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A small amount of translatable mRNA for a nuclear-coded precursor apoprotein of the LHC-I (light-harvesting complex 
of photosystem I) with a molecular mass of 26 kDa is present in etiolated bean leaves. The expression of this protein 
is phytochrome-controlled and follows circadian oscillations, for the appearance of which a red-light pulse is sufficient. 
The rhythmical oscillations persist for many hours in the dark following the red-light pulse or in continuous white light. 
The si~la~ty of this rhythm in the ~ght-indu~ accumulation of LHC-I mRNA with that of LHC-II mRNA [(1989) 
Plant Physiol. 90,665] suggests that the same oscillator may govern the expression of all chloroplast protein genes regulat- 

ed by light. 
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1. INTRODUCTION 

Many physiological processes in higher plants 
are under the control of an endogenous circadian 
rhythm. In the last few years, diurnal fluctuations 
have been demonstrated in the steady state and 
translatable levels, as well as in the transcription 
rates, of several transcripts in plants grown under 
alternating 12 h light/l2 h dark cycles: cabI, 
cabI1, rbcS, rbcL, pSAD, psbA, psbB, psaA, 
OEEI [l-7]. The fluctuations persisted upon 
transferring the plants to constant light or dark, in- 
dicating control by an endogenous circadian clock 
of gene expression. 

In our laboratory we have shown [8] that oscilla- 
tions in the translatable and steady state levels of 
the LHC-II transcripts appear when etiolated bean 
leaves are transferred to the dark after a 2 min red 
light pulse (RL), or to continuous white light 
(CWL) or to the dark (D) after preexposure to 
CWL. The oscillations persisted for at least 70 h 
and had a period of about 24 h. These results in- 
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dicate that no preadaptation of the plants to the 
12 h light/It h dark cycles is required for the 
oscillations of the LHC-II mRNA to appear, and 
that a 2 min RL pulse is sufficient to induce the 
fluctuations. In addition, we found [8] that the 
oscillator governing the fluctuations is synchroniz- 
ed by phytochrome. Rhythmical oscillations in the 
cab11 and rbcS transcript levels have been also 
demonstrated recently in plants grown under CWL 
by Spiller et al. [4] and Nagy et al. [S] . 

In the present work, we study the light-induced 
accumulation of the translatable LHC-I mRNA, in 
an effort to see whether the fluctuations in the 
mRNA level under constant light conditions are a 
common phenomenon for all LHC proteins. 

Little is known about the regulation of synthesis 
of the LHC-I apoproteins. It has been shown that, 
like the situation with the LHC-II apoprotein, they 
are nuclear-coded [3,9,10] and their 20 kDa 
subunit is synthesized in the cytoplasm as a higher 
molecular weight precursor [3]. The accumulation 
of both the 20 kDa polypeptide and its translatable 
mRNA have been also found to fluctuate in 
light/dark synchronized cells [3], while the diurnal 
fluctuations in the steady state levels and the 
transcription rates of cab1 transcripts during 
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growth of plants in 12 h light/l2 h dark condi- 
tions, were found to persist after transfer of the 
plants to CWL or D [6]. 

We report here that a small amount of 
translatable LHC-I mRNA is present in etiolated 
bean leaves, that the light-induced increase in the 
amount of the translatable LHC-I mRNA is 
phytochrome-controlled, and that, similarly to the 
LHC-II mRNA, entrainment to light/dark cycles 
is not required for the light-induced rhythm in 
LHC-II mRNA level to be observed. 

2. MATERIALS AND METHODS 

Leaves of 5-day etiolated Phasedus vulgar& plants (red 
kidney var.), after removal of one of their cotyledons, were 
placed in covered Petri dishes on moist filter paper and were ex- 
posed as before [8] (a) to a red light (RL) for 2 min (2 W/m*) 
and/or far red light (F) for 5 min (3 W/m’), and then kept in 
the dark (D), or (b) to CWL (8 W/m’). At various time inter- 
vals leaves were removed from the remaining cotyledon and im- 
mersed in liquid nitrogen. 

The poly(A) mRNA was prepared from leaves according to 
[l 11 and translated on a wheat germ cell-free system as in [8,12]. 
Aliquots of translation products, containing equal trichloro- 
acetic acid-precipitable radioactivity, were used for immuno- 
precipitation as in [8] by an antibody raised against barley CPIa 
113). The immunoprecipitates were analyzed by SDS-slab- 
PAGE and detected by fluorography as in [14]. 

3. RESULTS 

The antibody raised against the CPIa complex 
of barley, used in this study, has been shown to im- 
munoprecipitate the 64-66 kDa polypeptides 
originating in the CPI-photosystem I P,oo-core 
protein, and the 4 polypeptides (21-24 kDa) of the 
LHC-I antenna [13]. 

