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Summary

The mechanism of Ca”~ regulation of the cytoplasmic streaming in
characean cells was studied in relation to protein phosphorylation
and dephosphorvlation. A tonoplast-free cell model was developed
which was sensitive to Ca” . Protein phosphatase-1 and its inhibitor-
§ were applied into the tonoplast-free cells. A synthetic inhibitor of
protetn phosphatase. y-naphthylphosphate, was applied either to
tonoplast-free cells from inside or to the outside of plasmalemma-
permeabilized cells which are known to be very sensitive to Ca*".
ATP-y-S applied to permeabilized cells strongly inhibited the recov-
ery of the streaming which had been stopped by 10uM Ca’*. Both
inhibitor-1 and v-naphthylphosphate inhibited the streaming even in
the absence of Ca*. On the other hand. protein phosphatase-1
recovered the streaming even in the presence of Ca=~.

The results indicate that characean streaming is regulated by the
phosphorylation state of a regulatory and or motile protein compo-
nent. Streaming is activated when the component is dephosphory-
lated and inactivated when the component is phosphorslated. Ca=~ is
assumed to stimulate both phosphorylation and dephosphorylation
of the component. Involvement of Ca® ™. calmodulin in the streaming
recovery  was  discussed in terms of the
dephosphorylation.

stimulation  of

Kevwords: Characeae: Ca=*; Cytoplasmic streaming: Protein phos-
phatase: Protein phosphatase inhibitor.

Abireviations: ATP-y-S. Adenosine-3-O-(3-thiotriphosphate): a-
NP. u-naphthyiphosphate: EGTA. ethyvlenglycol-bis-(B-aminoethyl
cther)N.N'-tetraacetic  acid:  PIPES.  piperazine-N.N"-bis(2-
athanesulfonic acid).

1. Introduction

It has been established that the motile system of
cvtoplasmic streaming in characean cells is an

* Correspondence and Reprints: Department of Biology, Faculty of
Science, The University of Tokyo, Hongo. Tokyo 113, Japan.

actomyosin-ATP system (Kasiya 1981). Bundles of
actin filaments are attached to the immobile cortical
gel, while myosin is assumed to be present in the
streaming endoplasm (Parevitz erql. 1974, CHEN and
Kamiva 19735, Kato and ToNnomura 1977, SHEETZ and
SeupicH 1983). The cytoplasmic streaming of chara-
cean cells is inhibited by an increase in the Ca?”
concentration of the cytoplasm (Havama eral. 1979,
WiLtrLianmsoN and AsarLey 1982, KikuvaMma and Tazawa
1982, 1983). The plasmalemma of characean cells can
be permeabilized by plasmolysis in media containing
EGTA at low temperature (SHIMMEN and Tazawa
1983). The streaming of permeabilized cells is as
sensitive to Ca™ as that of intact cells. The streaming
almost stops at 1 uM Ca>* (TominaGa eral. 1983). The
tonoplast of characean cells can be easily removed by
internal perfusion of the vacuole with media containing
the Ca** chelator EGTA (WiLLiamsoN 1975, Tazawa
etal. 1976). Cytoplasmic streaming of tonoplast-free
cells is far less sensitive to Ca’™ than that of
plasmalemma-permeabilized cells (ToMiNAGA and
Tazawa 1981). In tonoplast-free cells the endoplasm
which is assumed to contain some Ca®T-sensitizing
component is detached from the cortical gel with time,
while in plasmalemma-permeabilized cells the endo-
plasm remains intact (ToMmNAGa eral. 1983, ToMINAGA
etal. 1983).

The possibility that calmodulin is the Ca’*-sensitizing
component was tested in our previous paper
(ToMmINAGA eral. 1985). Calmodulin inhibitors applied
to permeabilized cells did not affect the Ca’*-sensitive
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streaming cessation but completely inhibited the
streaming recovery which otherwise occurred by re-
moving Ca " (TOMINAGA et al. 1985). Probably, calmo-
dulin with Ca’* plays an important role for releasing
the streaming from Ca?™* inhibition. Therefore, another
yet unidentified Ca?™ -sensitizing component, which is
involved in streaming cessation, must exist also in the
endoplasm.

