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Summary

Two step procedure to induce synchronized cell division in
higher plant cells was developed. The cell cycle of suspension
cultured tobacco cells were arrested at Gl1/S phase by
the treatment with aphidicolin, an inhibitor of DNA polymerase,
then the cells were cultured in drug-free medium for 3 hours, and
propyzamide, an inhibitor of plant tubulin polymerization, was
added to the culture medium, and the cells were further cultured
for about 5 hours. One hundred minutes after the termination of
propyzamide treatment, the percentage of cells which had
phragmoplast reached 60%. This synchronization protocol will
greatly facilitate the study of plant cytokinesis.

Phragmoplasts were isolated from protoplasts prepared from
cells whose cell cycle were synchronized in anaphase to
telophase. In part 1 of this thesis, the structure of the
isolated phragmoplast was observed. Actin filaments in the
isolated phragmoplast were identified by decorating them with
heavy-meromyosin. Most of the filaments were oriented
perpendicularly or nearly perpendicularly to the equatorial plate
and in about 80% of the filaments thus oriented heavy-meromyosin
arrowheads pointed away from the plate. Abundant vesicles were
present in the isolated phragmoplast-nuclei complex and they were
essociated with phragmoplast microtubules.

In part 2 of this thesis, localizations of polysaccharide
synthases in the isolated phragmoplast were investigated. Isolated
phragmoplasts were incubated with radiolabeled UDP-sugars and the
radiolabeled products were localized by radioautography. The
results indicated that UDP-glucose: glucosyltransferase (glucan
synthase) was localized at the cell plate, UDP-glucose activated
UDP-xylose: xylosyl transferase (possible xyloglucan synthase)
was localized at the Golgi apparatus and UDP-galactose:
galactosyl transferase was localized at the cell plate. Some
properties of glucan synthase in the phragmoplast was also
examined.



General introduction

The mechanism of cytokinesis in higher plant cells is
~ different from that in animal cells. In animal cells,
cytokinesis is achieved by cleaving the cell after chromosomes
are separated. In higher plant cells, cytokinesis is achieved by
the construction of a new cell wall (cell plate) between two
daughter nuclei(Gunning 1982). Just after the chromosome
separation, a cytoskeletal structure called phragmoplast, which
contains microtubules and actin filaments, forms between two
daughter nuclei. Although phragmoplast microtubules certainly
play an important role in the construction of the cell plate,
little is known about the mechanism whereby phragmoplast
microtubules contribute to the construction of the cell plate.
One of the roles of phragmoplast microtubules is probably
transport of the Golgi vesicles. The role of actin filament is
not known. At later phase of cytokinesis, the phragmoplast
becomes annular shape and expands centrifugally, as the cell
plate expands. It is commonly supposed that (Gunning 1982)
before mitosis, the future division plane is decided and the
position where new cell wall meets with their parental wall is
marked by some specialization of its site. The expanding
phragmoplast is guided to the specialized site of the parental
cell wall by unknown mechanism.

Polysaccharides are major components of the cell plate.
However, knowledges about distribution or control of its
synthesis are limited.

Although there are many morphological and pharmacological
studies of the phragmoplast, biochemical studies are hampered by
the lack of suitable plant materials in which most of the ceils
have phragmoplast. I thought the development of the method which
enables us to induce highly synchronized cell division would
bring a breakthrough in the study of cytokinesis in plant cells.

In part 1 of this thesis, development of the procedure for
the induction of cell-cycle synchrony, isolation of the
phragmoplast, and the ultrastructure of the isclated phragmoplast
are reported. In part 2 of this thesis localization of several



polysaccharide synthases are reported.

The term phragmoplast generally means the cytoskeletal
component of the cytokinetic apparatus. However the phragmoplast
is structurally and functionally related to membrane system.
Isolated phragmoplasts were associated with daughter nuclei (part
1 and 2), and also the cell plates and the Golgi apparatus (part
2). So, in this report, I temporarily call this complex as a
phragmoplast.



Part 1 INDUCTION OF SYNCHRONIZED CELL DIVISION OF TOBACCO BY-2
CELLS, AND ISOLATION OF PHRAGMOPLASTS.

1.Introduction

Cytokinesis in the plant cell is achieved by cell plate
formation by an apparatus called phragmoplast. As the
phragmoplast appears only in anaphase and telophase, I thought
the development of the method which enables us to induce highly
synchronized cell division should greatly facilitate the study of
cytokinesis in plant cells.

Various methods for inducing the cell cycle synchrony in
plant cells have been reported (Erikson 1966, Jouanneau 1971,
Okamura et al. 1973, Nishinari and Yamaki 1976, Constabel ‘1977,
King 1980, Nagata et al. 1982, Amino et al. 1983, Nishinari and
Syono, 1986). Among them, the method using aphidicolin, an
inhibitor of DNA polymerase gives the highest degree of synchrony
(Nagata et al. 1982). Although it is reported that the method
enables us to obtain a cell population in which about 70% of
the cells are in mitotic phase, the method does not allow us to
obtain a cell population in which a high proportion of cells are
in some specific phase of mitosis. I attempted to develop a new
method in which sequential treatment of aphidicolin and
propyzamide was employed. Propyzamide was used for an plant
microtubule inhibitor because the effect of this drug has been
reported to be readily reversible (Izumi et al. 1983, Akashi et
al. 1988).

Isolateduspindles have contributed much to studies of
structure, function and biochemistry of this apparatus(Sakai
1978, Hirokawa 1985, Masuda and Cande 1987). As I thought
isolated phragmoplasts may offer good experimental system for the
study of this apparatus, I developed the method to isolate
phragmoplasts.

The presence in the phragmoplast of actin filaments were
observed by fluorescent labeled phallotoxins (Clayton and Lloyd
1985, Gunning and Wick 1985, Kakimoto and Shibaoka 1987a,
Palevitz 1987, Schmit and Lambert 1985, Seagull et al. 1987,



Traas et al. 1987, Schmit and Lambert 1990) as specific probes
for F-actin, and immunocytochemically (Schmit and Lambert, 1987).
But the role of actin filament is not known. Some workers ’
reported that cytochalasins inhibited cytokinesis (Schmit and
Lambert 1988, Traas et al. 1989, Mineyuki and Gunning 1990),
whereas others reported that they does not (Mole-Bajer and Bajer
1988, Palevitz 1987, Palevitz and Cresti 1989). As the direction
of force generation by actomyosin system is dependent on the
polarity of the actin filament, it is important to determine the
polarity of the filaments to understand the role of actin
filaments in the phragmoplast. Isolation of phragmoplasts made
it easy to decorate actin filaments in the phragmoplasts with
heavy-meromyosin for the determination of the pdlarity of the
filaments.

It has been well established that, the freeze substitution
method is superior to the conventional method in preserving the
ultrastructures of the samples for the electron microscopy. But
application of this technique for the phragmoplast in vivo is
difficult because the phragmoplast locates at the center of the
vacuolated cell, and this technique can be applied for only the
surface of the cells. Isolated phragmoplasts were observed using
this technique.

2.Materials and methods
2. 1. Plant material

Tobacco BY-2 cells (Nicotiana Tabacum "Bright Yellow 2")
were cultured in a modified Linsmaier and Skoog's medium(LS
medium) which contained 3% sucrose, 370 mg/l KH,PO,, 1.0 mg/1
thiamine hydrochloride and 0.2 mg/l 2,4-dichlorophenoxyacetic
acid (Nagata et al. 1981). The pH of the medium was adjusted to
5.8 before autoclaving. Cells were subcultured every 7 days by
transferring 2 ml of cell suspension into 95 ml of fresh medium
in 300 ml Erlenmeyer flasks, and they were shaken at 104
strokes/min in the dark at 27 °C.



2. 2. Drug treatment

To test effects of microtubule polymerase inhibitors on
mitosis, 3-day-old cells were cultured in the presence of
propyzamide (N-(1,l-dimethylpropynyl)-3,5-dichlorobenzamide), or
cremart(O~-ethyl O-(3-methyl-6-nitrophenyl)N-sec-
butylphosphorothioamidate), or Colchicine. It is reported that
propyzamide (Akashi et al., 1988) and cremart (Mita and Shibaoka,
1984) destroy plant microtubules. Propyzamide and cremart were
dissolved in DMSO and added to the cell suspension. The
concentration of DMSO was 0.1%, which had no effect on the cell
cycle. Colchicine was dissolved in distilled water and added to
the cell suspension. After 9 hour culture in the presence of the
drug, nuclei were stained with 1% orcein dissolved in 50% lactic
acid / 50% propionic acid and examined with light microscope.

