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Multicellular organisms contain a large number of formins; however, their physiological roles in plants remain poorly

understood. Here, we reveal that formin homology 5 (FH5), a type II formin mutated in rice morphology determinant (rmd),

plays a crucial role in determining rice (Oryza sativa) morphology. FH5/RMD encodes a formin-like protein consisting of an

N-terminal phosphatase tensin (PTEN)-like domain, an FH1 domain, and an FH2 domain. The rmd mutants display a bending

growth pattern in seedlings, are stunted as adult plants, and have aberrant inflorescence (panicle) and seed shape.

Cytological analysis showed that rmd mutants have severe cell elongation defects and abnormal microtubule and

microfilament arrays. FH5/RMD is ubiquitously expressed in rice tissues, and its protein localization to the chloroplast

surface is mediated by the PTEN domain. Biochemical assays demonstrated that recombinant FH5 protein can nucleate

actin polymerization from monomeric G-actin or actin/profilin complexes, cap the barbed end of actin filaments, and bundle

actin filaments in vitro. Moreover, FH5 can directly bind to and bundle microtubules through its FH2 domain in vitro. Our

findings suggest that the rice formin protein FH5 plays a critical role in determining plant morphology by regulating actin

dynamics and proper spatial organization of microtubules and microfilaments.

INTRODUCTION

Variation in organ morphology contributes to the diversified

architecture of flowering plants. The shape of each plant organ is

determined by the type of cells it contains, and the specialized

morphology for each cell is supported by the microtubule and

microfilament cytoskeletal systems. The microfilament cytoskel-

eton, which is composed of the filamentous actin assembled

from G-actin monomers, is a well-organized and dynamic sys-

tem. It plays crucial roles in diverse cellular processes, including

cell shape and polarity establishment andmaintenance, cell divi-

sion, cytoplasmic streaming, organelle movement, and responses

to external signals (Wasteneys and Galway, 2003; Smith and

Oppenheimer, 2005; Hussey et al., 2006; Staiger and Blanchoin,

2006; Paul and Pollard, 2009). Microtubule arrays consist of highly

ordered and polymerized heterodimers of a-tubulin and b-tubulin

and contribute to plant morphogenesis (Lloyd and Chan, 2004).

The organization and dynamics of the microfilament cytoskel-

eton are regulated by various actin binding proteins, which bind

to monomeric or filamentous actin or both types of actin. Actin

filaments have polar structures and elongate mainly at their

barbed ends (Casella et al., 1981; Fox and Phillips, 1981; Tellam

and Frieden, 1982; Yahara et al., 1982; Symons and Mitchison,

1991; Redmond et al., 1994). Thus, the formation of new barbed

ends by the de novo nucleation of actin filaments is a crucial step

in actin assembly (Blanchoin et al., 2000a; Wear et al., 2000;

Pollard et al., 2001). During spontaneous filament assembly, the

formation of actin nuclei is a rate-limiting step. Within the cell,

actin assembly has been shown to be regulated by actin nucle-

ation factors including the Arp2/3 complex (Pollard, 2007), Spire

(Quinlan et al., 2005), cofilin (Andrianantoandro and Pollard,

2006), leiomodin (Chereau et al., 2008), and formins (Goode and

Eck, 2007), proteins responsible for the formation of actin nuclei

(Welch et al., 1997; Pruyne et al., 2002; Quinlan et al., 2005;

Chereau et al., 2008). The Arp2/3 complex stimulates branched

filament formation from preexisting actin filaments (Mullins et al.,

1998; Pollard and Beltzner, 2002), whereas formins regulate the

assembly of parallel actin filaments into actin bundles or cables
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(Kleinebrecht et al., 1982; Kovar andPollard, 2004; Romero et al.,

2004; Kovar, 2006).

Formins are known to bemorphoregulatory proteins that direct

the assembly of unbranched actin filaments in eukaryotes such

as fungi, animals, and plants (Paul and Pollard, 2009). Most

formins have two highly conserved domains, the Pro-rich domain

(i.e., formin homology 1 [FH1]) and the formin homology domain

(i.e., FH2). The FH1 domain in different formins contains varied

number of polyproline stretches that are known to interact with

the small actin monomer binding protein, profilin, or the actin/

profilin complex, to promote actin polymerization from the

barbed end (Chang et al., 1997; Pruyne et al., 2002; Kovar

et al., 2006). This domain can concentrate and transfer multiple

profilin-actin complexes onto the barbed end of the filament,

allowing quick elongation (Paul and Pollard, 2009). On the other

hand, the FH2 domain, which is the most conserved region in

formins, is able to bind to the fast-growing filament end after

nucleating a filament and inhibit actin filament elongation. The

FH2 domain is involved in controlling actin organization and

dynamics and may also coordinate organization of the microtu-

bule and actin cytoskeleton (Basu and Chang, 2007; Paul and

Pollard, 2009; Bartolini and Gundersen, 2010; Deeks et al., 2010;

Li et al., 2010). Because eukaryotes have a large number of

formin genes, which possibly have redundant functions, the in

vivo functions of these formins remain largely unknown.

Plant formins are grouped into two subfamilies, type I and type

II. Type I formins contain an N-terminal transmembrane domain,

which is believed to be involved in the association of formin

proteins with the plasma membrane, whereas this feature is

absent from type II formins (Cvrcková et al., 2004). Some plant

type II formins have an N-terminal phosphatase tensin (PTEN)-

like domain, which was suggested to play a role in mediating

localization of the protein to the apical side of the cells in the

moss Physcomitrella patens (Vidali et al., 2009). Most of the

reported type I formins of Arabidopsis thaliana, including AFH1,

AFH3, At FH4, At FH5, At FH6, and At FH8 (Cheung and Wu,

2004; Favery et al., 2004; Deeks et al., 2005; Ingouff et al., 2005;

Michelot et al., 2005; Yi et al., 2005; Ye et al., 2009; Cheung et al.,

2010), were demonstrated to be microfilament regulators that

affect the polarized growth of pollen tubes or root hairs or embryo

development (Blanchoin and Staiger, 2010). Interestingly, At-FH4

was shown to be associated with the microtubule cytoskeleton

via a plant-specific GOE region near its N terminus and able to

nucleate F-actin, suggesting that At-FH4 may link membranes

to both major cytoskeletal networks (Deeks et al., 2010).

Unlike the many well-studied type I formins, the functional role

of type II formins has not been characterized in details in plants.

In Physcomitrella, reducing the expression of all type II formins

led to stunted plants that contain spherical cells with disrupted

actin organization, whereas silencing of all the other formins did

not result in apparent alteration to the cell morphology and actin

organization (Vidali et al., 2009), suggesting the importance of

type II formins in polarized cell growth and in the organization of

the actin cytoskeleton. Moreover, domain swapping experi-

ments in the same study showed that the FH1-FH2 domain of

type II formins cannot be replaced by that of type I formins (Vidali

et al., 2009), suggesting that the function of these domains may

have diverged during the evolution of the two formin lineages.

More recently, we revealed that AFH14, a type II formin from

Arabidopsis, is able to regulate both microtubule and microfila-

ment arrays. The afh14 mutant displays abnormal microtubule

arrays in meiosis during microspore formation, and the AFH14

protein can bind to microtubules and microfilaments directly via

the FH2 domain (Li et al., 2010).

Rice (Oryza sativa) is an important food crop worldwide and

an excellent model monocot system for developmental biology.

In this study, we show that FH5, a type II formin-like protein

encoded by Rice Morphology Determinant (RMD), functions as

an actin-nucleating protein that regulates rice plant morphology

by modulating the microtubule- and microfilament-based cyto-

skeletal systems.

RESULTS

Identification and Morphological Characterization of the

rmdMutants

To understand the molecular mechanisms underlying rice plant

morphogenesis, we isolated two mutants with altered growth

architecture from a rice mutant population (O. sativa ssp Japon-

ica) generated by 60Co g-ray treatment (Chen et al., 2006). We

named these two mutants, which share similar phenotypes,

rmd-1 and rmd-2 (Figure 1; see Supplemental Figure 1 online).

The two mutants were backcrossed to the wild-type plants three

times. All F1 progenies from each cross displayed wild-type

morphology, indicating that the rmdmutations are recessive. F2

progeny of the rmd-1 mutant showed a segregation of 277

normal and 83 mutant plants (x2 = 0.725, 0.1 < P < 0.5),

suggesting monofactorial recessive inheritance of the mutant

phenotype. In addition, all F1 progeny from a cross between

rmd-1 and rmd-2displayedmorphological defects similar to their

parents, suggesting that rmd-1 and rmd-2 are allelic.

Compared with wild-type plants, rmd mutants exhibited

changed architecture in both vegetative and reproductive pha-

ses. Unlike the straight growth of wild-type seedlings, the rmd-1

seedlings showed bending growth after germination (Figure 1A).

This phenotype became gradually attenuated as the plants grew

older; at ;30 d after germination, the rmd-1 seedlings grew

straight (Figure 1A). Even though the rmd-1 mutants had no

obvious changes in flowering time compared with the wild type,

the height and morphology of the adult plants were significantly

changed. At the seed setting stage, the culm length in rmd-1was

determined to be shorter (i.e., 48.6 6 3.5 cm compared with

80.7 6 3.0 cm in the wild type; n = 76, P < 0.001 by Student’s

t test) (see Supplemental Figure 2A online). The decreased culm

length of rmd-1 was attributable mainly to the reduced length of

the four uppermost internodes (Figure 2B; see Supplemental

Figure 2A online). The lengths of internodes I to IV in rmd-1 were

18, 5, 1, and 0.1 cm, respectively, shorter than those of the wild

type (see Supplemental Figure 2A online). In addition, the rmd-1

mutant had shorter and curled flag leaves (Figure 2C; see

Supplemental Figure 2B online) and panicles (Figure 1C; see

Supplemental Figure 2A online). The flower filaments and roots of

rmd-1 were also shorter than those of the wild type (Figures 1D

and 2D; see Supplemental Figures 2C and 2D online), and the
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seeds showed an irregular and curled appearance (Figure 1E).

