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STELLINGEN

Een toename van de protease-activiteit is geen noodzakelijke voorwsarde

voor de daling van het eiwitgehalte in verouderende haverbladeren.

Dit proefschrift

Eiwitafbrask tijdens de bladontwikkeling vindt niet plaats door redis-

tributie van de zure protease van de vacuole naar het cytoplasmé.

Dit proefschrift

Voor onderzoek naar compartimentalisatie is de gebruikeli jke aanname

dat, na lysering, per protoplast één vacuole vrijkomt, te voorbarig.

De hypothese, dat polyaminen een rol spelen bij de bladveropudering door
remming van protease-activiteit, wordt onvoldoende ondersteund door

experimentele gegevens.

Kaur-Sawhney, R. et al. (1982}, FEBS Lett., 145: 345-349,

Het is hoogst onwaarschijnlijk dat DNA sequenties van slechts 4-12

nucleotiden zelfstandig weefselspecifieke gen-expressie reguleren.

Botanical Congress, Berlin (1987).

Ten onrechte suggereert Griesbach met de term genetische transformatie

dat overdracht ven chromosomen via micreinjectie moleculair is bewezen.

Griesbach, R.J. (1987). Plant Secience 50t 653-77.

Belangri jk wetenschappeli jk werk, als gedaan door Balz, wardt inter-
nationaal niet op zijn waarde geschat door gebrek aan belangstelling

voor niet-Engelstalige publicaties.

Balz, H.P. (1966). Planta 70: 207-236.



9.

10.

11.

1z.

13.

Samenstellers van een woordenboek behoeven meer kennis van de biolo-
gische wetenschappen, daar de omschrijving van de vacuole als "een
blaasvormige holte in het protoplasma, met celvocht gevuld", de capaci-

teit van de plantecel tot compartimentalisatie onderbelicht.

Van Dale, Groot Woordenboek der Nederlandse Tasl, lle druk {1984).

De "N-end rule" is een voorbeeld van hoe doar juiste interpretatie van
resultaten van een goed experiment, gedaan om de verkeerde reden, nieuwe

wetenschappeli jke hypothesen kunnen ontstaan.

Bachmair, A. et al. (1986). Science 234: 179-185.

De motivatie om de volgorde te bepalen van de DNA-basen van het complete
menselijk genoom staat in schril contrast tot de onverschilligheid

tegenover de afbrask van het leefmilieu.

Ontwepeningsonderhandelingen worden geloofweardiger als diplomaten open-
lijk worden vergezeld door vertegenwoordigers vaen belanghebbende

instanties en industrieén.

Het werkwoerd vogelen heeft ten onrechte slechts kwali jke en dubbel-

zinnige betekenissen.

De opdracht in het proefschrift "dankzij de partner" is minder vererend

voor zowel de partner als de promovendus dan "ondanks de partner’.

Stellingen behorende bij het proefschrift: "Reqgulation of the development of

the first leaf of oats (Avena sativa L.}. Characterization and subcellular

localization of proteases." door Henry C.P.M. van der Valk.

Wageningen, 11 september 1987.




The death of plants or plant parts may be of

positive ecological or physiological value.

A.C. Leopold



VOORWOORD

Het onderzoek naar de eiwitafbraak tijdens de bladveroudering is eigen-
lijk al gestart in 1976 toen de eerste student zich vastbeet in een docto-
raalonderzoek over dit onderwerp. Er volgden er nog enkelen, wesaronder
ikzelf. Doordat Professor dr. J. Bruinsma mij de gelegenheid bood tijdens
mijn vervangende dienstplicht de technieken verder te optimaliseren, kon een
voorstel geschreven worden voor een onderzoeksproject. Het onderzoek dat na
honorering van het projectvoorstel is uvitgevoerd wordt beschreven in dit
proefschrift.

Ik ben Professor Bruinsma zeer denkbaar voor zijn initiaetief het onder-
zaek op deze manier mogelijk te maken. Zijn functie als promotor heeft zijn
schaduw vooruitgeworpen en zou uitgebreid kupnen worden tot initiator. Als
regulator heeft hij mij gesteund met aanmoedigingen en waardevolle opmerkin-
gen. :

Mijn co-promotor, Dr. ir. L.C. ven Loon, geestelijk vader van het project
en dageli jks begeleider wist mij steeds opnieuw te motiveren als er weer een
sterk concurrerend artikel gepubliceerd werd. Ik heb hopelijk veel geleerd
van zijn wonderbaarli jk geheugen, scherp analylisch vermogen en acurate
wijze van formuleren. Daarnaast is hij het wellicht geweest die mijn sluime-
rende oenologische belangstelling heeft gewekt.

De studenten Miriam Budde, Leonne Plegt, Hans Kapteyn, Ans Nahuis, Ad
Jespers en Maringa van Bentum hebben zeer veel vacuolen en enzymen gelso-
leerd. Hun betrokkenheid en enthousiasme hebben mij erg geholpen. Ook Yvonne
Gerritsen heeft mij bij enkele experimenten bereidwillig bijgestaan.

Met Hans Klerk, mijn kamergenoot en collega in een parallelproject,
hebben de studenten en ik prettig samengewerkt. Hij had altijd gelegenheid
het electrofeoreren uit te leggen en de aspparatuur uit te lenen. Gezamenli jk
konden we riskante hypothesen bedenken en verwerpen.

Jan Verburg, Gerrit van Geerenstein, Aart ven Ommeren en Wilbert Alkemade
zorgden ervoor dat er altijd planten waren om mee te experimenteren. Techni-
sche problemen werden door Ruth van der Laen en Ben van der Swaluw soepel en
snel opgelost. De tekeningen, posters en foto's waren steeds op tijd klaar
denkzij Allex Haasdijk, Peul van Snippenburg en Sybout Massalt.

In het bijzonder wil ik Folkert Hoekstra bedanken voor zijn attente geste
de bhoeken ven Dalling voor mij asan te schaffen. Dankzij de financiele steun
van de Stichting "Fonds Landbouw Export Bureau 1916/1918" was ik in de
gelegenheid deel te nemen aan de "Workshop on Plant Vacucles" in Sophia-
Antipolis in Frankrijk en de meeste vacuologen persconlijk te leren kennen.

Vooral dankzij Frank Dumoulin, die met zijn enthousiaste hulp, ook in het
weekend, assisteerde bij het maken van de lay-out heb ik zeer goede herinne-
ringen aan de tijd die ik op de vakgroep Plantenfysiologie heb doorgebracht.