2. 3. Synchronization of the cell cycle

To induce synchronizétion of the cell cycle, cells were treated
with aphidicolin essentially by the method of Nagata et al.(1982)
and then treated with propyzamide. About 20 ml of 7-day old
subcultured cells were suspended in 95 ml of modified LS medium.
Aphidicolin, dissolved at 5 mg / ml in DMSO, was added to the
cell suspension to make the final concentration of 2.5 ng/ml and
cells were cultured for 24 hours. DMSO at 0.1% or lower showed
no effect either on microtubules or on the cell division. Cells
were washed with 3% sucrose and cultured in modified LS medium.
Three hours after removal of aphidicolin, propyzamide was added
to the cell suspension to make the concentration of 5 uM and
cells were cultured further. Propyzamide was dissolved at 6 mM
in DMSO. In the presence of propyzamide, cell cycles were
arrested at methaphase-like state. About five hours after
addition of propyzamide when mitotic index reached plateau, cells
were washed with 3 % sucrose and cultured in modified LS medium.
Cells were sampled at appropriate time intervals for the
determination of the percentages of cells whose chromosomes were
not aligned at the equatorial plane (cells arrested at metaphase
+ cells in prophase), of cells whose chromosomes were aligned at



the equatorial plane (cells in normal metaphase), and of cells at
anaphase and telophase.

2. 4. Isolation of phragmoplasts

The cells treated with aphidicolin and then with propyzamide
were harvested 70 minutes after the termination of treatment with
propyzamide and incubated for 1 hour at room temperature in a
solution of wall-digesting enzymes which contained 1% Cellulase
Onozuka RS (Yakult Honsha Co., Tokyo), 0.1% Pectolyase Y23
(Seishin Parmaceutical Co., Tokyo) and 0.38 M sorbitol (pH 5.6).
Protoplasts released from the cells were collected and washed
with a solution of 0.35 M mannitol. For electron microscopy,
'phragmoplasts were isolated using buffer A as described below.
Protoplasts were transferred to buffer A (100 mM PIPES, pH 7.0, 1
mM MgCl,, 20 mM KC1, 0.3 M mannitol, 0.3 mM PMSF, 1 uM taxol, 50
pg/ml leupeptin, 0.1% Triton_x—loo, 0.1 uM rhodamine-phalloidin,
0.2 mg/ml tropomyosin, 0.5 mg/ml heavy meromyosin, 0.15 mM
spermine, 0.5 mM spermidine, 1 mM dithiothreitol). 1In this
buffer, the plasma membranes were dissolved and protoplasts
released phragmoplasts. Released phragmoplasts were collected by
low speed centrifugation (170xg for 2 min). Taxol or EGTA was
added to the buffer A to preserve microtubules, and tropomyosin
was added to preserve actin filaments (Kakimoto and Shibaoka
1987b). Heavy meromyosin was used to identify actin filaments
(Ishikawa et al. 1969), and spermine and spermidine to stabilize
‘nuclei (Willmitzer and Wagner 1981). Rhodamine-phalloidin was
added to buffer A to stabilize actin filaments and allowed us to
check whether or not actin filaments in isolated phragmoplasts
can withstand the fixatives used for preparing specimens for
electron microscopy. For other experiments, phragmoplasts were
isolated using bufferB. Protoplasts were transferred to buffer B
(100 mM PIPES, pH 7.0, 1 mM MgCl,, 20 mM KCl, 0.3 M mannitol, 0.3
mM PMSF, 5 mM EGTA, 50 pg/ml leupeptin, 0.1% Triton X-100, 1 mM
dithiothreitol) to dissolve the plasma membranes of the
protoplasts. Released phragmoplasts were collected by
centrifugation (170g for 2 minutes) and washed with buffer B from



which triton X-100 was omitted.

2. 5. Fluorescence microscopy

Cells or isolated phragmoplasts were fixed with 3.1%
formaldehyde in potassium phosphate buffer (50 mM, pH 7.0) that
contained 1 mM MgCl,, 5 mM EGTA and 0.3 mM PMSF, for 40 minutes.
Fixed cells were washed with PBS (8 mM phosphate-KOH, 0.9% NacCl)
and treated with cell wall digesting enzyme solution (0.5%
Cellulase Onozuka RS, 0.05% Pectolyase Y-23, 5 mM EGTA, 50 ng/ml
leupeptin, 0.3 M mannitol, pH=5.5) for 5 min at room temperature,
then washed with PBS and extracted for 10 min at room temperature
with PBS that contained 0.1% Triton X-100. Isolated
phragmoplasts were not treated with enzyme solution or Triton X-
100. Cells or isolated phragmoplasts were incubated with mouse
monoclonal antibody against chick brain y-tubulin (Amersham,
Buckinghamshire, U. K.), diluted 1: 500 in PBS which contained 1%
BSA at 27 € for 2 hours, washed with PBS and stained with FITC-
conjugated antibody raised against mouse IgG in rabbit (ICN
ImmunoBiologicals, Lisle, IL.), diluted 1:20 in PBS which
contained 1% BSA, at 27 € for 2 hours. They were washed with PBS
and stained with 0.5 mg/ml of DAPI, and observed with an BHS-RFK
fluoreacense microscopy with standard filter sets. They were
photographed with Fujichrome slide film (Fuji Film) or TriX
negative film (Kodak).

2. 6. Electron microscopy

For electron microscopy., phragmoplasts isolated with buffer
A were used. The isolated phragmoplasts were washed with PIPES-
Mg buffer (100 mM PIPES, pH 7.0, 1 mM MgCl,, 20 mM KC1, 0.3 M
mannitol, 0.3 mM PMSF) that contained 0.1% lysine, and then with
PIPES-Mg buffer. Washing with the lysine solution was désigned
to stabilize actin filaments (Kakimoto and Shibaoka 1987a). The
washed phragmoplasts were fixed with 2.5% glutaraldehyde in 50 mM
potassium phosphate buffer (pH=7.0), dehydrated with acetone
series, stained en bloc with 0.1% hafnium chloride in acetone,
and embedded in Spurr's resin(Kakimoto and Shibaoka 1987b).



The ultrastructure of the phragmoplasts was also examined by
freeze-substitution electron microscopy (Van Harreveld and
Crowell 1964). The isolated phragmoplasts were rapidly frozen by
bringing them into contact with a copper block that had been pre-
cooled with liquid nitrogen. The frozen phragmoplasts were
transferred into a solution of 1% osmium tetraoxide in acetone
cooled in dry ice-acetone and left for 72 hours at -80°C. The
temperature of the fixed phragmoplasts was raised stepwise until
it reached that of the room. After settling at room temperature
for 30 minutes, the fixed phragmoplasts were stained en bloc in
0.1% hafnium chloride for 1 hour (Hatae et al. 1984) and embedded
in Spurr's resin. Sections were cut and stained with uranyl
acetate and lead citrate, and were examined with an electron
microscope (JEM-100C, Jeol, Tokyo).

3. Results
3. 1. Effects of propyzamide on the cell cycle

Three-day-old subcultured cells were cultured for 9 hours in
modified LS medium that contained various concentrations of
propyzamide, cremart or colchicine. In the presence of
propyzamide or cremart, chromosomes in BY-2 cells condensed to
assume a metaphase-like appearance, but they were not aligned in
an equatorial plate. In cells treated with 6 uM propyzamide or 1
PM cremart for 6 hours, only fragmented microtubules or none at
all were present from the observation by immunofluorescence
microscopy(data not shown). The mitotic index of 3-day-old
subcultured cells was about 7%. In the presence of propyzamide
(4 pM or higher) or cremart (0.3 uM or higher), the index
increased with time and reached about 25% after 9 hours, but
colchicine had no effect on the mitotic index(Fig. 1). After
about 6 hours, however, adjacent chromosomes in the cells treated
with propyzamide oe cremart began to fuse to produce multi-
nucleate cells. Extending the treatment with propyzamide for
more than 6 hours seems to be ineffective in increasing the
number of cells that resume the progression through the cell-
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cycle in synchrony. Effect of propyzamide on microtubules and
mitosis has already reported by Akashi et al(1988).

3. 2. Effect of aphidicolin on the cell cycle

Using the procedure of Nagata et al. (1982), we cultured 7-
day-old subcultured cells in modified LS medium that contained
2.5 ug/ml aphidicolin for 24 hours, and then transferred them to
fresh 2,4-D medium and continued their incubation. Treatment
with aphidicolin decreased the mitotic index of tobacco culture
cells to zero, but after the cells were transferred to the medium
that contained no aphidicolin the mitotic index increased with
time and reached a peak of about 40% (Fig. 2). The percentage of
cells having phragmoplasts, however, did not exceed 15% (data not
shown).

3. 3. Synchronization of the cell cycle

The results obtained demonstrated that both propyzamide and
aphidicolin were useful for inducing synchronization of the cell
cycle, but the degree of synchronization induced by propyzamide
or aphidicolin alone was far from satisfactory for our purposes.
Thus, we attempted to induce a higher degree of synchronization
by treating cells with both aphidicolin and propyzamide according
to the procedure described in "Materials and Methods."

