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The effects of membrane destacking, protein phosphorylation, and continuous illumination have been studied in pea 
thylakoid membranes using ESR spectroscopy of an incorporated spin-labelled phosphatidylglycerol. This spin-labelled 
analogue of an endogenous thylakoid lipid has previously been shown to exhibit a selectivity of interaction with 
thylakoid proteins. Neither destacking, phosphorylation nor illumination was found to change the ESR spectra 
appreciably, suggesting that for phosphatidylglycerol at least, neither the number of protein-associated membrane lipids 
nor their pattern of selectivity was altered. The redistribution of the thylakoid protein complexes in the membrane, 
under these various conditions, therefore takes place with conservation of the properties of the lipid/protein interface. 

Introduction 

A characteristic morphological feature of the 
thylakoids in the chloroplasts of green plants is the 
existence of extensive membrane stacking. The ap- 
pressed and non-appressed regions have very different 
compositions: the granal stacks are found to contain the 
Photosystem II and its light-harvesting complex, whereas 
the corresponding elements of Photosystem I, together 
with the ATP synthetase are located in the non-stacked 
stromal regions (see, for example, Refs. 1-3). The spa- 
tial segregation is reflected also in the functional differ- 
entiation of the two photosystems, PSII and PSI, re- 
spectively. The purpose of this lateral heterogeneity 
which accompanies stacking is thought to be the regu- 
lation of energy distribution between the two photo- 
systems, via the phosphorylation state of the light- 
harvesting complex [4-6]. 

Abbreviations: 14-PGSL, 1-acyl-2-[14-(4,4-dimethyl-N-oxyl)stearoyl]- 
sn-glycero-3-phosphoglycerol; EDTA, ethylenediamine tetraacetic 
acid; Hepes, N-(2-hydroxyethyl)piperazine-N'-2-ethanesulphonic 
acid; MES, 2-(N-morphohno)ethanesulphonic acid; PSII, Photosys- 
tem II; PSI, Photosystem I; LHC, light-harvesting complex. 

Correspondence: P.F. Knowles, Astbury Department of Biophysics, 
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By varying the ionic strength of the suspending 
medium, the extent of stacking can be enhanced or 
decreased. Slow changes in thylakoid membrane stack- 
ing are also induced in response to environmental fac- 
tors such as growth temperature or light conditions. It 
has been found that during the stacking or destacking 
process there is a lateral rearrangement of protein com- 
ponents, accompanying the dramatic change in degree 
of intermembrane association in the thylakoids [1,4,5]. 
It is therefore reasonable to postulate that there may be 
changes in the lipid-protein interactions within the 
membrane during the stacking or destacking process 
and also on phosphorylation of the membrane. 

In the present work, we have investigated the effects 
of membrane stacking, protein phosphorylation, and 
illumination conditions on the lipid-protein interac- 
tions in pea thylakoid membranes. The studies have 
been carried out using a spin-labelled analogue of phos- 
phatidylglycerol, which is one of the negatively charged 
lipid components of the thylakoid membranes and which 
has previously been shown to express a selectivity of 
lipid-protein interaction in both the PSI and PSII 
photosystems [7]. The experiments shed light on the 
nature of the lipid/protein interface, and hence on the 
aggregation state of the protein complexes, in stacked 
and destacked thylakoids, as well as during the redistri- 
bution of the light-harvesting complex on phosphoryla- 
tion. 
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Materials and Methods 

Spin-labelled phosphatidylglycerol, 14-PGSL, was 
prepared from the corresponding spin-labelled phospha- 
tidylcholine by headgroup exchange catalyzed by phos- 
pholipase D. The preparative method, including that for 
the synthesis of spin-labelled phosphatidylcholine is 
given in Ref. 8. Ferredoxin-NADP + reductase from 
spinach leaves was obtained from Sigma (St. Louis, 
MO). 

