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Mutation of SAC1, an Arabidopsis SAC Domain
Phosphoinositide Phosphatase, Causes Alterations
in Cell Morphogenesis, Cell Wall Synthesis, and
Actin Organization

Ruiqin Zhong,? David H. Burk,®! C. Joseph Nairn,P Alicia Wood-Jones,? W. Herbert Morrison lll,©
and Zheng-Hua Ye®2

aDepartment of Plant Biology, University of Georgia, Athens, Georgia 30602

b Daniel B. Warnell School of Forest Resources, University of Georgia, Athens, Georgia 30602

¢Richard B. Russell Agriculture Research Center, United States Department of Agriculture, Agricultural Research Service,
Athens, Georgia 30604

SAC (for suppressor of actin) domain proteins in yeast and animals have been shown to modulate the levels of
phosphoinositides, thereby regulating several cellular activities such as signal transduction, actin cytoskeleton organiza-
tion, and vesicle trafficking. Nine genes encoding SAC domain-containing proteins are present in the Arabidopsis thaliana
genome, but their roles in plant cellular functions and plant growth and development have not been characterized. In this
report, we demonstrate the essential roles of one of the Arabidopsis SAC domain proteins, AtSAC1, in plant cellular
functions. Mutation of the AtSAC1 gene in the fragile fiber7 (fra7) mutant caused a dramatic decrease in the wall thickness
of fiber cells and vessel elements, thus resulting in a weak stem phenotype. The fra7 mutation also led to reduced length
and aberrant shapes in fiber cells, pith cells, and trichomes and to an alteration in overall plant architecture. The AtSAC1
gene was found to be expressed in all tissues in elongating organs; however, it showed predominant expression in vascular
tissues and fibers in nonelongating parts of stems. In vitro activity assay demonstrated that AtSAC1 exhibited phosphatase
activity toward phosphatidylinositol 3,5-biphosphate. Subcellular localization studies showed that AtSAC1 was colocalized
with a Golgi marker. Truncation of the C terminus by the fra7 mutation resulted in its localization in the cytoplasm but had no
effect on phosphatase activity. Furthermore, examination of the cytoskeleton organization revealed that the fra7 mutation
caused the formation of aberrant actin cables in elongating cells but had no effect on the organization of cortical
microtubules. Together, these results provide genetic evidence that AtSAC1, a SAC domain phosphoinositide phosphatase,
is required for normal cell morphogenesis, cell wall synthesis, and actin organization.

INTRODUCTION identified, and they have been suggested to play important roles
in vesicle trafficking (Matsuoka et al., 1995; Kim et al., 2001),
pollen tube growth (Kost et al., 1999), and stress and hormone
responses (Mikami et al., 1998; Meijer et al., 1999, 2001; Pical
et al., 1999; DeWald et al., 2001). PtdIns(4,5)P, has been shown
to bind profilin (Kovar et al., 2001) and to regulate the activities of
phospholipase D3 (Qin et al., 2002) and an ATPase (Memon et al.,
1989) in plants.

The synthesis and turnover of phosphoinositides are regulated
by lipid kinases, lipid phosphatases, and phospholipases. Sev-
eral plant kinases and phospholipase Cs involved in the metab-
olism of phosphoinositides have been analyzed at the molecular
and genomic levels (Stevenson et al., 2000; Mieller-Réeber and
Pical, 2002; Meijer and Munnik, 2003). However, much less is
known about the biochemical activities and biological functions

Phosphoinositides have traditionally been known to be important
in the generation of the second messengers inositol 1,4,5,-
triphosphate and diacylglycerol. Recently, it was demonstrated
that in yeast and animals, phosphoinositides themselves are
regulators of a wide variety of cellular processes, such as signal
transduction, actin cytoskeleton organization, vesicle trafficking,
and activation of proteins such as phosphoinositide-dependent
kinase 1 and phospholipase D (Martin, 1998; Takenawa and Itoh,
2001). In plant cells, all phosphoinositide forms except phos-
phatidylinositol 3,4,5-triphosphate [PtdIns(3,4,5)P3] have been
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of phosphatases involved in the metabolism of phosphoinosi-
tides in plants. Recently, several plant inositol polyphosphate
5-phosphatases were demonstrated to hydrolyze phosphate
from phosphoinositides (Ercetin and Gillaspy, 2004; Zhong and
Ye, 2004; Zhong et al., 2004), and one of them, Fragile Fiber3
(FRA3), plays important roles in secondary wall synthesis
and actin organization in fiber cells (Zhong et al., 2004).
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1450 The Plant Cell

Phosphoinositide phosphatases are classified into three main
groups (i.e., 3-, 4-, or 5-phosphatases) based on the position of
the phosphate on the inositol head group that they hydrolyze
(Takenawa and Itoh, 2001). Recently, a novel group of phospha-
tases called SAC (for suppressor of actin) domain phosphatases
have been demonstrated to hydrolyze phosphates on multiple
positions of the inositol head group of phosphoinositides (Hughes
et al., 2000a). The SAC domains of yeast Sac1p, yeast synap-
tojanin homologs inositol polyphosphate 5-phosphatase52p
(Inp52p) and Inp53p, human synaptojanins, and rat rSac1 have
been shown to possess phosphatase activities toward
Ptdins(3)P, Ptdins(4)P, and PtdIns(3,5)P, in vitro (Guo et al.,
1999; Hughes et al., 2000b; Nemoto et al., 2000). By contrast,
another yeast SAC domain protein, pheromone-regulated or
induced gene4 (Fig4), exhibits PtdIns(3,5)P,-specific phos-
phatase activity (Rudge et al., 2004), and the human hSac2
possesses 5-phosphatase activity toward PtdIns(4,5)P, and
PtdIns(3,4,5)P3 (Minagawa et al., 2001). The SAC domain pro-
teins in yeast and animals have been grouped into two classes.
One class is represented by yeast Sac1p, which contains a SAC
domain linked to a C-terminal region without any recognizable
domains, except that some members in this class harbor two
transmembrane helices. The other class includes human and
yeast synaptojanins, in which the N-terminal-localized SAC
domain is linked to a C-terminal type Il 5-phosphatase domain
(Hughes et al., 2000a).

The SAC domains from both classes of proteins are ~400
amino acids in length and contain seven conserved motifs. In
particular, the sequence RXNCXDCLDRTN within the sixth motif
is highly conserved among all known SAC domain—containing
proteins, and it has been proposed to be the catalytic core of
SAC domain phosphatases (Hughes et al., 2000a). The impor-
tance of this core sequence in the activity of the SAC domains is
demonstrated in Sac1p and Inp51p. The first conserved Asp
residue was mutated in the yeast sac7-8 and sac7-22 mutants,
and these mutations have been shown to abolish the phospha-
tase activity of Sac1p (Kearns et al., 1997). The SAC domain of
Inp51p has alterations in three conserved residues of the core
sequence, and concomitantly, its SAC domain does not possess
any phosphatase activities (Guo et al., 1999).

Sac1p was originally identified as a suppressor of the defects
associated with certain actin mutant alleles (Novick et al., 1989)
and a suppressor of the defects caused by mutations of the
Sec14 (an allele causing a block in the secretory pathway [sec]
with the Golgi apparatus) phosphatidylinositol/phosphatidylcho-
line transfer protein (Cleves et al., 1989). Subsequent studies
have shown that Sac1p is involved mainly in the regulation of the
Ptdins(4)P pool in vivo and that this regulation is essential for
many cellular activities in yeast, such as actin cytoskeleton
organization, Golgi function, maintenance of vacuole morphol-
ogy, and regulation of lipid storage (Foti et al., 2001). Mutational
analysis of Fig4 indicates its roles in actin organization and cell
morphogenesis during mating (Erdman et al., 1998) and in the
regulation of vacuole morphology (Rudge et al., 2004). Recently,
it was reported that mutation of Drosophila SAC1 caused
a change in cell shape and an alteration in Jun N-terminal kinase
signaling, accompanied by an embryo-lethal phenotype (Wei
et al., 2003). The cellular functions of other animal SAC domain

proteins have yet to be determined (Nemoto et al., 2000;
Minagawa et al., 2001).

