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The light-induced assembly of functional components of the thylakoid membrane has been followed
during the biogenesis of the wheat plastid. The levels of light-harvesting complex (LHC) apoproteins
in the 30- to 18-kDa region increase rapidly upon exposure to continuous light (CL). The newly
synthesized LHC |1 apoproteins appear to be present predominantly in the monomeric forms. Upon
further greening the LHC |1 apoproteins are increasingly located in LHC 1l oligomeric forms. At
the same time, during the first times of greening, the bands in the 20.5- to 19- and 17.5- to 15.5-
kDa regions related to early light-induced proteins (ELIP) have been observed. Low-temperature
fluorescence spectra (77 K) of chloroplasts isolated from intermittent light (IML)-grown leaves
display a main emission band at 687 nm and a small one at 727 nm. As greening proceeds, the
727-nm peak gradually shifts to longer wavelengths and increases in intensity relative to the 687-
nm emission peak. By 6 h, in seedlings transferred to CL, the fluorescence spectrum is characterized
with bands at 687, 696, and 740 nm (main). The increase in fluorescence intensity at 740 nm takes
place due to restoration of the energy transfer to the Chl a form at 710-712 nm from LHC |

synthesized during CL.
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INTRODUCTION

PS1 and PS1I of higher plant thylakoid membranes
include CC® containing the photochemical reaction center
and an LHC, the function of which is to absorb photons
and to transfer excitation energy to the CC [1]. Angio-
sperms produce etiol ated seedlings when exposed to pro-
longed darkness [2]. Growth of etiolated plants in
intermittent light arrests plastid development at the stage
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of the protochloroplast. Protochloroplasts synthesize Chl
a and carotenoids selectively and are essentially devoid
of Chl b [3]. The formation of thylakoid membranes
during this greening process occurs with the sequential
appearance of PS I, followed by PS 11, intersystem elec-
tron-transport components, and, finally, the assembly of
LHC Il and the PS | light-harvesting complex. In plants
exposed to intermittent light, or in plants transferred to
darkness after brief preexposure to continuous light (i.e.,
under conditions where Chl synthesis is stopped), preac-
cumulated LHC Il apoproteins are degraded because of
rapid turnover of their apoproteinsin the absence of stabi-
lization by the photosysthetic pigments, whilethereaction
center components continue to be synthesized [4]. Thus
when Chl accumulation is low, LHC apoproteins cannot
form Chl—protein complexes [5-7]. In the present paper
low-temperature fluorescence spectroscopy and high-res-
olution SDS-PAGE are employed to examine the assem-
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bly of light-harvesting complexes in greening wheat
seedlings.

MATERIALS AND METHODS

Wheat (Triticum durum L.) seeds were germinated
and grown in complete darkness in a growth chamber on
filter paper moistured by water at 23 = 2°C and 60—70%
relative humidity for 5 days and then subjected to inter-
mittent white-light flashes[2 min of light (40 wEs™'m™3),
118 min of darkness] for 3 days. They were then exposed
toincreasing periods (0O, 2, 6, 12, and 36 h) of continuous
white light (125 wEs tm~2). Mature control plants were
germinated and grown in a growth chamber for 8 days.
Chloroplast isolation and thylakoid membrane precipita-
tion were carried out according to Peter and Thornber
[8]. The chlorophyll concentration was determinated
spectrophotometrically in a 96% ethanol extract accord-
ing to Inskeep and Bloom [9].

Thylakoid proteins were separated with SDS-PAGE
according to Laemmli [10], asdescribed in Ref. 11, using
a 6% stacking gel and a 10 to 25% (w/v) acrylamide
gradient in the separating gel (30.0:0.8 acrylamide/bisa-
crylamide) on platesof 1 X 160 X 180 mm. After electro-
phoresis the protein bands were visualized and stained
for 30 min with a solution of 0.04% (w/v) Coomassie
brilliant blue G-250 prepared on 3.5% perchloric acid.
Molecular weight markers were purchased from Sigma.
The gels were scanned on an Ultroscan-2202 laser densi-
tometer (LKB, Sweden).

