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First successful in vitro synthesis of functional -- 
phosphorylating me;brane is reported. Etioplasts, 

photosynthetic 
highly enriched 

in cytoplasmic and plastid proteins, isolated from etiolated 
Cucumber cotyledons pretreated with kinetin and gibberellic acid, 
and illuminated in a cofactor fortified medium showed commence- 
ment of chlorophyll (Chl) synthesis immediately after illumina- 
tion from exogenous $-aminolevulinic acid, while photosystem I 
(PS I) activity commenced 15 min after the onset of illumination. 
When cotyledons pretreated with kinetin and gibberellic acid were 
illuminated directly, there was a lag phase of 30 min before the 
commencement of chl synthesis and PS I activity developed after 
1 h of illumination. In plastids developed both in vivo and in -- 
vitro T-9 the electron flow from dichlorophenolindophenol to me%yl- 
viologen was coupled to phosphorylation as observed by an increase 
in the electron transport rate on the addition of uncouplers. 
Analysis of polypeptide profiles of the greening plastids in vitro 
showed the disappearance of many higher molecular weight proteins 
during greening. Polypeptides of molecular weight 32, 20.5, 19.5 
K absent in etioplasts appeared as distinct bands after 4 h of 
greening in vitro. -- 

Though the potential value of studying the process of greening 

in vitro in order to understand the process of photosynthesis -- 
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was recognized by many scientists since the last decade, see 

recent reviews (1,2) no significant progress has been made after 

the demonstration of the ability of the plastids to divide in - 

vitro (3) and the introduction of cell-free systems to synthesize 

Pchlide (4) and Chl (5,6) in vitro. Illumination of extracted -- 

etioplasts showed signs of disorganization and a rapid loss of 

their activities (7) and after further studies it has been con- 

cluded that there is no evidence that etioplelsts grow after iso- 

lation (2). Since DNA of the chloroplast contains insufficient 

information to code for the complete spectrum of the chloroplast 

proteins and the subunits of many chloroplast proteins are known 

to be synthesized in different cellular locations, it may be 

expected that any successful culture system will be a highly 

complex one including purified macromolecules, cellular membranes 

and organelles in addition to the plestids (2). However, i%niell 

and Rebeiz (8,9) recently demonstrated that pretreatment of 

etiolated tissues with hormones induces excess accumulation of 

prothylakoid proteins resulting in massive synthesis of Pchlide 

and other intermediates of the Chl biosynthetic pathway from 

exogenous ALA. It is known that these enzymes involved in the 

conversion of ALA to Pchlide are synthesized in the cytoplasm (10). 

Etioplasts, thus enriched in cytoplasmic proteins and incubated 

in a cofactor fortified medium, were capable of synthesizing Chl 

from exogenous ALA at a rate about twice as high as the highest 

rates observable in greening tissues in vivo (11). Complete 

esterification of chlide 2 to Chl a in vitro (12) and further --- 

progress made in this cell-free system has been reviewed recently 

(13,14). Electron microscopic studies of these etioplasts showed 

only prolamellar bodies before illumination. After the onset of 

illumination, the prolamellar bodies were partially mobilized to 

form membranes in 2 h of illumination folIowed by complete mobili- 
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zation of the prolamellar bodies into huge macrograna in 4 h of 

illumination (15). The functional characterization of the mem- 

branes synthesized in vitro presented here is the first report on -- 

the development of the photosynthetic apparatus in vitro. -- 

MATERIALS AND METHODS 

Cucumber seeds (Cucumis sativus L.) were germinated in moist ver- 
miculite at 28'C for 3 days in the dark. Cotyledons excised with 
hypocotyl hooks were pretreated in the dark with 0.5 mM kinetin 
and 2 mM gibberellic acid for 20 h. After removing the hooks each 
5 g tissue was gently hand homogenized, with IO pestle strokes, 
in the dark in 12.5 ml of the isolation medium that consisted of 
0.5 M sucrose, 15 mM HEPES, 30 mM TES, 1 mM MgC12, 1 mM EDTA, 5 
mM Cysteine and 2% BSA with the final pH of 7.7. The homogenate 
was passed through 4 layers of cheese cloth and the plastids were 
pelleted by centrifuging the homogenate at 200 g for 3 min and by 
centrifuging the resultant supernatant for 7 min at 1500 g. The 
pelleted plastids were suspended in a medium that consisted of 
0.5 M sucrose, 15 mM HEPES, 30 mM TES, 20 mM MgC12, 5 mM MnC12, 
2.5 mM EDTA, 20 mM ATP, 40 mM NAD, 8 mM methionine, 15 nM phytol 
(dissolved in absolute methanol, final methanol conc.<l%) and 
1% BSA, with a final pH of 7.7. Each incubation consisted of 1 ml 
of plastid suspension (IO-15 mg plastid protein), one additional 
ml of the resuspension medium, 0.1 ml of 10 mMAL,A and 0.9 ml of 
H20. The plastids were irradiated with cool white fluorescent 
light of 30 pE m -2S-1 intensity at 25'C for different durations 
on a reciprocating water bath operated at 60 oscillations per 
min. Samples were collected at different durations of illumina- 
tion and assayed for their photosynthetic capacity. 