A recent genomic analysis revealed the presence of nine
genes encoding SAC domain-containing proteins in Arabidopsis
thaliana and several SAC homologs in other plant species (Zhong
and Ye, 2003). Three Arabidopsis SAC proteins have been
demonstrated to be able to rescue the cold-sensitive and inositol
auxotroph yeast sac7-null mutant strain, and like yeast Sac1p,
they are localized in the endoplasmic reticulum (ER) (Despres
et al., 2003). However, the roles of SAC domain proteins in plant
cellular functions and plant growth and development remain
unknown.

We have been using interfascicular fiber cells in Arabidopsis
inflorescence stems to study the molecular mechanisms un-
derlying cell elongation and cell wall synthesis (Zhong et al.,
2001). Among several defective fiber mutants identified, we
found that the fra7 mutation caused a decrease in cell wall
synthesis, a reduction in cell elongation, and an alteration in the
normal organization of the actin cytoskeleton. In addition, fra7
exhibited a global change in plant architecture. The gene re-
sponsible for the fra7 mutation was cloned and shown to be
AtSACT, which encodes a SAC domain protein. Recombinant
AtSAC1 protein was demonstrated to exhibit phosphatase
activity toward PtdIns(3,5)P, in vitro. Truncation of the C terminus
of AtSAC1 by the fra7 mutation was found to cause an alteration
in its subcellular localization but no effect on phosphatase
activity. These results demonstrate that AtSAC1 plays important
roles in diverse plant cellular functions.

RESULTS

The fra7 Mutant Is Defective in the Wall Thickening and
Elongation of Fiber Cells

Arabidopsis inflorescence stems develop interfascicular fibers
that provide the main mechanical strength to the mature stems
(Zhong et al., 1997). We screened for fiber mutants based on the
property of the mechanical strength of the stems. The fra7 mu-
tant thus isolated exhibited a dramatic reduction in the breaking
strength of stems (Figure 1A). The force required to break the
basal mature stems was four times lower in fra7 compared with
the wild type.

To investigate what defects in the interfascicular fibers caused
the reduced stem strength, we examined the anatomical features
of fiber cells. Cross sections showed that although fra7 devel-
oped interfascicular fibers as in the wild type, they apparently
had an altered morphology and a reduction in wall thickness
(Figures 1B and 1C). The mutant fiber cells appeared to be larger
in diameter and less regular in shape compared with those of the
wild type. Longitudinal sections showed that the mutant fiber
cells were misshapen and much shorter compared with wild-
type cells (Figures 1D and 1E). Examination of fiber wall thickness
by transmission electron microscopy revealed that the wall
thickness of fra7 fiber cells was reduced to 51% of that of the
wild type (Figures 2Ato 2D, Table 1). These results demonstrated
that fra7 caused a defect in cell elongation and secondary wall
synthesis in interfascicular fiber cells that likely resulted in the
reduced stem strength.
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Figure 1. Effects of the fra7 Mutation on Stem Strength and Cell Morphology.

The main inflorescence stems of 8-week-old plants were used for breaking force measurements. The bottom internodes of main inflorescence stems of
8-week-old plants were used for examination of cell morphology.

(A) Quantitative measurement of breaking force showing that the force needed to break stems apart was three to four times lower in fra7 than in the
wild type. Data are means = SE of 20 plants.

(B) and (C) Cross sections of interfascicular regions of stems showing fra7 fiber cells with irregular shapes and thin walls (C) compared with the wild type
(B).

(D) and (E) Longitudinal sections of interfascicular regions of stems showing fra7 fiber cells with irregular shapes and shorter length (E) compared with
the wild type (D). The arrows mark the two ends of a fiber cell.
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Figure 2. The fra7 Mutation Reduces the Wall Thickness of Fibers,
Vessels, and Pith Cells.

The bottom internodes of main inflorescence stems of 8-week-old plants
were used for transmission electron microscopy of cell walls.

(A) and (B) Interfascicular fiber cells showing thin walls in fra7 (B)
compared with the wild type (A).

(C) and (D) High magnification of fiber walls showing thin secondary
walls in fra7 (D) compared with the wild type (C).

(E) and (F) Vessels walls are thinner in fra7 (F) than in the wild type (E).
(G) and (H) Pith cell walls are thinner in fra7 (H) than in the wild type (G).
en, endodermis; if, interfascicular fiber; v, vessel; xf, xylary fiber. Bars =
5.2 pm in (A) and (B), 1.8 pm in (C) and (D), 2.3 pm in (E) and (F), and
1.5 pm in (G) and (H).

The observation that the fra7 mutation affected the wall
thickness of fiber cells prompted us to analyze the cell wall
composition in the mutant. Analysis of cell walls from inflores-
cence stems showed that crystalline cellulose in the mutant was
reduced to 87% of that in the wild type (Table 2). Cell wall sugar

composition analysis revealed a slight decrease in the amount of
glucose and xylose in the mutant compared with the wild type
(Table 2). Because the reduction in fiber wall thickness was much
greater than that in cellulose and glucose content, these results
indicate that fra7 most likely causes a reduction in overall cell wall
synthesis rather than specifically affects cellulose synthesis.

Effects of fra7 on the Morphology of Nonfiber Cells

In addition to the abnormal fiber cells, we found that fra7 affected
the morphology of other cell types in stems. The most noticeable
alteration was seen in longitudinal sections of pith cells. Although
wild-type pith cells were rectangular and arranged in longitudinal
files along the elongation axis of stems (Figure 1F), the majority of
pith cells in fra7 had irregular shapes and, consequently, did not
exhibit regular cell files (Figure 1G). In addition, the shapes of
vessel elements in the xylem bundles were also altered in the
mutant (Figures 1H and 1l). Transmission electron microscopy
showed that compared with the wild type, the wall thickness of
fra7 vessel elements and pith cells was decreased by 30 and
36%, respectively (Figures 2E to 2H, Table 1). These results
demonstrated that the fra7 mutation caused defects in cellular
morphogenesis and cell wall synthesis in both fiber cells and
nonfiber cells.

The fra7 Mutation Affects Overall Plant Growth
and Architecture

To determine whether the fra7 mutation affected overall plant
growth, we examined the morphology of plants at different
developmental stages (Figure 3). Shorter roots and hypocotyls
were seen in 4-d-old light-grown and dark-grown fra7 seedlings,
respectively, compared with the wild type (Figures 3A and 3B,
Table 3). The height of fra7 inflorescence stems was also re-
duced (Figure 3C, Table 3), apparently as a result of the reduction
in cell length, as seen in pith cells (Figure 1G). Overall plant
morphology was altered dramatically by the fra7 mutation. Both
the main inflorescence stems and cauline branches were
crooked instead of the relatively straight stature seen in the
wild type (Figures 3C to 3E). The angles of cauline branches,
cauline leaves, and siliques relative to the stem axis were
widened in the mutant compared with the wild type. Quantita-
tive measurement showed that the average angle of cauline
branches was increased by 48% in the mutant (Table 3).
Furthermore, we found that the development of trichomes was
affected by the fra7 mutation. Trichomes in the wild type typically
had a short stalk and three long, pointy branches (Figure 3F).
Although the number of branches was not altered in the
trichomes of fra7, the fra7 trichomes appeared to have a much

Figure 1. (continued).

(F) and (G) Longitudinal sections of stems showing short and misshapen fra7 pith cells (G) compared with the wild type (F). Double-headed arrows

represent the elongation axis of the stems.

