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In Arabidopsis 

 

ton

 

2 mutants, abnormalities of the cortical microtubular cytoskeleton, such as disorganization of the in-
terphase microtubule array and lack of the preprophase band before mitosis, markedly affect cell shape and arrange-
ment as well as overall plant morphology. We present the molecular isolation of the 

 

TON

 

2 gene, which is highly
conserved in higher plants and has a vertebrate homolog of unknown function. It encodes a protein similar in its C-ter-
minal part to B

 

�

 

 regulatory subunits of type 2A protein phosphatases (PP2As). We show that the TON2 protein interacts
with an Arabidopsis type A subunit of PP2A in the yeast two-hybrid system and thus likely defines a novel subclass of
PP2A subunits that are possibly involved in the control of cytoskeletal structures in plants.

INTRODUCTION

 

Plants possess unique features in many aspects of develop-
ment compared with animals. At the cellular level, plants are
characterized by specific features such as the presence of a
pecto-cellulosic cell wall, continuous cytoplasmic connec-
tions through the plasmodesmata, and the lack of cell motil-
ity during morphogenesis (Kaplan and Hagemann, 1991).
Reflecting these unique characteristics, the highly dynamic
cortical arrays of microtubules (MTs) and actin filaments have
adopted various specialized arrangements in plants. The or-
ganization of cortical arrays is coordinated tightly with other
cellular events, and the cortical cytoskeleton, plasmalemma,
and cell wall operate as a continuum (Wyatt and Carpita,
1993). The cortical cytoskeleton reorganizes steadily during
all stages of the plant cell life and plays a crucial role in gov-
erning the orientation of both cell division and expansion
(Cyr and Palevitz, 1995). In contrast to animals, fungi, and
protists, in land plants the establishment of division planes
depends on (1) the positioning of the preprophase band
(PPB), a transient cortical ring of MTs that precisely foretells
the position of the cell division plane at the G2/prophase
transition, and (2) guidance of the phragmoplast to this pre-
determined cortical site during cytokinesis. During interphase,

arrays of parallel MTs encircle the cell at the cortex. The po-
sitioning of MTs within these cortical arrays appears to
involve both MT dynamicity (nucleation, growth/shrinkage,
stabilization, and severing) and translocation, but the rela-
tive roles of these events and the proteins involved are un-
known.

To understand the molecular mechanisms underlying MT
arrangements, mutants impaired in MT functions are essen-
tial, and a number of proteins involved in MT organization or
dynamics have been identified through a genetic approach
(Azimzadeh et al., 2001). These include the Arabidopsis

 

botero1

 

 mutant (which also is allelic to the 

 

fra2

 

 mutant)
(Zhong et al., 2001), which displays incorrect orientation of
interphase cortical MTs and defects in anisotropic growth in
root tip cells (Bichet et al., 2001). The 

 

FRA2

 

 gene encodes a
protein with high similarity to the sea urchin p60 subunit of
katanin, which is known to be involved in MT severing (Burk
et al., 2001; McClinton et al., 2001). The Arabidopsis tem-
perature-sensitive 

 

mor1

 

 mutation causes cortical MT short-
ening and disorganization concomitant with isotropic cell
expansion and left-handed organ twisting (Whittington et
al., 2001). The 

 

MOR1

 

 gene encodes a protein similar to a
family of MT-associated proteins from mammals and fungi
(Whittington et al., 2001).

The Arabidopsis 

 

zwichel

 

 trichome-branching mutation af-
fects the kinesin-like calmodulin binding protein (Oppenheimer
et al., 1997). This MT motor protein is proposed to provide
the MT stability needed for trichome branch initiation
(Mathur and Chua, 2000). The maize 

 

tangled1

 

 mutant has an
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altered cell division pattern associated with defective PPB
positioning and phragmoplast guidance (Cleary and Smith,
1998). The 

 

TANGLED1

 

 gene was cloned recently and was
found to encode a MT-associated protein (Smith et al., 2001).
Finally, in Arabidopsis 

 

spiral

 

 mutants, which exhibit right-
handed twisting of organs associated with defects in cell
growth anisotropy, cortical MTs form left-handed helices in-
stead of transverse arrays (Furutani et al., 2000). The 

 

SPIRAL1

 

and 

 

SPIRAL2

 

 genes define two novel plant-specific gene
families involved in cortical MT organization (I. Furutani, H.
Tachimoto, and T. Hashimoto, unpublished data).

The Arabidopsis 

 

fass/tonneau

 

 mutants were isolated orig-
inally from visual genetic screens for mutations affecting
seedling body organization (Mayer et al., 1991; Torres-Ruiz
and Jürgens, 1994; Traas et al., 1995). In these mutants,
both the arrangement of interphase cortical MTs and PPB
formation are affected (Traas et al., 1995; McClinton and
Sung, 1997). The 

 

tonneau

 

 (

 

ton

 

) mutations fall into two com-
plementation groups, 

 

ton

 

1 and 

 

ton

 

2 (Traas et al., 1995).
Only one mutant allele was isolated for the 

 

ton

 

1 locus, seg-
regating in a line obtained from large-scale T-DNA inser-
tional mutagenesis (Nacry et al., 1998). All other mutant
alleles belong to the same complementation group (

 

ton

 

2)
and are allelic to 

 

fass

 

.
Mutations at these loci drastically change plant shape, re-

sulting in thick, dwarf seedlings and plantlets. However, the
general body pattern (i.e., the number and relative positions
of organs) is not altered, and mutants eventually produce
highly compressed inflorescences when grown in vitro
(Mayer et al., 1991; Torres-Ruiz and Jürgens, 1994; Traas et
al., 1995).