For studying the process of greening.in vfvo, cotyledons_3retrea- 
ted with hormones were exposed to white light of 70/uE m s-1 
intensity for different durations and plastids were isolated as 
mentioned earlier. Photosystem I electron transport was measured 
by continuous recording of 02 uptake with a Clark type electrode 
(Yellow Springs Instrument Co., USA). The reaction mixture was 
magnetically stirred and thermoregulated by circulating water at 
20°C. Wkrite actinic light of intensity lO'erg.cm -2s-7 was passed 
through 20 cm water before illuminating the sample (16). SDS- 
polyacrylamide gel electrophoresis was carried out as described 
in (17) with the following modifications. The plastid proteins 
were precipitated with TCA (final cont. 5%) and the pellets were 
obtained by centrifugation at 3000 g for 5 min. The pellets were 
washed twice with ether and dissolved in SDS containing sample 
buffer and the ratio of protein to SDS was 1:20. The samples were 
boiled for 2 min after adding 0.5% B-mercaptoethanol, 10% glycero 
and a trace of bromophenol blue. Each sample containing 200 ug 
protein was loaded in a 1 mm thick slab 

ci 
el and electrophoresis 

was carried out for 12 h at 150 V (17 mA . The gels were stained 
with 0.2% coomassie brilli.ant-blue'Ri25O'in 50%-ethanol, 7% 
acetic acid for 4 h and destained by successive washings in 20% 
ethanol and 7% acetic acid. The gels were calibrated using the 
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following maker proteins: Phosphorylase A (94000), BSA (68000), 
r-globulin heavy chain (50000) ovalbumin (44000), r-globulin 
light chain (23000) and cytochrome C (11500). 

RESULTS AniD DISCUSSION 

men plastids were isolated in the dark from hormone pretreated 

cotyledons and incubated in a cofactor fortified medi.iun in the 

presence of ALA, chlorophyll synthesis commenced immediately 

after the onset of illumination and the rate of synthesis was 

linear upto I h of illumination beyond which there was no addi- 

1 I- O 0 

/O 0 

F--Q-- 

0 
..o 

I 2 3 4 
TIME OF ILLUMINATION (HRS) 

Fig.1: Rates of chlorophyll synthesis and PS I electron trans- 
port in greening plastids in vitro. Etioplasts were isolated 
from 3 day old etiolated Cucumber cotyledons that were pre- 
incubated in 0.5 mM kinetin and 2 mM gibberellic acid in the 
dark and illuminated in a cofactor fortified medium as descri- 
bed in methods. The rate of electron flow from exogenous elec- 
tron donors to MV was measured as 02 uptake in the reaction 
mixture containing 0.1 M sucrose, 40 mM HEPES-NaOH buffer, pH 
7.5, 0.1 mM TMPD or 0.2 mM DCPIP, 1 mM ascorbate, 2 p DCMU, 
0.1 mM methyl viologen and chloroplests equivalent to l-2 pg 
Chl/ml. For uncoupling 10 ~$4 grami 
added. White light of intensity 10 t3 

idin plu_s25 p NH4C1 were 
erg. cm s- was used and 

the values reported were obtained by averaging five experi- 
ments. 4 - A Chlorophyll; 0 - 0 DCPIP/ascorbate to 
MV coupled to photophosphorylation; 0 - 0 DCPIP/ascorbate 
to MV uncoupled with gramicidin plus NH,,+Cl; 
ascorbate to MV. 

