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STELLINGEN

Protoplasten zijn een waardevol medel systeem voor onderzoek
naar plasmamembraan gebonden processen in de plant.

Dit proefschrift

De signaal transduktieketen geinitieerd door fotomorfo-
genetisch licht heeft overeenkomsten met die wvan hormonen in
dierlijke systemen.

Morse et al. (1989) Light-stimulated inositol phospholipid turnover
in Samanea saman pulvini. Plant Physiol. %0, 1108-1114

Dit proefschrift

Bij het bestuderen van de effekten van extra-cellulair ca®* op
fysiologische processen in planteweefsels is het gebruik van
Ca?*-EGTA buffers noodzakelijk

Viner, N., Whitelam, G., Smith, H. (1988) Calcium and phytochrome
control of leaf unrolling in dark-grown barley seedlings. Planta 175,
209-213

De binding van fytochrocom aan membranen, zoals beschreven in
het model van Tokutomi & Mimuro, is niet in overeenstemming
met de ongevoeligheid voor proteasen van fytochroom
geassocieerd met mitochondrieén.

Tokutomi, S. & Mimuro, M. (1989) Orientation of the chromophore
transition moment in the &-leaved shape model for pea phytochrome
molecule in the red-light absorbing form and its rotation induced by
the phototransformation to the far-red-light absorbing form. FEBS
Lett. 255, 350-353

Serlin, B.S5. & Roux, S5.J. (1986) Light-induced imporct of the
chromoprotein, phytochrome, into mitochondria. Biochim. Biophys. Acta
848, 372-377
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Voor het initieren van een respons is niet alleen de hormoon
concentratie in een weefsel wvan Dbelang, maar ook de
concentratie van de receptoren.

Medford, J.I., Horgan, R., El-Sawi, 2Z. & Klee, H.J, (1989)
Alterations of endogenous cytokinins in transgenic plants using a
chimeric iscpentenyl transgerase gene. Plant Cell 1, 403-413

Zure regen verslechtert niet alleen de vitaliteit wvan de
bossen op arme zandgronden, maar heeft ook gevolgen voor de
broedresultaten van de standvogels.

Drent, P.J. & Woldendorp, J.W. (1989) Acid rain and eggshells. Nature
339, 431

Het gebruik van tarwe als proefplant houdt niet zonder meer
in dat het om landbouwkundig onderzoek gaat, of dat het
onderzoek van belang is voor de landbouw.

Het woord "kadoshop" illustreert de veranderde houding van
Nederlanders tav. het belang van de Franse en Engelse taal
voor onze cultuur.

Studiefinanciering voor personen boven de 27 jaar is geen
overbodige luxe.

Het eten van kaasfondue met een gezelschap van vier personen
is gemakkeliijker, indien er twee rechts- en twee
linkshandigen aan tafel zitten.

Stellingen behorende bij het proefschrift van Margreet E. Bossen:

"

Plant protoplasts as a model system to study phytochrome-

requlated changes in the plasma membrane".

Wageningen, 28 maart 1990.
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Abbreviations and symbols

ABA abscisic acid

ACh acetylcholine

ad adenine

BAP benzylaminopurine

BCh butyrylcholine

[Caz‘]wt cytoplasmic Ca®'-concentration

cAMP adenosine 3':5'-cyclic monophosphate

CCh carbamylcholine

Ch choline

(0944 chlorpremazine

DB- cAMP N‘,z'-O-dibutyryladenosine 3':5'-cyclic
monophosphate

DG diacylglycerol

DPH 1,6-diphenyl-1,3,5-hexatriene

EDTA ethylenediaminetetraacetic acid

FR far-red light

GA, gibberellic acid

GDP-$3-5 guanosine-5'-0-(2-thiocdiphosphate)

G-protein GTP-binding protein

GTP-y-5 guanosine-5'-0-(3-thiotriphosphate)

H,; 1-(5-isoguinolinesulfonyl)-2-methylpiperazine

I, fluorescence intensity labeled protoplasts

Ip, inositol 1,4,5-trisphosphate

I, fluorescence intensity non-labeled protoplasts

a-NAA a-naphthaleneacetic acid

[ -Naa f-naphthaleneacetic acid

nov non-osmotic-volume

PCh propionylcholine

Pfr FR-absorbing form of phytochrome

PIP, phosphatidyl-inositecl 4,5-biphosphate

PKC protein kinase C

PMA phorbol 12-myristate 13-acetate

Pr R-abscrbing form of phytochrome

R red light

r, anisotropy, corrected

r, anisotropy labeled protoplasts

b anisotropy non-labeled protoplasts

TFP trifluoperazine

W N- {6-aminohexyl) -1-naphthalenesulfonamide

W, N- {6-aminohexyl)-5-chlore-1-naphthalenesulfonamide
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ABSTRACT

Protoplasts, isolated from the primary leaves of dark-grown wheat
(Triticum aestivum L.}, have been used as a model system to study
phytochrome-regulated changes of +the plasma membrane. Such
protoplasts only swelled after red light (R)-irradiation, when
Ca®* was present in the medium. Far-red light (FR), after R,
prevented swelling, indicating phytochrome involvement. Swelling
was inhibited when La® or the Ca®‘-channelblocker Verapamil were
added. Swelling was induced in darkness by the Cahlionophore
223187 and the calmedulin antagonist W,. It is proposed that R-
irradiation leads to opening of Ca®*-channels, resulting in an
increase of the cytoplasmic [Cah] and protoplast swelling.

The effect of modulators of G-proteins and the phosphatidyl-
inositol <c¢ycle, as known in animal cells, on the swelling
response was examined. The R-induced swelling was inhibited by
GDP-B-5 and by neomycin, Li* and H,. In darkness, swelling was
found when GTP-y-S or PMA were added to the protoplasts. All
agonists and antagonists used, influenced the swelling response,
as predicted by transposition of the animal model to plants. This
suggests that R-irradiation, leads to activation of a G-protein,
which results in the opening of Ca®*-channels.

Plant hormones also induced protoplast swelling in the
presence of Cah, while swelling was inhibited by GDP-B-S.
Acetylcholine induced, contrary to R-irradiation, swelling in the
absence of Ca?', when K' or Na' were present in the medium. This
swelling was not inhibited by GDP-p-S.

The Ca’*-sensitive dye murexide, has Dbeen used to monitor
phytochrome-regulated changes in the [Cab] of the medium. Red
light induced a Ca“-efflux, while FR reversed this effect. The R-
induced efflux was inhibited by Verapamil and W, by approx. 75%.
Therefore, the efflux, via a Ca’'-ATPase, appears to be dependent
on the activation of Ca’*-channels and a Ca®*-influx.