At the cellular level, 

 

ton

 

 mutants are altered markedly in
cell size, shape, and arrangement. This appears to be re-
lated to a defect in cell elongation and a random orientation
of division planes. Cell differentiation seems mostly unaf-
fected, and most cell types are present, including cell struc-
tures such as stomata that result from asymmetrical
divisions. Cells of 

 

ton

 

 mutants have abnormal organization
of the interphase cortical cytoskeleton and are unable to
form PPBs (Traas et al., 1995; McClinton and Sung, 1997).
In interphase cells, cortical MTs most often are arranged
randomly instead of forming transverse regular arrays,
which are normally associated with cell elongation in plants.
Noncortical MTs seem to be unaffected.

Thus, the 

 

ton

 

 mutations uncouple histogenesis (oriented
cell divisions and cell shape changes) and morphogenesis
from organogenesis and provide new insights into basic
processes of plant development. The elucidation of the mo-
lecular bases of these mutations should provide key infor-
mation on the molecular control of the cytoskeleton and cell
division/elongation in plants (Lloyd, 1995). Here, we present
the molecular isolation of the 

 

TON

 

2 gene. The 

 

TON

 

2 locus
was isolated by a combination of map-based cloning and
insertional mutagenesis. We show that the protein likely
functions as a regulatory subunit of type 2A protein phos-
phatase (PP2A) and may be involved in phosphorylation

cascades that control the dynamic organization of the corti-
cal cytoskeleton in plant cells.

 

RESULTS

Isolation and Genetic Characterization of 

 

ton

 

2 Mutants

 

A total of 16 independent alleles of the 

 

ton

 

2 mutation were
identified in several visual screens for Arabidopsis morpho-
logical mutants affected in cell elongation. Mutant alleles

 

ton

 

2-13 and 

 

ton

 

2-14 were isolated from a population of
T-DNA insertion lines in ecotype Wassilewskija (Ws). Other

 

ton

 

2 alleles were recovered from ethyl methanesulfonate–
mutagenized populations in Columbia (Col), Landsberg

 

erecta

 

, and Ws ecotypes; among those, mutants 

 

ton

 

2-5 and

 

ton

 

2-12, both in the Col background, were chosen for fur-
ther analysis. All 

 

ton

 

2 mutations segregate as single reces-
sive Mendelian traits and are allelic to the previously
described 

 

fass

 

 (Mayer et al., 1991) and 

 

gordo

 

 (Fisher et al.,
1996) mutations.

 

ton

 

2-5 and 

 

ton

 

2-13 show extreme phenotypes with a
highly compressed apical–basal axis and presumably corre-
spond to a complete loss of function, whereas 

 

ton

 

2-12 and

 

ton

 

2-14 have milder phenotypes with less pronounced mor-
phological alterations and better elongation (Figures 1A to
1D). In vitro, plants reach a maximum height of 

 

�

 

1.5 to 3 cm
at maturity for strong and weak alleles, respectively. Some
almost morphologically normal, although sterile, flowers are
observed in weak alleles (Figures 1E to 1G).

 

ton

 

2 Mutations Affect the Organization of the Cortical 
Microtubular Cytoskeleton

 

It was demonstrated previously that 

 

ton

 

 mutant cells show
abnormalities in the organization of the cortical microtubular
cytoskeleton (Traas et al., 1995; McClinton and Sung, 1997).
In this study, we examined the dynamic organization of MTs
in 

 

ton

 

2 mutants using a newly developed fusion protein, the
green fluorescent protein–microtubule binding domain (GFP-
MBD) reporter protein (Marc et al., 1998). The GFP-MBD
reporter protein enables the labeling of MTs in vivo by a
noninvasive method, which allows us to follow MT rear-
rangements during mitosis and interphase. Ws lines ex-
pressing a GFP-MBD marker were obtained by in planta
transformation. One morphologically normal line was se-
lected and then crossed to heterozygous 

 

ton

 

2-13 (strong al-
lele) and 

 

ton

 

2-14 (weak allele) lines. Examples of confocal
imaging of wild-type and mutant cells are shown in Figure 2.

Division figures were difficult to observe in mutant roots
because of their shape and thickness, and they were ob-
served mainly from leaf primordia at the apex. Together, our
results confirm the absence of observable PPBs in premi-
totic cells of the mutants (Figures 2A to 2C). The mitotic ar-
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rays of MTs are not affected visibly in 

 

ton

 

2 mutants, and
division proceeds normally, as judged from the sequence of
events observed with the GFP-MBD marker. Spindles have
a normal appearance (Figures 2D to 2F), as do the phrag-
moplasts, which grow centrifugally, as expected (Figures 2G
to 2I). However, the guidance of the phragmoplast is clearly
affected, as shown by its erratic growth (Figure 2I). Oblique,
misshapen phragmoplasts often are observed in mutant
cells. Ultimately, they attach to random sites at the cortex,
generating the irregularly shaped cells observed in the mu-
tants. We observed no difference in the MT organization of
weak and strong alleles in dividing cells. There also was no
difference in the duration of the cell cycle phases between
wild-type and weak and strong allele cells.

GFP-MBD expression also was observed in hypocotyl
cells to examine MT interphase arrays in the mutant back-
ground (so-called interphase MTs, even if these cells are not
strictly in G1 but are in G0 phase). In wild-type epidermal
hypocotyl cells of 7-day-old seedlings, cortical MTs have a
parallel and transverse alignment (Figure 2J). In contrast to
wild-type seedlings, 

 

ton

 

2 mutant epidermal hypocotyl cells
are more irregular in shape, radially swollen, and only par-
tially elongated compared with wild-type cells, especially in
the strong allele (Figures 2K and 2L). In hypocotyl cells of

 

ton

 

2-13 (strong allele), interphase MTs have mostly parallel
arrays whose orientation is not well fixed, with cells in the
same area having a transverse, oblique, or longitudinal MT
array orientation (Figure 2L). In 

 

ton

 

2-14 (weak allele), these
defects are less pronounced, and most MTs are oriented
obliquely with respect to the growth axis (Figure 2K). This
parallel organization is in contrast to the organization of cor-
tical MTs in root epidermal cells observed previously in ran-
dom arrays (Traas et al., 1995; McClinton and Sung, 1997).
Such random MT organization also was observed in cells lo-
cated in the elongation zone of 

 

ton

 

2 mutant roots, next to
the region of emerging root hairs (data not shown).