It is well-known that Ca?*/calmodulin-dependent
phosphorylation of myosin light chain of smooth
muscle cells occurs via activation of light chain kinase
(HarTsHORNE 1982). The movement of latex beads
coated with Physarum myosin is inhibited by micro-
molar concentrations of Ca** (KouaMA and SHIMMEN
1985). The Ca?*-sensitivity of the ATPase was ob-
served only when the myosin was phosphorylated
(Konama and Kexprick-Jones 1986). The assembly of
myosin into thick filament is possible only with the
phosphorylated heavy chain of myosin in Physarum
(OGIHARA et al. 1983) and with the dephosphorylated
one in Dictyostelium (Kuczmarskl and SpupicH 1980).
Myosin appears to be regulated through phosphoryla-
tion in a species-specific manner. Thus involvement of
phosphorylation or dephosphorylation of some motile
component in the control of cytoplasmic streaming
should be examined also in Characeae cells. In 1984 we
(ToMINAGA eral. 1984) speculated the possible involve-
ment of phosphorylation and/or dephosphorylation in
the Ca’*-controlled streaming from the observation
that ATP-y-S inhibited the recovery of the streaming
once inhibited by Ca’*. To confirm this hypothesis, we
applied protein phosphatase and its inhibitor which
had been isolated from rabbit skeletal muscle directly
into tonoplast-free cells, An artificial phosphatase
inhibitor was also tested for its effect on the cytoplasmic
streaming.

2. Materials and Methods

2.1. Materials

Internodal cells of Chara australis (= C. corallina), Nitella axillifor-
mis, and Nitella expansa were used. Culture conditions of algae were
described before (TOMINAGA and Tazawa 1981, TOMINAGA et al.
1983). Chara cells were used for tonoplast-free (Tazawa er al. 1976)
and plasmalemma-permeabilized (SHIMMEN and Tazawa 1983) cell
models, and cells from both species of Nitella were used for the
permeabilized cell model. We refer to the plasmalemma-
permeabilized cell simply as permeabilized cell.

2.2, Preparation of Tonoplast-free Cells by Intracellular Perfision

The vessel shown in Fig. 1 was designed for intracellular perfusion
under continuous observation with a microscope (Tazawa 1968,
ToMINAGA and TAzawaA 1981). An internode was placed on a glass
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Fig. 1. Vessel for intracellular perfusion. Internodal cell (¢) is placed
between two spacers {s) on a glass slide. B plexiglass block with
groove (g), M microscope, C cover glass. For further explanation, see
the text

slide that contained spacers made from two pieces of another glass
stide which prevented the internode from being pressed by the cover
glass. Two plexiglass blocks (B) were placed on the cell in such a way
that the cell was fitted into the groove (g) of the block. The cell was
exposed to air until its turgor was lost due to evaporation of water
that adhered to the cell surface. Then liquid paraffin was poured to
the central part of the cell positioning between the two spacers, and a
cover glass was put on the spacers. The blocks insulated the central
part of the cell from the perfusion medium present outside the blocks.
A slightly hypertonic solution (300 mOsm) was irrigated on one cell
end which then was amputated. The solution was removed and the
hypotonic perfusion medium (220 or 250 mOsm) was irrigated in
both cell ends. The other closed cell end was amputated and the cell
was perfused several times with an interval of several tens of seconds.
The amount of pertusion medium used for one perfusion was only 5-
10pl. After several minutes the tonoplast was broken (details in
3.2,

