ca2+ and

causes destruction of the brush borders, implying that villin is

essential for actin rearrangements in response to stimuli (Ferrary

et al., 1999). Mutations in Drosophila Quail induce female sterility

and cause defects in actin bundle formation in nurse cells

(Mahajan-Miklos and Cooley, 1994; Matova et al., 1999).

Villin homologs in plants were originally isolated from lily pollen

by biochemical approaches (Nakayasu et al., 1998; Yokota

and Shimmen, 1998; Yokota et al., 2003). One lily villin isoform,

135-ABP, binds to and bundles actin filaments in a Ca2+/

calmodulin-dependent manner (Yokota et al., 2000). It was

shown subsequently to nucleate actin polymerization, to cap

the barbed end of actin filaments in a Ca2+/calmodulin-indepen-

dent manner, and to promote actin disassembly (Yokota et al.,

2005). Microinjection of a 135-ABP antibody destroys trans-

vacuolar strands; actin filament bundles in the transvacuolar

strand become thinner, confirming that villin plays a major role in

stabilizing actin bundles in vivo (Tominaga et al., 2000). More-

over, it was proposed that lily villin is involved not only in bundling

actin filaments in the shank of pollen tubes but also in regulating

actin dynamics in the apical region in response to oscillatory, tip-

high Ca2+ fluxes by capping and disassembling actin filaments

(Yokota et al., 2005). Genetic and cytological evidence is urgently

needed to support this model. The disassembly activity is

probably due to the fragmentation of actin filaments induced

by villin. However, there is only limited evidence for actin filament

severing by plant villin/gelsolin/fragmin family members, and the

threshold of free Ca2+ concentration required for triggering the

severing activity has not been determined yet. The Arabidopsis

genome contains five villin-like genes (VLN1 to VLN5; Huang

et al., 2005), and several green fluorescent protein–villin fusions

decorate actin filaments in vivo (Klahre et al., 2000). VLN1 is well

characterized biochemically and shown to be a simple Ca2+-

insensitive actin bundling protein (Huang et al., 2005). Moreover,

VLN1-decorated actin filaments are resistant to depolymeriza-

tion by ADF1 and latrunculin B (LatB) in vitro, implying a role for

VLN1 in stabilizing actin filaments in vivo (Huang et al., 2005).

However, the cellular and developmental function of Arabidopsis

villins remains to be determined.

In this study, we functionally characterized a villin isovariant,

VLN5, that is expressed preferentially in Arabidopsis pollen.

VLN5 loss of function destabilizes actin and is associated with

growth inhibition of pollen tubes. In vitro biochemical analyses

show that VLN5 retains the full suite of activities of villin family

members, including filament bundling, barbed-end capping, and

Ca2+-dependent severing. A total internal reflection fluorescence

microscopy (TIRFM) assay demonstrates the severing activity of

VLN5 on individual actin filaments and confirms data from

solution-based biochemical assays (Moseley et al., 2006). More-

over, severing is stimulated by physiological Ca2+ concentra-

tions, implying that it is biologically relevant. Thus, we propose

that VLN5 is a major actin filament stabilizing factor as well as a

regulator of actin dynamics that functions in concert with oscil-

latory Ca2+ gradients and regulates pollen tube growth.

RESULTS

VLN5 Is Expressed Preferentially in Pollen

There are five villin-like genes in the Arabidopsis genome (Huang

et al., 2005), named VLN1 to VLN5. VLN5 initially attracted our

attention because it is expressed preferentially in pollen, based

on available microarray data (https://www.genevestigator.com/

gv/index.jsp; Honys and Twell, 2003; Pina et al., 2005). To

analyze the molecular structure and domain composition of

VLN5, we aligned its protein sequence with that of the known

villin proteins. As shown in Supplemental Figure 1 online, VLN5

retains the overall architecture of a villin familymember, including

six gelsolin-homology domains (G1 to G6) and a second actin

binding motif, the villin headpiece at the C terminus. It shares

32% amino acid sequence identity with human villin and 44%

identity with 135-ABP, VLN1, and VLN2. In addition, many

important amino acids are conserved in VLN5, implying that

VLN5 will maintain the general biochemical activities of villin

family members. For example, VLN5 contains the conserved

residues for both a site 1 and site 2 Ca2+ regulation site within the

G1 domain, whereas VLN1 contains just two conserved residues

at site 2 (see Supplemental Figure 1 online; Huang et al., 2005).

We used these data to predict that VLN5 hasdistinct biochemical

functions when compared with VLN1, especially regarding reg-

ulation by Ca2+.

To confirm the expression pattern of VLN5 throughout the

Arabidopsis plant, tissue RT-PCR and promoter-b-glucuroni-

dase (GUS) fusions were employed. As shown in Figure 1A,

transcript for VLN5 could be detected weakly in all tissues, but it

was markedly more abundant in pollen and stamens (Figure 1A,

lanes 8 and 9). Our observations are consistent with published

microarray expression data (see Supplemental Figure 2 online).

Expression patterns were further explored by determining the

promoter activity using GUS as a reporter. As shown in Figure

1B, VLN5 promoter activity was detected in various organs,

including whole seedling (Figure 1B, a), leaves (Figure 1B, b),
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stems (Figure 1B, c), flowers (Figure 1B, d), and siliques (Figure

1B, e). However, the promoter activity was highest in pollen, both

within anthers and germinated in vitro (Figure 1B, d), which is

consistent with the tissue RT-PCR results and the public micro-

array expression data (see Supplemental Figures 2E and 2F

online). Taken together, these data show that VLN5 is preferen-

tially expressed in pollen, which implies that VLN5 may be an

important regulator of pollen function.

VLN5 Is Required for Normal Pollen Tube Growth

To investigate the in vivo function of VLN5, two T-DNA insertion

alleles were analyzed (Figure 2A). No full-length transcript was

detected for either allele in homozygous vln5-1 and vln5-2 plants;

however, partial transcripts both upstream and downstream of

the T-DNA insertion site were identified in both cases (Figure 2B).

Based on the lack of a full-length transcript, we assumed that

vln5-1 and vln5-2were knockout lines. In a parallel approach, an

RNA interference (RNAi) strategy was also adopted to study the

function of VLN5. In transgenic plants carrying a VLN5 RNAi

construct driven by the Lat52 promoter, VLN5 transcripts were

knocked down significantly (Figure 2C). However, VLN1 and

VLN2 transcripts were not reduced (see Supplemental Figure 3

online), indicating that VLN5 transcripts were knocked down

specifically in these lines.

Initially, we tested whether the VLN5 knockout mutants af-

fected pollen germination and pollen tube growth. Surprisingly,

the germination rate of pollen from vln5-1 and vln5-2 homozy-

gous plants was not different from that of wild-type Columbia-0

(Col-0) plants (see Supplemental Figure 4 online). We next

determined whether vln5 mutants had defects in pollen tube

elongation. After 2 h of germination on standard medium in vitro,

we found that wild-type Col-0 pollen tubes (Figure 3A) were

noticeably longer than vln5 mutant pollen tubes (Figures 3B and

3C). To quantify the differences between wild-type Col-0 and

mutants, wemeasured the length of pollen tubes from numerous

images. A histogram of length distributions for pollen tubes

showed that the frequency of short pollen tubes increased in

vln5-1 and vln5-2 samples compared with the wild type (Figures

3D to 3F). The length of vln5pollen tubeswas significantly shorter

than those of wild-type Col-0 (P < 0.01); specifically, the average

length (6SE) of wild-type Col-0, vln5-1, and vln5-2 pollen tubes

was 198.6 6 9.5 mm, 115.7 6 7.6 mm, and 133.5 6 6.7 mm (n =

200), respectively. To measure the growth rate of pollen tubes,

we tracked individual growing pollen tubes by light microscopy

(Figure 3G, a to f). The average growth rate (6SE) of pollen tubes

was determined to be 201.7 6 6.5 mm/h (n = 200), 122.0 6 4.4

mm/h (n = 200), and 145.3 6 4.4 mm/h (n = 200) for wild-type

Col-0, vln5-1, and vln5-2 pollen tubes, respectively. In addition,

pollen tube growth rate was also significantly reduced in three

independent vln5 RNAi lines (see Supplemental Figure 5 online).

These data suggest that VLN5 is required for normal pollen tube

growth. However, no growth phenotype was detected in vln5

root hairs (see Supplemental Figure 6 online), implying that VLN5

is not required for root hair tip growth, which is consistent with its

preferential expression in pollen.

Filamentous Actin Intensity and Organization Do Not Differ

betweenWild-Typeandvln5Loss-of-FunctionPollenGrains

and Pollen Tubes

Because villins are key regulators of cytoskeletal organization and

function inmammals and flies (Mahajan-Miklos and Cooley, 1994;

Ferrary et al., 1999), we wanted to test whether VLN5 loss of

function affected the organization of actin in pollen grains or pollen

tubes of Arabidopsis. To visualize actin, pollen grains and pollen

tubes from wild-type and vln5 homozygous mutant and RNAi

plants were subjected to actin staining with Alexa-488 phalloidin.

