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Wall-bound purple acid phosphatases have been shown to be potentially involved in the regulation of plant cell growth. The
aim of this work was to further investigate the function of one of these phosphatases in tobacco (Nicotiana tabacum), NtPAP12,
using transgenic cells overexpressing the enzyme. The transgenic cells exhibited a higher level of phosphatase activity in their
walls. The corresponding protoplasts regenerating a cell wall exhibited a higher rate of b-glucan synthesis and cellulose
deposition was increased in the walls of the transgenic cells. A higher level of plasma membrane glucan synthase activities was
also measured in detergent extracts of membrane fractions from the transgenic line, while no activation of Golgi-bound glycan
synthases was detected. Enzymatic hydrolysis and methylation analysis were performed on the products synthesized in vitro
by the plasma membrane enzymes from the wild-type and transgenic lines extracted with digitonin and incubated with
radioactive UDP-glucose. The data showed that the glucans consisted of callose and cellulose and that the amount of each
glucan synthesized by the enzyme preparation from the transgenic cells was significantly higher than in the case of the wild-
type cells. The demonstration that callose and cellulose synthases are activated in cells overexpressing the wall-bound
phosphatase NtPAP12 suggests a regulation of these carbohydrate synthases by a phosphorylation/dephosphorylation
process, as well as a role of wall-bound phosphatases in the regulation of cell wall biosynthesis.

Plant cell walls contain acid phosphatases (EC
3.1.3.2) that are potentially involved in regulating cell
growth processes. Recently, we suggested that the
wall-bound purple acid phosphatase NtPAP12 from
tobacco (Nicotiana tabacum) functions as a protein
phosphatase (Kaida et al., 2008) and promotes cellu-
lose synthesis (Sano et al., 2003). Its transcription level
was significantly increased in protoplasts during wall
regeneration (Kaida et al., 2003). Interestingly, addition
of the phosphatase to the protoplasts accelerated
b-glucan deposition, whereas the addition of anti-

bodies directed against the phosphatase prevented
b-glucan deposition (Sano et al., 2003). Part of the
b-glucans formed by tobacco protoplasts during the
early stage of wall regeneration consist of b-1,4-
glucans (Shea et al., 1989). It was hypothesized that
the same enzyme may be involved in the biosynthesis
of callose and cellulose and that the biosynthesis of either
polysaccharide may be controlled by phosphorylation
(Delmer, 1999). However, experimental data showed
that the cellulose and callose synthase catalytic sub-
units are encoded by different genes (Pear et al., 1996;
Arioli et al., 1998; Cui et al., 2001; Doblin et al., 2001;
Hong et al., 2001a; Li et al., 2003; Brownfield et al.,
2007). Indeed, these proteins show no significant se-
quence similarity and are grouped in different glyco-
syltransferase families in the CAZY database (http://
www.cazy.org), family 2 for cellulose synthase and
family 48 for callose synthase (Cantarel et al., 2009).
Thus, it is currently admitted that callose and cellulose
synthases correspond to two different enzyme pro-
teins. Notwithstanding the existence of two different
enzymes catalyzing the polymerization of callose and
cellulose, it is possible that the two activities are
coregulated by phosphorylation/dephosphorylation,
but this remains to be demonstrated. Several putative
cytoplasmic phosphorylation sites have been identi-
fied in cellulose synthase in Arabidopsis (Arabidopsis
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thaliana) using a phosphoproteomics approach (Nühse
et al., 2004) but their regulatory function was not
determined. A more recent report on the identification
of the phosphorylation sites of AtCesA7, which is a
cellulose synthase subunit involved in secondary cell
wall formation in Arabidopsis, points toward a role of
phosphorylation events in regulating the turnover of
cellulose synthase by proteolysis through a proteasome-
dependent pathway (Taylor, 2007). The implication
of phosphorylation in the regulation of b-glucan
synthases has also been proposed in pea (Pisum

sativum) stems (Ray, 1973). In addition, sodium fluo-
ride, which inhibits the action of phosphoprotein
phosphatases was shown to increase by 5-fold
b-glucan synthase activity from corn (Zea mays)
in the presence of Ca2+, possibly in a calmodulin-
dependent manner (Paliyath and Poovaiah, 1988).
Overall, phosphorylation seems to play an important
role in the regulation of the activities of plant b-glucan
synthases, including cellulose synthase, but the un-
derlying molecular mechanisms and resulting effects
are poorly understood.

Figure 1. Deposition of purple acid
phosphatase (PAP) and b-glucan
on plasma membrane sheets
during time course. Plasma mem-
brane sheets were prepared from
protoplasts cultured in the wall-
regeneration medium for 0, 5, 15,
30, and 60 min. Purple acid phos-
phatase was detected with anti-
wall-bound purple acid phosphate
antibodies and b-glucan was
stained with Calcofluor White.
Each image was joined from five
0.6 mm optical section images.
Bar = 50 mm.

