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Chloroplast structure and function is known to alter during foliar senescence. Besides, the
alterations in the structural organisation of thylakoid membranes changes in the steady state
levels of thylakoid membrane proteins occur due to leaf ageing. We monitored temporal
changes in some of the specific proteins of thylakoid membrane protein complexes by west-
ern blotting in the Cucumis sativus cotyledons as a function of the cotyledon age. We ob-
served that the levels of D1 and D2 proteins of photosystem II started declining at the early
stages of senescence of Cucumis cotyledons and continued to decline with the progress of
cotyledon age. Similarly the level of Cyt f of Cyt b¢/f complex declined rapidly with progress
of senescence in these cotyledons. The reaction centre proteins of photosystem I were rela-
tively found to be more stable than that of photosystem II reaction centre proteins reflecting
possibly the disorganisation of photosystem II prior to photosystem I. The 33 kDa extrinsic
protein (MSP) of oxygen evolving complex, the LHCII apoprotein and the B-subunit of
ATPsynthase showed the declined levels with the progress of cotyledon age. However, the
extents of loss of these proteins were not as high as the reaction centre proteins of photosys-
tem II and the Cyt f. These results provide that during senescence, proteins of thylakoid
membranes degrade in a specific temporal sequence and thereby affect the temporal photo-
chemical functions in Cucumis sativus cotyledons.

Introduction

Senescence is a physiologically programmed fi-
nal phase of leaf developmental cycle. It induces
the co-ordinated degradation of macromolecules
mostly soluble and membrane proteins, which re-
sults in the remobilization of nutrients from old
leaves to newly forming plant parts (Buchanan-

Abbreviations: Chl, chlorophyll; CP47, chlorophyll bind-
ing protein of PSII; Cyt, cytochrome; LHCII, light har-
vesting chlorophyll protein II; MSP, manganese stabilis-
ing protein; PSII and PSI, Photosystem II and
Photosystem I; PQH2, plastohydroquinone; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis; DCBQ, 2,6-dichlorobenzoquinone; DCPIP 2.,6-dichl-
orophenol indophenol; MV, methylviologen.
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Wollaston, 1997). The foliar senescence is usually
associated with loss of pigments notably the chlo-
rophylls, although loss of pigments is not the only
criterion of ageing (Thomas, 1982). However, in
many cases the loss of chlorophylls is a good indi-
cator of senescence in leaves and cotyledons. Be-
sides the loss in pigment contents, senescence also
induces the decline of photosystem II, photosys-
tem I and whole chain electron transport rates as
well as photophosphorylation (Biswal and Mo-
hanty, 1976; Sabat et al., 1989; Mc Rae et al., 1985;
Holloway et al., 1983; Camp et al., 1982). The de-
cline in the electron transport activities during fo-
liar senescence is likely to be associated with the
changes in the steady state levels of thylakoid
membrane proteins and the consequent destabili-
sation of thylakoid membrane protein complexes
as well as the chloroplast organisation (Grover,
1993; Biswal, 1997). The ageing induced destabili-
sation of thylakoid complexes has been assumed
to occur in an ordered sequence (Grover and Mo-
hanty, 1993). During senescence of Phaseolus
leaves it has been shown that the rate of synthesis
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and degradation did not change during the period
of senescence, where as the synthesis of many
other thylakoid proteins such as Cyt bg, Cyt f, a,
B subunits of ATPase, apoprotein of LHCII were
suppressed. These changes in synthesis of these
proteins resulted in decrease of the steady state
levels of Cyt f and Cyt bg (Roberts et al., 1987).
From these results the authors concluded that the
senescence-induced alteration in the translation of
membrane proteins controlled the levels of the
thylakoid proteins, and also they suggested that
the intersystem electron transport to become rate-
limiting during senescence. Further, the content of
Cyt fof Cyt be/r complex, which mediates electron
transfer from PSII to PSI, has been shown to
decrease in many senescing systems (Holloway et
al, 1983; Hidema er al., 1991). Harnischfeger
(1973) monitored the Chl/ Cyt fratio in senescing
Cucurbita leaves and suggested rapid degradation
of Cyt f during leaf senescence. A preferential loss
of Chl b and quantitative loss of the apoprotein of
LHCII have been reported by Nock et al., (1992)
and Mae et al., (1993). However, earlier report by
Jenkins et al., (1981) indicated that, the antenna
size associated with photosystem II reaction
centre remained stable during senescence in
Phaseolus vulgaris leaves. It is well known that
the PSII activity gets reduced at the early stage
of leaf senescence. Thus there have been reports
on the loss of 32 kDa D1 protein and oxygen-
evolving complex (OEC) of PSII. Biswal et al
(1994) suggested a quantitative loss of the 32-
kDa Qg binding protein, D1 in Festuca pratensis.
In barley, decline in the oxygen evolution rates
and a parallel loss of extrinsic proteins of PSII
was reported by Choudhury and Imaseki, (1990).
Unlike photosystem II activity the photosystem
I photochemical functions were reported to be
less affected during leaf senescence. However,
the PSI complex was shown to degrade faster
than that of PSII complex in soybean cotyledons
(Bricker and Newman, 1982). The alterations in
the ATPsynthase complex and photophosphoryl-
ation during leaf ageing has been reported in
wheat and bean leaves (Camp et al, 1982; Rob-
erts et al., 1987). These studies provide informa-
tion of a possible time-dependent loss of thyla-
koid protein complexes, even though the exact
sequence of losses appear to vary depending
upon plant species and growth conditions.