Propyzamide increased the mitotic index of aphidicolin-pre-
treated cells to about 80% (Fig. 2). The increase in mitotic
index was due to the increase in the number of cells whose
chromosomes were not aligned in an equatorial plate (Fig. 2, 3a).
After removal of propyzamide, percentage of the cells whose
chromosomes were aligned in equatorial plane increased to reach a
peak of 60% after 40 minutes(Fig. 2. 3c). After 40 minutes,
anaphase cells began to appear, and after about 90 minutes the
percentage of cells in anaphase + telophase reached a peak of 60%
(Fig. 2, 3c). At this point the proportion of cells having the
phragmoplast was also about 60%. I also examined the feasibility
of cremart. Cremart(0.3 pM) also caused so called metaphase
arrest on tobacco BY-2 cells pretreated with aphidicolin, but the
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effect was not reversible.

Soon after the termination of treatment with propyzamide,
microtubules began to polymerize. As shown in Fig. 4e,
microtubules were observed after as little as 7 minutes, showing
that the effects of propyzamide can be reversed rapidly. After
14 minutes, the mitotic spindles became evident (Fig. 4f). After
90 minutes, phragmoplasts were observed at a high frequency (Fig.
4h). Similar experiments using subcultured cells of various ages
gave almost identical results, but when young subcultured cells,
such as 3-day-o0ld cells, were used, treatment with aphidicolin
for 20 - 22 hours gave better results than treatment for 24
hours.

3. 4. Isolation of phragmoplasts

It takes about 60 minutes to digest cell walls and release
protoplasts, and the cell cycle continues to proceed in cells in
the solution of wall-digesting enzymes. However, since the
progression through the cell cycle slows down as digestion of the.
cell walls progresses, treatment with the enzyme solution was
started 30 minutes before the percentage of cells with
phragmoplasts reached a peak (i.e. about 70 minutes after the
termination of treatment with propyzamide). This procedure gave
the maximum yield of isolated phragmoplasts.

Released protoplasts were lysed and phragmoplasts were
collected from the lysate by centrifugation. The phragmoplast-
rich pellet was washed with buffer B from which Triton X-100 was
omitted. The purity of the isolated phragmoplasts were about 60%
(Fig. 5). Since cell walls are thinner in 3-day-o0ld subcultured
cells than in 7-day-~old cells, preparation of protoplasts is much
easier with the former than with the latter cells.

3. 5. Association of daughter nuclei with phragmoplasts

The isolated phragmoplasts were associated with daughter
nuclei (Fig. 5, 6). The phragmoplasts isolated with lysis buffer
B showed no rhodamine-phalloidin staining, but were accompanied
by daughter nuclei, indicating that actin filaments are not
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involved in the association between phragmoplast and nuclei. The
phragmoplast-nuclei complexes isolated with buffer B were
incubated with Ca-PIPES buffer (100 mM PIPES, pH 7.0, 100,PM
CaCl,, 1 mM dithiothreitol) at 0°C for 20 minutes. Microtubules
in the phragmoplast disappeared as a result of this treatment
(Fig. 7b), but daughter nuclei were not separated by this
treatment (Fig. 7a). Microtubules do not seem to be involved in
maintaining the association between phragmoplast and nuclei.

3. 6. Ultrastructure of isolated phragmoplasts

Actin filaments as well as microtubules were present in the
phragmoplast-nuclei complexes isolated with buffer A and fixed by
conventional procedures (Fig. 8a,d). The vesicles that are
usually observed between phragmoplast microtubules and those at
the equatorial plane (Bajer 1968, Hepler and Jacson 1968) were
not well preserved (Fig. 8d). Microtubules extended from the
equatorial plate to the reforming daughter nuclei (Fig. 8a,b),
but actin filaments were not present near the daughter nuclei
(Fig. 8b). Actin filaments which bound heavy meromyosin and
formed arrowheads complexes were abundantly distributed near the
equatorial plate (Fig. 8d). Most of them were arranged in
parallel or nearly in parallel to the spindle axis, although they
were not as neatly arranged as microtubules (Fig. 8d). The
direction of myosin arrowheads was examined with 200 actin
filaments which were arranged in parallel or nearly in parallel
to the spindle axis. As the shapes of arrowheads were not
distinct in 50 filaments out of the 200, we determined the
direction of the arrowheads with 150 filaments, with the result
that 77% of them (115 filaments) had arrowheads pointing away
from the cell plate. Cross-bridges were often observed between
adjacent microtubules (Fig. 8c¢c). Thin filaments which were not
decorated with heavy meromyosin were also present in association
with microtubules (Fig. 8b).

Although vesicles were only poorly preserved by the
conventional method, they were well preserved by the freeze-
substitution method. Abundant vesicles, which appeared to be
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attached to microtubules were observed (Fig. 9%a, b).

4. Discussion

Treatment with aphidicolin increased the mitotic index of
tobacco culture cells, but it did not increase the percentage of
cells which synchronously formed phragmoplasts to a level high
enough for our purpose. This failure is due, at least partly, to
the distance in the cell cycle between the phase at which
aphidicblin arrests the cycle and the phase at which formation of
phragmoplasts occurs. Many events intervene between these two
phases and as the cells complete these various events the
synchronization of the cell cycle, induced by aphidicolin, may be
disturbed. The phase at which inhibitors of microtubules arrest
the cycle is close to the phase at which formation of
phragmoplasts occurs. Thus, in the anticipation that the use of
a microtubule inhibitor would improve the method for inducing the
synchronized formation of phragmoplasts, we examined the effects
of microtubule inhibitors. Propyzamide (Akashi et al. 1988) and
Cremart (Mita and Shibaoka, 1984) are known to be inhibitors of
plant microtubule. Cremart did not give a satisfactory result
because of the lack of the reversibility of its effect. The
effect of propyzamide was readily reversible as shown by Akashi
et al.(1988), and when applied to aphidicolin pretreated
cells, it gave a fairly good synchrony. It gave the percentage
of cells having phragmoplasts of about 60% and allowed us to
isolate a preparation of phragmoplasts with a purity of about
60%. The two step procedure to synchronize cell cycle will be a
great utility in the study of metaphase-anaphase/telophase-Gl
phase transition. And isolated phragmoplasts can be used for the
biochemical study of phragmoplast microtubule system.

Each isolated phragmoplast was associated with the daughter
nuclei. A firm association of the daughter nucleus with the
phragmoplast was demonstrated by Dawson et al. (1985) who
observed that a phragmoplast isolated from an onion root
meristematic cell during cell-squashing was still attached to one
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of the daughter nuclei. The association between phragmoplast and
nuclei was observed even in complexes which showed neither the
staining of microtubules nor of actin filaments. This result
suggests the involvement of cytoskeletal components other than
microtubules and actin filaments in the association of the
daughter nuclei with the phragmoplast. 1In this connection, it is
noteworthy that phragmoplasts bind antibody raised against
intermediate filament antigen (Dawson et al. 1985) and that thin
filaments which are not decorated by heavy meromyosin are present
in the isolated phragmoplast (Fig. 8b). We should examine
whether such thin filaments have some connection with
intermediate filaments or not.

Using isolated phragmoplast-nuclei complexes, we confirmed
the presence in the phragmoplast of actin filaments by electron
microscopy. Most of the actin filaments in the phragmoplast were
arranged in parallel or nearly in parallel to the spindle axis
and in about 80% of the filaments thus arranged heavy meromyosin
arrowheads pointed away from the equatorial plate, indicating
that the polarity of theyfilaments was opposite on two side of
the plate. This result and the well-known fact that arrowheads
on microfilaments in Characean plant cells point in the direction
opposite to that of cytoplasmic streaming (Keraey et al. 1976)
suggest the possible involvement of phragmoplast actin filaments
in the transport of vesicles toward the site of formation of the
cell plate.

To analyze the mechanism of transport of vesicles toward the
site of formation of the cell plate, it is also necessary to
examine thé relationship between vesicles and phragmoplast
microtubules. Although the vesicles in the isolated phragmoplast
were not well preserved by the conventional method of fixation,
they were preserved in satisfactory condition by the freeze-
substitution method. Thus, it appears that the freeze-
substitution method is superior to the conventional method for
studies of the relationship between vesicles and phragmoplast
microtubules. However, the freeze-substitution method does not
seem to give a satisfactory result in the case of the

15



phragmoplast in situ, perhaps because this method is useful only
for fixing specimens of 10 um thickness or less (Van Harreveld
and Crowell 1964) and the phragmoplast is usually located in the
center of vacuolated cells. The isolated phragmoplasts should be
of great utility for studies of the relationship between vesicles
and phragmoplast microtubules by freeze~-substitution electron
microscopy. Application of rapid freeze and deep etching
procedure for this sample will be possible and it will reveal
many aspects of the phragmoplast. As the isolated phragmoplast
microtubules associates many vesicles, it is possible to isoclate
the translocater of these vesicles.
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PART 2. POLYSACCHARIDE SYNTHESIS BY ISOLSTED PHRAGMOPLASTS

1.Introduction

In higher plant cells, cytokinesis is achieved by forming
the cell plate between two daughter nuclei(Gunning 1982). The
cell plate is formed by the coalescence of small vesicles which
accumulate in the plane of cell division. Based on the position
of the Golgi apparatus and the staining characteristics of the
Golgi vesicles and the cell plate, it has been proposed that
these vesicles are derived from the Golgi apparatus
(Gunning, 1982). The Golgi vesicles are supposed to contain new
cell wall materials including polysaccharides. Although
polysaccharides are major component of the cell plate, little is
known about synthesis and localization of its constituent.

