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Structure-function correlation
during the etioplast-chloroplast transition
in cucumber cotyledonary leaves
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Abstract

We studied the development of chloroplasts from etioplasts in the cotyledonary
leaves of 4-d-old dark-grown cucumber (Cucumis sativus) seedlings after irradiation
(20 umol m-2 s-1). Upon irradiation, the triggering of chlorophyll (Chl) synthesis and
accumulation showed a relatively short lag phase. The irradiation of etiolated seed-
lings initiated the synthesis of apoproteins of pigment-protein complexes. While Chl-
protein 2 (CP2) was detected at 6 h after irradiation, CP1 only after 29 h. The
appearance and accumulation of some of the apoproteins were monitored by
Western-blotting. LHC?2 apoprotein was detected after a 6 h-irradiation. The amounts
of D1 protein of photosystem (PS) 2 and PsaA/B protein of PS1 were quantitated by
ELISA. Further, the thylakoid membrane function during this time period in terms of
PS1- and PS2-mediated electron transfer activity and intersystem electron pool size
were analyzed. While PS1 activity was detected after 4 h, PS2-mediated O, evolution
was detected only after a 17 h-irradiation. F/F,, value of Chl g fluorescence
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measurements indicated that the photochemical efficiency of these leaves reached its
maximum after 29 h of irradiation. The intersystem pool size of cotyledonary leaves
was equivalent to that of the control cotyledonary leaves grown for 25 h under
continuous irradiation. Thus etioplasts develop into fully functional chloroplasts after
approximately 25 h when 4 d-dark grown cucumber seedlings are continuously
moderately irradiated. The development of photosynthetic electron transport chain
seems to be limited in time at the level of PS2, possibly at the donor side.

Additional key words: chlorophyll fluorescence; intersystem pool size; light-harvesting complexes;
photosystems 1 and 2; pigment-protein complexes; reaction centre proteins.

Introduction

Photons are the major factor which regulates plastid biogenesis both from proplastids
and etioplasts (Wellburn 1982, Jenkins er al. 1983, Akoyunoglou and Argyroudi-
Akoyunoglou 1986). While some of the thylakoid electron transport chain
components such as cytochromes (Cyt) b and f the Rieske Fe-S protein, B-subunit of
ATP synthase, ferredoxin, ferredoxin-NADP-oxidoreductase, and the extrinsic
polypeptides of the oxygen evolving system are synthesized in the dark (Boardman
1981, Takabe et al. 1986, Willey and Grey 1988, Kusnetsov et al. 1994, Denev and
Minkov 1997), synthesis of chlorophyll (Chl) and Chl-binding proteins such as
P700A, P700B, D1, D2, CP43, and CP47 requires radiant energy (Vierling and
Alberte 1983, Klein and Mullet 1986, Shinozaki et al. 1986, Mullet 1988).

Thus, development of fully functional photosynthetic membranes requires
assembly of light-induced and pre-existing components (Nyitrai 1997). Though the
differentiation of chloroplasts from etioplasts is different from their development
from proplastids (Mohr 1984, 1986), this system has been used extensively for its
ease and speed of operation (Link 1991). Different aspects of the chloroplast
development from etioplasts have been reported (Kyle and Zalik 1982, Tanaka and
Tsuji 1985, Morisey et al. 1989, Shibasaka et al. 1993, Dreyfuss and Thornber 1994,
Sigrist and Stachelin 1994). However, there seem to be species-specific differences.
Many of the studies so far have dealt with selected aspects of PS2 formation and
there is need for studying the complex structure-function relationship during greening
of etioplasts.

Cotyledonary leaves have often been used as a model system to study the process
of greening. Since many plastid-encoded genes are regulated post-transcriptionally
after irradiation of the etioplasts (Viro and Kloppstech 1982, Kusnetsov ef al. 1994),
we studied the accumulation of protein components and pigment-protein complexes
of the thylakoid membranes in cotyledonary leaves of etiolated seedlings of
cucumber (Cucumis sativus) at fairly low irradiance (20 pmol m-2 s-1) so that the
events during this transition could be precisely characterised and quantified. A
correlation between structure and photochemical function of the thylakoid
development after irradiation was established.
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Materials and methods

Cucumber (Cucumis sativus L. cv. Poinsette) seceds were germinated and grown on
moist cotton in the dark at 25 °C. The 4-d-old seedlings were then continuously
irradiated by "white light" (20 pumol m-2 s-!) at the same temperature.