0 -cI TMPD/ 
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Fi .2: Rates of chlorophyll synthesis and PS I electron trans- 
j&r in greening cotyledons in vivo. Experimental conditions 
were the same as in Fig.1. -- 

A-4 chlorophyll; 0 -0 
DCPIP/ascorbate to Mv coupled to phosphorylation; 0 -0 
DCPIP/ascorbate to Mv uncoupled with gramicidin + NH4CI; 
U -0 TMPD/ascorbate to MV. 

tional synthesis of Chl but Chl synthesized was maintained with- 

out any degradation (Fig.~). On the other hand, when hormone 

pretreated cotyledons were illuminated, there was a lag phase of 

X, min during which no Chl could be detected (Fig.2). Though 

the phototransformation of the Pchlide synthesized in the dark 

should have resulted in the accumulation of some Chl, no Chl 

could be detected in pigment extracts. Newly formed Chl mole- 

cules, forming the reaction centres are 'bound Chl' not extrac- 

table by any solvent system (18) and this was recently pointed 

out to be a serious defect in spectrophotometric determination 

of Chl in pigment extracts of tissues under different physiolo- 

gical conditions (19). The lag phase in Chl synthesis is due to 

the delay in the synthesis of ALA (20) and this lag is elimina- 

ted in vitro because of the exogenous supply of ALA. -- After the 
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commencement cf Chl synthesis in cotyledons the rate of sYnthe- 

sis was slow till 2 h of illumination bejrond which synthesis was 

linear (Fig.2). 

Photosystem I activity as measured by the rate of electron flow 

from exogenous electron donors DCPIP/ascorbate to MV was obser- 

ved 15 min after the onset of illumination in illuminated plas- 

tids in vitro (Fig.?) whereas it was observed only after 1 h of -- 

illumination in cotyledons (Fig.2). Previous investigators have 

failed to detect any PS I activity in etiolated leaves or etio- 

plasts (21,22). The commencement of PS I reaction during green- 

ing of etiolated seedlings varied from less than I h (21,22) to 

more than 6 hrs (23,24) and this difference could be due to 

variation in plant material, age of the seedlings and intensity 

of illumination (1). In both in vivo and in vi.tro, the electron --- 

flow from DCPIP/ascorbate to MV was coupled to phosphorylation 

since an increase in the electron -transport rate was observed 

on the addition of uncouplers (Figs.l, 2). It is known that 

coupling factor 1 is present in etioplasts and its biosynthesis 

is completed in the etioplasts, illumination bringing about a 

modification in its function (25). As seen in Fig.4, the&and0 

subunits of coupling factor I were major bands in the polypep- 

tide profile of etioplasts and this remained unchanged during 

4 h of illumination. Electron flow from TMPD/ascorbate to MV, 

which is not coupled to ATP formation was similar to the uncoup- 

led reaction of DCPIP/ascorbate to MV in both in vivo and in -- - 

vitro (Figs.2, I), Tnis indicates that even if the PS I electron 

flow is not coupled to phosphorylation there is still a lag period 

in the commencement of the PS I reaction which is shorter in incu- 

bated plastids (Fig.?) and longer in cotyledons (Fig.2). Recently, 

PS I electron donors have been classified based on the sensiti- 

vity of the reaction to inhibitors, DCIPH2 donating electrons to 
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LIGHT INTENSITY (%) 

is-- 3: Rate of PS I electron transport from DCPIP/ascorbate to 
as a function of light intensity in plastids after 2 h of 

illumination a vitro. Experimental conditions were the same 
as in Fig.7. 

p700 and TMPD to Cyt f/PC region. The commencement of both these 

reactions in plastids incubated 12 vitro may probably suggest the 

simultaneous induction of synthesis of the electron transport 

chain components. 

An important feature of the photosystem activities detected in 

the initial stages of greening is that very high iight intensi- 

ties are required for saturation of the reactions. As seen in 

7ig.3, the rate of electron flow from DCPIP/ascorbate to LW increa. 

sed with increase in the intensity of light in plastids after 2 h 

of illumination, suggesting that at the early stages of greening 

most of the Chl was present in the reaction centres, there being 

very little light harvesting ChL. However, as greening progresses 

vivo, in more light harvesting Chls became associated with the 

reaction centres resulting in a decrease in the electron trans- 

port rate when expressed on a Chl basis (Fig.2). 