- Ageing Induced Sequential Losses in Thylakoid Proteins

The Cucumis cotyledons are an useful model
system for investigation on senescence as the coty-
ledons are programmed for senescence during
seedling establishment and also extensively used
in physiological studies. No detailed analyses on
the levels of changes in thylakoid proteins in coty-
ledons have been made. In this study, we present
results of changes in the steady-state levels of
selected proteins belonging to PSII, PSI and Cyt
be/r complexes of Cucumis thylakoid membranes
to evaluate the degree and sequence of losses dur-
ing cotyledon senescence. Our results demonstrate
that the loss of these membrane proteins occurs
sequentially in defined order.

Materials and Methods

Seeds of Cucumis sativus cv. Poinsette were sur-
face-sterilised with 0.1% mercuric chloride for 3
to 5 min and then rinsed thoroughly with distilled
water. The cleaned seeds were placed in glass bot-
tles (24 x 10 cm) on a 2-cm thick cotton bed moist-
ened with ~250 cm? of autoclaved mineral nutrient
medium as described earlier (Prakash er al., 1998)
containing essential macronutrients and micronu-
trients. Seedlings were raised in a growth chamber
maintained at 25+ 2 °C under continuous white
fluorescent light of 35-40 umol m2 s™! and relative
humidity of 85-90%. Plants were grown for 3-4
weeks and cotyledons were harvested at 6, 15, 20,
27 days after germination.

Estimation of chlorophyll and protein contents

Chlorophylls (Chl) were extracted in chilled
100% dimethyl formamide in dark, and their
amounts were estimated according to Porra et al.,
(1989) and expressed as mg g~! dry weight. Leaf
proteins were precipitated with 10% trichloroa-
cetic acid, dissolved in 1 N~ NaOH and the total
amount of proteins was estimated according to
Lowry et al.(1951) using bovine serum albumin as
standard. Total cotyledon protein contents were
expressed as mg g~ ! dry weight.

Measurement of photochemical activities

Thylakoid membranes were isolated by the pro-
cedure similar to that of Nakatani and Barber
(1977) as described in Vani er al. (1996). Electron
transport rates of isolated thylakoids were mea-
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sured polarographically in terms of oxygen con-
sumption or evolution at 25°C and ~700 pmol
(photon) m~2 s~!, using Clark type oxygen
electrode (Hansatech, U. K.) as described earlier
(Prakash et al., 1998). The electron transport rates
were expressed as umol O, (evolved / consumed)
mg~! Chl. h~1.

