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Short Communication

Differential Changes in the Amount of Protein Complexes in the
Chloroplast Membrane during Senescence of Oat and Bean
Leaves
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ABSTRACT

Antibodies against the individual subunits of protein complexes in the
chloroplast membranes were used to follow the amounts of these poly-
peptides during foliar senescence. No change was found in the amount of
polypeptides of photosystem I reaction center and the chloroplast cou-
pling factor during senescence of oat (Avena sativa L.) and bean (Phas-
eolus vulgaris L.) leaves. A significant decrease in the amount of the
different components of the cytochrome b6-fcomplex was detected. This
change may account for the decrease in the rate of electron transport,
which might be the rate limiting step of photosynthesis in senescing
leaves.

sity of illumination employed for 12 h/d was about 1.5 x 103
erg/cm2. s. Primary leaves were harvested after full expansion
was achieved (15 and 8 d after sowing bean and oat seeds,
respectively).

Controlled Facilitated Senescence. Three-cm-long segments
were cut off the tips of 8-d-old oat leaves, and then incubated on
wet gauze for 4 d at 24C in the dark.
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Foliar senescence is characterized by a major change in the
chloroplast structure and function (2, 5). Most studies on senes-
cing chloroplasts were based upon in vitro measurements of
partial photosynthetic reactions. Examples are CO2 fixation (7,
11), photophosphorylation (11, 13), Hill reaction (10), and elec-
tron transport through PSI and PSI1 (4, 7, 13, 14, 19). Although
a decrease in the rate of some of these reactions was demon-
strated, there was no definite identification of a change in a
specific site(s) that might limit the rate of photosynthesis during
senescence.

Electron microscopy revealed a decrease in plastid volume (2)
and a disruption ofthe internal membrane system in chloroplasts
from senescing leaves (5). Biochemical studies showed that along
with these morphological changes, there is a change in the lipid
composition of the membranes during senescence (2). These
findings may imply that the changes in structure and physical
properties ofthe thylakoid membranes coincide with the decrease
in the rate of photosynthetic activity. In the present study, an
immunological approach was applied in order to follow the
changes in the relative amounts of some of the chloroplast
membrane protein complexes during senescence.

MATERIALS AND METHODS

Leaves. Phaseolus vulgaris L. cv Brittlewax (bean) and Avena
sativa L. cv Victory (oat), representing two different plant cate-
gories, were grown in vermiculite under controlled growth room
conditions. Temperature was maintained at 24°C and the inten-
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FIG. 1. Changes in the amount of PSI reaction center during senes-
cence in bean and oat leaves. Samples of bean and oat leaf extracts were
applied to SDS-polyacrylamide gels, transferred to nitrocellulose paper,
and treated with antibodies as described in "Materials and Methods."
Antibodies used were raised against subunits I (A) and II (B) of PSI
reaction center. (1), Samples of 15-d-old bean leaf or 8-d-old oat leaf
extracts containing 5 Ag Chl. (2), Samples of 30-d-old bean leaves or 15-
d-old oat leaf extracts containing 5 gg Chl. (3 and 4), Samples of oat leaf
segments subjected to controlled facilitated senescence, containing 12
and 6 Mg Chl, respectively.
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FIG. 2. Senescence of oat leaves as expressed by changes in the amount of protein complexes in the chloroplast membrane. Samples containing
20 Ml of oat leaf extracts, equivalent to 2 mg fresh leaf weight, were applied to SDS-polyacrylamide slab gels, transferred to nitrocellulose paper, and
treated with antibodies as described in "Materials and Methods." The antibodies used were raised against the following polypeptides: Subunits a (A)
and # (B) of CF1, subunit II of PSI reaction center (C), and subunits I (D) and IV (E) of the b6-fcomplex. Leaves were 8, 15, and 30 d old (1, 2, and
3, respectively).

Preparation of Samples. Isolation of chloroplast membranes
was carried out as previously described (15) with slight modifi-
cations. A mixture of protease inhibitors was used throughout
the isolation at a final concentration of 1 mm of each inhibitor.
The stock solution of the inhibitors contained phenylmethylsul-
fonyl fluoride, N-tosyl-L-lysylchloromethane, and N-tosyl-L-
phenylalanylchloromethane in dimethylsulfoxide at a final con-
centration of 0.1 M.
The Chl content of the isolated chloroplast membranes was

determined in 80% v/v acetone according to Arnon (1). One-ml
aliquots containing 1 mg Chl were stored at -20'C until use.
Proteins were extracted by incubating 1 ml of isolated mem-
branes with 250 ,l dissociation buffer containing 10% w/v SDS,
50% v/v glycerol, 0.3% w/v Na-EDTA, 6% w/v Tris-HCl (pH
6.8), 5% v/v f3-mercaptoethanol, and 1 ug/ml bromophenol-
blue. Incubation was carried out at room temperature for 2 h.