Pea seeds (Pisium sativum L, var. Kelvedon Wonder) 
were germinated directly in vermiculite, kept in the dark 
for the first 5 days at 25 o C, and then transferred to a 
controlled growth room (20 ° C, 12 h, light/dark). Leaves 
were harvested after approximately 14 days of growth, 
following a period of 12 h dark (to reduce starch levels) 
and 1 h light (to increase chlorophyll content and 
degree of stacking). The leaves were homogenized in 
grinding medium (330 mM glucose, 50 mM Na2HPO4, 
50 mM K2HPO 4, 5 mM MgC12, 25 mM NaC1 (pH 6.5)) 
with two bursts of 2 s in a chilled blender. The homo- 
genate was filtered through eight layers of muslin, and 
the filtrate centrifuged briefly (30 s, 2500 × g) to sedi- 
ment the chloroplasts. The pellets were then resus- 
pended and vortex mixed gently for 20-60 s in a small 
volume of 5 mM MgC12. The stacked thylakoids were 
then twice washed free of lysed chloroplast envelopes, 
by further centrifugation after resuspension in 330 mM 
sorbitol, 2 mM EDTA, 5 mM MgC12, 50 mM Hepes 
(pH 7.6). The final pellets were resuspended in the same 
buffer and kept in the dark at 4°C until further use. 
For the phosphorylation experiments, the 1-h period of 
light before harvesting the leaves was omitted and the 
thylakoid preparation was performed under dim green 
light. 

Lettuce (Lactuca sativa) was obtained locally. The 
leaves were kept in the dark for more than 8 h before 
use. Lettuce thylakoids were prepared by the same 
procedure as for pea thylakoids, except that the buffer 
used for homogenizing the leaves and for resuspension 
of the thylakoids contained 330 mM sorbitol, 10 mM 
EDTA, 1 mM MgCI 2, 0.5 mM K2HPO 4, 5 mM 
Na4P207, 1 mM sodium ascorbate and 10 mM Tricine 
(pH 8.3 (adjusted with KOH)). The lettuce thylakoids, 
prepared as above, were then washed three times with 
ascorbate-free buffer before spin-labelling for ESR mea- 
surements. 

The chlorophyll a/b ratio of both leaves and thyl- 
akoid preparations was measured by the method of 
Arnon [9]. Values for the thylakoid preparations were 
similar to those for the intact leaves (approx. 2.4). Any 
preparations with appreciably lower values were dis- 
carded. The intactness and purity of the thylakoid pre- 
parations were also checked by thin-section electron 
microscopy, according to the methods described below. 
The electron micrographs showed that the preparations 

were essentially free of contamination by other mem- 
branes and organelles. 

Oxygen evolution of the lettuce thylakoid prepara- 
tions (50 #g chlorophyll/ml) was measured in 300 mM 
sorbitol, 50 mM KC1, 5 mM MgC12, 20 mM Tricine 
(pH 7.6 (adjusted with KOH)), and 5 #mol ferredoxin- 
NADP + and 0.1 unit reductase for each 0.33 mg chlo- 
rophyll, at 20 o C. The rate determined using a Hansa- 
tech oxygen electrode was 24.8/~mol 02 per mg chloro- 
phyll per h. 

For spin-labelling, thylakoid membranes comprising 
approximately 2 mg of polar lipids were suspended in 
2-3 ml of 20 mM Mes, 50 mM KC1, 5 mM MgC12 (pH 
6.5) and 20/xl of 1 mg/ml 14-PGSL spin-label solution 
in ethanol was added slowly. The sample was then 
vortex mixed briefly and incubated for 15-20 min in 
the dark at room temperature. The spin-labelled sample 
was centrifuged (45 min, 90000 × g, 4°C) and washed 
in 13 ml of the same buffer, using a Beckmann SW-40 
swing-out rotor. Different states of membrane stacking 
and phosphorylation were achieved by incubating with 
the appropriate buffers (see Results, below) for a period 
of 30 min, either with or without illumination (0.2 
mEinstein • m-2.  s-1) as required. After a final centrif- 
ugation the pellet was transferred with about 10 /~1 of 
the same buffer to a 100/~1 capillary (1 mm i.d.) sealed 
at one end. The sample was then packed using a bench- 
top centrifuge prior to sealing and ESR measurement. 

