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STELLINGEN 
/OMoSWi "s^ 

1. Een toename van de p ro tease-act iv i te i t i s geen noodzakelijke voorwaarde 

voor de daling van het e iwitgehalte in verouderende haverbladeren. 

Di t p roefschr i f t 

2. Eiwitafbraak t i jdens de bladontwikkeling vindt n iet plaats door redis­

t r i b u t e van de zure protease van de vacuole naar het cytoplasma. 

Dit p roefschr i f t 

3. Voor onderzoek naar compar t imen ta l i sa t i e i s de gebruikel i jke aanname 

dat, na lyser ing, per protoplast e'e'n vacuole v r i jkomt, te voorbarig. 

4. De hypothese, dat polyaminen een ro l spelen b i j de bladveroudering door 

remming van p r o t e a s e - a c t i v i t e i t , wordt onvoldoende ondersteund door 

experimentele gegevens. 

Kaur-Sawhney, R. et a l ^ (1982). FEBS L e t t . , 145: 345-349. 

5. Het i s hoogst o n w a a r s c h i j n l i j k dat DNA sequenties van s lech ts 4-12 

nucleotiden zelfstandig weefselspecifieke gen-expressie reguleren. 

Botanical Congress, Ber l in (1987). 

6. Ten onrechte suggereert Griesbach met de term genetische transformatle 

dat overdracht van chromosomen via micro in ject ie moleculair i s bewezen. 

Griesbach, R.J. (1987). Plant Science 50: 69-77. 

7. Be langr i j k wetenschappel i jk werk, a ls gedaan door Balz, wordt i n t e r -

na t ionaa l n i e t op z i j n waarde geschat door gebrek aan b e l a n g s t e l l i n g 

voor n iet-Engelstal ige publ icat ies. 

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



8. Samenstel lers van een woordenboek behoeven meer kennis van de b i o l o -

gische wetenschappen, daar de omschr i j v ing van de vacuole a ls "een 

blaasvormige holte i n het protoplasma, met celvocht gevuld", de capaci-

t e i t van de plantecel to t compartimentalisatie onderbelicht. 

Van Dale, Groot Woordenboek der Nederlandse Taal, l i e druk (1984). 

9. De "N-end ru le" i s een voorbeeld van hoe door j u i s t e i n te rpre ta t ie van 

resultaten van een goed experiment, gedaan om de verkeerde reden, nieuwe 

wetenschappelijke hypothesen kunnen ontstaan. 

Bachmair, A. et_ a l . (1986). Science 234: 179-185. 

10. De motivat ie om de volgorde te bepalen van de DNA-basen van het complete 

mensel i jk genoom s taa t i n s c h r i l con t ras t t o t de o n v e r s c h i l l i g h e i d 

tegenover de afbraak van het l ee fmi l ieu . 

11. Ontwapeningsonderhandelingen worden geloofwaardiger als diplomaten open-

l i j k worden vergezeld door vertegenwoordigers van belanghebbende 

instant ies en industrieen. 

12. Het werkwoord vogelen heef t ten onrechte s lech ts k w a l i j k e en dubbel-

zinnige betekenissen. 

13. De opdracht i n het p roefschr i f t "dankzij de partner" i s minder vererend 

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

Stel l ingen behorende b i j het p roefschr i f t : "Regulation of the development of 

the f i r s t leaf of oats (Avena sativa L.). Characterization and subcellular 

l oca l iza t ion 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, waaronder 
ikzelf. Doordat Professor dr. 3. 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 uitgevoerd wordt beschreven in dit 
proefschrift. 

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

Mijn co-promotor, Dr. ir. L.C. van Loon, geestelijk vader van het project 
en dagelijks begeleider wist mij steeds opnieuw te motiveren als er weer een 
sterk concurrerend artikel gepubliceerd werd. Ik heb hopelijk veel geleerd 
van zijn wonderbaarlijk geheugen, scherp analytisch 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 geiso-
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 electroforeren uit te leggen en de apparatuur uit te lenen. Gezamenlijk 
konden we riskante hypothesen bedenken en verwerpen. 