2.3. Perfusion Media

The perfusion medium Mg- ATP contained SmM EGTA, 30mM
PIPES. 6 mM MgCl,, lmM ATP. 67-71mM K~. and variable
concentrations of sorbitol (pH7.1) (ToMINAGA er al. 1983). Mg.
ATP-y-S medium contained 1 mM ATP-y-S instead of | mM ATP.
The perfusion medium lacking ATP was named Mg medium. Two
[Ca=~]. 10uM and [ mM. were used for controlling cytoplasmic
streaming. The former was adjusted by adding 4.94 mM CaCl, to Mg
or Mg-ATP medium, and the latter by adding | mM CaCl, to
EGTA-free Mg or Mg-ATP medium. The Ca?+-EGTA buffered
medium was made using the association constant of 100 at pH 7.1
(PORTZEHL et al. 1964). The concentration of free Ca>~ in the [0 uM
Cal* media was checked with a calcium-sensitive electrode
(F2112C4. Radiometer. Copenhagen).

3.4, Preparation of Plasmalemma-permeabilized Cells

We slightly modified the method of SHIMMEN and Tazawa (1983). A
cell was placed on a glass slide on ice and was superfused with cold.
stightly hypertonic Mg medium. In the original method (SHIMMEN
and Tazawa 1983) the cell was dipped into a beaker containing the
cold hypertonic medium. Transfer of the permeabilized turgor-less



Y. TosMiNaGA or ul.: Phosphorylation-Dephosphorylation

ceil from the beaker to a glass slide often caused bending of the cell
due 10 the surface tension of the medium. Such a bending could be
avoided in our modified method.

2.3, Preparation of Phosphutase-1 and Inhibitor-1

Protein phosphatase-1 and active phosphorylated form of inhibitor-1
were isolated and purified 1o homogeneity from rabbit skeletal
muscle as described before (TunG er al. 1984, Ninvno and CoHEN
1978). Activities of the enzymes were assaved after HEMMINGS e ul.
11982 and Fourkes and CoHEN (1980). One unit {U) of phosphatase-
| activity was that amount of enzvme which catalysed the release of
| 0nmol phosphate. minute from phosphorvlase a. Stock solutions of
phosphatase-1 at 260 U, m! and inhibitor-1 al 36 nmol-ml were
prepared. I[nhibitor-1 at 1[0-23nM inhibited phosphatase-{ at
0.013U by 100% in a 60 pi standard assay (TUNG er al. 1984). The
stock solutions were diluted with perfusion media.

The effect of phosphatase on [Ca”*] was checked. Phosphatase at
[ U-ml (final concentration) was added to solutions containing
various concentrations of free Ca”*. [Ca™] was measured with a
Ca>*-sensitive electrode (F2{12Ca. Radiometer. Copenhagen}.
Phosphatase did not affect the free Ca=~ concentrations of anyv of
these solutions tdata not shown), which indicated that phosphatase
did not chelate Ca-~.

2.6. Others

ATP-v-S was purchased from Boehringer and Fluka, and «-NP from
Sigma.

Low molecular mass substances (ATP-v-S and a-NP) were applied to
either inside of the tonoplast-free cell by perfusion or the outside of
permeabilized cells. High molecular mass substances {protein phos-
phatase and its inhibitor) which can not penetrate the cell wall were
applied only to the inside of tonoplast-free cells.

All the perfusion experiments were done at room temperature (20—
25-C).

3. Results

3.1. Eftect of ATP-y-S on Streaming Cessation Induced
by Ca®* and on Recovery

In Fig.2 a permeabilized cell of Nitella axilliformis
was first bathed in Mg medium. The streaming was
completely inhibited due to lack of ATP (0 time).
Preincubation of | mM ATP-v-S together with 0.5 mM
ATP before application of Ca’® caused complete
activation of streaming. Subsequent removal of the
ATP-y-S and application of 10uM Ca’~ stopped the
streaming in 6.6 minutes (average of 3 cells) even in the
presence of enought ATP (0.5 mM and more, ] mM in
this case), indicating that the Ca’*-sensitive mechan-
ism was intact. No spontaneous recovery of streaming
was observed, unless Ca”* was removed by superfusing
permeabilized cells with Mg- ATP medium (TOMINAGA
eral. 1983). But in Fig. 2 where the cell was pretreated
with ATP-v-S. removal of the Ca®* did not recover the
streaming. When in Fig. 2 cells were incubated in I mM
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Fig. 2. Effect of ATP-y-S given before Ca” ~ application on recovery
of streaming in N. axilliformis. At time zero a permeabilized cell
bathed in Mg medium was superfused with Mg-ATP medium
containing 0.3 mM ATP und I mM ATP-v-S. After reactivation of
streaming the cell was superfused with Mg+ ATP medium containing
I mM ATP and [0pM Ca’*. The streaming was completely in-
hibited. Removat of the Ca®™ caused no recovers of the inhibited
streaming