 

Molecular Characterization of the 

 

TON

 

2 Locus

 

A map-based cloning strategy was devised originally to iso-
late the 

 

TON

 

2 locus. This locus was mapped approximately
to the top arm of chromosome 5 (Torres-Ruiz and Jürgens,
1994). An F2 population of 500 individuals was obtained
from a cross between 

 

ton

 

2-5 (Col ecotype) and wild-type
Landsberg 

 

erecta

 

. This population was used for fine map-
ping of 

 

ton

 

2 using several markers in the mi438 (33 centi-
morgan) region of chromosome 5, and a bacterial artificial

Figure 1. Phenotypes of Mutant Plants.

Photographs showing strong ([A], ton2-13) and weak ([B], ton2-12; [C], ton2-14) alleles of the ton2 mutation 6.5 weeks after germination, com-
pared with wild-type Arabidopsis grown in the greenhouse (D). Flowers of mutant plants are shown in (E) (ton2-13), (F) (ton2-12), and (G) (ton2-14),
and a wild-type flower is shown in (H). Bars � 5 mm in (A) to (C), 5 cm in (D), and 1 mm in (E) to (H).
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Figure 2. Confocal Imaging of MT Arrays in Wild-Type, ton2-14 Weak Allele, and ton2-13 Strong Allele Seedlings Expressing a GFP-MBD
Fusion (Marc et al., 1998).

(A), (D), (G), and (J) Wild type.
(B), (E), (H), and (K) ton2-14 weak allele.
(C), (F), (I), and (L) ton2-13 strong allele.
(A) to (I) MT arrays in dividing cells from leaf primordia of 7-day-old seedlings. In wild-type cells, MTs are first organized in a PPB encircling the
cell at the cortex (arrows in [A]). In ton2 mutant premitotic cells, PPBs are never observed, and only perinuclear MTs are visible (asterisks in [B]
and [C]). MTs then organized in the mitotic spindle during metaphase (s in [D] to [F]) and in the phragmoplast during telophase (p in [G] to [I]).
Spindles and phragmoplasts of ton2 mitotic cells are similar to those in the wild type. However, guidance of the phragmoplast is largely affected
in the mutant background. Note, for example, that (F) and (I) show images of the same cells taken 25 min apart: a spindle with a transverse
metaphase plate is followed by a phragmoplast that appears to show erratic growth along a longitudinal plane. (A), (F), and (I) show stacks of
five (A), seven (F), and nine (I) optically sectioned images taken 1 �m apart. (B) to (E), (G), and (H) show single optical sections. Bars � 10 �m.
(J) to (L) Interphase MT arrays in epidermal hypocotyl cells of 7-day-old seedlings. Images were taken from the central part of the hypocotyl. In
wild-type cells (K), MTs are perpendicular to the hypocotyl and the cell elongation axis (arrows in [J] to [L]). In weak alleles (ton2-14 [K]), cells
undergo slight elongation parallel to the hypocotyl axis, which is not observed in strong alleles (ton2-13 [L]). In both mutant alleles, MTs show
essentially parallel organization in hypocotyl cells. In the weak allele (K), MTs are in oblique or longitudinal orientation with respect to the hypo-
cotyl axis, whereas the strong allele does not show any preferential MT orientation (L). Arrows in (J) to (L) indicate the axes of hypocotyl growth.
(J) to (L) show stacks of 5 (K), 8 (L), and 11 (J) optically sectioned images taken 2 �m apart. Bars � 50 �m.
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chromosome (BAC) contig of �250 kb covering the ton2 lo-
cus was constructed (data not shown; details and markers
are available upon request). In the course of this work, the
T-DNA allele ton2-13 was isolated. DNA gel blot analysis of
this line revealed a single full-length T-DNA insertion, and
segregation studies showed that the ton2 phenotype was
linked 100% to the T-DNA insert on the basis of the kana-
mycin resistance of all mutants. Both sides of the T-DNA in-
sertion site were isolated by inverse polymerase chain
reaction (PCR) and shown to map precisely in the TON2
BAC contig. Genomic fragments encompassing this locus
were isolated from BAC F20K17 (Col ecotype), and 5.8 kb
was sequenced. Arabidopsis 5� and 3� expressed sequence
tag (EST) sequences corresponding to this region were
present in dbEST, deriving from a single cDNA clone
(YAY132). We sequenced this cDNA clone in its entirety. Our
sequences fully agree with the genome sequence that was
released subsequently.

The TON2 cDNA is 1.75 kb long and contains a single
open reading frame of 1440 bp, which encodes a predicted
polypeptide of 480 residues. The TON2 gene contains 11 in-
trons and 12 exons (Figure 3). In the ton2-13 strong allele,
the single T-DNA insertion is located at the very beginning
of intron 6. The right border of the T-DNA is associated with
a 37-bp deletion of the genomic DNA and a 16-bp insertion
of unknown origin. This mutation presumably gives rise to a
fusion translation product of 222 amino acids composed of
the first 209 residues of the TON2 protein and 23 residues of
T-DNA origin.