Mijn ouders hebben mij gestimuleerd en de mogelijkheden geboden te gsan
studeren. 1k ben ze daar zeer dankbaar voor.
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CHAPTER I

General introduction

Using new high-yielding varieties, in many agricultural crops substan-
tial increases in yield have been achieved during the last few deceades.
Plant breeding end genetic manipulation in order to further increase crop
yield constitute active fields of investigation, but much attention is also
focussed on the improvement of crop quality. Protein content is an im-
portant parameter for the nutritional value of many crop plants for humans
and farm animals [11. In general, high protein contents in the harvested
parts of the plant sre pursued. In addition, studies are directed towards
impravement of protein quality e.g. & better balance of essential amina
acids [2]. Toxiec proteins, e.g. protease inhibitors [3]}, cause serious
problems in food crops, and should be eliminated. On the other hand, they
can be useful for farmaceutical and baking purposes, as well as in the beer
industry [4].

In cereals, the grains are the main product and studies concerning the
protein content of the seeds are numerous {1]. Protein guelity in the
grains is important in terms of viscoelasticity and hardness for making
bread and pasta products. In contrast, in the breeding of barley for
malting, minimal protein content of the grains is pursued. Therefore,
breeding programs with the aim to improve protein content and quality
depend on the crop and for the use it is intended.

During the vegetative growth phase of plants, continuous protein turn-
over takes place. The degradation products formed in senescing organs are
mobilized to young, growing parts, e.g. apical leaves and roots. After the
transition to the generative phase, flowers, fruits and seeds become major
sinks for assimilates and nitrogenous compounds. Cereals display monocarpic
senescence: when the grains are filled and start ripening, the whole plant
senesces and dies off. In such a late stege of plant development, when all
remaining leaves turn yellow, the protein in the leaves is repidly hydro-
lysed. A substantial part of the degradation products formed {e.g. amino
acids) is translocated up to the ears [5], where they constitute the major

source for protein synthesis in the developing grains, particularly under



Table I. Protesses in leeves of cereal crop plants. B5A; bovine serum slbumin, CHZ; N-carbo-
benzoxy, Hb; hemoglobin, Rubisco; ribulose-1,5-bisphosphate carboxylase.
number  pH-optimum substrate type locatization reference

Endopeptidaeses
ovats 1 4.2 Hb serine— [10]

1¢2) 4.2(6.8) Hb, BSA, sulphydryl- etioplest [11]
wheat [ 84.2-5.5 azocasein, sulphydeyl- vacuole [12,13]

Hb, Rubisco

1 7.5 azqcas. [1a4]
barley 1 5.5-5.7 Hb, azocas., sulphydryl- vecuole [15]

1 5.5-5.7 Rubisca vacunle {15]
rice 1(2)  4.5{5.5) Hb {16]

1 7.0 Hb sulphydryl {15]
Exopept idases
aminopeptidaeses
nats 1 6.6 Hb sulphydryl [16]

5 7.6-8.3 napthylamidases [17]
wheat 3 T.4-7.6 naphtylamideses cytosol [12,18,19]
barley 1{4) chloroplast {15]
rice 1 8.0 sulphydryl [1s]
carboxypeptidases
wheat 1{5} 5.3 CBZ-phenyl- serine vecuole [26]

alanine-l-alanine

barley 1 vecuale [15]
rice 1 5.5 sulph/serine- (18]




dry conditions [6]. This degradation of protein in senescing leaves
precedes the loss of chloraophyll but already involves the reduction of
photosynthetic capecity, as the major protein present in leaves, ribulose-
bisphosphate carboxylase necessary for CO, fixation, is most rapidly
degraded [7]). The rate at which valusble metsbolic products are mobilized,
is one of the factors determining seed yield. On the cne hand, a prolonged
phase of active photosynthesis leads to a higher yield of starch in the
developing seeds. On the other hand, & rapid mobilization of nitrcgen
during the later phase of seed filling is important tec obtain a high
content of protein in the seeds. Wheat lines with rapidly yellowing leaves
possess a relatively high content of protein in the seeds {B]. Conversely,
spraying the leaves with hormones that retard senescence increases the
period of active photosynthesis but impedes mobilization and, at least in
soybean, decreases seed yield both guantitatively and quelitatively [9]. To
establish physiological criteria for the improvement of agricultural crops,
there is a need to understand senescence as well as photosynthesis and
translocation. When one aims to improve the protein content of the grains
by breeding and genetic manipulation, it is crucial to obtain information
about the physiclogy of protein synthesis and degradstion in the leaves.

Proteases in green and senescing leaves (Table 1) are attracting in-
creasing attention as possible regulatory enzymes in protein turnover and
breakdown during senescence [21]. These enzymes degrade proteins by hydro-
lyzing peptide bonds. Proteases are divided into endopeptidases, or
proteinases, that cleave internal peptide bonds, and exopeptidases with
specificity for protein N- or C-termini. The endopeptidases can be further
classified accarding to their active site: serine-, cysteine-, aspartic- or
metallopeptidases. The exopeptidases are classified according to substrate
specificity. Those specific for the N-terminus are aminopeptidaeses and
remove single amino acids. Similarly, dipeptidylpeptidases remove di-
peptides from peptides and proteins. Carboxypeptidases release C-terminal
residues from peptides and proteins, whereas peptidyldipeptidases cleave
off a C-terminal dipeptide [22]. In this thesis the terms "acidic" and
"neutral" proteases will be used to designate relatively poorly charscter-
ized proteases with well-established pH optima.

Chenges in proteese activities may control the rate of protein breakdown

during senescence. Much attention has been paid to changes in enzyme acti-



vities in extracts from cereal leaves and to correlations of these changes
with protein loss. Marked increases in endopeptidase activities were ob-
served in both naturally senescing leaves attached to the plent [23], and
in detached leaves during artificial ageing in the dark [24-26]. However,
in derk-incubsted detached leaves of corn [27], oats [28] and wheat [29],
protein breakdown has been observed to occur in the absence of an increase
in total endopeptidese activity. Also in senescing legume leaves, in gen-
eral no good carreletion was found between protease activities and protein
degradation [30-33). In tobscco, protease activity has also been shown to
decline during leaf senescence [34,35].

Alternatively, compartmentelization of enzymes and substrates has been
suggested as a mechanism for controlling protein breakdown through changes
in the distribution or spatisl separation of enzymes and substrates. Many
hydrolytic enzymes with scidic pH optima are localized inside the vacuole
[36). Consequently, the vacuole has been suggested to function as a lyso-
somal arganelle in plant cells {37]. In many plant species, including wheat
[38] and barley [39], endopeptidases and carboxypeptidases were found to be
present mainly in vacuocles (Table I). As to how far these vacuolar
proteases can function in cytoplasmic and organellar protein degradetion is
largely unknown. Minor endopeptidases seem to be present in the cytoplasm
[29], which raises the question ebout the function of these different types
aof proteases. Aminopeptidases in particular seem to be loceted in the
cytoplasm {Table 1). High activities of these latter enzymes in young and
full-grown leaves support the hypothesis that these enzymes are involved in
protein turnover or processing rather than in senescence. However, their

contribution to protein metabolism has not been sufficiently elucidated.