Aniline-blue, relatively specific dye for callose(l,3—$-
glucan); stains the cell plate (Fulcher et al.l975). Recently,
immunocytochemistry was applied to investigate the localization
of polysaccharides. Northcote (1989) showed that callose is
present in the cell plate but not in the Golgi apparatus using
immunoelectron microscopy. ZXyvloglucan was localized in the Golgi
apparatus and in the cell plate(Moore and Staehelin 1988).

Biochemical studies showed that a UDP-glucose: 1,3-B-glucan
(callose) synthase is localized at the plasma membrane, and it is
in most cases latent and only activated by perturbed conditions.
Callose synthesis in the cell plate is one of the relatively rare
cases where callose is synthesized in vivo in a non perturbed
state. .So, I examined several properties of glucan synthase in
the isolated phragmoplasts. Though 1,4—P-glucan (cellulose)
synthesis in vitro by plasma membrane has not been succeeded, it
is believed that cellulose is synthesized at the plasma membrane
in vivo. Enzymes capable of producing the polysaccharide-
containing cell-wall components such as arabinosyl transferase
(Gardiner and Chrispeels 1975), glucosyl transferase (Ray et al.
1969), xylosyl transferase (Brummell et al. 1990, Ray 1980), and
fucosyl transferases (Brummell et al., Green and Northcote 1978,
James and Jones 1979) have been shown to reside largely in the
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Golgi apparatus from membrane fractionation studies. From these
studies, it is supposed that cellulose and callose are
'synthesized at the plasma membrane whereas other polysaccharides
are synthesized at the Golgi apparatus.

I directly localized glucosyl transferase (callose
synthase), UDP-glucose activated xylosyl transferase, and
galactosyl transferase in the isolated phragmoplasts. Glucosyl
transferase was localized at the cell plate, and UDP-glucose
activated xvlosyl transferase was localized at the Golgi
apparatus, as has been expected. Surprisingly, galactosyl
transferase was localized at the cell plate.

2. Materials and methods
2. 1. Isolation of protoplasts in anaphase to telophase

The cell cycle of BY-2 cells were synchronized by 2 step
synchronization method using aphidicolin and propyzamide as
described in part 1. Soon after the removal of propyzamide,
cells were suspended in an enzyme solution [1% Sumizyme bulk
grade (Shinnihonkagakukougyou Co., Showacho, Anjo-shi, Japan),
0.1% pectolyase Y-23 (Seishin Pharmaceutical Co., Tokyo) and 0.3
M mannitol dissolved in culture medium then adjusted the pH to
5.5] in an Erlenmeyer flasks which were gently shaken at 27°C.
Vigorous shaking made the protoplasts burst and gentle shaking
made its cell cycle arrested at metaphase because of anoxia. So,
during the enzyme treatment, the Erlenmeyer flasks were filled
with 100% oxygen and shaken gently. Under this condition,
chromosome segregation and cell plate formation proceeded with
normal time schedule.

2. 2. Isolation of phragmoplasts

To study polysaccharide synthesis in the phragmoplasts,
phragmoplasts were isolated without detergent. Protoplasts,
whose cell cycles were synchronized in anaphase to telophase,
were washed with a solution of 0.5 M mannitol and then suspended
in ice cold buffer (buffer C: 50 mM PIPES, 0.25 mM MgCl,, 300 mM
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sucrose, 0.25% BSA, 1 mM DTT, 50 ug/ml leupeptin, 10 pg/ml APMSF,
10 pg/ml pepstatin A, pH 7.0). This suspension was gently passed
through 16um nylon mesh. During the passage, protoplasts were
broken and released phragmoplasts. Released phragmoplasts were
washed with the same buffer by centrifugation(l?Oxg, 2 min) and
resuspended in the same buffer.

2. 3. Callose synthesis by isolated phragmoplasts

Suspension of isolated phragmoplasts were mixed with the
same volume of callose synthesis buffer (buffer C that contained
appropriate concentrations of UDP-glucose, 10 mM cellobiose and
200 pM CaCl,) and incubated for 4 min (for quantitative
estimation of the product) or 15 min (for radioautographycal
study and characterization of the product) at 27 °C. The
synthesis buffer contained 11 MBq/ml UDP-[6—3H]glucose (American
Radiolabeled Chemiéals Inc.; St. Louis Mo., U.S.A.) for
radioautography, 148 KBqg/ml UDP-[U—14C]g1ucose (American
Radiolabeled Chemicals Inc.) for characterization of the product
by enzyme digestion and 22 kBq/ml UDP—[U-14C]g1ucose for
quantitative estimation of the product. To examine the effect
of pH, isolated phragmoplasts were washed with a solution which
contained 0.5 M sucrose, 0.25 mM MgCl,, 0.25 $ BSA, 1 mM DTT, 50
pg/ml leupeptin, 10 ug/ml APMSF, 10 pg/ml pepstatin A) and
resuspended in the same solution. Reactions were started by
adding the same volume of solution which contained 50 mM PIPES-
KOH (pH 6.0, 6.5, 7.0) or 50 mM Tris-HCl (pH 7.0, 7.5, 8.0, 8.5),
200 uM UDP—[14C]g1u¢ose, 0.3 M sucrose, 0.25 mM MgCl,, 200 uM
CaCl,, 1 mM DTT, 10 mM cellobiose and protease inhibitors as

above.

2. 4. Characterization of the product by enzyme digestion

After glucan synthesis reactions, 1 ml of solution which
contained 1 M NaOH, 0.5 M NaHBO, and 0.5 mg/ml of acid swollen
cellulose were added to the 200 ul of the reaction mixture,
boiled for 20 min, and washed with water by centrifugation. The
pellet was incubated with 0.5 mg/ml of l,3-ﬁ—glucanase
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(laminarinase from mollusk; Sigma) dissolved in 20 mM sodium
acetate solution. The digest was chromatographed on Whatman 3 MM
paper with l-propanol/ethyl acetate/water(7:1:2, v/v/v) at 60 °C.
The chromatogram (23 cm in length) was cut into 0.5 cm fragments,
and the radioactivity of each fragment immersed in 5 ml of
scintillator (4 g/1 of PPO and 0.1 g/1 of bis-MSB in toluene) was
counted with a liquid scintillation counter.

2. 5. Transfer of xylose from UDP—[3H]xylose by isolated
phragmoplasts

Suspension of isolated phragmoplasts was mixed with the same
volume of xyloglucan synthesis buffer(buffer C which contained 56
M UDP—[6—3H]xylose(18.5 MBg/ml for autoradiography and 1.85
MBg/ml for quantitative study; NEN Research Products) 10 mM
MnCl, and 4 mM unlabeled UDP-glucose) and incubated for 30 min at
27 °C.

2. 6. Transfer of galactose from UDP—[3H]galactose by isolated
phragmoplasts

Suspension of isolated phragmoplasts was mixed with the same
volume of the buffer A, which contained 200 uM UDP—[3H]ga1actose
(148MBg/ml; American Radiolabeled Chemicals Inc.), 10 mM
cellobiose and 200 uM CaCl,, and incubated for 30 min at
27 °C.

2. 7. Fixation and Embedding

Isolated phragmoplasts which had been incubated with
radiolabeled substrates were fixed with excess volume of 2.5 %
glutaraldehyde in 50 mM cacodilate buffer (pH 7.0) which
contained 250 uM CaCl, and 250 pM MgCl, for 1 hour at room
temperature. They were washed with the same buffer for 3 times
by centrifugation and post fixed with 1% 0s0y4 for 1 hour at 0°C.
During fixation and washing, soluble materials including
substrates were lost and insoluble products remained in the
sample. Samples were washed with cold water, dehydrated by
ethanol series and propylene oxide, and embedded in Spurr's
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resin.
2. 8. Light microscope radioautography

Sections of 3.5 um thickness were cut and mounted on slide
glasses which had been coated with a mixture of the white of the
egg and glycerol (1:1, v/v). Slides with sevtions were covered
with radioautographic emulsion NR-M2 (Konica), exposed for 2-14
days and developed in Render (Fuji film, Tokyo, Japan). They
were dipped in 2.5% glutaraldehyde in 50 mM cacodilate buffer
(pF 7.0) to fix gelatin and stained with Paragon mixture, a
mixture of 1 part of Paragon Multiple Stain (0.19% toluidine
blue, 0.07% basic fuchsin and 30% ethanol; Paragon C. & C. Co.,
Inc.: Willow Ave., Bronx, N. Y. 10454, U.S.A.) and 3 part of 2%
sodium tetraborate. They were mounted in Malinol (Muto Pure
Chemicals Ltd. Tokyo, Japan) and photographed on a microscope
(BH-2; Olympus)using DPlan Apo 10 UV PL (10 x), DPlan Apo 20 UV
PL (20 x), Splan Apo 60 (60 x), DPlan Apo 100 UV (100 x) and
Fujichrome reversal film (ISO 100; Fuji Film).