ATP-v-S together with | mM ATP, the inhibition of
recovery was incomplete (data not shown. Table | ().
When | mM ATP-v-S was applied simultaneously with
10uM Ca=" in the presence of 1mM ATP to cells
whose streaming had been reactivated with Mg- ATP
medium, the streaming stopped in 7.2 minutes (average
of 3 cells) (Fig. 3. Table 1 D). The time for cessation of
streaming seems to be unaffected bv ATP-y-S, since this
stopping time was similar to that in Fig. 2 where Ca*™
was applied without ATP-y-S. Removing both ATP-v-
S and Ca*™ did not recover the streaming, similarly as
in Fig.2. When the concentration of ATP-y-S was
reduced from | mM to 0.1mM, partial recovery of
streaming was observed (data not shown, Table | £). A
complete and irreversible inhibition of streaming was
also observed when 1 mM ATP-y-S was applied at the
time of Ca’* removal (Fig.4. Table | F). When the
concentration of ATP-y-S was reduced to 0.l mM,
partial recovery of the streaming was also observed
(Table 1 G). In Fig. 5 replacement of Mg medium with
Mg - ATP-v-S medium could not reactivate the stream-
ing. Exchange of the Mg-ATP-y-S medium with
Mg-ATP medium reactivated the streaming. The
streaming stopped upon addition of Ca®™. After re-
moval of the Ca", the streaming started but only for a
few minutes. It is likely that in the absence of ATP and
Ca"" thiophosphorylation occurs less than in the
presence of the two.
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Table 1. Recovery of streaming which was stopped by Ca’" under various combinations of ATP and ATP-y-S

Conditions
Expt before during after recovery of Fi
*ph- Ca’* -treatment CaZ? ~-treatment Ca?~-removal streaming 8
A 1 ATP 1 ATP 1 ATP + + + (complete)
0.5 ATP )
B | ATP--S | ATP | ATP —(no recovery) 2
I ATP o
C | ATP-y-S I ATP 1L ATP + (partial)
1 ATP
D 1 ATP —
I ATP-y-S LATP ?
1 ATP
E 1 ATP
0.1 ATP-y-S LATP *
I ATP
F [ ATP | ATP | ATP--S — 4
{ ATP
P
G L ATP 1 AT 0.1 ATP--S +
I ATP-v-S }
H L ATP 1 ATP I ATP + 3

Numerals before ATP or ATP or ATP-y-S mean concentrations in mM.

3.2. Cyroplasmic Streaming in Relation to Protein
Phosphorylation and Dephosphorylation

3.2.1. Ca*"-Sensitive Tonoplast-free Cell Model

The assumption that the Ca**-induced streaming in-
hibition and its recovery are caused by phosphorylation
and dephosphorylation of some component, respect-
ively. was tested by regulating the phosphorylation
state of the component with protein phosphatase and
its inhibitor. We used the tonoplast-free cell model. The
cytoplasmic streaming of tonoplast-free cells prepared
with the usual method is less sensitive to Ca*, since a
Ca-* -sensitizing component in the streaming endo-
plasm is dispersed after disintegration of the tonoplast
(ToniNnaGA and Tazawa 1981, TomiNaGa eral. 1983);
therefore, we developed a method to prepare tonoplast-
free cells which were more sensitive to Ca?". Two
important improvements were done for the perfusion:
(1) use of slightly hypotonic media containing EGTA
and (2) a slow perfusion of about Sulra drop at
intervals of several tens of seconds.

