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Abstract

During leaf senescence protein degradation is enhanced. In order to obtain information on the enzymes involved in this
process, a study was initiated to identify and characterize proteases whose activity is elevated in artificially senescing parsley
leaves. A 70-kDa serine protease (EC 3.4.21) was identified by an activity gel assay. This protease activity, which is low in young
leaves, was found to increase considerably in parallel to the advance of senescence and the reduction in the protein content of
the leaves. A high correlation between the progress of senescence and the increase in the activity of the 70 kDa serine protease
was demonstrated. Treatments with CO, or gibberellic acid, which retard senescence, reduced the protease’s activity, whereas
acceleration of senescence with ethylene enhanced it. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Net loss of protein is a dominant feature of leaf
senescence. Much of the protein is probably catabo-
lized by specific proteases, which have been induced
and the derived amino acids are transported to areas
of growth or storage (for review, see Peoples &
Dalling, 1988; Huffaker, 1990; Feller & Fischer, 1994).
The substrate for the proteolytic enzymes in senescing
leaves includes mainly enzymes and membrane pro-
teins which function in photosynthesis. Large-scale hy-
drolysis of proteins occurs early in leaf senescence and
is likely to depend upon the integrated action of
groups of enzymes. In earlier studies changes in total
proteolytic activity in crude extracts prepared from
senescing leaves was followed and correlated with the
loss of total protein (Peoples & Dalling, 1988;
Huffaker, 1990; Feller & Fischer, 1994). Such corre-
lations were found, but it is necessary to identify and
characterize specific senescence-related proteases in
order to understand the proteolytic mechanism which
is responsible for senescence-induced protein degra-
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dation. Recently a few cDNAs representing senes-
cence-related proteases, mainly cysteine proteases, have
been isolated (Buchanan-Wollaston, 1997).

In our study of artificial senescence occurring during
postharvest storage of leafy vegetables, we use parsley
(Petroselinum crispum Mill.) as our model system. Our
main interest, in this system, is to gain knowledge
about artificial senescence per se as part of our long-
term objective to improve the quality of stored fresh
produce. Study of artificial senescence may be relevant
for natural senescence too, however, care must be
taken before general conclusions are drawn.

The soluble protein content in parsley is steadily
reduced during postharvest senescence, whereas
amino acids, which can not be exported from the
detached leaves, accumulate. We have shown pre-
viously that treatments which are known to retard
senescence, including gibberellin (GA3) (Aharoni,
Dvir, Chalupowicz, & Aharon, 1993) and CO,
(Aharoni, Reuveni, & Dvir, 1989), slow down protein
loss and amino acid accumulation during postharvest
senescence of parsley (Lers, Jiang, Lomaniec, &
Aharoni, 1998). On the other hand, ethylene, which
is well known to accelerate senescence (Mattoo &
Aharoni, 1988), markedly enhanced protein loss and
amino acids accumulation during parsley postharvest
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Fig. 1. Activity gel analysis of changes in protease activity during senescence of detached parsley leaves and the parallel changes in soluble and
amino acid content. Parsley bunches were incubated in darkness under a flow-through system of air, 10% CO, in air, or 10 pl 1=! ethylene in
air. Gibberellin (GA;) treatment was given as a single spray of 50 uM, 1-2 h before harvest of the leaves. (A) Protease activity in non-treated
leaves (control) and in leaves in which senescence was retarded with gibberellin or CO,. (B) The effect of ethylene and a combination of ethylene
with the senescence-retardants gibberellin and CO,. Protein samples (20 pg) extracted on different days of the experiment were resolved on 10%
gelatin-impregnated SDS-gel. Following renaturation, incubation and staining, protease activities are observed as clear bands. Parallel changes in
soluble protein (filled symbols) and amino acid (open symbols) content are presented by the graphs located above the activity gel analysis (values
are given as percentage of initial content).