2. 9. Electron microscope radioautography

Sections of golden color thickness were cut, mounted on
copper grids, covered with radioautographic emulsion NR-H2
(Konica) and exposed for about 1 month at 4. They were gold
latencificated with a solution which contained 0.004%
AuC13fHC1¥3H20, 0.5 mg/ml KSCN, 0.6 mg/ml KBr for 10 seconds and
developed in Rendor. To remove gelatin, grids were soaked in
distilled water for 30 min at 37 °C and consequently in 0.5 M
acetic acid for 30 min at 37 °C (Williams, 1977). After rinse,
they were stained with uranyl acetate and lead citrate. Samples
were observed with ah electron microscope (JEM-100S, Joel,
Tokyo).

2. 10. Measurements of the quantity of polysaccharides
synthesized in vitro

Glucan synthesis reaction, which was started as described
above, was stopped by dipping the test tube into ice. After
adding 5 volume of 70% ethanol which contained 2 mM EGTA (pH 7)
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and 5 mg/ml of carrier cellulose to the reaction mixture, the
mixture was kept at 0 °C overnight, and then filtered through
Whatman GF/C glass fiber filters and the residue was washed
successively with 75 ml of distilled water, 20 ml of acetone,
again with 75 ml of distilled water and 10 ml of acetone.

For xyloglucan synthase assays, reaction was terminated by
adding 4 volume of ethanol which contained 5 mg/ml of carrier
cellulose. The mixture was kept at 4°C overnight. The mixture
was filtered through Whatman glass fiber filter and the residue
was washed with 100 ml of 70% ethanol and 10 ml of acetone.

The dried filter with the residue was placed in a
scintillation vial with 5 ml of ACS 2 (Amersham) and the
radioactivity was counted with Beckman LS9000 liquid
scintillation counter.

2. 11. Fluorescence Microscopy

A suspension of isolated phragmoplasts was mixed with 1/10
volume of 37% formarin and kept for one hour at room temperature.
After being washed with PBS, phragmoplasts were incubated with
mouse monoclonal antibody against chick brain o/-tubulin
(Amersham, Buckinghamshire, U. K.), diluted 1: 500 in PBS which
contained 1% BSA, at 27 ° for 2 hours. Phragmoplasts were washed
with PBS and then stained with FITC-conjugated antibody raised
against mouse IgG in rabbit (ICN ImmunoBiologicals, Lisle, 1L.),
diluted 1:20 in PBS which contained 1% BSA, at 27°C for 2 hours.
Callose in the phragmoplasts was stained with 0.1% aniline blue
(Schmit, Kongén/N) in 50 mM Naj,HPOy4 and visualized by UV

excitation.

3. Results
3. 1. Localization of callose in dividing BY-2 cells.

Tobacco BY-2 cells, whose cell cycle was synchronized in
anaphase to telophase, were stained with 0.1% aniline
blue(Fig.10). Cell plates in BY-2 cells were stained with
aniline blue, which is relatively specific dye for callose
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(Currier, 1957; Eschrich and Curierr, 1964; Smith and McCully,
1978).
3. 2. Isolation of phragmoplasts

In part 1 of this thesis, I described the method for
isolation of phragmoplasts, in which I used Triton X-100.
Although the method was proved to be suitable for the study of
- cytoskeleton, it won't be suitable for the study of cell-wall
polysaccharide synthases, because the synthases have been
considered to be present in the membrane and therefore,
extractable with or labile against detergent. So, I developed a
method for the isolation of phragmoplasts which does not employ
detergent. Protoplasts at anaphase / telophase were passed
through 16 um nylon mesh. As the diémeter of the protoplasts is
about 40 um, protoplasts were broken and released phragmoplasts
by this procedure. Isolated phragmoplast retained microtubules
(Fig. 11), two daughter nuclei (Fig. 11), the cell plate and the
Golgi apparatus (Fig. 13).

3. 3. Incorporation of radioactivity into isolated phragmoplasts
formed from UDP—[3H]g1ucose

Isolated phragmoplasts were incubated with UDP—[3H]g1ucose
and the localization of radioactivity incorporated into insoluble
materials was investigated by radioautography. Silver grains
represent the sites of incorporation of radioactivity. The
majority of the radioactivity incorporated from UDP—[3H]g1ucose
at the concentrations of 5 uM, 100 uM or 1 mM UDP-glucose were
shown to be present at the cell plate (Fig. 12). Electron
microscope radioautograph shows no significant label at the Golgi
apparatus (Fig. 13).

The cell plate of isolated phragmoplasts was not stained
well with aniline blue (Fig. 14). Aniline-blue positive products
were formed at the cell plate when isolated phragmoplasts were
incubated with 1 mM UDP-glucose. Aniline-blue positive products
were formed at the whole cell plate in phragmoplasts of early
developmenal stage when microtubules of which are present between
two daughter nuclei, whereas mainly at the expanding site in
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phragmoplasts of the late developmental stage when microtubules
of which showed annular shape distribution. Aniline blue
staining of the isolated phragmoplasts was faint when they were
incubated with 100 uM UDP~-glucose, probably because the amount of
the product was small.

3. 4. Properties of callose synthase in the phragmoplasts

The rate of incorporation of radioactivity from 100 uM and
1 mM UDP—[14C]g1ucose into phragmoplasts were nearly linear with
respect to time up to 5 min (Fig. 15) and were linear with respect
to phragmoplast density in the assay mixture up to 0.35 mg/ml of
protein (Fig. 16). Four minutes of incubation at the protein
concgntrations of around 0.2 mg/ml was used for all quantitative
assays. Optimum pH for the reaction was 7.0 (Fig. 17). The
reaction was inhibited by 2 mM EGTA and slightly activated by 5
mM cellobiose, 5 mM laminaribiose (table 1), and activated by
substrate itself (Fig. 18). Double reciprocal plot of the rate of
the reaction (1/v) against the concentration of substrate(l/s) also
indicates substrate activation(Fig. 19). Eighty six percent of
radioactive product formed from 100 uM UDP—[14C]g1ucose were
degraded by 1,3-f-glucanase (0.5 mg/ml, 27°C, 4 hours) to release
radioactive glucose (Fig. 20).

3. 5. Incorporation of radioactivity into isolated phragmoplasts
from UDP-[BH]xylose in the presence of high concentration of
unlabeled UDP-glucose

In the absence of UDP-glucose, the amount of incorporation
from 28 nM UDP—[3H]Xylose into isolated phragmoplasts was 4.6% of
total radioactivity in assay mixture whereas addition of 2 mM
UDP-glucose increased the incorporation to 11.6% of the total.
In the presence of UDP-glucose, radiocactivity was probably
incorporated into xyloglucan, because this condition has been
reported to be preferable to xyloglucan synthesis (Hayashi and
Matsuda, 1981). But the possibility that the radiocactivity was
incorporated into other polysaccharides can not be excluded.

Localization of the radioactivity incorporated into insoluble
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products from UDP—[3H]xylose in the presence of high
concentration of unlabeled UDP-glucose were investigated by
radioautography(Fig. 21, 22). Photographs taken under the light
microscope showed that silver grains was present as scattered
aggregates around nuclei(Fig. 21). There were a few grains at
the cell plate, but the proportion of thus grains to the total
was low. These observations were confirmed by electron-
microscopy radioautogram (fig. 22). Silver grains were found at
the Golgi apparatus like structures and at unidentified
structures around nuclei, most of which were supposed to be Golgi
apparatus.

3. 6. Incorporation of radioactivity into isolated phragmoplasts
from UDP—[BH]galactose

Isolated phragmoplasts were incubated with/UDP—[3H]ga1actose
(100 pM) and the localization of the radioactivity incorporated
into insoluble materials was investigated by radioautography(Fig.
23, 24). Radioactivity at the cell plate was higher at the cell
plate than at other site of the phragmoplast. This suggests the
presence of galactosyl transferase at the cell plate. But we
should be careful because the absolute quantity of incorporation
was low: though the total applied radioactivity of UDP-
[3H]galactose (148 MBq/ml) was higher than that of UDP-
[3H]glucose (11 MBq/ml) or UDP-[3H]xylose(18.5 MBg/ml), density

of the silver grain was low.