The first leaf of the seedling of oats demonstrates the typical pasttern
of cereal leaf senescence [40], and has therefore been chosen as a model
system to study the regulatory function of proteases in protein degradation
in cereal leaves. Varga and Bruinsma [41] previously established that
artificiel, but not natural cytokinins retard senescence in this system,
casting doubt on the role of cytokinins in the regulation of senescence
under nstural conditions. Martin and Thimann [26] suggested that the cyto-

kinins act by suppressing the formation of proteases responsible for the



breakdawn of protein during senescence and, thus, an increase in protease
activity would be required for senescence to be expressed.

In this thesis it is demonstrated that the loss of protein during
senescence oOf oat leaves does not depend on changes in protease activity.
Rather, young leaf cells already turn out to possess sufficient protease
activity to degrade all proteins present within two hours in vitrp (Chapter
2.3,

A study to determine the distribution and subcellular localization of
proteases in developing leaves demands careful measurements of protease
ectivities in subcellular fractions end compartments. In Chapter 3 a method
is described to reliably determine protease activities in isolated proto-
plasts, a first step to further elucidete the subcellular localization of
the enzymes.

To be able to follow the localization of the proteases in the course of
leaf development, vacuales were isolated from leaves up to an advanced
stage of senescence (Chapter 4). The distribution of the protease activi-
ties and the relative amounts present in purified vecuoles were determined
to study the possible role of vacuolar enzymes in the process of protein
breakdown (Chapter 5).

To study whether additional proteases can be distinguished that might
play arole in leaf senescence, extracts were fractionated and the major
proteases were partly purified and characterized (Chapter 6). A different
method for identifying proteases, activity staining on polyacrylamide gels
after electrophoretic sepsration, was finally employed to more fully
characterize the spectrum of proteases present in oat leaves (Chapter 7).

Research on the properties of leaf proteases may help to provide
parameters for further study, control and improvement of agricultural crops
in order to increase the level and quality of plant protein in harvested

organs.
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CHAPTER 2

Changes in Protease Activity in Leaves during Natural
Development and Accelerated Ageing upon Detachment
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Summary

Oat (Avena sativa L. cv. Victory) leaves contain two major proteases with pH optima at 4.5
(wacidic» protesse) and 7.5 {«nevtrals protease). In naturally developing primary oat leaves both
proteases decreased in activity during senescence, whether activities were measured in the pres-
ence of endogenous proteins as substrates or of a saturating amount of haemoglobin. In both
oat and tobacco (Micozzana tabacum L. ov. Samsun NN) plants, younger leaves, once fully-ex-
panded, possessed higher protesse activities than older leaves.

When detached oat leaves were aged in darkness, loss of protein and chlorophyll was similar
whether leaf segments were placed horizonrally in Petri dishes on wer filter paper, or held
vertically in plastic holders with their bases in water, In hortzontally placed leaves, the activities
of the two proteases tended to inicrease bue in leaves kept vertically protease activities decreased
as in atrached leaves, In light, both chlorophyll and protein loss occurred at about half the rate
observed in darkness. However, in vertically held leaves the acidic protease started to increase
by day 2, whereas the neutral protease first declined bur increased later. These increases were
not mimicked by incubation on sucrose in darkness and neither could they be attributed to a
greater accumulation of free amino acids in the Lighr.

Kinetin 2nd, 1o a lesser extent zearin, maintained chlorophyll and protein levels and counter-
acted both the increases and decreases in protease activities observed during ageing in light or
darkness, respectively. Since accelerated loss of protein in darkness was not accompanied by in-
creases in protease activities, these abservations are at variance with those of Martin and Thi-
mann (Plant Physiol. 49: 64, 1972) and suggest that additional synthesis of the major proteases is
not a prerequisite for protein breakdown during senescence.

Key words: Avena sativa, Nicotiana tabacum, protease activity, leaf senescence, attached/de-
tached leaves, light, cytokinin,

Introduction

The protein content of leaves passes through 2 maximum during rapid leaf growth
and gradually declines during senescence, Cytokinins delay senescence and the ac-
companying loss of protein primarily by inhibiring proteolysis (Thimann, 1980).
Martin and Thimann (1972) showed that both kinerin and cycloheximide suppress an
increase in protease activity during ageing of derached oat leaves placed horizontally
on slides over moist filter paper in darkness. These authors therefore suggested that
cytokinins might act by suppressing protease formation.

Abbreviations: EDTA = ethylene diamino tetraacetic acid; MCE = 2-mercaptoethanol; SDS
= sodium dodecyl suiphate; TCA = trichloroacetic zcid.
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Although inhibitors of nucleic acid synthesis or of protein synthesis on cyto-
plasmic ribosomes retard senescence in leaf segments or disks of various plant species
{Thomas and Stoddart, 1980; Yu and Kao, 1981), actinomycin D and cycloheximide
accelerated the senescence of tobacco leaf discs and interfered with the anti-senescence
action of benzyladenine (BA) (Takegami, 1975). Since cycloheximide suppressed *C-
leucine incorporation into protein equally in the presence and absence of BA, the ac-
tion of BA in retarding senescence must also involve protein synthesis. Hence, sup-
pression of protease synthesis by cytokinins, as proposed by Martin and Thimann
(1972) may not be a general effect of the hormone.

The importance of such a mechanism in the regularion of leaf senescence may be
further questioned on the following grounds: 1. Since severing the leaf from the stem
cuts off the supply of nutrients and hormones from other plant parts, the course of
the accelerated artificial ageing of detached leaves is not necessarily identical to that of
the narural senescence of attached leaves. Besides, wounding due to cutting increases
the activity of several hydrolytic enzymes, e.g. RNase (Udvardy et al., 1967) and pro-
tease {(Miller and Huffaker, 1985). 2. Varga and Bruinsma (1973} showed that in de-
tached oar leaves chlorophyll is retained by the artificial cytokinins kinetin and BA to
a far larger extent than by the natural ones, zeatin and isopentenyladenine. It may be
questionable, therefore, whether the slower ageing of attached as compared to de-
tached leaves can be arrribured to efficient suppression of protease synthesis under
natural conditions. 3. Martin and Thimann (1972) determined protease activity on an
exogenous substrate, haemoglobin, and did not measure the activity on the endoge-
nous leaf proteins that are degraded during senescence. This may be relevant because
the affinity of proteases for different substrates may vary greatly, as experienced also
by Martin and Thimann (1972) for different exogenous substrates.