As shown in Figure 4, actin filaments were distributed uniformly

throughout pollen grains fromwild-type Col-0 (Figure 4A) and vln5

Figure 1. VLN5 Is Expressed Preferentially in Pollen.

The expression pattern of VLN5 throughout the Arabidopsis plant was examined by RT-PCR of separated tissues and with a promoter-reporter fusion.

(A) VLN5-specific primers were used to determine tissue expression patterns by RT-PCR. Tubulin2 was used as an internal loading control. The

samples are as follows: lane 1, seedling; lane 2, root; lane 3, internode; lane 4, bottom part of stem; lane 5, juvenile leaf; lane 6, adult leaf; lane 7, flower;

lane 8, anther; lane 9, pollen; lane 10, silique at early stage; lane 11, silique at late stage.

(B) VLN5 promoter activity was determined using GUS as a reporter. Samples include (a) 7-d-old seedling, (b) leaves, (c) stems, (d) flower, and (e)

siliques at different stages. Inset: pollen grain and germinated tube. Bar = 10 mm for the pollen tube.
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loss-of-function plants (Figures 4C, 4E, 4G, and 4I). Moreover,

there was no apparent difference in actin filament intensity and

organization when the wild type (Figure 4A) was compared with

vln5 loss-of-function pollen (Figures 4C, 4E, 4G, and 4I).

We also examined the organization of actin in wild-type Col-0

and vln5 loss-of-function pollen tubes. As shown in Figure 4B,

normal actin arrays were organized in a distinct pattern in wild-

typeCol-0 pollen tubes (see Supplemental Figure 7A online). Actin

filaments formed longitudinal actin cables in the shank of the

pollen tube, they occurred in a dense subapical collar or fringe,

and they were less abundant at the extreme apex of the pollen

tube (Figure 4B). This pattern is consistent with previous reports of

actin organization in pollen tubes from other species (Lovy-

Wheeler et al., 2005; Ye et al., 2009). Surprisingly, in vln5 loss-

of-function pollen tubes, the actin cytoskeleton maintained a

normal distribution (Figures 4D, 4F, 4H, and 4J; see Supplemental

Figures 7B to 7E online). In addition, there was no detectable

difference in actin filament intensity between wild-type Col-0 and

vln5 loss-of-function pollen tubes (see Supplemental Figure 8

online). Therefore, vln5 loss of function does not affect the orga-

nization or amount of filamentous actin in pollen grains or tubes.

vln5 Loss of Function Renders Pollen Tube Growth

Hypersensitive to LatB

Although actin organization and the levels of filamentous actin

were not grossly affected in vln5 loss-of-function pollen, it was

still of interest to determine whether the organization and dy-

namics of actin responded to actin drugs differentially. Initially,

we examined the response of pollen germination and pollen tube

growth to LatB treatments. LatB prevents actin polymerization

by binding with high affinity to monomeric actin (Gibbon et al.,

1999). It therefore targets dynamic actin filaments arrays prefer-

entially. To determine whether pollen germination of vln5 mu-

tants responded to LatB differentially, pollen was germinated on

medium containing various concentrations of LatB. As shown in

Figure 5A, germination of pollen from vln5-1 and vln5-2 mutant

plants was significantlymore sensitive than pollen fromwild-type

Col-0 plants at 2, 3, 4, and 8 nM LatB (P < 0.01).

To determine whether the growth of vln5 pollen tubes was also

hypersensitive to LatB treatment, pollen tubes were grown in

standard germination medium in the presence or absence of

LatB. Considering that half-maximal inhibition of pollen tube

growth occurs at LatB concentration of 2 to 7 nM, as reported

previously for lily, Tradescantia, and maize (Zea mays) pollen

(Gibbon et al., 1999; Vidali et al., 2001), 3 nM LatB was used in

this assay. Indeed, it was shown previously that 3 nM LatB

treatment reduced pollen tube growth substantially for wild-type

Arabidopsis pollen (Ye et al., 2009). As shown in Figure 5B, the

presence of 3 nM LatB reduced the growth rate of vln5-1 and

vln5-2 pollen tubes to 22.5 and 25.3% of that in standard

germination medium, respectively. By comparison, 3 nM LatB

reduced the growth rate of wild-type Col-0 pollen tubes to 56.7%

of that in standard germinationmedium. Loss of function of VLN5

Figure 2. Identification of Transcript Levels in T-DNA Insertion Mutants and Transgenic RNAi Lines.

(A) Physical structure of the Arabidopsis VLN5 gene. VLN5 contains 22 exons and 21 introns, which are represented by filled boxes and lines,

respectively. The position of two independent T-DNA insertion mutants, designated vln5-1 (SAIL_512_F03) and vln5-2 (GABI_225F09), are noted by

triangles above the diagram.

(B) Three separate pairs of primers, marked by arrows in (A), were designed to identify the level of VLN5 transcripts. The first pair of primers (V5F1 and

V5R1) was designed to amplify VLN5 full-length cDNA, which was not present in vln5-1 and vln5-2 mutant plants. The second and third primer pairs,

V5F2/V5R2 and V5F3/V5R3, were used to amplify upstream and downstream transcripts, respectively. Flowers from wild-type Col-0 plants and the two

homozygous insertion lines were subjected to RT treatment. eIF4A was used as an internal loading control.

(C) VLN5 transcripts were reduced significantly in VLN5 RNAi flowers. Flowers from wild-type Col-0 and VLN5 RNAi plants were subjected to

quantitative real-time PCR analysis. The expression level of the eIF4A gene was used as an internal control. All data represent the mean value of three

biological replications. Error bars represent 6 SD (n = 3); **P < 0.01.
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therefore increased the sensitivity of pollen tube growth to LatB

treatment significantly (P < 0.01). The growth ofVLN5RNAi pollen

tubes was also more sensitive to LatB treatment than that of wild-

type Col-0 pollen tubes (see Supplemental Figure 9 online).

Collectively, these data demonstrate that both pollen germination

and pollen tube growth are significantly more prone to perturba-

tion by LatB treatment in vln5 mutants, which implies that VLN5

may be involved in these processes via stabilizing actin filaments.

The Actin Cytoskeleton in vln5Mutants and VLN5 RNAi

Pollen Tubes Is Sensitive to Perturbation with LatB

We next sought to visualize the response of the actin cytoskel-

eton to LatB treatment directly. To do so, actin filaments were

stained with Alexa-488 phalloidin after treatment with 100 nM

LatB for 30 min. As shown in Figure 6, actin filaments became

markedly shorter and less abundant in both wild-type Col-0

pollen grains (Figure 6A) and wild-type Col-0 pollen tubes (Figure

6B), consistent with net depolymerization as reported quantita-

tively for maize (Gibbon et al., 1999) and poppy (Papaver rhoeas;

Snowman et al., 2002) pollen tubes. However, actin filaments

disappeared almost completely in vln5 mutant pollen grains

(Figures 6C and 6E) and pollen tubes (Figure 6D and 6F) after

treatment with 100 nM LatB for 30 min. Changes in average pixel

intensity fromfluorescencemicrographswere used to assess the

relative levels of actin in filamentous form in both pollen grains

and pollen tubes. The amount of F-actin in both wild-type Col-0

pollen grains andwild-type Col-0 pollen tubes was normalized to

Figure 3. VLN5 Loss-of-Function Mutant Plants Have Retarded Pollen Tube Growth.

(A) to (C)Micrographs of pollen tubes after germination for 2 h in vitro. Pollen was isolated from plants with the following genotypes: wild-type Col-0 (A),

homozygous vln5-1 (B), and homozygous vln5-2 (C). Bar in (C) = 100 mm.

(D) to (F) Length distribution of pollen tubes: wild-type Col-0 (D), vln5-1 (E), and vln5-2 (F).

(G) Measurement of growth rates was performed by tracking individual pollen tubes. (a) to (f) Pairs of images from single pollen tubes selected for

measurement: (a) wild-type Col-0 pollen tube and (b) the same pollen tube after 30 min of growth; (c) vln5-1 pollen tube and (d) the same pollen tube

after 30 min growth; (e) vln5-2 pollen tube and (f) the same pollen tube after 30 min growth. Bar = 50 mm in (f) for (a) to (f). (g) A plot of pollen tube growth

rates shows that vln5mutant pollen tubes had reduced rates compared with the wild type. Wild-type Col-0, black bar; vln5-1, gray bar; vln5-2, white bar.

Error bars represent mean values6 SE; n = 200. Pollen tube growth rate of vln5 pollen tubes was significantly different from that of wild-type Col-0 pollen

tubes as determined by analysis of variance followed by Dunnett post-hoc multiple comparisons; **P < 0.01.