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

In het bijzonder wil ik Folkert Hoekstra bedanken voor zijn attente geste 
de boeken van Dalling voor mij aan 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 Vacuoles" in Sophia-
Antipolis in Frankrijk en de meeste vacuologen persoonlijk 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 gaan 
studeren. Ik 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 decades. 

Plant breeding and 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 [1]. In general, high protein contents in the harvested 

parts of the plant are pursued. In addition, studies are directed towards 

improvement of protein quality e.g. a better balance of essential amino 

acids [2]. Toxic 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 quality 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 stage of plant development, when all 

remaining leaves turn yellow, the protein in the leaves is rapidly 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. Protease3 in leaves of cereal crop plants- BSA; bovine serum albumin, C8Z; N-carbo-

benzoxy, Hb; hemoglobin, Rubisco; ribulose-l,5-bisphosphate carboxylase. 

number pH-optimum substrate type localization reference 

Endopeptldases 

oats 

wheat 

barley 

1 

1(2) 

1 

1 

1(2) 

1 

4.2 

4.2(6.8) 

4.2-5.5 

7.5 

5.5-5.7 

5.5-5.7 

4.5(5.5) 

7.0 

Hb 

Hb, BSA, 

azocasein, 

Hb, Rubisco 

azocas. 

Hb, azocas., 

Rubisco 

Hb 

Hb 

senne-

sulphydryl-

sulphydryl-

sulphydryl-

sulphydryl 

etioplast 

vacuole 

vacuole 

vacuole 

[10] 

[11] 

[12,13] 

[14] 

[15] 

[15] 

[16] 

[16] 

Exopeptidases 

aminopeptidasea 

oats 

wheat 

barley 

1 

5 

3 

1(4) 

carboxypeptidases 

wheat 1(5) 

barley 

6.6 

7.6-8.3 

7.4-7.6 

8.0 

5.3 

5.5 

sulphydryl 

napthylamidases 

naphtylamidasea cytosol 

chloroplast 

sulphydryl 

[10] 

[17] 

[12,18,19] 

[15] 

[16] 

CBZ-phenyl- serine 

alanine-1-alanine 

sulph/serine-

vacuole 

vacuole 

[20] 

[15] 

[16] 



dry conditions [6]. This degradation of protein in senescing leaves 

precedes the loss of chlorophyll but already involves the reduction of 

photosynthetic capacity, as the major protein present in leaves, ribulose-

bisphosphate carboxylase necessary for CCU fixation, is most rapidly 

degraded [7]. The rate at which valuable metabolic products are mobilized, 

is one of the factors determining seed yield. On the one hand, a prolonged 

phase of active photosynthesis leads to a higher yield of starch in the 

developing seeds. On the other hand, a rapid mobilization of nitrogen 

during the later phase of seed filling is important to 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 [8]. 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 quantitatively and qualitatively [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 physiology of protein synthesis and degradation in the leaves. 

Proteases in green and senescing leaves (Table I) 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 according to their active site: serine-, cysteine-, aspartic- or 

metallopeptidases. The exopeptidases are classified according to substrate 

specificity. Those specific for the N-terminus are aminopeptidases 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 character­

ized proteases with well-established pH optima. 

Changes in protease 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 plant [23], and 

in detached leaves during artificial ageing in the dark [24-26]. However, 

in dark-incubated 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 endopeptidase activity. Also in senescing legume leaves, in gen­

eral no good correlation was found between protease activities and protein 

degradation [30-33]. In tobacco, protease activity has also been shown to 

decline during leaf senescence [34,35]. 