Though the development of PS I activity could be detected after 

15 min of illumination, CP I, the P700 Chl a protein complex and 

associated polypeptide could not be detected in the polypeptide 
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Fig.4: Comparison of the polypeptide patterns of etio lasts 
fromCucumber cotyledons pretreated with hormones (Oh P and 
etiochloroplasts greened in vitro for 1, 2 and 4 h. The poly- 
peptides readily visible %i Gels have been numbered in 
the order of increasing electrophoretic mobility. The X andfi 
subunits of coupling factor I and the polypeptides appearing 
as distinct bands after 4 h of illumination but absent in 
etioplasts have been marked along with the molecular weight 
of standard proteins. 

profile of etiochloroplasts even after 4 h of illumination (Fig.4) 

Similar observation that CP 1 is not essentiai for P's I activity 

in greening tissues has been reported earlier (26) and CP I deve- 
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lops only after 24 h of iilumination in etiolated barley seed- 

lings (27). During greening some polypeptides remained unchan- 

ged, some disappeared and some were newly synthesized (Fig.4). 

Many higher molecular weight proteins (between 1 and 17 bands) 

either disappeared or were reduced in intensity during 4 h of 

greening while polypeptides of molecular weight 20.5 and 19.5 K 

(bands 41, 42) b a sent in the etioplasts increased in intensity 

during greening to form distinct bands after 4 h of illumina- 

tion (Fig.4). The appearance of the 32 KD polypeptide, probably 

derived from a higher molecular weight protein and the develop- 

ment of H20 splitting activity in plastids in vitro will be dis- -- 

cussed in a subsequent commLu?ication. 

REFERENCES 

l.Bradbeer,J.W. (1981) Biochemistry of Plants. Vo1.8, pp.423- 
472, Academic Press, New York 

2.Leech,R.M. (1980) Chloroplasts. pp.225-235, Springer-Verlag, 
Berlin 

3.Ridley,S.M. and Leech,R.M. (1970) Nature 227, 463-465 
4.Rebei2,C.A. and Castelfranc0,P.A. (1971) Pst Physiol. 47, 

24-32 
5.Rebei2,C.A. and Castelfranco,P.A, (1971) Plant Physiol. 47, 

33-37 
G.Wellburn,F.A.M. and Wellburn,A.R. (1971) Biochem. Biophys. Res. 

Commun. 45, 747-750 
7.Wellburn,F.A.M. and Wellburn,A.R, (1971) J. Cell. Sci. !9, 271- 

287 
8.Daniel1,H. and Rebeiz,C.A. (1982) Biochem. Biophys. Res. 

Commun. 704., 837-843 
g.Daniell,rand Rebeiz,C.A. (1983) Biochim. Biophys. Acta 

submitted for publication 
lO.Feierabend,J. (1979) Ber. Dtsch. Bot. Ges. 92, 553-594 
ll.Daniell,H. and, Rebeiz,C.A. (1982) Biochem. Bzphys. Res. 

Commun. 9, 466-470 
?2.Daniell,H. and Rebeiz,C.A. (1983) Biochim. Biophys. Acta 

submitted for publication 
13.Rebeiz,C.A., Daniell,H. and Matthews,J.R. (1983) Proc. 4th 

Symposium on Biotechnology in Energy Production and Conserva- 
tion, John Wiley & Sons, New York 

14.Rebeiz,C.A., Daniell,H. and Z&i-Ming Wu (1983) J. Cell. & 
Mol. Biol. in press 

15.Daniel1,H. and Rebei2,C.A. (1983) Plant Physiol. submitted for 
publication 

16,Sarojini,G. and Daniell,H. (1981)Z.Naturforsch. 36, 656-661 
17.Chua,N.H. (1980) Methods in Enzymology 2, 434-'446 
78.Rebeiz,C.A., Crane,J.C., Nishijima,C. and Rebt siz,C.C. (7973) 

Plant Physiol. 5l, 660-666 

748 



Vol. 111, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

19.Daniell,H., Sarojini,G. and Kulandaivelu,G. (1982) Biochem. 
Biophys. Res. Commun. 105, 698-704 

20.Virgin,H.I. (1957) Phyal. Plant. IO, 445-453 
Zl.Henningsen,K.W. and Boardman,N.K. (1973) Plant Physiol. 

51, 1117-1126 
22.Wellburn,A.R. and Hampp,R. (1979) Eiochim. Hiophys. Acta 

547, 380-397 
23.Dodge,A. and Mhittingham,C.P. (1966) Ann. Bot. 30, 711-713 
24.Gyldenholm,A.D. and Whatley,F.R. (1968) New Phytol. 67, 461-46~ 
25 .Wellburn,A.R. 
iG.Bar-Nun,S., 

(1577) Planta a, 191-198 
Schantz,R. and Ohad,I. (1977) Biochim. Biophys. 

Acta a, 451-467 
27.Hoyer-Hanser:,G. and Simpson,D.J. (1977) Carlsberg Res. Commur~. 

2, 375-389 

749 