VLN5 and Pollen Tube Growth 2753



100%. The relative amount (average6 SD; n = 10) of F-actin was

reduced to 52.5% 6 3.8% and 39.2% 6 2.9% of that in treated

wild-type Col-0 pollen grains for vln5-1 and vln5-2 pollen grains,

respectively. This suggests that wild-type Col-0 has significantly

better resistance to LatB treatment than vln5-1 and vln5-2 pollen

grains (P < 0.01). In addition, the relative amount (average6 SD; n

$ 27) of F-actin was reduced to 56.1% 6 16.0% and 61.3% 6
10.7%of that in treatedwild-typeCol-0 pollen tubes for vln5-1and

vln5-2 pollen tubes, respectively, suggesting that VLN5 loss-of-

function reduced the resistance of pollen tubes to LatB treatment

significantly (P < 0.01). These results indicate that VLN5 is required

for stabilizing actin filaments inbothpollengrains andpollen tubes.

vln5LossofFunctionRendersPollenTubeGrowthResistant

to Cytochalasin D Treatment

We next sought to determine whether the growth of vln5 pollen

tubes responds to other actin inhibitors differentially. Cytocha-

lasin D (CD) alters actin dynamics by capping the barbed end of

actin filaments (Cooper, 1987). Considering that pollen germi-

nation and pollen tube growth have similar sensitivity to CD

treatment and that the half-maximal inhibition of pollen tube

growth occurs at;200 and 500 nM CD, as reported previously

for tobacco (Nicotiana tabacum) and maize pollen (Geitmann

et al., 1996; Gibbon et al., 1999), respectively, these concentra-

tions were selected for our assays. The growth rate of pollen

tubes was normalized to 100% in standard germination medium.

Surprisingly, the growth of vln5 pollen tubes was more resistant

to CD treatments compared with wild-type Col-0 pollen tubes.

As shown in Supplemental Figure 10 online, the presence of 200

nMCD reduced the growth rate of vln5-1 and vln5-2 pollen tubes

to just 91.2 and 86.6% of that in standard germination medium,

respectively, and the presence of 500 nM reduced the growth

rate of vln5-1 and vln5-2 pollen tubes to 49.0 and 46.3%of that in

standard germination medium, respectively. By comparison, the

presence of 200 and 500 nM CD reduced the pollen tube growth

rate of wild-type Col-0 pollen tubes to 58.7 and 14.5% of that in

standard germination medium, respectively. In summary, VLN5

Figure 4. VLN5 Loss of Function Does Not Affect the Amount or Distribution of Actin Filaments in Ungerminated Pollen Grains and Pollen Tubes.

Pollen grains and pollen tubes from wild-type Col-0 and VLN5 loss-of-function mutants were subjected to actin filament staining with Alexa-488

phalloidin. More than 50 stained pollen tubes were obtained for each genotype, and typical images for each genotype, which represented >85% of the

population, are presented. See Supplemental Figure 7 for more examples. The images of actin staining of pollen grains and pollen tubes are projections

of confocal optical sections. Bar = 7.5 mm in (I) for pollen grains and 10 mm in (J) for pollen tubes.

(A) Wild-type Col-0 pollen grain.

(B) Wild-type Col-0 pollen tube. On the right is a transmitted light image of the corresponding pollen tube.

(C) vln5-1 pollen grain.

(D) vln5-1 pollen tube and corresponding transmitted light image.

(E) vln5-2 pollen grain.

(F) vln5-2 pollen tube and corresponding transmitted light image.

(G) VLN5 RNAi line 1 pollen grain.

(H) VLN5 RNAi line 1 pollen tube and corresponding transmitted light image.

(I) VLN5 RNAi line 2 pollen grain.

(J) VLN5 RNAi line 2 pollen tube and corresponding transmitted light image.
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loss of function leads to pollen tube growth that is resistant to CD

treatments. In other words, vln5 loss of function is partially

rescued by treatment with a filament capping agent.

Recombinant VLN5 Binds to and Bundles Actin Filaments

in Vitro

Given that VLN5 appears to be required for the stability of actin

filaments in pollen and for normal pollen tube growth, we inves-

tigated themolecular basis for VLN5 regulation of actin dynamics

in vitro. Recombinant VLN5 was expressed in Escherichia coli as

a nonfusion protein and purified to near homogeneity using a

combination of ammonium sulfate precipitation and several

chromatographic fractionation steps (Figure 7A). The ability of

purified VLN5 to bind actin filaments was determinedwith a high-

speed cosedimentation assay. As shown in Figure 7B, VLN5

bound to actin filaments in a dose-dependent manner. To

determine the equilibrium dissociation constant (Kd) value for

this interaction, VLN5 in the pellet ([VLN5]bound) was plotted as a

function of VLN5 in the supernatant ([VLN5]free) and the resulting

data fitted with a hyperbolic function. In a representative exper-

iment shown in Figure 7C, the Kd was determined to be 0.55 mM.

A mean Kd value (6SD) of 0.6 6 0.1 mM was determined for the

binding of VLN5 to actin filaments from three independent

experiments. By comparison, the Kd value was determined to

be 0.7 6 0.3 mM (n = 3) for the well-characterized VLN1 (Figure

7D), which is close to the published value (Huang et al., 2005).

The Kd for actin filament side binding is also very close to that of

human villin, which has a Kd value of 4.4 mM for the wild-type

form and 0.6 mM for the phosphorylated form (Zhai et al., 2001).

Like VLN1 (Huang et al., 2005) and VLN3 (see companion

paper, Khurana et al., 2010), VLN5 binding to actin filaments was

calcium insensitive over 5 orders of magnitude in free Ca2+

concentration (Figure 7E). Given that the binding of 135-ABP to

actin filaments was shown to be regulated by Ca2+/calmodulin

(Yokota et al., 2000), we sought to determine whether the binding

of VLN5 to actin filaments is regulated by Ca2+/calmodulin as

well. Indeed, the amount of VLN5 in the pellet was modestly but

significantly reduced in the presence of 50 mM calmodulin and

1 mM free Ca2+ (see Supplemental Figure 11 online, lane 6; P <

0.05), suggesting that the binding of VLN5 to actin filaments is

regulated by Ca2+/calmodulin.

Most villins characterized to date exhibit actin filament bun-

dling activity, with the exception of a prototype villin (Hofmann

et al., 1992). Indeed, bundling is the only villin-like property

maintained by Arabidopsis VLN1 (Huang et al., 2005). Therefore,

it is reasonable to expect that VLN5 will bundle actin filaments in

vitro. To test this, a low-speed cosedimentation assay was

employed. As shown in Figure 8, the presence of VLN5 increased

the amount of sedimentable actin in a dose-dependent manner

(Figures 8A and 8B). Because actin alone does not sediment

appreciably under these conditions (Figure 8A, lane 2), this

suggests that VLN5 has bundling activity, and the effect was

similar to that of VLN1 (Figure 8A, lane 14; Huang et al., 2005).

Moreover, the bundling activity of VLN5 was Ca2+ insensitive

over 5 orders of magnitude in free Ca2+ concentration (Figure

8C). To confirm the bundling activity of VLN5, actin filaments in

the presence and absence of villin were visualized directly by

Figure 5. VLN5 Loss of Function Renders Pollen Germination and Pollen

Tube Growth Hypersensitive to LatB.

(A) Germination of vln5 pollen is more sensitive than wild-type pollen to

perturbation of the actin cytoskeleton by LatB treatment. Pollen grains

from wild-type Col-0 and vln5 plants were germinated on medium

containing various concentrations of LatB. Germination was scored after

pollen had germinated for 6 h. The average germination rate versus LatB

concentration was plotted. Closed boxes, wild-type Col-0; closed trian-

gles, vln5-1; open triangles, vln5-2. Error bars represent SE; n $ 500.

Asterisks denote values that were significantly different from wild-type

Col-0 by x2 test (P < 0.01).

(B) The growth of vln5-1 and vln5-2 pollen tubes was more sensitive than

wild-type pollen to LatB treatment. To measure the growth rate of pollen

tubes, pollen from wild-type Col-0 and vln5 mutant plants was initially

germinated for 2 h in standard germination medium. Individual pollen

tubes were subsequently tracked to measure the growth rate of pollen

tubes. To determine the effect of LatB on growth rates, 3 nM LatB was

added to the germination medium. The growth rate of pollen tubes from

wild-type Col-0, vln5-1, and vln5-2 in standard germination medium was

normalized to 100%, and the relative growth rate of pollen tubes in 3 nM

LatB was plotted. Wild-type Col-0 grew significantly better than did vln5

mutant pollen in the presence of LatB. Error bars represent mean 6 SE

(n > 72); **P < 0.01 (Student’s t test).

