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The light-harvesting chlorophyll a/b-protein complex of Photosystem II (LHC II) is composed of two 
subpopulations. One population is tightly bound to the Photosystem II core and contains predominantly a 27 
kDa polypeptide. The other population, enriched in a 25 kDa polypeptide, is more peripheral bound and is 
able to undergo reversible detachment from the core due to protein phosphorylation or moderate heat. This 
pool of LHC II is therefore thought to be responsible for short-term adaptation of the Photosystem II 
antenna. In this study we show that the peripheral subpopulation is also responsible for long-term adaptation 
to variations in light regime. By two-dimensional gel electrophoresis it was found that spinach or pea grown 
under low irradiance contained an increased amount of total LHC II and also showed an increased 
proportion of the 25 kDa polypeptide relative to the 27 kDa polypeptide. The additional LHC II 
incorporated during the low-light adaptation was calculated to possess a 27/25 kDa polypeptide ratio around 
2, a ratio close to what has previously been found for the peripheral pool of LHC II. This demonstrates a 
specific variation in the level of the peripheral LHC II in response to long-term light adaptation. By 
analyzing the LHC II polypeptide composition of developing pea etioplasts, we also demonstrate that in the 
early stage of membrane development the Photosystem II core and its tightly bound LHC II antenna is first 
inserted, while the peripheral LHC II is inserted at a later stage concomitant with grana formation and 
segregation of the two photosystems. 
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Introduction 

There is much evidence that the photosynthetic 
apparatus of the chloroplast is able to adapt to 
changes in the environmental conditions [1-4]. 
This suggests that the composition, function and 
structure of the thylakoid membrane is dynamic 
rathe than static. Long-term adaptations allow for 
adjustments in the relative proportions of light- 
harvesting pigments, Photosystem I and II reac- 
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tion centres, electron carriers and ATP synthetase. 
In low irradiance or in shade, plants maximize 
light-harvesting capacity and reduce the amounts 
of electron-transport complexes and ATP syn- 
thetase relative to chlorophyll (cf. Ref. 4). Hence 
there is a marked increase in the amount of chlo- 
rophyll a/b-protein antenna of Photosystem II 
(LHC II) relative to the Photosystem II core com- 
plex [5]. 

In addition to long-term adaptations, the chlo- 
roplast possesses a rapid mechanism of adapta- 
tion. This short-term adaptation involves a revers- 
ible phosphorylation of LHC II and results in 
migration of a subpopulation of LHC I1 from 
Photosyste II in the appressed regions to the non- 
appressed stroma regions, thereby increasing the 
association of LHC II with Photosystem I [6-9]. A 
detachment of LHC II from the Photosystem II 
core, followed by lateral rearrangements, is also 
found in response to elevated temperatures 
[10-121. 

The biosynthesis of LHC II is regulated by 
light [13,14] and by the activity of photoreceptors 
[15,16]. The stable assembly of LHC II in the 
thylakoid membranes appears to depend on the 
concomitant light-driven synthesis of chlorophyll 
[14,17]. The apopolypeptides of LHC II are en- 
coded by small gene families as part of the nuclear 
genome [18] and some of these genes seem to be 
expressed differentially during leaf development 
or under varying environmental conditions [19]. 

In spinach and pea, the predominant gene 
products of LHC II are a 27 kDa and a 25 kDa 
polypeptide. Previously we have shown that there 
are two subpopulations of LHC II with different 
relative proportions of the 27 and 25 kDa 
polypeptides and different structural association 
with Photosystem II [20,31]. The 27 kDa poly- 
peptide is dominant in the LHC II pool tightly 
bound to the core of Photosystem II, while the 
peripheral pool of LHC II has a relatively high 
abundance of the 25 kDa polypeptide. Due to the 
capability of the peripheral subpopulation to dis- 
sociate rapidly from Photosystem II in response to 
light variations [7,20,22] or elevated temperatures 
[11], this pool of LHC II appears to be the one 
involved in short-term adaptation of the light- 
harvesting apparatus. In this study, by analyzing 
the polypeptide composition of LHC II in plants 

adapted to different irradiances, we demonstrate 
that the peripheral pool of LHC II is not only 
responsible for short-term, but also for long-term 
adaptation. We also show a heterogeneity in the 
insertion and assembly of the two different sub- 
populations of LHC II in developing thylakoid 
membranes. 