Alternatively, compartmentalization of enzymes and substrates has been 

suggested as a mechanism for controlling protein breakdown through changes 

in the distribution or spatial separation of enzymes and substrates. Many 

hydrolytic enzymes with acidic pH optima are localized inside the vacuole 

[36]. Consequently, the vacuole has been suggested to function as a lyso­

somal organelle in plant cells [37]. In many plant species, including wheat 

[38] and barley [39], endopeptidases and carboxypeptidases were found to be 

present mainly in vacuoles (Table I). As to how far these vacuolar 

proteases can function in cytoplasmic and organellar protein degradation is 

largely unknown. Minor endopeptidases seem to be present in the cytoplasm 

[29], which raises the question about the function of these different types 

of proteases. Aminopeptidases in particular seem to be located 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 pattern 

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 

artificial, but not natural cytokinins retard senescence in this system, 

casting doubt on the role of cytokinins in the regulation of senescence 

under natural conditions. Martin and Thimann [26] suggested that the cyto­

kinins act by suppressing the formation of proteases responsible for the 



breakdown 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 of 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 vitro (Chapter 

2.). 

A study to determine the distribution and subcellular localization of 

proteases in developing leaves demands careful measurements of protease 

activities in subcellular fractions and compartments. In Chapter 3 a method 

is described to reliably determine protease activities in isolated proto­

plasts, a first step to further elucidate the subcellular localization of 

the enzymes. 

To be able to follow the localization of the proteases in the course of 

leaf development, vacuoles 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 vacuoles 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 a role 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 separation, 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 

L. C. VAN L O O N , H . C. P. M. VAN DER VALK, A. J. HAVERKORT, and G. L. LOKHORST 

Department of Plant Physiology, Agricultural University, Arboretumlaan 4, 6703 BD 
Wageningen, The Netherlands 

Received June 25, 1986 • Accepted September 17, 1986 

S u m m a r y 

Oat (Avena sativa L. cv. Victory) leaves contain two major proteases with pH optima at 4.5 
(«acidic» protease) and 7.5 («neutral» 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 (Nicotiana tabacum L. cv. Samsun NN) plants, younger leaves, once fully-ex­
panded, possessed higher protease activities than older leaves. 

When detached oat leaves were aged in darkness, loss of protein and chlorophyll was similar 
whether leaf segments were placed horizontally in Petri dishes on wet filter paper, or held 
vertically in plastic holders with their bases in water. In horizontally placed leaves, the activities 
of the two proteases tended to increase but in leaves kept vertically protease activities decreased 
as in attached 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 but 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 light. 

Kinecin and, to a lesser extent zeatin, 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 observations 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, cytokimn. 

I n t r o duc t i o n 

The protein content of leaves passes through a maximum dur ing rapid leaf g rowth 

and gradually declines during senescence. Cytokinins delay senescence and the ac­

companying loss of protein pr imari ly by inhibiting proteolysis (Th imann , 1980). 

Mart in and Th imann (1972) showed that both kinetin and cycloheximide suppress an 

increase in protease activity during ageing of detached oat leaves placed horizontal ly 

on slides over moist filter paper in darkness. These authors therefore suggested that 

cytokinins might act by suppressing protease formation. 

Abbreviations: EDTA = ethylene diamine tetraacetic acid; MCE = 2-mercaptoethanol; SDS 
sodium dodecyl sulphate; TCA = trichloroacetic acid. 
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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 WC-
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 regulation 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 natural 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 oat 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 attributed 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, at 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 a third enzyme, active at pH3.5 (Drivdahl and Thimann, 1977). In 
view of the substantial shift between 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 two 
proteases. To further elucidate the relationship between senescence, protein content 
and protease activity, the course of protease activity and protein breakdown in at­
tached leaves was compared to that in detached leaves. The effects of the two types of 
cytokinins were further investigated in detached leaves. 

Materials and Methods 

Plant material 

Oats (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 HPI/T 
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lamps to ensure a minimum light intensity of 18 W m ~2 for 16 h day " '. Minimum temperature 
was 20 °C during the day and 19 °C at night. 

First leaves were used unless stated otherwise. To follow the fate of attached leaves, these 
were harvested at regular intervals and the top 4.5 cm segment was used for the determinations. 
For incubation of detached leaves, 5 cm 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 comparison, in some experiments the segments were held horizontally 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 glass 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 mWcm" 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 0.5 cm of the segments were cut off and discarded before extraction. 