The fluidity of the protoplast plasma membrane was studied,
using the fluorescent membrane probe DPH. After R the anisotropy
of DPH (r,} was higher, indicating a decrease in membrane
fluidity. In darkness, r; also increased upon osmotically induced
protoplast swelling. It is not clear, whether R causes changes in
membrane fluidity, independent of changes in volume.

The observed changes in plasma membrane properties after R-
irradiation, show that protoplasts are an useful tool for
studying phytochrome action in higher plants.

Key words: ca®* (Ca“-fluxes), G-protein, membrane fluidity,
phosphatidyl-inositol c¢ycle, protoplast, phytochrome, Triticum
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Chapter 1

General infroduction



The photomorphogenetic pigment phytochrome is widespread
throughout the plant kingdom. It has been shown to be functional
in higher plants ({Shropshire and Mohr 19283), ferns (Wada and
Kadota 1989), mosses and liverworts (Hartmann and Jenkins 1984),
green algae (Dring 1988) and a red alga (LSpez-Figueroa and Niell
1989). Although fungi possess photoreceptors for UV- and blue
light, there is noc conclusive evidence that phytochrome 1is
present in these organisms (Furuya 1986). The presence of
phytochrome has been established in different ways. Based on the
red light (R}-far-red 1light {FR) reversible induction of seed
germination, Borthwick et al. (1952) postulated the existence of
phytochrome. Phytochrome is synthesized in the red-absorbing
form (Pr). Irradiation with R converts Pr to the FR-absorbing
form {Pfr}, which can be converted back to Pr by FR-irradiation.
In general, Pfr is considered to be the physiologically active
form (Hendricks and VanDerWoude 1983).

R {660 nm)

Synthesis Pr Pfr —m s

FR (730 nm)

The presence and relative amount of phytochrome can be estimated
by spectrophotometric measurements, since phytochrome displays
repeatable R-FR reversible shifts in absorption. The absorbance
difference between 660 and 730 nm (the absorption maximum of Pr
and Pfr, respectively), after irradiation with actinic R or FR,
can be used as an estimate for the relative amount of phytochrome
present in the sample (Pratt 1983)}. As an alternative method,
polyclonal and monoclonal antibodies raised against the
phytochrome protein, have been used to detect the presence of a
phytochrome-like pigment in several green algae and a red alga
(Lépez-Figueroa and Niell 1989).

Phytochrome is a biliprotein with an open-chain tetrapyrrole
chromophore. The chromophore is covalently linked to the protein,
via a cysteine residue, in the N-terminal domain. Abscrption of R
by the Pr chromopheore is thought to result in a FR-reversible
change of the stereometric configuraticn of the chromophore. The
Z-E isomerization at the C-15, (C-%16 double bond results in a
rotation of the chromophore relative to the protein moiety of the
phytochrome molecule {Song 1988).
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Fig. 1.1. Schematic drawing of exposed and interior parts of the
peptide chain of phytochrome. On "exposed" parts of the meclecule
early cleavage sites for endoproteases are present, while in the
“interior" parts the potential cleavage sites are not attacked.
~——, Pr; ---, Pfr; Ch=chromophore. The scale shows the number of
amino acid residues along the peptide. After Grimm et al. (1988)

Changes in the properties of the phytochrome protein,
resulting from photoconversion, have been described. In the Pr
and Pfr form, different cleavage sites are attacked when limited
proteolysis is performed. The N-terminal domain is especially
exposed in the Pr form, but much less accessible in the Pfr form,
while part cof the protein located near the chromophore is more
exposed in Pfr, as is part of the C-terminal domain (Grimm et al.
1988; see Fig 1.1). Both forms also differ in the sites available
for phosphorylation by protein kinases (Wong et al. 1986). A
difference in surface charge between Pr and Pfr was described by
Schendel and Ridiger (198%9). The isoelectric point for Pfr is in
the range pH 5.80-5.85, whereas that c¢f Pr is in the range 5.85-
5.90. The surface of the phytochrome molecule appears to be more
hydrophobic in the Pfr, than in the Pr form. A preferential
binding of the Pfr form over the Pr form was found with neutral,
but net with negatively charged liposomes (Kim and Song 1987;
Singh et al. 1989). The changes in surface properties were
ascribed to the exposure of the region near the chromophere
attachment site in the Pfr form, which is in agreement with the
model proposed by Grimm et al. (1988). Monoclonal antibodies
which preferentially bind to Pr or Pfr have also been isolated
(Cordonnier et al. 1989). The differences in antigenicity were
mapped to at least four different domains, indicating a large
change in phytochrome protein conformation upon photoconversion.




Fig. 1.2. Bchematic diagram of the dimeric structure of
phytochrome.

A. After Tokutomi et al. (1989), B. After Jones and Erickson

(1989). N: amino-terminal domain, C: carboxyl-terminal domain,
H: hinge region

Phytochrome is a water soluble protein, which exists as a
dimer in solution. A molecular model has been proposed based on
electronmicroscopic observations and on small-angle X-ray
scattering, (Jones and Erickson 1989; Tokutomi et al. 1989). The
N-terminal, chromophore bearing domain, and the C-terminal domain
of the molecule are connected by a so called "hinge region". The
contact site of the two monomers is located in the C-terminal
domain (see Fig. 1.2).

Based on the different decay kinetics for the degradation of
Pfr it has been proposed, that two types of phytochrome exist: so
called "labile" phytochrome, which is readily degraded in the
light and is abundant in dark-grown +tissue, and "stable"
phytochrome which is relatively more abundant in light-grown
plants (Furuya 1989). However, it must be realized that both
types of phytochrome are always present, even in dark-grown
pPlants. The existence of at least two types of phytochrome has
been confirmed by the isoclation of monoclonal antibodies, which
preferentially bind to labile or stable phytochrome ({Abe et al.
1985; Konomi et al. 1987)., Differences in the primary structure
of the two types of phytochrome, isolated from pea, were detected
with the aid of N-terminal micro-segquence analysis of peptide
fragments obtained from highly purified phytochrome, by
proteolytic digestion. It has been concluded that the proteins
are transcribed from different genes (Abe et al. 1989).