Usually in the open-vacuole condition (Fig. 1) the cell
ends remained open and the tonoplast disintegrated
only with the rapid perfusion which exerted a strong
shear force on the tonoplast. On the other hand,
perfusion of a hypotonic solution containing EGTA
caused swelling of the cytoplasm due to the osmotic
uptake of water and facilitated disintegration of the
tonoplast even under low shear. The tonoplast-free cells
thus prepared did not lose the endoplasm in which the
Ca” *-sensitizing component was assumed to be present
(Tominaga and Tazawa 1981, ToMINAGA eral. 1983,
Tommnaca eral. 1984, 1985). When the total amount of
perfused medium attained the cell volume (about 20 l)
or exceeded it slightly, the tonoplast was broken. This
was demonstrated by the fact that perfusion of
Mg-ATP medium containing Ca"* at higher than
1 uM stopped the streaming.

The spontaneous cessation of streaming was often
observed before continuous smooth recovery occurred
{Figs. 6, 7. 9. and 10). This may be caused by release of
Ca>* from internal stores in response to hypotonic
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Fig. 3. Effect of ATP--Sapplied with Ca” ~ on recovery of streaming
i Noaxillitorndis. A permeabilized cell bathed in Mg medium was
superfused with Mg-ATP medium at time zero. The recovered
streaming was inhibited by ImM ATP-7-S plus 10uM Ca>~.
Remosal of both Ca~* and ATP-v-S did not recover the streaming
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Fig. 4. Effect of ATP-v-S given after application of Ca® ~ on recovery
of streaming in N. wxillitormis. Streaming of a permeabilized cell
bathed in Mg medium was reactivated by superlusing with Mg- ATP
medium at time zero and then inhibited by 10uM Ca”~. When the
Cu’* wus washed away with Mg- ATP medium containing 1 mM
ATP-+-S. the streaming did not recover
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Fig. 3. Effect of pretreatmeni of ATP-7-S in the absence of ATP

before Cu”™ treatiment on streaming recovery in C. austrulis. A

permeabilized cell bathed m Mg medium was superfused with Mg
medium containing 1 mM ATP-y-S at time zero. The inhibited
streaming wus reactivated by superfusing Mg- ATP medium. The
streuming wus again inhibited by [ mM CaCl.. After remoral of the
Ca-". the streaming partially recovered oniy for several minutes
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Fig. 6. Reversible inhibition of cvioplasmic streaming with [0pbf
Cu”~ in u tonoplast-free cell prepared under slow perfusion of C.
ausiralis. The vacuole of an internode was perfused with 4 hypotonic
1220mOsm) Mg-ATP medivm from time zero. The recovering
sireaming spontaneously stopped possibly due to an increase of
cytoplasmic Ca® ™ at 3.6 minutes. Atter recovery of the streaming
10 M Ca® ~ was added to Mg+ ATP medium. The streaming stopped
completely. Removal of the Ca*~ restored the original streaming
rate. The arrow denotes continuous smooth recoversy of streaming
resulting from disintegration of the tonoplast

treatment. These Ca~* may be chelated by EGTA after
disintegration of the tonoplast. as was shown by the
continuous recovery of the streaming. Fig. 6 shows such
a model in which the streaming was reversibly inhibited
by 10uM Ca’". At time zero the perfusion of 220
mOsm Mg- ATP medium which is hypotonic to the
intact cell sap was started. The spontaneous stop at 3.6
minutes is interpreted to be due to an increase in free
Ca*" resulting from the release of Ca’* from Ca*"-
stores by hypotonic treatment. This interpretation is
based on the phenomenon that in the transcellular
osmosis (Kamiva and Kuropa 1956) spontaneous
cessation of streaming often occurred onlv at the cell
part where the cell sap is diluted by water entry
(Havada and Tazawa 1978),

It is supposed that during the subsequent recovery of
the streaming the ronoplast was disintegrated. This is
supported by the fact that subsequent application of
10uM Ca** stopped streaming. However. the im-
mediate recovery of streaming due to the removal of
Ca”™ was often partial. which is similar to the result
reported previously (Tominaca and Tazawa 1981).