Martin and Thimann (1972) initially found two peaks of protease activity in oat
leaves, ar pH 3 («acid» protease) and pH 7.5 {«neutral» protease) with a minimum at
pH 5. Later, however, purification by use of haemoglobin-affinity chromatography
revealed the presence of two proteases with pH optima of 4.2 and 6.6, and indicated
the occurrence of 3 third enzyme, active at pH 3.5 (Drivdahl and Thimann, 1977). In
view of the substantial shift berween the earlier and the later values and the possibil-
ity of multiple forms of both the acid and the neutral protease, the pH-activity profile
of oat leaf protease was reexamined, both in the absence and in the presence of ex-
ogenous substrate and after establishing optimal extracting conditions for the rwo
proteases. To further elucidate the relationship berween senescence, protein content
and protease activity, the course of protease activity and protein breakdown in at-
tached leaves was compared to thar in detached leaves. The effects of the two types of
cytokinins were further investigated in detached leaves.

Materials and Methods
Plani material

QOats {Avena sativa L. cv. Victory), were grown in soil in a glasshouse under natural lighting
conditions, supplemented with illumination from high pressure mercury halide Philips HPL/T

J. Plant. Physiol. Vol. 127. pp. 339353 (1987)
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lamps to ensure a mintmum light intensity of 18 W m ™ for 16 hday ~'. Minimum temperature
was 20°C during the day and 19 °C at mighr.

First leaves were used unless stated otherwise. To follow the fate of attached leaves, these
were harvested at regular intervais and the top 4.5 cm segment was used for the determinations.
For incubation of detached leaves, 5cm apical portions of leaves sampled on day 8 were used.
Ten leaf segments were placed vertically in plastic holders with their bases in water or cyto-
kinin solution. For comparisen, in some experiments the segments were held hortzoneally in
Petri dishes on wet filter paper. This last set-up was similar to the one used by Martin and Thi-
mann (1972) and Varga and Bruinsma (1973) except that plass slides were omitted. Incubation
was carried out at 25 °C either in the dark or under two cool white fluorescent tubes yielding
5.0 and 3.7 mW cm ~2 in the blue and the red, respectively, at leaf height; relative humidity ex-
ceeded 70 %.

Chlorophyll was retained to a far larger extent near the base than in the rest of the leaf seg-
ments. To avoid this interference due to wounding (Farkas et al., 1964; Miller and Huffaker,
1985), the basal 0.5cm of the segments were cut off and discarded before extraction.

Tobacco (Nicotiana tabacum L. cv. Samsun NN} leaves from plants grown for 9 weeks as de-
scribed above, were used for comparison in a few experiments.

Extraction of protease

Four g of 4.5 cm leaf segments were homogenized with 2 mortar and pestle at 2°C in 22 ml
extraction medium containing 50 mM Tris HCI, 0.2% (w/v) ascorbic acid, pH 8.0. This me-
dium proved optimal for extraction of the acidic protease, bur was roucinely supplemented
with 3.5 % (w/v) NaCl, 0.1 % {v/¥} Z-mercaptoethanol (MCE) {Martin and Thimann, 1972} and
2mM EDTA (Frith et al.,, 1975) to ensure adequate extraction of the neutral protease. The ho-
mogenate was strained through four layers of hydrophilic gauze and centrifuged successively
for 15 min ar 15,000 g and 30 min at 30,000g. The resulting supernatant was dialysed overnight
against 11 of 10 mM Tris-HCI, 3.5 % NaCl, 0.1% MCE, pH7.0. After centrifugation at 30,000 g
for 30 min, the dialysed solution was used for protease determination. The whole procedure
was carried out at 0—-4°C.

Protease determination

Prorease activity on endogenous substrates (e.g. the soluble proteins present in the dialysed
enzyme solution) was determined at pH4.5 and 7.5 by mixing 4 ml 0.2M phosphate-citrace
buffer, pH 4.5 or 0.2M Tris-HCl, pH7.5 with 1 ml water and 2 ml enzyme solution at 40°C.
After 0, 60 and 120 min incubation in a rotatory shaking water bath, 1.75 ml samples were with-
drawn and added to 0.25ml of ice-cold 40% (w/v) trickloroacetic acid (TCA). After standing
for at least 4 h at 2 °C, the mixture was centrifuged at 5000 g for 15 min. Aliquots of the super-
natant solutions were analyzed for free amino acids by the ninhydrin method, as modified by
Rosen (1957). Release of amino acids was checked for linearity and protease activity was ex-
pressed as nmoles of amino acid released per h per g of leaf fresh weight, using glycine as a stand-
ard.

To measure protease activity in the presence of exogenous substrate, the 1 mi water in the
reaction mixture was replaced by 1ml 4% (w/v) haemoglobin sclution (Martin and Thimann,
1972). Casein and bovine serum albumin were similarly tested as substrates. In the presence of
4% haemoglobin, substrate is present in large excess and protease activity is not limited by sub-
strate availability. Under these conditions, the relative potentizls for protein breakdown by
protease can be compared.

Determinations of protein, free amino acids and chlorophyll

Soluble protein and free amino acid vontent were determined in the 30,000 g supernacant be-
fore dialysis. Aliquots were mixed with an equal volume of ice-cold 10% {w/v) TCA and free
amino acids in the supernatant after centrifugation determined as described above, correcting
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for buffer blanks. The precipitate was dissolved in 0.1 N NaOH and the protein content meas-
ured according to Lowry et al. (1951).

For total protein and chlorophyll determinations, ieaf samples were homogenized ar 2°C in
80 % {v/v) acetone, containing 1% {w/v) ascorbic acid. After centrifugation at 5000g for 10
min, chlorophyll was estimated in the supernatant selution after Bruinsma (1963). The pellet
was resuspended in 0.1 N NaOH. After standing overnight, the residue was removed by centri
fugation and the solubilized protein was determined similarly to the procedure used for the
soluble proteins.

Gel electropboresis

Protein samples after incubation at different pH values were precipitated with equal volumes
of 10% TCA. After centrifugation, the precipitates were dissolved in sample buffer [63mM
Tns-HCL, 2% (w/v) SDS, 10% (v/v) MCE, 5% (v/v) glycerol, 0.001% (w/v) bromophe-
nolblue, pH 6.8], boiled for 5 min at 100°C and subjected to electrophoresis in 12.5% (w/v)
polyacrylamide gel slabs containing SDS according to Laemmli (1970). Gels were stained with
0.25% (w/v) Coomassie Brilliant Blue in metharol:acetic acid: water (5:1:4, v/v) and de-
stained in methanol: acetic acid : water {(5:8:88, v/v).