ESR spectra were recorded on a Bruker ER200 9 
GHz spectrometer equipped with a nitrogen gas flow 
system for temperature control to within + 0.5 o C. The 
spectrometer was interfaced to an Acorn 1770DFS mi- 
crocomputer with Microlink interface (Biodata, 
Manchester, U.K.) via an IEEE-488 bus. The sample 
capillaries were accommodated within a standard 4 mm 
quartz ESR tube which contained light silicone oil for 
thermal stability. For the in situ illumination experi- 
ments, the thylakoid membranes were contained at a 
concentration of 0.33 mg chlorophyll in 0.4 ml in a flat 
quartz ESR cell (width 1 cm). Illumination of the sam- 
ple in the microwave cavity was effected through the 
irradiation port with maximum light intensity (approx. 
0.2 mEinstein, m -2- s -1) from a slide projector. Spec- 
tral subtraction was performed essentially as described 
in Ref. 10. 

Thin sections were prepared for electron microscopy, 
as described in Ref. 11, except that the resin used for 
embedding was obtained from TAAB Laboratory 
Equipment Services. The thin sections were examined 
with a Phillips EM-200 electron microscope operating 
at a voltage of 60 kV. 

Results and Discussion 

Stacked and unstacked thylakoid preparations were 
obtained by suspending the samples in buffers of differ- 
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Fig. 1. Thin-section electron mierographs of: (A, C) normal stacked pea thylakoids in 50 mM KC1, 5 mM MgC12, 20 mM Mes (pH 6.5 (adjusted 
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with KOH)) and (B, D) destacked pea thylakoids in 60 mM sorbitol, 0.2 mM MgC12, 20 mM Mes (pH 6.5 (adjusted with Tris)). Bar = 1/~m. 
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ent ionic strength (cf. Refs. 12, 13). As shown in Figs. 
1A, C the thylakoids suspended in buffer of the higher 
ionic strength have the normal granal morphology, 
whereas those suspended in the buffer of lower ionic 
strength are completely destacked (Fig. 1B, D). The 
ESR spectra of the 14-PGSL spin label in stacked and 
destacked thylakoid membrane samples are given in 
Figs. 2a and b, respectively. Both preparations display 
the two-component spectra characteristic of lipid-pro- 
tein interactions in thylakoid membrane systems [7]. 
However, no significant differences are observed be- 
tween the stacked and destacked membranes, in the 
spectral lineshapes either of the broader motionally 
restricted lipid component that corresponds to the lipid 
population interacting with the integral membrane pro- 
teins, or of the narrower fluid lipid component that 
corresponds to the bulk lipid regions of the membrane. 
In addition, the relative proportions of the two compo- 
nents are also very similar in the stacked and destacked 
membranes. ESR spectra of the 5-position, 5-PGSL, 
label are given in Fig. 3. These spectra are characteristic 
of the more limited motion of the chain segments closer 
to the polar headgroup of the phospholipid (even at the 
somewhat higher temperature). For this region of the 