The localization of phytochrome, especially physiclogically
active phytochrome, in the cell has been debated for a long time.
About 95% of the phytochrome in etiolated tissue is readily
extracted into a buffer solution. The remainder is associated
with or +trapped in membrane fracticons., Addition of purified
phytochrome to a plasma membrane fraction, isolated chlorecplasts,
mitochondria and nuclei has been reported to lead to "binding" of
part of the phytochrome to the membranes. However, it was doubted
if these binding events are part of the bioclogical activity of
phytochrome (for review see Pratt 1986). Immunostairing of
etiolated coleoptile sections, revealed that phytochrome appears
to be distributed uniformly throughout the cytosol and is not
obviously associated with membrane sites. After conversion of Pr
to Pfr, phytochrome is found seguestered at non-membrane sites
{McCurdy and Pratt 1986). However, there is indirect evidence
that physiologically active phytochrome is bound to or associated
with the plasma membrane in the green alga Mougeotia (Haupt 1970)
and in the protonemata of the fern Adiantum (Wada et al. 1983).
These conclusions are based on the dichroic orientation of
physiclogically active phytochrome: Pr and Pfr are orientated
differently with respect to the plane of the cell surface.
Phytochrome 1in the Pr form is predicted to Dbe orientated
parallel, and in the Pfr form normal to the cell surface.
Recently other evidence has emerged, based on the possibility to
prepare highly purified plasma membrane vesicles, with the aid of
agueous two-phase partitioning. In such vesicles, isolated from
etiolated pea, phytochrome was present in amounts independent of
the phytochrome concentration of the soluble pool. Right-side out
vesicles exhibited a R-FR reversible Cab-efflux, as measured
spectrophotometrically by murexide absorbance changes. In inside-
out vesicles the Ca’-flux was in the opposite direction (Eisinger
et al. 1989). These results suggest that +the phytochrone
associated with the plasma membrane of higher plants, is also
physiologically active. Phytochrome was also found to be present
in plasma membrane vesicles isclated from etiolated wheat, the
plant used for the studies described in this thesis (Terry et al.
1989). The nature of the interaction between phytochrome and
membranes appears to be both ionic and hydrophcbic. This
conclusion was reached for the binding studies of phytochrome to
rlasma membrane vesicles (Terry et al. 1989), to a c¢rude membrane
fraction from oat (Napier and Smith 1987) and to neutral
liposomes (Singh et al. 1989).



A wide variety of physiological and developmental responses of
both dark- and light-grown plants are thought to be regulated by
phytochrome, with or without co-operation of other
photomorphogenetic pigments. Some of these —responses for
organisms grown in darkness are: seed germination, fern spore
germination, 1leaf unrolling of grasses, chloroplast biogenesis
and hypocotyl hock opening. Examples for plants grown in the
light are: stem elongation, leaf expansion, floral inductien,
nastic movements and chloroplast movement in algae (see
Shropshire and Mohr 1983; Kendrick and Kronenberg 1986; Furuya
1987) . At the molecular level, phytochrome appears to be inveolved
in the regulation of transcription of many genes. The most
thoroughly studied being: the phytochrome gene itself, genes
coding for chlorophyll a/b binding protein {cab), the small
subunit of ribulose-1,5-biphosphate-carboxylase (rbcS) and NADPH-
protochlorophyllide oxidoreductase (for reviews see Tobin and
Silverthorne 1985; Schiafer et al. 1986; Jenkins 1988; Nagy et al.
1988).

The signal transduction chain between phytochrome
photoconversion and ultimate physiological responses 1is still
largely unknown. At present, research on this subject is focused
on two of the possible points of interaction. One is the
regulation of gene expression by phytochrome (see above), the
other the role of Ca’* in phytochrome regulated responses. For an
increasing number of phytochrome responses the involvement of
ca®* has been shown. These are: Lleaflet closure in Mimosa
(Toriyama and Jaffe 1972), membrane depolarization in Nitella
(Weisenseel and Ruppert 1277), chloroplast rotation in Mougeotia
(Dreyer and Weisenseel 1979), spore germination of the ferns
Onoclea (Wayne and Hepler 1984) and Dryopteris (Scheuerlein et
al. 1989), reduction of the surface charge of Mesotaenium cells
(Stenz and Weisenseel 1986), leaf unrolling of dark-grown barley
(Viner et al. 1988), regulaticn of gravitropism of maize "Merit"
(Perdue et al. 1988), photoperiodic flower induction of Pharbitis
nil (Friedman et al. 1989), regulation of light-off closure of
the leaflets of Cassia (Roblin et al. 1989) and Albizza (Moysset
and Simon 1989), regulation of NADH-glutamate dehydrogenase (Das
et al. 1989) and the germination of +turions of Spirodela
polyrhiza (Augsten and Appenroth 1989). It is thought that
changes in the permeability of the plasma membrane for ca® play a
role in these responses. This is mainly based on the observation
that no response occurs in the absence of external Cah, or when




specific blockers of Ca®-channels are added. Some of the plasma
membrane related phytochrome responses are very rapid. Changes in
the membrane potential after R have been measured with lag phases
of 10 s or less (Racusen 1976; Weisenseel and Ruppert 1977;
Newman 1981). bifferences in Ca®*-fluxes have been indicated as
possible mediators of these changes. Transient enhancement of
#ea?t uptake in protoplasts of dark-grown maize leaves, was
measured 30 s after R (Das and Sopory 1985). At present it is not
clear if the changes in plasma membrane properties (as described
above), are in some way connected with the regulation of gene
expression by phytochrome. The rapid changes of plasma membrane
properties could be part of the transduction chain leading to
changes in gene expression. As in animal cells a phosphorylation
cascade, initiated by Ca®-regulated kinases located at the plasma
membrane, could form the connection (Rasmussen 1989). In oat
protoplasts the phosphorylation of two proteins after R-
irradiation, was shown to be dependent on the presence of ca® in
the medium (Park and Chae 1989). However, it is also possible
that phytochrome regulates different processes at different sites
in the cell, independent from each other (Schifer et al. 1986}.

The aim of +this +thesis 1is to characterize phytochrome
regulated changes of plasma membrane properties, which could be
involved in the transduction chain between phytochrome
photoconversion and physioleogical responses. These changes are of
special interest, since some of them (e.g. membrane
depolarization) show very short lag times, and may be close to
the primary reaction of Pfr. Protoplasts isolated from the
primary leaves of dark-grown wheat, were chosen as a model
system. Blakeley et al. (1983) showed a phytochrome control of
changes in osmotic behaviour of such protoplasts: they shrank
less after R when transferred to a medium of higher osmotic
potential. The plasma membrane of protoplasts is readily
accessible for manipulation e.g. the controlled addition of
chemical compounds, making them amenable for study by different
technigques. Furthermore, during preparation of the protoplasts,
the cell contents are relatively undisturbed. Therefore any
phytochrome induced response cbserved, would be anticipated to be
physiclogically relevant.