senescence (Lers et al., 1998). In order to identify 2. Results and discussion

specific proteolytic activities, which may play a role

in the senescence-induced protein degradation, we 2.1. Analysis of protease activity in senescing parsley
employed a gel activity assay. A serine-type protease leaves

activity was identified, the Ilevel of which was

increased in parallel to the advance of parsley leaf Under our experimental conditions full yellowing of

senescence. the parsley leaves was reached 8-10 days following



W. B. Jiang et al. | Phytochemistry 50 (1999) 377-382 379

harvest and initiation of dark incubation. As reported
earlier, degradation of both chlorophyll and protein
was observed following the first day of the experiment
(Lers et al., 1998). In order to identify proteolytic ac-
tivities enhanced during senescence, protein samples,
extracted at different stages of senescence, were
resolved on SDS-PAGE containing gelatin substrate.
Following renaturation and protein staining, the pro-
teolytic activity was visualized as clear bands in which
the substrate was hydrolyzed. In this assay we
observed a single proteolytic activity with an estimated
molecular weight of 70 kDa (Fig. 1). This activity,
which was of a low level in young green leaves, was
enhanced in parallel to the progress of senescence
(Fig. 1A). The figure of 70 kDa MW is a rough esti-
mate, since the gelatin substrate in the gel may inter-
fere with the electrophoretic migration and a reducing
agent was not present. A remarkable increase in the
activity level was observed after only 3 days of incu-
bation of the control leaves. The protease activity level
was further enhanced, to reach a maximum on the 8th
and last day of the experiment. At that time most
leaves were completely yellow and the protein content
had declined to ~30% of the initial level (Fig. 1A).
The same protease activity was observed when we used
either BSA, casein or parsley leaf protein instead of
gelatin in the activity gel assay (data not shown). The
observation of only one type of proteolytic activity
may result from our inability to detect in this exper-
imental system enzymes which can not retain activity
following SDS-PAGE, need specific cofactors, or are
substrate-specific. To test the correlation between the
increase of the protease activity and progress of senes-
cence, we examined the effect of senescence-retarding
treatments. Leaves were treated with either GAj, given
as a single pre-harvest application, or with a continu-
ous flow of 10% CO, during incubation. As shown in
Fig. 1(A), both GA; and CO, treatments retarded pro-
tein loss and a combined treatment resulted in an addi-
tive effect. These two senescence-retarding treatments
were able also to slow down the senescence-related
increase in the 70-kDa protease activity with similar
efficiency (Fig. 1A). When both GA; and CO, treat-
ments were applied, an even more pronounced inhi-
bition of the 70 kDa protease activity compared with
the control was observed (Fig. 1A). This additive effect
of GA; and CO, was similar to their combined inhibi-
tory effect on protein and chlorophyll degradation
during senescence (Lers et al., 1998).

Ethylene, shown before to accelerate senescence of
detached parsley leaves, had a positive effect on the in-
duction of the 70 kDa protease activity (Fig. 1B).
Concomitantly, ethylene accelerated the decline in pro-
tein content and the accumulation of free amino acids
(Fig. 1B). Both GA3 and CO, overcame the enhancing
effect of ethylene and reduced the 70 kDa activity to

levels even lower than those observed in the control
(Fig. 1B). However, protease activity in leaves treated
with ethylene together with either GA3; or CO, was
higher than that observed when only GAj; or CO, was
present (Fig. 1). Treatment with both GAj;, and CO,
could reduce even more the enhancing effect of ethyl-
ene on the protease activity (Fig. 1B).

The demonstrated correlation between the level of
the 70 kDa protease activity and the progress of senes-
cence raises the possibility that it plays some role
during this process. The low-level protease activity
observed in green leaves suggests that it has a role also
in protein metabolism of non-senescing leaves. It was
suggested before that in daylily (Guerrero, De la Calle,
Reid, & Valpuesta, 1998) and tomato (Drake et al.,
1996), senescence-induced cysteine proteases are
involved in regular protein turnover. This suggestion
was based on the observation that the expression of
their encoding genes could be detected also in non-
senescing tissue.

2.2. Temperature and pH optimum of the 70 kDa
protease

The optimal temperature for the activity of the 70
kDa protease was determined. Multiple protein
samples of senescing leaves were resolved on gelatin-
gel. Following electrophoresis and protein renaturation
different gel slices were incubated at different tempera-
ture and pH conditions. The optimal temperature was
found to be 37°C (Fig. 2), which was used sub-
sequently in all our experiments. The significant
decrease in activity observed at temperatures above
37°C indicates that this enzyme is sensitive to high
temperatures. The determined optimal temperature
reflects probable temperature requirements for both
the proteolytic reaction and diffusion in the gel of the
enzyme, substrate or degradation products.