The spectral measurements were done using a dou-
ble-beam Hitachi-557 spectrophotometer and an Hitachi-
850 fluorescence spectrophotometer (Japan) as described
previously [12].

RESULTS AND DISCUSSION

Figure 1 shows the density gradient electrophoresis
in a 10-25% polyacrylamide gel with 0.1% SDS. As
significant changes are not observed in the region of the
PSI core (CPl), CPI apoprotein, a- and B-subunit CF; of
the ATP synthase complex, and the core antenna of PS
Il (CP 47 and CP 43), attention was concentrated on
polypeptides of the light-harvesting complex of PS| and
Il (LHC | and LHC II, respectively).

Insamplesfrom IML-grownplants(0h; i.e., samples
after a cycle of 2-min light, 118-min darkness), in the
30- to 18-kDaregion there are some low-intensity bands,
and at 2 h of exposure to CL their number and intensity
tend to increase (see Fig. 1 and Table I). Then upon
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Fig. 1. Density patterns from gradient (10—25%) SDS-PAGE analysis
of thylakoid membranes of |ML-grown seedlings exposed to continuous
illumination for 0 to 36 h and mature greenhouse-grown seedlings.
Molecular mass standards (kDa) are marked below.

illumination to mature chloroplasts, the number of bands
decreases, but the synthesis of the main proteins of
antenna complexes (29, 28-, 24.5-, 22-, 19-, and 18-
kDa proteins) increases. Hence it was concluded that the
monomeric forms of light-harvesting Chl a/b proteins
aggregate to form higher-order oligomeric forms. It may
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Tablel. LHC Proteins in the Region 30-18 kDa

Molecular mass of proteins (kDa)

Sample 29 28 27 25 24.5 22 19 18

Oh + o+ - + Trace + 4+  Trace
2h + +  Trace + + + o+ +
6 h + o+ + + + + o+ +
12 h? + o+ + - + + o+ +

a After 12 h of illumination significant changes in the composition of
key bands are not observed.

be suggested that this stage is the highest of LHC assem-
bly in the developing chloroplast.

Specia interest was focused on polypeptides discov-
ered on SDS-PAGE in the 20.5- to 19- and 17.5- to 15.5-
kDa regions. According to modern literature data these
polypeptides are called “early light-induced proteins’
[13,14]. Asshownin Fig. 1, in samplesfrom IML-grown
plants (0-h samples) they form some bands. After 2 h of
illumination on CL the number of bands related to these
polypeptides decreases. At the same time the band in
the 15-kDa region increases. The intensity of this band
reaches a maximum level in 6 h and it has almost disap-
peared a few hours later on CL. For this reason they
were christened early light-inducible proteins and it was
proposed that they were involved in the etioplast-to-chlo-
roplast transition. It seems that the proteins discovered
by us from high-resolution gradient gel electrophoresis
(ELIP) fulfills acertain function in the process of plastid
development. And in the further growth and devel opment
of chloroplasts, they are not necessary and, possibly, are
exposed to proteolysis by proteolitic enzymes in the cell.
Their nature and function are unknown, but an involve-
ment in pigment synthesisor in PS |1 repair after photoin-
hibition has been suggested [15]. On the another hand,
in higher plants they seem to have a special role in photo-
protection [16].

Figure 2 shows the fluorescence spectrum at 77 K
for chloroplasts from IML-grown seedlings exposed to
continuous illumination for various times (0—12 h) and
from mature greenhouse-grown seedlings. The data on
the appearance of the LHC | and LHC 1l subunits during
light-driven biogenesis of the plastid were correlated with
the appearance of the long-wavel ength fluorescence band
at 77 K, characteristic of LHC | biogenesis and its assem-
bly with CC I. Low-temperature fluorescence spectra (77
K) of chloroplasts isolated from IML-grown leaves dis-
play a main emission band at 687 nm and a small peak
at 727 nm, characteristic of the presence of PS Il and
CC I, respectively [17]. As greening proceeds after 2 h
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Fig. 2. Fluorescence emission spectra at 77 K obtained from chloro-
plasts of IML-grown wheat seedlings exposed to various periods of
constant illumination and mature light-grown seedlings. Spectra were
normalized to equivalent emissions at 687 nm.