4. Discussion

I reported the method to isolate phragmoplasts from tobacco
BY-2 cells (part 1). Although the method which employed
detergent was useful for the study of cytoskeleton, it seemed
unsuitable for the study of membrane protein. Actually, I
couldn't observe intact cell plate or the Golgi apparatus by
electron microscopy (part 1). So, I developed a method which
does not employ any detergent. The cell plate and the Golgi
apparatus were observed in phragmoplasts isolated by newly
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developed method which includes mechanical rupture of the
protoplast.

It has been considered that callose was present in the cell
- plate from observation of tissues of coon roots (Fulcher 1975) and
balsam roots (Jones 1977) stained with aniline blue, and from the
immunocytochemical observation of bean roots (Northcote et al.
1989). Aniline~blue staining revealed the presence of callose at
the cell plate of cultured tobacco cells. The presence of
callose in the cell plates of wide variety of plant species
indicates its importance.

It has been supposed that glucan are synthesized at the
plasma membrane and the cell plate whereas non glucan wall
polysaccharides are synthesized in the Golgi apparatus and
transported to the cell plate (Moore and Staehelin 1988).

Radioautographical study showed that callose was synthesized
at the cell plate as expected. The cell plates of isolated
phragmoplasts were not stained well with aniline blue. Aniline
blue staining in the cell plates of protoplasts were also weak
(Wu, X. personal communication). Aniline blue positive materials
were formed when the isolated phragmoplasts were incubated with 1
mM UDP-glucose mainly at the expanding region of the cell plate
in late stage of cytokinesis. I rarely observed localized
incorporation of radioactivity at the expanding region of the
cell plate by radiocautography of sectioned phragmoplasts,
indicating that the central region of isolated phragmoplasts also
form insoluble materials. Thus, the localized staining of the
phragmoplasts with aniline blue seems to indicate that the
radiocactivity from UDP-[3H]glucose is incorporated into some
materials other than callose or that aniline blue can not make
access to callose in the central part of the phragmoplast.

The cell plate is the rare cases where callose is synthesized
in non perturbed condition. So, I investigated several
properties of callose synthase in the phragmoplasts to compare
with that in the plasma membrane. The reaction required trace of
Ca2+ which was present in the phragmoplast preparation, and the
reaction was inhibited by EGTA. Optimum pH was 7.0, and the
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reaction was slightly activated by cellobiose and laminaribiose.
Because of substrate activation of the reaction, 1/V was not
linear with respect to 1/S. These properties are consistent with
glucan synthesis by the plasma membrane (Hayashi et al. 1981,
Amino et al. 1985, Delmer et al. 1977). In the presence of
cellobiose as an activator, Km for UDP-glucose was roughly
estimated to be 1 to 2 mM, which is higher than that reported in
plasma membrane (Hayashi et al. 1987).

Insoluble materials which incorporated the radioactivity
from UDP—[3H]xylose in the presence of high concentration of UDP-
glucose were localized at the Golgi apparatus. This condition is
preferable to xyloglucan synthesis (Hayashi and Matsuda 1981).
However radiolabeled xylose might be also incorporated into other
polysaccharides species such as xylan. Biochemical studies have
shown that the Golgi apparatus has enzymes which synthesize
xyloglucan from UDP-glucose and UDP-xylose (Hayashi and Matsuda
1981, Brummell et al. 1990). ZXyloglucan was shown to be present
at the cell plate and the Golgi apparatus by immunoelectron
microscopy (Patricia and Staehelin, 1988). The present study
confirms the concept that xyloglucan in the cell plate is
synthesized in the Golgi apparatus.

Not many studies have been done about galactoSyl transferase
in plants. Though Ali et al. (1986) reported the presence of
galactosyl transferase in a Golgi-enriched fraction, he didn't
take account of the contribution of the plasma membrane to the
reaction. The present data suggests the presence of galactosyl
transferase in the cell plate. It was a surprise because it has
been supposed that non glucan polysaccharides are synthesized in
the Golgi apparatus. It seems possible that galactose was
incorporated into glycoprotein or glycolipids as well as into
polysaccharides. polysaccharides, glycoprotein, or glycolipid.
However as the main site of the transfer of galactose to proteins
and lipids in animal cells is the Golgi apparatus (Burgerson et
al. 1982, Jacques et al. 1982, Jurgen et al. 1982), the most
plausible products in this case were polysaccharides such as
galactan. But since the signal of incorporation was weak, no
definite conclusion can be reached for the time being.
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General discussion

Plant cytokinesis involves many processes. The division
plane is believed to be determined before mitosis. And the
memory of the division site is supposed to remain during mitosis
at the site where the new wall and the parental wall will meet.
After the chromosome separation, the phragmoplast forms and
develops. The mechanism of phragmoplast formation is an
important subject. Recently, Asada et al.(1991) showed the
presence of activity of microtubule translocation at the
equatorial region of the phragmoplast. This activity may
contribute to the formation and/or development of the
phragmoplast. The function of the phragmoplast microtubules are
supposed to be the transport of new wall materials, but precise
function of the phragmoplast is not known. There are many
studies about plant cytokinesis, but most of these studies were
performed using endosperm cells or meristematic tissues such as
root tips. I developed the highly synchronized cell division
system of plant cells and the method to isolate phragmoplasts.
Sample of isolated phragmoplasts will be a good material for the
biochemical study of the phragmoplast. Isolated phragmoplasts
contain abundant microtubules and associated vesicles. These
vesicles are supposed to fuse to form the cell plate in vivo.
Isolation of these vesicles and its translocater will be
possible.

Little is known about the synthesis of new cell wall
materials including polysaccharides. Isolated phragmoplasts will
contribute to the study of the control mechanism of
polysaccharide synthesis.

28



Acknowledgments

I thank professor H. Shibaoka for his kind guidance and for
continuous patieht encouragements. Thanks are to all of the
members of the Laboratory of Cell Physiology. I thank Dr. T.
Hayashi of Wood Research Institute of Kyoto University for
helpful discussions. This work was supported in part by Grants-
in-Aid for Scientific Research (62480009, 03740345) and
Codperative Research (62300004) from the Ministry of Education,
Science and Culture of Japan. Taxol was kindly supplied by the
Natural Products Branch, Division of Cancer Treatment, National
Cancer Institute (Bethesda, Maryland) and propyzamide from Dr. K.
Izumi of Sumitomo Chemical Co. (Takarazuka, Hyogo). Tropomyosin
(from rabbit skeletal muscle) was kindly supplied by Dr. M. YASUI
. of the Department of Biology, Osaka University, and heavy
meromyosin from Dr. Y. MIYATA of the same department, to whom we

convey our thanks.

29



References

Akashi T, Izumi K, Nagano E, Mizuno K, Shibaoka H (1988) Effects
of propyzamide on tobacco cell microtubules in vivo and
in vitro. Plant Cell Physiol 29: 1053-1062

Amino S, Fujimura, T. and Komamine A. (1983) Synchrony induced by
double phosphate starvation in a suspension culture of
Catharanthus roseus. Phisiol. Plant. 59: 393-396.

Amino S, Yoshihara, T and Komamine A. (1985) Changes in glucan
synthase activities during the cell cycle in a synchronous
culture of Catharanthus roseus. 65, 67-71.

Asada T, Sonobe S and Shibaoka H (1991) Microtubule translocation
in the cytokinetic apparatus of cultured tobacco cells.
Nature 350: 238-241

Baior A (1968) Fine structure studies on phragmoplast and cell
plate formation. Chromosoma 24: 383-417

Brummell DA, Camirand A and Machlachlan GA (1990) Differntial
distribution of xyloglucan glycosyl transferases in pea
Golgi dictyosomes and secretory vesicles. J Cell Sci 96:
705-710.

Clayton L, Lloyd CW (1985) Actin organization during the cell
cycle in meristematic plant cells. Exp Cell Res 156: 231-238

Constabel F, Kurz EGW, Chatson KS and Gamborg OL (1977) Partial
synchrony in soybean cell suspension cultures induced by
ethylene. Exp Cell Res 105: 263-268.

Currier HB (1957) Callose substance in plant cells. Am J Bot 44:
478-488.

Dauson PJ, Hulme»JS, Lloyd CW (1985) Monoclonal antibody to
intermediate filament antigen cross-reacts with higher plant
cells. J Cell Biol 100: 1793-1798

Delmer DP, Heiniger U and Kulow C (1977) UDP-glucose: glucan
synthase in developing cotton fibers. I. Kinetic and
phisiological properties. Plant Phisiol. 59: 713-718.

Erikson, T. (1966) Partial synchronization of cell division in
suspension culture of Haplopappus gracilis. Physiol. Plant.
19: 900-910.

Eschrich W. and Currier HB (1964) Identification of callose by

30



its diachrome and fluorochrome reactions. Stain Technol
39: 303-304.
Fulcher RG, McCurry ME, Setterfield G and Sutherland J (1975)
-1,3-glucans may be associated with cell plate formation
during cytokinesis. Can J Bot 54: 539-542.