When this antibody preparation was added to 
the total in vitro translation products of the po- 
ly(A) mRNAs, isolated from the bean leaves, 3 
poiypeptides (33, 26 and 21 kDa) were mainly im- 
munoprecipitated (fig. 1). Of these, the most pro- 
minent band was that of the 26 kDa polypeptide. 
Taking into account the finding that the 20 kDa 
polypeptide of the LHC-I complex is synthesized 
in the cytoplasm, as a 24 kDa precursor [3], it is 
very likely that the 26 kDa immunoprecipitation 
product corresponds to the precursor of the 
20-21 kDa LHC-I apoprotein. It should be noted 
that in bean the 21 kDa polypeptide is the main 
~hl-binding polypeptide of LHC-I [ 151. 
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Fig. 1. SDS-PAGE separation of immunoprecipitates from total 
in vitro translation products of bean poly(A) mRNAs with 
barley anti-CPIa (l), and pea anti-LHC-II (2), and anti-S%) 
(3). Aliquots of equal TCA-precipitable counts were used for 
immunoprecipitation, and the immunoprecipitates were loaded 

on the gel. 

The 33 kDa polypeptide is probably the LHC-II 
precursor apoprotein, since it has similar elec- 
trophoretic mobility on polyacrylamide gels (see 
fig.1) and is known to cross-react with this an- 
tibody preparation [13]. However, the possibility 
that it may also be the precursor protein of another 
polypeptide out of the 3 remaining of the LHC-I 
complex cannot be disregarded. 

Finally, the 21 kDa polypeptide migrates exactly 
at the same position as the SSU precursor protein 
(see fig.1). We cannot, therefore, say whether this 
polypeptide belongs also to the LHC-I complex, or 
whether it is the SSU precursor coprecipitating 
with the 21 kDa LHC-I apoprotein via non- 
specific binding or cross-reaction. It has to be 
noted, however, that a large amount of trans- 
latable SSU mRNA is accumulated in the etiolated 
bean [8] as compared to the amount of the mRNAs 
coding for other proteins, which usually con- 
taminates the immunoprecipitates from in vitro 
translation products. 
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We cannot explain why 4 polypeptides in the 
molecular mass range of 21-24 kDa are immuno- 
precipitated by the CPIa antibody from barley 
thylakoids, whereas only one out of them predo- 
minates in the immunoprecipitates produced by 
the same antibody preparation from the total in 
vitro translation products of bean poly(A) 
mRNAs. This may indicate that either some of the 
LHG-I apoproteins of bean are antigenically dif- 
ferent from those of barley, or, most probably, 
that the 20/21 kDa mature polypeptide is the 
predominant one in the LHC-I complex of bean, 
as also suggested from earlier findings [ 15,161. The 
possibility, finally, that the 26 kDa precursor pro- 
tein is the only nuclear-coded LHC-I apoprotein in 
bean, in contrast to the other 3 LHC-I polypep- 
tides which may be coded by the chloroplast 
genome, cannot be overruled. 

As shown in figs 2 and 3, a small amount of the 
mRNA coding for the 26 kDa polypeptide (LHC-I 
mRNA) is present in bean leaves grown in the dark 
for 7 days. A 2 min RL pulse applied to 5-day-old 
etiolated bean leaves induces an increase in the 
amount of the LHC-I mRNA during the subse- 
quent dark incubation for 48 h, as compared to the 
corresponding amount in non-illuminated plants, 
grown in the dark for the same period of time. A 
5 min FR pulse, immediately following the RL 
pulse, prevents this increase. This indicates, 
therefore, that the light-induced increase in the 
amount of the translatable LHC-I mRNA is 
phytochrome controlled (fig.2). 

The amount of the LHC-I mRNA accumulated 
in the 5 day old bean illuminated by the 2 min RL 
pulse and then transferred to the dark seems to 
oscillate. Thus, whereas the LHC-I mRNA level is 
low 36 h after the pulse, it increases during the 
following 12 h in the dark to reach a maximum 
level at 48 h. Thereafter, a minimum appears at 
about 60 h after the RL pulse, increasing again 
12 h later. The amount of the translatable LHC-I 
mRNA, therefore, follows a rhythmic~ pattern 
with a period of about 24 h (fig.2). 

Similar oscillations in the light-induced LHC-I 
mRNA accumulation appear when 5 day old 
etiolated bean leaves are transferred to continuous 
white light (fig.3). As shown, the relatively large 
amount of LHC-I mRNA accumulated initially 
(during the first 6 h of continuous illumination) is 
reduced 6 h later (12 h after the onset of illumina- 

Fig.2. SDS-PAGE separation of immunoprecipitates from total 
in vitro translation products of poIy(A) mRNAs with anti- 
CPIa. Poly(A) mRNAs were isolated from etiotated bean leaves 
exposed to a 2 min RL pulse (R), or to a 2 min RL pulse 
followed by a 5 min FR light (RF), and then transferred to the 
dark for 36 (36) to 72 h (72). Immunoprecipitation and SDS- 
PAGE as in fig. 1. D, j-day etiolated plant that remained in the 
dark for an additional 48 h period; LHC-II, immunoprecipitate 
with anti-LHC-II; M, methylated “C-molecular weight marker 
proteins. The arrow shows the 26 kDa precursor protein of 

LHC-I. 