The etioplasts and photosynthetic membranes at various stages of greening were
isolated using a method similar to that of Nakatani and Barber (1977). The leaves
were homogenised in ice-chilled isolation medium containing 0.4 M sorbitol, 15 mM
Tricine (pH 7.8), and 5 mM NaCl. The homogenate was filtered through four layers
of mira cloth and centrifuged at 2 100xg for 5 min. The pellet was washed in buffer
containing 10 mM Tricine (pH 7.8), 10 mM NaCl, and 5 mM MgCl,, and finally
resuspended in the same buffer to which 0.1 M sorbitol was added.

Chl a and b were estimated according to Porra ef al. (1989) with 100 % dime-
thylformamide as solvent. Protein in the isolated membranes was estimated according
to Markwell ef al. (1981) with a final concentration of 0.7 % (m/v) sodium dodecyl
sulphate (SDS). Pigment-protein complexes were analyzed on a 10 % (0.33 % cross-
linker) non-denaturing polyacrylamide gel according to the method of Thornber and
Highkin (1974) with modifications. Lithium dodecyl sulphate (LDS) was used in the
running buffer (0.1 %, m/v) and sample buffer (2 %, m/v) instead of SDS. Samples
were prepared for electrophoresis by suspending the thylakoids at 4 °C for 20 min
and electrophoresed at 4 °C. Polypeptides were resolved on a 12.5 % (2.7 % cross-
linker) SDS-denaturing gel according to Laemmli (1970). 15 pg of protein was
loaded into each well. The gels were stained with Coomassie brilliant blue.

For immunological detection of specific thylakoid membrane proteins, they were
separated on a 12.5 % acrylamide gel containing 2 M urea. The sample buffer
contained 6 M urea, 1.0 % (m/v) SDS, and 2.5 % (v/v) 2-mercaptoethanol in 62.5
mM Tris-HCI buffer, pH 6.8. Prior to electrophoresis, the membranes were incubated
in the sample buffer for 30 min at room temperature. The separated polypeptides
were then transferred onto nitrocellulose membrane electrophoretically. Specific
proteins on the Western-blots were detected using anti-rabbit IgG-alkaline
phosphatase conjugate according to Towbin et al. (1979). Reaction centre proteins of
PS2 (D2) and PS1 (PsaA/B) were quantified by ELISA by coating 100 pg membrane
protein onto the plates, and developing the colour of the reaction after incubation
with anti-rabbit IgG-horse radish peroxidase. 30 % H,0, and 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid in 100 mM phosphate-citrate buffer, pH 5.0 were
used as substrates for peroxidase, and the activity was determined spectrophoto-
metrically at 405 nm.

Electron transport activities of the membranes were measured as O, evolution
(PS2) or consumption (PS1) using an O,-electrode assembly from Hansatech,
England (model DW?2) at 25°C essentially as described by Vani er al. (1996).
Membranes were suspended in a buffer containing 0.1 M sorbitol, 10 mM Tricine
(pH 7.8), 10 mM NaCl, and 5 mM MgCl,. For the assay of PS2 activity, p-
benzoquinone (1 mM) was used as electron acceptor. PS1 activity was measured with
reduced tetramethyl p-phenylenediamine (TMPDH,, 100 uM) as electron donor and
methylviologen (50 uM) as electron acceptor. For PS1 assay, the assay buffer

201



K.B. KRISHNA ef al.

contained 10 mM sodium azide and 5 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU).

Chl a fluorescence induction curves were recorded on a pulse-amplitude
modulated (PAM) fluorimeter (Walz, Germany) as described by Tiwari and Mohanty
(1996). The P700 reduction capacity of the photosynthetic electron transport chain
was measured with the instrument used for Chl a fluorescence fitted with an emitter-
detector unit (ED 800T) which monitors the absorbance changes caused by P700*
radical around 830 nm (Schreiber ez al. 1988) as described in Tiwari and Mohanty

(1996).