Outline of this thesis

4In Chapter 2 the protoplast system is introduced, and the
involvement of Ca** and of Ca’-channels in the phytochrome
regulated protoplast swelling is documented. A Boyle-van't Hoff
analysis of the swelling response is presented.

¢In Chapter 3 the question how phytochrome regulates changes in
ca® permeability of the plasma membrane is addressed. The
possible involvement of a GTP-binding protein and the
phosphatidyl-incositol pathway of signal transduction in
phytochrome-regulated protoplast swelling is described and
discussed.

+In Chapter 4 a compariscn is made between bhytochrome-regulated
protoplast swelling and swelling induced by gibberellin, auxin,
cytokinin, abscisic acid and acetylcholine. Research has been
focused on the involvement of Ca®* and of a GTP-binding protein.

+Phytochrome-regulated changes in [Ca“] of the protoplast medium
are shown in Chapter 5. The dependence of these changes on

Ca**-channel activity and on a plasma membrane located Ca?*-ATPase
was investigated.

#Chapter 6 describes phytochrome-regqulated changes of the
fluidity of the plasma membrane. The anisotropic behaviour of the
fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH) has been
used as a measure of membrane fluidity.

4Conclusions and summary of the results are given in Chapter 7.




Chapter 2

The role of calcium ions

in phytochrome—controlled swelling

of etiolated wheat (Zriticum aestivum L.)
protoplasts

Margreot B. Bossen, Hans H.A. Dassen, Richard E. EKendrick and
Willem J. Vredenberg

Planta 174: 94-100 (1988)



Abstract

Protoplasts from dark-grown wheat {Triticum aestivum L.)
maintained at a constant osmotic potential at 22°C, were found to
swell upon red irradiation (R} and the effect was negated by
subsequent far-red light (FR), indicating phytochrome
involvement. Swelling only occurred when Ca®*-ions were present in
the surrounding medium, or were added within 10 min after R.
Furthermore, Mg®', Ba® or K' could not replace this reguirement
for Ca?. The presence of K' did not enhance the Ca’’-dependent
swelling response. When the Ca®-ionophore A23187 was added to the
medium, protoplasts swelled in the dark to the same extent as
after R. Both the Ca®-channelblocker Verapamil and La* inhibited
R-induced swelling. It is proposed that R causes the opening of
Ca®-channels in the plasma membrane. Boyle-van't Hoff analyses of
proteoplast wvolume after R and FR are consistent with the
conclusion that R irradiation causes changes in membrane
properties.

Introduction

The signal transduction chain between phytochrome photoconversion
and ultimate physiclogical responses such as seed and spore
germination, flower induction, de-etiolation and inhibition of
stem elongation, is still largely unknown. Some of the most rapid
phytochrome responses appear to be membrane related. The
conversion of phytochrome molecules from the red-light-absorbing
form (Pr} into the far-red-light-absorhing form (Pfr) is
completed within a few seconds of photon absorption (Spruit 1982;
Scheuerlein et al. 1986). Changes in membrane potential after red
light (R} have been measured with lag phases of less than 1, to
10 s (Racusen 1976; Weisenseel and Ruppert 1977; Newman 1981).
Differences in Ca®*-fluxes have been indicated as possible
mediators of these changes. The reductien of the surface-charge
of Mesotaenium cells after R, was also found to require the
presence of ca® in the surrounding medium (Stenz and Weisenseel
1986). The presence of Ca® in the medium, Ca®* uptake or an
increase in cytoplasmic [Ca“] have been shown to be essential
for phytochrome mediated spore germination of Onoclea (Wayne and
Hepler 1984), <chloroplast rotation in Mougectia (Dreyer and
Weisenseel 1979} and 1leaflet closure in Mimeosa (Toriyama and
Jaffe 19272; for reviews see Hepler and Wayne 1985 and Roux et al.
1986). However, it is still unclear if Pfr 4is bound to or
associated with the plasma membrane. After R, most of the
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phytochrome appears to concentrate rapidly at non-membrane sites
(McCurdy and Pratt 1986; Speth et al. 1986). There is indirect
evidence that active phytochrome is bound to or associated with
the plasma membrane in the green alga Mougeotia (Haupt 1970} and
the protonemata of the fern Adiantum (Wada et al. 1983).
Molecules of Pr are predicted to be orientated parallel and Pfr
molecules normal to the cell surface. In Adiantum this change in
orientation upon phototransformation has been shown to take place
within 30 s of irradiation (Kadota et al. 1986).

To study changes in membrane properties induced Dby the
photoconversion of Pr to Pfr, we have chosen protoplasts from the
primary leaves of dark-grown wheat as a model system. Phytochrome
control of changes in osmotic behaviour of such protoplasts were
shown by Blakeley et al. (1983). After R, protoplasts shrank less
than in darkness, when transferred to a medium of higher osmotic
potential, while incubated at 4°*C. In this paper we describe the
results of studies on: (i) the volume changes of etiolated
protoplasts after R or PR, incubated at constant osmotic
potential at 22°C, (ii) the kinetics of protoplast swelling after
R and (iii) the requirement of Cca?® for this pProcess.

Material and methods

Plant material. Wheat caryopses (Triticum aestivum L., cv.
Arminda) were sown in a washed mixture of Vermiculite and Perlite
(1:1), and placed in a dark growth room at 25°C and 60-65%
humidity. After B8-10 4 plants were harvested and the primary leaf
was used for protoplast isolation.

Protoplast isolation. All manipulations were performed under dim
green safe light (26 nmolem?.s”'). Protoplasts were isolated as
described by Edwards et al. {1978). Primary leaves were cut in
small pieces {1 wmm) and incubated (2 g/10 ml) in 2% cellulase
Onozuka R10, 0.2% maceroczym (Kinky Yakult, Nishinomiya, Japan},
0.5 M sorbitel, 1 mM CaCl, and 1 mM KCl, pH 5.5 for 3-3.5 h at
22°C. After purification on a discontinuous sorbitol/sucrose
gradient, protoplasts were resuspended in a medium consisting of
0.5 M sorbitocl, 5 mM 2-(N-morpholino)ethanesulfonic acid (Mes)
adjusted to pH 6.0 with 2-amino-2- (hydroxymethyl)-1,3-propanediol
(Tris) and 1 mM CaCl, (Medium A), and incubated in this medium
unless otherwise indicated. Protoplasts were tested for viability
with 0.2% phenosafranine (Widholm 1972)., Experiments were carried
out at 22°C except for those on the kinetics of protoplast
swelling at 15°C. All experiments have been repeated at least
three times with gualitatively similar results. Representative
individual experiments are shown.
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Light sources and irradiations. Monochromatic light was obtained
from a 250 W quartz-iodine lamp in a custom-built projector using
interference filters {Balzer B40, Liechtenstein) with a half
bandwidth of approx. 10 nm. The £fluence rates used were R(660
nm): 150 and FR (729 nm) 75 pmole.m2.s"' for protoplast population
studies. In the experiments with individual protoplastsk fluence
rates were for both R{660 nm) and FR(732 nm): 10 pmol-m*.s™'. The
fluence rates were measured with a photodiode meter, Optometer
type B0 X (United Detectors Technology Inc., Santa Maria, Cal.,
USA). Irradiation times were 1 min for R and § min for FR, except
in the experiments with individual protoplasts, where 3 min R was
given.

