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Experiments are presented to show that the phosphorylation of the light-harvesting chlorophyll a/b-protein 
complex (LHC) induces structural reorganisation within the thylakoid membrane in response to the 
introduction of additional negative surface charges. The effect of cations of different valency on chlorophyll 
fluorescence measurements indicates that LHC-phosphorylation-induced reorganisation involves a change in 
the electrostatic screening capability of the added cation. At intermediate levels of cations (e.g., 1 or 2 mM 
Mg z+), which substantially stack non-phosphorylated membranes, it was found that membrane phosphoryla- 
tion caused considerable unstacking as monitored by light scattering and electron microscopy. Concomitant 
with this was a large decrease in chlorophyll fluorescence indicative of randomisation of chlorophyll protein 
complexes which would result in an increase in energy transfer between the photosystems as well as an 
absorption cross-section change. At higher concentrations (e.g., above 5 mM Mg 2+) a persistent ATP-in- 
duced decrease in chlorophyll fluorescence has been attributed to the displacement of charged phosphorylated 
LHC from the appressed granal to the non-appressed stromal lamellae, thus decreasing the absorption 
cross-section of Photosystem II. Under these circumstances only a small degree of unstacking was detected 
by light scattering and measurements of the percentage of thylakoid length which is stacked to form grana. 
However, when considered on a surface area basis, the structural changes observed can qualitatively account 
for the magnitude of the chlorophyll fluorescence quenching due to the lateral diffusion of LHC. 

Introduction 

The phosphorylation/dephosphorylation of the 
light-harvesting chlorophyll a/b-protein complex 
(LHC) seems to be the underlying process for 
regulating light distribution between Photosystem 
I (PS I) and Photosystem II (PS II) in green plants 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethyl- 
urea; F m, maximum chlorophyll fluorescence; LHC, light- 
harvesting chlorophyll a/b-protein complex; PQ, plas- 
toquinone; PS, photosystem; Tricine, N-(2-hydroxy-l,l-bis(hy- 
droxymethyl)ethyl)glycine. 

and algae [1-4]. Phosphorylation of the LHC 
surface occurs when PS II is over-excited relative 
to P S I  so that the intersystem plastoquinone (PQ) 
pool becomes reduced and a membrane-bound 
protein kinase is activated [5,6]. When the pool of 
PQ is oxidized, for example under conditions when 
PS I is over-excited relative to PS II, the protein 
kinase is inactivated and net dephosphorylation is 
brought about by a membrane-bound phosphatase 
[7]. 

Control of distribution of excitation energy be- 
tween the two photosystems by reversible phos- 
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phorylation of LHC has been detected by changes 
in chlorophyll fluorescence yield [5,6,8,9] and also 
by changes in the quantum efficiency of the two 
photoreactions [10,11]. Several mechanisms have 
been proposed explaining how a protein phos- 
phorylation-induced alteration in the organisation 
of pigment-protein complexes may bring about 
this redistribution of excitation energy. These 
mechanisms involve changes in spillover [2,12], 
relative antenna size of the two photosystems 
[13-15] and radiationless decay [16]. 

With isolated thylakoids the precise affect of 
phosphorylation of LHC is highly dependent on 
the Mg 2÷ concentration of the suspending 
medium. When the Mg 2÷ level is high (5-10 mM) 
L H C  phosphorylation appears to bring about a 
change in the absorption cross-section of the two 
photosystems in favour of P S I  [13,15]. However, 
at lower levels of Mg 2+, the redistribution of 
incoming quanta in favour of PS I, due to LHC- 
phosphorylation, seems to involve changes in en- 
ergy transfer between the two photosystems (spil- 
lover) as well as alterations in absorption cross- 
section [13,15]. 