(H) and (l) Cross sections of vascular bundles in stems showing fra7 vessel elements with irregular shapes (I) compared with the wild type (H).
co, cortex; e, epidermis; if, interfascicular fiber; ph, phloem; x, xylem. Bars = 65 pum in (B) and (C), 126 um in (D) and (E), 85 um in (F) and (G), and

120 pm in (H) and (I).
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Table 1. Wall Thickness of Fibers, Vessels, and Pith Cells in the
Stems of Wild-Type and fra7 Mutant Plants

Sample Fiber Cells Vessels Pith Cells
Wild type 2.53 = 0.34 1.14 = 0.10 0.53 *= 0.05
fra7 1.28 = 0.14 0.80 = 0.07 0.34 = 0.03

Wall thickness was measured from transmission electron micrographs
of fibers, vessels, and pith cells. Data are means (ium) = SE from 20 cells.

thicker stalk and shorter, crooked branches (Figure 3G). Exam-
ination of leaf epidermal cells revealed that some ordinary
epidermal cells in the fra7 mutant were swollen and less sinuous
in shape compared with those in the wild type (Figures 3H and 3I).
Together, these results demonstrated that fra7 caused morpho-
logical alterations at both the cellular and organ levels.

Map-Based Cloning of FRA7

To investigate the molecular mechanisms responsible for the cel-
lular defects in fra7, we undertook the cloning of the FRA7 gene.
Because fra7 was isolated from an ethyl methanesulfonate—
mutagenized population of Arabidopsis (ecotype Columbia),
a map-based cloning approach was used. The mutant was
crossed with the wild-type ecotype Landsberg erecta, and
homozygous fra7 plants were selected from the F2 plants and
used for mapping with the codominant amplified polymorphic
sequence (CAPS) markers (Konieczny and Ausubel, 1993). The
fra7 locus was found to be closely linked to the FOP14 marker on
chromosome 1 (Figure 4A). Further mapping with adjacent
markers indicated that the fra7 locus resided between markers
F16F4 and m235. Based on the sequence information of over-
lapping BAC clones between these two markers, we designed
additional CAPS markers and used them to gradually narrow the
fra7 locus to a 63-kb region covered by BAC clones F12K8 and
T22J18 (Figure 4A).

According to the gene annotations of chromosome 1 from the
Arabidopsis genome database, the 63-kb region where the fra7
locus resides encompasses 11 putative genes. To determine
which of these genes carried the fra7 mutation, we sequenced all
11 genes from fra7. By comparing the gene sequences from the
mutant with those from the wild type, we found a point mutation
(C-to-T) in one of the genes, F12K8.3. The F12K8.3 gene is also
named T22J18.20 because it is located in the overlapping region

AtSAC1 and Cell Morphogenesis 1453

of BAC clones F12K8 and T22J18. The C-to-T mutation in
F12K8.3 was further revealed by loss of the Xcml site in fra7
(Figure 4C).

To confirm that the C-to-T mutation in F12K8.3 was respon-
sible for the phenotypes conferred by fra7, we introduced the
wild-type F12K8.3 gene into fra7 by Agrobacterium tumefaciens—
mediated transformation. Expression of the wild-type F12K8.3
geneinfra7 plants completely rescued the phenotypes conferred
by fra7, including the stem mechanical strength, the length and
wall thickness of fiber cells, the shape of pith cells, and the whole
plant morphology (data not shown). These results unequivocally
demonstrated that the C-to-T mutation in F72K8.3 resulted in the
phenotypes conferred by fra7; therefore, F12K8.3 represents the
FRA7Y gene.

Nature of the fra7 Mutation

The FRA7 gene consists of 4899 bp from the start codon to the
stop codon. It is organized into 16 exons and 15 introns (Figure
4A). The fra7 mutation occurs in the 13th exon. Comparison of
the wild-type and mutant cDNAs and their deduced amino acid
sequences revealed that the fra7 mutation changed a Gin co-
don CAA into a stop codon TAA (Figure 4B), which results in
a truncated protein with a deletion of 199 amino acid residues.
The deduced FRA7 protein consists of 912 amino acids with
a predicted molecular mass of 102,812 D and a predicted pl
of 6.2.

A BLAST search of the GenBank database revealed that
FRA7 contains a domain that shares high sequence similarity
with the SAC domains of a group of proteins found in yeast and
animals. The SAC domains in yeast and animal proteins are ~400
amino acids in length and contain seven conserved motifs
(Hughes et al., 2000a). The putative SAC domain in FRA7 is
also ~400 amino acids in length and shares 26% identity and
55% similarity with the yeast and animal SAC domains (Figure
5A). The FRA7 SAC domain retained all seven conserved motifs.
In particular, the proposed catalytic core sequence
RXNCXDCLDRTN, which is located in the sixth motif, is com-
pletely conserved in the putative FRA7 SAC domain (Figure 5A).
The Arabidopsis genome has been shown to contain nine genes
encoding SAC domain proteins AtSAC1 to AtSAC9 (Zhong and
Ye, 2003), and FRA7 represents AtSAC1. Therefore, the name
AtSAC1 will be used hereafter. The fra7 nonsense mutation
occurred in the C-terminal region outside the SAC domain (Figure
5B), indicating that the C-terminal region of AtSAC1 is essential
for its cellular functions.

Table 2. Cell Wall Composition of the Stems of Wild-Type and fra7 Mutant Plants

Cell Wall Sugar Composition

Sample Cellulose Glucose Xylose Mannose Galactose Arabinose Rhamnose
Wild type 295 + 21 354 + 26 139 = 13 13.6 £ 0.2 111 £25 11.5+1.9 1.6 = 0.9
fra7 256 = 14 293 * 21 120 = 7 11.8 £ 2.7 135+ 14 11.2 = 0.6 1.6 = 0.1

Cell wall residues used for composition analysis were prepared from mature stems of 10-week-old plants. Data are means (mg/g dry cell wall) + SE of

three independent assays.
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Figure 3. Alteration of Plant Morphology by the fra7 Mutation.

(A) Four-day-old light-grown seedlings showing shorter root in fra7 (right)
compared with the wild type (left).

(B) Four-day-old dark-grown seedlings showing shorter hypocotyl in fra7
(right) compared with the wild type (left).

(C) Eight-week-old plants showing shorter and wavy stems in fra7 (right)
compared with the wild type (left).

(D) and (E) Inflorescence stem segments showing wavy stems and wider
angles between the main stem and cauline branches in fra7 (E)
compared with the wild type (D).

(F) and (G) Scanning electron micrographs of trichomes showing thicker
stalk and shorter, wavy branches in fra7 (G) compared with the wild
type (F).

(H) and (I) Scanning electron micrographs of leaf epidermis showing
some swollen epidermal cells in fra7 (I) compared with the wild type (H).
Bars =9 mm in (D) and (E), 84 .m in (F) and (G), and 63 um in (H) and (1).

Expression of the AtSAC1 Gene Is
Developmentally Regulated

To investigate the expression pattern of AtSAC7, we used the
B-glucuronidase (GUS) reporter gene to examine its expression
in different tissues. A 1.2-kb 5’ upstream sequence and the entire
exon and intron region of AtSAC7 were ligated in frame with the
GUS reporter gene in the binary vector pBI101. The AtSAC1-
GUS construct was introduced into both wild-type and fra7
plants. Expression of the AtSAC1-GUS construct in fra7 plants
was found to completely rescue the phenotypes conferred by
fra7 (data not shown), indicating that the AtSAC1 sequence used
in the construct contains all elements responsible for the
expression of the endogenous AtSAC1 gene. Analysis of GUS
activity in transgenic plants revealed that GUS staining was
highly present in the root apex and gradually became concen-
trated in vascular tissues in the mature region of the root (Figures
6A and 6B). In young cotyledons (Figure 6C) and leaves (Figure
6D), GUS staining was seen in all tissues, with more prominent
staining in vascular strands. In flowers, the staining was seen
mainly in filaments and in the apical region of the style (Figure 6E).

Examination of the GUS activity in inflorescence stems
showed that although staining was present in all tissues in
rapidly elongating internodes (Figure 6F), it was more concen-
trated in interfascicular fiber cells and vascular bundles in the
internodes that were near the end of elongation (Figure 6G). In
nonelongating internodes in which fiber cells were undergoing
secondary wall thickening (Ye et al., 2002), GUS staining was
found only in fiber cells and vascular bundles (Figures 6H and 6l).
These results indicate that the expression of AtSAC7 is de-
velopmentally regulated. Its ubiquitous expression in elongating
cells and continuous expression in developing fiber cells are
consistent with the phenotypes conferred by fra7 of defective cell
elongation and secondary wall thickening.