Protoplast measurement. After irradiation or other treatment,
protoplasts (5¢10" in 0.5 ml) were kept in darkness for 30 min,
at 22°C. GSamples were taken, placed on a haemocytometer
(Fuchs-Rasenthal) and photographed. The diameters of 100
protoplasts were measured and the mean volume calculated,
assuming protoplasts are spherical. In experiments without Ca®* in
the medium, protoplasts were washed twice with 0.5 M sorbitol,
5 mM Mes-Tris pH 6.0 and 50 uM ethylenediaminetetraacetic acid
(EDTAN)Y , and resuspended in this medium without EDTA, as
indicated. For kinetic studies of swelling, protoplasts were
embedded in 0.6% agarose (low gelling, Sigma, St. Louis, MO.,
USA) in medium A, in a temperature-controlled flat cuvette. The
medium was circulated through the cuvette and the temperature
maintained at 15°C. Protoplasts were selected under the
micrescope, while irradiated simultanecusly with green and FR by
means of light guides. The microscopic image of the protoplasts
was displayed on a TV screen and the diameter was measured at
intervals of 1-2 min.

Boyle-van't Hoff analysis. The osmotic and non-osmotic volumes
(nov) were estimated by using the Boyle-van't Hoff relation:
n(V-b)=nRT (Weyers and Fitzsimons 1982; Nobel 1983). This formula
relates the osmotic potential of the medium ({n) with protoplast
volume (V) at a given temperature (T}. R is the gas constant, n
the apparent number of moles of osmotically active solutes, V and
b are the cell volume and nov, respectively. A plot of V against
a! is predicted to be linear with a y-intercept b. = was
calculated as the solute potential of the medium, using the van
't Hoff relationship at T=295 K. After R or FR, protoplasts were
transferred immediately to media with different sorbitol
concentrations and maintained in darkness for 30 min before
volume measurement. All media contained 5 mM Mes-Tris, pH 6.0 and
1 mM CaCl,.

Phytochrome measurement. The phytochrome content of protoplasts
was measured by using the spectrophotometer described by Spruit
,;1970}, in the dual-wavelength mode. The measuring beam was set
‘at 730 nm and the reference beam at 806 nm. Cuvettes with a light
path of 1.6 mm were used. Calcium carbonate was added to the
protoplast suspension as a scattering agent to enhance the signal
(see Pratt, 1983). Phytochrome content is expressed as a change
in absorbance difference (44A; Spruit 1970).
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Results

Protoplasts, were more than 90% viable, directly after isolation,
as measured with phenosafranine (Fig. 2.1). Photoreversible
changes, attributable to phytochrome, could be clearly
demonstrated in these protoplasts. Protoplasts (5-106 in 0.2 ml)
gave a phytochrome signal of 2.6+1073(44R) .

Fig. 2.1. Protoplasts of the primary leaves of dark-grown
wheat, immediately after isolation. Bar=50 um

Red-far-red reversibility. The volume of protoplasts irradiated
with R and subsequently incubated in darkness for 30 min in
medium A, were consistently 13-18% larger than those irradiated
with FR, or of the dark-control (Fig. 2.2A). When FR was given
immediately after R, swelling was not observed.
Photoreversibility was observed for two R-FR cycles, indicating
the involvement of phytochrome in the swelling response. That all
protoplasts within the population swelled, is shown by ¢the
cumulative size-distribution curves (Fig. 2.2B). The percentage
volume increase for small and medium-sized protoplasts was the
same {14.5%), and for large protoplasts slightly highexr (16.2%).
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Fig. 2.2A, B. Red-far-red (R-FR) reversibility of protoplast
swelling, A Protoplasts were maintained in darkness (D) or
irradiated with schedules of R (1 min) and FR (5 min). After
the last irradiation the protoplasts were incubated for 30 min
in darkness in medium A at 22°C, before measurement. Mean
volume + SE is presented. B Cumulative size distribution of 100
protoplasts after R or FR irradiation.. The mean numbers of
eight independent experiments are presented. o, FR; DO, R
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Fig. 2.3. Kinetics of protoplast swelling. The time course of
protoplast swelling of individual protoplasts embedded in
agarose in medium A at 15°C after 3 min red 1light (R),
expressed as percent volume change (AV%) + SE
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Kinetics of swelling. To study the kinetics of protoplast
swelling, the diameter of individual protoplasts was measured
after R at 15°C (Fig. 2.3). Under these conditions protoplasts
started to swell almost immediately after the start of
irradiation (within ¥ min) and swelling was virtually complete in
10 min. The half-time of swelling was 4.5 min.

Boyle-van't Hoff apalysis of swelling. With the aid of Boyle-
van't Hoff analysis, a distinction can be made between a volume
change caused by a change in nov or induced by a change in solute
content of the protoplasts. , Protoplasts were therefore
transferred to media with different osmolarity, directly after R
or FR irradiation. As shown in Fig. 2.4, FR-irradiated
protoplasts had an apparent negative nov, whereas after R the nov
was positive. Protoplasts maintained in darkness gave the same
results as FR-irradiated protoplasts {results not shown). With
these results it is not possible to say whether protoplast
swelling after R at 0.5 M sorbitol (1/n=0.8) is caused by a
change in nov or an increase in the solute content of the
protoplasts, or a combination of both.
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Fig. 2.4. Boyle-van't Hoff analysis of protoplast swelling,
Immediately after 1 wmin red (R) or 5 min far-red (FR)
irradiation, protoplasts were transferred to media with
different sorbitol concentrations, having values of 1/n of
0.6-1.0 MPa™'. After 30 min in darkness at 22°C the protoplasts
were measured and the volume s+ SE calculated. o, FR; O, R
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Involvement of Ca®*, To investigate a possible role of Ca® in the
swelling response, Ca®’* was replaced by 1 mM of the chloride salts
of K', Mg®* or Ba**. In the absence of Ca®*, no swelling after R
occurred (Fig. 2.5). No significant enhancement of swelling was
observed when the medium contained both Ca®* and X'. The
requirement for Ca® in the medium indicates that influx of Ca®
is a prerequisite for +the respeonse. This was confirmed by
experiments with the Ca®*-ionophore A23187 (Table 2.1).
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Fig. 2.5. The influence of the ionic content of the medium on
protoplast _swelling. Protoplasts were washed with medium A,
without Ca** + 50 uM EDTA and resuspended in media with the
indicated ions at a concentration of 1 mM. Protoplasts were
irradiated with 1 min red (R) or 5 min far-red (FR) and
measured after 30 min in darkness at 22°C. Mean volume + SE is
present