Urea-SDS PAGE and Western blot analysis

Samples for urea-SDS denaturing polyacryl-
amide electrophoresis were prepared by mixing
thylakoid membranes in sample buffer containing
6 M urea, 2% w/v sodium dodecyl sulfate, 2.5%
w/v (-mercaptoethanol, 62.5 mm Tris [2-amino-2-
(hydroxymethyl) propane-1,3-diol]-HCl (pH 6.8)
and 10% w/v glycerol. The mixture was incubated
for 20-30 min at room temperature with intermit-
tent shaking. The sample was then centrifuged at
high speed for 2 min. prior to loading. Thylakoids
equivalent to 15 ug of protein was loaded per lane.
Electrophoresis was carried out using Bio-Rad’s
Mini-Protein II gel electrophoresis system. West-
ern blot analyses of thylakoid membrane proteins
were carried out in Bio-Rad’s Mini transblot appa-
ratus according to Towbin et al. (1979). After the
electrophoresis the proteins on the gels were
transferred to nitro-cellulose membrane and pro-
cessed for immunoblotting with respective anti-
body (s). Primary antibodies obtained as gifts from
various sources were diluted to specified concen-
tration in Tris-buffer saline containing 0.5% gela-
tine. These antibodies only reacted with the spe-
cific target proteins and did not give any cross-
reactions, except for CP47, where a few minor ad-
ditional bands were observed. However, this cross-
reaction did not interfere with the results as we
evaluated the area and intensity of the protein
band in the range of 46—47 kDa region represent-
ing the molecular mass of CP47 for quantification.
The secondary antibody (Alkaline phosphatase)
was purchased from Sigma and diluted 1:32,000 for
use. All the Western blot analyses were performed
at least three times and the blots presented repre-
sent the typical ones. Percentage changes of the
protein in senescing samples with respect to the 6-
day control sample were calculated from the area
and intensity of the protein band on the blot using
Image analysis and gel documentation solutions,
AN Gel Biosystems, Sherman Oaks CA-91413,

equipped with Electronic Dual LightTM transillu-
minator. The Western blots were transilluminated
and the images were transferred to computer. The
software program (RELP advanced software,
AAB program) provided with the instrument au-
tomatically calculates the area and intensity of
each protein band selected. The area and intensity
of control protein band on each blot was taken as
100% and the protein bands of senescing samples
were calculated accordingly.

Results and Discussion

Even though loss of pigment is not a specific
indicator of ageing, the loss of photosynthetic pig-
ments is one of the visible changes that occur dur-
ing leaf senescence. We thus measured the total
Chl, besides total protein contents in the cotyle-
dons at various periods of growth of Cucumis sati-
vus. The total chlorophyll as well as the total pro-
tein contents gradually increased from the day of
seed germination and found to be maximum in the
6-day grown cotyledons and thereafter a gradual
decline was observed. We also monitored the chlo-
roplast photochemical activities during the same
intervals. Fig. 1, shows the changes in the chloro-
phyll, protein, PSII-catalysed electron transport
activity and PSI activity with the progress of coty-
ledon age. Approximately 67% and 57% of losses
in total Chl and cotyledon protein were observed
in 27-day old cotyledons with respect to 6-day
ones taken as control because of maximal value of
measured parameters. In this study, we have con-
sidered the 6-day Cucumis cotyledons as fully de-
veloped state as at this time the cotyledons were
fully developed and maximally active and 15, 20,
27-day-old Cucumis cotyledons as senescing situa-
tions. Unlike in rice or wheat seedlings (Kura-
Hotta er al, 1987; Sabat et al.,1989), marginal
changes in the Chl a/b ratio was observed during
the ageing in Cucumis cotyledons indicating possi-
bly a parallel loss of the Chl a of core antenna (CP
47 and CP 43) and the peripheral antenna
(LHCII) of PSII complex. Kura-Hotta et al. (1987)
proposed from their studies on senescence with
rice seedlings that a preferential loss of Chl a over
Chl b, was linked to the initial degradation of Chl
a containing core antenna of PSII at the advance-
ment of senescence. In Cucumis cotyledons this
does not seem to be the case.
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Fig. 1. Age dependent changes in total chlorophyll, total
protein content, and PSII and PSI activities in Cucumis
sativus cotyledons. Total Chlorophyll and total cotyledon
protein contents were estimated according to the pro-
cedures of Porra er al. (1989) and Lowry et al. (1951).
The PSII (H,O to DCBQ) and PSI activity (DCPIPH,
to MV) were measured in the isolated thylakoid mem-
branes as described in materials and methods. Chloro-
phyll and protein contents of cotyledons were expressed
as mg g~ ! dry weight. The PSII activities were expressed
as umole O, evolved mg~!Chl. h~!'. The PSI activities
were expressed as umol O, consumed mg~! Chl h=1.
Chlorophyll, protein contents and electron transport
rates of control 6-day samples were taken as 100% and
the relative changes in these parameters of senescing
samples were calculated accordingly.