The molecular defects in the ton2-5, ton2-14, and ton2-12
alleles were characterized by sequencing of reverse tran-
scriptase–mediated (RT)–PCR-amplified cDNA and genomic
DNA fragments. Compared with wild-type parental se-
quences, all alleles carry mutations in the same gene (Figure
3). In the ton2-5 strong allele, a nonsense mutation (C960T
in cDNA clone YAY132) causes the premature termination of
translation after Leu-267 (Gln-268 to Stop) (Figure 3). There-
fore, the N-terminal part of the protein (up to residue 267)

presumably is not enough for the correct translation and/or
activity of the protein. Interestingly, mutations in both weak
alleles (ton2-12 and ton2-14) affect the same splice site, the
donor site of intron 1 (Figure 4). In both mutants, two major
transcripts were revealed by RT-PCR experiments that are
expected to give nonfunctional truncated polypeptides
comprising (part of) exon I with small extensions (Figure 4).
However, in both weak mutants, an alternative misspliced
transcript of lower abundance can be detected using spe-
cific RT-PCR primers (Figure 4). This second misspliced
transcript results in a 10–amino acid truncation of the wild-
type predicted polypeptide (Gly-38 to Met-47). This tran-
script most likely is responsible for the leaky phenotype of
the ton2-12 and ton2-14 alleles. Whether the weak mutant
phenotype is caused by a low abundance of transcript and
protein, a partial functionality of the deleted polypeptide, or
both is not known at present.

The TON2 Gene Is Expressed Ubiquitously

RNA gel blot analysis (data not shown) and RT-PCR experi-
ments (Figure 5) revealed that the TON2 transcript is pro-
duced ubiquitously in Arabidopsis. The TON2 transcript was
detected at a low level in seedlings and in all organs of the
adult plants tested (Figure 5), even those in which cell elon-
gation and division rates are the lowest (i.e., rosette and
cauline leaves). It was detected at the same level in dividing
suspension-cultured cells and in highly elongated dark-
grown seedlings. TON2 expression level also was not modi-
fied in ton1 mutants, which share the same phenotype with
ton2 mutants.

The TON2 Protein Has Strong Similarities to a 
Regulatory Subunit of PP2A

The TON2 gene encodes a 55-kD protein with a predicted pI
of 4.7. Database searches revealed that the gene is highly

Figure 3. Structure of the TON2 Gene.

The TON2 gene comprises 12 exons (gray boxes I to XII) and 11 introns (white boxes 1 to 11). Mutations affecting the four ton2 alleles are indi-
cated. ton2-13 (strong allele) is a T-DNA insertion after the first base of intron 6. ton2-5 (strong allele) is a nonsense mutation in exon VIII. ton2-12
and ton2-14 (weak alleles) are a point mutation and a 23-bp deletion affecting the donor site of intron 1, respectively. Arrows indicate the loca-
tions and orientations of the primers used in RT-PCR experiments (see Figures 4 and 5). LB, left border; RB, right border.
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conserved in higher plants, and nearly identical potential
orthologs are available as EST sequences for tomato, Medi-
cago truncatula, poplar, sorghum, and maize (data not
shown).

The C-terminal part of TON2 shows significant similarity
to the C terminus of a 72-kD human protein (PR72) (Figure
6B). PR72 was purified originally from rabbit skeletal muscle
as a component of the trimeric form of Ser/Thr PP2A (Hendrix
et al., 1993) and defines the B� family of PP2A regulatory
subunits. PP2As are either heterodimeric enzymes com-

posed of a catalytic subunit (PP2Ac) and a regulatory sub-
unit A or heterotrimeric complexes composed of PP2Ac,
subunit A, and various type B regulatory subunits of differ-
ent masses. B-type subunits associate with the regulatory A
subunits and provide targeting and substrate specificity to
the enzymatic complex (Luan, 2000). At least three distinct
families of B subunits (B, B�, and B�) exist that do not share
sequence similarity. The plant TON2 proteins can be as-
signed to the B� regulatory subunit family based on the high
similarity of their C-terminal regions. The N terminus shows

Figure 4. Molecular Defects in ton2 Weak Alleles ton2-12 and ton2-14.

The structures of genomic DNA (gDNA) and transcripts (mRNA) are represented for wild-type, ton2-12, and ton2-14 alleles. For clarity, only the
5� part of the ton2 locus is indicated. Gray boxes represent exons (numbered I to VIII), and white boxes represent introns. The predicted struc-
ture of the encoded polypeptide is indicated under each transcript (gray indicates an in-frame translation product of exons; hatched gray indi-
cates out-of-frame translation of exons; white indicates translation of introns; and the asterisk indicates the stop codon). The positions of RT-
PCR primers are indicated by white arrows. The positions of alternative donor sites d1 and d2 are indicated. Sequencing of genomic DNA re-
vealed that both weak alleles have a mutation affecting the donor site of intron 1. ton2-12 has a single-base change that converts this site from
TGGgt to TGGat, and ton2-14 has a 23-bp deletion that removes the same splice site. RT-PCR analyses of wild-type and weak alleles are
shown at top right. All transcripts were characterized by RT-PCR and sequencing of RT-PCR products. As a result of the mutations affecting the
donor site of intron 1, splicing of this intron is perturbed and three transcripts are detected in each mutant (bands 1, 2, and 3). In both mutants,
two major transcripts were revealed by RT-PCR using primers TON2Nco and TON2R3. Transcript 1 is unspliced and contains intron 1. Tran-
script 2 is misspliced (d1 donor site) and has the last 61 nucleotides of exon I deleted. These two abnormal transcripts are expected to give non-
functional truncated polypeptides comprising (part of) exon I with small extensions. However, in both weak mutants, an alternative misspliced
transcript (mRNA 3, d2 donor site) of lower abundance can be detected using other RT-PCR primers (Ton2F0 and Ton2R3) that are not able to
amplify transcript 2. This second misspliced transcript contains a 30-nucleotide in-frame deletion at the end of exon I, resulting in a 10–amino
acid truncation (Gly-38 to Met-47) in the predicted translation product. aa, amino acids; C, control (reverse transcriptase omitted); M, molecular
mass markers; spl., spliced; unspl., unspliced; Wsg, genomic DNA; wt, wild type.
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no significant similarity to previously known members of this
family.