All determinanions were made in duplicate and each experiment was repeated at least once.
Quantitative differences occurred between experiments but the observed effects were re-
producible and qualitatively similac. In all cases, datz from representative experiments are pre-
sented.

Results
Protease activity in developing oat leaves

In the first leaf of 8-day-old oar seedlings, protease aciivity showed maxima around
pH 4.5 and 7.5 with added haemoglobin as a substrate (Fig. 1 A). Shoulders of activity
were present at pH 3.5 and 5.5, suggesting that the protease activity at low pH values
may consist of several forms differing in pH optimum. A similar pH-activity profile
was revealed in young tobacco leaves (Fig. 1 B), indicating that proteases with similar
pH optima are present in different plant species. Both in oat and in tobacco leaves,
substanrial hydrolysis of haemoglobin occurred at all pH values measured, i.e. be-
tween 3 and 9. Degradation of the endogenous proteins present in the enzyme solu-
tion likewise occurred at all pH values. However, less prominent peaks of activity
were noticeable and in oat leaves the activity declined below pH 5.5, perhaps due to
the lower solubility of the leaf proteins at these lower pH values.

Since the proteases active at pH 4 to 5.5 («acidic» protease) and 7 to 8 («neutral» pro-
tease) apparently constitute the major proteases present in leaves, these were ex-
amined 1n further experiments. Although the presence of 0.1% MCE reduced acidic
protease activity by 1246 %, its inclusion in the extraction medium increased neutral
protease activity up to 60 %, possibly through stabilization of the enzyme (Drivdahl
and Thimann, 1977). 2ZmM EDTA had no effect on the acidic protease but increased
neutral protease activity a further 20%. No increase in activity of either protease oc-
curred when 0.1% Triton X-100 was included in the extraction medium.

When added as exogenous substrate in the protein determination mixrure, haemo-
globin stimulated the release of ninhydrin-positive material more than two-fold at
pH 4.5 but by no more than about 25% at pH7.5. In contrast, in the presence of

J. Plant. Physiol. Vol. 127. pp. 339-353 (1987)
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Fig. 1: Effect of pH on protease activity in extracts from A) 8-day-old primary oat leaves and B)
young leaves from 9-week-old tobacco plants, using either (#®) haemoglobin, (M) casein, (A)
bovine serum albumin or ( ¢ ) endogenous protens present in the extracts as substrares.

added casein, protein breckdown was stimulated about twofold over the entire pH
range, with maxima at pH 5.5 and 8.0. Whereas haemoglobin was preferentiaily de-
graded at pH 4.5, the neutral protease more readily used casein as a substrate. Bovine
serum albumin was inhibitory to protein breakdown at all pH values and slighely
more so at neutral than at low pH. The acidic and the neutral proteases further dif-
fered in inactivation temperature and stability in virro at different pH's (Table1),
both proteases being maost stable at their pH optima.

Gel electrophoresis of the oat leaf proteins after incubation at different pH values
showed that all detectable proteins were readily degraded at pFH 5.5 and at a lower
rate at lower pH values (Fig. 2), indicating that this activity was endoproteolytic in
nature. Above pH 6, protein breakdown appeared to be restricted to 1 small number
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Table 1: Properties of acidi¢ and neutral proteases from developing oat leaves.

Acidic protease  Neutral protease

pH-optimum (substrate: haemoglobin)  4-5 7-8
Inactivation temperature (10 min) 75°C 65°C
(Ty, 1C min) 58°C 52°C
Stability in vitro
{ty, 0°C, pH 4.5) 14 days 2days
{ty, 20°C, pH 4.5) 4 days 1day
{ty, 0°C,pH7.5) Sdays 4days
(ty, 20°C, pH 7.5) 1day 2days

1234 5667 8 9101 12131415
pH 30404550556065707580

Fig.2: Gel electrophoretic profiies of oat leaf proteins after incubation of extracts for 6h at

- 40°C at (lane 3) pH 3.0, (iane 4) pH 4.0, (lane 5) pH 4.5, (lane 6) pH 5.0, (lane 7) pH 5.5, (lane 8)
pH 6.0, (lane 9) pH 6.5, (lane 10) pH 7.0, (lane 11) pH7.5, (lane 12) pF18.0. Lanes 1, 2, 13, and
14 contain O h controls (no incubation) at pH's 4.5, 5.5, 7.0, and 8.0, respectively. Phosphate-ci-
trate buffer was used at pH values from 3.0 1o 6.5 and Tris-HCl buffer from pH 7.0—-8.0. Lane
15 contains the mol. wt markers phosphorylase b (94,000), bovine serum albumin (67,000),
ovalbumin {43,000), carbonic anhydrase (30,000), trypsin inhibitor {20,10C) and e-lactalbumin
(14,400). The positions of the large and small subunit of ribulosebisphosphate carboxylase are
indicated by arrows.

of protein bands only. Notably, the subunits of ribulosebisphosphate carboxylase
were stable under these conditions. Although the presence of exoproteolytic activity
J. Plant. Physiol. Vol. 127. pp. 339-353 {1987
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Fig. 3: Changes in (A) (#®) soluble-protein, (&) chlorophyll and (W} free-amine acid content and
{B) activities of (O, ®} acidic and (O, M) neutral protease using either (G, 0) haemoglobin ar
{®, &) soluble leaf proteins present in the extracts as substrates, during narural development of
the primary leaf on intact cart plants.

cannot be ruled cut, the complete disappearance of specific bands from the profile
suggests thar also at neutral pH the main protease is of the endo-type.

Changes in protease activities during leaf developmen:

To follow the course of the protease activities during leaf development, oat plants
were grown and their first leaves detached ar regular intervals for protease determina-
tions. The activity of the acidic prorease on endogenous substrates remained virtually
constant from 6 to 13 days after sowing, when the leaf expanded to its final size, then
gradually declined with a passing upsurge around day 29, when the leaf withered and
died (Fig. 3B). With haemoglobin the activity increased about 30% up to day 13,
then decreased in parallel with the activity on endogenous substrates, before showing
a pronounced increase on day 29. A finai increase was also manifested by the neutral

J. Plant. Physiol. Vol. 127. pp. 339-353 (1987)
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protease, both in the absence and in the presence of haemoglobin. However, this en-
zyme showed maximal activity already on day 6 at leaf emergence, and only declined
afterwards up to day 24 (Fig. 3 B).

Whereas chlorophyll content remained maximal up to day 13, soluble protein
content started to decline already upon leaf emergence, decreasing at an almost linear
rate to about 20% of the initial value by day 34. Hence, at least in the two weeks be-
tween days 13 and 27, the continuous breakdown of protein was not accompanied by
an increase in protease activity. Only ac the final stage of leaf death, when 70 to 80%
of the protein had been degraded, was the capacity of both enzymes for protein de-
gradation increased. The decrease in protein content with leaf age was accompanied
by a decrease in free amino acids, apparently resulting from the transport of the k-
berated amino acids to other plant parts (Fig. 3 A).