~

3.2.2. Protein Phosphatase-1 and its Inhibitor

In Fig. 7 1l mM ATPwas always included in the internal
perfusion medium. At time zero cell ends were ampu-
tated and a slow perfusion with Ca*~ plus protein
phosphatase-1 at 3U'ml was started. Addition of
protein phosphatase-1 to the internal perfusion
medium containing 10 uM Ca-" gradually reversed the
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streaming inhibition which was caused either by
spontaneous increase of Ca’* or by the Ca®* applied.
Removal of the phosphatase-1 could not still induce
inhibition of streaming by Ca®*. indicating that this
protein remained in the cell. However, the subsequent
addition of 10 nmol/ml inhibitor-1, the natural protein
inhibitor of phosphatase-1 slowed down the streaming.
The inhibitor-1 alone inhibited not only the recovery of
streaming induced by removing the Ca*t (Fig.7)
similarly as ATP-y-S did (Figs.2-4). but also the
streaming in the absence of Ca2* (data not shown). In
contrast to the inhibition with ATP-y-S. this inhibition
could be reversed as shown in Fig. 7, suggesting that the
removal of the inhibitor might activate an endogenous
phosphatase to overcome the activity of an endogenous
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Fig. 7. Effect of protein phosphatase-1 and its inhibitor-1 on
streaming in a tonoplast-free cell of C. australis. An internode was
perfused with a hypotonic {220 mOsm) Mg ATP mediam containing
10pM Cal~ plus 5 U/ ml phosphatase-1. The streaming recovered
even in the presence of 10 uM Ca? ~. Removal of the phosphatase did
not affect the sireaming. The activated streaming was inhibited by
perfusing intracellularly with Mg+ ATP medium containing Ca’*
plus inhibitor-1 (10 nmol-ml) of protein phosphatase or inhibitor-1
alone. The inhibited streaming was reactivated by removing the
inhibitor-1. The arrow denotes continuous smooth recovery of
streaming resulting from disintegration of the tonoplast

kinase. The reversible inhibition of streaming with the
protein phosphatase inhibitor is similar to that with
Ca?™ (Fig.6). The inhibition of streaming due to
inhibitor-1 again supports the idea that the
phosphorylation/dephosphorylation of some compo-
nent may be involved in control of the streaming.

3.2.3. Synthetic Protein Phosphatase Inhibitor

A synthetic protein phosphatase inhibitor, o-NP at 1-
[0 mM, which is known to be a substrate of phos-
phatase, inhibited the streaming of both tonoplast-free
and permeabilized cells. Removal of the drug did not
allow the recovery of streaming in permeabilized cells
(Fig. 8), but occasionally did in tonoplast-free cells

Y. ToMINAGA er al.: Phosphorvlation-Dephosphorylation
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Fig.8. Effect of ¢-naphthylphosphate («-NP) on streaming in
permeabilized cells of A. expansa. Three permeabilized cells bathed in
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Fig. 9. Effect of ¢-NP on streaning in a Ca? ~-sensitive tonoplast-free
cell of C. australis. Au internode was perfused with a slightly
hypotonic (250 mOsm) Mg- ATP medium from time zero. [n about 6
minutes the streaming began to recover suggesting that the tonoplast
was removed at that time. Then the cell was intracellularly perfused
with 250 mOsm Mg-ATP medium containing | mM a-NP. The
streaming was completely inhibited. Washing away the o-NP re-
activated the streaming. The arrow denotes continuous smooth
recovery of streaming resulting from disintegration of the tonoplast

(Fig.9). Interestingly rapid perfusion of Mg-ATP
medium made the streaming of tonoplast-free cells
isensitive to the drug (Fig. 10), which will be discussed
below.