In addition, the TON2 protein is similar over its entire
length to vertebrate proteins of unknown function (Figure
6A), showing 57% similarity (36% identity) to human (Figure
6B) and mouse homologs. Partial EST sequences indicate
that an ortholog exists in Danio rerio (Figure 6A). With re-
spect to the mammalian polypeptide, all plant TON2 pro-
teins possess an N-terminal extension of variable length (22
to 31 amino acids; 24 for Arabidopsis) and sequence (Figure
6B). Software available for the prediction of organellar or se-
cretion targeting signals failed to attribute a clear functional
significance to this N-terminal extension. All of these results
indicate that the plant TON2 proteins and their vertebrate
homologs define a novel subclass of PP2A B� subunits (Fig-
ure 6A).

The TON2 Protein Interacts with an Arabidopsis Type A 
Subunit of PP2A in the Yeast Two-Hybrid System

The yeast two-hybrid system provides a fast and efficient
way of testing physical interactions between components of
protein phosphatase complexes (Haynes et al., 1999). We
used this system to assay the interaction of TON2 with known
Arabidopsis type A PP2A regulatory subunits (Table 1).

The full-length TON2 protein clearly is able to interact with
the entire A-type subunit AtA�, as is the genuine B-type reg-
ulatory subunit AtB��. This interaction is abolished either
when the C-terminal part of TON2 (from Glu-269) is deleted
or when a truncated form of the A subunit lacking the last
193 amino acids (AtA��) is used (Table 1). These results
suggest that TON2 could act as a B-type regulatory subunit
in PP2A enzymatic complexes. As expected from sequence
data, the C-terminal part of the protein is necessary for in-
teraction with other subunits.

DISCUSSION

For more than a decade, Arabidopsis mutants have been
used to characterize the molecular bases of development in
flowering plants, and several mutants impaired in cytoskele-
ton organization have been isolated. To address the ques-
tion of the control of MT organization in plants, we have
undertaken the isolation of the TON2 gene. The ton2 muta-
tion affects the cortical MT cytoskeleton and has been
shown to perturb a basic mechanism(s) involved in both cell
elongation and cell division. Here, we report the identifica-
tion of the TON2 gene. The TON2 protein is similar to a type
B� PP2A regulatory subunit and interacts in the two-hybrid
system with known PP2A subunits. We also characterized in
greater detail the MT organization of this mutant.

The use of the GFP-MBD MT reporter protein allowed us
to visualize accurately dynamic changes in the organization
of the MT cytoskeleton in living cells of ton2 and wild-type
plants. Time-lapse observations of cell division in GFP-
MBD–expressing plants confirm unambiguously the ab-
sence of the MT PPB in both strong and weak mutant al-
leles, in agreement with tubulin-immunolabeling studies
from McClinton and Sung (1997). Lack of PPB in the ton2
mutant most likely is responsible for the mispositioning of
new cell walls between daughter cells after mitosis. Indeed,
the position of the PPB has been correlated in a number of
previous reports to the position of the division site in vegeta-
tive cells. PPB is proposed to leave signals at the cell cortex
that allow the centrifugally forming cell plate and phrag-
moplast to be guided toward the division site (Mineyuki and
Palevitz, 1990). Monitoring GFP-MBD fluorescence in ton
mutants revealed that the phragmoplast initially grows nor-
mally and becomes misoriented later, before anchoring to
the wall. This might be explained by a deficiency in phrag-
moplast guidance attributable to an absence of appropriate

Figure 5. Analysis of TON2 Expression by RT-PCR.

A 248-bp RT-PCR product (bottom band) is obtained using Ton2F2 and Ton2R1 primers (see Figure 3) for PCR. The constitutively expressed
APRT1 gene (Moffatt et al., 1994) is used as a quantitative control (564-bp RT-PCR product; top band). (	), negative RT-PCR control (reverse
transcriptase omitted); Gn, Ws genomic DNA amplified with TON2-specific primers; Et, etiolated Ws seedlings; R, roots; RL, rosette leaves; S,
stems; CL, cauline leaves; F, flowers from adult plants; ¢, Arabidopsis suspension cultured cells. The ton2-13 mutant produces a fusion tran-
script containing the Basta resistance gene of the T-DNA used for mutagenesis, the left border, and the 3� end of the TON2 mRNA (see Fig-
ure 3).
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Figure 6. Sequence Analysis of the TON2 Protein.

(A) Unrooted ClustalX (version 1.8.1) tree of protein sequences similar to TON2. Full (deduced) protein sequences were used for alignment.
Branch lengths are proportional to calculated sequence divergence. GenBank accession numbers are indicated for each protein. At, Arabidopsis
thaliana; Dr, Danio rerio; Hs, Homo sapiens; Mm, Mus musculus. Group A contains mammalian B�� subunits, including the founding member hu-
man PR72 (Hendrix et al. 1993). Group B contains the five putative B�� subunits identified from the complete genome sequence of Arabidopsis.
Group C includes Arabidopsis TON2 and proteins of unknown function identified by sequencing in human, mouse, and zebrafish. Many highly
similar TON2 homologs are found in plant ESTs as partial sequences and are not represented here.
(B) Amino acid alignment of the TON2 protein, its human homolog , and human PR72, the founding member of the B�� class of PP2A subunit.
The mouse and zebrafish TON2-like sequences are essentially identical to the human sequence and are not shown here. Identical residues are
indicated by black boxes, and similar residues are indicated by gray boxes (Clustal groups). Note the N-terminal extension in the TON2 se-
quence that is found in all plant sequences but not in animal sequences.
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cortical signals at the division site. Comparable defects in
the establishment of division planes are described in discor-
dia mutants, which are impaired in an actin-dependent
mechanism involved in phragmoplast guidance (Gallagher
and Smith, 1999).

Thus, the ton2 phenotype reinforces hypotheses linking
the PPB and the division site. It also confirms that PPBs are
not required for mitosis per se, the progression of which is
normal in mutant plants (McClinton and Sung, 1997). The
PPB, rather, is viewed as a component of the specific cyto-
kinetic apparatus that evolved in land plants, although cell
cycle regulators may control its assembly and disassembly
(Katsuta and Shibaoka, 1992; Colasanti et al., 1993).