Tobacco

15

4 Chlorophyl! (mg g™
T = L 5.
# Soiuble protein (mg g=")
o = 2 S
Y 7 7 ¥
/ Q
A -
& - X 2
a &
= Free amino acids (pmol g—)

Protease activily (pmol. glycine equiv. g=' h=')
s = 3

Leal jevel
Fig. 4: Content (A, C} of (4) chlorophyll, {®) soluble protein and (M} free amino acids and
(B, D) activities of (O, ®} acidic and (J, M) neutral protease using either {C, ) haemoglobin or
(@, M) soluble leaf proteins present tn the extracts as substrates in {A, B) consecutive leaves of
34-day-oid oat plants and (C,D} consecutive groups of leaves of 9-week-old tebacco plants.
Leaf levels are numbered from top (youngest leaves) to bottom (oldest leaves).
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Since protease activities were found to decrease with leaf age, it would be expected
that at any one time, younger leaves on a plant would possess higher protease activ-
ities than older ones. Fig. 4 shows that this is indeed the case, both for oar and for to-
bacco plants. In oats, acidic protease activity increased from leaf 1 to leaf 3, associated
with leai expansion, then decreased in parallel with protein content in consecutively
older leaves. Neutral protease likewise declined. Similar results were obtained when
selected leaves at different insertion levels were analyzed at different stages of their de-
velopment (data not shown). In tobacco leaves, both protein content and protease
activities were much lower than in oat (Fig. 4 C, D). However, also in tobacco, both
acidic and neutral protease were highest in the young leaves and declined gradually
throughout maturity and senescence.

Changes in protease activities during accelerated ageing of detached oat leaves

The apical 5cm of 3-day-old primary leaves were cut off and placed vertically in
holders with their bases in water and kept either in darkness or in light. In darkness,
accelerated protein breakdown was evident by day 2 and mainrained up 1o day 4,
when 70% of the protein had been degraded. During this period, free amino acid
content increased over il-old (Fig. 5A). As shown in Fig. 5B, protease activities
were not increased when the accelerated protein breakdown was inittated, and up to
day 2 followed a course simtlar to those in attached leaves. Only on day 3 to 4 did the
acidic protease show a smail but significant increase with haemoglobin as a substrate,
reminiscent of the increase on day 29 in artached leaves., Apart from a slight increase
in the degradation of endogenous proteins at pH7.5 on day 3, the activities of both
proteases on endogenous substrates declined, associated with substrate depletion.

In the light, both chlorophyll and protein loss occurred at about half the rare ob-
served in darkness. Free aminc acids accumulated less than seven-fold (Fig. 5C).
Using haemoglobin as a substrate, the acidic protease activity increased almost two-
fold berween days 2 and 6 and started to decline slowly only by day 10 (Fig. 5D).
Neutral protease activity declined as in attached leaves up to day 8, after which a
more than two-fold increase occurred over the following four days before a large
drop between 12 and 14 days. Without added substrate only a minor increase in ac-
idic protease activity was evident on day 4, and none in neutral protease activity.
Apparently, protease acrivity on endogenous substrates was limited by substrate
availability. Thus, protein was lost more slawly than in the dark, in spite of the large
Increases 11 protease activities.

To see whether the increase in the protease activities in the light might result from
sustained energy metabolism due to photosyathesis, leaf segments were incubated in
the dark on 20 mM sucrose (Goldthwaite, 1974). As shown in Table 2 for a typical ex-
periment, neither the acidic nor the neutral protease activity increased under these
conditions.

Effect of experimental set-up on changes in protease activity

Martin and Thimann (1972) described a large, transitory increase in acidic protease
acrivicy and a smaller, continucus increase in neutral protease activiry during se-
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Lighe.

nescence of detached oat leaves in darkness. Under our conditions such increases
were evident neither in leaf segments in darkness, nor in attached leaves on plants
growing under natural conditions in a greenhouse, but were rather similar to those
produced by detached leaves kept in continuous light (Fig. 5D). Since Martin and
Thimann (1972) kept their leaf segments horizonrally on wet filter paper, whereas we
placed them vertically with their bases in water, we investigated whether this posi-
tional difference might affect the change in the protease activities. As shown in
Table3, in leaves held vertically both protease activities declined, as shown pre-
viously in Fig. 5B. However, in the leaf segments placed horizontally, the acidic pro-
tease activity consistently increased, whereas the neutral protease activity was more
variable. Losses of chlorophyll, total and soluble protein were similar whether the

J. Plant. Physiol. Vol. 127, pp. 339- 353 (1987)
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Table 2: Effect on protease activities of incubation of vat leaf segments in darkness on sucrose.

Incubating conditions Acidic protease Neutral protease
activity (amol activity (umol
glycine equiv. glycine equiv.
g7 b7 g ''h )

Control (day 0) 4.96 4.43

4 days on water 5.43 3.56

4 days on 20 mM sucrose - 4.92 3.10

Tabie 3: Relative values of parameters in leaf segments upon incubation for 4 days in darkness
when held vertically in plastic holders with their bases in water or kept horizentaily in Petri
dishes on wer filter paper.

Parameter Vertically Horizonraily
Acidic protease acivity 87+ 7% 138 24%
Neutral protease activity 68+ 7% 89+ 26%
Chlorophyll content 11+ 6% 15+ 6%
Total-protein content 45+11% 47 9%
Soluble-protein content 26t 7% 6t 4%
Free-aming acid content 602+27% 814+129%
Free amino acids liberated into solution 98+31% 41+ 13%

Values are means % standard deviation; values in fresh leaf segments (day 0) were taken as 100 %.
Protease activities were assayed in the presence of haemoglobin.

leaves were placed horizontaily or vertically, indicating thar ageing progressed simi-
larly under both conditions. Free amino acids accumulated to a greater extent in hori-
zontally than in vertically kept leaves, associated with a smailer loss into solution. It
thus appears that the increases reported by Martin and Thimann (1972) were caused
by the leaf segments being placed in a horizontal racher than a vertical position. It is
unlikely that these increases are due to a higher conrent of free amino acids in the leaf
segments, as leaves heid vertically in the light contained less free amine acids than
similar leaves kept in darkness, yet showed inecreases rather than decreases in the pro-
tease activities (cf. Fig.5). Also, transferring the leaves daily to fresh solutions in
order to avoid uptake of amino acids liberated into the water, had no effect on the in-
crease in protease activity in the light.