Materials and Methods 

Spinach (Spinacia oleracea L.) and pea (Pisum 
sativum L.) leaves were grown under different 
white light intensities of 50, 180 and 480/xE- m -2 
• s 1. After 6 weeks thylakoids were isolated es- 
sentially as in Ref. 23. 

Thylakoids from 7-days-old pea etioplasts were 
isolated after 6, 12 and 24 h of illumination. Light 
intensity was approx. 70/~E. m - 2  • s - 1 .  For phos- 
phorylation, thylakoids from light-grown or green- 
ing etioplasts were suspended in 15 mM Tricine 
(pH 7.8), 20 mM NaC1, 5 mM MgC12, 10 mM 
NaF, 100 mM sucrose to a concentration of 400 
/~g chlorophyll/ml.  Thylakoids were phosphory- 
lated in the dark for 10 min at room temperature 
in the presence of 1 mM NADPH, 10 laM fer- 
redoxin and 0.4 mM [~'-32p]ATP (500000 
cpm/nmol  ATP). 

The chlorophyll a/b ratios were determined 
according to Arnon [24]. 

Chlorophyl l -prote in  complexes from the 
thylakoid membrane were resolved by mild SDS- 
polyacrylamide gel electrophoresis [25] with an 
SDS/chlorophyl l  ratio of 7.5. The gels were 
scanned at 675 and 650 nm to quantify the chloro- 
phyll-protein complexes [26]. Denaturing SDS- 
polyacrylamide gel electrophoresis was performed 
in the gel system of Laemmli [27]. The gels were 
stained with Coomassie brilliant blue R-250, de- 
stained and scanned using an LKB 2202 laser 
densitometer. 

Quantification of the apopolypeptides of LHC 
II was done using two-dimensional gel electro- 
phoresis as described in Ref. 20. The amounts of 
the LHC II polypeptides were quantified from 
their peak areas. 

In experiments using [~'-32 P]ATP, the apo-poly- 
peptide bands were excised from the SDS-poly- 
acrylamide gels, solubilized in H202/perchlor ic  
acid and counted for radioactivity in Aquasol. 



Results 

Polypeptide composition of LHC H in high- and 
low-light-adapted spinach and pea thylakoids 

The chlorophyll a /b  ratios of the thylakoids 
from spinach and pea grown under different 
irradiances varied between 3.1 and 2.7 (Table I), 
the lower ratio determined from low light-adapted 
leaves, which is consistent with previous results 
[4,5]. These variations in chlorophyll a relative to 
chlorophyll b were also reflected in variations in 
the relative amounts of chlorophyll-protein com- 
plexes (Table I). The most striking difference is 
the incrased proportion of total chlorophyll asso- 
ciated with LHC II (LHCP1 + LHCP3) in low- 
light-adapted thylakoids. Concomitantly, there is 
a decrease in the relative amount of the Photosys- 
tem II core (CPa). Hence, the (LHCP1 + 
LHCP3) /CPa  ratio increases from 3.5 to 5.1 
(spinach) or from 3.1 to 4.8 (pea) when the 
thylakoids adapt to low irradiance. In contrast, 
the relative proportion of total chlorophyll in the 
bands corresponding to Photosystem I (CPla  + 
CP1) is not as much affected. 

LHC II consists of two different subpopula- 
tions; one inner or tightly bound to the Photosys- 
tern II core and containing mainly the 27 kDa 
polypeptide, and another more peripherally asso- 
ciated with the Photosystem II core showing a 
relatively high abundance of the 25 kDa poly- 
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peptide [20,21]. The ratio between the 27 and 25 
kDa polypeptides in the peripheral pool of LHC 
II has been shown to be close to 2. In light of this 
heterogeneity it is of interest to see whether the 
increase of LHC II under low light conditions 
(Table I) is attributed to an incrase of both LHC 
II subpopulations or mainly to one of them. We 
have therefore, by two-dimensional gel electro- 
phoresis [20], investigated the relative amounts of 
the 27 and 25 kDa LHC II polypeptides in the 
high- and low-light-adapted spinach and pea 
plants. When the relative proportion of the two 
apopolypeptides of LHC II was determined, pro- 
nounced differences could be seen (Table II). The 
ratio between the 27 and 25 kDa polypeptides of 
high-light-adapted thylakoids is 4.1-4.3. This value 
decreases significantly whenthe plants were grown 
at lower irradiance, reaching a 27/25 kDa poly- 
peptide ratio of 3.3. This indicates an increased 
amount of the 25 kDa polypeptides in the LHC II 
from low-light-grown plants both for spinach and 
pea. 