Figure 2. Series of optical section images (0.6 mm) from the plasma membrane surface to the outer part of the cell wall. Plasma
membrane sheets were prepared from protoplasts cultured in the wall-regeneration medium for 30 min. Purple acid phosphatase
(PAP) was detected using anti-wall-bound purple acid phosphate antibody and b-glucan was stained with Calcofluor.
Bar = 50 mm.

Activation of Glucan Synthases by Phosphatase

Plant Physiol. Vol. 150, 2009 1823



To shed light on the possible function of NtPAP12 in
the regulation of b-glucan and cellulose biosynthesis,
expression of the phosphatase was induced at the
early stage of wall regeneration in tobacco protoplasts
(Kaida et al., 2003). Here we have exploited this sys-
tem to demonstrate both in vivo and in vitro that
overexpression of NtPAP12 activates the plasma
membrane-bound cellulose and callose synthases,
while Golgi b-glucan synthases and xyloglucan xylo-
syltransferases were not affected. Our work reveals
that NtPAP12 is involved in the regulation of callose
and cellulose synthases and, indirectly, in cell growth
and morphogenesis.

RESULTS

Localization of Purple Acid Phosphatase and b-Glucans

in Tobacco Protoplasts during Wall Regeneration

To determine the localization of NtPAP12 in proto-
plasts undergoing cell wall regeneration, an aliquot of
the protoplast suspension overexpressing the phos-
phatase gene was transferred to a coverslip coated
with polylysine and incubated in the medium for wall
regeneration. At the early stages of regeneration (0–60
min), the cells were subjected to lysis with a low
osmotic buffer to obtain immobilized disc-shaped
protoplast ghosts designated as plasma membrane
sheets (Hirai et al., 1998). A double detection based on
immunofluorescence labeling of purple acid phospha-
tase and Calcofluor White staining of b-glucans was
subsequently performed. Fluorescence microscopy
showed that the purple acid phosphatase could be
visualized between the plasma membrane sheets and
the polylysine-coated coverslip immediately after
the beginning of the incubation, and its deposition
increased with incubation time (Fig. 1). b-Glucan
microstructures had also been formed on the plasma
membrane sheets between the sheets and the
polylysine-coated coverslip (Fig. 1). The b-glucan
stained with Calcofluor White first emerged as dots at
many loci within a few minutes after the beginning of
the incubation, and short microstructures, most likely
microfibril aggregates, were clearly visible after about
15 min of incubation. Merged images showed that
phosphatase deposition and b-glucan formation seem
to occur near the surface of the plasma membrane (Fig.
1). A series of optical section images were recorded
using steps of 0.6 mm depth from the membrane to the
outside of the walls (Fig. 2). Purple acid phosphatase
was detected in the walls with a higher intensity in the
sections closest to the membrane. The intensity of
the signal gradually decreased in the outer layers
of the scan. It seems likely that the phosphatase is
essentially present in close proximity to the plasma
membrane (Fig. 2). The b-glucan microstructures ap-
peared to be uniformly distributed at the surface of the
membrane and formed a 3-mm thick extracellular layer
(Fig. 2).

Levels of Expression of Phosphatase and b-Glucan

Deposition at the Surface of the Protoplasts

We produced transgenic tobacco cells (XD-6) that
overexpressed NtPAP12 under the control of an en-
hanced constitutive promoter, the cauliflower mosaic
virus 35S promoter (Mitsuhara et al., 1996), to study
the role of purple acid phosphatase in the walls
of tobacco cells. Transgenic cells overexpressing
NtPAP12 and wild-type cells at logarithmic phase
were harvested and the levels of expression of the
enzyme were measured by both western blot using
antiphosphatase antibodies and assaying phosphatase
activity. Considerably more of the 220-kD polypeptide
was present in the walls of the transgenic cells than in
those of the wild-type cells (Fig. 3A). Although the
amount of the 120-kD polypeptide in the walls of the
transgenic and wild-type cells was comparable, as
judged by western blotting, the amount of the 220-kD
polypeptide was significantly higher in the walls of the
transgenic cells compared to those of the wild-type
cells. The phosphatase occurs as a 120-kD dimer
composed of two subunits of 60 kD in the Golgi, and
this dimer is translocated to the walls where it forms a
tetramer of 220 kD (Kaida et al., 2008). The activity of
the phosphatase was 20-fold higher in the walls of the
transgenic cells compared to the wild-type cells (Fig.