Results

Chl accumulation: The accumulation of Chl g, b, and (a+5) in cucumber cotyledona-
ry leaves on continuous "white light" was completed in about 30 h (Fig. 1). While
Chl a synthesis did not show a significant lag, Chl b synthesis occurred after 4 h. The
Chl a/b ratio dropped in the first 6 h of greening but was almost constant later (Fig.
1, inset). Depending on plant species and experimental conditions, a lag period of 2-8
h has been observed in Chl biosynthesis by Mohanty and Mohanty (1988), Ohashi ez
al. (1989), Kauoa and Laval-Martin (1995), and others.
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Fig. 1. Synthesis of chlorophyll (Chl) a (O) and 4 (W) in 4-d-old etiolated cucumber cotyledons
exposed to irradiance of 20 umol m2 s-I, The amount of Chl was estimated at various times after
irradiation. Inset: the ratio of Chl a/b during greening. Means of three independent experiments; the
variation within the samples is less than 5 %.

Thylakoid membrane proteins: The photosynthetic electron transport system consists
of two major light-harvesting supramolecular pigment-protein complexes LHC1 and
LHC2, and the Cyt b¢/f complex. These pigment-protein complexes are not present in
etioplasts but are synthesized during light-induced greening of the etioplasts. The
temporal sequence of synthesis and assembly of the ‘apoproteins of these pigment-
protein complexes is important in the development of photochemical function and it
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has not been well documented in cotyledonary leaves. Thus, we monitored the
synthesis of some of these apoproteins, CP1 and CP2, both by SDS-polyacrylamide
gel electrophoresis and Western-blotting using specific antibodies. There was a
gradual loss of some unidentified proteins (Fig. 2B) while the contents of CP1 and
CP2 increased during irradiation (Fig. 24). While CP2, derived from LHC2
(Thomber and Highkin 1974), could be detected on the non-denaturing gel as early
as after 6 h, CP1 could only be detected at 29 h (Fig. 2B). The protein corresponding
to CP1 was detected on Coomassie-blue stained green gel only at 11 h, but that of
.CP2 already at 6 h (Fig. 2B).

IRRADIATION [h]
0 6 1 29 48

CP1

Fig. 2. Analysis of pigment-protein complexes by electrophoresis on 10 % (0.33 % C) polyacrylamide
gel with mild detergent treatment (LDS) of thylakoid membranes of cucumber cotyledonary leaves at
different stages of greening upon irradiation of 4-d-old etiolated seedlings for 6 to 48 h. Each lane was
loaded with 50 pg protein. CP1, CP2, and free pigment (FP) are denoted. A: Unstained green gel, B:
Coomassie stained green-gel.

The synthesis of apoproteins of pigment-protein complexes was also analyzed by
SDS-PAGE (Fig. 3). The apoproteins of PS1 reaction centre (67 kDa), Chl a antenna
of PS2 (47 and 43 kDa), the PS2 reaction centre (32 kDa), and the multiple forms of
the LHC2 (26-29 kDa) appeared and their contents gradually increased in a time-
dependent manner on irradiation.

An analysis of synthesis of different proteins in the photosynthetic electron
transport system during etioplast differentiation upon irradiation was further carried
out employing Western-blots. Fig. 4 shows such an analysis using antibodies against
D1, LHC2, and manganese-stabilizing protein (MSP). An analysis of these Western-
blots shows that D1 and LHC2 apoproteins were not detected in etioplasts. All the
three proteins showed an increased synthesis during transition to chloroplasts.
However, the rate of synthesis of these proteins was different. While appearance of
the LHC2 apoprotein in Western-blots was conspicuous by 6 h, D1 showed only
faint bands at this time, in comparison to 29 and 48 h samples (Fig. 4). MSP, in
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contrast, could be detected even in etioplasts, the intensity increasing with longer
irradiation as observed by Hashimoto e? al. (1993) in leaves of barley seedlings.