Gardiner M and Chrispeels MJ (1975) Involvement of the Golgi
apparatus in the synthesis and aecretion of hydroxyprotein
rich cell wall glycoproteins. Plant Physiol 55: 536-541

Green JR and Northcote DH (1978) The structure and function of
glycoproteins synthesized during slime polysaccharide
production by membranes of the root cap cells of maise
(Zea mays). Biochem J 170: 599-608.

Gunning BES (1982) The cytokinetic apparatus: its development and
spatial regulation. In The cytoskeleton in plant growth and
development, pp. 229-292, Lloyd CW, ed. Academic Press,
London New York

Gunning BES, Wick SM (1985) Preprophase bands, phragmoplasts, and
spatial control of cytokinesis. J Cell Sci Suppl 2: 157-179

Hatae T, Okuyama K, Fujita M (1984) Visualization of the
cytoskeletal elements in tissue culture cells by bloc-
staining with hafnium chloride after rapid freezing and
freeze~substitution fixation. J Electron Microsc
33: 186-190

Hayashi T and Matsuda K (1981) Biosynthesis of xyloglﬁcan in
suspension cultured soybean cells. 256: 11117-11122.

Hayashi T, Read SM, Bussell J, Thelen M, Lin F-C, Brown RM and
Delmer DP (1987) UDP-glucose: (1,3)-f-glucan synthases from
mung bean and cotton. Plant Phisiol. 83: 1054-1062.

Hepler PK, Jacson WT (1986) Microtubules and early stages of
cell-plate formation in the endosperm of Haemanthus
katherinae BAKER. J Cell Biol 38: 437-446

Hirokawa N, Takemura R, Hisanaga S (1985) Cytoskeletal
architecture of isolated mitotic spindle with special
reference to microtubule-associated proteins and
cytoplasmic dynein. J Cell Biol 101: 1858-1870

Ishikawa H, Bischoff R, Holtzer H (1969) Formation of arrowhead

31



complexes with heavy meromyosin in a variety of cell types.
J Cell Biol 43: 312-328

Izumi K, Kanazawa H, Saha T (1983) Colchicine-~like effect of
propyzamide on the root meristematic cells of Vicia faba L.
J Fac Sci Hokkaido Univ Ser V 13: 17-24

James DW and Jones RL (1979) Intracellular localization of GDP-
fucose polysaccharide focosyl transferase in corn roots.
Plant Physiol 64: 914-918

Jones MGK, Pane HL (1978) Cytokinesis in Impatiens
balsamina and the effect of caffeine. Cytobios 20: 79-91.

Jouanneau JP (1971) Controle par les cytokinies de la
synchronisation des mitoses dans les cellues de tabac. Exp
Cell Res 67: 329-337

Kakimoto T, Shibaoka H (1987a) Actin filaments and microtubules
in the preprophase band and phragmoplast of tobacco cells.
Protoplasma 140: 151-156 |

—————— (1987b) A new method for preservation of actin filaments
in higher plant cells. Plant Cell Physiol 28: 1581-1585

—————— (1988) Cytoskeletal ultrastructure of phragmoplast-nuclei
complexes isolated from cultured tobacco cells. Protoplasma
suppl. 2: 95-103

Kato K, Matsumoto T, Koiwai A, Mizusaki S, Nishida K, Noguchi M,
Tamaki E (1972) Liquid suspension culture of tobacco cells.
Proc IV IFS: Ferment Technol Today 689-695

Katsuta J, Shibaoka H (1988) Role of cytoskeleton and cell wall
in the nuclear positioning in tobacco BY-2 cells. Plant Cell
Physiol 29: 403-413.

Kersey YM, Hepler PK, Palevitz BA, Wessels NK (1976) Polarity of
actin filaments in Characean algae. Proc Natl Acad Sci USA
73: 165-167

King PJ (1980) Plant tissue culture and the cell cycle. Adv Biol
Eng 18: 1-38.

Ledbetter MC, Porter KR (1963) A "microtubule" in plant cell fine
structure. J Cell Biol 19: 239-250

Masuda H, Cande Z (1987) The role of tubulin polymerization
during spindle elongation in vitro. Cell 49: 193-202.

32



Mineyuki Y, Gunning BES (1990) A role for preprophase bands of
microtubules in maturation of new cell walls, and a genaral
proposal on the function of preprophase band sites in cell
division in higher plants. J. Cell Sci. 97: 527-537

Mita T, Shibaoka H (1984) Gibberellin stabilizes
microtubules in onion leaf sheath cells. Protoplasma 119:
100-109

Mole~Baier J, Bajer AS (1988) Relation of F-actin organization to
microtubules in drug treated Haemanthus mitosis. Protoplasma
Suppl. 1: 91-112

‘Moore PJ, Staehelin LA (1988) Immunogold localization of the
cell-wall-matrix polysaccharides rhamnogalacturonan I and
xyloglucan during cell expansion and cytokinesis in
Trifolium pratense L.; implication for secretory pathways.
Planta (1988) 174: 433-445

Nagata T, Okada K, Takebe I (1982) Mitotic protoplasts and their
infection with tobacco mosaic virus RNA encapsulated in
liposomes. Plant Cell Rep 1l: 250-252

————————— Matsui C (1981) Delivery of tobacco mosaic virus RNA
into plant protoplasts mediated by reverse-phase evaporation
vesicles (1iposomes)Q Mol Gen Genet 184: 161-165

Nishinari N and Yamaki Y (1976 ) Relationship between cell
division and endogenous auxin in synchronously cultured
tobacco cells. Bot. Mag. Tokyo 89: 73-81.

Nishinari N, Syono K (1986) Induction of cell divisionvsynchrony
and variation of cytokinin contents through the cell cycle
in tobacco cultured cells. Plant Cell Phisiol. 27: 147-153.

Okamura S, Miyasaka K and Nishii A (1973) Synchronization of
carrot culture by starvation and cold treatment. Exp. Cell.
Res. 78: 467-470.

Palevitz BA (1980) Comparative effects of phalloidin and
cytochalasin B on motility and morphogenesis in Allium.

Can J Bot 58: 773-785

Palevitz BA (1987) Accumulation of F-actin during cytokinesis in
Allium. Correlation with microtubule distribution and the
effects of drugs. Protoplasma 141: 24-32

33



Palevitz BA, Cresti M (1989) Cytoskeletal changes during
generative cell division and sperm formation in Tradescantia
virginiana. Protoplasma 150: 54-71

Pratt MM, Otter T, Salmon ED (1980) Dynein-like Mgz+—ATPase in
mitotic spindles isolated from sea urchin embryos
(Strongylocentrotus droebachiensis). J Cell Biol 86: 738-745

Ray PM (1980) Cooperative action of B-glucan synthase and
UDP-xylose xylosyl transferase of Golgi membranes in the
synthesis of xyloglucan-like polysaccharide. Biochem.
Biophis. Acta 629: 4431-444.

Ray PM, Shininger TL and Ray MM (1969) Isolation of glucan
synthase particles from plant cells and identification with
Golgi membranes. Proc. Natl. Acad. Sci. USA 64: 605—612.

Sakai H (1978) The isolated mitotic apparatus and chromosome
motion. Intern Rev Cytol 55: 23-48

Schmit AC, Lambert AM (1985) F-actin dynamics is associated to
microtubule function during cytokinesis in higher plants.

A revised concept. In: DE BRABANDER M, DE MEY J (eds) Micro-
tubules and microtubule inhibitors 1985. Elsevier Science
Publishers, Amsterdam, pp 243-252

Schmit AC, Lambert AM (1987) Characterization and dynamics of
cytoplasmic F-actin in higher plant endsperm cells during
interphase, mitosis, and cytokinesis. J Cell Biol 105:
2157-2166

Schmit AC, Lambert AM (1988) Plant actin filament and microtubule
interactions during anaphase-telophase transition: effects
of antagonist drugs. Biol Cell 64: 309-319 ,

Seagull RW, Falconer MM, Weerdenburg CA (1987) Microfilaments:
Dynamic arrays in higher plant cells. J Cell Biol

Smith MM and MuCully ME (1978) A critical evaluation of the
Protoplasma 95: 229-254.