VLN5 and Pollen Tube Growth 2755



fluorescence light microscopy after staining with rhodamine-

phalloidin. Actin filaments appeared to be individual structures in

the absence of villin (Figure 8D), whereas in the presence of 1mM

VLN5 they were organized into massive bundles (Figure 8E). This

effect was similar to that observed for VLN1 (Figure 8F; Huang

et al., 2005). These results demonstrate that VLN5 bundles actin

filaments in a Ca2+-insensitive manner.

It was reported previously that the bundling activity of 135-

ABP is reduced or inhibited by Ca2+/calmodulin (Yokota et al.,

2000); therefore, we sought to determine whether this type of

regulation is conserved for VLN5. Initially, the low-speed cose-

dimentation assay was employed. The results showed that the

presence of 50 mM CaM and 1 mM free Ca2+ significantly

decreased (P < 0.05) the amount of actin in the pellet (see

Supplemental Figure 12A, lane 6, and Supplemental Figure 12B

online) compared with that for VLN5 alone (see Supplemental

Figure 12A, lane 4, and Supplemental Figure 11B online), which

suggests that Ca2+/CaM inhibits the bundling activity of VLN5.

The effect of Ca2+/CaM on the bundling activity of VLN5 was

confirmed by direct visualization of actin filaments under a

fluorescence light microscope. Actin filaments behaved as indi-

vidual filaments in the absence of VLN5 (see Supplemental

Figure 12C online), whereas actin filaments were organized into

numerous, prominent bundles in the presence of 500 nM VLN5

(see Supplemental Figure 12D online), consistent with the pre-

vious observations (Figure 8E). However, the actin bundle struc-

tures were smaller and less abundant in the presence of Ca2+/CaM,

and more individual actin filaments appeared in each field

(see Supplemental Figure 12E online). Collectively, these results

suggest that regulation of the bundling activity of VLN5 by

Ca2+/CaM is conserved for VLN5.

VLN5 Caps the Barbed End of Actin Filaments

Most villins bind to the barbed end of actin filaments with high

affinity and prevent subunit addition and loss (Glenney et al.,

1981; Walsh et al., 1984b); this is known as capping activity.

To determine whether VLN5 caps the barbed end of actin

Figure 6. Pollen Grains and Pollen Tubes with Reduced VLN5 Levels Have Unstable Actin Filaments.

Ungerminated pollen grains and pollen tubes treated with 100 nM LatB for 30 min were subjected to actin staining with Alexa-488 phalloidin.

Transmitted light images of each pollen tube are shown to the right of the fluorescence microscope image.

(A) Wild-type Col-0 pollen grain.

(B) Wild-type Col-0 pollen tube.

(C) vln5-1 pollen grain.

(D) vln5-1 pollen tube.

(E) vln5-2 pollen grain.

(F) vln5-2 pollen tube. Bar = 7.5 mm in (E) for pollen grains and 10 mm in (F) for pollen tubes.

(G) Quantification of relative F-actin level in pollen grains treated with 100 nM LatB. The amount of F-actin in treated wild-type Col-0 pollen grains was

normalized to 100%. Error bars represent 6 SD (n = 10); **P < 0.01 (Student’s t test).

(H) Quantification of relative F-actin level in pollen tubes treated with 100 nM LatB. The amount of F-actin in treated wild-type Col-0 pollen tubes was

normalized to 100%. Error bars represent 6 SD (n > 27); *P < 0.05 (Student’s t test).
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filaments, a seeded actin elongation assay was performed

(Huang et al., 2003). In these assays, profilin-actin is used to

suppress nucleation and the addition of actin to the pointed

ends of filaments but permits addition at barbed ends unless

they are capped. As shown in Figure 9A, VLN5 decreased the

initial rate of actin elongation in a dose-dependent manner,

confirming its barbed end capping activity. A representative Kd

value of 20.4 nM was estimated by fitting the data to Equation

1 (Figure 9B; see Methods). From three independent experi-

ments, a mean Kd value (6SD) of 15.8 6 5.2 nM was calculated

for VLN5 capping. To determine whether the capping activity of

VLN5 is regulated by Ca2+, we performed the elongation assay

in the presence of 10 mM free Ca2+. A mean Kd value (6SD)

of 5.5 6 1.6 nM was calculated for VLN5 capping, which sug-

gested that VLN5 has a higher affinity for the barbed end of

actin filaments in the presence of 10mMCa2+. However, there is

no order of magnitude difference in the Kd value compared with

that at 10 nM Ca2+. The affinity for the capping activity of VLN5

is low compared with that of human villin, which has a Kd value

of 0.19 nM (Walsh et al., 1984b), but in the same range as

Arabidopsis heterodimeric capping protein (Huang et al., 2003).

This suggests that VLN5 binds to the barbed end of actin

filaments with moderate affinity and is different from VLN1,

which lacks capping activity altogether (Huang et al., 2005).

VLN5 Stabilizes Actin Filaments at Low [Ca2+] but

Depolymerizes Actin Filaments in the Presence of

Physiological [Ca2+]

Given that VLN5 binds to and bundles actin filaments and caps

the barbed end of actin filaments, we sought to determine

whether VLN5 stabilizes actin filaments against depolymeriza-

tion in vitro. To test this, a dilution-mediated actin depolymer-

ization assay was performed. In this assay, actin filaments were

diluted in low ionic strength solution and actin depolymerization

could occur from both pointed and barbed ends of actin

filaments. As shown in Figure 10A, VLN5 inhibited actin depo-

lymerization in a dose-dependent fashion in the presence of 10

nM free Ca2+, suggesting that VLN5 protects actin filaments

from depolymerization. This could be due to the side binding

and/or capping activity. Considering that most villin family

proteins are reported to be calcium responsive, we decided to

Figure 7. VLN5 Binds to Actin Filaments with High Affinity.

(A) Recombinant VLN5 expressed in bacteria was purified to homogeneity with several chromatography steps. Three micrograms of purified protein

separated on an SDS-PAGE gel and stained with Coomassie blue is shown.

(B) A high-speed cosedimentation assay was employed to determine the affinity of VLN5 for actin filaments. Three micromolar polymerized actin was

incubated with various concentrations of VLN5 and the mixtures were centrifuged at 200,000g for 1 h to separate bound versus unbound VLN5. After

centrifugation, equal amounts of pellets (P) and supernatants (S) were separated by SDS-PAGE and stained with Coomassie blue. Samples loaded in

lanes 1 to 12 contained actin plus 0 (lanes 1 and 2), 0.1 (lanes 3 and 4), 0.2 (lanes 5 and 6), 0.5 (lanes 7 and 8), 1 (lanes 9 and 10), and 2 mM (lanes 11 and

12) VLN5, whereas lanes 13 and 14 contained 2 mM VLN5 only.

(C) Actin filaments were sedimented in the presence of various concentrations of VLN5, as shown in (B). The amount of VLN5 in pellets and

supernatants from the various samples was determined with Image J. The concentration of VLN5 in the pellet ([VLN5]bound) as a function of the

concentration of VLN5 in the supernatant ([VLN5]free) was plotted, and the data were fitted with a hyperbolic function to calculate the equilibrium

dissociation constant (Kd) value. In this representative experiment, the calculated Kd value was 0.55 mM.

(D) The Kd value for VLN1, used as a positive control for binding experiments, was determined to be 0.63 mM in this representative experiment.

(E) To determine the effects of Ca2+ on VLN5 binding to actin filaments, 1 mM VLN5 was incubated with 3 mM F-actin in the presence of various

[Ca2+]free. The percentage of VLN5 that sedimented with actin filaments was plotted as a function of [Ca2+] free. Error bars represent 6SD (n = 3).
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determine whether VLN5 exerts different effects on actin fila-

ments under high [Ca2+]. In this assay, actin filaments were

diluted into polymerization buffer. As shown in Figure 10B,

VLN5 enhanced dilution-mediated actin depolymerization in a

dose-dependent manner in the presence of 10 mM free Ca2+,

suggesting that VLN5 acts on actin filaments differently under

physiological versus low Ca2+ conditions. The difference here

could be due to the activation of severing activity. Therefore,

the interpretation of the results above could be that VLN5

severed actin filaments to generate more pointed ends, con-

sequently enhancing actin depolymerization. Indeed, this assay

was used to quantify the severing activity between different

villin-related proteins (Revenu et al., 2007). It has been reported

that actin is buffered with equimolar profilin in pollen tubes

(Vidali and Hepler, 1997; Gibbon et al., 1999; Snowman et al.,

2002). Therefore, to mimic the situation in vivo, we tested the

effect of VLN5 on profilin-mediated actin depolymerization. As

shown in Figure 10C, VLN5 prevented actin depolymerization in

the presence of 10 nM free Ca2+, whereas it enhanced actin

depolymerization in a dose-dependent manner in the presence

Figure 8. VLN5 Bundles Actin Filaments in a Calcium-Insensitive Manner.

A low-speed cosedimentation assay and fluorescence microscopy were employed to determine the bundling activity of VLN5.