Tobacco (Nicotiana tahacum 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 a mortar and pestle at 2 °C in 22 ml 
extraction medium containing 50 mM Tris-HCl, 0.2% (w/v) ascorbic acid, pH8.0. This me­
dium proved optimal for extraction of the acidic protease, but was routinely supplemented 
with 3.5 % (w/v) NaCl, 0.1 % (v/v) 2-mercaptoethanol (MCE) (Martin and Thimann, 1972) and 
2 mM 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 at 15,000 g and 30 min at 30,000 g. The resulting supernatant was dialysed overnight 
against 11 of 10 mM Tris-HCl, 3.5 % NaCl, 0.1 % MCE, pH 7.0. 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 

Protease 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 0.2 M phosphate-citrate 
buffer, pH4.5 or 0.2 M 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 0.25 ml of ice-cold 40 % (w/v) trichloroacetic 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 ml water in the 
reaction mixture was replaced by 1 ml 4 % (w/v) haemoglobin solution (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 potentials for protein breakdown by 
protease can be compared. 

Determinations of protein, free amino acids and chlorophyll 

Soluble protein and free amino acid content were determined in the 30,000 g supernatant 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, leaf samples were homogenized at 2 °C in 
80% (v/v) acetone, containing 1% (w/v) ascorbic acid. After centrifugation at 5000 g for 10 
min, chlorophyll was estimated in the supernatant solution after Bniinsma (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 electrophoresis 

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 [63 mM 
Tris-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 methanol: acetic acid: water (5 :1 :4 , v/v) and de-
stained in methanol: acetic acid: water (5: 8: 88, v/v). 

All determinations 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 similar. In all cases, data from representative experiments are pre­
sented. 

Resul ts 

Protease activity in developing oat leaves 

In the first leaf of 8-day-old oat seedlings, protease activity showed maxima around 

p H 4.5 and 7.5 wi th added haemoglobin as a substrate (Fig. 1 A). Shoulders of activity 

were present at p H 3 . 5 and 5.5, suggesting that the protease activity at low p H values 

may consist of several forms differing in p H op t imum. A similar pH-activi ty profile 

was revealed in young tobacco leaves (Fig. 1 B), indicating that proteases w i th similar 

p H opt ima are present in different plant species. Both in oat and in tobacco leaves, 

substantial hydrolysis of haemoglobin occurred at all p H values measured, i.e. be­

tween 3 and 9. Degradation of the endogenous proteins present in the enzyme solu­

t ion likewise occurred at all p H values. However , less p rominen t peaks of activity 

were noticeable and in oat leaves the activity declined below p H 5.5, perhaps due to 

the lower solubility of the leaf proteins at these lower p H values. 

Since the proteases active at p H 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 in further experiments. Al though the presence of 0.1 % M C E reduced acidic 

protease activity by 12 ± 6 % , its inclusion in the extraction medium increased neutral 

protease activity up to 60 %, possibly through stabilization of the enzyme (Drivdahl 

and Th imann , 1977). 2 mM E D T A had no effect on the acidic protease but increased 

neutral protease activity a further 20 %. N o increase in activity of either protease oc­

curred when 0.1 % Tri ton X-100 was included in the extraction medium. 

When added as exogenous substrate in the protein determinat ion mixture, haemo­

globin stimulated the release of ninhydrin-positive material more than two-fold at 

p H 4 . 5 but by no more than about 2 5 % at p H 7 . 5 . In contrast, in the presence of 
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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, ( • ) casein, (A) 
bovine serum albumin or ( • ) endogenous proteins present in the extracts as substrates. 

added casein, protein b reakdown was stimulated about twofold over the entire p H 

range, wi th maxima at pH5 . 5 and 8.0. Whereas haemoglobin was preferentially de­

graded at p H 4 . 5 , the neutral protease more readily used casein as a substrate. Bovine 

serum albumin was inhibi tory to protein breakdown at all p H values and slightly 

more so at neutral than at low pH . The acidic and the neutral proteases further dif­

fered in inactivation temperature and stability in vitro at different pH ' s (Table 1), 

bo th proteases being most stable at their p H optima. 