IRRADIATION [h]
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Fig. 3. Coomassie blue stained polypeptide analysis of thylakoid membrane proteins of cucumber
cotyledonary leaves at different stages of greening upon 6-48 h irradiation of 4-d-old seedlings. The
polypeptides were resolved on a 12.5 % (2.7 % C) SDS-denaturing polyacrylamide gel. The positions
of standard molecular mass markers are shown on the left. Arrows indicate the polypeptides whose
quantity has increased on irradiation.
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Fig. 4. Western-blot analysis of different thylakoid membranes. Proteins were resolved on a 12.5 %
(2.7 % C) SDS-PAGE and transferred onto nitrocellulose membranes. Antibodies against DI, LHC2,
and manganese stabilising proteins were used to analyse accumulation of the proteins during 6-48 h
greening of cucumber cotyledonary leaves with alkaline phosphatase conjugated anti-rabbit IgG.

Two of the reaction centre proteins, one each of PS2 and PS1 (D2 and PsaA/B,
respectively), were quantified using ELISA: their contents gradually increased on
irradiation of the etiolated seedlings as reflected in the horse-radish peroxidase
activity measured as A4gs (Fig. 5). Contents of both these proteins showed a rapid
increase up to 12 h of irradiation. During this time, the proteins attained almost 90 %
of their steady-state value. The presence of PsaA/B protein in etioplasts before
irradiation of the seedlings was also observed in Westemn-blots (values not
presented). Our results also correspond with the observations of Paproth and Hauska
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(1986) with the P700 apoprotein in spinach, of Radunz er al. (1986) with Phaseolus
vulgaris, and of Schantz (1985) with the Chl-binding proteins in Euglena.

Ayos
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Fig. 5. ELISA test of D2 (O) and PsaA/B (®) of thylakoid membranes during greening of cucumber
cotyledonary leaves. The proteins were analyzed with specific antibodies and horse-radish peroxidase

conjugated anti-rabbit IgG. Means of three independent experiments; the variation within the samples
is less than 5 %.

Table 1. Photosystem (PS) 1 and 2 activities [mmol kgl(Chl) s!] of the thylakoids from 4-d-old dark
grown cucumber cotyledonary leaves during greening. The activities were assayed with an oxygen
electrode polarographically either as O, evolution (PS2) or consumption (PS1). The reaction mixture
contained 10 pg chlorophyll (Chl) in 10 mM Tricine buffer (pH 7.8), 0.1 M sorbitol, 10 mM NaCl,
and 5 mM MgCl,. The electron donors for PS1 and PS2 were 100 uM reduced tetramethyl p-phenyle-
nediamine (TMPDH,) and water, respectively, while the acceptors were 50 uM methylviologen and
1 uM p-benzoquinone, respectively. For the assay of PS] activity 10 mM sodium azide and 5 uM 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) were also added to the reaction mixture.

Duration of greening [h] PS2  PSI

0 0 0

4 0 283.0

6 0 187.0
17 11.9 93.6
20 10.3 92.0
26 10.0 983
42 20.0 91.4
48 12.8 97.5

PS1 and PS2 activities were assayed polarographically during the development of
etioplasts into chloroplasts in the cucumber cotyledonary leaves. Usually, PS1
activity is detected ahead of PS2 activity (Wellburn and Hampp 1979). Our results
with cucumber cotyledonary leaves are in agreement with these observations: PS1
activity measured as electron transfer from TMPDH, to methylviologen was found as
early as after 4 h while the PS2-catalyzed O, evolution with p-benzoquinone as
acceptor was detected only at 17 h of greening (Table 1). Hence our results agree
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with the observation of Bradbeer (1981) that PS1 activity is detected even before
massive accumulation of Chl. The PS2 activity increased to 20 mmol kg-1(Chl) s°! by
42 h and decreased to 12.8 mmol kg-1(Chl) s-! at 48 h (Table 1). The PS1 activity, on
the other hand, was highest at 4 h (Table 1) followed by a decline during further
irradiation till 17 h. A similar decrease in PS1 activity was observed by Ohashi et al.
(1989) in greening barley seedlings. Akoyunoglou (1981) has observed that while
initially very high PS1 activity decreases and levels off during greening, the initially
low PS2 activity increases and only after reaching a plateau decreases. Our results
with Cucumis cotyledonary leaves showed a similar trend.