To determine whether PPB formation is the main target of
the ton2 mutation or if the mutation also primarily affects in-
terphase MTs, we observed MT organization in nondividing
cells. In hypocotyls of both ton2 strong and weak mutant al-
leles, most epidermal cells were found to form parallel ar-
rays of MTs. This ability to align parallel arrays of MTs favors
the idea that the loss of growth anisotropy in the ton2 mu-
tant results only from the mispositioning of division planes
caused by the absence of the PPB. However, two other ob-
servations prove that interphase cortical MT organization is
a primary defect of the ton2 mutation. (1) In agreement with
previous studies (Traas et al., 1995; McClinton and Sung,
1997), we observed that interphase MTs are oriented ran-
domly in root cells (data not shown). This finding indicates
that the loss of cortical MT alignment likely is responsible for
the reduced anisotropy of ton2 cells, as proposed by Traas
et al. (1995) and McClinton and Sung (1997). Indeed, trans-
versely oriented cortical MTs in young cells undergoing
rapid elongation appear to be essential to determine the
main growth axis in plant cells (Baskin et al., 1999; Bichet et
al., 2001). (2) The phenotype of ton2 weak mutant alleles
also supports this hypothesis. Indeed, hypocotyl cells of
weak mutant alleles, in which the TON2 function is not im-
paired completely, also lack a PPB but exhibit a higher rate
of cell elongation, combined with a better alignment of corti-
cal MTs. This finding demonstrates that the lack of PPBs
cannot explain all of the cell expansion defects observed in
the ton2 strong alleles and that TON2 function likely is re-
quired for the control of directional expansion by cortical in-
terphase arrays.

It is surprising that in hypocotyl epidermal cells of the
ton2 mutant, MTs are able to form parallel arrays even in
strong allele cells in which TON2 most likely is nonfunc-
tional. This phenomenon was not observed in root epider-
mal cells. We propose that the alignment of cortical MTs in
hypocotyl cells may be a consequence of cell shape and/or
wall architecture during the late stages of the elongation
process. For example, cellulose microfibrils, which are the
strongest component of the primary wall, could be involved
in providing spatial cues for cortical MT organization during
the late elongation phase. For instance, MT organization is
inhibited after treatment of tobacco cells with the cellulose
synthase inhibitor isoxaben (Fisher and Cyr, 1998). In addi-

tion, in Arabidopsis root epidermal cells, MTs acquire a
transverse orientation after microfibril transverse alignment
(Sugimoto et al., 2000). Similarly, the structure of the wall it-
self could influence the organization of cortical MT arrays in
ton2 cells.

These observations favor a role for TON2 in organizing the
cortical microtubular network. How this is achieved remains
to be determined. TON2 may act directly on the MT arrays
or indirectly by influencing the actin cytoskeleton. Indeed,
actin microfilaments are aligned in the cell cortex parallel to
MTs (Palevitz, 1987; Traas et al., 1987) and colocalize with
the PPB, forming a broad band at the end of interphase or
during preprophase that narrows as prophase progresses
(Palevitz, 1987; Traas et al., 1987; Cleary et al., 1992). Cyto-
chalasin treatments do not affect PPB formation, despite
their inhibitory effect on PPB narrowing (Mineyuki and Gunning,
1990; Eleftheriou and Palevitz, 1992). In this regard, the ab-
sence of PPBs in ton2 mutants is unlikely to result from a
perturbation of the actin cytoskeleton. Future work will
make use of GFP markers available (Kost et al., 1998) for
the examination of the F-actin network to determine
whether the organization of actin filaments is perturbed in
the mutant.

Cortical MT arrays are of major importance for plant mor-
phogenesis, but their dynamics and interrelation remain
poorly understood. To our knowledge, TON2 is the only

Table 1. Interaction between TON2 and Arabidopsis PP2A Subunits 
Assayed Using the Yeast Two-Hybrid System

pGBT9 insert

pGAD424
Insert

No
Insert PP2Ac-1 B�� TON2 TON2Nterm TON2Cterm

No insert 	 	 	 	 	 


A� 	 
 
 
 	 


A�� 	 	 	 	 	 


Yeast HF7c cells were cotransformed with the plasmids pGBT9 and
pGAD424 (Clontech) encoding the GAL4 DNA binding domain and
activation domain, respectively. Plasmids pGBT9 or pGAD424 with
in-frame cDNAs encoding the PP2Ac-1, B��, A�, and A�� subunits
of Arabidopsis PP2A have been described by Haynes et al. (1999).
The A�� cDNA encodes a truncated version of the A� subunit lack-
ing the last 193 amino acids and unable to interact with PP2Ac-1. In-
teraction between TON2 and A subunit was tested with the TON2
full-length protein, the N-terminal part (TON2Nterm, up to Glu-268),
and the C-terminal part (TON2Cterm, from Glu-269). Positive con-
trols consisted of the A� regulatory subunit and the PP2Ac-1 or B��

subunit. Protein interaction in yeast cells was tested by growth on
medium lacking Trp, Leu, and His. Positive results are indicated by

, and negative results are indicted by 	. No insert indicates the in-
troduction of the pGAD424 or the pGBT9 plasmid without insert. The
interactions with TON2Cterm were meaningless because of the strong
background generated by the TON2 C-terminal construct itself.
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plant protein identified that is essential for the organization
of both arrays, and its molecular identification provides the
first clue to the regulatory processes of such cellular struc-
tures. The C-terminal part of the TON2 protein is highly
similar to members of the B� regulatory subunit family of
type 2A Ser/Thr protein phosphatases. Two major structur-
ally distinct families of Ser/Thr phosphatases, PP1/PP2A
and PP2C, are present in plants as in animals. Additional
studies also suggest the presence of other types of phos-
phatases in Arabidopsis (Andreeva et al., 1998). Most PP2A
is in the form of heterotrimeric enzyme comprising a cata-
lytic (C) subunit and two distinct regulatory subunits, A and
B. The sequence of the C subunit is highly conserved in
evolution, and its function has been shown to be essential
in yeast, Drosophila, and mouse. The C subunit forms dis-
tinct complexes with a wide array of regulatory A and B
subunits. The A subunits are hook-shaped proteins that act
as scaffolding subunits (Groves et al., 1999). The C and B
subunits are recruited by the A subunit to form specific het-
erotrimers.