The rmd-2mutant plants exhibited phenotypic defects similar to

rmd-1 (see Supplemental Figures 1 and 2 online). These data sug-

gest that RMD plays a critical role in rice plant morphogenesis.

rmdMutants Display Severe Defects in Cell Elongation

To examine the cellular alteration of the rmd mutants in more

detail, we performed tissue section analysis. rmd-1mutant seed-

lings displayed abnormal cell growth, for example, the average

cell number per mm2 in the 12-d-old leaf sheath in rmd-1 was

1480 (n = 61), which was significantly higher than that of the

wild-type plants (820, n = 60, P < 0.001). Moreover, longitudinal

section analysis showed that cells on one flank of the rmd-1 leaf

sheath (left side, Figure 2A) weremuch smaller than thewild-type

cells, were irregularly shaped, and had obscure boundaries. In

12-d-old seedlings, the average length of a cell in the long axis in

this regionwas 176 2mm in rmd-1 and 506 2mm in thewild type

(n = 20, P < 0.005). Although cells on the opposite flank in the

mutant were smaller (eachwas 246 2mm, n = 20, P < 0.005) than

those of wild type (right of Figure 2A), they were still larger than

cells on the other side of the same mutant, thus causing unbal-

anced and bending growth of the mutant seedling (Figure 2A).

At the mature stage, internode I was much shorter in rmd-1

(9.46 2.5 cm, n = 76) than in the wild type (27.66 3.1 cm, n = 76,

P < 0.001), a phenotype resulting from amarked reduction in cell

length (Figure 2B). There was no obvious difference in cell

number from the base to the top of internode I between the

wild type and rmd-1 (;5000 cells in each file, n = 49), suggesting

that the phenotype observed in rmd-1 is caused mostly by

defects in cell elongation rather than division. Moreover, cell

elongation was also reduced inmature leaf and root cortical cells

in rmd-1 (Figures 2C and 2D). Consistent with the observation

that rmd-1 cells were irregularly shaped and had obscure cell

boundaries (Figures 2A to 2D), field emission scanning electron

microscope analysis of the rmd-1 root epidermal cells in the

elongation zone revealed a disorganized cell wall surface (Fig-

ures 2E and 2F). The size of the rmd-1 pollen grains was also

significantly reduced (35 6 3 mm in diameter, n = 17, P < 0.005)

compared with the wild type (45 6 3 mm in diameter, n = 18)

(Figure 3G), although pollen fertility in the rmdmutants appeared

normal. Analysis of the rmd-2 mutant plants revealed cellular

defects very similar to those of rmd-1 (see Supplemental Figures

3B and 3E online). These results together suggest that the rmd

mutants are severely deficient in cell growth, particularly in cell

elongation and shape formation.

rmd-1Mutants Are Impaired in Microfilament Organization

The severe defect in cell growth in the rmd mutants led us to

speculate that RMD may be involved in organization of the

cytoskeleton. To test this hypothesis, we observed the actin

cytoskeleton in root tips and pollen grains after staining the

filamentous (F-) actin with Alexa Fluor 488-phalloidin, a dye that

specifically labels F-actin. In the wild type, the cortical cells in the

root elongation zone displayed a fine F-actin network with

abundant longitudinally oriented filaments (Figures 3A and 3D).

By contrast, the rmd-1mutant showed disordered F-actin orga-

nization and more transverse than longitudinal filaments in the

cell (Figures 3B and 3E), suggesting that RMD plays a role in

polarized actin organization.

Given that the abundance of F-actin is positively correlated

with the fluorescence intensity, we quantified the relative amount

of F-actin using fluorescent quantification analysis. Our data

showed that the average fluorescence pixel intensity (6SE) in

each rmd-1 root cell was lower than that of the wild type (Figure

3H; see Supplemental Figure 4 online), suggesting a reduced

amount of F-actin in rmd-1. In addition, a scan of 50 slices of the

stained root cortical cells found a reduced number of actin

bundles in rmd-1 (see Supplemental Figure 4 online). Consistent

Figure 1. rmd Mutants Display Morphological Defects from Vegetative to Reproductive Development.

(A) Seedlings; days after germination are indicated. WT, wild type. Bar = 8 mm.

(B) Rice plants at heading stage. Bar = 20 cm.

(C) Panicle and rachis of plants at heading stage. Bar =2 cm.

(D) Individual flowers from plants at the heading stage. Bar =2 mm.

(E) Seeds. Bar = 2 mm.
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with these results from root cells, in pollen grains, we also

observed significant differences in the organization of the F-actin

network between wild-type and mutant plants (Figures 3G and

3I). Likewise, rmd-2 mutant roots and pollen grains displayed

F-actin defects similar to those in rmd-1 (see Supplemental

Figures 3H, 3K, and 4 online). These data suggest that the rice

RMD protein is critical for the organization of actin filaments,

especially in the formation of longitudinal actin cables.

rmd-1Mutants Display Defective Microtubule Organization

Microtubules are required for the maintenance of cell shape

(Lloyd and Chan, 2004). To observe microtubule organizations

in rmd mutants, we stained microtubules in root cells with anti-

b-tubulin antibody (Sigma-Aldrich). Along the long axis of root

cortical cells, wild-type plants had obliquely and transversely

aligned microtubules, whereas rmd-1 formed discontinuous and

fragmented microtubule arrays (Figure 4A). About 67% of mi-

crotubules in root cortical cells in rmd-1 were discontinuous (n =

30 cells). Moreover, rmd-1 pollen grains contained less abundant

microtubule arrays compared with the well-developed and

complex microtubule network in the wild type (Figure 4B). The

Figure 2. rmd-1 Mutants Display Defects in Cell Elongation and Polarity

as Revealed by Longitudinal Section Analysis.

(A) Leaf sheath from 12-d-old wild-type (WT) and rmd-1 seedlings.

Seedling bar = 8 mm; sectioning bar = 50 mm.

(B) Culm from plants at the heading stage. Stem bar = 8 cm; sectioning

bar = 100 mm.

(C) Leaf from plants at the heading stage. Leaf bar = 1.6 cm; sectioning

bar = 100 mm.

(D) Roots from 14-d-old seedlings. Root bar = 5 mm; sectioning bar =

100 mm.

(E) and (F) Field emission scanning electron microscopy of the cell wall

surface from epidermal cells in the root elongation zone from 14-d-old

wild-type (E) and rmd-1 seedlings (F). Bars = 500 nm.

[See online article for color version of this figure.]

Figure 3. rmd Mutants and FH5/RMD RNAi Lines Display Defective

Actin Microfilament Networks.

(A) to (F) Actin filaments of cells from the root elongation zone of 7-d- old

rice seedlings, stained by Alexa Fluor 488-phalloidin.

(A) Wild-type cells.

(B) rmd-1 cells.

(C) Cells of FH5/RMD RNAi lines with strong defects (Ri-s).

(D) A close-up of boxed region of (A). WT, wild type.

(E) A close-up of boxed region of (B).

(F) A close-up of boxed region of (C).

(G) F-actin pattern in pollen grains of the wild type and rmd-1 at stage 13

of anther development.

(H) Fluorescent pixel intensities (6SE) of wild-type, rmd-1, and Ri-s root

cells were 64.16 6 3.72 (n = 32), 40.42 6 2.46 (n = 30), and 51.3 6 5.05

(n = 20).

(I) The average fluorescence pixel intensity (6SE) in each pollen grain

was 95.48 6 7.76 (n = 18) in the wild type and 46.87 6 2.36 (n = 17) in

rmd-1 (P < 0.001).

Bars = 50 mm in (A) to (C), 25 mm in (D) to (F), and 10 mm in (G).

[See online article for color version of this figure.]
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average fluorescence pixel intensity in each rmd-1 pollen grain

was lower than that of the wild type (Figure 4C). Similarly,

defective microtubule arrays were observed in rmd-2 mutant

roots (seeSupplemental Figure 3Nonline). These results led us to

the conclusion that RMD also affects the formation of microtu-

bule networks in rice plants.

Map-Based Cloning and Characterization of RMD

Using markers from the 12 rice chromosomes and 50 mutants,

we first mapped the RMD gene to chromosome 7, within a

genetic distance between the two markers, WY705-1 (83.3 cen-

timorgan) and WY706-4 (84.1 centimorgan) (see Supplemental

Figure 5A online). To locate the gene further, 360 additional mu-

tants from an F2 mapping population were analyzed using nine

InDel markers in the region (see Supplemental Table 1 online).

The mutation was mapped between markers WY706-5 and

WY706-33 on the BAC clone AP004275, within a 15-kb region.

By sequencing genomic DNA in this region in the mutant (see

Supplemental Table 2 online), we found a T-to-C transition at

nucleotide position 7694 and a four-nucleotide (AAGG) deletion

from 7695 to 7698 in the predicted 11th exon of Os07g0596300.

These changes led to a frameshift mutation in the 1442nd amino

acid, resulting in the premature termination of the protein at the

1465th aminoacid (seeSupplemental Figure5Bonline). The rmd-2

mutant had a four-nucleotide (ATGG)deletion from1996 to 1999 in

the predicted fourth exon of Os07g0596300, causing a frameshift

at the 388th amino acid and premature termination at the 392nd

amino acid (see Supplemental Figure 5B online). Os07g0596300

has been predicted to encode a type II formin protein called FH5,

which was shown to be very close in sequence to AFH14 from

Arabidopsis and FH12 from rice (Cvrcková et al., 2004).

To verify the identity of RMD further, we generated an RNA

interference (RNAi) construct using a 740-bp fragment from a

gene-specific region of the FH5/RMD cDNA and transformed the

construct into calli induced from young embryos of wild-type

rice. Among the 70 RNAi plants (T0 transgenic lines) obtained, 25

displayed strong morphological defects (designated as Ri-s)

similar to those of the rmd mutants (Figures 5A to 5D; see

Supplemental Figures 3C, 3F, 3I, 3L, and 3Oonline), 34 showed a

moderate phenotype (Ri-m), and 11 had weak defects (Ri-w)

(Figures 5A and 5D). Using RT-PCR analysis, we confirmed that

the RNAi construct specifically reduced the expression of FH5/

RMD, whereas the expression of its closest homolog, FH12, was

not affected in the RNAi lines (Figures 5D and 5E). Furthermore,

the level of gene silencing correlated with the severity of the

mutant phenotypes (Figures 5A and 5D). These data further

confirmed that the FH5 gene we cloned is responsible for the

phenotypes displayed in the rmd mutants.