(A) VLN5 bundles actin filaments in a dose-dependent manner. Reactions containing actin alone, actin plus various concentrations of VLN5, or actin

plus 1 mMVLN1 were incubated for 30 min and then sedimented at 13,600g for 30 min. Samples for the supernatant (S) and pellet (P) were separated by

SDS-PAGE; lanes 1, 3, 5, 7, 9, 11, and 13 represent supernatant of actin alone, actin plus 50 nM VLN5, actin plus 100 nM VLN5, actin plus 200 nM VLN5,

actin plus 500 nM VLN5, actin plus 1 mM VLN5, and actin plus 1 mM VLN1, respectively. Samples in lanes 2, 4, 6, 8, 10, 12, and 14 represent pellet of

actin alone, actin plus 50 nM VLN5, actin plus 100 nM VLN5, actin plus 200 nM VLN5, actin plus 500 nM VLN5, actin plus 1 mM VLN5, and actin plus

1 mM VLN1, respectively.

(B) Percentage of actin sedimented in the low-speed assay as a function of the concentration of VLN5.

(C) VLN5 bundles actin filaments in a calcium-insensitive manner. To determine whether the bundling activity of VLN5 is regulated by calcium, actin

filaments were incubated with 1 mM VLN5 in the presence of various [Ca2+]free. The amounts of actin in the pellet were determined in the presence of

different [Ca2+]free. The percentage of actin sedimented at 10 nM Ca2+ was 78%, at 100 nM Ca2+ was 71%, at 1 mM Ca2+ was 75%, at 10 mM Ca2+ was

72%, at 100 mM Ca2+ was 71%, and at 1 mM Ca2+ was 72%. Three independent experiments were conducted; error bars represent 6SD.

(D) to (F) Micrographs of actin filaments in the presence or absence of villin stained with rhodamine phalloidin.

(D) Individual actin filaments in the absence of villin. The image was captured at a 500-ms exposure time.

(E) Actin filament bundles formed in the presence of 1 mM VLN5. The image was captured at a 150-ms exposure time.

(F) Actin bundles formed in the presence of 1 mM VLN1. The image was captured at a 150-ms exposure time. Bar = 10 mm.
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of 10 mM free Ca2+. Taken together, these data suggest that

VLN5 stabilizes actin filaments in the presence of 10 nM free

Ca2+ but promotes actin depolymerization in the presence of 10

mM free Ca2+.

VLN5 Severs Actin Filaments

Most villins, with the exception of Arabidopsis VLN1 and Dro-

sophila Quail, are able to sever actin filaments. To determine

whether VLN5 severs actin filaments, a TIRFM assay was

employed to track the behavior of individual actin filaments

over time. As shown in Figure 11, VLN5 (5 nM) resulted in the

shortening of initially long single actin filaments in the presence of

1 mM free calcium. Careful observations established that this

was due to fragmentation or severing of actin filaments and that

the number of breaks in a field increased over time (see Supple-

mental Movies 1 and 2 online). In the absence of VLN5, few

breaks were observed (see Supplemental Movie 3 online), dem-

onstrating that the experimental system or photodamage had

minimal effects on the actin filaments. To quantify the severing

activity of villins, the average severing frequency was calculated

as the number of breaks, per unit length of actin filament, per

second (i.e., breaks/mm/s; Andrianantoandro and Pollard, 2006).

As shown in Figure 11B, the average severing frequency of VLN5

at 5 nM was 0.003 6 0.0008 breaks/mm/s, which is significantly

higher than that for actin alone (0.0006 6 0.0001 breaks/mm/s).

However, it was less potent than that of human villin at 0.5 nM,

which resulted in an average severing frequency of 0.0072 6
0.0007 breaks/mm/s (Figure 11B; see Supplemental Figure 13

and Supplemental Movie 4 online). To determine whether the

severing frequency of VLN5 is dependent on calcium, VLN5 at 5

nMwas incubated with actin filaments in the presence of various

concentrations of free calcium. No severing was observed in the

presence of 100 nM free calcium and 5 nM VLN5 (see Supple-

mental Figure 13B and Supplemental Movie 5 online), but actin

filaments were severed efficiently in the presence of 10 mM, 100

mM, and 1 mM free calcium (see Supplemental Figures 13C to

13E and Supplemental Movies 6 to 8 online). To compare the

severing frequency of VLN5 in the presence of various concen-

trations of free calcium, the average severing frequency of VLN5

was quantified. As shown in Figure 11C, the severing activity of

VLN5was only triggered after free calciumwas elevated to 1mM.

These results demonstrated that VLN5 can sever F-actin in vitro

in a calcium-dependent manner.

DISCUSSION

How distinct actin filament structures in pollen tubes are gener-

ated, maintained, and turned over remains an open question. To

this end, we functionally characterized a new Arabidopsis villin

isovariant, VLN5, that is preferentially expressed in pollen. In vitro

biochemical analyses indicate that VLN5 is a typical villin family

member; it retains the full suite of activities on actin, including

barbed-end capping, filament bundling, Ca2+-dependent sever-

ing, and Ca2+/CaM inhibition of bundling. Loss of function of

VLN5 correlates with the instability of actin filaments in pollen

tubes and grains, confirming its role as a stabilizer of actin

filaments in vivo. Free Ca2+ concentrations that are within the

range of the tip-focused oscillatory calcium gradient (Holdaway-

Clarke et al., 1997; Messerli et al., 2000) are sufficient to trigger

VLN5 severing activity in vitro, implying that VLN5 could be

involved in regulating actin dynamics in the apical region of

pollen tubes by severing actin filaments.

VLN5 Retains a Full Suite of Villin Family Activities

Although the villins from Arabidopsis are reasonably well con-

served in terms of overall domain organization and amino acid

sequence composition, the activity of each isovariant can vary

greatly, as we showed previously for VLN1 (Huang et al., 2005)

and as demonstrated in the companion paper for VLN3 (Khurana

Figure 9. VLN5 Caps the Barbed Ends of Actin Filaments.

(A) Preformed F-actin seeds (0.8 mM) were incubated with different

concentrations of VLN5, and 1 mM G-actin, saturated with 4 mM human

profilin I, was added to initiate actin elongation at the barbed end.

Polymerization was monitored by tracking the increase in pyrene-actin

fluorescence upon assembly. Concentrations of VLN5, from top to

bottom, were 0, 9, 18.6, 93.3, 46.7, 140, 186.7, and 233 nM. A single

representative experiment (n = 3) is shown.

(B) Initial rates of elongation as a function of VLN5 concentration were

plotted for the representative experiment shown in (A). The data were fit

with Equation 1 (see Methods) to determine an apparent Kd value of 20.4

nM for VLN5 binding to filament barbed ends.
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et al., 2010). These results urge us to analyze the full activities of

each protein isovariant in detail, before assuming their potential

functions in vivo. A combination of low-speed cosedimentation

assays and direct fluorescence light microscopy visualization of

actin filament arrays was employed to determine whether VLN5

bundles actin filaments. The results demonstrated that VLN5

binds to and bundles actin filaments (Figures 7 and 8). This

implies that VLN5 may be involved in organizing actin filaments

into longitudinal bundles and stabilizing actin filaments in the

pollen tube. Indeed, VLN5 was shown to stabilize actin filaments

from dilution- and profilin-mediated actin depolymerization un-

der low [Ca2+] conditions (Figures 10A and 10C), confirming that

VLN5does indeed stabilize actin filaments. It was shown recently

that dimer formation is necessary for the bundling activity of

human villin (George et al., 2007), which provides a different view

of the requirement for the bundling activity of villin and gives

insight into the molecular mechanisms underlying the bundling

activity of villin. Therefore, it is important to determine whether

this is the case for VLN5 or other plant villin-related proteins in

general. Interestingly, VLN1 and VLN3 do not form dimers in

vitro, yet they bind and bundle actin filaments with high affinity

(Khurana et al., 2010), suggesting that the mechanisms under-

lying bundling and stabilization may not be universal. In addi-

tion, the binding and bundling activity of VLN5 is regulated by

Ca2+/CaM (see Supplemental Figures 11 and 12 online), which

is consistent with a previous report that the activity of ABP-135

is regulated by Ca2+/CaM (Yokota et al., 2000). This property

further distinguishes VLN5 from VLN1 (Huang et al., 2005).

Capping of the filament barbed ends by certain ABPs, like the

heterodimeric capping protein Arabidopsis CP (Huang et al.,

2003, 2006), stabilizes actin filaments by preventing subunit loss

or addition at that end. To determine whether VLN5 caps actin

filaments, a seeded actin elongation assay was employed. The

results demonstrate that VLN5 binds to the barbed end of actin

filaments and prevents the addition of actin and profilin-actin

complex, confirming its capping activity (Figure 9). The substoi-

chiometric amounts of VLN5 sufficient to achieve this effect are

consistent with high-affinity binding and capping of filament

barbed ends. Indeed, an apparent Kd for barbed ends was

calculated to be 16 nM for VLN5. This value is higher than that for

Figure 10. VLN5 Stabilizes Actin Filaments in the Presence of 10 nM

Free Ca2+ but Enhances Actin Depolymerization in the Presence of 10

mM Ca2+.