Figure 3. Expression levels of purple acid phosphatase (PAP) and acid
phosphatase activities in the transgenic cells overexpressing NtPAP12
and in the wild-type cells. SDS-PAGE under nonreducing conditions
was performed on 20 mg of wall proteins prepared from cells at a
logarithmic growth phase (A) or from protoplasts regenerating walls
for 30 min (B). In each case, immunoblot analysis was performed
using rabbit anti-wall-bound purple acid phosphatase antibody. C and
D, Acid phosphatase activity in the walls from suspension-cultured
tobacco cells at the exponential phase (C) or from protoplasts at the
early stage of wall regeneration (D). White circles, Wild-type proto-
plasts; black circles, transgenic protoplasts overexpressing NtPAP12.
The activity values represent the mean of three incubation mixtures
for each reaction with individual values varying from the mean
by ,5%.
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3C). Consistent with the induction of NtPAP12 during
wall regeneration (Kaida et al., 2003), the level of the
220-kD polypeptide was rather high in the regenerat-
ing walls of the wild-type cells and even higher in
those of the transgenic cells (Fig. 3). The levels of
activity in the nascent walls on the protoplasts over-
expressing NtPAP12 doubled at the early stage of the
regeneration compared to those in the wild-type pro-
toplasts (Fig. 3D).
b-Glucan formed at the surface of the protoplasts

overexpressing NtPAP12 as judged by Calcofluor
White staining (Supplemental Fig. S1). The amount
of polysaccharide synthesized by the transgenic pro-
toplasts after 60 min regeneration were about 2-fold
higher than in the case of the wild-type protoplasts
(Table I). Based on methylation analysis, terminal,
3-linked, and 4-linked Glcs were each increased in the
regenerated walls of the transgenic cells compared
to wild-type cells, by factors of 1.8, 2.4, and 1.7,
respectively (Table II). This indicates that the expres-
sion of the phosphatase was accompanied by en-
hanced b-glucan deposition, during which b-glucan
synthases might be activated. In suspension-cultured
cells the overexpression of NtPAP12 provoked an
increase of cellulose deposition during cell growth
compared to the wild-type cells, while the pectin
content was slightly decreased (Supplemental Fig.
S2). Altogether these results demonstrate that over-
expression of NtPAP12 increased callose and cellulose
deposition in tobacco cells.

Effect of Phosphatase Overexpression on in Vitro
b-Glucan Synthase Activities

To further investigate whether the overexpression of
NtPAP12 is accompanied by higher callose and cellu-
lose synthase activities in vitro, we measured the
activity of glucan synthases in digitonin extracts of
microsomal preparations from transgenic and wild-
type tobacco cells. Glucan synthase activities increased
with increasing amounts of membrane proteins in the
assay mixture for both enzyme preparations (Fig. 4A).
However, after 10 min incubation of the detergent
extracts in the presence of UDP-Glc, the incorporation
of Glc into glucans was twice as high in the case of the

transgenic cells at any protein concentration tested
(Fig. 4A). The Glc incorporation was also systemati-
cally higher during the time course in the case of the
detergent extracts from the transgenic cells (Fig. 4B). In
particular, glucan formation from enzyme extracts
from the transgenic cells was about 2-fold higher
during the initial phase of incorporation and 2.7-fold
higher at the extent of incorporation, compared to
wild-type cells.

To confirm the nature of the reaction products, the
insoluble material obtained from the in vitro synthesis
experiment was subjected to enzymatic hydrolysis
with a cellulase and the hydrolysate was analyzed
by paper chromatography. The analysis revealed that
the hydrolysate corresponding to the glucans from
the transgenic cells contained significantly higher
amounts of cellobiose and cellotriose compared to
the situation in wild-type cells (Fig. 4C). Laminaribiose
was also faintly observed in the hydrolysates. In
addition, the overall amount of glucan synthesized
was significantly higher for the transgenic cells than
for the wild-type cells, thereby confirming the results
obtained prior to product characterization (Fig. 4, A
and B). Altogether these results showed that the phos-
phatase significantly accelerated the synthesis of b-1,4-
glucan together with callose.

The glucan products after treatment with the acetic
acid/nitric acid (Updegraff) reagent (Updegraff, 1969)
were also subjected to methylation analysis and the
resulting permethylated alditol acetates were ana-
lyzed by paper chromatography (Fig. 4D). The alditol
acetate characteristic of 4-linked Glc (1,4,5-tri-O-acetyl-
2,3,6-tri-O-methyl-D-glucitol) was detected in the prep-
arations obtained from both the wild-type and the
transgenic cells. The intensity of the spot was about
twice as high in the case of the product from the
transgenic cells compared to that of the wild-type cells
(Fig. 4D). This confirms a higher synthesis of cellulose
in the transgenic cells. Altogether these data indicated

Table II. Sugar linkages of polysaccharides from the regenerated
walls of protoplasts

Glycosyl linkages were determined as methylated alditolacetates by
gas-liquid chromatography. Average and SD values were obtained from
three different experiments. PAP, Purple acid phosphatase.