Protoplasts swelled to the same extent in darkness, when
10 uM A23187 was added to the medium containing 0.1 or 1 mM
CaCl,, as after R in the presence of Ca®*, Addition of the Ca®*-
channelblocker Verapamil (10 uM) inhibited R-induced swelling. A
similar effect was observed for 0.1 mM LaCl,. In order to resolve
whether the presence of Ca® in the medium is required during or
after phytochrome conversion, protoplasts were washed with medium
without Caz’, but with 50 pyM EDTA, R-irradiated in Ca®'-free
medium A, and supplied with Ca®* at different times after the
irradiation. After the addition of Caz’, the protoplasts were
incubated in darkness for 30 min before measurement (Fig. 2.6).
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Table 2.1. The effect of ionophore A23187, La* and Verapamil on
protoplast swelling, expressed as percent volume change (4V%).
Protoplasts were suspended in media containing 1 mM CaCl,, 1 mM
CaCl, + 0.1 mM LaCl; or 1 mM CaCl,+ 10 gyM Verapamil and
irraaiated for % min with red (R} or 5 min with far-red (FR)
light. The 4V% after R is relative to the FR controls. A23187
(10 uM) was supplied in darkness (D) to protoplasts suspended
in media with 0.1 or 1 mM CaCl,. 4AV% is relative to the dark
control without A23187

Medium Light regime 4V%
CaCl2 (1.0 mM) R 13.6
CaCl, (1.0 mM), LaCl, (0.1 mM} R 0.8
CaCl, (1.0 mM), Verapamil (10 uM) R -0.5
CaCl, (1.0 mM), A23187 (10 uM) D 13.0
CaClz (0.1 mM), A23187 (10 uM) D 13.2
av (%)
15F
(o]
o o
o]
o]
10F
5_
0 10 20 30

Time (min)

Fig. 2.6. The effect of Ca® addition after red (R) irradiation.
Protoplasts were washed with medium without Ca?*, but with SO uM
EDTA and irradiated with R for 1 min or far-red (FR) for 5 min.
CaCl, (1 mM) was added at various times after irradiation,
which terminated at t=0. Swelling is expressed as percent
volume change {4V %) between FR and R
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Calcium could be supplied up to 10 min after R to obtain a full
swelling response. Longer delays resulted in a sharp decline of
the swelling response and after 30 min no swelling occurred.
Protoplasts incubated in medium without ca® for a longer period
retained the capacity for swelling, since if Ca® was added before
R at the end of the experiment, protoplasts swelled normally
{(point -1 in Fig. 2.6). Protoplast wvolume after FR was the same
for all times of Ca®® application.

Piscussion

The observed phytochrome-controlled swelling of etiolated wheat
mesophyll protoplasts incubated at constant osmotic potential
(1/#=0.8) at 22°C (Fig. 2.2) is in agreement with what would be
predicted on the basis of the results of Blakeley et al. (1983).
In their experimental procedure, protoplasts from dark-grown
wheat were induced to shrink at 4°C on transfer to a medium of
higher osmotic potential and R, but not FR, was found to prevent
shrinkage. The R-induced swelling reported here, required the
presence of Ca® in the medium. When both Ca® and K* were present,
K* did not enhance the swelling response (Fig. 2.5). This makes
it very unlikely that the swelling results from uptake of K' by
the protoplasts, as is the case for the Dblue-light-induced
swelling of guard-cell protoplasts (Zeiger and Hepler 1977).
Blakeley et al. (1983) gave an indication, that the volume
difference bhetween FR- and R-irradiated protoplasts was larger
when K', in addition to Ca® was present in the medium. They made
the assumption that protoplast swelling or more precisely,
prevention of shrinkage resulted from the wuptake of solutes,
especially K", from the medium.

When Ca®* was displaced from the membrane by La® (Dos Remedios
1981), or when the Cca® -channelblocker Verapamil was added to the
medium, no protoplast swelling occurred after R (Table 2.1). In
darkness, swelling of protoplasts could be induced by the addi-
tion of the Ca’*-ionophore A23187 to the Ca®*-containing medium.
These facts combined with the observation that Mg®* and Ba®
cannot replace the Ca®* requirement of the response, leads us to
conclude that Ca® uptake by the protoplasts is necessary for
protoplast swelling. Calcium could be transported down the
existing electrochemical gradient (Akerman et al. 1983), through
Caa-channels, which become open as a result of R. Binding studies
of (*H]-Verapamil and [‘H]-nitrendipine have indicated the exis-
tence of Ca®*-channels in the plasma membrane of plant c¢ells

18




(Hetherington and Trewavas 1984; Andrejauskas et al. 1985). Other
phytochrome -controlled processes have been reported to require
external Ca®'. Wayne and Hepler (1984) showed that external Ca®
is required for the R-induced germination of Onoclea spores. A
transient increase of total intracellular calcium was observed
after R, using atomic absorption spectroscopy (Wayne and Hepler
1985). In Mougeotia, uptake of Ca® is associated with chloroplast
rotation. Red light induces an uptake of **ca®, which is prevent-
ed by subsequent FR (Dreyer and Weisenseel 1979). A rise of
cytoplasmic [Ca“] after R could also result from the release of
ca®* from Ca containing vesicles {Wagner and Rossbacher 1980}.
An enhanced, transient uptake of “ca? after R, by protoplasts
from dark-grown maize leaves, was reported by Das and Sopory
{1985), an effect prevented by FR given immediately after R.
However, Hale and Roux (1980) have measured an increase of the
[Cah] in the surrounding medium of oat coleoptile protoplasts
after R, using the Ca®-sensitive dye murexide. Subsequent FR was
found to reverse the effect. A Ca’* efflux after R was only found
when Ca®' was present in the medium during irradiation or when the
protoplasts were pre-incubated in Ca® before irradiation. Similar
to Roux (1983), we reconcile these apparently conflicting results
by assuming that R causes a small transient uptake of Cab, which
is followed by the release of a large amount of ca® into the
medium. The measurements of Newman (198%1) on the electrical
potential between the surface of cat coleoptiles and the bathing
medium of the roots, are qualitatively in agreement with this
model. He found that within seconds after R, & small surface
depolarization was followed by a large hyperpolarization. These
changes can be explained by a small ca** influx, followed by a
large Ca® efflux. A reduction of the negative zetapotential of
Mesotaenium after R can also be explained by a release of ca®
into the medium (Stenz and Weisenseel 1986).