Fig.3. SDS-PAGE separation of immunoprecipitates with anti- 
CPIa from total in vitro translation products of poly(A) 
mRNAs isolated from 5 day old etiolated bean leaves exposed 
to CWL for 2-48 h (2-48), or to the dark (D) for 48 additional 
hours. Ahquots of translation products containing equal 
trichloroacetic acid-precipitable counts were used for 
immunopr~ipitation and SDS-PAGE. LHC-II, 
immunoprecipitate with anti-LHC-II; M, methytated r4C- 
marked protein. The arrow shows the 26 kDa precursor protein 

of LHC-I. 
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tion), it increases again to reach a high level 24 h 
after the onset of illumination and it again reduced 
during the following 12 h. The oscillations con- 
tinue up to about 72 h that we have tested. 

It is clear, therefore, that the LHC-I mRNA 
oscillates following an endogenous circadian 
rhythm, in a way similar to that of the LHC-II 
apoprotein [S]. 

4. DISCUSSION 

The results shown above indicate that similarly 
to the situation found with LHC-II mRNA, the 
light-induced accumulation of the LHC-I mRNA 
is ph~ochrome-controlled, and fluctuates when 
etiolated bean leaves are transferred to CWL, or to 
darkness following a 2 min RL pulse. Previous en- 
trainment of the plants to regular alternation of 
day-night conditions, therefore, is not required 
for the fluctuations to appear, suggesting that the 
mechanism constituting the biological clock is en- 
dogenous, Furthermore, a 2 min RL pulse seems 
sufficient for the appearance of the rhythm, the 
day/night alternation being probably required to 
‘correct’ the clock. The similarity of the fluctua- 
tions in the light-induced accumulation of LHC-I 
mRNA to that of LHC-II, suggests that the same 
oscillator governs the expression of all chloroplast 
protein genes regulated by light. Taking into ac- 
count our earlier findings that the oscillator gover- 
ning the rhythm in LHC-II gene transcription is 
synchronized by ph~o~hrome, we assume that a 
similar situation prevails in LHC-I transcription. It 
is difficult, however, to say how the phytochrome 
photoreceptor protein is involved in the syn- 
chronization of the clock, nor what is the physio- 
logical signal and transduction chain induced by 
phytochrome resulting in this synchronization. 

The elucidation of this mechanism must await fur- 
ther experimentation. 

Acknowledgements: We wish to thank Drs E. Camm, B. Green 
and M. White for their kind donation of barley anti-CPIa, and 
Dr K. Kloppstech for his kind donation of anti-LHC-II and 
anti-SSU. 

REFERENCES 

[II Kloppstech, K. (1985) Planta 165, 502-506. 
[2] Piechulla, B. and Gruissem, W. (1987) EMBO J. 6, 

3593-3599. 
131 Herrin, D.L., Plumley, F.G., Ikeuchi, M., Michaels, AS. 

and Schmidt, G.W. (1987) Arch. Biochem. Biophys. 254, 
397-40s. 

f4] Spiller, S.C., Kaufman, L.S., Thompson, W.F. and 
Briggs, W.R. (1987) Plant Physiol. 84, 409-414. 

[5] Nagy, F., Kay, S.A. and Chua, N.-H. (1988) Genes: 
Development 2, 376-382. 

161 Giuliano, G., Hoffman, N.E., Ko, K., Scolnik, P.A. and 
Cashmore, A.R. (1989) EMBO J., in press. 

[7] Paulsen, H. and Bogorad, L. (1988) Plant Physiol. 88, 
1104-1109. 

[8] Tavladoraki, P., Kloppstech, K. and Argyroudi- 
Akoyunoglou, J.H. (1989) Plant Physiol. 90, 665-672. 

[9] Bellemare, G., Bartlett, S.G. and Chua, N.-H. (1982) 
Cold Spring Harbor Symp. Quant. Biol. 46, 979-984. 

[IO] Mullet, J.E., Grossman, A.R. and Chua, N.-H. (1982) 
Cold Spring Harbor Symp. Quant. Biol. 46, 979-984. 

[ll] Apel, K. and Kloppstech, K. (1978) Eur. J. Biochem. 85, 
581-588. 

1121 Roberts, B.E. and Paterson, B.M. (1973) Proc. Natl. 
Acad. Sci. USA 70, 2330-2334. 

[13] White, M.J. and Green, B.R. (1987) Eur. J. Biochem. 
163, 545-551. 

1141 Bonner, W.M. and Laskey, R.A. (1974) Eur. J. Biochem. 
46, 83-88. 

[lS] Argyroudi-Akoyunoglou, J.H. (1984) FEBS Lett. 171, 
47-53. 

(16J Kuang, T.Y., Argyroud~-Akoyunoglou, J.H., Nakatani, 
H., Watson, J. and Am&en, C. (1984) Arch. Biochem. 
Biophys. 235, 618-627. 

308 