The thylakoid membranes of 6 day grown coty-
ledons exhibited maximal PSII-catalyzed oxygen
evolution with DCBQ as an electron acceptor near
Qa, the stable primary electron acceptor of PSII
(Satoh et al, 1992). The quinone-supported Hill
activity of PSII steadily declined with the progress
of cotyledon age (Fig. 1). The thylakoids isolated
from 27-day cotyledons showed ~ 46% loss of PSII
activity when compared to 6-day samples. How-
ever, the PSI activity monitored as DCPIPH,-sup-
ported MV reduction and oxidation by molecular
oxygen also exhibited a 39% loss of activity in 27-
day (Fig. 1). In a variety of test systems, a greater
extent of loss in PSII activity over PSI activity has
been reported earlier (Jenkins and Woolhouse,
1981; Choudhury and Imaseki, 1990; Sabat et al.,
1989). However, these results do not specifically
suggest a greater susceptibility of PSI to ageing
than PSII possibly because of the differential sen-
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sitivities of the two assays. We therefore moni-
tored the time dependent changes in the relative
levels of specific proteins from four major thyla-
koid protein complexes, namely PSII complex, Cyt
be/f complex, PSI complex and ATPsynthase.
Using specific antisera we monitored the steady
state levels of selected proteins from these four
complexes. The polypeptide profiles of the senesc-
ing thylakoid samples were similar to that of 6-day
control thylakoid sample. However, the intensity
of the many of the Coomassie-stained polypeptide
bands showed significant decrease in senescing
thylakoid samples relative to the 6-day thylakoid
sample (data not shown).

1.2 3 4
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Fig. 2. Western blot of the Cyt f of Cyt be, complex in
6(non-senescing) 15, 20 and 27-day senescing Cucumis
cotyledon thylakoid samples respectively. Polypeptides
of the thylakoid samples, were resolved on 12% acry-
lamide gel containing 6 M urea in BioRad’s Mini-gel
electrophoresis system. Samples were loaded on equal
protein basis (15 pg of protein per lane). Lanes 1-4 in
each blot represent 6, 15, 20 and 27-day samples respec-
tively.

Fig. 2 shows the Western blot of Cyt f of Cyt b,
scomplex in the thylakoids isolated from 6, 15, 20
and 27-day cucumber cotyledons. The Cyt f which
mediates the electron transfer from PQH, to PC,
showed about 35%, 50% and 59% decline in its
amount in 15, 20, 27 day samples respectively as
compared to the 6-day control (Fig. 2). Since, Cyt
f level decreased significantly in the early stages
of senescence, and it continued to decline with the
progress of senescence. This protein seemed to be
very labile during ageing. This indicates that, the
intersystem electron transfer components gets af-
fected early due to senescence. Similarly func-
tional analysis involving linear electron flow and
PSII electron flow also reflects that the extent of
loss in the linear electron flow was more than PSII
(Harnischfeger, 1973; Jenkins and Woolhouse,
1981; Holloway er al., 1983; Roberts et al., 1987;
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Hidema et al, 1991). This may be ascribed to
susceptibility of Cyt f to senescence. Recently, we
showed a possible alteration in the electron
transfer from PQH, to Cyt bey complex during
Cucumis sativus cotyledon senescence (Prakash et
al., 1998). Thus from both functional studies as
well as the measurement of steady state levels, it
is clear that Cyt f of Cucumis cotyledon thylakoids
is an early site of damage during ageing.