(A) VLN5 protects actin filaments from dilution-mediated depolymeriza-

tion in the presence of 10 nM free Ca2+. In this assay, the amount of

F-actin is proportional to pyrene fluorescence. Five micromolar F-actin

(100% pyrene labeled) was incubated with various concentrations of

VLN5 for 5 min at room temperature and diluted 25-fold into low-ionic

strength Buffer G in the presence of 10 nM Ca2+. Under these conditions,

actin depolymerization could occur at both pointed and barbed ends of

actin filaments. However, the loss of subunits from barbed ends of actin

filaments contributes mainly to depolymerization, which was blocked by

capping of VLN5. Therefore, VLN5 prevents actin depolymerization in a

dose-dependent manner.

(B) VLN5 enhances actin depolymerization following dilution in the

presence of 10 mM Ca2+. Five micromolar F-actin (50% pyrene labeled)

was incubated with various concentrations of VLN5 for 5 min at room

temperature and diluted 50-fold in polymerization solution (13 KMEI) in

the presence of 10 mM Ca2+. Given that actin depolymerization was

induced in polymerization solution and that the final actin concentration

drops to the value close to the critical concentration at the barbed end of

actin filaments, actin depolymerization mainly occurs at the pointed end

and is slow in the absence of VLN5. However, the addition of VLN5 may

induce the severing of actin filaments, which increases the number of

actin filaments. Although the newly generated barbed ends of actin

filaments were capped by VLN5, the increased number of pointed ends

would enhance actin depolymerization.

(C) VLN5 stabilizes actin filaments from profilin-mediated actin depoly-

merization in the presence of 2 mM EGTA but enhances profilin-medi-

ated actin depolymerization in the presence of 10 mM free Ca2+.
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human villin (Walsh et al., 1984b) but similar to that reported for

Arabidopsis CP and Papaver rhoeas ABP80 (Huang et al., 2003,

2004, 2006). This feature of VLN5 will allow it to prevent subunit

addition and loss at the barbed ends of actin filaments in vivo,

thereby allowing themaintenance of a large actin-profilin pool and

stabilization of the existing actin filaments in the pollen tube.

Indeed, VLN5 stabilizes actin filaments from profilin-induced actin

depolymerization in the presence of 10 nM free calcium (Figure

10C). Additionally, growth of vln5 pollen tubes is less sensitive to

the actin capping reagent, CD, than is that of wild-type Col-0

pollen tubes (see Supplemental Figure 10 online), which implies

that the capping activity of VLN5 could be biologically relevant.

Several pieces of evidence indicate that VLN5 can sever

actin filaments. In solution-based biochemical assays, VLN5

Figure 11. Direct Visualization of VLN5 Severing Activity by Time-Lapse TIRFM.

(A) Prepolymerized, 25 nM rhodamine-labeled actin filaments were introduced into a perfusion chamber, where they were attached to the coverglass by

NEM-myosin. Five nanomolar VLN5 was injected into the perfusion chamber in the presence of 1 mM free Ca2+. Individual actin filaments showed an

increasing number of breaks (arrows) as time elapsed. Bar = 20 mm. See Supplemental Movie 1 online for the entire series.

(B) The severing activity of VLN5 is less potent than that of human villin (hVLN). Either 5 nM VLN5 or 0.5 nM hVLN was perfused into a chamber

containing 25 nM actin filaments in the presence of 1 mM free Ca2+. The average severing frequency was plotted in the presence or absence of villins.

Error bars represent6 SE (n = 15). Asterisks represent values that were significantly different from that of the no villin control (*P < 0.05 by a Student’s t

test).

(C) The severing activity of VLN5 is Ca2+ dependent. Five nanomolar VLN5 in the presence of various concentrations of Ca2+ was perfused into the

perfusion chamber and time-lapse images were collected. At least 15 filaments for each experimental treatment were selected to calculate the average

severing frequency, and the average severing frequency was plotted against [Ca2+]. Error bars represent 6 SE; n = 3 for each data set. Asterisks

represent values that were significantly different from that of the no villin control (*P < 0.05 by a Student’s t test).
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enhances dilution- and profilin-mediated actin depolymerization

in the presence of 10 mM free Ca2+ (Figures 10B and 10C). This

effect could result from monomer binding, severing, or a com-

bination of these activities. The most convincing and direct

evidence for severing comes from time-lapse TIRFM movies of

the behavior of individual filaments in the presence of VLN5

(Figure 11; see Supplemental Movies 3 to 7 online). After

incubation with VLN5 in the presence of 1 mM Ca2+, numerous

breaks developed along rhodamine-actin filaments. This pro-

vides evidence for the severing activity of a plant villin. Similar

data for VLN3 show that it is also capable of severing actin

filaments in a Ca2+-dependent manner, albeit VLN3 is quanti-

tatively less potent than human villin (Khurana et al., 2010).

Indeed, VLN5 is also quantitatively less potent than human villin

(Figure 11B), but its activity is similar to that of VLN3 (Khurana

et al., 2010).

In summary, our biochemical results suggest that VLN5 retains

a full suite of activities on actin, similar to those reported

previously for human villin (Walsh et al., 1984b), but markedly

different from those of VLN1 (Huang et al., 2005). This could be

due to the difference of amino acids at Ca2+ regulation sites.

Indeed, compared with VLN1, VLN5 retains all conserved resi-

dues for site 1 and site 2 Ca2+ regulation sites within the G1

domain (see Supplemental Figure 1 online; Huang et al., 2005).

The significance of these putative Ca2+ regulation sites could be

verified by mutagenesis in the future.

VLN5 Is a Major Player in Stabilizing Actin Filaments in the

Pollen Tube

Pollen tube growth is one of the best-characterized actin-

based cell elongation systems. Actin filaments form distinct

arrays that have a polarized distribution throughout the pollen

tube (Hepler et al., 2001; Cheung and Wu, 2008; Chen et al.,

2009). How these actin arrays are generated, maintained, and

turned over remains an open question. Considering that VLN5

bundles and caps actin filaments, it is reasonable to speculate

that VLN5 participates in stabilizing actin filaments and main-

taining actin arrays in the pollen tube. Indeed, compared with

wild-type Col-0 pollen tubes, actin filaments in the shank of vln5

pollen tubes become unstable after being subjected to LatB

treatment, indicating that VLN5 is indeed required for stabilizing

actin filaments in the pollen tube. A deficiency in VLN5 levels

may increase the action of other depolymerizing factors, for

instance, ADF. Indeed, it was shown that VLN1-decorated actin

filaments are resistant to the depolymerizing effect of ADF1

(Huang et al., 2005). In a companion study, VLN1 also protected

actin filaments against the severing activity of ADF1 (Khurana

et al., 2010). Therefore, it is reasonable to speculate that

decoration of actin filaments with VLN5 will prevent the action

of ADF in the shank of the pollen tube. However, we could not

detect any major perturbations in actin distribution when vln5

and VLN5 RNAi pollen tubes (Figures 4D, 4F, 4H, and 4J) were

compared with wild-type pollen. One possibility is that VLN5 is

functionally redundant with other villin isoforms expressed in

pollen. The likely candidates are VLN2 and VLN1, since they

are both expressed in pollen, according to the microarray

data (https://www.genevestigator.com/gv/index.jsp; Honys and

Twell, 2003; Pina et al., 2005), although their expression is less

abundant than VLN5.

We also cannot rule out the possibility that VLN5 functions

overlap with other bundling factors, for instance, fimbrins, LIMs

and formins. Indeed, Arabidopsis FIMBRIN1 was shown to be a

major cross-linker and stabilized actin from profilin-induced

depolymerization in vitro and in vivo (Kovar et al., 2000). There-

fore, the pollen-expressed fimbrins (i.e., FIM5, FIM4, and FIM3;

Pina et al., 2005) may functionally overlap with VLN5. Recom-

binant WLIM1 was also shown to bind to and bundle actin

filaments and stabilize actin filaments against depolymerization

(Thomas et al., 2006), and overexpression of WLIM1 induces

massive actin cable formation in Nicotiana benthamiana leaves

(Thomas et al., 2007). Recently, L. longiflorum LIM1, which is

enriched in pollen, was also shown to bind to and bundle actin

filaments and stabilize actin filaments against LatB-mediated

actin depolymerization in vitro (Wang et al., 2008). Therefore,

pollen-expressed LIM domain–containing proteins may func-

tion similarly in Arabidopsis. Finally, a specific Arabidopsis

formin, AFH1, was shown to bundle actin filaments directly

(Michelot et al., 2005, 2006). Therefore, some pollen-expressed

formin with bundling activity may have functions that overlap

with VLN5. Genetic analyses and direct biochemical measure-

ments will be needed to test this hypothesis. In addition, actin

dynamics (e.g., actin filament severing frequency) might be

functionally altered, although no defects in overall organization

were detected in vln5 pollen tubes. Indeed, loss of function of

VLN5 renders pollen tube growth resistant to CD treatment,

supporting this speculation (see Supplemental Figure 10 on-

line). However, measuring dynamic parameters of the actin

cytoskeleton directly in vln5 pollen tubes will provide insight

into this in the future. This should be possible with live-cell actin

markers (e.g., GFP-ABD2; Sheahan et al., 2004; Vidali et al.,

2009). Indeed, Staiger et al. (2009) visualized the behavior of

cortical actin in epidermal cells directly and found that severing

activity dominates the dynamic behavior of individual actin

filaments. It will be of substantial interest to test whether villin

isoforms are responsible for the severing events of actin fila-

ments under calcium stimulating conditions.