Wedetermined the expressed regions of theFH5/Os07g0596300

gene by comparing the genomic sequencewith the released partial

cDNA sequence (AK120222), the full-length protein sequence

(Q84ZL0) from the National Center for Biotechnology Information

(NCBI; http://www.ncbi.nlm.nih.gov/protein/172046705), and the

sequence of our RT-PCR products. The predicted FH5 protein

is 1627 amino acids long and contains three domains: a C2

domain (amino acids 200 to 337) that belongs to the PTEN

(phosphatase and tensin-related) motif, a Pro-rich FH1 domain

(amino acids 825 to 1170; see Supplemental Figure 6 online), and

a conserved C-terminal FH2 domain (amino acids 1188 to 1588)

(see Supplemental Figure 6 online). The PTEN and FH1 domains

in FH5 are highly divergent from those in nonplant formins but

share sequence similarities with the equivalent domains predicted

to be present in type II rice formins (Cvrcková et al., 2004). The C2

domain of FH5 has 34% sequence similarity to human PTEN_C2,

but it contains an Arg-to-Gly change at the 58th amino acid, which

was assumed to abolish the lipid phosphatase activity (Cvrcková

et al., 2004). Among the 345 amino acids in the FH1domain inFH5,

there are 190Pro residues (;55%) that form22Pro-rich stretches

(see Supplemental Figure 6 online), each of which contains 3 to 14

consecutive Pro residues. The FH2 domain of FH5 has 34 to 99%

sequence identity to the equivalent region in 15 other rice formin-

like proteins, with many highly conserved residues (Cvrcková

et al., 2004). The fact that mutations in rmd-1 and rmd-2 both

Figure 4. The rmd Mutant Has Defective Microtubule Array.

(A)Microtubule arrays in the wild-type (WT) and rmd-1 root cortical cells.

The arrow in rmd-1 indicates fragmentedmicrotubule array. Bar = 20 mm.

(B) Microtubule arrays in the wild-type and rmd-1 pollen grains at stage

13 of anther development. Bar = 10 mm.

(C) The average fluorescence pixel intensity (6SE) in each pollen grain

was 60.07 6 3.26 (n = 27) in the wild type and 29.87 6 1.86 (n = 29) in

rmd-1 (P < 0.001)

[See online article for color version of this figure.]
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caused an abnormal FH2 domain and that these twomutants had

similar phenotypic defects suggest that the FH2 domain is impor-

tant for the function of FH5 (see Supplemental Figure 5B online).

To gain further information on the function of FH5, we exam-

ined the expression pattern of FH5 during rice development,

using RT-PCR, quantitative RT-PCR (qRT-PCR), and promoter-

b-glucuronidase (GUS) fusion analysis. Consistent with the im-

portant role of FH5 in proper growth and development, FH5 is

ubiquitously expressed in roots, stems, leaves, and flowers at the

heading stage (see Supplemental Figure 7A online). In seedlings,

we observed strongerGUS staining in the coleoptile, root tip, and

lateral root primordia (see Supplemental Figures 7B to 7Honline).

In mature plants, GUS expression was observed in floral organs

(see Supplemental Figures 7I and 7J online). Moreover, recent

expression profile data from laser microdissection–mediated

microarray analysis showed that FH5 was expressed in micro-

spores at various stages (Hobo et al., 2008).

Localization of FH5

Unlike most Arabidopsis and rice type I formins, which contain

putative secretory or membrane targeting signals, or transmem-

brane segments, FH5 and other type II formins do not have

putative transmembrane domains. FH5 was predicted to be

localized to the plastid (http://compbio.dfci.harvard.edu/cgi-bin/

tgi/tc_report.pl?tc=TC471465andspecies=rice). To determine

the subcellular localization of FH5, we generated a FH5 polyclo-

nal antibody using a gene-specific region of FH5 (i.e., amino acid

residues 534 to 709; see Supplemental Figure 5C online) with low

similarity with other rice sequences. The specificity of the purified

FH5 antibody was confirmed by the detection of a specific band

with the expected size in protein extract from 14-d-old wild-type

rice plants (see Supplemental Figure 8 online). Immunostaining

analysis using rice leaf cells revealed that the FH5 protein is

localized to small dots in the cytoplasm (Figures 6A to 6C; see

Supplemental Figure 9 online). We speculated that these dots

may be associated with the membrane of subcellular organelles.

To test this prediction, we digested fresh rice leaves briefly with

pectinase and cellulase to release cellular organelles and per-

formed immunological analysis. Our data demonstrated that FH5

is localized to the chloroplast surface and that it seems to be

anchored to a specific yet undetermined position on the organ-

elle. We observed that all 70 FH5-detectable signal spots were

associated with chloroplasts (Figures 6D to 6F and insets).

Moreover, immunoblotting assays using proteins from isolated

chloroplasts and nuclei from wild-type leaves detected FH5,

together with the ribulose-1,5-bisphosphate carboxylase/oxy-

genase (Rubisco) large subunit, mainly in chloroplasts (see

Supplemental Figure 9F, lanes 1 and 3, online). These results

confirmed the association of FH5 with chloroplasts and also

suggested the possibility that specific spots on the chloroplast

surface may serve as a FH5 depot for the cell.

Like other plant type II formins, FH5 has a characteristic

N-terminal PTEN-related domain that was predicted to be as-

sociated with membranes (Cvrcková et al., 2004). Recent inves-

tigations also indicated that the PTEN-like domain of moss

(Physcomitrella) type II forminsmediates the apical localization of

these formins (Vidali et al., 2009). To test whether the PTEN-like

domain of FH5 is sufficient for the localization of the protein to the

chloroplast surface, we made a translational fusion between

PTEN (amino acids 200 to 337) and red fluorescent protein (RFP)

and transiently expressed the fusion protein in tobacco (Nicoti-

ana tabacum) cells. Consistent with results of the immunostain-

ing analysis, transiently expressed PTEN-RFP is also closely

associatedwith a specific region on the chloroplast outer surface

in tobacco cells (Figures 6G to 6I and insets; see Supplemental

Figure 10 online). We observed that all 45 FH5 PTEN-RFP signal

spots were associated with chloroplasts, suggesting that the

Figure 5. Phenotypes of FH5/RMD RNAi Lines.

(A) The FH5/RMDRNAi plants display varied levels of reduced height. Ri-s, strong phenotype, 35.96 2.5 cm, n = 25; Ri-m, moderate phenotype, 44.96

2.7 cm, n = 34; and Ri-w, weak phenotype, 80.3 6 5.4 cm, n = 11. WT, wild type. Bar = 20 cm.

(B) and (C) The bending growth of seedling (B) and curled panicle branches (C) shown in Ri-s.

(D) qRT-PCR analysis of FH5/RMD in RNAi plants (error bars represent SD).

(E) RT-PCR analysis of FH12, a gene sharing high sequence similarity to FH5 in the RNAi lines, ACTIN as control.

[See online article for color version of this figure.]
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Figure 6. Subcellular Localization of FH5.

(A) to (C) Immunostaining analysis of FH5 localization in rice leaf cells.

(A) Immunological assay of FH5 showing the signal distribution in the cytoplasm.

(B) Bright field of (A).

(C) Merged signals of (A) and (B). Bars = 7.5 mm in (A) to (C).

(D) to (F) Immunostaining analysis of FH5 localization using rice leaf cells digested by cellulase and pectinase.

(D) Immunological assay showing FH5 signal at the outer membrane of chloroplasts (green signal).

(E) Chloroplast autofluorescence (red signal).

(F) Merged signals of (D) and (E). Insets in (D) to (F) are the close-ups of regions pointed out by the arrows. Bars = 10 mm in (D) to (F) and 1 mm in the

insets.

(G) to (I) Analysis of FH5 PTEN-RFP subcellular localization in tobacco leaf cells. Insets are close-ups of the regions pointed out by the arrows.

(G) FH5 PTEN-RFP signals in the cytoplasm.

(H) Bright field of (G) showing chloroplasts.

(I) Merged signals of (G) and (H). Bars = 50 mm in (G) to (I) and 2.5 mm in insets. The control images are in Supplemental Figure 10 online.

(J) to (L) Analysis of the association between FH5 PTEN-RFP and microfilaments in tobacco leaf cells. Bars = 5 mm.

(J) Microfilaments (green signals) stained by Alexa Fluor 488-phalloidin.

(K) FH5 PTEN-RFP (red signals) indicated by the arrow.

(L)Merged signals of (J) and (K) showing the localization of FH5 PTEN-RFP on the outer envelope membrane of chloroplasts and its association with the

microfilaments in the cytoplasm.
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PTEN-like domain of FH5 is sufficient to confer anchorage of the

protein to the chloroplast outer surface. Moreover, PTEN-RFP

signals were observed to be associated with the F-actin near the

chloroplast (Figures 6J to 6L; seeSupplemental Figure 11 online),

suggesting that the PTEN domain on FH5 may provide a link

between chloroplasts and the actin cytoskeleton.

FH5 Nucleates Actin Polymerization

To characterize further the functional properties of FH5 and

determine whether FH5 has the ability to polymerize actin, we

attempted to express a protein containing the entire FH1 and

FH2 domains. However, after a number of attempts we failed to

express the recombinant protein in bacterial, yeast, or baculo-

virus expression systems. Our inability to produce this recombi-

nant protein is likely due to the fact that the FH1 domain of FH5

contains more polyproline stretches compared with other rice

formins (see Supplemental Figure 6 online). As an alternative

approach, we expressed in Escherichia coli a peptide (i.e., FH5

FH1FH2), which is a fusion of six polyproline stretches from the

FH5 FH1 domain (amino acids 1098 to 1170), the FH2 domain

(amino acids 1188 to 1588 on FH5), and a 63His tag (see

Supplemental Figure 12 online). In addition, we also fused a

63His tag to the C terminus of the FH5 FH2 domain and

expressed the recombinant protein (FH5 FH2) in E. coli. The

recombinant FH5 FH1FH2 and FH2 domains were each affinity

purified to;98% in purity (see Supplemental Figure 12 online).