Gel electrophoresis of the oat leaf proteins after incubation at different p H values 

showed that all detectable proteins were readily degraded at p H 5.5 and at a lower 

rate at lower p H values (Fig. 2), indicating that this activity was endoproteolytic in 

nature. Above p H 6, protein breakdown appeared to be restricted to a small number 
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Table 1: Properties of acidic and neutral proteases from developing oat leaves. 

pH-optimum (substrate: haemoglobin) 
Inactivation temperature (lOmin) 

(TK, lOmin) 
Stability in vitro 

(tx, 0 °C ,pH4 .5 ) 
(tK, 20°C, pH4.5) 
(tK, 0°C, pH7.5) 
(tH, 20 °C, pH 7.5) 

Acidic protease 

4 - 5 
75 °C 
58 °C 

14 days 
4 days 
5 days 
1 day 

Neutral protease 

7 - 8 
65 °C 
52 °C 

2 days 
lday 
4 days 
2 days 

pH 
2 3 4 5 6 7 8 9 10 11 12 1314 15 

3.0 4.0 4.5 5.0 5.5 6.0 65 70 75 8.0 

i 

l f * « * 

Fig. 2: Gel electrophoretic profiles of oat leaf proteins after incubation of extracts for 6 h at 
40 °C at (lane 3) pH 3.0, (lane 4) pH 4.0, (lane 5) pH 4.5, (lane 6) pH 5.0, (lane 7) pH 5.5, (lane 8) 
pH6.0, (lane 9) pH6.5, (lane 10) pH 7.0, (lane 11) pH7.5, (lane 12) pH8.0. Lanes 1, 2, 13, and 
14 contain Oh 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 to 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 (20,100) and a-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 r ibulosebisphosphate carboxylase 

were stable under these conditions. Al though the presence of exoproteolytic activity 
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Fig. 3: Changes in (A) ( • ) soluble-protein, (A) chlorophyll and ( • ) free-amino acid content and 
(B) activities of (O, • ) acidic and ( • , • ) neutral protease using either (£>,•) haemoglobin or 
( • , • ) soluble leaf proteins present in the extracts as substrates, during natural development of 
the primary leaf on intact oat plants. 

cannot be ruled out, the complete disappearance of specific bands from the profile 

suggests that also at neutral p H the main protease is of the endo-type. 

Changes in protease activities during leaf development 

To follow the course of the protease activities during leaf development, oat plants 

were grown and their first leaves detached at regular intervals for protease determina­

tions. The activity of the acidic protease 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. 3 B). With haemoglobin the activity increased about 3 0 % up to day 13, 

then decreased in parallel with the activity on endogenous substrates, before showing 

a p ronounced increase on day 29. A final increase was also manifested by the neutral 
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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. On ly at 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 wi th leaf age was accompanied 

by a decrease in free amino acids, apparently resulting from the t ransport of the li­

berated amino acids to o ther plant parts (Fig. 3 A). 

Fig. 4: Content (A, C) of (A) chlorophyll, ( • ) soluble protein and ( • ) free amino acids and 
(B, D) activities of (O, • ) acidic and ( • , • ) neutral protease using either (O, • ) haemoglobin or 
( • , • ) soluble leaf proteins present in the extracts as substrates in (A,B) consecutive leaves of 
34-day-old oat plants and (C, D) consecutive groups of leaves of 9-week-old tobacco 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 t ime, 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 oat and for to­

bacco plants. In oats, acidic protease activity increased from leaf 1 to leaf 3, associated 

wi th leaf 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 

t h roughout matur i ty and senescence. 