The results for the optimal pH demonstrate activity
in a wide range of pH levels (Fig. 3). The maximal ac-
tivity was observed at pH 7-8, with a gradual decrease
when the pH was higher or lower than this level.
Interestingly, even at the low pH of 4 some activity
could be observed.

2.3. The 70 kDa protease is a serine protease

The mechanistic class of the 70-kDa protease was
determined by treatment with different inhibitors diag-
nostic for the different classes of proteolytic enzymes.
The protease activity was significantly inhibited by
phenylmethylsulphonyl fluoride (PMSF) and the re-
lated substance 4-(2-aminoethyl)-benzenesulphonyl flu-
oride hydrochloride (AEBSF) (Fig. 4), demonstrating
that the proteolytic activity belongs to the serine-type
proteases. Other tested inhibitors, including E-64 and
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Fig. 2. Effect of temperature on the protease activity in the gel assay. Gelatin gel slices containing resolved protein (20 pg) extracted from senes-
cing parsley leaves (day 8) was incubated in 50 mM Tris—HCI, pH 7.5 buffer, at the different temperatures for 6 h.

pH: 3 4 5 6 7 8 9 10

Fig. 3. Effect of the incubation buffer pH on the protease activity. Gelatin gel slices containing resolved protein (20 pg) extracted from senescing
parsley leaves (day 8) were incubated at 37°C for 4 h in the appropriate 50 mM Tris—HCI buffer.

Fig. 4. Effect of different protease inhibitors. Protein samples (20 pg) and gel slices were treated with the different inhibitors as described in
Section 3. 1, Control; 2, E-64 (4 uM); 3, EDTA (4 mM); 4, pepstatin (2 uM); 5, 1,10-phenanthroline (10 mM); 6, iodoacetic acid (100 pM); 7,
AEBSF (4 mM); 8, PMSF (2 mM).

iodoacetic acid, cysteine protease inhibitors; pepstatin, Likewise, dithiothreitol and B-mercaptoethanol redu-
an aspartic protease inhibitor; and EDTA and 1,10- cing agents did not affect the protease activity (data
phenanthroline, metal protease inhibitors, did not not shown). Thus, the 70 kDa activity is a serine-type

reduce the level of the 70 kDa protease activity. protease. Serine proteases seem to be the most abun-
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dant protease group, and are extremely widespread
and diverse. Characteristics of serine proteases include
maximal activity at slightly alkaline pH, no absolute
activator requirements and diverse substrate specificity
(Barrett, 1986).

Not enough knowledge exists today to enable us to
draw a clear conclusion about the relative importance
of the different protease classes in the process of pro-
tein degradation during senescence. Most of the senes-
cence-related protease genes identified in the last few
years encode for cysteine proteases (Buchanan-
Wollaston, 1997), suggesting that this group of
enzymes plays an important role in the bulk degra-
dation of cellular proteins during senescence. The
involvement of serine protease activity in maize leaf
senescence was suggested on the basis of protease in-
hibitor studies (Mau & Hageman, 1986). A senescence-
induced 38 kDa protein detected in thylakoids of spi-
nach was suggested to be a serine protease based on
its covalent binding to diisopropylfluorophosphate and
inhibition of this binding by the protease inhibitor
PMSF (Kawasaki & Takeuchi, 1989). Serine proteases
were detected also in two other developmental stages,
during which an elevated protein degradation process
takes place. A 55 kDa serine-type carboxypeptidase
was shown to be induced during germination in cotyle-
dons of bean seeds (Yamaoka, Ohba, Takeuchi, &
Morohashi, 1993). Serine protease activities were
found also to be induced during tracheary element
differentiation in Zinnia (Ye & Varner, 1996; Beers &
Freeman, 1997). Recently the cDNAs of the serine
proteases P69A and P69B were cloned from tomato
(Tornero, Conejero, & Vera, 1996, 1997). These pro-
teases, which have an M, similar to that of the parsley
senescence-related protease, were identified as patho-
genesis-related subtilisin-like proteases. It is interesting
to note that pathogenesis-related proteins were recently
found in parsley to be induced during leaf senescence
(Lers, Jiang, Lomaniec, & Aharoni, 1998).