We then performed in vitro analysis using the recombinant FH5

FH1FH2 and FH5 FH2 domains to test whether FH5 functions as

a formin to nucleate actin assembly. Actin monomers (10%

pyrene labeled) were incubated with various concentrations of

FH5 FH1FH2 and FH5 FH2, and actin assembly was monitored

by pyrene fluorescence measurement. Both FH5 FH1FH2 and

FH5 FH2 decreased the initial lag of actin polymerization curve

in a dose-dependent manner, which is indicative of their active

roles in actin nucleation (Figures 7A and 7B). The behavior of FH5

FH2 is similar to that of the FH2 domain of AFH1 (Michelot et al.,

2005) but distinct from those of the FH2 domains from At-FH5

and AFH3, which do not promote actin nucleation from a pool of

actin monomers (Ingouff et al., 2005; Ye et al., 2009).The concen-

tration of newly barbed ends was strongly dependent on the

amount of FH5 FH1FH2 and FH5 FH2. We also estimated the

nucleation efficiency of FH5 FH1FH2 and FH5 FH2 using data

obtained from three independent experiments. As shown in Figure

7C, the maximal nucleation efficiency of FH5 FH1FH2 was 0.029

filament barbed ends per formin molecule, which is close to that

previously reported for AFH1 FH1FH2 (Michelot et al., 2005), but

;20 times higher than that of the equivalent fusion protein of

AFH3 (Ye et al., 2009), further suggesting that FH5 can efficiently

nucleate actin polymerization from actin monomers. Because

filament length is inversely correlated with the number of nuclei

generated during the polymerization, the actin nucleation activity

can be further tested by measuring the length of actin filaments.

Weobserved that the filament lengthwas reduced in the presence

of FH5 FH2 (Figure 7E) than that of actin monomer alone (Figure

7D). The average lengths of actin filaments in the presence of 100

nM AFH1 FH1FH2, FH5 FH1FH2, or FH5 FH2 were significantly

shorter than that in the absence of formins (P < 0.01) (Figure 7F).

It has been reported that the majority of actin monomers is

bound by a high concentration of profilin in some plant cells and

that the actin/profilin complex represents the physiologically

relevant source of actin monomers in plants (Wang et al., 2005;

Chaudhry et al., 2007). We used recombinant FH5 FH1FH2 and

FH5 FH2 to test whether FH5 has a physiological function in

using the pool of actin bound to profilin for efficient actin filament

nucleation. The well-characterized FH1FH2 domain of AFH1,

which was previously shown to have the ability to nucleate actin

alone and from the actin/profilin complex, was used as the

positive control (Michelot et al., 2005). Compared with AFH1

FH1FH2 (Figure 7G), FH5 FH1FH2 had a more efficient nuclea-

tion activity using actin bound to human profilin as substrate

(Figure 7H).When the humanprofilin was replacedwith lily (Lilium

longiflorum) profilin, FH5 FH1FH2 also showed active actin

nucleating ability (Figure 7I). However, no obvious nucleating

activity was observed for FH5 FH2 on the actin/profilin complex

(see Supplemental Figure 13 online). Given that the number of

polyproline stretches within the FH1 domain is only quantita-

tively, but not qualitatively, associated with its function on actin

polymerization from profilin-bound actin (Kovar and Pollard,

2004), our data therefore indicate that FH5 can effectively

nucleate actin polymerization from the actin/profilin complex

and that the polyproline-rich FH1 domain is necessary for this

property.

To examine further the effect of FH5 on actin assembly, we

used time-lapse fluorescence microscopy to visualize directly

actin polymerization from Oregon-green-actin/profilin com-

plexes. Actin polymerization was observed near the surface of

the cover glass. As the negative control, actin filaments of the

actin/profilin complex alone could elongate several microns in 20

min with an average elongation rate of 4.1 6 0.6 subunits per

second (n = 18) in three independent experiments (Figures 8A to

8D and 8Q; see Supplemental Movie 1 online). In the presence of

FH5 FH1FH2, more actin filaments were detectable, and the rate

of actin elongation was 3.6 6 0.4 subunits per second (n = 15)

(Figures 8E to 8H and 8Q; see Supplemental Movie 2 online).

However, the elongation rate of actin filaments was significantly

reduced to 2.66 0.3 subunits per second (P < 0.01; n = 15) upon

addition of FH5 FH2 (Figures 8I to 8L and 8Q; see Supplemental

Movie 3 online) compared with that of actin/profilin complex

alone. This result suggested that FH5 FH2 can block actin

filament elongation by capping barbed ends of the filaments,

therefore preventing additional actin/profilin complexes from

being added onto the capped barbed ends. The elongation rate

conferred by the control protein AFH1 FH1FH2 was 3.6 6 0.6

subunits per second (Figures 8M to 8Q; see Supplemental Movie

4 online), which is close to the published value (Michelot et al.,

2005). Overall, the elongation rate of the actin filament in the

presence of FH5 FH1FH2 (P = 0.07) or AFH1 FH1FH2 (P = 0.08)

had no statistically significant difference from that of actin/

profilin complex alone.

FH5 Binds to the Barbed Ends of F-Actin and Protects

F-Actin from Dilution-Mediated Depolymerization

It has been demonstrated that several plant formins, such as

AFH1, AFH3, At-FH5, and At-FH8, have barbed-end capping
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activity on actin filaments (Ingouff et al., 2005; Michelot et al.,

2005; Yi et al., 2005; Ye et al., 2009). To examine barbed-end

dynamics in the presence of FH5, seed elongation assays were

performed using 0.8 mM actin filaments incubated with various

concentrations of FH5 proteins before the addition of labeled

actin monomers bound to profilin. We observed that the initial

elongation rate decreased as the concentration of FH5 FH2 was

increased (Figure 9A), indicating that FH5 FH2 caps the barbed

ends of actin filaments. Subsequently, the apparent Kd values of

binding to the barbed ends of actin filaments were determined to

Figure 7. Recombinant FH5 FH2 and FH5 FH1FH2 Nucleate Actin Polymerization from Monomeric Actin and Actin/Profilin Complexes.

(A) Time course of actin polymerization in the presence of FH5 FH1FH2 monitored by pyrene fluorescence. The signal is proportional to actin polymer

concentration (Cooper et al., 1983). Different concentrations of FH5 FH1FH2 were added to 2 mM actin (10% pyrene labeled) before initiation of

polymerization (from bottom to top: 0, 5, 7.5, 10, 12, 15, 20, 35, and 50 nM). a.u., arbitrary units.

(B) Time course of actin polymerization in the presence of FH5 FH2. Increasing amounts of FH5 FH2 were added to 2 mM actin (10% pyrene labeled)

before initiation of polymerization (from bottom to top: 0, 10, 15, 20, 50, 80, 100, and 200 nM).

(C) Nucleation efficiency of FH5 FH2 and FH5 FH1FH2.

(D) and (E)Micrographs of actin filaments in the absence or presence of FH5 FH2. Actin alone (D); actin incubated with 100 nM FH5 FH2 (E). Bar = 5 mm.

(F) Mean length (6SE) of actin filaments in the absence or presence of 100 nM formin.

(G) Time course of actin polymerization in the presence of AFH1 FH1FH2 and/or human profilin, monitored by pyrene fluorescence. From bottom to top:

actin+profilin (black), actin alone (blue), actin+profilin+100 nM AFH1 FH1FH2 (red), and actin+100 nM AFH1 FH1FH2 (dark cyan).

(H) Time course of actin polymerization in the presence of FH5 FH1FH2 and/or human profilin, monitored by pyrene fluorescence. From bottom to top:

actin+profilin (black), actin alone (pink), actin+profilin+10 nM FH5 FH1FH2 (red), actin+profilin+50 nM FH5 FH1FH2 (blue), actin+profilin+100 nM FH5

FH1FH2 (dark cyan), and actin+100 nM FH5 FH1FH2 (dark yellow).

(I) Time course of actin polymerization in the presence of FH5 FH1FH2 and lily profilin1 (Ll PRO1),monitored by pyrene fluorescence. Frombottom to top: actin

+LlPRO1 (black), actin+LlPRO1+10 nM FH5 FH1FH2 (red), actin+LlPRO1+20 nM FH5 FH1FH2 (blue), and actin+LlPRO1+50 nM FH5 FH1FH2 (dark cyan).
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be 19.66 2.2 nM for FH5 FH1FH2 and 3.46 0.5 nM for FH5 FH2,

based on three independent assays (Figure 9B). To verify the

capping activity of FH5 further, we performed dilution-mediated

actin filament depolymerization assays. The initial depolymer-

ization rate decreased in a dose-dependent manner with the

addition of FH5 FH1FH2 (Figure 9C) or FH5 FH2 (Figure 9D),

further supporting their barbed-end capping activity. Taken

together, these data suggest that both FH5 FH1FH2 and FH2

can bind to the barbed end of actin filaments and prevent actin

polymerization and depolymerization from barbed ends.

FH5 Induces Bundling of Actin Filaments

Several plant formins have been shown to be able to bundle actin

filaments (Harris et al., 2004; Michelot et al., 2005; Moseley and

Goode, 2005). To test the effect of FH5 FH1FH2on bundling actin

filaments, we visualized actin filaments directly using fluores-

cence microscopy. The negative control (i.e., actin filaments in

the absence of formin proteins) appeared to be scattered indi-

vidually (Figure 10A). After the addition of FH5 FH1FH2 (Figure

10B) or AFH1 FH1FH2 (Figure 10C), obvious actin bundles were

observed. To examine further the bundling ability of FH5 FH1FH2

on actin filaments, we performed low-speed cosedimentation

assays. At low speed, actin filaments and FH5 FH1FH2 were

recovered mostly in the supernatant when used alone (Figure

10D, lanes 1 and 9). When these two components were mixed

together, the percentage of actin in the pellet increased in a

dose-dependent manner (Figures 10D, lanes 2 to 8, and 10E),

indicating bundle formation. The actin bundling ability of FH5

FH1FH2 appeared to be comparable to that of AFH1 FH1FH2

(Figure 10E). Furthermore, to determine the apparent binding

Figure 8. Time-Lapse Fluorescence Microscopy Visualization of the

Effect of FH5 Protein on Actin Filament Elongation from the Actin/Profilin

Complex.