AtSAC1 Exhibits Phosphatase Activity toward PtdIns(3,5)P»

To investigate whether AtSAC1 possesses phosphoinositide
phosphatase activity, we expressed a V5 epitope-tagged

Table 3. Length of Cells and Organs of Wild-Type and fra7
Mutant Plants

Sample Wild Type fra7

Pith cell length? (.m) 184 * 56 62 = 20
Interfascicular fiber cell length? (.m) 422 += 125 232 = 79
Inflorescence stem lengthP (cm) 29.5 + 3.6 17.8 = 4.2
Cauline branch angle® (%) 35.4 + 5.6 52.6 + 11.5
Root lengthd (mm) 104 £ 1.5 7112
Hypocotyl length® (mm) 154 =15 11.3 = 1.1

Data are means = SE from 20 to 25 samples.

aPith and fiber cells were from basal parts of inflorescence stems of
8-week-old plants.

b Eight-week-old plants were measured for stem height.

€ Angles between cauline branches and main inflorescence stems were
measured.

9 Roots of 4-d-old light-grown seedlings were used for measurement.
¢ Hypocotyls of 4-d-old dark-grown seedlings were measured.
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Figure 4. Map-Based Cloning of the FRA7 Gene and Nature of the fra7
Mutation.

(A) Map-based cloning of FRA7. The fra7 locus was mapped to a 63-kb
region covered by BAC clones F12K8 and T22J18 on chromosome 1.
The FRA7 gene is composed of 16 exons and 15 introns. The fra7
mutation causes a C-to-T transition in the 13th exon. Black boxes
indicate exons, and lines between exons indicate introns in the FRA7
gene diagram. Chr, chromosome; cM, centimorgan.

(B) Nucleotide and amino acid sequences around the fra7 mutation site.
The fra7 mutation changes a wild-type codon that encodes Gin into
a stop codon (asterisk).

(C) Elimination of a Xcml site in the fra7 mutant gene. The single
nucleotide mutation in fra7 occurs at a Xcml restriction endonuclease
cleavage site. This is revealed by digestion of the PCR-amplified DNA
fragments with Xcml, which shows that the Xcml site is missing in the
fra7 mutant DNA compared with the wild type (WT).

recombinant AtSAC1 protein in yeast for the activity assay. The
recombinant protein was purified by immunoprecipitation with
a monoclonal antibody against the V5 epitope (Figure 7A) and
assayed for its phosphatase activity toward various phos-
pholipids. AtSAC1 was found to hydrolyze phosphate from
PtdIns(3,5)P, but not from other phospholipids (Figure 7B).
AtSAC1 did not exhibit any phosphatase activity toward
the water-soluble inositol polyphosphates Ins(1,4,5P; and
Ins(1,3,4,5)P, (data not shown), in agreement with yeast and
animal SAC domain phosphatases that only hydrolyze phos-
phate from phospholipids (Hughes et al., 2000a). Because the
fra7 mutation caused a truncation of the C terminus beyond
the SAC domain, we tested whether the fra7 mutant protein
still retains phosphatase activity. It was found that recombinant
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fra7 mutant protein exhibited phosphatase activity toward
PtdIns(3,5)P, (Figure 7B) identical to that of the full-length
AtSAC1. These results demonstrate that AtSAC1 is a
PtdIns(3,5)P» phosphatase and that truncation of the C terminus
by fra7 does not affect its activity.

Subcellular Localization of the AtSAC1 Protein

Because truncation of the AtSAC1 C terminus by the fra7
mutation did not affect its phosphatase activity, we next in-
vestigated whether there were any differences in the subcellular
localization of AtSAC1 and the fra7 mutant protein. AtSAC1 and
fra7 were expressed as green fluorescent protein (GFP) fusion
proteins in transgenic Arabidopsis plants, and the GFP signals in
root epidermal cells were visualized with a confocal microscope.
It was found that although AtSAC1-GFP displayed a punctate
pattern (Figures 8A and 8B), fra7-GFP was distributed through-
out the cytoplasm (Figures 8C and 8D). These results indicate
that AtSAC1-GFP is associated with certain organelles and that
truncation of the AtSAC1 C terminus by fra7 alters its subcellular
localization. The GFP control protein was seen in both cytoplasm
and nucleus (Figures 8E and 8F), consistent with the subcellular
localization pattern of the GFP control protein reported pre-
viously (Li et al., 2001; Zhong et al., 2002).

To ascertain the exact subcellular location of AtSAC1, we used
carrot (Daucus carota) protoplasts to study the colocalization
of AtSAC1 with various organelle markers. Like AtSAC1-GFP in
Arabidopsis root cells, AtSAC1-enhanced yellow fluorescent
protein (EYFP) and AtSAC1-enhanced cyan fluorescent protein
(ECFP) displayed punctate localization patterns in carrot proto-
plasts (Figure 9). It was found that the punctate pattern of
AtSAC1-EYFP was almost identical to the localization pattern of
the Golgi marker Arabidopsis proton-translocating pyrophos-
phatase2 (AVP2) (Figures 9A to 9D) (Mitsuda et al., 2001) but
showed obvious differences from those of the prevacuolar
membrane marker Ras-related small GTP binding proteini
(Rhat) (Figures 9E to 9H) (Lee et al., 2004) and an ER marker
(Figures 9l to 9L). These results suggest that AtSAC1 is associ-
ated with Golgi in the cells.

As in the Arabidopsis root cells, fra7-EYFP was distributed
throughout the cytoplasm in carrot protoplasts (Figures 9M and
9N), a localization pattern similar to that of the cytoplasm-
localized EYFP control protein (Figures 90 and 9P). These
observations indicate that the C terminus of AtSAC1 is essential
for its proper subcellular localization in the cells. It is interest-
ing that the C terminus of yeast Fig4, another SAC domain
PtdIns(3,5)P, phosphatase, is also required for its proper sub-
cellular localization (Rudge et al., 2004).

Organization of Actin and Microtubule Cytoskeletons
in fra7 Cells

It has been demonstrated that yeast Sacip influences the
organization of the actin cytoskeleton in yeast cells (Foti et al.,
2001). To investigate whether AtSAC1 was involved in cytoskel-
etal regulation, we examined the organization of filamentous
actin (F-actin) and cortical microtubules in interfascicular fiber
cells and pith cells in the stems (Figure 10). Immunocytochemical
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Figure 5. Amino Acid Sequence Alignment of the SAC Domains of AtSAC1 and Several SAC Domain Proteins from Yeast and Animals.

(A) The SAC domain sequences from yeast Sac1 (Sac1p), rat SAC1 (rSAC1), human SAC2 (hSAC2), human synaptojanin | (Synapto), and Arabidopsis
SAC1 (AtSAC1) were aligned using the CLUSTAL W 1.8 program. The numbers at left of the individual sequences indicate the positions of amino acid
residues in the corresponding proteins. Gaps (marked with dashes) were introduced to maximize the sequence alignment. Identical and similar amino
acid residues are shaded with black and gray, respectively. The seven conserved motifs defined for the SAC domains of yeast and animal proteins
(Hughes et al., 2000a) are marked with solid lines above the sequences. The putative catalytic core sequence of the SAC domain phosphatase is
located in motif VI, and its consensus is shown below the sequence.

(B) Diagram of the AtSAC1 protein showing the location of the SAC domain and the site of the nonsense fra7 mutation.
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Figure 6. Expression Pattern of AtSAC1 Revealed by the GUS Reporter
Gene.

The AtSAC1T gene, including a 1.2-kb 5’ upstream sequence and the
entire exon and intron sequence, was ligated in frame with the GUS
reporter gene, and the construct was introduced into Arabidopsis plants.
Various organs of the transgenic plants were examined for GUS activity,
which is shown as blue coloring.