Any structural changes or declined levels of
PSII reaction centre proteins will have adverse ef-
fect on the photochemical reaction catalysed by
PSII. Western blots of the polypeptides D1 and
D2 for 6, 15, 20 and 27-day thylakoid samples are
shown in Fig. 3A and B. In 15, 20 and 27-day, D1
protein levels decreased by 25%, 47% and 56%,
respectively when compared to the 6 day control
sample (Fig. 3A). Similarly, ~14%, 40% and 43%
losses in the D2 protein were observed (Fig. 3B).
In the early stages of senescence (i.e., in 15-day
cotyledon samples) the loss of D1 protein was
higher than that of D2 protein. The steady-state
levels of these proteins continued to decline with
the progress of senescence. These results are con-
sistent with the earlier report where the D1 pro-
tein has been shown to decline in senescing Fes-
tuca pratensis (Biswal et al., 1994). The D1 protein
is known to have a higher turnover than D2 (Mat-
too and Edelman, 1987) and we assume that the
rate of synthesis of D1 and D2 proteins do not

(A) ®

Dl

D2 » B

Fig. 3A and B. Western blots of the reaction centre pro-
teins D1 and D2 of photosystem II in 6(non-senescing)
15, 20 and 27-day senescing Cucumis cotyledonary leaf
thylakoid samples respectively. Polypeptides of the thy-
lakoid samples were resolved on 12% acrylamide gel
containing 6 M urea in BioRad’s Mini-gel electrophoresis
system. Samples were loaded on equal protein basis (15
ug of protein per lane). Lanes 1-4 in each blot represent
6. 15, 20 and 27 day samples respectively.
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change during the period of senescence in Cu-
cumis as in Phaseolus(Roberts et al., 1987). So,
the extent of loss of D1 protein must be due to its
rapid degradation during senescence. The steady-
state level of this protein almost parallels with the
Cyt f during senescence.

Western blots of chlorophyll binding proteins of
PSII, the CP47, LHCII and the 33-kDa extrinsic
protein (MSP) of oxygen evolving complex(OEC)
are given in Fig. 4A, B and C respectively. We ob-
served about 27% and 36% losses in LHCII pro-
tein in 20 and 27-day samples as compared to 6-
day control. No significant change in the LHCII
of 15-day sample was observed with reference to
control 6-day thylakoid sample. Similarly, about
25% and 32% decline in the CP47 polypeptides

(A) (B)

CP47 = ||

LHCIT

© 1 2 3 4

MSP ”mmm

Fig. 4A, B and C. Western blots of chlorophyll binding
proteins LHCII, CP47 of photosystem II and 33 kDa
extrinsic protein (MSP) of oxygen evolving complex
respectively. Polypeptides of the thylakoid samples were
resolved on 12% acrylamide gel containing 6 M urea in
BioRad’s Mini-gel electrophoresis system. Samples were
loaded on equal protein basis (15 ug of protein per lane).
In Fig. 4A and C Lanes 1-4 represent the LHCII and
MSP levels in the thylakoids isolated from 6, 15, 20, and
27-day Cucumis cotyledons. In Fig 4B, lanes 1-3 repre-
sent the CP47 of the thylakoids isolated from 6, 20 and
27- day cotyledons.
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were observed. This may indicate a parallel loss in
the core (CP47) and peripheral antenna (LHCII
proteins) of PSII with progress of senescence. As
stated earlier Kura-Hotta er al. (1987) reported
that, the damage of core antenna which contains
only Chl a, occur prior to the LHCII (the periph-
eral antenna to which most of the Chl b is associ-
ated) suggesting a decrease in the Chl a/b ratio in
rice seedlings, where a gradient development of
chloroplasts occur in the same leaf, unlike the Cu-
cumis. Thus in Cucumis cotyledons both core and
peripheral PSII antenna seemed to get affected
equally. From Fig. 4C, we note that no change in
the 33 kDa extrinsic protein in 15-day sample.
However, in later stages of senescence (in 20 and
27-day thylakoid samples) about 20% and 33%
losses were observed. It has been proposed that
the disassembly of PSII proceeds in the sequence,
beginning with the disorganisation of its oxygen-
evolving system, followed by damage of the RC
complex and finally loss in the LHCs (Biswal,
1997). However, our results in Cucumis sativus
cotyledons suggested that the reaction centre of
PSII damage possibly occurs earlier than MSP and
the LHCII. It is possible that the pattern of loss in
the complexes varies in different plants and de-
pends on growth conditions.