Fig. 2. ESR spectra of the 14-PGSL spin label in non-phosphorylated 
and phosphorylated pea thylakoid membranes, suspended in buffers 
of different stacking potential. (a) In 50 mM KC1, 5 mM MgC12, 20 
mM Mes (pH 6.5 (adjusted with KOH)). (b) In 60 mM sorbitol, 0.2 
mM MgCI2, 20 mM Mes (pH 6.5 (adjusted with Tris)). (c) In 300 mM 
sorbitol, 25 mM KC1, 3.3 mM MgCI2, 10 rnM NaF, 33 mM Tricine 
(pH 7.5 (adjusted with NaOH)), with avoidance of exposure to fight. 
(d) In 300 mM sorbitol, 25 mM KC1, 3.3 mM MgC12, 10 mM NaF, 33 
mM Tricine, 0.2 mM ATP (pH 7.5 (adjusted with NaOH)), with 
incubation under strong light (0.2 mEinstein-m-2.s-1).  (e) In 330 
mM sorbitol, 0.2 mM MgC12, 10 mM NaF, 33 mM Tricine, 0.2 mM 
ATP (pH 7.5 (adjusted with Tris)), with incubation under strong light 

(0.2 mEinstein, m -  2. s -  1). Scan range = 100 gauss; T = 24 o C. 

S 
Fig. 3. ESR spectra of the 5-PGSL spin label in stacked and destacked 
pea thylakoid membranes. Full line: in 50 mM KC1, 5 mM MgCI2, 20 
mM Mes (pH 6.5 (adjusted with KoH)). Dashed line: in 60 mM 
sorbitol, 0.2 mM MgCI 2, 20 mM Mes (pH 6.5 (adjusted with Tris)). 

Scan range = 100 gauss; T = 30 o C. 

membrane, it is also seen that there is very little dif- 
ference in the lipid chain motion between the stacked 
and destacked thylakoid membranes. 

The effects of protein phosphorylation have been 
investigated by illumination in the presence of ATP [14] 
in buffers of different stacking potential, prior to re- 
cording the spin label ESR spectra. The ESR spectra of 
the 14-PGSL label in a stacked non-phosphorylated 
control sample, in a phosphorylated sample (which is 
only approx. 20% destacked [15,16]), and in a phospho- 
rylated and destacked sample, are given in Figs. 2c, d, 
and e, respectively. Here again, destacking and 
phosphorylation, either separately or in combination, 
have little effect on the lipid-protein interactions in the 
thylakoid membranes. 

The effects of continuous illumination on the lipid- 
protein interactions in thylakoid membranes have also 
been studied. The ESR spectra of the 14-PGSL spin 
label in thylakoid membranes under strong illumination 
and in the dark are compared in Fig. 4. Experiments 
were carried out both in the absence and in the presence 
of ferredoxin-NADP + reductase. Under the latter con- 
ditions, the preparations actively evolve oxygen on il- 
lumination (cf. Materials and Methods). Experiments 
were carried out not only at pH 6.5, but also at pH 7.6 
which corresponds to the pH optimum of the ferredox- 
in-NADP ÷ reductase. Although differences are seen in 
the extent of the light-induced ESR signal from the 
photocentres (signal I), before it is removed by subtrac- 
tion for the sample in the absence of ferredoxin-NADP + 
reductase, the lipid spin-label spectra are very similar 
both under strong illumination and in the dark (Fig. 
4c). In the presence of ferredoxin-NADP + reductase 
there is also no change in the lipid spin label spectra 
when they are recorded under illumination and the 
preparations are actively evolving oxygen (Figs. 4a, b). 

In summary, the results indicate relatively little 
change in the lipid-protein interactions in thylakoid 
membranes on destacking, or on phosphorylation, in 
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Fig. 4. ESR spectra of the 14-PGSL spin label in lettuce and pea 
thylakoid membranes under different illumination conditions. Full 
line: under strong light. Dashed line: in the dark. (a) Lettuce thylakoids 
in 300 mM sorbitol, 50 mM KC1, 5 mM MgC12, 20 mM Tricine (pH 
7.6 (adjusted with KOH)), and 5 /lmol ferredoxin-NADP ÷ and 0.1 
unit reductase for each 0.33 mg chlorophyll. (b) Lettuce thylakoids in 
300 mM sorbitol, 50 mM KCI, 5 mM MgC12, 20 mM Mes (pH 6.5 
(adjusted with KOH)), and 5 #mol ferredoxin-NADP + and 0.1 unit 
reductase for each 0.33 nag chlorophyll. (c) Pea thylakoids in 300 mM 
sorbitol, 50 mM KC1, 5 mM MgC12, 20 mM Mes (pH 6.5 (adjusted 
with KOH)). The light-induced ESR signal in (c) has been removed by 
subtracting the spectra from unlabelled membranes. Scan range = 100 

gauss; T = 20 o C. 