Glycosyl Linkage Wild Type PAP Overexpression

nmol per mL cells

Terminal Ara 10.5 6 0.3 4.4 6 0.1
Terminal Xyl 2.6 6 0.1 2.1 6 0.1
Terminal Glc 17.6 6 0.6 31.7 6 0.9
5-linked Ara 9.2 6 0.2 9.5 6 0.5
4-linked Xyl 18.4 6 0.6 12.7 6 0.6
3-linked Glc 8.8 6 0.4 21.1 6 0.8
4-linked Man 11.0 6 0.5 7.3 6 0.3
3-linked Gal 9.9 6 0.4 9.1 6 0.4
4-linked Glc 86.8 6 2.4 145.6 6 5.2
6-linked Gal 5.7 6 0.2 5.5 6 0.3
4,6-linked Glc 6.5 6 0.2 5.3 6 0.2
3,6-linked Gal 13.1 6 0.6 14.1 6 0.6

Table I. Amount of extracellular polysaccharides formed by
protoplasts at 60 h after onset of wall regeneration

Total polysaccharides of cell walls isolated from wild-type and
transgenic protoplasts, and total polysaccharides secreted by wild-type
and transgenic protoplasts into the cell wall regeneration medium
were determined by the phenol-sulfuric acid method (see “Materials
and Methods”). Average and SD values were obtained from three
different experiments. PAP, Purple acid phosphatase.

Fraction Wild Type PAP Overexpression

mg per mL cells

Wall 32 6 4 61 6 5
Medium 23 6 2 52 6 4
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that cellulose synthase activity was higher in the cells
overexpressing NtPAP12.

To further analyze the extent of activation of glucan
synthases from different types of membranes, we
fractionated the microsomal fraction into intracellular
and plasma membranes and measured glucan syn-
thase activities in preparations from both the wild-
type and the transgenic cells (Table III). In agreement
with the data presented above, the activity of callose
synthase, which is located in the plasma membrane
and catalyzes the incorporation of Glc from UDP-Glc
into 1,3-b-glucan (glucan synthase II), was 1.8-fold
higher in the preparation from the transgenic cells
than in the preparation fromwild-type cells. However,
no difference in activity was observed for the Golgi-
located 1,4-b-glucan synthase (glucan synthase I) or

xyloglucan xylosyltransferase, which shows that the
overexpression of NtPAP12 did not affect glycan syn-
thases from the Golgi membranes. The phosphatase
instead promotes the activities of callose and cellulose
synthases (Tables II and III; Fig. 4), which are located in
the plasma membrane.

DISCUSSION

Our data demonstrate that the activities of callose
and cellulose synthases are enhanced by the over-
expression of the wall-bound purple acid phosphatase
in tobacco cells. This is supported by several lines of
evidence: (1) the transgenic protoplasts regenerating a
cell wall exhibit a higher rate of b-glucan synthesis; (2)

Figure 4. In vitro synthesis of b-glucans and product characterization. A, Reaction performed in the presence of variable
amounts of protein during 10 min in conditions favoring cellulose biosynthesis (see “Materials and Methods”). White circles,
Wild type; black circles, cells overexpressing purple acid phosphatase (PAP). The values represent the mean of three incubation
mixtures for each reaction with individual values varying from the mean by ,5%. B, Time course synthesis of b-glucan. Ten
micrograms of protein was used for each reaction. White circles, wild type; black circle, cells overexpressing purple acid
phosphatase. The values represent the mean of three incubation mixtures for each reaction with individual values varying from
the mean by ,5%. C, Paper chromatography of the enzymatic hydrolysates (cellulase) corresponding to the b-glucans
synthesized in vitro in conditions favoring cellulose biosynthesis. 14C-Polysaccharides formed from UDP-[14C]Glc were
precipitated with 70% ethanol containing 1 mM EDTA and washed four times with ethanol. Radioactive products (278 Bq) were
used for the wild-type and the transgenic cells. Arrows 1, 2, 3, and 4 indicate the position of Glc, laminaribiose, cellobiose, and
cellotriose, respectively. D, Thin-layer chromatography of the methylated alditol acetates corresponding to the glucans
synthesized in vitro. Radioactive products treated by the acetic/nitric acid reagent were used for the wild-type (56 Bq) and the
transgenic cells (111 Bq). Arrows 5 and 6 indicate 3-linked Glc and 4-linked Glc, respectively.
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the higher level of phosphatase activity in the walls of
the transgenic cells is correlated with a higher level
of glucan synthase activities in detergent extracts of
microsomal fractions; (3) the higher glucan synthase
activities observed in the transgenic line are specific
for the plasma membrane, whereas no activation of
Golgi-bound glycan synthases was detected; and (4)
product characterization based on enzymatic hydro-
lysis and methylation analysis unequivocally demon-
strates that the glucans synthesized in vitro by the
detergent extracts from both the wild-type and trans-
genic cells are callose and cellulose, and that the
amount of each glucan synthesized by the enzyme
preparation from the transgenic cells is higher than
that synthesized by the fraction from the wild-type
cells. It seems likely that callose synthase activity is
regulated by phosphorylation/dephosphorylation. It
remains, however, to determine whether the phosphor-
ylation event occurs directly on the callose synthase
catalytic subunit or on another protein that itself
controls callose synthase activity. A number of pro-
teins have been identified to be potentially involved in
the regulation of callose synthases; they could be the
target of NtPAP12. These include phragmoplastin, the
GTP-binding protein Rop1, and a UDP-glucosyltrans-
ferase potentially associated to the callose synthase
complex (Hong et al., 2001a, 2001b). However, the
localization of Rop1 on the cytoplasmic side of the
plasma membrane is not compatible with the locali-
zation of the product of the NtPAP12 gene, which is
located in the cell wall. In addition, phragmoplastin is
thought to interact only with the callose synthase
complex responsible for cell plate formation (Hong
et al., 2001a) while our data suggest a general activa-
tion of callose synthase activity in protoplasts regen-
erating a cell wall. Similarly, in the case of cellulose
synthase, the phosphorylation/dephosphorylation
process may occur directly on the catalytic subunit
itself. This is supported by the identification of several
phosphorylation sites in cellulose synthases from
Arabidopsis (Nühse et al., 2004). However, these sites
were predicted to be located on the cytoplasmic side of
the plasma membrane, which is not compatible with
the cell wall localization of NtPAP12. The identifica-
tion of phosphorylation sites in cellulose synthase was
also reported for AtCesA7, which is involved in sec-