The interplay between phosphorylation of LHC 
and the background Mg 2÷ level is to be expected 
if the mechanism of energy redistribution is based 
on phosphorylation-induced changes in the electri- 
cal charge characteristics of the thylakoid mem- 
brane surface [2,12,17]. It has been argued that 
phosphorylation introduces additional negative 
charges onto the exposed surfaces of LHC em- 
bedded in appressed granal lamellae and that this 
causes electrostatic repulsion between complexes 
and between adjacent membranes.  As a conse- 
quence of this, a partial membrane unstacking 
may occur together with lateral movement  of pig- 
ment-protein complexes into the non-appressed 
membranes which contain P S I  [12]. Such a model 
is based on similar reorganisations which occur 
when coulombic repulsion is increased by lowering 
the cation levels of the suspending medium, thus 
reducing electrostatic screening of the surface 
charges [12,17]. These considerations suggest that 
at intermediate levels of screening cations, phos- 
phorylation of L H C  will have a strong affect on 
membrane organisation and that as the back- 
ground cation level is raised the effect of LHC 
phosphorylation would be reduced or eliminated. 
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In a study where the level of negative charge on 
the thylakoid surface was increased by the incor- 
poration of linolenic acid it was found that a 
higher level of Mg 2÷ was required to maintain a 
membrane organisation normally observed with 
lower Mg 2÷ levels as judged by chlorophyll fluo- 
rescence measurements [18]. Such a finding is in 
line with the electrostatic control of thylakoid 
organisation detailed in articles by Barber 
[12,17,19]. However, although increasing the Mg 2+ 
level does attenuate the effect of LHC phosphory- 
lati0n on chlorophyll fluorescence, it does not 
totally inhibit the ATP-induced redistribution of 
energy [13,15,20]. 

In this paper we explore the relationship be- 
tween LHC-phosphorylation-induced conforma- 
tional changes and the effect of background cation 
levels in order to describe in more detail how 
changes in surface electrical charge may play a 
role in controlling excitation energy distribution to 
P S I  and PS II. 

Materials and Methods 

Thylakoid suspensions were prepared by sub- 
jecting intact chloroplasts, isolated from peas by 
the method of Nakatani  and Barber [21], to an 
osmotic shock in the reaction cuvette as described 
previously [15]. The basic reaction medium was as 
follows: 0.33 M sorbi tol /10 mM Tricine/10 mM 
N a F / 1 0  mM KOH, adjusted to pH 8.2 with HCI. 

Protein phosphorylation of thylakoid mem- 
branes was brought about in the dark in two ways: 
either at different Mg 2+ concentrations using 
N A D P H  and Spirulina maxima ferrodoxin to re- 
duce the plastoquinone pool, as described previ- 
ously, except that the chlorophyll concentration 
was 30 /~g/ml and 20 /tM D C M U  was present 
(incubation time 50 min) [15]; or in a stock sus- 
pension at 100 # g / m l  chlorophyll, contained in a 
sealed reaction vial with a fixed Mg 2÷ concentra- 
tion (5 mM) using dithionite as reductant (incuba- 
tion time 30 min) and 0.15 mM ATP. In the latter 
case the phosphorylated (plus ATP) and non- 
phosphorylated (minus ATP) thylakoids were di- 
luted, washed and resuspended in the basic, un- 
stacking, medium (20 mM monovalent cation with 
no divalent cation) containing 10 mM N a F  to 
prevent dephosphorylation [15]. The phosphory- 
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lated and non-phosphorylated thylakoids were then 
stored on ice until use. 

Chlorophyll  fluorescence was excited by 
broad-band blue-green light (Schott glass filters, 2 
m m  BG18, 2 m m  BG38 and Calflex C heat filter) 
and measured at 695 nm (the photomultiplier was 
protected by a Schott glass filter, RG695, 2 mm, 
and a 685 nm Balzer interference filter) as de- 
scribed previously [15]. Light scattering (90 ° ) 
changes were measured at 549 nm (the photo- 
multiplier was protected by a Schott glass filter, 
BG38, and a 549 nm Balzer interference filter). All 
reactions were carried out at room temperature. 