Assuming a relative constant Photosystem II 
core content in high- and low-light-adapted plants, 
the polypeptide composition of the additional 
LHC II in low-light thylakoids can be estimated. 
This was done by relating the observed changes in 
the (LHCP1 + LHCP3) /CPa  ratio (Table I) to the 
changes seen in the ratio between the 27 and 25 
kDa polypeptides (Table II). These calculated val- 

TABLE I 

CHLOROPHYLL a/b RATIOS AND RELATIVE DISTRIBUTION OF CHLOROPHYLL (%) BETWEEN THE CHLORO- 
PHYLL-PROTEIN COMPLEX IN THYLAKOIDS OF SPINACH AND PEA GROWN AT DIFFERENT LIGHT CONDI- 
TIONS 

The chlorophyll-protein complexes of thylakoids isolated from high- (HL), medium- (ML) and low- (LL) light-adapted plants were 
resolved by mild SDS-polyacrylamide gel electrophoresis [25]. CPla + CP1, Photosystem I complexes; CPa, Photosystem II complex; 
LHCP, light-harvesting complex of Photosystem II; FC, free chlorophyll. Chlorophyll a/b ratios were determined according to Ref. 
24. Light irradiances (measured in /~E-m-2-s-1): HL, 480; ML, 180; LL, 50. 

Chlorophyll- Spinach 
protein HL 
complex 

Pea 

ML LL HL ML LL 

Chl a/b 2.9 2.8 2.7 3.1 3.0 2.8 
CPla + CP1 25 25 24 32 30 30 
CPa 14 12 11 13 12 10 
LHCP1 + LHCP3 49 51 56 40 44 48 
FC 12 12 9 15 14 12 
(LHCP1 + LHCP3)/CPa 3.5 4.2 5.1 3.1 3.7 4.8 
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TABLE II 

RATIO BETWEEN THE  27 A N D  25 kDa APOPOLYPEPTIDES OF LHC II IN T H Y L A K O I D S  OF SPINACH A N D  PEA 
G R O W N  AT D I F F E R E N T  L IGHT  C ONDIT IONS  

Thylakoids adapted to high- (HL), medium- (ML) and low- (LL) light intensities were isolated. The amounts  of the two 
apopolypeptides of LHC II were quantified from their peak areas after two-dimensional gel electrophoresis [20]. Light irradiances 
(measured in ~ E . m  2 . s - l ) :  HL, 480; ML, 180; LL, 50. 

Spinach Pea 

HL ML LL HL ML LL 

27/25 kDa ratio 4.3 3.5 3.3 4,1 3.7 3.3 

ues suggest 27/25 kDa polypeptide ratios of 2.0 
and 2.3 for the additional LHC II of low-light 
spinach and pea thylakoids, respectively. Since 
these values are very close to the one demon- 
strated for the peripheral subpopulation of LHC 
II [20,21], this result indicates a specific increase 
of the peripheral LHC II in plants grown under 
low irradiance. 

Polypeptide composition of LHC 11 in greening pea 
etioplasts 

In order to see if there are any differences in 

the appearance of the 27 and 25 kDa polypeptides 
of LHC II in developing thylakoid membranes, we 
investigated the ratio between the two poly- 
peptides in greening pea etioplasts. The thylakoids 
were isolated after 6, 12 and 24 h of illumination 
of dark-grown pea plants and the apopolypeptides 
were resolved by denaturing SDS-polyacrylamide 
gel electrophoresis. Control thylakoids were iso- 
lated from 6-week light-grown plants. As seen in 
Fig. 1, correlating with the times of greening there 
is an increasing amount of polypeptides in the 
25-27 kDa range. However, the appearance of 
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Fig. 1. SDS-polyacrylamide gel analysis of the apopolypeptides resolved from thylakoids of control and greening pea etioplasts. Only 
the apopolypeptides in the range of 20-35 kDa are shown. Approximately the same amount  of chlorophyll was loaded on the gels. 