ondary cell wall formation in Arabidopsis (Taylor,
2007). The data point toward a role of phosphorylation
in regulating the turnover of cellulose synthase by
proteolysis through a proteasome-dependent pathway
(Taylor, 2007), which again implies a cytoplasmic phos-
phorylation event. Thus, the information available to
date combined with our present data suggest that the
wall-bound NtPAP12 phosphatase from tobacco is
involved in the regulation of the cellulose synthase
activity by acting on an unidentifiedmembrane protein,
which may lead to the promotion of cellulose synthesis.
NtPAP12 was shown to be secreted to the wall via the
classical secretion pathway involving Golgi vesicles
(Sano et al., 2003; Kaida et al., 2008). Since the levels of
Golgi-located glycosyltransferases were not affected in
the tobacco cells overexpressing NtPAP12, it can be
hypothesized either that NtPAP12 is not functional in
the Golgi but only in its final destination, i.e. the cell
wall, or that the Golgi-bound glycosyltransferases are
not regulated by phosphorylation. Further work is
needed to demonstrate whether NtPAP12 is involved
in the coregulation of callose and cellulose synthases
as suggested earlier (Delmer, 1999).

Arabidopsis contains a large family of purple acid
phosphatases, which is composed of 29 genes, 28 of
which have signal peptides that are potentially in-
volved in the transfer of the proteins to the wall and/
or vacuole. As the amino acid sequence of NtPAP12 is
most similar to that of AtPAP10 (amino acid identity
higher than 80%), the analysis of the corresponding
knockout plants is in progress in our laboratory to
further characterize the function of these proteins.

MATERIALS AND METHODS

Cell Cultures

The tobacco (Nicotiana tabacum) cell line XD-6 derived from tobacco var.

Xanthi and the transgenic cells overexpressing NtPAP12 (Kaida et al., 2003)

under the S35 constitutive promoter were cultured in 40 mL of Murashige and

Skoog medium (Murashige and Skoog, 1962) containing 3% Suc and 4.5 mM

2,4-dichlorophenoxyacetic acid in 100-mL flasks. The flasks were shaken at 110

rpm at 25�C for 10 d.

Transformation of Tobacco Cells

NtPAP12 was amplified from tobacco cDNA (Kaida et al., 2003) by PCR

using a forward primer (5#-CTGGATCCTGGTGTGCAAAAATGGGTGTG-3#)
and reverse primer (5#-TTCACGATTTGGTTACCATGGACTC-3#). Next, the

cDNA was digested with BamHI and SacI, then introduced into the binary

vector under the control of an enhanced cauliflower mosaic virus 35S

promoter (Mitsuhara et al., 1996), and the plasmid was transformed into

Agrobacterium tumefaciens LBA4404.

The transformation of tobacco cells was performed according to the

method described previously (An, 1985). Tobacco cells (cell line XD-6) were

cocultivated with the bacteria for 4 d at 26�C. Then the cells were cultured in

40 mL of Murashige and Skoog medium supplemented with 50 mg/mL

kanamycin and 500 mg/mL cefotaxime. When the culture reached the sta-

tionary phase, 3 mL of culture was transferred to freshmedium supplemented

with 200 mg/mL kanamycin and 500 mg/mL cefotaxime. After an additional

10 culture cycles in the selective medium, we established a transgenic cell line

that had been cultured more than 200 times in the presence of 50 mg/mL

kanamycin. During inoculation, the phosphatase activity was always deter-

mined using phosphotyrosine as a substrate. The specific activity of phos-

phatase was always more than 20-fold higher for the transgenic cells (0.3 unit/

Table III. b-Glucan synthase activities in the Golgi and plasma
membranes fractionated from total microsomal fractions

Average and SD values were obtained from three different experi-
ments. PAP, Purple acid phosphatase.