(A) Primary root of a 3-d-old seedling showing strong GUS staining at the
apex and an emerging lateral root (arrow).

(B) High magnification of (A) showing intense GUS staining at the root
apex and more concentrated staining in the vascular cylinder in the
mature region.

(C) and (D) Young cotyledon (C) and leaf (D) showing GUS staining in all
tissues with more prominent staining in vascular strands.

(E) Flower showing GUS staining in filaments and the apical region of the
style.

(F) Section from a young elongating internode showing GUS staining in
all tissues.

(G) Section from an internode near the end of elongation showing intense
GUS staining in vascular bundles and interfascicular regions.

(H) Section of a nonelongating internode showing GUS staining pre-
dominantly in vascular bundles and interfascicular fibers.

(I) High magnification of (H) showing fiber cells with thick secondary
walls and intense GUS staining.

fp, fiber precursor; if, interfascicular fiber; pi, pith; x, xylem. Bars =
180 wm in (F) to (H) and 360 pm in (I).
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study showed that in the elongating fiber cells of the wild type,
the F-actin cables formed a fine network (Figure 10A). By
contrast, in the elongating fiber cells of fra7, the F-actin cables
appeared to lose their fine network organization (Figure 10B). A
similar alteration in F-actin organization was also seen in the
elongating pith cells of fra7 stems (Figures 10E and 10F).
Examination of the organization of cortical microtubules in
elongating fibers and pith cells did not show any apparent
differences between fra7 and the wild type (Figures 10C, 10D,
10G, and 10H). These results demonstrated that the fra7 muta-
tion affected the organization of the actin cytoskeleton but had
no effect on cortical microtubules.

Orientation of Cellulose Microfibrils in the Walls of
fra7 Pith Cells

It has been shown that F-actin influences cellulose microfibril
deposition in brown algal cells (Katsaros et al., 2002). To in-
vestigate whether the cellulose microfibril deposition was altered
in the fra7 mutant, we examined the cellulose microfibril orien-
tation in pith cells using field emission scanning electron micros-
copy. In the innermost layer of walls of wild-type elongating cells,
the cellulose microfibrils ran in parallel and were oriented trans-
versely along the elongation axis (Figure 11A). This is the typical
orientation pattern of cellulose microfibrils that has been reported
in elongating cells of several Arabidopsis organs (Sugimoto et al.,
2000; Burk and Ye, 2002). The cellulose microfibrils in the walls of
elongating fra7 pith cells were generally oriented transversely
along the long axis (Figure 11B). It was noticed that occasionally,
in the walls of some misshapen cells, the cellulose microfibrils
were deposited with slight deviations from the transverse orien-
tation (Figures 11C), but no random orientation was observed.
These results indicate that the fra7 mutation had no apparent
effect on cellulose microfibril deposition.

DISCUSSION

SAC domain proteins were first identified in yeast and sub-
sequently in animals, and their essential roles in diverse cellular
activities have been ascertained in yeast. However, little is known
about the cellular functions of SAC domain-containing proteins
in plants. A recent genome analysis revealed that the Arabidopsis
genome contains nine genes encoding SAC domain-containing
proteins (Zhong and Ye, 2003). Three of these SAC domain
proteins contain transmembrane helices and have been shown
to be localized in the ER (Despres et al., 2003). Our study
provides genetic evidence that AtSAC1, a plant SAC domain
protein, plays important roles in cell morphogenesis, cell wall
synthesis, and actin cytoskeleton organization.

AtSAC1 Is a PtdIns(3,5)P, Phosphatase Colocalized
with a Golgi Marker

Like the SAC domains of yeast and animal proteins, the SAC
domain of AtSAC1 contains all of the seven conserved motifs
thought to be important for SAC phosphatase activities. In par-
ticular, the putative catalytic core sequence located in the sixth
motif is completely conserved in AtSAC1. Biochemical analysis
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Figure 7. AtSAC1 Exhibits Phosphatase Activity toward PtdIns(3,5)P..

The V5-tagged wild-type AtSAC1 and fra7 mutant proteins were ex-
pressed in yeast, purified by immunoprecipitation, and used for assay of
their phosphatase activities.

(A) Detection of recombinant AtSAC1 and fra7 expressed in yeast.
Immunoprecipitated proteins were detected with a monoclonal antibody
against the V5 epitope. Note that in additional to the recombinant
AtSAC1 (107 kD) and fra7 (84 kD) proteins (asterisks), the heavy chain
(arrow) and light chain (arrowhead) of the antibody used for immunopre-
cipitation were also revealed. Immunoprecipitates from yeast cells
harboring the expression vector alone were used as a control.

(B) Phosphatase activity of AtSAC1 and fra7 mutant protein toward various
phosphoinositides. Various phosphoinositides were incubated with the
fusion protein immunoprecipitates, and the amount of free phosphate
released was measured by the malachite green method. Both wild-type
AtSAC1 and fra7 mutant proteins exhibit phosphatase activity toward
PtdIns(3,5)P, but not any other phosphoinositides. The immunoprecipi-
tates from yeast cells harboring the expression vector alone were used as
a control in the assay, and no activity was detectable. Data are means * SE
of two assays.

revealed that AtSAC1 possesses phosphatase activity toward
PtdIns(3,5)P,, demonstrating that AtSAC1 is indeed a phospho-
inositide phosphatase. It is apparent that AtSAC1 exhibits the
same biochemical activity as yeast Fig4, a SAC domain protein
that hydrolyzes only PtdIns(3,5)P, (Rudge et al., 2004).

It is intriguing that AtSAC1 is colocalized with a Golgi marker
and that truncation of its C terminus results in its localization in the
cytoplasm. This finding indicates that the C terminus is required
for the proper targeting of AtSAC1 to the Golgi. This scenario is
similar to that of Fig4, of which the C terminus is essential for

Figure 8. Subcellular Localization of GFP-Tagged AtSAC1 and fra7
Mutant Protein in Arabidopsis Root Cells.

GFP-tagged AtSAC1 and fra7 mutant proteins were expressed in
Arabidopsis plants, and their subcellular locations were examined with
a laser confocal microscope.

(A) and (B) Differential interference contrast (DIC) image (A) of root
epidermal cells of 3-d-old Arabidopsis seedlings expressing AtSAC1-
GFP and the corresponding AtSAC1-GFP signals (B). Note that the GFP
signals show a punctate pattern in the cells.

(C) and (D) DIC image (C) of root epidermal cells of 3-d-old seedlings
expressing fra7-GFP and the corresponding fra7-GFP signals (D). The
GFP signals are distributed throughout the cytoplasm.

(E) and (F) DIC image (E) of root epidermal cells of 3-d-old seedlings
expressing GFP alone and the corresponding GFP signals (F). The GFP
signals are present throughout the cytoplasm and the nucleus.

N, nucleus. Bars = 8 pm.
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Figure 9. Subcellular Localization of EYFP- or ECFP-Tagged AtSAC1 and fra7 Mutant Protein in Carrot Protoplasts.

EYFP- or ECFP-tagged AtSAC1 and fra7 were expressed in carrot protoplasts, and their subcellular locations were examined with a laser confocal
microscope.

(A) to (D) DIC image (A) of a carrot cell expressing AtSAC1-EYFP and the Golgi marker AVP2-ECFP and the corresponding AtSAC1-EYFP signals (B),
AVP2-ECFP signals (C), and a merged image (D). It is evident that the AtSAC1-EYFP and AVP2-ECFP signals are overlapped.

(E) to (H) DIC image (E) of a carrot cell expressing AtSAC1-EYFP and the prevacuolar membrane marker Rha1-ECFP and the corresponding AtSAC1-
EYFP signals (F), Rha1-ECFP signals (G), and a merged image (H).

(I) to (L) DIC image (I) of a carrot cell expressing AtSAC1-ECFP and the ER marker EYFP-ER and the corresponding AtSAC1-ECFP signals (J), EYFP-ER
signals (K), and a merged image (L).