Changes in protease activities during accelerated ageing of detached oat leaves 

The apical 5 cm of 8-day-old pr imary leaves were cut off and placed vertically in 

holders wi th their bases in water and kept either in darkness or in light. In darkness, 

accelerated protein b reakdown was evident by day 2 and maintained up to day 4, 

when 7 0 % of the protein had been degraded. During this period, free amino acid 

content increased over 11-fold (Fig. 5 A). As shown in Fig. 5B, protease activities 

were not increased when the accelerated protein breakdown was initiated, and up to 

day 2 followed a course similar to those in attached leaves. On l y on day 3 to 4 did the 

acidic protease show a small but significant increase with haemoglobin as a substrate, 

reminiscent of the increase on day 29 in attached leaves. Apar t 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 wi th substrate depletion. 

In the light, bo th chlorophyll and protein loss occurred at about half the rate ob­

served in darkness. Free amino acids accumulated less than seven-fold (Fig. 5 C). 

Using haemoglobin as a substrate, the acidic protease activity increased almost two­

fold between days 2 and 6 and started to decline slowly only by day 10 (Fig. 5 D) . 

Neutra l 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 

d rop between 12 and 14 days. Without added substrate only a m inor increase in ac­

idic protease activity was evident on day 4, and none in neutral protease activity. 

Apparent ly, protease activity on endogenous substrates was limited by substrate 

availability. Thus , protein was lost more slowly than in the dark, in spite of the large 

increases in protease activities. 

T o see whether the increase in the protease activities in the light might result from 

sustained energy metabolism due to photosynthesis, 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 Th imann (1972) described a large, transitory increase in acidic protease 

activity and a smaller, continuous increase in neutral protease activity during se-
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Fig. 5: Changes in (A, C) (A) chlorophyll, (•) soluble protein and (•) free amino acids and 
(B,D) activities of (O, • ) acidic and ( • , • ) neutral protease using either (0,D) haemoglobin or 
( • , • ) soluble leaf proteins present in the extracts as substrates during incubation of detached 
oat leaves held vertically in plastic holders with their bases in water in (A, B) darkness or (C, D) 
light. 

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 horizontally 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 
Table 3, in leaves held vertically both protease activities declined, as shown pre­
viously in Fig. 5 B. 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 
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Table 2: Effect on protease activities of incubation of oat leaf segments in darkness on sucrose. 

Incubating conditions 

Control (day 0) 
4 days on water 
4 days on 20 mM sucrose 

Acidic protease 
activity (^mol 
glycine equiv. 
g - ' - h " 1 ) 
4.96 
5.43 
4.92 

Neutral protease 
activity (/*mol 
glycine equiv. 
g - ' - h " 1 ) 

4.43 
3.56 
3.10 

Table 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 horizontally in Petri 
dishes on wet filter paper. 

Parameter Vertically Horizontally 

Acidic protease activity 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 26 ± 7% 36 ± 4% 
Free-amino 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 horizontally or vertically, indicating that 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 smaller loss into solution. It 

thus appears that the increases reported by Martin and Th imann (1972) were caused 

by the leaf segments being placed in a horizontal rather than a vertical position. It is 

unlikely that these increases are due to a higher content of free amino acids in the leaf 

segments, as leaves held vertically in the light contained less free amino acids than 

similar leaves kept in darkness, yet showed increases 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 activity 

Leaf segments were incubated on a concentration range of kinetin or zeatin and 

protease activities, protein and free amino acid contents determined after 4 days in 

darkness o r 11 days in the light (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 effective in the light (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 (A, C) content of 
(O, • ) soluble protein and ( • , • ) free amino acids, and (B,D) (O, • ) acidic and ( • , • ) 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 to values at the time of leaf detachment (day 0 control). 

natural cytokinins are far less active in retarding senescence in detached oat leaves 

than artificial ones such as kinetin. 