Plant

Golgi-Bound

1,4-b-Glucan

Synthase

Plasma

Membrane-

Bound

Callose

Synthase

Xyloglucan

Xylosyltransferase

pmol mg21 protein

Wild type 38.3 6 0.9 4,183 6 133 30.8 6 0.8
PAP overexpression 37.7 6 1.2 7,652 6 201 28.8 6 1.1
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mg total proteins) than for the wild-type cells (0.014 unit/mg total proteins)

over a period of 5 years. All of the following experiments were performed

using a culture medium devoid of antibiotics.

Preparation and Culture of Protoplasts for

Wall Regeneration

Protoplasts were obtained by digestion of cell walls of suspension-cultured

tobacco cells with 1.5% (w/v) cellulase (Cellulase Onozuka RS, Yakult) and

0.05% (w/v) pectolyase Y-23 (Seishin Pharmaceutical) in the presence of 0.48 M

mannitol at pH 5.2 for 40 min. The protoplasts were filtered through a 60-mm

nylon mesh and purified by sedimentation through 13.7% Suc solution at 170g

for 1 min. Then, they were washed with 0.48 M mannitol and cultured in a

medium for cell wall regeneration (Nagata and Takebe, 1970) at a density of

105 protoplasts mL21 at 26�C, and harvested by centrifugation at 170g for

1 min. The cell wall regeneration medium (pH 5.8) contained 20 mM CaCl2, 0.2

mM KH2PO4, 1.0 mM KNO3, and 2.0 mM MgSO4 as major component, 1.0 mM KI

and 0.01 mM CuSO4 as minor component, 1.0 mg L21 thiamine, 100 mg L21

inositol, 2.0 mg L21 Gly, and 0.48 M mannitol.

Preparation of Plasma Membrane Sheets and
Immunofluorescence Staining

Localizations of extracellular purple acid phosphatase and b-glucans were

determined using plasma membrane sheets (Hirai et al., 1998). The proto-

plasts were immediately transferred to a coverslip that had been coated with

poly-L-Lys (molecular weight 70,000–150,000, Sigma-Aldrich), and covered

with the medium for cell wall regeneration. After incubation, the protoplasts

were subjected to lysis in 50 mM PIPES-KOH (pH 6.8) containing 1 mM MgCl2
and 5 mM EGTA, then fixed with 50 mM PIPES-KOH (pH 6.8) containing 3.7%

(w/v) formaldehyde, 1 mM MgSO4, 5 mM EDTA, and 1% glycerol. Membrane

permeabilization was induced by treatment with 50 mM PIPES-KOH (pH 6.8)

containing 0.5% (v/v) Triton X-100, 1 mM MgSO4, 5 mM EDTA, and 1%

glycerol for 5 min. Prior to immunostaining, the membrane sheets were

blocked with phosphate-buffered saline (20 mM sodium phosphate, pH 7.0

and 150 mM NaCl) containing 1% (w/v) bovine serum albumin, 0.1 M Gly, and

0.05% Triton X-100 for 20 min. Purple acid phosphatase was detected with a

rabbit antitobacco purple acid phosphatase antibody and Alexa Fluor 568

conjugated antirabbit IgG (Invitrogen). b-Glucan microfibrils were stained

with 0.002% Calcofluor White. The membrane sheets were subsequently

embedded in an antifading reagent (SlowFade Light; Invitrogen) and ob-

served under a fluorescence microscope (Olympus BX50) equipped with a

confocal laser-scanning head system (Leica TCSNT).

Preparation of Purple Acid Phosphatase

Suspension-cultured tobacco cells were homogenized in 50 mM HEPES-

KOH (pH 7.0) buffer containing 1 mM dithiothreitol, using a Teflon-glass

homogenizer at 1,500 rpm for 20 min. The wall materials were collected on

nylon mesh (pore size, 50 mm) and washed with 10 mM HEPES-KOH buffer

(pH 7.0) by centrifugation at 5,000g for 20 min. The wall-bound phosphatase

was extracted with the same buffer containing 0.7 M NaCl. The extract was

concentrated by precipitation with ammonium sulfate at 65% saturation.

Following centrifugation at 14,000g for 30 min, the pellet was dissolved with

10 mM HEPES-KOH buffer (pH 7.0) and dialyzed against the same buffer.