Oregon-green-actin/profilin complex (1 mM actin and 2 mM profilin) was

polymerized in the absence or presence of 200 nM varoius formin

proteins. Frames were taken at the indicated time during polymerization.

(A) to (P) Time-lapse micrographs of Oregon-green-actin/profilin poly-

merization with no formin ([A] to [D]; see Supplemental Movie 1 online),

FH5 FH1FH2 ([E] to [H]; see Supplemental Movie 2 online), FH5 FH2 ([I]

to [L]; see Supplemental Movie 3 online), and AFH1 FH1FH2 ([M] to [P];

see Supplemental Movie 4 online). Bars = 5 mm, and arrows indicate the

position of actin filament ends over time.

(Q) Elongation rates (6SE) of actin filaments in the absence or presence

of FH5 FH1FH2, FH5 FH2, or AFH1 FH1FH2.

Figure 9. Recombinant FH5 FH2 and FH5 FH1FH2 Cap Actin Microfil-

aments.

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

presence of FH5 FH2. Preformed actin filament seeds (0.8 mM) were

incubated with various concentrations of FH5 FH2 (from top to bottom: 0,

2.5, 3, 4, 5, 6, 8, and 10 nM) before addition of 1.0 mM pyrene-actin

monomers. a.u., arbitrary units.

(B) Variation in the initial rate of elongation as a function of FH5 FH2 or

FH5 FH1FH2 concentration. The representative Kd is 19.1 nM for FH5

FH1FH2 and 2.9 nM for FH5 FH2.

(C) and (D) Kinetics of actin filament depolymerization in the presence of

various concentrations of FH5 FH1FH2 (C) (from bottom to top: 0, 10, 20,

50, 100, and 200 nM) and FH5 FH2 (D) (from bottom to top: 0, 5, 10, 20,

and 50 nM). FH5 FH1FH2 or FH5 FH2 were incubated with 5 mM actin

filaments (80% pyrene-labeled) for 5 min before dilution of the solution

25-fold in buffer G.
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affinity between FH5 FH1FH2 and actin filaments, we also

performed high-speed cosedimentation assays. After three in-

dependent experiments, the Kd value for FH5 FH1FH2 binding to

the side of actin filaments was determined to be 0.186 0.04 mM

(means 6 SD, n = 3; Figure 10F), which is close to the value for

AFH1 FH1FH2 (;0.13 mM) (Michelot et al., 2005). Finally, we

showed that FH5 FH2 is also capable of efficiently bundling actin

filaments (see Supplemental Figure 14 online), an ability previ-

ously not found for the FH2 domain of AFH1 (Michelot et al.,

2005).

FH5 Binds to and Bundles Microtubules

Recently, formins have been recognized as the prominent regu-

lators of the microtubule cytoskeleton (Bartolini and Gundersen,

2010; Deeks et al., 2010; Li et al., 2010); At-FH4 and AFH14, in

particular, were shown to interact with both F-actin and micro-

tubules (Deeks et al., 2010; Li et al., 2010). To test whether FH5

binds to microtubules in vivo, we introduced the translationally

fused construct of FH5 FH1FH2 (amino acids 825 to 1588)-RFP

into onion epidermal cells, using green fluorescent protein (GFP)-

MAP4 (Microtubule-associated protein 4) as the marker for the

microtubule cytoskeleton (Marc et al., 1998). The FH5 FH1FH2-

RFP signals colocalized with microtubule signals (Figures 11A

to 11C), suggesting that FH5 FH1FH2 binds to microtubules in

plant cells.

To assess further the binding activity of FH5 FH1FH2 to

microtubules, cosedimentation assays were performed by

incubating taxol-stabilized microtubules with various concen-

trations of FH5 FH1FH2. In the absence of microtubules, very

little FH5 FH1FH2 was detected in the pellet (Figure 11D, lane

8). By contrast, the amount of sedimented FH5 FH1FH2 in-

creased as microtubules were added (Figure 11D, lanes 2 to 7),

confirming that FH5 FH1FH2 directly binds to microtubules. To

Figure 10. FH5 FH1FH2 Bundles Actin Filaments in Vitro.

(A) to (C) Direct visualization of actin filament bundles in the presence of FH5 FH1FH2 or AFH1 FH1FH2. Micrographs were taken from reactions with

actin filaments alone (A) or actin plus 800 nM of FH5 FH1FH2 (B) or AFH1 FH1FH2 (C).

(D) Low-speed cosedimentation assays to determine the bundling activity of FH5 FH1FH2. Lane 1, actin alone; lanes 2 to 8, actin plus 0.05, 0.1, 0.2, 0.4,

0.8, 1.2, or 1.6 mM FH5 FH1FH2, respectively; lane 9, 1.2 mM FH5 FH1FH2 alone.

(E) Percentage of actin filaments recovered in the low-speed pellet as a function of the concentration of FH5 FH1FH2 (closed squares) or AFH1 FH1FH2

(open squares).

(F) FH5 FH1FH2 binds to actin filaments. High-speed cosedimentation assays were performed to determine the apparent binding affinity of FH5

FH1FH2 to actin filaments. Various amounts of phalloidin-stabilized actin filaments were mixed with 0.5 mM FH5 FH1FH2. Percentage of F-actin–bound

FH5 FH1FH2 was plotted against the concentration of actin and fitted with a hyperbolic function. For this representative experiment, Kd = 0.15 mM.

[See online article for color version of this figure.]
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determine the binding affinity between FH5 FH1FH2 and mi-

crotubules, the amount of FH5 FH1FH2 in the pellet ([FH5

FH1FH2]bound) was plotted against the amount of FH5 FH1FH2

in the supernatant ([FH5 FH1FH2]free), and the resulting data

were fitted with a hyperbolic function. In a representative

experiment, the Kd value was determined to be 0.12 mM (Figure

11E). The mean Kd value for the binding between FH5 FH1FH2

and microtubules was 0.13 6 0.02 mM (6SD, n = 3). Similarly,

FH5 FH2 was also confirmed to cosediment with microtubules

(see Supplemental Figure 15 online). These results suggest

that, similar to the AFH14 protein (Li et al., 2010) (Figure 11M),

FH5 binds to taxol-stabilized microtubules through its FH2

domain in vitro.

To examine further the effect of FH5 protein on microtubules,

fluorescence microscopy was employed. In the absence of the

recombinant FH5 FH2 protein, microtubules appeared to be

scattered individually throughout the solution (Figure 11F).

When adding the FH5 FH2, densely packed bundles appeared

(Figure 11G). With an increasing amount of FH5 FH2 added,

more high-order microtubule bundles formed (Figure 11H). By

contrast, when we added denatured FH5 FH2, which had been

boiled for 1 min, no microtubule bundling was observed (Figure

Figure 11. Colocalization of FH5 FH1FH2-RFP with Microtubules in Vivo and Binding and Bundling of FH5 FH1FH2 to Microtubules in Vitro.

(A) to (C) Confocal images from onion epidermal cells expressing FH5 FH1FH2-RFP (A) and a microtubule marker, GFP-MAP4 (B). (C) shows merged

signals from (A) and (B). Bars = 10 mm.

(D) Recombinant FH5 FH1FH2 protein is cosedimented with 1 mM taxol-stabilized microtubules. Recombinant FH5 FH1FH2 protein appeared mainly in

the supernatant after centrifugation in the absence of microtubules and cosedimented with microtubules into the pellets. The concentration of FH5

FH1FH2 in lanes 1 to 8 was 0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 5.0 mM, respectively.

(E) Increasing concentrations of FH5 FH1FH2 (0.5 to 5.0 mM) were incubated and cosedimented with 1.0 mM microtubules. The concentration of

microtubule-bound FH5 FH1FH2 was plotted against the concentration of free FH5 FH1FH2 and fitted with a hyperbolic function. For this representative

experiment, the Kd was 0.12 mM.

(F) to (M) Micrographs of rhodamine-conjugated microtubules in the absence or presence of formins. (F) Microtubules alone; (G) microtubules plus

3.0 mM FH5 FH2; (H)microtubules plus 5.0 mM FH5 FH2; (I)microtubules plus 5.0 mM denatured FH5 FH2; (J)microtubules plus 1.5 mM FH5 FH1FH2;

(K)microtubules plus 2.5 mMFH5 FH1FH2; (L)microtubules plus 2.5 mMdenatured FH5 FH1FH2; (M)microtubules plus 1.5 mMAFH14 FH1FH2. Bars =

20 mm.
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11I). Similar to FH5 FH2, FH5 FH1FH2 could also bundle micro-

tubules; its bundling efficiency seemed to be higher than the

former (Figures 11J to 11L). From these results we conclude that

FH5 can bind to and bundle microtubules through its FH2

domain.

DISCUSSION

FH5Modulates Rice Morphogenesis

Understanding the molecular basis of plant architecture is not

only important for fundamental biology, but also useful for

agricultural improvement of crops for higher yields. Plant mor-

phogenesis is under tight control by a broad range of devel-

opmental and environmental signals (Wang and Li, 2008). In

this study, we show the critical role of the type II formin FH5 in

determining rice plant morphogenesis. Loss of function of FH5

in rmd mutants disrupts proper morphogenesis in both rice

seedlings and mature plants. Thus, this report establishes that

the mutation of a single angiosperm formin can have dramatic

morphogenetic defects. Furthermore, in the companion ar-

ticle, Yang et al. (2011) characterized BENT UPPERMOST

INTERNODE1, which also encodes FH5 and found similar

results.

Formins are known to be actin-nucleating proteins that control

the rate-limiting step of actin polymerization (Wasserman, 1998;

Pollard et al., 2000; Sawin, 2002), but little is known about the

biological role of formins in plant morphogenesis. Arabidopsis

and rice genomes encode 21 and 16 putative formins, respec-

tively (Cvrcková et al., 2004). The fewer number of formins in rice

may be due to fewer gene duplications in its genome during

evolution. Microarray data indicated that rice formins are ex-

pressed in most of the tissues throughout the life cycle (http://

bioinformatics.med.yale.edu/riceatlas/). It is possible that they

participate in the generation of cytoskeleton in a redundant

manner or that each of these formins has a distinct role in the

formation of cytoskeleton. Supporting the latter scenario, three

formins from fission yeast have been shown to be responsible for

the formation of distinct actin arrays (Petersen et al., 1998;

Feierbach and Chang, 2001; Kovar et al., 2003).