When Ca® is absent from the medium during R-irradiation of the
protoplasts, it can be added up to 10 min after irradiation to
obtain a full swelling response (Fig. 2.6). If R leads to the
opening of Ca®**-channels in the plasma membrane as proposed here,
it is necessary to conclude that these channels begin to close
10 min after opening, but how this closing is regulated is not
clear. The observed R-FR reversibility indicates that FR, given
directly after R, leads to c¢losing of the Ca®*-channels or preven-
ts them opening. This is in agreement with the experiments of Das
and Sopory (1985). Far-red light, given directly after R, causes
an inhibition of the R-stimulated uptake of **Ca®* by maize proto-
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plasts. Whether phytochrome action is directly coupled with the
opening/closing of the ca’-channels or is coupled by other
mediators cannot yet be answered. On the basis of escape studies,
where FR was given at varying time intervals after R, Blakeley et
al. (1983) and Wayne and Hepler (1%84) conclude that, in their
respective systems, other events occur between Pfr formation and
ion uptake,

When a Boyle-van't Hoff analysis of our osmotic studies was
carried out on FR-irradiated protoplasts, the nov appeared to be
negative, whereas after R it was positive (Fig. 2.4). Since a
negative nov is impossible, we assume that in FR-irradiated
protoplasts the plasma membrane d4id not fulfil the prereqguisites
for the wvalidity of the Boyle-van't Hoff relationship. Perhaps
the plasma membrane of FR-irradiated protoplasts is not complete-
ly semi-permeable. In guard-cell protoplasts of Commelina, which
swell upon idrradiation, a rise in nov and a rise in solute
content, especially K', has been observed (Fitzsimons and Weyers
1986). Whether the swelling of eticlated wheat protoplasts after
R is also caused by a rise in both nov and solute content is not
clear because no estimate ¢f a nov change can be made. If it is
assumed that the nov is the same for FR- and R-irradiated protop-
lasts (6900 pm’), the osmotic volume would he 18400 and 21400 pmﬂ
respectively (data from Fig. 2.4). When possible changes in
activity coefficients are neglected, the solute content of
protoplasts after R is 14.4% higher. The total solute content of
5.10° FR-irradiated protoplasts has been calculated to be 4.6+107°
mol. An R-induced rise of 14.4% would then correspond to 0.65-107°
mol. The total amount of CaCl, in 0.5 ml medium in our experi-
ment was 0.5-10"° mol. This means it is very unlikely that the
rise in solute content of the protoplasts after R is directly
caused by uptake of Cca® and accompanying co-ions. Other causes of
an increase in internal solute concentration are uptake of
sorbitol from the medium, hydrolysis of storage compounds or
release of solutes from internal stores.

The results described in this paper clearly show the occur-
rence of relatively rapid changes in eticlated wheat protoplasts
upon R irradiation at physiological temperatures. These changes
are likely to be the conseqguence of alterations in plasma men-
brane properties. Protoplasts offer a convenient system for the
study of phytochrome-mediated changes associated with the plasma
membrane, which could be components of the transduction chain
between phytochrome photoconversion and ultimate physiological
responses.
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The involvement of a G-protein in
phytochrome-regulated, Ca?* —dependent
swelling of etiolated wheat

(Triticum aestivum L.) protoplasts

Margrect E. Bossen, Richard E. Kendrick and Willem J. Viedenberg

Chapter 3
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Abstract

The red light (R)-induced swelling of mesophyll protoplasts,
isolated from dark-grown wheat (Triticum aestivum L.) leaves, was
inhibited by guanosine-5'-0-{2-thiodiphosphate) (GDP-B-S). In
darkness or after control irradiation with far-red light (FR}),
guanosine-5'-0-(3-thiotriphosphate) (GTP-y-S) induced swelling to
the same extent as after R, The possibility of R-induced
activation of the phosphatidyl-inositeol pathway of transmembrane
signalling was investigated. Neomycin, Li* and 1-(5-iso-
quinolinesulfonyl)-2-methylpiperazine (H,) inhibited the R-
induced swelling. Phorbeol 12-myristate 13-acetate (PMA) induced
swelling after control irradiation with FR. Neomycin and Li* also
inhibited GTP-y-S-induced swelling. These results suggest that a
GTP-binding protein is inveolved in the phytochrome-requlated
swelling response. Aaddition of lﬁ,Z'-O-dibutyryladenosine 3':5'-
cyclic monophosphate (DB-cAMP) induced swelling to the same
extent as after R-irradiation. The calmodulin antagonist
N- (6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W,) induced
swelling after FR, while R-induced swelling was not inhibited.
The less active analogue N- (6-aminohexyl) -1-naphthalene-
sulfonamide (W) induced no swelling after FR. It is speculated
thagl the protoplast volume is correlated with the cyteplasmic
[Ca"]).

Introduction

Phytochrome is one of +the plant pigments regulating photo-
morphogenesis. Much is known about the phytochrome molecule
itself (Song 1988} and about the reversible photoconversion
between its red light (R)-absorbing form (Pr) and the far-red
light (FR)-absorbing form (Pfr) (Fendrick and Spruit 1977; Inoue
1287). However, little is known about the signal transduction
chain between formation of active Pfr and ultimate physiological
responses e.g. seed germination, germination of fern spores and
de-etiolation. Some rapid phytochrome responses, occurring in the
time range of seconds, appear to be associated with the plasma
membrane, e.g. changes in membrane potential (Racusen 1976;
Weisenseel and Ruppert 1977) and uptake of “ca® by maize
protoplasts (Das and Sopory 1985). These changes could be part of
the signal transduction chain of phytochrome action. It has been
shown +that the presence of Ca®* is essential for a number of
phytochrome-regulated responses to occur, e.qg. chloroplast
rotation in Mougeotia (Dreyer and Weisenseel 1979), fern spore
germination of Oncoclea {Wayne and Hepler 1%B4) and Drycpteris
{Scheuerlein et al. 1989), swelling of protoplasts isolated from
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dark-grown wheat leaves (Bossen et al. 1988), leaf unrolliné of
dark-grown barley (Viner et al. 1988) and phytochrome regulated
gravitropism of maize cv. 'Merit' (Perdue et al. 1988). Aan
increase of the cytoplasmic Ca®*-concentration ([Cah]cﬁ) and total
cellular Ca“, have been measured in Mougeotia (Dreyer and
Weisenseel 1979) and Onoclea (Wayne and Hepler 1985)
respectively. While there is no evidence for a direct coupling of
Ca®* with the primary action of Pfr, it has been proposed that
formation of Pfr leads to the opening of ca’*-channels in the
plasma membrane, resulting in enhanced transport of Cca®* into the
cytoplasm and a rise in [Cab]wt(Roux 1983; Bossen et al. 1988).
Scheuerlein et al. {1989%) demonstrated a clear separation in time
between phytochrome action and the requirement for ca® in the
case of fern spore germination.