The gels were stained with Coomassie brilliant blue, destained and scanned using a laser densitometer. 



these proteins do not follow the same kinetics. 
After 6 h of illumination, only a 27 kDa poly- 
peptide is present. There are no or very small 
amounts of a 25 kDa polypeptide. After 12 h of 
greening, proteins of this molecular weight be- 
come more visible and after 24 h, the peak height 
ratio between the polypeptides at 27 and 25 kDa 
is almost the same as in the control. This suggests 
that the 27 kDa polypeptide of LHC II is inserted 
in the developing thylakoid at an earlier stage 
compared to the 25 kDa polypeptide. However, a 
true quantification of the 27 and 25 kDa poly- 
peptides of LHC II from the gel scans of Fig. 1 is 
difficult to make, since comigrating polypeptides 
may obscure the quantification. Unfortunately, 
the thylakoids from the greening pea etioplasts 
were very sticky, probably due to nuclear con- 
tamination and hence, it was not possible to run 
two-dimensional gel electrophoresis for a careful 
analysis of the relative amounts of the apopoly- 
peptides of LHC II, as was performed above. As 
an additional analysis we therefore estimated the 
content of the 27 and 25 kDa polypeptides accord- 
ing to their relative incorporation of [32p]phos- 
phate. To allow for maximal incorporation inde- 
pendent of the photochemical activities of the 
membranes, the isolated thylakoids were phos- 
phorylated in the dark in the presence of NADPH 
and ferredoxin. Fig. 2 shows histograms of the 
total incorporation of [32p]phosphate (cpm) into 
the 27 and 25 kDa polypeptides of control 
thylakoids and thylakoids from etioplasts il- 
luminated for 12 or 24 h. In the thylakoids iso- 
lated after 6 h of greening, we could not find any 
labelling of the apopolypeptides of LHC II. As 
seen in the control thylakoids, the total incorpora- 
tion in the 27 kDa polypeptides was 1.5-times 
higher than in the 25 kDa polypeptides, consistent 
with previous data [20]. After 12 h of greening a 
small amount of [32p]phosphate was found in the 
27 kDa polypeptides. Not until thylakoids from 
etioplasts illuminated for 24 h were phosphory- 
lated, we first found incorporation of [32p]phos- 
phate into the 25 kDa polypeptides. However, the 
proportion of phosphate labelling in the LHC II 
apopolypeptides of the developing thylakoids was 
quite different from what could be expected from 
control thylakoids. The total phosphorylation of 
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Fig. 2. Histograms of total [32p]phosphate incorporation into 
the 27 and 25 kDa polypeptides of LHC II found in greening 
etioplasts. The apopolypeptides were resolved by SDS-poly- 
acrylamide gel electrophoresis and the total incorporation of 
[32p]phosphate, expressed in cpm, was analyzed after cutting 

out the individual apopolyppetide bands from the gels. 

the 27 kDa polypeptides of etioplasts illuminated 
for 24 h was almost 10-times higher than that of 
the 25 kDa polypeptides compared to an incorpo- 
ration ratio of 1.5 for control thylakoids. This 
observation suggests that the very young develop- 
ing membranes have a low content of the 25 kDa 
polypeptides in accordance with the SDS-poly- 
acrylamide gel electrophoresis (Fig. 1). Hence, we 
suggest that the Photosystem II antenna of devel- 
oping membranes consists of predominantly inner 
LHC II, while peripheral LHC II is inserted later 
during the maturation. 

Discussion 

Several studies suggest the involvement of a 
specific subpopulation of LHC II in various 
short-term adaptations. These include dissociation 
of a part of the LHC II antenna from the core of 
Photosystem II as a result of light variations 
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(phosphorylation [6-9]) or elevated temperatures 
[10-12], and is followed by rapid changes in the 
excitation energy distribution to the reaction 
centres of Photosystem I and 1I. In recent studies, 
this subpopulation of LHC II has been referred to 
as the peripheral subpopulation of LHC II with a 
high relative abundance of the 25 kDa polypeptide 
[20-22]. In this study, we demonstrate that the 
level of the peripheral pool of LHC II is also 
responsible for long-term light adaptation.  
Analyses of the polypeptide composition of LHC 
II in thylakoids isolated from spinach or pea 
plants grown under various light irradiances show 
that low light-adapted chloroplasts contain an in- 
creased amount of the peripheral subpopulation 
of LHC II per Photosystem II reaction centre 
compared to high-light adapted chloroplasts. In 
contrast to the peripheral pool of LHC II, the 
inner pool is obviously not as much affected by 
different light quantities. It may even be so that 
the ratio between the inner LHC II pool and the 
Photosystem II core remains constnat during 
long-term light adaptation. The peripheral sub- 
population of LHC II may therefore act as the 
'regulatory unit' for both short-term and long-term 
adaptation within the light-harvesting antenna of 
Photosystem II, as previously proposed [21]. 