The B-type subunits have been shown to modulate the
activity, substrate specificity, and subcellular localization of
the PP2A complex (Goldberg, 1999). A remarkable diversity
of B-type subunits is present in eukaryotes, and basic types
of such subunits include B (PR55), B� (PR56), B� (PR72/
PR130): each subfamily generally is encoded by several ho-
mologous genes and splice variants. The B� family com-
prises three related mammalian proteins: human PR72/
PR130 (splice variants) and PR48, and mouse PR59. Pro-
teins from Caenorhabditis elegans and Arabidopsis also
may be included in this family on the basis of their sequence
similarity (Yan et al., 2000). The recent release of the com-
plete genomic sequence of Arabidopsis reveals at least
three type A, five type C, two type B, nine type B�, and five
type B� PP2A subunits, not including the TON2 protein.
Such a variety of subunits likely reflects a large combinato-
rial diversity of functions for PP2A complexes.

As expected for a bona fide PP2A B-type subunit, we ob-
served a clear interaction between TON2 and an A-type
subunit from Arabidopsis in the yeast two-hybrid system.
Together with sequence similarity, these results support
TON2’s involvement in the formation of a PP2A complex,
which presumably controls the phosphorylation status of
proteins important for the structure of the plant cortical cy-
toskeleton.

In yeast and animals, PP2A activity regulates a wide
range of cell processes (Virshup, 2000). In particular, PP2A
controls phosphorylation cascades involved in the control of
cell growth and division (Millward et al., 1999). Although
most PP2A activity is soluble, distinct pools of enzyme are
associated with subcellular structures such as membranes
or MTs. In animal cells, antibodies against A, B, and C PP2A
subunits label interphase and mitotic MTs as well as cen-
trosomes. It was confirmed recently (Hiraga and Tamura,
2000) that MT–PP2A interaction requires the B subunit.
Such a MT-associated PP2A fraction has not been ob-

served in plants to date. Nevertheless, the regulation of
plant MT cytoskeleton dynamics clearly involves protein
phosphorylation/dephosphorylation: the alignment of corti-
cal MTs is lost in Arabidopsis roots, and the cortical MT cy-
toskeleton is disrupted in BY-2 tobacco cells treated with
PP1 and PP2A inhibitors (Hasezawa and Nagata, 1992;
Baskin and Wilson, 1997); PPB formation also is perturbed
by the inhibition of PP1 and PP2A activities (Hasezawa and
Nagata, 1992) or PP2A activity only (Ayaydin et al., 2000).
Reciprocally, kinase inhibitor treatments delay the formation
and disappearance of PPB (Katsuta and Shibaoka, 1992),
induce cortical MT cold stabilization (Mizuno, 1992), and
lead to the inhibition of gibberellin-induced cortical MT re-
orientation (Mizuno, 1994).

The finding that TON2 likely encodes a PP2A regulatory
subunit provides molecular evidence of a key role for the
phosphorylation/dephosphorylation of proteins in the con-
trol of cortical MT organization. The target of such phos-
phatase activity is not known at present, although a possible
candidate could be the protein(s) encoded by the TON1 lo-
cus (Nacry et al., 1998), because a mutation at this locus
gives a phenotype identical to the ton2 phenotype in every
respect (Traas et al., 1995). In addition, ton1 ton2 double
mutants are indistinguishable from both single mutants
(data not shown), giving a strong indication that these muta-
tions affect the same process.

Most basic processes that determine the architecture of
cortical MT arrays remain unknown. As suggested by
Baskin and Wilson (1997), three steps leading to MT cyto-
skeleton reorganization should be distinguished: emission
of a positional signal, either from cell wall or intracellular fac-
tors (such as cell cycle regulators); perception and transmis-
sion of the signal to the MTs by putative transmembrane or
cytoplasmic proteins; and MT reorientation. Whether this
last step involves intact MT repositioning or MT depolymer-
ization followed by selective stabilization of MTs polymer-
ized in the correct orientation, or both, remains to be
determined. One or more of these processes are potential
targets for regulation by phosphorylation/dephosphorylation.
The identification of proteins involved in these processes,
including putative TON2 targets, and their link to recently
identified plant cytoskeletal components (Smertenko et al.,
2000; Smith et al., 2001; Whittington et al., 2001), should al-
low a better understanding of the manner in which the corti-
cal cytoskeleton is organized in plant cells.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana plants were grown in vitro as described previ-
ously (Nacry et al., 1998). T-DNA insertion lines were obtained by
vacuum infiltration transformation (Bechtold et al., 1993) using Agro-
bacterium tumefaciens strain MP5-1 (Bouchez et al., 1993). Ethyl
methanesulfonate mutants were obtained from a screen of individual
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M2 families derived from ethyl methanesulfonate–mutagenized seed
of Columbia ecotype (Santoni et al., 1994).

Green Fluorescent Protein–Microtubule Binding Domain Marker 
Lines and Confocal Imaging

Wassilewskija plants expressing the green fluorescent protein–micro-
tubule binding domain (GFP-MBD) marker were constructed as fol-
lows. A HindIII-EcoRI fragment containing the GFP-MBD reporter
cassette was isolated from the original construct (Marc et al., 1998)
and inserted into pCAMBIA1300. This vector was introduced into
Agrobacterium strain C58C1(MP90). Transgenic Arabidopsis plants
were obtained using the infiltration procedure (Bechtold et al., 1993;
Clough and Bent, 1998), followed by in vitro selection on hygromy-
cin. Several transformants showed slight morphological defects, pre-
sumably as a result of the cytotoxicity of the reporter cassette. One
line was chosen for further use on the basis of its lack of morpholog-
ical alterations and good GFP expression, and it was crossed with
ton2-13 and ton2-14 heterozygous lines.