(M) and (N) DIC image (M) of a carrot cell expressing fra7-EYFP and the corresponding fra7-EYFP signals (N). Note that the signals are present
throughout the cytoplasm.

(O) and (P) DIC image (O) of a carrot cell expressing EYFP alone and the corresponding EYFP signals (P) that show cytoplasmic localization.

Bars = 22 um in (A) to (H), 26 pm in (l) to (L), and 40 pm in (M) to (P).
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Figure 10. The fra7 Mutation Causes an Alteration in Actin Organization
in Elongating Fibers and Pith Cells.

Longitudinal sections of elongating stems were immunodetected for
microtubules and actin filaments with monoclonal antibodies against
actin or a-tubulin and fluorescein isothiocyanate—conjugated secondary
antibodies. Fluorescence-labeled actin filaments and cortical micro-
tubules were viewed with a confocal laser microscope.

(A) and (B) Elongating fiber cells showing fine actin filaments in the wild
type (A) and thick actin cables in fra7 (B).

(C) and (D) Elongating fiber cells showing cortical microtubules aligned in
parallel in both the wild type (C) and fra7 (D).

(E) and (F) Elongating pith cells showing fine actin filaments in the wild
type (E) and thick actin cables in fra7 (F).

(G) and (H) Elongating pith cells showing cortical microtubules aligned
transversely in both the wild type (G) and fra7 (H).

Bars = 6 pm in (A) and (B), 15 wm in (C) to (F), and 20 pm in (G) and (H).

proper subcellular targeting. Full-length Fig4 has been shown to
be localized at the vacuole membrane, and deletion of its C
terminus leads to cytoplasmic localization (Rudge et al., 2004).
Fig4 does not contain any transmembrane helices or subcellu-
lar targeting signal sequences, and its vacuolar targeting has

Figure 11. Visualization of Cellulose Microfibrils in the Innermost Layer
of Pith Cell Walls.

Elongating stems were sectioned longitudinally through pith cells, and
microfibrils in the innermost layer of pith cell walls were visualized using
a field emission scanning electron microscope. The vertical direction of
the images corresponds to the elongating axis of pith cells.

(A) Cellulose microfibrils in a wild-type cell showing their parallel and
transverse alignment.

(B) and (C) Cellulose microfibrils in fra7 cells showing their parallel and
transverse alignment (B) and, occasionally, parallel alignment with
a small deviation (C).

Bar in (A) = 323 nm for (A) to (C).
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been demonstrated to be mediated by binding to a vacuole
membrane-localized protein, integral vacuolar membrane pro-
tein14, through its C terminus (Rudge et al., 2004). Because
AtSAC1 also lacks transmembrane helices or subcellular target-
ing signal sequences, it is reasonable to propose that the C
terminus of AtSAC1 is most likely involved in interacting with
another protein that mediates the targeting of AtSAC1 to the
Golgi. The molecular mechanisms underlying the subcellular
targeting of AtSAC1 remain to be investigated.

Although the fra7 mutant protein lacks the majority of the C
terminus, it retains the intact SAC domain and possesses
phosphatase activity. This fact indicates that the phenotypes
conferred by fra7 are not caused by the loss of its phosphatase
activity. Because fra7 caused mislocation of the AtSAC1 protein,
itis very likely that the phenotypes conferred by fra7 are the result
of improper localization of the protein. Mistargeting of the fra7
mutant protein might lead to a disruption of the tight regulation
of the local phosphoinositide pool at the Golgi or might alter
the phosphoinositide pools at membranes of other subcellular
organelles, thus affecting their normal cellular functions. The
functional importance of proper subcellular targeting of SAC
domain phosphatases has also been reported for yeast Sac1p
and Fig4. Mistargeting of Sac1p caused by deletion of its C
terminus has been shown to result in altered phosphoinositide
levels and defective growth phenotypes (Foti et al., 2001).
Similarly, mislocation of Fig4d has been proposed to cause
misregulation of the vacuolar pool of Ptdins(3,5)P, (Rudge
et al., 2004). To understand exactly how fra7 causes the mutant
phenotypes, it will be important to analyze the overall profile of
phosphoinositides and test the subcellular concentration of
phosphoinositides in the fra7 mutant.

AtSAC1 Is Required for Normal Actin Organization

The fra7 mutation was shown to cause an alteration in actin
cytoskeleton organization in fibers and pith cells. This finding
suggests that the cellular functions of AtSAC1 may overlap, at
least in part, with the functions of yeast Sac1p and Fig4. The yeast
Sac1p was originally discovered in a screen for sac mutations
(Novick et al., 1989). Mutations of both Sac1p and Fig4 were found
to cause aberrant organization of the actin cytoskeleton (Erdman
et al., 1998; Foti et al., 2001). Phosphoinositides are known to
modulate the activities of various actin regulatory proteins, such
as profilin, the capping proteins CapZ and gelsolin, actin-
depolymerizing factors, and a-actinin (Takenawa and Itoh, 2001).

In plants, a growing line of evidence indicates that many of
the actin regulatory proteins, such as profilin, gelsolin, and the
capping protein CapZ, are functionally conserved, and the
activities of profilin and gelsolin have been shown to be modu-
lated by PtdIns(4,5)P, (Kovar et al., 2001; Huang et al., 2003,
2004). However, it is not known whether other phosphoinosi-
tides, such as PtdIns(3,5)P,, are involved in the modulation of
the activities of actin regulatory proteins. The regulation of
PtdIns(3,5)P, by Fig4 has been demonstrated to be essential
for normal actin organization in yeast, although how the fig4
mutation causes actin defects remains unknown (Erdman et al.,
1998; Rudge et al., 2004). Ptdins(3,5)P, has been detected in
plants, but its cellular functions have not been studied (Meijer
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et al., 1999; Meijer and Munnik, 2003). We propose that like its
yeast counterparts Sac1p and Fig4, AtSAC1 regulates the
metabolism of phosphoinositides, thereby influencing actin
organization. It should be noted that AtSAC1 appears not to be
colocalized with actin filaments, although the fra7 mutation
causes a defect in actin organization. This is similar to the
situation with yeast Sac1p and Fig4, which are localized in the ER
and at the vacuolar membrane, respectively, and are known to
be important for normal actin organization (Erdman et al., 1998;
Foti et al., 2001). A correlation between phosphoinositide me-
tabolism and actin organization has been demonstrated in fra3
(Zhong et al., 2004). The FRA3 gene encodes a type Il inositol
polyphosphate 5-phosphatase with the highest substrate affinity
toward PtdIns(4,5)P,. Mutation of FRA3 causes an abnormal
bundling of F-actin cables, suggesting an important role of
phosphoinositide metabolism in F-actin organization in plants.

AtSAC1 Is Essential for Normal Cell Wall Biosynthesis

The dramatic reduction in cell wall thickness caused by the fra7
mutation suggests that AtSAC1 is important for cell wall bio-
synthesis. Itis possible that the reduced cell wall synthesis in fra7
is, at least in part, aresult of aberrant actin organization. F-actinis
known to regulate the transport of vesicles carrying cell wall
polysaccharides and enzymes involved in cell wall synthesis. The
altered F-actin organization caused by the fra7 mutation likely
impedes the process of vesicle trafficking, thus causing the
reduced cell wall synthesis.

A correlation between actin organization and cell wall synthe-
sis has been demonstrated in fra4 with a mutation in the Root Hair
Defective3 gene (Hu et al., 2003). The fra4 mutation caused
a dramatic reduction in cell wall thickness and an aggregation of
F-actin cables, a phenotype similar to that seen in fra7. The
importance of F-actin organization in cell wall synthesis was also
substantiated by the finding that interference with F-actin orga-
nization by cytochalasin D reduces secondary wall thickening
in fiber cells (Hu et al., 2003). Another example of the close
correlation between actin organization and cell wall synthesis is
seen in the fra3 mutant, which displays an aberrant organization
of F-actin cables and a dramatic reduction in secondary wall
thickness in fiber cells (Zhong et al., 2004). However, the pos-
sibility that the phosphoinositides regulated by AtSAC1 act as
signaling molecules to directly influence vesicle trafficking and
cell wall synthesis could not be excluded.