Our conclusion that plants adapted to low 
irradiance have relativel more peripheral LHC II 
compared to high light-adapted plants is suported 
by structural studies. Comparison of wild type 
and mutant chloroplasts have allowed correlations 
between different freeze-fracture particles and 
functional thylakoid complexes. It is suggested 
[12] that large EF S particles represent the Photo- 
system II core and tightly bound LHC II, and 
small PF~ particles represent peripheral LHC II. 
In the sun plant species Atriplex patula grown 
under different irradiance, a pronounced incrase 
in the ratio of PF~ to EF~ particles in low-light- 
adapted chloroplasts was demonstrated [28]. 
Moreover, an increased amount of PF~ particles 
was also found in Alocasia, a shade plant species, 
when compared with sun plant species [29]. Thus, 
these ultrastructural results are consistent with our 
biochemical findings that it is the level of the 
peripheral LHC II that is modulated in response 
to different irradiance. 

It is established that there is a rough correlation 
between the proportion of LHC II in the mem- 
branes and the relative extent of membrane ap- 
pression (cf. Ref. 4). Shade plants and plants 
adapted to low irradiance have an incrased pro- 
portion of LHC II relative to the Photosystem II 
core and also have more and broader grana stacks 
than sun plants and high-light-adapted plants. As 
demonstrated in this study (and as indicated from 
the freeze-fracture analyses of Refs. 28 and 29), 
the increase of total LHC II in low-light-adapted 
chloroplasts and shade plants is due to an in- 
creased level of peripheral LHC II. Hence, we 
propose that the peripheral subpopulation of LHC 
II is the major protein component involved in 
membrane stacking. This is consistent with the 
study of Sundby and Andersson [11], showing that 
after moderate heating of thylakoids there is a 
segregation of LHC II into peripheral LHC II 
located into tight appressions, while Photosystem 
II and its inner LHC II antenna are located in 
non-appressed areas. 

In this study we also demonstrate a heterogene- 
ity in the appearance of the 27 and 25 kDa 
polypeptides of LHC II in the developing 
thylakoid membranes after illumination of pea 
etioplasts. SDS-polyacrylamide gel electrophoresis 
supported by [32p]phosphate incorporation sug- 
gest that the 27 kDa polypeptides are inserted in 
the membrane of the greening etioplasts before 
the 25 kDa polypeptides. This indicates that de- 
veloping thylakoids have a low level of the periph- 
eral subpopulation of LHC II compared to con- 
trol thylakoids. It could be argued that the lower 
phosphorylation of the 25 kDa polypeptide would 
be a result of a specified decreased kinase activity 
on this polypeptide. However, this explanation is 
very unlikely, since it has recently been shown 
that the phosphate incorporation kinetics for the 
25 kDa polypeptide is much faster than that of the 
27 kDa polypeptide [22,31]. Thus, our results sug- 
gest that the assembly of the light-harvesting com- 
plex of Photosystem II is a two-step process. Dur- 
ing the first hours of greening, there is an insertion 
of the inner pool of LHC II. Later on in the 
development, the peripheral subpopulation of 
LHC II is inserted into the membranes and, con- 
comitantly, there is a formation of grana stacks 
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and a segregation of Photosystem I and II. Such a 
two-step developmental process in the assembly of 
LHC 1I with the Photosystem-II core have been 
suggested by Ghirardi and Melis [30]. Studies on 
LHC II-deficient mutants propose that PS Ila, a 
Photosystem II with a smaller chlorophyll a/b 
antenna can be a precursor form of the fully 
developed Photosystem II (PS II~). Ultimate ex- 
periments to prove the involvement of the periph- 
eral subpopulation of LHC II in light adaptation, 
chloroplast development and membrane adhesion 
require the isolation of this pool from the tightly 
bound subpopulation of LHC II. 

Although the effects of light on the regulation 
of gene expression of the thylakoid membrane 
components are very complex, there must be a 
selective regulation to allow plants to respond to 
environmental changes. As suggested by Dunsmuir 
[19], some of the gens coding for the apopolypep- 
tides of LHC II may be expressed differentially 
during development or under varying environmen- 
tal conditions. Since a heterogeneity in the poly- 
peptide composition of LHC II in response to 
light adaptation has been demonstrated in this 
study, it would be very interesting to examine the 
expression of the polypeptides of the peripheral 
and inner subpopulations of LHC II in plants 
grown under different light conditions. 
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