Fig. SA shows the Western blots probed with the
anti PsaA/PsaB (PSI reaction centre) in 6 day and
senescing thylakoid samples. About 12, 14 and
20% losses in the PSI reaction centre were ob-
served in 15, 20 and 27-day thylakoid samples
respectively as compared to 6-day control. Thus

(A) (B)
1 2 3 4 1 ) 3
= Tk .
[B-subunit
PsaA / PsaB m M % % M OfATPase Br| e s s
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Fig. 5A and B. Western blots of the reaction centre pro-
tein of photosystem I (A), and the p-subunit of ATP
synthase (B). Lanes 1-4 in (A) represent 6. 15, 20 and
27-day samples respectively. Lanes 1-3 in (B) represent
6. 20 and 27-day samples.

- Ageing Induced Sequential Losses in Thylakoid Proteins

PSI reaction centre protein was found quite stable
when compared to the PSII reaction centre pro-
teins during cotyledon senescence (Fig.5A). Al-
though the losses in uncoupled electron transport
activity of both the photosystems were identical,
our results suggest that the damage in the PSII in
Cucumis cotyledons occurs prior to the PSI dam-
age due to ageing. However, according to Bricker
and Newman (1982), the PSI complex degrades
faster than that of PSII complex in soybean cotyle-
dons. At present, we can not explain this differ-
ence. Our results clearly show that PSII reaction
centre proteins are strongly affected during senes-
cence.

The reduction in photophosphorylation during
leaf ageing has been reported in wheat and bean
leaves (Camp et al., 1982; Roberts et al., 1987). We
therefore measured the steady state level of (3-su-
bunit of ATPsynthase. Western blot of the (-su-
bunit of ATPsynthase during progress of senes-
cence is shown in Fig 5 B. Approximately 23% and
34% decline in the amount of this protein were
observed in 20 and 27-day samples, respectively.
The change in the levels of this protein paralleled
with the losses of LHCII and MSP of PSII during
senescence of Cucumis cotyledons.

We could evaluate the relative changes in the
percentage of various proteins of the thylakoid
protein complexes from 15, 20 and 27-day Cu-
cumis cotyledons with respect to 6 day ones. These
changes are documented as bar diagrams (Fig. 6A,
B and C). Fig. 6 also provides temporal sequence
of losses in the various selected thylakoid mem-
brane proteins except Cyt bsso, which showed no
significant change in its steady state levels
throughout senescence. The Cyt f, D1 and D2 pro-
teins account for higher losses when compared to
other membrane proteins analysed. PSI reaction
centre protein was found to be more stable than
that of PSII reaction centre proteins D1 and D2.
There was no major loss in the steady state levels
of MSP of OEC in the early stages of senescence.
These were affected at late stages of senescence.
The magnitude of comparative loss of these mem-
brane proteins could be thus arranged in the
following order during Cucumis sativus cotyledon
senescence and this sequence may reflect a tempo-
ral sequence of changes as follows.

Cyt f> DI > D2 > LHCII > MSP > PSI RC
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Fig. 6. Differential changes in the steady state levels of thylakoid membrane proteins analyzed by western blot
method in 15", 20", and 27" day Cucumis sativus cotyledons. The intensity of the protein band in the Western blot
for 6-day thylakoid samples was taken as 100% and, the percentage of changes in each protein in senescing samples
were calculated. The values are mean (£ standard deviation) of three observations. The steady-state levels of Cyt
f of the Cyt bg/r complex, and the D1 and D2 proteins of PSII, started declining in the early stages of the senescence
and continued to decline with the progress of senescence. Photosystem I reaction centre proteins, MSP (33 kDa)
are relatively quite stable in contrast to the Cyt f, D1 and D2 proteins.

However, We do not know whether these tem-
poral changes were co-ordinated and regulated
during the progress of senescence.
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