Based on the biochemical properties of recombinant VLN5,

and considering the existence of oscillatory calcium gradients

in the pollen tube, it is plausible to predict that VLN5 binds to

and stabilizes actin cables in the shank of pollen tubes by

bundling and capping actin filaments and regulates actin dy-

namics in the apical region in response to tip-high Ca2+ fluxes

by capping and severing actin filaments, as previously predic-

ted for the potential function of 135-ABP (Yokota et al., 2005).

Certainly, more cytological evidence is needed to support this

model.

In summary, we show here that VLN5 is a versatile molecule,

with activities including capping, bundling, and severing of actin

filaments. VLN5 loss-of-function destabilizes actin filaments and

correlates with the inhibition of pollen tube growth. We propose

that VLN5 is a major regulator of actin stability as well as

dynamics and functions in concert with oscillatory calcium

gradients in the pollen tubes. However, further cytological and

genetic analyses are certainly needed to gain insight into the

function of VLN5.
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METHODS

RT-PCR Analysis

Total RNA was isolated from inflorescence tissues of wild-type, VLN5

T-DNA insertion mutants (SAIL_512_F03 and GABI_225F09), and VLN5

RNAi lines with TRIzol reagent (Invitrogen). For cDNA synthesis, 2 mg of

total RNA from different tissues was used for reverse transcription with

MMLV reverse transcriptase (Promega) according to the manufacturer’s

recommendations. To confirm the expression level ofVLN5, 1mL reaction

product was used as template for PCR analysis to amplify cDNA frag-

ments of VLN5 with specific primers (see Supplemental Table 1 online).

eIF4A was used as an internal control with specific primers (see Sup-

plemental Table 1 online) to amplify an ;0.5-kb DNA fragment. PCR

products were checked by 1% agarose gel electrophoresis.

To perform quantitative real-time PCR, cDNA was synthesized using

the M-MLV reverse transcription reagents with oligo-d(T)18 according to

the manufacturer’s instructions (Promega). Quantitative real-time PCR

was performed with specific primers qVLN5F and qVLN5R (see Supple-

mental Table 1 online) using the Rotor Gene3000 sequence detection

system (Corbett Research) according to the manufacturer’s instructions

in a 20-mL reaction volume containing SYBR Green dye chemistry

(TaKaRa). The amplicon size was 140 bp. The level of eIF4A transcript

amplified with primers qeIF4AF and qeIF4AR was used as an internal

control. The relative transcript of the VLN5 gene was calculated using the

2DCt method, in which DCt = Ct (eIF4A) – Ct (VLN5).

GUS Staining

The promoter of VLN5 (1091 bp upstream from the ATG) was amplified

with primers shown in Supplemental Table 1 online and was fused with

GUS and transformed into wild-type plants. T3 plants were subjected to

GUS staining, which was performed as described by Jefferson et al.

(1987); the samples were cleared as described by Malamy and Benfey

(1997). To analyze the expression pattern of VLN5, five plants each from

nine independent T3 lines were selected. The images of GUS staining

were taken with a Leica DM4000 microscope equipped with Leica

Application Suite software.

Pollen Germination and Pollen Tube Growth Measurement

In vitro pollen germination was performed essentially according to Ye

et al. (2009). Pollen was harvested from newly opened flowers and placed

onto pollen germination medium consisting of 1 mM CaCl2, 1 mM Ca

(NO3)2, 1 mM MgSO4, 0.01% (w/v) H3BO3, and 18% (w/v) sucrose

solidified with 0.8% (w/v) agar, pH 7.0. The plates were cultured at 288C

under high humidity. To determine the effects of LatB (Calbiochem) on

pollen germination, various concentrations of LatB were included in the

germination medium. To determine the effects of LatB on pollen tube

growth, liquid germination medium with or without LatB was added after

the average length of pollen tubes grew up to ;150 mm in standard

germinationmedium. Micrographs of pollen grains and pollen tubes were

collected with an IX71 microscope equipped with a 310 objective, and

digital images were acquired with a Retiga EXi Fast 1394 CCD camera

using Image-Pro Express 6.3 software. At least 500 pollen grains were

counted to calculate the average germination rate for each genotype or

treatment. To determine the growth rate of pollen tubes, >70 pollen tubes

were measured for each condition.

Actin Staining and Quantification in Pollen Grains and Pollen Tubes

To visualize the actin cytoskeleton in pollen grains and pollen tubes,

pollen was fixed with 300 mM N-(maleimidobenzoyloxy)-succinimide in

germination medium for 1 h. The fixative was subsequently washed out

with TBS-T (50 mMTris, 200mMNaCl, and 0.05%Nonidet P-40, pH 7.4),

and the actin cytoskeleton was stained with 200 nM Alexa-488 phalloidin

(Molecular Probes) in the same buffer. Actin filaments were visualized

with a confocal laser scanning microscope (Leica) equipped with a3100

objective (1.46-NAHCPLAN). The fluorescent phalloidin was excitedwith

the 488-nm line of an argon laser, and step size was set at 0.5 mm to

collect the optical section. Images were prepared by generating projec-

tions of the optical sections through an individual pollen grain or pollen

tube. To determine the effect of LatB on the organization of actin in the

pollen grains and tubes, pollen grains and tubeswere treatedwith 100 nM

LatB and were then subjected to actin staining as described above. To

measure the amount of actin filaments in pollen grains and pollen tubes

after treatment with 100 nM LatB for 30 min, the images were collected

under the same conditions. The amount of F-actin was analyzed by

measuring the pixel intensity of individual pollen grains and tubes. The

images were subsequently processed and analyzed with Image J soft-

ware (http://rsbweb.nih.gov/ij/; version 1.38).

Statistical Analysis

Several statistical analysis methods were performed to characterize the

phenotypic difference between wild-type and VLN5 loss-of-function

mutants. The statistical analysis of pollen germination rate data was

conducted by the x2 test with SPSS 13.0. For those experiments that

meet the assumptions of analysis of variance, they were analyzed in

SPSS 13.0 followed by Dunnett post-hoc multiple comparisons. Other

statistical analyses were performed using Student’s t test.

Protein Purification

The coding region of VLN5 was amplified by RT-PCR from floral tissue

RNA using the forward primer V5F1 and the reverse primer V5R1 (see

Supplemental Table 1 online). After verifying the authenticity of the

sequence, the sequence was cloned into the pET23d expression vector

(Novagen). The VLN5-pET23d plasmid was transformed into Escherichia

coli BL21 (DE3) strain, and protein expression was induced by the

addition of 0.4 mM isopropyl-b-D-thiogalactopyranoside overnight at

168C. E. coli cells were collected by centrifugation at 6000 rpm (Beckman

JA-10), and after washing with 50 mM Tris-HCl, pH 8.0, the pellet was

resuspended in the same buffer and cells were broken by sonication. The

sonicate was clarified at 43,667g for 30 min, and the supernatant was

precipitated with 45% ammonium sulfate. The pellet was resuspended in

Cibacron Blue Buffer B containing 500 mM KCl, 0.2 mM EGTA, 0.01%

NaN3, and 10mM Tris-HCl, pH 8.0, supplemented with a 1:100 dilution of

protease inhibitor cocktail (Ren et al., 1997), and then clarified at 43,667g

for 20 min. The supernatant was applied to a Cibacron Blue 3GA column

(Sigma-Aldrich) preequilibrated with Cibacron Blue Buffer B and eluted

with Cibacron Blue Buffer C containing 1 M KCl, 0.2 mM EGTA, 0.01%

NaN3, and 10 mM Tris-HCl, pH 8.0. Protein fractions containing VLN5

were pooled and dialyzed against HA Buffer A (10 mM KH2PO4 and 500

mM KCl, pH 7.0) and were then applied to a HA column preequilibrated

with HA Buffer A. Bound proteins were eluted with buffer containing 40

mM KH2PO4 and 500 mM KCl, pH 7.0. The pooled protein fractions were

dialyzed against buffer containing 250 mM KCl and 10 mM Tris-HCl, pH

8.0, for 40 min and were then applied to a Q-Sepharose column

(Amersham Pharmacia Biotech) preequilibrated with the same buffer.