4. Discussion

The plasmalemma-permeabilized cell is an excellent
model for elucidating the mechanism of Ca’* regu-
lation of cytoplasmic streaming, since the streaming of
this model is extremely sensitive to Ca’* (ToMINAGA
etal. 1983). A demerit of this model is that high
molecular mass substances which can not permeate the
cell wall can not be used. Present success of making
tonoplast-free cells which are sensitive to Ca®* opened
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Fig. 10. Loss of sensitivity of cytoplasmic streaming to a~-NP during
rapid intracellular perfusion in C. ausiralis. The vacuole of an
internode was perfused with 100 pl of hypotonic (250 mOsm)
Mg- ATP medium at time zero. The streaming rate which was zero
was gradually increased by perfusing more t00pl (total 200 pl).
Subsequent intracellular perfusion of Mg ATP medium containing
[0raM @-NP did aot affect the streaming. The arrow denotes
continuous smooth recovery ot streaming resulting from disintegra-
tion of the tonoplast

the way to study effects of high molecular mass
chemicals on the Ca® ™ -sensitive cytoplasmic streaming.
Protein phosphatase-1 introduced into tonoplast-free
cells inhibited the Ca*™ action and allowed cytoplasm
to stream even in the presence of inhibitory concen-
tration of Ca?” (Fig.7). On the other hand, the
inhibitors of pratein phosphatase-1 (inhibitor-1 and ¢-
NP) inhibited streaming even in the absence of Ca**
(Figs. 7. 8. and 9). Moreover, ATP-y-S inhibited the
recovery of streaming which had been stopped with
Ca"". Proteins that are thiophosphorylated with ATP-
v-S are not dephosphorylated by phosphatases
(Gratecos and FiscHer 1974, MorGAN etal. 1976).
Thus the present results indicate that the characean
streaming is active when some component is in the
dephosphorylated form and inactive when it is in the
phosphorylated form. and also that endogenous phos-
phatase and kinase are preserved in the tonoplast-free
cells prepared with slow perfusion. On the other hand,
tonoplast-free cells prepared with rapid perfusion are
less sensitive to Ca?¥ (TomiNnaga and Tazawa 1981).
The endogenous kinase which is sensitive to Ca’™
might be washed away by the rapid perfusion. This is
consistent with the result that in such cells phosphatase
inhibitor, o-NP did not affect streaming (Fig. 10). If the
kinase activity is extremely low, phosphorylation of the
component leading 10 streaming cessation can 1ot
occur even if the phosphatase activity is suppressed by
the inhibitor. Thus the low sensitivity of streaming to
Ca’™ can be explained by the lowered kinase activity.
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Fig. 11. A scheme for explanation of the Ca’™-controlled
cytoplasmic streaming in characean cells. {P action potential of
membrane: [Ca? ~]; concentration of free cyloplasmic Ca?*: Call
calmodulin: Af* active myosin: W-P phosphorylated inactive
myosin: M-P-S thiophosphorylated inactive myosin. For further
explanation. see the text

ATP-y-S did not inhibit streaming when given in the
absence of Ca”~ (Fig.2). By contrast, ATP-y-S
completely inhibited the streaming recovery no matter
whether it was applied before, during or after Ca~*-
treatment (Table I B, D, and F; Figs. 2-4). [nvolvement
of Ca”~ in phosphorylation, presumably via activation
of a protein kinase, was supported by the fact that ATP-
v-S was very effective in mhibiting the recovery of
streaming only when it coexisted with Ca’* in the
cytoplasm. When the external perfusion medium con-
taining ATP-y-S was replaced with the perfusion
medium containing Ca*. ATP-v-S was not immediate-
Iy washed away (Fig.2). Also in Fig.4, ATP-v-S
coexisted with Ca” " in the cytoplasm during the initial
phase of perfusion with the medium containing ATP-v-
S. In a human lung fibroblast cell model ATP-y-S
thiophosphorylated the myosin light chain only in the
presence of Ca”t (Masupa eral. 1984).