the 727-nm peak, corresponding to CC of PS|, gradually
shiftsto longer wavel engths of 736—738 nm and increases
in intensity relative to the 687-nm emission peak. By 6
h in seedlings transferred to CL this peak is at 740 nm,
which clearly demonstrates the presence of completely
synthesized PS | units. It was found that the fluorescence
characteristics of chloroplastsgreened for 12 h are similar
to those of mature chloroplasts. The appearance of long-
wavel ength fluorescence emission at 740—742 nm during
greening suggested that the peripheral antenna of PS |
was synthesized when these plants were exposed to con-
tinuousillumination [5,6,18,19]. The addition of antennae
to PS1 could have occurred either by the addition of Chl
to preexising protein sitesor by the synthesisand insertion
of new Chl—protein complexes. The changes in the pro-
portion of the long-wavelength emission band probably
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represent the decreased presence of CC | in the thylakoid
membrane, because CC | is utilized in the formation of
PS1 [5,6].

Figure 3 shows the absorption spectra (A) and their
fourth derivatives (A'Y) at 77 K of the chloroplasts from
the seedlings for IML and for CL seedlings. In chloro-
plastsfor IML seedlings, peaks of Chl aappeared at 660,
665 (shoulder), 669, 676, 682, 690, 696, 704, and 712
nm, and asmall peak of Chl b at 648 nm. On the transfer
of the seedlings from intermittent to continuousillumina-
tion in spectrum A" (77K), the intensity of the Chl b
peak at 648 nm increases considerably, obviously corres-
ponding to the synthesis under these conditions of LHC
| and LHC II. At the same time a sharp fall takes place
in the peak intensity at 682 nm relative to the first spec-
trum. The Chl a form at 710-712 nm is known to be
responsible for the long-wavelength fluorescence band
of the chloroplasts at 740 nm. It is important to note that
the long-wavelength Chl aforms are present in the fourth
derivatives of absorption spectraat 77 K of chloroplasts
isolated from IML wheat seedlings. Therefore, the shift
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to the short-wavelength region with the heavy fal in the
intensity of the long-wavelength fluorescence band at 77
K of thechloroplastsin IML (Fig. 2) cannot be explained
by the absence of the longest-wave Chl a forms. Most
probably in the chloroplasts in IML there is an absence
of energy transfer from the light-harvesting complex to
the Chl aform at 710-712 nm, and therefore, this form
fluoresces weakly (Fig. 2). Thus with a switch of the
seedlings from IML to CL a sharp rise takes place in
the fluorescence intensity at 740 nm, which is due to
restoration of the energy transfer to the Chl a form at
710712 nm from LHC | synthesized during CL.

Our datamay beinterpreted within the framework of
the concept of Tzinasand Akoyunoglou [20], according to
which there is a competition of the polypeptides of the
reaction center and LHC for the newly synthesized Chl
amolecules. In the absence or lack of Chl b (and, conse-
quently, LHC | and LHC I1), the newly synthesized Chl
amolecules are taken up to a greater degree by the poly-
peptides of the reaction center of PS 1 and PS Il. In
seedlings transferred from IML to CL, the newly synthe-
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Fig. 3. Absorption spectra and their fourth derivatives at 77 K of the chloroplasts of wheat seedlings in
IML (1) and after transfer to CL (2). Intervals of differentiation are AN = 7 and AN = 6, respectively.
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sized Chl a molecules are taken up by the apoproteins
of LHC and the number of reaction centers of Chl—protein
complexes decreases.

Theresults obtained by us suggest that newly synthe-
sized LHC apoproteins appear in the thylakoid mem-
branes primarily asmonomeric pigmented complexesthat
later assemble higher-order oligomeric forms. The
appearance of the oligomeric forms of LHC is delayed
in comparison to the accumulation of the monomeric
LHC apoproteins. Thisdelay may be dueto the sequential
pathway of assembly and may explain the longer time
required to proceed beyond the pigmented monomeric
form, or it may be due to a reguirement for other factors
for the assembly of the monomeric LHC into its oligo-
meric forms.
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