AtSAC1 Plays an Important Role in Cell Morphogenesis

Mutation of AtSACT not only reduces cell length but also alters
cell shape, indicating that AtSAC1 is required for cell morpho-
genesis. The aberrant cell shapes seenin fra7 could be a result of
the defective F-actin organization. Alterations of F-actin organi-
zation in plants by actin-disrupting drugs or genetic mutations
have been shown to have dramatic effects on cell morphogenesis
(Baluskaetal.,2001a,2001b; Dong et al., 2001; Ringli et al., 2002;
Le et al., 2003; Li et al., 2003; Mathur et al., 2003a, 2003b). The
common phenotypic defects associated with abnormal F-actin
organization are reduced cell expansion and the formation of
aberrant cell shapes. These defects were observed in elongating
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fra7 fibers and pith cells, which concomitantly exhibited altered
F-actin organization. These results suggest a close correlation
between aberrant cell morphology and abnormal F-actin organi-
zation. The thick F-actin cables seen in elongating fra7 cells
resemble the F-actin organization observed in cells near the end
of growth (Waller et al., 2002), which was thought to restrict cell
expansion by attenuating membrane and vesicle trafficking.
Aberrant formation of aggregated F-actin cables was also
observed in expanding cells in the crooked, wurm, and distorted1
mutants, which were associated with crooked trichome pheno-
types (Mathur et al., 2003a, 2003b). The aggregation of F-actin in
these mutants was proposed to cause aberrant cell morphogen-
esis by reducing the directional transport of vesicles to the
plasma membrane (Mathur et al., 2003b).

It is also possible that the phosphoinositides regulated by
AtSAC1 act as signaling molecules to directly influence cell
morphogenesis. It has been shown that Ptdins(4,5)P, and
PtdIns(4,5)P>-modulated proteins play roles in plant cell mor-
phogenesis (Braun et al., 1999; Kost et al., 1999; Dong et al.,
2001; McKenna et al., 2004). However, little is known about
the functional roles of other phosphoinositides, such as
PtdIns(3,5)P,. Further investigation of the cellular functions of
AtSAC1 is expected to provide novel insights into the roles of
phosphoinositides in cell morphogenesis. It is intriguing that
although both fra3 (Zhong et al., 2004) and fra7 affect secondary
wall synthesis and actin organization, only the fra7 mutation
causes a defect in cell morphogenesis.

In addition to altered cell morphogenesis, the fra7 mutant dis-
played abnormal cell files in the pith of inflorescence stems.
These aberrant cell files suggest an abnormal placement of cell
division planes, because the linear cell files are determined during
the division of pith precursor cells. The placement of cell division
planes has been known to be affected by cytoskeletons (Granger
and Cyr, 2000). Microtubules in the preprophase band are
thought to influence the proper orientation of the cell division
plane during mitosis. Mutants such as fra2/botero1 (Bichet et al.,
2001; Burk et al., 2001) and tonneau?2 (Traas et al., 1995) with
alterations in microtubule organization have been shown to
disrupt the normal linear cell files, possibly by altering the normal
placement of cell division planes. The actin cytoskeleton is also
an important player in cell division plane placement. Alteration of
actin organization by actin-disrupting drugs or genetic mutations
has been known to cause aberrant formation of cell division
planes (Mineyuki and Palevitz, 1990; Gallagher and Smith, 1999;
Granger and Cyr, 2000; Mathur et al., 2003b). Because the fra7
mutation alters actin organization, it is tempting to propose that
the aberrant cell files seen in the fra7 pith are caused by abnormal
F-actin organization.

In conclusion, we have demonstrated that AtSAC1, a plant
SAC domain phosphoinositide phosphatase, plays important
roles in cellular processes such as cell elongation and cell wall
biosynthesis. Because these cellular processes are known to be
regulated by the actin cytoskeleton and mutation of AtSAC1
disrupts normal actin organization, it is conceivable that AtSAC1
exerts its cellular functions, at least in part, by modulating the
actin organization. Further investigation of the cellular functions
of AtSAC1 is expected to further our understanding of the
molecular mechanisms underlying plant cell morphogenesis.

METHODS

Mutant Isolation

M2 Arabidopsis thaliana (ecotype Columbia) plants generated from ethyl
methanesulfonate mutagenization were grown in a greenhouse, and their
inflorescence stems were screened for mutants with reduced breaking
strength. Stems were divided into three equal segments, and each
segment was measured for its breaking force using a digital force/length
tester (model DHT4-50; Larson System, Minneapolis, MN). The breaking
force was calculated as the force needed to break apart a stem segment
(Zhong et al., 1997). Putative mutants with reduced stem-breaking
strength were selected and backcrossed with wild-type Columbia three
times before analysis.

Microscopy

Stem samples were fixed in 2% (v/v) glutaraldehyde in PEMT buffer
(50 mM Pipes, 2 mM EGTA, 2 mM MgSQy, and 0.05% [v/v] Triton X-100,
pH 7.2) at 4°C overnight. After being washed in phosphate buffer (50 mM,
pH 7.2), samples were postfixed in 2% (v/v) OsO, for 2 h and then de-
hydrated through a gradient of ethanol, cleared in propylene oxide, and
embedded in Araldite/Embed 812 resin (Electron Microscopy Sciences,
Fort Washington, PA). One-micrometer-thick sections were cut, stained
with toluidine blue, and viewed with a light microscope. For transmission
electron microscopy, 90-nm ultrathin sections were cut, mounted on
Formvar-coated gold slot grids, poststained with uranyl acetate and lead
citrate, and observed with a Zeiss EM 902A electron microscope (Zeiss,
Jena, Germany).

For visualization of leaf epidermis, mature leaves were cryoprepared,
surface-coated with gold, and observed with a LEO982 FE scanning
electron microscope (Leo Electron Microscopy, Thornwood, NY).

Cell Wall Analysis

Inflorescence stems of 10-week-old plants were collected for cell wall
isolation. Stems were ground into fine powder in liquid nitrogen with
a mortar and pestle, homogenized with a Polytron, and extracted in 70%
ethanol at 70°C. The remaining cell wall residues were dried in a vacuum
oven at 60°C and used for analysis of cellulose amount and sugar
composition. Crystalline cellulose was measured with the acetic-nitric
anthrone reagent according to Updegraff (1969). Cell wall sugars (as
alditol acetates) were determined according to the procedure described
by Hoebler et al. (1989). All samples were run in triplicate.

Map-Based Cloning

The fra7 mutant (ecotype Columbia) was crossed with Arabidopsis
ecotype Landsberg erecta to generate 1250 F2 mapping plants. Fine
mapping of the fra7 locus was done with CAPS markers according to
Konieczny and Ausubel (1993). CAPS markers were developed based on
sequence information from the Cereon Arabidopsis polymorphic data-
base (http://www.arabidopsis.org/cereon).

For complementation analysis, the wild-type AtSAC1 gene was ampli-
fied by PCR, confirmed by sequencing, and cloned into the binary vector
pBI101. The construct was then introduced into fra7 by Agrobacterium
tumefaciens—-mediated transformation (Bechtold and Bouchez, 1994).
Transgenic plants were selected on kanamycin and grown to maturity for
analysis of their ability to complement the mutant phenotypes.