Effects of cytokinins on the changes in protease activiry

Leaf segments were incubated on 2 concentration range of kinetin or zeatin and
protease activities, protein and free amino acid contents determined after 4 days in
darkness or 11 days in the highe (Fig. 6). Kinetin was at least 10 times more active than
zeatin in reducing the loss of protein and accumulation of free amino acids in the
dark, and at least 100 times more effecrive in the lighe (Fig. 6 A, C), confirming pre-
vious results (Varga and Bruinsma, 1973; Biddington and Thomas, 1978) that the
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Fig. 6: Effects of a concentration range of (A, B) kinetin and {C, D) zeatin on (4, C) content of
(O, @) soluble protein and {TJ, W) free amine acids, and (B, D) (O, @) acidic and ((J, M) neutral
protease activity using haemoglobin as a substrate in detached oat leaves (closed symbols) 4 days
after incubation in darkness or (open symbols) 11 days after incubation in light. Leaf segments
were incubated vertically in plastic holders with their bases in water or cytokinin solution.
Symbols on the right vertical axes refer o values at the time of leaf detachment {day 0 centrol).

natural cytokinins are far less active in retarding senescence in detached oat leaves
than artificial ones such as kinetin.

In darkness, neither kinerin nor zeatin had any significant effect on acidic protease
activity. However, both counteracted the decrease in neutral protease activity,
10-"M kinetin or 10~*M zeatin maintaining protease activity at the day 0 level (Fig.
6B, D). In contrast, in the light, the cytokinins effectively reduced the increases in
both acidic and neutral protease activity at concentrations of 10-#M and higher for
kinetin and exceeding 10~¢M for zeatin.
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Discussion

Qar leaves contain two major proteases, an «acidie» and a «neutral» one, which de-
grade haemoglobin optimally ac pH4.5 and 7.5, respectively, and furcher differ in
various properties. Both proteases may actually constitute groups of proteolytic en-
zymes with similar pH optima since they differed in some of their reactions to sub-
strates and inhibitors from the purified proteases characterized by Drivdahi and Thi-
mann (1977).

Using the soluble proteins extracted vogether with the proteases as substrates, pro-
tein degradation was less clearly pH-dependent, possibly due to the low solubility of
the leaf proteins below pH 5.5. Ribulosebisphosphate carboxylase subunits were de-
graded below pH 6, indicating the endoproteinase nature of the enzyme(s). All pro-
teins appeared to be degraded under these conditions, in contrast to extracts in-
cubated ar neurral pH where some protein bands were selectively lost. Addition of
haemoglobin increased the rate of appearance of ninhydrin-positive material berween
1 and 2 zimes at pH?7.5 and berween 2 and 3 times at pH 4.5. These ratios did not
change appreciably during the course of senescence in either attached or detached
leaves, except at the last stage when most of the endogencus protein had already been
degraded and thus, substrate must have become limiting. Although casein was a good
substrate for both proteases, its solubility does not extend to the pH optimum of the
acidic protease. As haemoglobin is soluble at pH 4.5, addition of excess haemoglobin
was found to ensure reliable determination of enzyme activities. Proteolytic enzymes
present in wheart or soybean leaves were likewise found to degrade haemoglobin well
{Wirtenbach, 1978; Peoples et al., 1979; Ragster and Chrispeels, 1981).

Both acidic and neutral protease activities were already high in emerging leaves. Ac-
idic protease activity increased about 25% during leaf expansion, when protein con-
tent was already declining, but, like neutral protease activity, decreased progressively
during the period in which further loss of protein and chlorophyll marked the onset
of senescence. The same pattern was evident in consecutive leaves, older leaves pos-
sessing lower protease activities than younger ones. Since tobacco plants showed the
same course, a decrease in protease activities with leaf age appears to be a more gen-
eral phenomenon. A similar trend has been reported in rice leaves senescing on the
plant {(Cheng and Kao, 1984). Also, darkening of leaves of N. rustica senescing on the
plant accelerared protein loss without an increase in endopeptidase activity {Wecken-
mann and Martin, 1984). Hence, senescence of leaves does not seem to require addi-
tional proteolytic activity. Only in the last stage of senescence of oat leaves, when
most of the protein had already been broken down, an increase in both protease
activities was evident, but clearly chese increases occur tao late 1o influence the course
of senescence.

Thart synthesis of additional protease is apparently not required for the onset of
protein breakdown can be concluded from the results obtained during the accelerated
ageing of detached leaves in darkness. Protein breakdown began about one day after
detachment when protease activities were declining. No major increases in protease
activity occurred during the subsequent days when most of the protein was degraded.

. Plans. Physiol. Vel. 127. pp. 339-353 (1987)
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This effect was obtained when leaf segments were incubared vertically with their
bases in water rather than horizontally on wet filter paper. Protease activities did in-
crease under the latter condition, as was also the case in leaf segments incubated
vertically in the light. Flowever, in spite of the higher protease activities attained,
protein degradation was not accelerated, The large increases in protease activity in the
light could not be mimicked by adding sucrose in darkness, nor be ascribed to a
greater accumulation of free amino acids. Apparently, the increases in detached
leaves incubated either horizontally in darkness or vertically in light, are caused by
some kind of stress, which can be alleviated by cytokinins {¢f. Martin and Thimann,
1972). In non-stressed leaves, cytokinins tended to increase rather than decrease pro-
tease activities, in line with the higher protease activities found in physiologically
younger leaves. ‘

In detached leaves the natural cytokinin, zeatin, was less effective than the artificial
cytokinin, kinetin, in preventing protein loss. This differential effect may be due 1o
differences in the rate of metabolism, which may also play a role during leaf se-
nescence in whole plants, Nevertheless, it is clear that the cytokinins do not act by
suppressing the formation of protease. Young leaf cells must already possess the full
capacity to degrade their proteins, in spite of numerous reports linking the onset of
senescence with an increase in protease activity (Frith and Dalling, 1980). Rather,
compartmentation of protease, as initially suggested by Balz (1966) may be gradually
lost during senescence, There is ample evidence that at least the acidic protease may
be campartmentalized in the vacuole (Boller and Kende, 1979; Heck et al., 1981; Wa-
ters et al,, 1982). The action of cytokinins might then be sought in the stabilization of
the protease-containing cell compartment, thereby protecting the proteins from de-
gradation.
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DETERMINATION OF PROTEASES IN ISOLATED WASHED PROTOPLASTS:
INACTIVATION OF PROTEASES IN CELL WALL-DEGRADING ENZYME MIXTURES
USED IN PROTOPLAST ISOLATION
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Protease activity was determined in oat leaf protoplasts after isolation and washing. Protopiasts were isolated
with a cellulase R-10, macerczyme R-10 mixture, which contains high proteolytic activity. Proteases in this ceil
wall-degrading enzyme mixture were inactivated by heating the enzyme preparation at 50°C for 10 min at pH
6.5. This treatment did not impair the cell wall-degrading activity. Protease activity in protoplasts isolated with
heated enzyme was similar after washing to that in protoplasts isoiated with untreated enzymes. This provided
proof that contaminating proteases were eifectively removed during protoplast washing and that the protease

activity measured in isolated protoplasts was derived from the protoplasts themselves.