In darkness, neither kinetin nor zeatin had any significant effect on acidic protease 

activity. However , both counteracted the decrease in neutral protease activity, 

1 0 " 7 M kinetin or 1 0 " 5 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 1 0 " 8 M and higher for 

kinetin and exceeding 10~ 6M for zeatin. 
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Discussion 

Oat leaves contain two major proteases, an «acidic» and a «neutral» one, which de­

grade haemoglobin optimally at pH4.5 and 7.5, respectively, and further differ in 

various properties. Both proteases may actually constitute groups of proteolytic en­

zymes with similar p H optima since they differed in some of their reactions to sub­

strates and inhibitors from the purified proteases characterized by Drivdahl and Thi-

mann (1977). 

Using the soluble proteins extracted together with the proteases as substrates, pro­

tein degradation was less clearly pH-dependent, possibly due to the low solubility of 

the leaf proteins below pH5 . 5 . Ribulosebisphosphate carboxylase subunits were de­

graded below p H 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 at neutral p H where some protein bands were selectively lost. Addition of 

haemoglobin increased the rate of appearance of ninhydrin-positive material between 

1 and 2 t imes at p H 7 . 5 and between 2 and 3 times at p H 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 endogenous protein had already been 

degraded and thus, substrate must have become limiting. Al though casein was a good 

substrate for bo th proteases, its solubility does not extend to the p H op t imum of the 

acidic protease. As haemoglobin is soluble at p H 4 . 5 , addition of excess haemoglobin 

was found to ensure reliable determination of enzyme activities. Proteolytic enzymes 

present in wheat or soybean leaves were likewise found to degrade haemoglobin well 

(Wittenbach, 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 accelerated protein loss without an increase in endopeptidase activity (Wecken-

mann and Mart in, 1984). Hence, senescence of leaves does not seem to require addi­

tional proteolytic activity. On ly 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 these increases occur too late to influence the course 

of senescence. 

That synthesis of additional protease is apparently not required for the onset of 

protein b reakdown 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. N o major increases in protease 

activity occurred during the subsequent days when most of the protein was degraded. 

/. Plant. Physiol. Vol. 127. pp. 339-353 (1987) 

23 



352 L. C. VAN LOON et al. 

This effect was obtained when leaf segments were incubated 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. However , 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 t o 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 (cf. Mart in and Th imann , 

1972). In non-stressed leaves, cytokinins tended to increase rather than decrease pro­

tease activities, in line wi th 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 t o 

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 l inking the onset of 

senescence with an increase in protease activity (Frith and Dalling, 1980). Rather, 

compartmentat ion 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 compartmentalized in the vacuole (Boiler and Kende, 1979; Heck et al., 1981; Wa­

ters et al., 1982). The action of cytokinins might then be sought in the stabilization of 

t he protease-containing cell compartment, thereby protect ing the proteins from de­

gradation. 
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DETERMINATION OF PROTEASES IN ISOLATED WASHED PROTOPLASTS: 
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Protease activity was determined in oat leaf protoplasts after isolation and washing. Protoplasts were isolated 
with a cellulase R-10, macerozyme R-10 mixture, which contains high proteolytic activity. Proteases in this cell 
wall-degrading enzyme mixture were inactivated by heating the enzyme preparation at 50°C for 10 min at pH 
6.5. This t reatment did not impair the cell wall-degrading activity. Protease activity in protoplasts isolated with 
heated enzyme was similar after washing to that in protoplasts isolated with untreated enzymes. This provided 
proof that contaminating proteases were effectively removed during protoplast washing and that the protease 
activity measured in isolated protoplasts was derived from the protoplasts themselves. 

Key words: Avena sativa; p rotoplasts; protease; heat inactivation; cellulases; pectinases 

Introduction 

Isolated 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 protoplasts, 
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 wall-degrading enzymes and by 
comparing the protease activity in protoplasts 
isolated with treated and untreated cell wall-
degrading enzymes. 

Abbreviations: DTT, dithiothreitol; EDTA, ethylene-
diamine tetraacetic acid disodium salt; MES, 2-(N-
morpholino)ethanesulfonic acid; PMSF, phenyl-
methylsulfonylfluoride. 