It has been reported that Arabidopsis AFH1, AFH3, At FH4, At

FH5, and At FH8 function in polarized growth of pollen tubes or

root hairs or in embryo development (Cheung and Wu, 2004;

Deeks et al., 2005; Ingouff et al., 2005; Michelot et al., 2005; Yi

et al., 2005; Ye et al., 2009; Cheung et al., 2010). Among these

proteins, only At-FH5 caused severe morphological defect when

it was mutated (Ingouff et al., 2005). At-FH6 encodes a plasma

membrane–associated formin protein, which can partially sub-

stitute for the function of its homologs in yeast and nematode

cells (Favery et al., 2004).

In this study, we show a dramatic effect of the type II rice

formin FH5 on the organization of microfilaments and microtu-

bules and plant morphogenesis, suggesting the essential role

of type II formins in plants. In agreement with this, knockdown

of moss type II formins causes stunted plants, and knockout of

AFH14 leads to abnormal meiosis (Vidali et al., 2009; Li et al.,

2010).

FH5 Regulates Microfilament Organization in Rice

The cytoskeleton consists of microtubule- and microfilament-

based systems, which together form a structurally rigid lattice

that functions as a supporting scaffold in the organism. Instead of

having longitudinal microfilament cables like those in wild-type

cells, the rmd mutants contain more transverse microfilament

cables, indicating that FH5/RMD is a key regulator in the forma-

tion of actin cytoskeleton in rice cells. Like other eukaryotic

formins, FH5 has the conserved FH1 and FH2 domains. In this

study, we show that FH5 can nucleate actin assembly from free

or profilin-bound G-actin monomers, in a way similar to AFH1,

AFH3, At-FH5, and At-FH8 proteins (Ingouff et al., 2005;Michelot

et al., 2005; Yi et al., 2005; Ye et al., 2009). Moreover, our in vitro

biochemical assays suggest that the FH5 FH2 domain itself can

induce actin assembly, which is different from AFH3 and At-FH5,

whose actin nucleating activity depends on the presence of the

FH1 domain (Ingouff et al., 2005; Ye et al., 2009). Similar to the

FH2 domain in AFH1 (Michelot et al., 2005; Yi et al., 2005; Ye

et al., 2009), FH5 FH2 can also inhibit elongation of the actin

filaments by capping the barbed ends of F-actin filaments.

In the 345–amino acid FH5 FH1 domain, there are 190 Pro

residues, which form 22 polyproline stretches (i.e., the longest

polyproline stretches found in rice formins) (see Supplemental

Figure 6 online; Cvrcková et al., 2004). The conserved polyproline

stretches within the formin FH1 domains have been shown to

enhance filament elongation (Sagot et al., 2002;Kovar andPollard,

2004;Romeroet al., 2004, 2007; Paul andPollard, 2008).Our time-

lapse fluorescence microscopy analysis showed that the partial

Pro residues in the FH5 FH1 domain are involved in the promotion

of filament elongation in the presence of actin/profilin, suggesting

that the combination of FH1 and FH2 in FH5 is required for formin-

mediated microfilament organization and dynamics in plant cells.

We also showed that FH5 FH1FH2’s activity in concentrating

multiple actin/profilin complexes near the end of the filament is

close to that of the well-characterizedArabidopsisAFH1 (Michelot

et al., 2005), yet lower than those of themoss type II formins (Vidali

et al., 2009). Consistent with the subcellular phenotype observed

in rmdmutants, which have reduced numbers of longitudinal actin

cables, the FH2 domain of FH5/RMDwas shown in our study to be

able to bundle actin filaments, an activity shared with AFH1 and

Bnr1 (Michelot et al., 2005; Moseley and Goode, 2005).

FH5 Affects the Formation of Microtubule Arrays in Rice

Plant cells have a highly dynamic microtubule system that is

organized into different arrays and essential for many important

cellular processes. In response to environmental and develop-

mental stimuli, the microtubule system can be reoriented, such as

undergoing clockwise or counterclockwise rotation in plant cells

(Lloyd and Chan, 2004; Chan et al., 2007). In plants, components

of the microtubule system have been shown to be critical for plant

architecture (Thitamadee et al., 2002; Twell et al., 2002; Nakajima

et al., 2004; Sedbrook, 2004; Sunohara et al., 2009). For example,

the rice TWISTEDDWARF1 (TID1) gene encodes an a-tubulin that

influences plant morphology; a dominantmutation of TID1 caused

disrupted cellular microtubule arrays, severe dwarfism, and right

helical growth (Sunohara et al., 2009).
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In this study, we have shown that FH5/RMD affects microtu-

bule organization. Microtubule arrays are transversely aligned

along the long axis in wild-type cortical cells, whereas rmd

mutant cells have discontinuous and fragmented microtubules.

Transverse microtubules were thought to influence plant elon-

gation growth and development by determining the length and

orientation of cellulose microfibrils, essential contributors to the

mechanical properties of the plant cell wall (Wasteneys, 2004).

Consistent with this notion, rmd mutants display abnormal cell

growth, in particular, reduced elongation, irregular cell shape,

and defective cell walls. How FH5/RMD affects cell wall devel-

opment remains to be uncovered.

We have also shown that FH5 FH1FH2 is colocalized with

microtubules in vivo and that recombinant FH5 FH2 binds to and

bundles microtubules in vitro. This microtubule bundling activity

was also found for other formins, including AFH14, mDia1,

mDia2, Formin1-Ib, INF1, and Capu (Rosales-Nieves et al.,

2006; Zhou et al., 2006; Bartolini et al., 2008; Young et al.,

2008; Li et al., 2010), suggesting that the FH2 domainmay have a

conserved function in some formins in coordinating the organi-

zation of microtubules and microfilaments in diverse species.

Consistent with this view, several lines of evidence suggested

that many cytoskeleton dependent biological processes require

the coordination of actin filaments and microtubules (Fu et al.,

2005; Crowell et al., 2009; Deeks et al., 2010; Li et al., 2010). How

FH5 modulates cellular processes by changing the organization

of microfilaments and microtubules remains to be elucidated.

Based on its binding activity on both actin filaments and micro-

tubules, it is most likely that FH5 directly affects the organization

of both microfilaments andmicrotubules. At this point we cannot

exclude the possibility that FH5 indirectly affects microtubule

organization through its impact on the orientation of F-actin or

that it indirectly affects microfilament organization through its

direct role on microtubule orientation.

Most of the plant formins identified to date have been shown to

be microfilament regulators (Ingouff et al., 2005; Michelot et al.,

2005; Yi et al., 2005; Vidali et al., 2009; Ye et al., 2009; Blanchoin

and Staiger, 2010; Deeks et al., 2010; Li et al., 2010). However, a

new plant-specific domain (the GOE domain) in the type I formin

At-FH4 was shown to bind directly to microtubules. Over-

expression analysis revealed the accumulation of At-FH4 at the

endoplasmic reticulum membrane and its coalignment with mi-

crotubules, providing the first evidence that a plant type I formin

likely mediates the interaction between membranes and both

major cytoskeletal networks (Deeks et al., 2010). FH5 shares

strong sequence similarities with Arabidopsis AFH14 (Cvrcková

et al., 2004), a type II formin capable of linking microtubules and

microfilaments (Li et al., 2010). The recombinant FH1FH2 fragment

of AFH14 can directly bind to purified microtubules and microfil-

aments and promotes the formation of microtubule or microfila-

ment bundles, suggesting that this protein may function in

recruiting microfilaments to microtubules (Li et al., 2010).

The PTEN Domain Mediates the Association of FH5

with Chloroplasts

As an organelle unique to plants, the chloroplast is involved in

a variety of processes crucial for plant growth and development.

It has been postulated that in plants the intracellular mobility

and positioning of chloroplasts depend on microfilament- and

microtubule-based cytoskeletons (Dong et al., 1998; Sato et al.,

2001; Shimmen and Yokota, 2004; Wada and Suetsugu, 2004;

Chuong et al., 2006; Paves and Truve, 2007; Reisen andHanson,

2007; Takagi et al., 2009). Close links of chloroplasts with actin

filaments were shown in vascular plants and algae (Takagi,

2003). Actin filaments are attached to the surface of chloro-

plasts and regulate chloroplast positioning and plastid stro-

mule movement (Jouhet and Gray, 2009). Chloroplasts also

display microtubule-mediated subcellular distribution; for ex-

ample, the aggregation of chloroplasts in some C4 plants is

dependent on microtubules (Chuong et al., 2006), and in the

moss Physcomitrella, plastid movement in response to blue

light is modulated by both microfilaments and microtubules

(Sato et al., 2001). However, the molecular mechanism under-

lying the association of chloroplasts with the cytoskeleton

remains unknown.

Using immunostaining analysis in this study, we observed the

localization of FH5 at the chloroplast outer surface. This result

suggests that FH5 may act as a key mediator between chloro-

plasts and the cytoskeletal system, although the physiological

significance of this interaction remains unknown. We propose

that this interaction may be involved, at least in part, in modu-

lating the intracellular positioning and mobility of chloroplasts.

Furthermore, we showed that the PTEN domain confers the

distribution of FH5 to the chloroplast surface, supporting the

view that the conserved PTEN-related domain of plant type II

formins plays a structural rather than catalytic role (Cvrcková

et al., 2004). Consistent with this, the N-terminal PTEN-like

domain of moss type II formins was shown to be responsible for

mediating apical localization of the formin protein and the for-

mation of apical filamentous actin required for polarized growth

(Vidali et al., 2009). Interestingly, our previous results from

immunological assays of AFH14 and fluorescence microscopy

analysis of AFH14-GFP revealed that, in addition to its localiza-

tion to the cytoplasm, the preprophase band, the spindle, and

the phragmoplast during interphase in dividing cells, AFH14, a

type II formin, is also associated with dots of undetermined

identity in the cytoplasm (Li et al., 2010). Moreover, the AtFH5-

GFP fusion protein was also found to localize to unidentified dot-

like structures in the cytoplasm, in addition to its localization to

the cell plate (Ingouff et al., 2005). Whether AFH14 and At-FH5

are also physically associated with chloroplasts remains to be

determined. Further investigation of the rmd mutants may pro-

vide more insights into the crosstalk between chloroplasts and

the cytoskeleton in plants.