Bound proteins were eluted with buffer containing 350 mM KCl and 10

mMTris-HCl, pH 8.0. Purified VLN5was dialyzed against 10mMTris-HCl,

pH 8.0, aliquoted, and flash frozen in liquid nitrogen and stored at2808C.

The concentration of VLN5 was determined by the Bradford assay (Bio-

Rad) using BSA as a standard.

Actin was purified from rabbit muscle acetone powder according to

previously published methods (Spudich and Watt, 1971) and further
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purified with Sephacryl S-300 chromatography (Pollard, 1984). For fluo-

rimetry experiments, actin was labeled on Cys-374 with pyrene iodoa-

cetamide (Pollard, 1984). VLN1 was purified essentially according to

Huang et al. (2005), and human profilin was purified according tomethods

described previously (Fedorov et al., 1994). Arabidopsis thaliana CaM2

was purified by phenyl-Sepharose affinity chromatography described as

previously (Safadi et al., 2000).

Cosedimentation Assays

To determine the actin binding and bundling properties of VLN5, low- and

high-speed cosedimentation assays were performed roughly according

to Kovar et al. (2000). Briefly, proteins were preclarified at 140,000g

before starting the experiment. Various concentrations of VLN5 or VLN1

were incubatedwith 3mMF-actin in 13KMEI (103 stock: 500mMKCl, 10

mM MgCl2, 10 mM EGTA, and 100 mM imidazole-HCl, pH 7.0) in the

presence of 10 nM free Ca2+ (calculated with the EQCAL program;

Biosoft). After incubation at 258C for 30 min, the mixtures were centri-

fuged at either 200,000g for 1 h in an Optima MAX-XP ultracentrifuge

(Beckman) at 48C or at 13,600g for 30 min in a microcentrifuge at 48C.

Equal amounts of pellet and supernatant samples were separated by

12.5% SDS-PAGE and stained with Coomassie Brilliant Blue R. To

determine apparent equilibrium dissociation constant (Kd) values, the

amount of VLN5 or VLN1 in the pellet and supernatant was analyzed by

Image J software (http://rsbweb.nih.gov/ij/; version 1.38). A Kd value for

VLN5 and VLN1 bound to actin filaments was calculated by fitting a

hyperbolic function to the data from plots of protein in the pellet as a

function of protein in the supernatant using Kaleidagraph v3.6 software

(Synergy Software).

High- and low-speed cosedimentation assays were also used to

determine whether the actin binding and bundling activities of VLN5 are

regulated by calcium or calcium/CaM. Three micromolar F-actin was

incubated with 1 mM VLN5 in the presence of various concentrations of

free Ca2+ (calculated with the EQCAL program; Biosoft). The amount of

VLN5 or actin in the supernatant and pellet was determined in the high- or

low-speed cosedimentation assay to establish whether the binding of

VLN5 to F-actin or the bundling activity of VLN5was regulated by calcium,

respectively. To determine whether the binding of VLN5 to actin filaments

is regulated by Ca2+/calmodulin, three micromolar actin filaments were

incubated with 500 nM VLN5 with or without calmodulin (50 mM) in the

presence of 1 mM free Ca2+. The amount of VLN5 or actin in the

supernatant and pellet was determined to see whether the binding or

bundling activity of VLN5 is regulated by calcium/calmodulin.

Barbed-End Capping Assay

To determine whether VLN5 binds and caps the barbed-end of actin

filaments, a seeded elongation assay was performed according to

methods described previously (Huang et al., 2003). Actin filaments at a

final concentration of 0.8 mMwere incubated with various concentrations

of VLN5 for 5 min at room temperature. Elongation was monitored by

tracking the increase of pyrene fluorescence after the addition of 1 mM

5% pyrene-labeled actin monomers, saturated with 4 mM human profilin,

to the actin filament mixture. The time course of actin elongation was

tracked by monitoring the increase of pyrene fluorescence with a fluo-

rimeter (QuantaMaster Luminescence QM 3 PH fluorimeter; Photon

Technology International) with the excitation set at 365 nm and emission

at 407 nm. The final [Ca2+]free was 10 nM or 10 mM. The initial elongation

rate was plotted versus VLN5 concentration, and the equilibrium binding

constant of VLN5 for the barbed end of actin filaments was determined by

fitting the data with Equation 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

[VLN5] is the concentration of VLN5.

The data were modeled with Kaleidagraph software.

Actin Depolymerization Assays

Dilution-mediated actin depolymerization was performed roughly ac-

cording to published methods (Huang et al., 2003). To test the effect of

VLN5 on stabilizing actin filaments, the following procedure was used.

Briefly, preassembled 5mMF-actin (100%pyrene labeled) was incubated

with various concentrations of VLN5 in the presence of 10 nM freeCa2+ for

5 min at room temperature. Depolymerization was initiated by diluting the

mixtures 25-fold into low-ionic strength Buffer G in the presence of 10 nM

freeCa2+. To test the effect of VLN5 on enhancing actin depolymerization,

the depolymerization assay was performed roughly according to Revenu

et al. (2007), withminormodifications. Briefly, preassembled 5mMF-actin

(50%pyrene labeled) was incubated with various concentrations of VLN5

in the presence of 10 mM free Ca2+ for 5 min at room temperature and

diluted 50-fold into polymerization solution (13 KMEI) with 10 mM free

Ca2+.

Profilin-mediated actin depolymerization was performed as described

previously (Huang et al., 2004). Actin depolymerization was initiated by

adding equimolar amounts of human profilin to 2.5 mM F-actin (50%

pyrene labeled) in the presence of various concentrations of VLN5.

Depolymerization was induced in the presence of 10 nM or 10 mM free

Ca2+ andmonitored by determining the decrease in pyrene fluorescence.

Fluorescence Microscopy of Actin Filaments

To visualize individual actin filaments, they were labeled with equal molar

rhodamine-phalloidin (Sigma-Aldrich) and imaged by epifluorescence

microscopy as described previously (Blanchoin et al., 2000). Four micro-

molar actin was incubated in 13 KMEI with various concentrations of

VLN5 for 30 min at room temperature. The reaction mixture was then

diluted to 10 nM in fluorescence buffer (10 mM imidazole, pH 7.0, 50 mM

KCl, 1 mMMgCl2, 100 mM DTT, 100 mg/mL glucose oxidase, 15 mg/mL

glucose, 20 mg/mL catalase, and 0.5% methylcellulose) before imaging.

Actin filaments were observed under an IX71 microscope (Olympus)

equipped with a 360, 1.42–numerical aperture oil objective, and digital

images were collected with a Retiga EXi Fast 1394 CCD camera

(QImaging) using Image-Pro Express 6.3 software. Filament length was

measured using Image J (http://rsbweb.nih.gov/ij/; version 1.38).

Direct Visualization of Actin Filament Severing by TIRFM

Visualization of actin filaments with TIRF illumination was roughly

according to Amann and Pollard (2001) and Michelot et al. (2005).

Glass flow cells were coated with a mixture of 10 nM NEM-myosin for

1 min and washed with 1% BSA in fluorescence buffer. Actin filaments

Vi ¼ Vif þ ðVib � VifÞ
 
Kd þ ½ends� þ ½AtVLN5� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½ends� þ ½AtVLN5�Þ2 � 4½ends�½AtVLN5�

q
2½ends�

!
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(25 nM) in fluorescence buffer were perfused into the flow cells,

allowed to settle, and placed on the microscope for TIRF illumination.

After finding a field of interest, 5 nM VLN5 in fluorescence buffer at

different [Ca2+]free was perfused into the flow cells. Actin filaments

were visualized under an Olympus IX-71 microscope equipped with a

360, 1.45–numerical aperture Planapo objective (Olympus) by TIRF

illumination. Images were captured as a time-lapse series at 2-s

intervals using a Hamamatsu ORCA-EM-CCD camera (model C9100-

12) controlled by IPLab software (v3.9; Scanalytics). To quantify the

severing activity of VLN5 or human villin, >15 filaments with lengths

>10 mm were selected for calculating the average severing frequency

as the numbers of breaks, per unit filament length, per unit time (i.e.,

breaks/mm/s).

Accession Numbers

Sequence data from this article can be found in GenBank/EMBL

or Arabidopsis Genome Initiative database under the following acces-

sion numbers: human villin (HV; NP_009058), lily 135-ABP (AAD54660),

Arabidopsis VLN1 (NP_029567; At2g29890), VLN2 (NP_565958;

At2g41740), and VLN5 (NP_200542; At5g57320).
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