The protoplasts cultured in the medium for cell wall regeneration were

harvested by centrifugation at 500g for 2 min and homogenized in 50 mM

HEPES-KOH (pH 7.0) containing 1 mM dithiothreitol using a Teflon-glass

homogenizer at 1,200 rpm for 3 min. The homogenate was overlaid on 50 mM

HEPES-KOH (pH 7.0) containing 40% Suc and centrifuged at 40,000g for 30

min. The wall fraction (pellet) was collected and washed with 10 mM HEPES-

KOH buffer (pH 7.0) by centrifugation at 10,000g for 15 min. The wall-bound

phosphatase was extracted with the same buffer containing 0.7 M NaCl.

Immunoblotting Analysis

Twenty micrograms each of wall-bound proteins prepared as described

above were separated by SDS-PAGE under nonreducing conditions. The

proteins were electrotransferred to Hybond-ECL (GE Healthcare) and probed

first with rabbit anti-wall-bound purple acid phosphatase antibody, then with

a peroxidase-conjugated secondary antibody. Detection was performed using

ECL western blotting detection reagents (GE Healthcare).

Assay for Phosphatase

Phosphatase activity was assayed in a reaction mixture containing the

enzyme preparation, 1 mM phosphotyrosine, and 50 mM sodium acetate buffer

(pH 5.8) in a total volume of 0.1 mL. The phosphate released over the course of

3 min at 30�Cwas assayed according to Van Veldhoven and Mannaerts (1987).

One unit of activity was defined as the amount of enzyme necessary to

produce 1 mmol of phosphate in 1 min at 30�C.

Fractionation of Wall Polysaccharides from Tobacco Cells

and Protoplasts

Tobacco cells were homogenized in 50 mM HEPES-KOH (pH 7.0) contain-

ing 1 mM dithiothreitol using a Teflon-glass homogenizer at 1,400 rpm for 20

min. The homogenates were filtered on a nylon mesh (60 mm). The residue on

the nylon mesh was washed five times with 10 mM HEPES-KOH (pH 7.0;

centrifugation at 1,000g for 15 min).

The wall fractions were boiled for 3 min and treated with salivary amylase

and proteinase K (GibcoBRL). The regenerated wall fractions were subjected

to methylation analysis as described below. Carbohydrate contents recovered

from growing cells were determined after cell wall fractionation as follows:

Pectin and hemicellulose were extracted sequentially five times with 0.1 M

EDTA (pH 7.0) at 85�C and five times with 24% (w/w) KOH containing 0.1%

NaBH4 at 45�C, respectively. The final insoluble residue corresponding to

cellulose was dissolved with ice-cold 72% (w/v) sulfuric acid. Total sugar in

each fraction was determined by the phenol-sulfuric acid method (Dubois

et al., 1956).

Preparation of Microsomal Membranes

The wild-type and transgenic cells (50 g) were homogenized in a mortar

using 50 mL of homogenization buffer (50 mM MES-KOH, pH 6.0, containing

1 mM dithiothreitol, 1 mM EDTA, 0.4 M Suc, 10 mM KCl, and 2% bovine serum

albumin). The homogenates were centrifuged at 5,000g for 10 min. The

supernatant was layered onto 20 mM MES-KOH, pH 6.0, containing 1 mM

dithiothreitol and 1.6 M Suc (1.6 M Suc buffer) and centrifuged at 200,000g for

20 min. Microsomal membranes were observed as a thin band between the

homogenization buffer and the 1.6 M Suc buffer. The membrane fractions were

suspended in 20 mM MES-KOH, pH 6.0 containing 1 mM dithiothreitol, 1 mM

EDTA, and 0.4 M Suc, again layered on a 1.6 M Suc buffer, and centrifuged at

200,000g for 20 min. About 1 mL of microsomal membranes was collected. The

microsomal membranes from the wild-type cells (4.5 mg protein/mL) and

those from the transgenic cells (5.7 mg protein/mL) were subjected to glucan

synthase assays.

Preparation of Detergent Extracts from Microsomal
Membranes and Assays for Glucan Synthases

Digitonin extracts were prepared from the microsomal fraction as de-

scribed elsewhere (Colombani et al., 2004). Cellulose synthase was measured

by the method of Lai-Kee-Him et al. (2002). The detergent extracts from

microsomal membranes (50 mg of protein/150 mL) were incubated with a

mixture of UDP-Glc and UDP-[14C]Glc (6.1 GBq/mol; 1 mM total final

concentration), 10 mM MgCl2, 2 mM cellobiose, and 20 mM HEPES-KOH (pH

6.8) in a total volume of 200 mL. After incubation for 10 min at 25�C, the
reaction was stopped by the addition of the Updegraff reagent (80% acetic

acid/concentrated nitric acid, 10:1; Updegraff, 1969). The mixture was placed

in a boiling water bath for 30 min and the resulting insoluble material was

washed three times with water and 1 M acetic acid on disc-glass filters by

filtration, and the radioactivity remaining on the filters was measured by

liquid scintillation. The proportion of callose and cellulose synthesized in

these conditions were determined as described below (see “Sugar Analysis”).