To the best of our knowledge, the results presented
in this study are the first direct demonstration of a ser-
ine protease activity, which is increased during senes-
cence. High correlation between the changes in the
level of this protease activity and the advance of senes-
cence, including protein degradation, was shown using
treatments which accelerate or inhibit leaf senescence.
These results support the possibility that this protease
has a role in senescence-related protein degradation.

3. Experimental

3.1. Plant material and treatments

Experiments were performed with green, fully-
expanded mature leaves of parsley (Petroselinum cris-

pum Mill.), which were freshly harvested from the
field. Bunches of parsley stems (~20 cm long, 100 g)
were enclosed in 2-1 jars fitted with inlet and outlet
ports and stored for 8 days in the dark at 25° in order
to promote senescence. The jars were sealed and con-
nected to a flow-through system of air, 10% CO, in
air, 10 pl 17" ethylene in air, or 10% CO, plus 10 pl
17! ethylene in air; the flow rate was maintained at 50
ml min~'. The gases were bubbled through sterile
water to maintain humidity in the jars. Where indi-
cated, gibberellic acid (GAj, Sigma, St. Louis, MO)
treatment was applied by spraying the parsley plants
in the field, 1-2 h before harvest, with a 50 uM hor-
mone soln containing 0.05% BB-5 (Plaaskem,
Gauteng, South Africa) as a surfactant.

3.2. Extraction and measurement of amino acids and
proteins

Soluble protein and amino acids were extracted and
levels were determined essentially as described by Lers
et al. (1998).

3.3. Protease activity gel assay

To follow protease activities we used the SDS-gela-
tin-PAGE assay (Hellmich & Schauz, 1987) with some
modifications. Regular SDS-PAGE (Laemmli, 1970)
was performed in a mini-PROTEAN II@ apparatus
(Bio-Rad), except that the 10% resolving gel contained
0.15% gelatin. Protein samples were mixed with an
equal volume of a non-reducing sample buffer (0.1 M
Tris—HCI, pH 6.8; 2% (w/v) SDS, 10% (v/v) glycerol,
0.01% bromophenol blue) and incubated at 42°C for
20 min before loading on the gel. Following electro-
phoresis at room temperature, the gel was washed in
renaturing buffer (2% Triton X-100, 50 mM Tris—HCI,
pH 7.5) for 20 (0.75-mm-thick gels) or 40 (1.5-mm-
thick gels) min. Protease activities were investigated by
incubating the gel in 50 mM Tris—HCI, pH 7.5, for 3 h
at 37°C or for 12-16 h at room temp (24-26°C). After
staining the gel with amido black (0.1% amido black,
10% acetic acid, 30% MeOH) and destaining with a
soln of 5% acetic acid and 15% MeOH, white bands
representing the site of protease activity were visual-
ized. For determination of optimal pH, multiple pro-
tein samples of senescing leaves were fractionated on
gelatin-gels as described above. Following electrophor-
esis and renaturation single-lane gel slices were incu-
bated at 37° for 4 h in different Tris—HCIl buffers
ranging in their pH from 3 to 10. Staining was carried
out as described above. Temperature effect on the pro-
tease activity was examined similarly by incubation of
the gel slices in 50 mM Tris—HCI, pH 7.5, for 6 h at
the different temperatures, followed by staining.
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3.4. Protease inhibitor treatment

Different protease inhibitors were selected in order
to determine the mechanistic class of the protease
(Beynon & Salvesen, 1993). The inhibitors were added
to the senescing leaves protein samples prior to electro-
phoresis. Following renaturation, gel slices were incu-
bated in 50 mM Tris—HCI, pH 7.5 buffer, with the
appropriate inhibitor at 37°C for 4 h. Inhibitors
included pepstatin (2 pM, Sigma), 1,10-phenanthroline
(10 mM, Sigma), EDTA (4 mM), PMSF (2 mM,
Sigma), AEBSF (4 mM, Boehringer Mannheim), E-64
(4 uM, Sigma), and iodoacetic acid (100 uM, Sigma).
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