Fluorescence measurements: To analyze the development of electron transfer linked
primary charge separation in PS2 reaction centres in the photosynthetic membranes
during the transition, we measured fast Chl a fluorescence transient rise. In response
to actinic radiation, Chl a fluorescence rises from minimum (Fg) to maximum (F,)
fluorescence. The kinetics and the extent of this rise, termed rise of variable
fluorescence (F,), is correlated to the redox state of primary acceptor of PS2 (Butler
1978). In our experiments, a 6 h irradiation induced substantial value of Fy which
during further 5 h irradiation attained its maximum (Table 2). Also F,, increased
significantly as the etiolated plants were irradiated. From 6 to 29 h of irradiation, the
F, increased only by 25 %, but the F,, showed a dramatic increase of 450 %. In the
etiolated seedlings irradiated for 6 h, F;, accounted for 60 % of the total Chl a
fluorescence (F,,). The rest 40 % emerged as F,. However, after 29 h irradiation,
contribution of Fy was reduced to 25 %. The ratio of F,/F, a measure of the ability
of PS2 photochemical efficiency (Bjorkman 1987, Joshi and Mohanty 1995) at 6 h
was 0.400 and increased to 0.761 after 29 h (Table 2).

Table 2. Development of photosystem 2 (PS2) photochemical function as monitored in terms of
chlorophyll (Chl) a fluorescence during the greening of 4-d-old etiolated cucumber cotyledonary
leaves on irradiation. Fast Chl a fluorescence transients were recorded at different times during
greening.

Duration of greening [h] Fo Fm F,=Fn-Fo FyFn

6 0.012 0.020 0.008 0.400
11 0.015 0.037 0.022 0.595
29 0.015 0.059 0.044 0.746
48 0.016 0.067 0.051 0.761

Reduction of P700: PS1 was oxidized by far-red radiation and this radiation was kept
on during the entire time of measurement. Under such conditions, P700 absorbance
was 0. A multiple turnover flash subsequent to a single turnover flash reduced all
P700 molecules which were reoxidized by the continuous far-red background radia-
tion (Schreiber et al. 1988). We analyzed the area under the curve of P700 reduction
and its subsequent oxidation by far-red radiation and used it as a measure of capacity
of photosynthetic electron transport chain to reduce P700. In the developing
chloroplasts the extent of P700 reduction is affected by the intersystem pool size as
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well as by PS2 activity. In response to irradiation, P700 reduction capacity gradually
increased (Fig. 6). Etiolated plants irradiated for 25 h attained an efficiency of P700
reduction equivalent to control cotyledonary leaves exposed to continuous irradiation
from germination (Fig. 6 and inser). Intersystem transport pool complexes are present
in the etioplasts (Boardman 1981, Takabe et al. 1986, Willey and Grey 1988).

ABgayx10% P700*

TIME [s]

Fig. 6. Development of intersystem pool size in the etiolated cucumber cotyledonary leaves on
irradiation. The pool size was determined by the measuring irradiation induced 830 nm absorbance
change. 5 min dark adapted cotyledonary leaves were irradiated with far-red radiation (approximately
100 umol m2 s7) for 1 min which was kept switched on during the entire measurement. The kinetic
response to single turnover (ST) and multiple turnover (MT) flashes are shown. The duration of ST
and MT flashes was 6 ps and 50 ms, respectively. Inset. similar measurements in seedlings grown
under continuous irradiation of 20 umol m? s from the beginning. E1, E2, E4, E6, and E8 (main
panel) are measurements at 0, 6, 11, 29, and 48 h of greening, respectively, and C1, C2, C4, C6, and
C8 (inset) are the corresponding curves with the seedlings under continuous irradiation from the
beginning.

Discussion

Some components of the thylakoid membranes are synthesized in the etioplasts while
some others require radiant energy for synthesis. We found that CP1 and CP2 were
synthesized in response to irradiation (Fig. 24). Similar observations have been
reported on LHC2 apoproteins during chloroplast development from -etioplasts
(Shimada et al. 1990, Mysliwa-Kurdziel et al. 1997). Tavladoraki et al. (1986)
observed a cessation of Chl-binding protein synthesis when the duration of etiolation
was long, and they were reinduced only after irradiation. Since the appearance of
CP1 and CP2 apoproteins (Fig. 24) also correlated with the synthesis of Chl (Fig. 1)
we believe that these apoproteins, similar to Chl, are synthesized in response to
irradiation.
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Detection of CP1 at 29 h (Fig. 2B) while Chl a biosynthesis was instantaneous on
irradiation of etiolated seedlings (Fig. 1) probably reflects the stoichiometry of Chl a
to CP1 apoprotein and the sensitivity of detection of complexes on the gel. This
seems true since we could detect PS1 activity as early as after 4 h (Table 1). On the
other hand, the appearance of CP2, the Chl a/b-protein complex derived from LHC2
(Markwell 1986) and the LHC2 apoprotein (Fig. 4) was concomitant with Chl b
biosynthesis (Fig. 1). In barley seedlings, Tanaka and Tsuji (1985) have detected CP1
as early as 45-60 min afer irradiation while LHC accumulation accompanied Chl b
synthesis after 2.5 h. This is contrary to our results detecting CP2 earlier than CP1 on
the gel.