In conclusion, in this study, we provide biochemical and

genetic evidence to demonstrate that a type II formin protein

regulates rice morphogenesis through its influence over the

formation of actin cytoskeleton and the organization of microtu-

bules. FH5 is able to nucleate actin filaments de novo, cap the

barbed end of F-actin, stabilize F-actin, and bundle microtu-

bules. Mutations in FH5/RMD lead to aberrant microfilament and

microtubule networks, which result in abnormal cell elongation

and altered plant morphology. This work provides new insight

into the physiological and developmental role of type II formins in

higher plants.
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METHODS

Mutant Materials and Growth Conditions

All plants were grown in the paddy field of Shanghai Jiao Tong University.

The F2 mapping population was generated from a cross between the

rmd-1 mutant in the 9522 background (japonica) and Guan Lu Ai (indica)

(Chu et al., 2005; Liu et al., 2005; Chen et al., 2006; Wang et al., 2006).

Characterization of the Mutant Phenotype

Plants were photographed with an Olympus e-410 digital camera. For

cross section observations, the materials were fixed as described by Li

et al. (2006), and semithin (4 mm) sections were made using an Ultracut E

ultramicrotome (Leica Microsystems) and stained with 1% safranin (Li

et al., 2006).

Field Emission Scanning Electron Microscopy

The roots of 14-d-old rice seedlings were cut into thin strips. Cell wall

preparation was performed using the method by Sugimoto et al. (2000).

Then, the epidermal cell wall surface was observed with a field emission

scanning electron microscope (FEI SIRION 200) in the Instrumental

Analysis Center of Shanghai Jiao Tong University, using the method

described by Wanner and Formanek (1995).

Construction of RNAi Vector and Rice Transformation

Agene-specific DNA fragment from FH5/RMD (amino acids 1486 to 2226)

was amplified from the Nipponbare BAC clone, OSJNBap004275, which

contains FH5/Os07g0596300, using the PCRprimer pair RNAiF (KpnI and

SpeI) andRNAiR (BamHI andSacI) (see Supplemental Table 3 online). The

PCR product was then digested with SpeI and SacI and KpnI andBamHI,

respectively, and the two fragments were individually cloned into the

digested vector pTCK303, which contains a maize (Zea mays) ubiquitin

promoter (kindly provided by KongChong) (Wang et al., 2004) tomake the

final construct, plasmid pTCK303:FHRNAi. This construct was then

introduced into calli induced from the wild-type rice seeds by Agro-

bacterium tumifaciens transformation (Hiei et al., 1997).

Fluorescence Microscopy of Actin Filaments and

F-Actin Quantification

F-actin was stained using the glycerolmethod (Olyslaegers and Verbelen,

1998). Roots from 5-d-old seedlings and fresh mature pollen grains were

incubated in PEM buffer (100 mM PIPES, 10 mM EGTA, 5 mM MgSO4,

and 0.3 M mannitol, pH 6.9) that contains 2% (w/v) glycerol (Sigma-

Aldrich) and 6.6 mM Alexa Fluor 488-phalloidin staining (Invitrogen). After

a 35-min incubation, root tips were observed in 50% glycerol (Sigma-

Aldrich) with a Leica TCS SP5 confocal laser scanning microscope

equipped with a 363 1.46–numerical aperture HC PLANs objective. To

quantify F-actin in root cells and pollen grains, images from wild-type,

rmd, and RNAi transgenic plants were used to determine the average

pixel intensity with LAS AF software described by Ye et al. (2009) and

Thomas et al. (2006). Three independent lines for each genotype were

observed and at least 10 images for each line.

Preparation of FH5-Specific Polyclonal Antibody

A FH5/RMD-specific fragment (amino acids 1600 to 2127) was amplified

with primers FHatF (NdeI) and FHatR (XhoI) (see Supplemental Table 3

online), digested with NdeI and XhoI, and cloned into the pET-32a(+)

vector digested with the same enzymes (Novagen). The recombinant

protein was expressed in Escherichia coli strain BL21DE3 (Novagen) and

used as an antigen to raise polyclonal FH5 antibodies in rabbit as

described by Huang et al. (2003). The antibody was purified as described

by Ritter (1991).

Chloroplast Purification and Immunoblotting

Chloroplasts were isolated from the leaves of 14-d-old rice seedlings

using themethod described by Joyard et al. (1990). Nuclear extracts were

produced as the described by Zhang et al. (2010). Total cellular proteins

were isolated according to the method used by Huang et al. (2003).

Subsequently, immunoblotting was performed using the purified FH5

antibody or polyclonal antibody against the large subunit of Rubisco

from tobacco (Nicotiana tabacum; kindly provided by Genyun Chen)

(Chen et al., 2010) as the primary antibody (1:200 dilution), horseradish

peroxidase–labeled goat anti-rabbit IgG(H+L) (diluted 1:500) as the sec-

ondary antibody, BeyoECL plus protein gel blotting detection reagents

(Shanghai), and methods as previously described by Fan et al. (2004).

Total proteins were prepared as described by Dai and Xue (2010).

Immunostaining of Microtubules and FH5

The leaves and roots of 5-d-old rice seedlings were cut into thin strips and

pollen grains were treated with the method by Sugimoto et al. (2000).

Specimens were observed in 50% glycerol with a Leica TCS SP5 confocal

laser scanningmicroscope equippedwith an363 1.46–numerical aperture

HC PLANs objective. For microtubule staining, anti-b tubulin (Sigma-

Aldrich) was used as the primary antibody (diluted 1:200) and fluorescein

isothiocyanate anti-mouse IgG (Jackson) as the secondary antibody (di-

luted 1:200). For FH5 staining, the purified FH5 antibody was used as the

primary antibody (diluted 1:200), and fluorescein isothiocyanate anti-rabbit

IgG (Jackson) was used as the secondary antibody (diluted 1:200). The

staging of anther development is referred to by Zhang and Wilson (2009).

Three independent lines for each genotype were observed.

Agrobacterium Infiltration of Tobacco Leaves

The DNA fragment encoding PTEN (from amino acids 200 to 337) was

amplified by the primers 13PTENf (NcoI) and 13PTENr (see Supplemental

Table 3 online). The RFP DNA fragment was amplified by the primers

13RFPf and 13RFPr (PmacI) from the pBSK-RFP vector (Mette et al.,

2002; Zhang et al., 2010) (see Supplemental Table 3 online). PTEN-RFP

was constructed using the primers 13PTENf (NcoI) and 13RFPr (PmacI)

and templates of cDNA fragments of FH5-PTEN and RFP (see Supple-

mental Table 3 online), digested with NcoI and PmacI, and cloned into

pCAMBIA1301 (CAMBIA; hygromycin resistance, kindly provided by

Richard Jefferson). The Agrobacterium strain EHA105 containing 1301-

35s-PTEN-RFP was transformed into tobacco using the method de-

scribed by He et al. (2008). Tobacco leaf cells were observed in 50%

glycerol with a Leica TCS SP5 confocal laser scanning microscope.

RT-PCR, qRT-PCR, and Promoter Fusions

Total RNA was isolated from roots, stems, leaves, and mature flowers

using Trizol reagent (Generay) as instructed by the supplier. After treat-

ment with DNase (Promega), 0.3mg RNAwas employed to synthesize the

oligo(dT) primed first-strand cDNA using the ReverTra Ace-a-First Strand

cDNA synthesis kit (TOYOBO).

qRT-PCR analysis was performed using SYBR Premix EX Taq (TaKaRa)

on a Rotor-Gene RG3000A detection system (Corbett Research) as

described by Zhang et al. (2010) with the exception of the annealing

temperature at 588Cwhen using the primers RMDRTF and RMDRTR (see

Supplemental Table 3 online). RT-PCR analysis was performed as qRT-

PCR without SYBR Green I. Three biological replicates were used, and

each with three technical repeats.
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A 3-kb fragment containing the upstream region of the FH5/RMD gene

was amplified from the Nipponbare BAC clone (OSJNBap004275) using

the primer pair RMDPF (HindIII) and RMDPR (NcoI) (see Supplemental

Table 3 online). The amplified FH5 promoter fragment was digested by

HindIII and NcoI and cloned into pCAMBIA1301 (CAMBIA; hygromycin

resistance, kindly provided by Richard Jefferson), which expresses the

GUS reporter gene. The pFH5-GUS construct was introduced into calli

induced from the wild-type rice seeds by Agrobacterium transformation.

Seedlings, roots, leaves, and flowers from heterozygous spikelets of

transgenic lines were stained as described by Willemsen et al. (1998) and

photographed using a phase-contrast microscope (Leica DM2500).

Protein Production

The DNA fragment encoding FH5 FH2 (from 3499 to 4881with no Pro-rich

region) was amplified from a cDNA clone (AK120222) with the primer pair

VitroFH2F (NcoI) and VitroFH2R (HindIII; see Supplemental Table 3

online). A DNA fragment encoding FH5 FH1FH2 (from 3292 to 4881

with six Pro-rich regions) was amplified from a cDNA clone (AK120222)

with the primer pair FH1aF (NcoI) and FH1aR (HindIII) (see Supplemental

Table 3 online). These two fragments were cloned with the same sites in

frame with 6x His in the pET-32a(+) vector (Novagen). The resulting

expression vector was confirmed by DNA sequencing.

The error-free FH5-FH2-pET-32a(+) and FH5-FH1FH2-pET-32a(+)

constructs were expressed in E. coli strain Origami B (DE3) (Novagen).

Cells were grown at 378C to an OD600 of 0.7 and treated with 0.5 mM

isopropylthio-b-galactoside at 208C overnight to induce protein expres-

sion. Cultures were collected by centrifugation and resuspended in

binding buffer (400 mMNaCl and 40 mM PBS, pH 8.0). This was followed

by purification using a Ni-NTA His bind resin following the protocol in the

manufacturer’s manual (Novagen). The purified proteins were dialyzed

overnight against buffer TK (5 mM Tris, 50 mM KCl, 0.5 mM DTT, and 0.5

mM EDTA) and frozen immediately in liquid nitrogen. Protein concentra-

tionswere determined using the Bradford reagent (Bio-Rad) andBSA as a

standard.