The proteolytic activity in Cellulysin1M 

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 indication 
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 protoplast preparation by repeated 
washing or by density centrifugation in order 

0304-4211/84/S03.00 © 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 n s I have been used [4]. In these studies 
low levels of the isolation enzymes were 
retained in protoplast preparations. (3-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 proteolytic 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 
period. 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, 0.5 mM DTT and 25 mM MES/ 
KOH (pH 5.7) upon centrifugation for 10 min 
at 65 Xg. 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 

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/HC1, 
0.2% ascorbic acid, 3.5% NaCl, 2 mM 
ethylenediamine tetraacetic disodium salt 
(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/HC1 (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 
homogenate was centrifuged for 15 min at 
15 000 Xg 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 
during 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 HC1 or KOH and the mixtures were 
used for protoplast isolation. To determine 
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protease activity, part of the same solution 
was diluted with lysis buffer and dialysed 
overnight as described above. 

Results and discussion 

Both macerozyme R-10 and cellulase R-10 
contained high proteolytic activity (Fig. 1). 
Activities were highest around pH 4, but even 
at pH-values above 6 measurable protease 
activity remained. The optimum around pH 
4 closely resembles the pH optimum of the 
acidic protease present in oat leaves [8]. 
Thus, when using these cell wall-degrading 
enzymes to isolate protoplasts from oat leaves, 
it is essential to be able to discriminate 
between protease activity present in the 
protoplast and activity from protease in the 
cell wall-degrading enzyme mixture. 

Attempts to inhibit the proteolytic enzymes 
in the cell wall-degrading enzyme mixtures 
with specific inhibitors were unsuccessful. 
For instance, PMSF inhibited the proteolytic 
activity in the cellulase R-10 macerozyme 
R-10 mixture by only 20% (data not shown). 

Conversely a distinction might be made by 
specifically inhibiting the oat leaf proteases 
upon protoplast lysis. Kaur-Sawhney et al. 
[9] claimed that oat leaf proteases are 
inhibited in vitro by polyamines. However, 
the highly basic spermine was found to 
affect the buffering pH, bringing it to the 
value of 5.2, where the oat leaf proteases 
show only 70% of the activity present at 
pH 4.5. Using their procedure with Azocoll 

Fig. 1. The effect of pH on protease activity. 0 . 1% 
Macerozyme Onozuka R-10 (o o) and 0 .1% 
cellulase Onozuka R-10 (• • ) were adjusted with 
phosphate-citrate to below pH 7.0 or with 0.2 M 
TRIS/HC1 to pH 7.0 and 7 .5. 

as the substrate 5 mM and 10 mM spermine 
inhibited the Azocollase activity by only 
2% in both" cases. 

Heating of the cellulase R-10 and macer­
ozyme R-10 effectively decreased proteolytic 
activity in the cell wall-degrading enzyme 
solutions (Table I), protease activity was 
measured at pH 4.5, but equal extents of 
inactivation were observed upon protease 
determinations of pH-values between 3.5 and 
5.5. Heat inactivation was strongly pH-
dependent: when heating was carried out at 
pH 5.0 proteolytic activity in the cellulase 
R-10 solution, measured subsequently at pH 
4.5, decreased by 23%, at pH 6.5 by 96%; in 
the macerozyme R-10 solution the proteolytic 
activity decreased by 10% at pH 5.0 and 92% 
a tpH6 .5 (Fig. 2). 

Table I. The effect of heating cell wall-degrading enzymes at pH 6.5 on their protease activities. Protease 
activity in untreated cellulase R-10 28.6 nmol • h"1 • mg enzyme" ' , in macerozyme R-10 63.8 nmol • h " ' - mg 
enzyme"1 . Protoplast yield with untreated enzymes 7 X 106 per gram leaf. 

Treatment 

10 min at 4 5"'C 
10 min at 50°C 
10 min at 55°C 
10 min at 60°C 

Relative protease activity (% of untreated enzyme) 

Cellulase R-10 Macerozyme R-1C 

10 15 
4 8 

- 5 
- 0 

Relative 
protoplast yield 

100 
100 

71 
25 
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