Callose synthase in the fractions recovered after fractionation of the

microsomal fraction into Golgi and plasma membranes was measured by

the method of Van derWoude et al. (1974). The incubation mixture contained 2

mM UDP-[14C]Glc (12.1 GBq/mmol), 1 mM MgCl2, 0.1 mM cellobiose, 20 mM

HEPES-KOH (pH 6.8), and the enzyme preparation (100 mg of protein) in a

total volume of 20 mL. After incubation for 15 min at 25�C, the reaction was

stopped by the addition of 1 M NaOH. The insoluble material was washed

three times with water and 1 M acetic acid on glass filters by filtration and the

corresponding radioactivity was measured by liquid scintillation.
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Golgi-bound 1,4-b-glucan synthase was measured by the method of Ordin

and Hall (1968). The mixture contained 2 mM UDP-[14C]Glc (12.1 GBq/mol),

0.1 mM cellobiose, 20 mM HEPES-KOH (pH 6.8), and the enzyme preparation

(100 mg of protein) in a total volume of 20 mL. After incubation for 15 min at

25�C, the reaction was stopped by the addition of 1 M NaOH. The insoluble

material was washed three times with water and 1 M acetic acid on disc-glass

filters by filtration, and the radioactivity retained on the filters was measured.

Xyloglucan 6-a-D-xylosyltransferase activity was determined as described

previously (Hayashi et al., 1988). The incubationmixture contained 2 mMUDP-

[14C]Xyl (9.7 GBq/mmol), 1 mM MnCl2, 20 mM HEPES-KOH (pH 6.8), and the

enzyme preparation (100 mg of protein) in a total volume of 20 mL. After

incubation for 15 min at 25�C, the reaction was stopped by heating in a boiling

water bath for 5 min. Fifty microliters of carrier soybean (Glycine max)

xyloglucan solution containing 100 mg of xyloglucan and 1 mL of 95% ethanol

were added to the mixture, and the mixture was stirred and centrifuged. The

supernatant was removed, and the precipitate was washed with 70% ethanol.

The precipitate was suspended in 1 mL of 50 mM potassium acetate buffer (pH

5.0) containing 1 mg of Aspergillus oryzae enzyme preparation, and incubated

for 12 h at 40�C. The reaction was stopped by heating. The mixture was then

deionized with Amberlite IR-120 (H+) and concentrated to dryness in vacuo.

The digest was analyzed by paper chromatography with 1-propanol/ethyl

acetate/water, 3:2:1, as solvent. The area corresponding to isoprimeverose on

the paper was cut out and its radioactivity was measured. Units of specific

activity were defined as the amounts of [14C]Xyl (pmol) incorporated into

isoprimeverose per 15 min, per mg protein.

Sugar Analysis

14C-Polysaccharides formed from UDP-[14C]Glc were digested with Strep-

tomyces griceus endocellulase in 20 mM of sodium acetate buffer (pH 5.5) at

40�C for 48 h. The mixture was then deionized with Amberlite IR-120 (H+) and

concentrated to dryness in vacuo. The digest was analyzed by paper chro-

matography with 1-propanol/ethyl acetate/water, 6:1:2, as solvent.

Methylation analysis was carried out as described previously (Hayashi,

1989). Polysaccharides (100 mg) of wall fractions were dissolved in 0.5 mL

dimethyl sulfoxide and methyl sulfinyl carbanion (0.5 mL) was added to the

mixture. The mixture was agitated in an ultrasonic bath at 45�C for 4 h. Methyl

iodide (0.5 mL) was added dropwise during external cooling in ice water. The

mixture was again agitated in the ultrasonic bath for 30 min, dialyzed against

tapwater overnight to remove dimethyl sulfoxide, and concentrated to dryness.

The methylated polysaccharide was dissolved in 1.5 mL of 2 M trifluoroacetic

acid and hydrolyzed for 1 h at 120�C. The mixture was concentrated to dryness

and 1 mL of 0.5 M NaBH4 in 2 M NH4OHwas added. After reduction at 60�C for

1 h, the resulting alditols were acetylated according to the method of Blakeney

et al. (1983). The partially methylated alditol acetates were separated with a

gas chromatography system (Agilent Technologies) using a glass capillary

column DB-225 (0.25 mm 3 15 m, Agilent Technologies) with temperature

rising linearly from 140�C to 190�C at a rate of 2�C min21. The peaks were

identified by mass spectrometry (JMS K9, JEOL). The radioactive acetates

were also separated by thin-layer chromatography on silica gel at 50�C for

80 min using 1-hexane/diethyl ether/acetic acid, 6:3:1, as solvent.

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

libraries under accession number AB017967 (NtPAP12).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Wall regeneration in tobacco protoplasts over-

expressing purple acid phosphatase.

Supplemental Figure S2. Carbohydrate contents of the cell walls recov-

ered from growing cell suspension cultures.
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