Enhanced uptake of Ca®* ions through Ca®*-permeable channels
and a rise in [Caz*]wt are well known phenomena in animal cells,
after interaction of the cells with several types of hormones,
growth factors, light and other agonists (Gomperts 1983; Reuter
1983; see also Hepler and Wayne 1985 and references therein). It
has been proposed that the primary event is the binding of the
agonists to specific receptors on the plasma membrane, after
which s0 called GTP-binding proteins (G-proteins) are activated,
which in turn activate different enzymes, depending on the type
of G-protein (see for reviews Stryer and Bourne 1986; Berridge
1987; Cockeroft 1987; Gilman 1987; see also Fig. 3.1). Activation
of the G-proteins eventually 1leads, among other things, to
opening or enhanced opening probability of Ca®**-channels in the
plasma membrane (Gomperts 1983; Dunlap et al. 1987; Meldolesi and
Pozzan 1987).

We have investigated the possible involvement of a G-protein
in the phytochrome-regulated, Ca“-dependent swelling of etiolated
wheat protoplasts, by introducing the inhibitor GDP-B-S and the
activator GTP-y-5 of G-proteins into the protoplasts. To obtain
information about the type of G-protein which might be invoived,
the effect of neomycin, Li*, H, and PMA, known as modulators of
the phosphatidyl-inositol pathway in animal cells, have been
tested. Chung et al. (1988) reported that phytochrome, dibutyryl-
CAMP (DB-cAMP) and gibberellic acid induce swelling of etiolated
cat protoplasts. We have made a comparison between the effect of
neomycin and Li* on DB-cAMP-induced and phytochrome-regulated
swelling. The influence of the anti-calmodulin compounds W, and W,
was also investigated since Gilroy et al. (1987) showed, that W,
causes an elevation of [Cab] in carrot cell protoplasts.

cyt
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Fig. 3.1. Schematic representation of the phosphatidyl-inositol
and adenylate cyclase pathway of signal transduction as known
in animal cells. Phosphatidyl-inositol pathway: upon
interaction of an agonist (2) with a receptor (R), a
GTP-binding protein {(G,) is activated, by an exchange of bound
GDP by GTP on the «-subunit. The subsequent dissociation of the
a and B subunit can also be induced by GTP-y-S, in the absence
of an agonist. The dissociation can be inhibited by GDP-B-S.
The activated Gp-a-subunit activates phospholipase C, which
catalyses the hydrolysis of phosphatidyl-inositol 4,5-
biphosphate (PIP,), forming inositol 1,4,5-trisphosphate (IP,)
and diacylglycerol (DG). While IP;, is released in the
cytoplasm, where it interacts with receptors on the endoplasmic
reticulum (ER) leading to release of Ca®, DG remains in the
plasma membrane and activates protein kinase C (PKC). This
kinase can also be stimulated by PMA. Ultimately the activation
of G, leads to opening of Ca®*-channels in the plasma membrane.
In the phosphatidyl-inositol cycle, PIP, is reformed from IP,,
which is inhibited by Li*. Neomycin binds to PIP,, inhibiting
the action of phospholipase C. Protein kinase C is inhibited by
H,.
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Adenylate cyclase pathway: the e-subunit of another G-protein,
G,, activates adenylate cyclase, which catalyses the formation
of caMpP from ATP. The cAMP formed, stimulates a cAMP-dependent
protein kinase ({(cAMP-PK). This kinase, which is also inhibited
by H,, activates a different type of Ca®**-channel in the plasma
membrane. A Ca®*-calmodulin activated Ca®*-ATPase is present in
the plasma  membrane. The calmodulin  antagonists W,
chlorpromazine (CPZ) and trifluoperazine (TFP)} prevent the
activation of this ATPase. This scheme is based partially on
the model of Cockcroft (1987)

Material and methods

Plant material. Wheat (Triticum aestivum L., cov. Arminda) was
sown in a mixture of Vermiculite and Perlite (1:1) in pots and
placed, in darkness at 25°C, in a controlled air-flow cabinet.
The air was purified and humidified by passing it first through a
column with activated carbon Norit RBAA; (Norit, Amersfoort, the
Netherlands) and then through a water column. After EB-11 d plants
were harvested and the primary leaves were used for preotoplast
isolation.

Protoplast isolation. Protoplasts were isolated as described by
Bossen et al. (1988). Primary leaves were cut in pieces (1 mm)
and incubated in 3% cellulase Onozuka R10, 0.3% macerozym {(Kinky
Yakult, Nishinomiya, Japan), 0.5 M sorbitol, 1 mM CaCl, pH 5.6
for 3.5-4 h at 22°C. Aafter purification on a discontinuous
sorbitel/sucrose gradient, protoplasts were resuspended in the
incubation medium consisting of 0.5 M sorbitol, S mM
2- (N-morpheline)ethanesulfonic acid (Mes) adjusted to pH 6.0 with
2-amino-2- (hydroxymethyl)-1,3-propanediol (Tris) and 1 mM CacCl,.
Protoplasts were tested for viability with 0.2% phenosafranine
(Widholm 1972}. In the electroporation experiments 0.05%
phenosafranine was used. All maniPulations were performed under
dim green safelight {26 nmolem-2.57").

Light sources and irradiations. Monochromatic light was obtained
from a 250 W quartz-icdine lamp in a custom-built projector using
interference filters (Balzer B40, Liechtenstein) with a half
bandwidth of approx. 10 nm. The fluence rates used were for
R (660 nm): 150 and for FR (729 nm): 75 umolom*-s“. The fluence
rates were measured with a photodiode meter, Optometer type 80X
{United Detectors Technology Inc., . Santa Maria, CA., TUSA).
Irradiation times were 1 min for R and 3 min for FR, sufficient
to saturate phytocchrome photoconversion.
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