Gene Expression Analysis

The expression pattern of AtSAC7 was studied using the GUS reporter
gene. The AtSAC1 gene, including a 1.2-kb upstream sequence and the
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entire exon and intron region, was amplified by PCR using high-fidelity
DNA polymerase with gene-specific primers (5'-TTGCCACATTTAGGA-
CAACTCTTC-3" and 5'-ATTGACTTGCTTAGGCATCAGGCG-3'), con-
firmed by sequencing, and ligated in frame with the GUS reporter gene
in the pBI101 vector. The construct was transformed into wild-type and
fra7 mutant plants by the Agrobacterium-mediated transformation
procedure (Bechtold and Bouchez, 1994). Transgenic plants were
selected on kanamycin and used for expression analysis of the GUS
reporter gene. Tissues were first immersed in 90% ice-cold acetone for
20 min and then incubated in GUS staining solution (100 mM sodium
phosphate, pH 7.0, 10 mM EDTA, 0.5 mM ferricyanide, 0.5 mM ferro-
cyanide, and 1 mM 5-bromo-4-chloro-3-indolyl B-D-glucuronic acid) at
37°C. After being cleared in 70% ethanol, the tissues were observed for
GUS staining with a light microscope.

Expression of Recombinant Proteins in Yeast

The full-length cDNA of wild-type AtSACT and the truncated fra7 mutant
cDNA were amplified by PCR using high-fidelity DNA polymerase from
cDNAs synthesized from wild-type or fra7 stems, respectively. The
amplified cDNAs were confirmed by sequencing and ligated in frame
into the yeast expression vector pYES3/CT that is tagged with the V5
epitope (GKPIPNPLLGLDST) at the C terminus (Invitrogen, Carlsbad,
CA). The constructs were transformed into the yeast strain INVSc1
(Invitrogen). The expression of recombinant proteins was induced in the
presence of 2% galactose for 24 h. After induction, yeast cells were
broken using glass beads, and the crude protein extracts were used for
immunoprecipitation of recombinant proteins by incubating with a mono-
clonal antibody against the V5 epitope (Invitrogen) and agarose bead-
conjugated secondary antibodies. The immunoprecipitates were washed
six times before use for further analysis.

The expression of recombinant proteins was confirmed by immunoblot
analysis. Purified recombinant proteins were separated on a 12.5% SDS
gel and transferred onto a nitrocellulose membrane. The recombinant
proteins were detected by incubation with a monoclonal antibody against
the V5 epitope and horseradish peroxidase—conjugated secondary anti-
bodies. The control used was the immunoprecipitates from yeast cells
harboring the expression vector pYES3/CT alone. Both recombinant
wild-type AtSAC1 and mutant fra7 proteins were confirmed to be ex-
pressed in yeast cells.

Phosphatase Activity Assay

Purified recombinant protein immunoprecipitates were used for phos-
phoinositide phosphatase activity assay. Phospholipids (Echelon, Salt
Lake City, UT) were dissolved in the reaction buffer (50 mM Tris-HCI, pH
7.0, 0.25% B-D-octylglucoside, 5 mM MgCl,, 10 mM KCI, and 1 mM
phenylmethylsulfonyl fluoride) with the aid of sonication. The phospha-
tase activity of recombinant proteins was measured by mixing 100 n.M
substrates in the reaction buffer with the immunoprecipitates, and the
mixture was incubated at 30°C for 50 min. The reactions were agitated
every 10 min during incubation. The free phosphate released from the
substrates was detected by the malachite green method (Kodama et al.,
1986). The immunoprecipitates from yeast cells harboring the expression
vector alone were used as a control in the assay, and no activity was
detected. The amount of fusion protein used in the assay was estimated
by comparing the fusion protein bands with known amounts of V5-tagged
B-galactosidase on the immunoblots. All assays were run in duplicate and
repeated twice, and identical results were obtained.

Localization of Fluorescent Protein-Tagged AtSAC1

The AtSACT gene, including a 1.2-kb upstream sequence and the entire
exon and intron region, was amplified by PCR, confirmed by sequencing,
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and then fused in frame with the GFP cDNA (ABRC, Columbus, OH;
developed by S.J. Davis and R.D. Vierstra) in the binary vector pBI101.
For expression of fra7-GFP, AtSAC1 truncated at the fra7 mutation site
was used. The AtSAC1-GFP and fra7-GFP constructs were introduced
into Arabidopsis plants by Agrobacterium-mediated transformation.
Transgenic plants were selected on kanamycin, and T2 progeny were
used for GFP localization.

The GFP signals from roots of 3-d-old transgenic seedlings were
viewed with a Leica TCs SP2 spectral confocal microscope (Leica
Microsystems, Heidelberg, Germany). Images were saved and pro-
cessed with Adobe Photoshop version 7.0 (Adobe Systems, Mountain
View, CA).

To determine the exact subcellular localization of AtSAC1, the AtSAC1
cDNA was fused in frame with an EYFP or an ECFP and ligated between
the Cauliflower mosaic virus 35S promoter and the nopaline synthase
terminator in a high-copy vector. The expression constructs were
cotransfected into carrot (Daucus carota) protoplasts with several
EYFP- or ECFP-tagged markers for various organelles. These markers
include the Golgi-localized AVP2 (Mitsuda et al., 2001), the prevacuolar
membrane marker Rhal (Lee et al., 2004), and an ER-localized marker
containing the calrecticulin targeting sequence and the ER retention
sequence (BD Biosciences, Palo Alto, CA). Three-day-old subcultured
carrot cells were digested with a mixture of cell wall-digesting enzymes
(Driselase; Sigma-Aldrich, St. Louis, MO) to generate protoplasts. The
protoplasts (6 X 10°%) in 300 pL of transfection solution (154 mM NaCl,
5 mM KCI, 125 mM CaCl,, and 5 mM glucose, pH 6.0) were mixed with
20 pg of AtSAC1-EYFP or AtSAC1-ECFP and 20 g of marker con-
structs (Liu et al., 1994). After the addition of 300 wL of 40% (w/v) poly-
ethylene glycol, the mixture was incubated for 5 min with mixing
and then transferred to 4 mL of cell culture media. The transfected
protoplasts were incubated in darkness for 20 h before examination with
a Leica TCs SP2 spectral confocal microscope. Images from single
optical sections were collected and processed with Adobe Photoshop
version 7.0.

Immunolocalization of Actin Filaments and Microtubules

Actin filaments and cortical microtubules in wild-type and fra7 mutant
cells were immunolocalized according to Sugimoto et al. (2000). Elon-
gating inflorescence stems of 6-week-old plants were fixed in PEMT
buffer containing 1.5% (v/v) formaldehyde and 0.5% (v/v) glutaraldehyde.
It has been reported that aldehyde fixation preserves actin filaments well
in plant cells and that the common failures to localize actin filaments are
attributable to such subsequent steps as wax embedding after fixation
(Vitha et al., 2000; Wasteneys and Galway, 2003). Therefore, fixed stems
were used directly for immunolocalization. It has been shown that the
F-actin patterns revealed by histolocalization and GFP-tagged talin are
comparable (Frank et al., 2003). Thin sections (100 wm thick) were cut
longitudinally with a vibratome. Sections were incubated with monoclonal
antibodies against chicken actin (ICN, Aurora, OH) or chicken a-tubulin
(Sigma-Aldrich) and fluorescein isothiocyanate—conjugated secondary
antibodies. The fluorescence-labeled microtubules and F-actins were
viewed with a Leica TCs SP2 spectral confocal microscope. Images were
saved and processed with Adobe Photoshop version 7.0.

Visualization of Cellulose Microfibrils

Pith cells from elongating inflorescence stems of 6-week-old plants were
used for visualization of cellulose microfibrils in the innermost layer of cell
walls using field emission scanning electron microscopy according to
Sugimoto et al. (2000). Stem segments were sectioned longitudinally
through pith cells and fixed in PEMT buffer containing 4% (v/v) formal-
dehyde. After dehydration, sections were dried in a semidry critical point
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drier (Tousimis, Rockville, MD) and mounted on stubs with carbon paste.
Sections were coated with platinum using an Edwards 306 vacuum
evaporator (Edwards High Vacuum International, Wilmington, MA) and
then examined for cellulose microfibrils using a LEO 982 FE scanning
electron microscope.

The GenBank accession numbers for the sequences shown in Figure 5
are AY227244 (AtSAC1), X51672 (Saclp), NM_053798 (rSAC1),
NM_014937 (hSAC2), and NM_003895 (Synapto).
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