Roots, hypocotyls, and flower primordia of plants expressing the
GFP-MBD fusion protein were mounted in low-melting-point aga-
rose (0.4% in water) and viewed directly using a Leica TCS-NT con-
focal laser scanning microscope (Leica, Heidelberg, Germany) with
an argon/krypton laser (Omnichrome, Chino, CA) and an acousto-
optical tunable filter (AOTF) for excitation. GFP fluorescence was ex-
cited with the 488-nm line and collected through a bandpass filter
(BP 530/30). Slow-scan (220 lines/sec) images (1024 � 1024 pixels)
were generated using a �40/1.00-0.50 PL FLUO-TAR objective.

Molecular Cloning Techniques and Sequence Analysis

Cloning and sequencing procedures were performed essentially as
described (Sambrook et al., 1989; Nacry et al., 1998). Sequence
comparisons and alignments were performed using the BLAST and
Clustal programs. Subcellular localization predictions were made using
PSORT (http://psort.nibb.ac.jp/), ChloroP (www.cbs.dtu.dk/services/),
and Predotar (www.inra.fr/Internet/Produits/Predotar/).

Reverse Transcriptase–Mediated Polymerase Chain Reaction

Total RNA was prepared by the guanidinium isothiocyanate/cesium
chloride method, as described previously (Sambrook et al., 1989),
using modified homogenization buffer (5 M guanidinium isothiocyan-
ate in 0.5% sarkosyl and 25 mM Na citrate) and cushion solution (5.7 M
cesium chloride in 1 mM EDTA and 25 mM Na citrate). Single-
stranded cDNAs were synthesized from 5 �g of total RNA using 100
pmol of oligo(dT)18 and 200 units of Moloney murine leukemia virus
reverse transcriptase (Invitrogen, Cergy-Pontoise, France) in a 30-�L
reaction mixture containing 1 mM DTT, 40 units of RNase inhibitor
(Boehringer Mannheim), and 250 �M each of dATP, dCTP, dGTP, and
dTTP in 1 � first-strand buffer (Invitrogen). Reverse transcription was
performed for 2 hr at 39�C, and the reaction mixture was diluted to a
final volume of 800 �L.

Polymerase chain reaction (PCR) was performed using 5 �L of the
diluted cDNA sample with 250 pmol of the primers in a 25-�L reac-
tion. PCR conditions were as follows: 94�C for 2 min; 28 cycles of
94�C for 15 sec, 58�C for 20 sec, and 72�C for 45 sec; and a final
elongation step of 5 min at 72�C. APRT1- and TON2-specific primers

were used in separate reactions. Five microliters of each reaction
were electrophoresed on an agarose gel. Primers used for PCR were
as follows: Ton2Nco (5�-CCGAATTCCCCATGGCTAGCGGATCTA-
GCGATGGTGAGA-3�), Ton2F0 (5�-GCTTTGGGTTAGAAATCTACG-
AC-3�), Ton2F2 (5�-AATCAAATGTATTGCCGCATAGCTT-3�), Ton2R1
(5�-GCACAGCGATCCACTCATATCTT-3�), and Ton2R3 (5�-ATAGCA-
GCCAAATCATCAGCGTTTA-3�). For APRT1, primers 5�-TCCCAG-
AATCGCTAAGATTGCC-3� and 5�-CCTTTCCCTTAAGCTCTG-3� were
used.

Yeast Two-Hybrid Assays

The TON2 coding sequence was amplified by PCR from clone
YAY132 using primers Ton2Nco (see above) and Ton2Stop (5�-CCC-
GAATTCGTCGACTCACTGAGACTCTTCCTCAGGTGG-3�) using Pfu
polymerase as indicated by the supplier (Stratagene). The resulting
amplification product was introduced into the EcoRI site of pGEX5X-1
(Pharmacia Biotech) and sequenced fully. The full-length TON2 cod-
ing sequence was isolated as an EcoRI fragment and introduced into
the yeast vector pGBT9 (Clontech, Palo Alto, CA) to give pGBT9-
TON2, which contained an in-frame fusion of the GAL4 DNA binding
domain with TON2. The N-terminal (up to Gln-268) and C-terminal
(from Glu-269) parts of TON2 also were introduced in frame in the
same vector. The C-terminal PstI fragment was removed from
pGBT9-TON2 to give pGBT9-TON2Nterm, which contains the GAL4
domain fused to the first 268 residues of the TON2 protein; the same
PstI fragment was isolated from pGBT9-TON2, blunt ended using T4
Polymerase (Invitrogen), and introduced in the SmaI site of pGBT9 to
give pGBT9-TON2Cterm, a fusion of the GAL4 DNA binding domain
with the C-terminal part of TON2 from Glu-269.

Plasmids pGBT9 and pGAD424 (Clontech) containing cDNAs en-
coding Arabidopsis type 2A protein phosphatase subunits A�, A��,
B��, and c-1, which were generously provided by S. Rundle (Western
Carolina University, Cullowhee, NC), were described by Haynes et al.
(1999). Constructs were cotransformed into yeast strain HF7c (Clon-
tech) using the lithium acetate procedure and plated onto yeast min-
imal medium lacking either Leu and Trp or Leu, Trp, and His (Bartel et
al., 1993).

Accession Numbers

The accession numbers for the sequences described in this article
are AF290025 (BAC F20K17), Z35033 and Z35032 (Arabidopsis 5�

and 3� ESTs, respectively), AF280057 (cDNA clone YAY132), and
NP_060387 (HsTON2).
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