Proteins were also extracted from intact leaves. One g of
primary leaves was ground with pestle and mortar in 20 ml of
10% TCA and incubated at room temperature for 60 min. The
ground leaves were then centrifuged for 10 min at 30,000g and
the pellet was resuspended and homogenized with 10 ml of a
solution containing 100 mm Tris-HCl (pH 8.0) and 100 ,l of the
protease inhibitor mixture. Two g glass beads (1 mm in diameter)
were added and the homogenate was vortexed vigorously for 30
s. Acetone was added to give a final concentration of 80% v/v
and, after 5 min incubation at room temperature, the extract
was centrifuged for 10 min at 30,000g. The pellet was washed
twice with 10 ml of 80% v/v acetone as described above. The
final pellet was dried by a stream of N2 gas and resuspended in
8 ml of a solution containing 2% w/v SDS and 80 ,l of the

protease inhibitor mixture. After 20 min incubation at room
temperature, the suspension was centrifuged for 10 min in an
Eppendorf microfuge and the supernatant was stored at -20C
until use. One-ml samples for electrophoresis were incubated for
2 h at room temperature with 250 gl of the same dissociation
buffer used for the isolated chloroplast membranes.

Published procedures were used for SDS-polyacrylamide gel
electrophoresis (8), electrotransfer to nitrocellulose papers (20),
and immunodecoration with antibodies and 1251-protein A (17).
The immunodecorated nitrocellulose papers were exposed to x-
ray films.

Antibodies. Antibodies against the individual subunits of pro-
tein complexes from spinach chloroplast membranes were raised
in rabbits as previously described (17). A cross-reactivity between
antibodies raised against antigens isolated from spinach and the
same polypeptides from oat and bean leaves was found and is
demonstrated in the text (Figs. 1-3).

RESULTS AND DISCUSSION

Figure 1 shows a small increase in the amounts of subunits I
and II of PSI reaction center (3). However, the basis for compar-
ison was the amount of Chl in the samples. Taking into consid-
eration the decrease in the Chl content of the leaf during senes-
cence (9, 13), this phenomenon reflects a small, if any, change
in the amount of PSI reaction center during senescence. When
the same comparison was made on the basis of fresh leaf weight,
no change in the amount ofPSI reaction center could be detected
(Fig. 2C).
As shown in Figure 2, A and B, there is no detectable decrease
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FIG. 3. Changes in the amount of b6-fcomplex during senescence in bean and oat leaves. Samples from bean and oat leaves extracts containing
10 jug Chl were applied to SDS-polyacrylamide gels, transferred to nitrocellulose paper, and treated with antibodies as described in "Materials and
Methods." Antibodies were raised against subunits I (A) and IV (B) of the b6-fcomplex. Bean leaves were 15 (1) and 30 (2) d old and oat leaves were

15 (1) and 30 (2) d old.

in the amount of subunits a and # of CF12 during foliar senes-
cence. These findings are in line with the reports of Jenkins and
Woolhouse (13) on a constant P/2e ratio obtained in chloroplasts
isolated from senescing bean leaves. Our results are in contrast
to observations reported by Camp et al. (6), demonstrating a loss
of CF, during senescence. This contradiction can be explained
by the effect ofendogenous proteases released during the isolation
of membranes, and by a lack of specificity of the procedures
employed on those studies. In the present study, the endogenous
proteases, known to be synthesized and activated during senes-
cence (16, 18), were inhibited soon after leaves were harvested,
by incubation with TCA and by the use of protease inhibitors.

In contrast to the above-mentioned findings, a pronounced
decrease in the amount of Cyt b6-fcomplex was detected during
foliar senescence. The dramatic decrease in the amounts of
subunits I and IV of Cyt b6-fcomplex was noticeable during the
period between 15 and 30 d after sowing (Fig. 3) on the basis of
Chl content, and Figure 2, D and E, shows the same on the basis
of fresh leaf weight. The decrease in the amount of the Cyt b6-f
complex is detected before the decay in the Chl content of the
leaf starts (9, 13).
As evident from the observations, the ratio between the

amounts of all subunits of a single protein complex remains
fairly constant during senescence. Accordingly, it is possible to
learn about the changes a certain protein complex undergoes
during senescence by following a representative subunit.
The detected decrease in the amount of the b6-f complex

subunits could not be explained as previously suggested (13) by
their release from the chloroplast membranes, since their amount
during senescence decreases not only in isolated membranes but

2Abbreviation: CF1, chloroplast coupling factor.

also in the crude leaf extract. A possible explanation is a change
in the rate of synthesis and degradation of these polypeptides
taking place during senescence.

Jenkins and Woolhouse (14) found a small decrease in the
activity of PSI and PSII that could not account for the large
decrease in the rate ofelectron transport during foliar senescence.
They suggested that the rate limiting step lies somewhere in
between the two photosystems. According to our results, a pos-
sible candidate for this limitation is the Cyt b6-f complex. The
decrease in its relative amount serves as a cause for the decrease
in the rate of electron transport that might, in turn, limit the rate
of photosynthesis in the senescing leaf.
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