Key words: Avena sativa; protoplasts; protease; heat inactivation: cellulases; pectinases

Introduction

Isclated protoplasts are important tools to
gain insight into the subcellular localization of
specific enzymes. Reliable determinations of
protease activities are difficult to achieve,
however, because during protoplast isolation
cell wall-degrading enzymes must be used
which may be heavily contaminated with
proteolytic enzymes. These contaminating
proteases may adsorb to the protoplasis,
making it difficult to remove them even by
repeated washing. The proof of the effective-
ness of the washing procedure can only be
given by eliminating the protease activity in
the cell wail-degrading enzymes and by
comparing the protease activity in protopiasts
isolated with treated and untreated cell wall-
degrading enzymes.

Abbreviations: DTT, dithiothreitol; EDTA, ethyiene-
diamine tetraacetic acid disodium salt; MES, 2(N-
motpholinclethanesulfonic  acid; PMSF, phenyl-
methyisulfonylfluoride.

The proteolytic activity in Cellulysin'™
was substantially reduced with phenylmethyl-
sulfonylfluoride (PMSF) [1]. However, the
effectiveness of PMSF largely depends on the
sensitivity of the proteolytic enzymes to this
serine-protease inhibitor. Moreover, the PMSF
must be quantitatively removed to avoid its
contact with the proteases to be measured in
the isolated protoplasts. In all other reports
to date, the agents used to inhibit protease
activity in cell wall-degrading enzyme mixtures
proved only partially effective. Lin and
Wittenbach [2] took the essentially similar
specific activity of proteases in protoplasts
and leaves of wheat and com as an indicaticn
that there was no contamination with proteases
from the cell wall-degrading enzymes. As part
of the protease activity is present extracellular
{3], the specific activity of protease in proto.
plasts is expected to be lower than in intact
leaves.

The isolation enzymes are usually removed
from the protopiast preparation by repeated
washing or by density centrifugation in order

0304-4211/84/303.00 9 1984 Elsevier Scientific Publishers Ireland Ltd.
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to separate the protoplasts from contaminating
debris. To assess the efficiency of these
procedures, isolation-enzyme mixtures labelled
with '**I have been used [4]. In these studies
low levels of the isolation enzymes were
retained in protoplast preparations. §-Gluco-
sidase has been used as a marker for contam-
inating enzymes [5] because this enzyme
was not detected in washed mesophyll proto-
plasts. However, adsorptive binding of pro-
teases to the protoplasts could not be excluded.

In this report I present a simple and rapid
method to inactivate proteclytic enzymes in
commercial cellulase and pectinase prepara-
tions, which does not impair their cell wall-
degrading activities.

Materials and methods

Plant material

Oat plants (Avena sativa L. cv. Victory)
were grown in pot soil, in a growth cabinet
in 70% relative humidity with a photoperiod
of 18 h at 25°C and 17°C during the dark
pericd. Eight days after sowing the distal parts
of the first leaves 4.5 ¢cm were cut and used
for protoplast isolation,

Protoplast isolation

After removal of the lower epidermis, 20
leaf segments were floated in a Petri dish on
10 ml of a preplasmolyticum consisting of 0.7
M mannitol, 0.5 mM dithiothreitol {DTT) and
25 mM 2{N-morpholino)ethanesulfonic acid
(MES)/KOH (pH 5.7). The solution was re-
placed after 20 min by 10 ml of a cell wall-
degrading enzyme mixture (0.8% cellulase
Onozuka R-10, 0.4% macerozyme Onozuka
R-10, Yakult, Nishinomiya, Japan) in the
same medium, Incubation was continued for
3 h at 28°C with slight, continuous shaking.
The protoplasts liberated were collected by
suction and washed 3 times with 0.6 M
mannitol, 0.6 mM DTT and 25 mM MES/
KOH (pH 5.7) upon centrifugation for 10 min
at 65 X g. The washed protoplasts were resus-
pended in 0.6 M sucrose, 0.5 mM DTT, and
25 mM MES/KOH (pH 5.7) and centrifuged

28

for 15 min at 180 Xg. The intact, floating
protoplasts were collected with a Pasteur
pipette. The protoplasts were counted in a
haemocytometer. Recovery from leaf material
was calculated on the basis of chlorophyll
content, determined according to Ref. 6.

Determination of protease activity

The protoplasts were resuspended in a
buffer consisting of 50 mM TRIS/HCI,
0.2% ascorbic acid, 3.5% NaCl, 2 mM
ethylenediamine tetraacetic disodium sgalt
(EDTA), and 0.5 mM DTT (pH 8.0), contain.
ing 0.1% Triton X-100 to lyse the protoplasts.
The lysate was dialysed overnight against 10
mM TRIS/HC] (pH 7.0), 3.5% NaCl, and 0.5
mM DTT, and centrifuged for 30 min at
30 000 xg. The resulting supernatant was
used for protease determination, To determine
protease activity of whole leaves, leaf segments
were homogenized in the former buffer. The
homopgenate was centrifuged for 15 min at
15 000 X g and the resulting supernatant for
30 min at 30 000 X g before dialysis as above,
Protease activity was determined from the
amount of trichloroacetic acid-soluble, nin-
hydrin-positive material [7], liberated from
4% hemoglobin, which was added as a substrate
duting incubation at 40°C for 2 h in phos-
phate—citrate buffer, at pH 4.5. Protease
activity is expressed as nmol glycine equiva-
lents liberated per h. As 1 g leaf material con-
tains 1.67 mg chlorophyll, the amount of
protoplasts containing 1.67 mg chlorophyll
was taken to represent 1 g leaf material.

Heat treatment of cell wall-degrading enzymes

Solutions of 0.8% macerozyme R-10 or
1.6% cellulase R-10 in 25 mM MES/KOH, 0.7
M mannitol and 0.5 mM DTT, were heated
for 10 min at temperatures ranging from 45°
to 60°C and pH-values from 5.0 to 7.0, and
then rapidly cooled. As a control, untreated
enzyme solutions were stored at 4°C. The
macerozyme and cellulase solutions were then
mixed in a 1:1 ratio. The pH was adjusted to
5.7 with HCl or KOH and the mixtures were
used for protoplast isolation. To determine