Traas JA, Doonan JH, Rawlins DJ, Shaw PJ, Watts J, Lloyd Cw
(1987) An actin network is present in the cytoplasm
throughout the cell cycle of carrot cells and associates
with the dividing nucleus. J Cell Biol 105: 387-395

Traas JA, Burgain S. De Vaulx RD (1989) The organization of the

34



cytoskeleton during meiosis in eggplant (Solanum melongena
L.): microtubules and F-actin are both necessary for
coordinated meiotic division. J Cell Sci 92: 541-550

Van Harreveld A, Crowell J (1964) Electron microscopy after rapid
freezing on a metal surface and substitution fixation.
Anat Rec 149: 381-386

Williams MA (1977) Autoradiography and immunocytochemistry. in
Pratical methods in electron microscopy. Vol. 6, edited by
Andrey MG, North-Holland Publishing Company

Willmitzer L, Wagner KG (1981) The isolation of nuclei from
tissue-cultured plant cells. Exp Cell Res 135: 69-77

35



30
) Mo
% 207
%
o
°
£
2
ohat
S
E 10
O I s S, S— LN ]/O\
§ . : T~
0 £5

0 01 1 1 10 100 1000

concentration (uM)

Fig. 1. Effects of microtubule polymerization inhibitors on
mitotic index. Actively growing BY-2 cells were incubated for 9
hours with culture medium which contained cremart(open circle),

propyzamide(closed circle) or colchicine(closed square).
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Fig. 2. Changes in the mitotic index of tobacco BY-2 cells after
treatment with aphidicolin and the effect of propyzamide on it.
Tobacco BY-2 cells were cultured in modified LS medium that
contained aphidicolin for 24 hours and then washed and cultured
in modified LS medium. The abscissa indicates time after removal
of aphidicolin. Propyzamide was added at the time indicated by
an arrowhead and removed at the time indicated by the arrow.
Triangle: Mitotic index of cells cultured in modified LS medium
after the removal of aphidicolin. Square: Mitotic index of cells
cultured in modified LS medium to which prbpyzamide was added to
make the final concentration of 5 pM. Propyzamide was added at
the time indicated by an arrowhead and removed at the time
»indicated by an arrow. Open circle: Percentage of cells whose
chromosomes are arranged at the equatorial plane. Closed circle:

Percentage of cells in anaphase + telophase.



Fig. 3. Synchronized cell division of tobaccco BY-2 cells. Cells
were stained with orcein just before removal of propyzamide (a),
40 min (b), 90 min (c) after removal of propyzamide. Bar=50 jam



Fig. 4. Synchronized formation of phragmoplasts after the
termination of the treatment with propyzamide described in the
legend to Fig. 2. After the termination of treatment with
propyzamide, cells were sampled at appropriate time intervals and

stained for microtubules. Time after the termination of

treatment with propyzamide is given in minutes in the
photographs. (a)-(d)Phase contrast micrographs. (e)-(h)Immuno-

fluorescence micrographs. Bar = 50 jum



Fig. 5. Phragmoplast-nuclei complexes isolated from cell-cycle
synchronized tobacco BY-2 cells. (a) Phase contrast micrographs.
(b)Phragmoplasts were double stained for microtubules (green) and
nuclei (blue). bar=50 pm.



Fig. 6. A phragmoplast-nuclei complex isolated from a tobacco
BY-2 cell by treatment with buffer B and double stained with DAPI
(a) and anti-y-tubulin antibody (b). Note that the phragmoplast
(b) is associated with the daughter nuclei (a).

Bar= 10 um

Fig. 7. Phragmoplast-nuclei complexes isolated from tobacco BY-2
cells by treatment with buffer B, incubated in 100 uM CaCl,

for 20 minutes at 0°C, and double stained with DAPI (a) and
anti-d-tubulin antibody (b). Note that phragmoplast microtubules
are destroyed by treatment with CaCl, {b), but a pair of daughter
nuclei is not separated by this treatment (a). Bar = 10 um



Fig. 8. Electron micrographs of a phragmoplast-nuclei complex isolated
from tobacco BY-2 cell by treatment with buffer A. (a) A whole complex.
Boxed areas (b), (c¢), and (d) are shown at higher magnification in Figs.
10(b), (c¢), and (d), respectively. (b) Near the reforming daughter
nucleus, abundant microtubules, but no actin filaments, are seen. Some
microtubules are associated with thin filaments that are not decorated by
heavy meromyosin. (c¢) Cross bridges between adjacent microtubules.
(d)Near the equatorial plate, actin filaments decorated by heavy meromyosir
are seen. They are oriented perpendicularly or nearly perpendicularly to
the plate. Note that arrowheads point away from the plate in most of the
filaments. (a) Bar = 5 ym (b)-(d) Bar = 0.5 pm



Fig. 9. (a), (b)Electron micrographs of a part of a phragmoplast
isolated from a tobacco BY-2 cell by treatment with buffer A and .
fixed by freeze-substitution method. Abundant, electron-dense
small vesicles are seen attached to the phragmoplast mic:otubule.

Bar = 1 pm



Fig. 10. Distribution of callose in BY-2 cells. Tobacco BY-2
cells, whose cell cycle was synchronized in anaphase to
telophase, were stained with aniline blue. Aniline blue

stainable material was localized at cell plates. Bar=50 pm

Fig. 11. Phragmoplasts which were isolated by passing through
nylon mesh. a) Phase-contrast micrograph. b)Immunofluorescence
micrograph which visualizes microtubules. c)Stained with DAPI

for nuclei. Arrowheads indicates isolated phragmoplasts.

Bar=50 am



Fig. 12. Radioautographs of sectioned phragmoplasts which reveal
the incorporation of the radioactivity from UDP—[3H]glucose into

isolated phragmoplasts. 'UDP-[3H]glucose was used at 5 M (a,
b), 100 uM (c, 4) and 1 mM (e, f). Silver grains are present at

the cell plate. Bar=30 um




Fig. 13. Electron microscope radioautograph which reveals the

incorpolation of radioactivity into isolated phragmoplasts from
5 uM UDP—[3H]glucose. Note that silver grains are localized at

the cell plate. No grains are seen on the Golgi apparatus (G).
N: nucleus. Bar=5 pm



Fig. 14. a, b) Isolated phragmoplasts were stained with anti-
tubulin antibody(a) and with aniline blue(b). Aniline-blue
stainings were faint. ¢, d) Isolated phragmoplasts were
incubated with 1 mM UDP-glucose and stained with anti-tubulin
antibody (c¢) and with aniline-blue (d). Aniline-blue positive
material was formed at the cell plate. Phragmoplasts of early
phase (c, d; lower one) formed anilin-blue positive material in
whole region of cell plates and phragmoplasts of late phase
(annular shaped; c, d: upper one) mainly at the expanding region

of the cell plate. Bar:lo‘pm
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Fig. 15. Time course of glucan synthesis from UDP—[14C]glucose.
UDP-[14C]glucose was used at 100 JM (open circle) and 1 mM
(closed circle).

Fig. 16. Effect of the density of phragmoplasts (measured as
protein concentration) on glucan synthesis from UDP—[14C]glucose.
UDP-[14C]glucose was used at 100 uM.

Fig. 17. Effect of pH on glucan synthesis from UDP—[14C]glucose.
UDP—[14C]glucose was used at 100 MM. PIPES buffer (open circle)
and Tris buffer (closed circle) were used. ’
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Fig. 18. Glucan synthase activity at varying concentrations of
upP-[14ciglucose.
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Products formed from 100 pM UDP—[14C]glucose were

digested with 0.5 mg/ml of 1,3-f-glucanase at 27 C for 4 h

Fig. 20.

(materials and methods) and the digest was analysed by paper

chromatography.



Table 1
Factors affecting glucan synthesis

Incubation mixture Glucan synthase activity
(nmol / mg protein / min )

Standard system 13.1

minus Ca2+ 11.4

plus Ca2+ (1mM) 11.4

plus EGTA (2mM) 2.7

plus Mg2+ (1mM) 10.0

plus Mg2+ (5mM) 6.2

plus cellobiose (5mM) 13.1

plus laminaribiose (5mM) 14.1

minus Ca2+, plus cellobiose (5mM) 13.5

minus Ca2+, plus laminaribiose (5mM) 14.9

The standard system contains: isolated phragmoplasts (175 ng
protein/ml), 50 mM PIPES-KOH (pH=7.0), 0.3 M sucrose, 0.25 mM
MgCl,, 0.1 mM CaCl,, 1 mM DTT, 50 }Jg/ml leupeptin, 10 upg/ml
APMSF and 100 uM UDP-—[14C]glucose. The values in the brackets
are final concentration in the assay mixture.



Fig. 21. a, b, c,) Radioautographs of sectioned pgragmoplasts which reveal

the incorpolation of the radioactivity from UDP-[°H]xylose (28 uM) in the
presence of unlabeled UDP-glucose (2 mM). Silver grains existed as
scattered aggregate around nuclei. Bar=30

Fig. 22. Electron microscope autoradiograph of sectioned phraggoplasts
which reveal the incorpolation of the radioactivity from UDP-[“H]xylose
(28 uM) in the presence of unlabeled UDP-glucose (2 mM). Radioactivity
exists at Golgi-apparatus-like structures (G) and unidentified structure
around nuclei. N: nucleus. Bar=5 am




Fig. 23. a, b) Radioautographs of sectioned phragmoplasts which
reveals the incorporation of radioactivity from UDP-
[3H]ga1actose (100 pM). Density of silver grains is high at the
cell plate. Bar=30 um

Fig. 24. Electron microscope radioautograph which reveals the
incorporation of radioactivity from UDP-[3H]ga1actose.

Arrows indicate equatorial plane. Bar=2 am