Our results on appearance of PS1 activity before massive accumulation of Chl
agree with the observations of Bradbeer (1981). However, PS2 activity could not be
detected polarographically before the detection of LHCP by Boardman (1981),
Tanaka and Tsuji (1985), Burkey (1986), and Ohashi e? al. (1989). The absence of
PS2-catalyzed O, evolution can possibly be attributed to low amounts of D1 and D2
reaction centre proteins of PS2 (Figs. 4 and 5, respectively). The detection of PS1
activity earlier than PS2 activity (Table 1) shows that non-cyclic electron transport is
limited by the development of PS2 activity.

A decrease in PS2 (Ohashi et al. 1989, Tanaka et al. 1991) and PS1 (Akoyunoglou
1981) activities after reaching a maximal value during chloroplast development was
also observed earlier. Kauoa and Laval-Martin (1995) suggest that the Chl
accumulating in the later stages of greening may correspond to either PS1 and PS2
antenna Chls or inactive PS2 centres which are unable to support O, evolution.
However, further analysis is needed to see whether the drop in activity is due to
inactive PS2 centres.

Chl a fluorescence analysis is a sensitive method to estimate the functional aspects
of PS2. Since F, emanates from LHC2 (Telfer et al. 1984), a significant contribution
of Fy to Fy, after 6 h of irradiation of etiolated seedlings (Table 2) indicated that the
chloroplasts were enriched with LHC2. The reduction in contribution of Fg to F,
after 29 h of irradiation (Table 2) reflects the development of effective coupling of
LHC2 to the PS2 reaction centre and the ability of the reaction centre to reduce Qg
resulting in higher levels of F,. A steady increase in F, in response to irradiation
showed a gradual enhancement of PS2-dependent photochemistry which resulted in
90 % increase in F,/F, from 6 to 29 h (Table 2). This enhancement in F,/F, also
correlates with PS2 reaction centre proteins and PS2 activity (Figs. 4 and 5). The
ratio of F/F,, at 6 h of irradiation (0.4, Table 2) suggests that the functional
development of PS2 may be limited at the donor side because PS2 catalyzed O,
evolution could be detected only later (Table 1). According to Wellburn and Hampp
(1979), water oxidation capacity of PS2 is acquired late; it is probably due to the
requirement for quanta to activate manganese (Tamura et al. 1997).

The development of PS1 activity preceded the development of activity of PS2
even though the pigment-protein complexes of PS1 (CP1) could only be resolved at a
much later stage. Chl a fluorescence measurements and polarography showed that the
fully functional activity of PS2 developed after about 25 h of exposure of etioplasts
to low irradiance (20 pmol m-2 s1). Non-cyclic electron transport attained maximum
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activity during a similar time span. The time-dependent appearance of PS2 reaction
centre proteins was well correlated with the enhancement of PS2 electron transport
activity and with the extent of P700 reduction (Fig. 6), suggesting that PS2 assembly
is the limiting step during the etioplast to chloroplast transition.

In summary, our study is a detailed analysis of the development of major pigment-
protein complexes of photosynthetic apparatus during conversion of etioplasts into
chloroplasts in cucumber cotyledonary leaves which are used as a model system. We
also established temporal correlation between structure and function by quantifying
PS2 and PS1 activities, and intersystem pool size. We suggest that sequential
development of photofunction is limited at PS2 and this limitation may have arisen
from the donor side of PS2 centres. Further work is necessary to characterize the
nature of limitation at PS2.
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