spite of the rearrangement of the protein components 
which occur in the membrane under these conditions. 
Neither the number of lipid sites at the protein inter- 
face, nor the selectivity previously found for phospha- 
tidylglycerol [7], appears to change. The implication, 
therefore, is that the redistribution of protein compo- 
nents occurs with preservation of the essential charac- 
teristics of the lipid/protein interface. The lipid-protein 
complexes of the photosystems in the stacked mem- 
branes appear to remain intact on their random disper- 
sal in the unstacked membranes, and no interaction 
seems to occur between the PSI and PSII complexes 
which would either displace lipids at the protein inter- 
face or disturb the intramembranous lipid-protein in- 
teractions appreciably. 

The situation with regard to phosphorylation is par- 
ticularly interesting, since a subpopulation of the light- 
harvesting complex is thought to shift its association 
from the PSII complex to the PSI complex on phospho- 
rylation [4,6]. Reasoning from the spin-label data, these 
different protein-protein associations most probably oc- 
cur without change in the number of protein-associated 
lipids. Either the associations of the LHC occur via the 
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lipid/protein interface in both states, or the association 
sites exclude an equivalent number of lipids without 
changing the overall degree of selectivity for phospha- 
tidylglyeerol. Phosphorylation itself might be expected 
to change the selectivity for phosphatidylglycerol by 
changing the net charge on the protein. Such effects 
have been seen, for instance, following covalent modifi- 
cation of the lysine groups on cytochrome oxidase [17]. 
The lack of any such effect in the present work suggest 
that the phosphorylation sites are too remote from the 
polar/apolar interface of the membrane to influence 
the lipid selectivity. Such an interpretation would be 
consistent with the finding that the primary site of 
phosphorylation is located in the N-terminus of the 
LHC complex, which is cleavable by trypsin and is 
located at the stromal face of the thylakoid [6,18]. 

Strong illumination was found not to change the 
lipid-protein interactions, in spite of the fact that this 
induces an extremely close appression of the thylakoid 
membranes and a consequent reduction in the mobility 
of certain thylakoid lumen-oriented proteins, such as 
the peripheral components of the PSII complex [19]. It 
has recently been shown that the illumination of dark- 
adapted thylakoid membranes does not affect the rate 
of MGDG breakdown by Rhizopus arrhizus lipase, ex- 
cept under photophosphorylating conditions [20]. This 
was interpreted to indicate that MGDG packing was 
not changed during a dark-to-light transition, even un- 
der conditions of high electron transport, unless the 
illuminated thylakoids were simultaneously driving net 
ATP synthesis. These conclusions are consistent with 
the data from the present study where lipid-protein 
interactions were assayed more directly using ESR spec- 
troscopy. Previous studies (apart from Ref. 20) have 
concentrated on the physical state of the thylakoid 
membranes under resting, i.e., non-illuminated, condi- 
tions. It appear that some aspects of thylakoid organisa- 
tion, e.g., lipid-protein interactions, may be indepen- 
dent of light-indcuced membrane protein phosphoryla- 
tion or electron transport but are affected by other 
physiological processes, such as ATP synthesis. Clearly, 
the dynamic nature of lipid packing and lipid-protein 
interactions in physiologically active thylakoid mem- 
branes, and the implications of this for long-range dif- 
fusional processes (e.g., plastoquinone or LHC move- 
ment) requires further study. 
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