Based on the above discussions and the facts that n
many motile systems the motility is regulated by myosin
phospharylation as mentioned before (KuczmaRrskr
and SpupicH 1980, HarTsHorNE 1982, OGIHARA et al.
1983, Konamy and Kenprick-Jones 1986). we propose
myosin as the most probable candidate for the sub-
strate  of phosphorylation-dephosphorylation,  al-
though there is also a possibility that the cytoplasmic
streaming is controlied indirectly by phosphorylation
of a regulatory protein. In Fig. 11 we depict schemat-
ically phosphorylation-dephosphorylation cycle of
myosin for regulation of cytoplasmic streaming in
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intact characean cells. Putative protein kinase and
protein phosphatase are both activated with Ca~*
coming probably from the external medium upon
membrane excitation (Havama eral. 1979). Both pro-
tein kinase and protein phosphatase are assumed to be
working even in the resting state where free Ca**
concentration in the cytoplasm is very low, but their
activities are considered to be weak under low Ca?*
concentration. To keep a high rate of streaming in the
resting state, the phosphatase activity should be stron-
ger than the kinase activity.

A sudden increase in Ca’>™ concentration caused by
membrane excitation activates the kinase stronger than
does the phosphatase. Then myosin is phosphorylated
and the streaming is stopped. An almost instantaneous
cessation of streaming which occurs within | second
after the onset of an action potential (Tazawa and
KisHivoto 1968) may be indicative of rapid phos-
phoralation of myosin. In our scheme shown in Fig. 11
the phosphatase is also activated by Ca?* but its
activity is considered to be too low to dephosphorylate
myosin instantancously. as envisaged by a very slow
recovery of streaming which takes about 5 minutes
(WiLLiamsoN and ASHLEY 1982). On the other hand, the
once clevated Ca’* concentration quickly decreases
and recovers its low resting level with 30 to 40 seconds
(WiLLiamsoN and AsHLEY 1982). This quick recovery
will bring forth lowering of the kinase activity.

How can the Ca**-dependent protein phosphatase still
retain a high activity under the low Ca’* condition?
This paradox may be solved, if the phosphatase ac-
tivation is regulated by Ca>* not directly but indirectly,
namely via calmodulin which was demonstrated to exist
in characean cells (TominaGga efal. 1985). In the
previous paper we reported that calmodulin-binding
drugs did not inhibit streaming in the absence of Ca=*
or Ca?*-induced cessation of streaming but recovery of
streaming in permeabilized cells. If the recovery is
induced by Ca**.“calmodulin, Ca’*/calmodulin has to
cause dephosphorylation of myosin via activating the
phosphatase. Calmodulin, due to ils cooperative bind-
ing of Ca”* binds Ca’* instantaneously and this Ca~*
remains bound even after the free Ca?™ concentration
falls. This hysteresis would allow control of the phos-
phatase even after the free Ca~" concentration has
fallen.

SHIMMEN er al. (1984) permeabilized the plasmalemma
of Nitella with electrical pulses which were given
immediately after cessation of streaming. Presence of
EGTA in the external medium accelerated the initial
recovery of the streaming in the permeabilized cell
presumably via depressing the kinase activity caused by
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rapid chelation of Ca’*. But the time for complete
recovery was equal to that found in intact cells. Thus
the rate of Ca®* removal is not critical for streaming
recovery,

Protein phosphatase (2B) (= calcineurin) is
Ca*/calmodulin-dependent phosphatase. 1t dephos-
phorylates inhibitor-1 which in its phosphorylated
form inhibits protein phosphatase-1 (PaLiEN and
WANG 1983, YANG eral. 1982, STEWART eral. 1983). If
calcineurin-like phosphatase is present also in chara-
cean cytoplasm, Ca** calmodulin may stimulate phos-
phatase activity by dephosphorylating its inhibitor.
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