Actin was isolated from rabbit skeletal muscle acetone powder using

themethod described by Pardee and Spudich (1982) and labeled onCys-

374 with pyrene iodoacetamide (Pollard, 1983) and Oregon-Green 488

iodoacetamide (Kuhn and Pollard, 2005). AFH1 FH1FH2 and human

profilin 1 were expressed and purified as described (Fedorov et al., 1994;

Michelot et al., 2005). The coding region of lily (Lilium longiflorum) profilin

1 (LlPRO1) was amplified by RT-PCR frompollen RNAs using primer pairs

LlPRO1F (BamHI) and LlPRO1R (SacI) (see Supplemental Table 3 online)

and subcloned in frame with 6x His into pET-30a(+) with the same sites.

Lily profilin 1 was expressed and purified using a Ni-NTA His bind resin.

Actin Nucleation Assay

Monomeric actin or actin/profilin complex (10% pyrene-labeled) was

incubated with different concentrations of recombinant formins at room

temperature for 5 min. Pyrene fluorescence was monitored after the

supplementation of one-tenth volume of 103 KMEI buffer (500 mM KCl,

10 mM MgCl2, 10 mM EGTA, and 100 mM imidazole-HCl, pH 7.0) with a

fluorescence spectrophotometer (Fluoro Max-2; Instruments SA). The

nucleation efficiency of FH5 FH2 and FH5 FH1FH2 was calculated

according to Blanchoin et al. (2000b) using a rate constant of association

10 mM21 s21 for FH5 FH1FH2 and 1.3 mM21 s21 for FH5 FH2 (Michelot

et al., 2005).

Time-Lapse Fluorescence Microscopy

The effect of FH5 on actin filament elongation was measured as de-

scribed by Michelot et al. (2005). Glass flow cells, with a capacity of;10

mL, were prepared each day according to Kuhn and Pollard (2005). The

chambers were coatedwith amixture of 10 nMNEM-myosin alone orwith

FH5 FH1FH2 (200 nM), FH5 FH2 (200 nM), or AFH1 FH1FH2 (200 nM) for 2

min and washed with 1% BSA in fluorescence buffer (10 mM imidazole,

pH 7.0, 50 mM KCl, 1 mM MgCl2, 100 mM DTT, 0.2 mM ATP, 15 mM

glucose, 20 mg/mL catalase, 100 mg/mL glucose oxidase, and 0.5%

methylcellulose). A mixture of Oregon-Green–labeled actin (1 mM, 75%

labeled) and profilin (2 mM) in fluorescence buffer was introduced into the

flow cells. Actin filaments were observed under an Observer Z1 micro-

scope (Carl Zeiss) equipped with an alphaPlanApo3100/1.46–numerical

aperture oil objective. Actin filament elongation was photographed at 10-

s intervals for 20 min using an AxioCam Hsm camera and AxioVision

software. Exposure time was 900 ms. To calculate the elongation rate,

actin filament lengths were measured with ImageJ software (http://rsb.

info.nih.gov/ij). Rates were converted from mm/s to subunits/s using 333

actin monomers per micrometer.

Actin Filament Elongation Assay to Determine the Affinity of FH5

FH1FH2 and FH5 FH2 to the Barbed End of Actin Filament

This assay was performed as described by Michelot et al. (2005). Freshly

prepared actin filament seeds (0.8 mM) were incubated with different

concentrations of FH5 proteins at room temperature for 5 min. Actin

elongation at the barbed end of actin filaments was initiated by adding

1 mM G-actin (10% pyrene labeled) saturated with 4 mM human profilin

1 and one-tenth volume of 103 KMEI buffer. The change in pyrene

fluorescence accompanying actin polymerization was monitored after

actin elongation was initiated. The Kd value for FH5 binding to the barbed

end of actin filaments was determined by fitting the initial rate of actin

filament elongation against the concentration of FH5 according to the

method described by Michelot et al. (2005).

Dynamics of Actin Filament Depolymerization

Dilution assays were performed to examine the effect of FH5 on F-actin

depolymerization as described by Ingouff et al. (2005). Five micromolar

preformed F-actin (80% pyrene-labeled) was incubated with different

concentrations of recombinant FH5 FH1FH2 or FH5 FH2 at room tem-

perature for 5 min, before the solution was diluted 25-fold into G buffer (2

mM Tris-HCl, pH 8.0, 0.1 mM CaCl2, 0.2 mM ATP, and 0.5 mM DTT). The

decrease of pyrene fluorescence intensity accompanying actin depoly-

merization was monitored after dilution.

Low-Speed and High-Speed Cosedimentation Assays

Low-speed cosedimentation assays were performed to determine the

bundling activity of FH5 as described byMichelot et al. (2005). All proteins

were preclarified at 200,000g before the experiment. G-actin (3.0 mM)

alone or G-actin with FH5 FH1FH2 or FH5 FH2was incubated in 13KMEI

buffer for 30 min at room temperature. The samples were centrifuged at

13,500g at 48C for 30min, and the resulting supernatants and pelletswere

separated by 12% SDS-PAGE. The gels were stained with Coomassie

Brilliant Blue R 250 (Sigma-Aldrich), and the amount of actin in the pellets

or supernatants was quantified using Quantity One v4.6.5 software

(Bio-Rad).

High-speed cosedimentation assays were employed to determine the

F-actin binding activity of FH5 FH1FH2 as described by Khurana et al.

(2010). Increasing amounts of phalloidin-stabilized F-actin (0, 0.1, 0.15,

0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mM) were incubated with 0.5 mM FH5

FH1FH2 for 30 min at room temperature. The samples were centrifuged

at 200,000g for 1 h at 48C. To determine the Kd value, the percentage of

F-actin–bound FH5 FH1FH2 as a function of actin concentration was fitted

to a hyperbolic function using Prism 5 software (GraphPad Software).
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Fluorescence Microscopy Visualization of Actin Filaments

and Bundles

To visualize the effect of FH5 andAFH1 proteins on the generation of actin

filaments during nucleation, actin (3.0 mM) alone or together with 100 nM

FH5 FH1FH2, FH5 FH2, or AFH1 FH1FH2 was incubated with 13 KMEI

buffer at room temperature for 30 min and labeled with an equimolar

amount of Alexa 488–phalloidin (Molecular Probes) during polymeriza-

tion. In the experiment to test the bundling activity of FH5 FH1FH2 and

FH5 FH2, 3.0 mM prepolymerized F-actin was incubated with different

concentrations of FH5 proteins at room temperature for 30 min. All of the

polymerized F-actin was diluted to 50 nM with 13 KMEI buffer, and 1 mL

of the diluted sample was added to a 223 22-mm cover slip coated with

poly-Lys (0.01%). F-actin was observed using a microscope (Carl Zeiss

200M) equipped with a 3100/1.5–numerical aperture Planapo objective.

Digital images were collected with an Axio CamMR charge-coupled

device camera using Axiovision software.

Particle Bombardment–Mediated Transient Protein Expression in

Onion Epidermis

The RFP cDNA was amplified from the pBSK-RFP vector (Mette et al.,

2002; Zhang et al., 2010) with the primer pair RFPF (KpnI) and RFPR

(BamHI). The FH1FH2 cDNA (from 2224 to 4881) was amplified from the

cDNA clone (AK120222) and the Nipponbare BAC clone (OSJN-

Bap004275) with the primer pair VivoFH1FH2F (NcoI) and VivoFH1FH2R

(KpnI) (see Supplemental Table 3 online). These two fragments were

subcloned into the NcoI-BamHI–digested pRTL2 vector (Restrepo et al.,

1990), which contains a dual cauliflower mosaic virus 35S promoter, to

generate pRTL2-FH1FH2-RFP. Transient expression of the pRTL2-

FH1FH2-RFP fusion in onion epidermis was performed as previously

described (Collings et al., 2000) using a helium biolistic device (Bio-Rad

PDS-1000). After 18 h incubation, the samples were observed with a

confocal laser microscope (Leica TCS SP5).

Microtubule Cosedimentation Assays

Porcine brain tubulin and FH5 FH1FH2 or FH5 FH2 proteins were

centrifuged at 60,000g at 48C for 30 min before use. The binding reaction

contains 1.0 mM preformed taxol-stabilized microtubules and various

concentrations of FH5 FH1FH2 or FH5 FH2 proteins in 100mL PEMbuffer

(100 mM PIPES, pH 6.9, 1mM EGTA, and 1 mM MgCl2). After 30 min

incubation at room temperature, the sampleswere centrifuged at 25,000g

for 30 min at 258C. The pellet was resuspended with one volume of SDS

loading buffer (v/v). The samples were applied onto 8% SDS-PAGE gels,

which were later stainedwith Coomassie Brilliant Blue R 250. The amount

of FH5 proteins bound to microtubules was determined by gel scanning

with an Alpha_2200 scanner. The Kd value for the binding of FH5 FH1FH2

tomicrotubules was calculated by fitting the data of bound protein versus

free protein to a hyperbolic function using Prism 5 software (GraphPad

Software).

Microtubule Bundling Assays

Samples containing 1.0 mM preformed taxol-stabilized rhodamine-con-

jugated microtubules were incubated with FH5 proteins at room temper-

ature for 30 min. Aliquots (1 mL) of the samples were placed onto a slide

and observed using a confocal laser scanning microscope (Olympus

FV-300).

Accession Numbers

Sequence data from this article for the cDNA and genomic DNA of FH5/

RMD can be found in the GenBank/EMBL data libraries under accession

numbers AK120222, Os07g0596300, and OSJNBap004275, respectively.

The full-length FH5/RMD protein sequence can be found in the NCBI data

library with the accession number Q84ZL0. Other sequence data from

this article can be found in the GenBank/EMBL data libraries under the

following accession numbers: lily profilin 1 (AF200184.1), human profilin

1 (BC057828), AFH14 (At1g31810), and AFH1 (AT2G43800).
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