Samples of phosphorylated and non-phosphor- 
ylated thylakoids for thin-section transmission 
electron microscopy were prepared as follows. 
Phosphorylation of thylakoid membranes was 
brought about by a modification of the dithionite 
method, described above, at a number  of different 
Mg 2+ concentrations in a 1.5 ml reaction volume. 
The reactions were terminated and fixation was 
brought about by addition of an equal volume of 
basic medium plus 0.83% glutaraldehyde, adjusted 
for the change in osmotic strength induced by the 
glutaraldehyde. The samples were then incubated 
for 5 rain at room temperature, followed by 30 
min on ice before preparation for thin-section 
electron microscopy essentially as described previ- 
ously [22]. 

Results 

The evidence that the control of excitation en- 
ergy distribution by L H C  phosphorylation in- 
volves an electrostatic mechanism is based on the 
differential response in the chlorophyll fluores- 
cence yield of  phospho ry l a t ed  and  non-  
phosphorylated thylakoid membranes to varying 
Mg 2+ concentrations [15,20]. If  an electrostatic 
process is operative then it should be possible to 
replace Mg 2+ by other cations and detect a de- 
pendency on valency [19]. Fig. l a  and b shows 
how the fluorescence yield of phosphorylated and 
non-phosphorylated thylakoids varies as a func- 
tion of the trivalent (Tris(ethylenediamine) 
cobaltic 3+) and monovalent  (K + and Na +) cation 
concentration of the suspension medium. For these 
experiments membranes were phosphorylated or 
non-phosphorylated at 5 mM MgC12 and then 
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Fig. 1. The effect of protein phosphorylation on the chlorophyll 
fluorescence yield of pea thylakoids as a function of cation 
concentration: (a) trivalent; tris(ethylencdiamine) cobaltic ca- 
tion; (b) monovalent; K + plus Na + . Thylakoids were phos- 
phorylated (closed circles) or non-phosphorylated (open circles) 
by the dithionite method for 30 rain and were suspended at 8 
ttg chlorophyll/ml in basic medium plus 20 / tM DCMU and 
10 mM NaF. Tris(ethylenediamine) cobaltic trichloride and 
KCI were added to give the total concentrations of tri- and 
monovalent cations as indicated and the suspensions were 
incubated at room temperature in the dark for approx. 20 min 
before measurement of the maximum level of chlorophyll fluo- 
rescence ( F m ). Closed triangles show the percentage decrease in 
F m due to phosphorylation. 

washed free of residual divalent cations using a 
medium containing low levels of monovalent ca- 
tions, a procedure which brings about thylakoid 
unstacking and a lowering of the maximum yield 
of chlorophyl fluorescence (Fm). 

In both cases the phosphorylated membranes 
showed a higher concentration requirement for the 
cation-dependent increase in fluorescence yield 
when compared to non-phosphorylated mere- 
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branes, as indicated by the concentrations giving a 
half-maximal fluorescence increase (C]/2 values). 
For the trivalent cation, Ct/2 values were increased 
by phosphorylation from 13/~M to 24 #M and for 
the monovalent cation from 74 mM to 92 mM. 
The effect of phosphorylation on the C1/2 value 
was also found for the divalent cation, Mg 2÷ , but 
in this case the values were intermediate between 
those for trivalent and monovalent cations. The 
shift in C1/2 due to phosphorylation for each 
cation and the sensitivity to valency (C 3+ > C 2+ 
> C +) are characteristic of the electrostatic nature 
of the phenomenon. 

The results in Fig. 1 also show an important  
feature in that, although intermediate levels of 
cations do partially overcome the phosphoryla- 
tion-induced fluorescence lowering, at higher con- 
centrations there is a cation-independent compo- 
nent (see percentage decrease traces in Fig. 1). 
This effect has previously only been reported for 
Mg 2+ [15,20]. 

In order to investigate the effect of LHC phos- 
phorylation on membrane conformation we have 
measured light scattering simultaneously with 
chlorophyll fluorescence as a function of the back- 
ground level of screening cations. Phosphorylation 
was induced over a range of Mg 2+ concentrations 
(0.5-7 mM), which would be expected only to 
affect membrane conformation and not the opera- 
tion of the Mg2+-dependent kinase, which is fully 
active at concentrations as low as 0.5 mM Mg 2+ 

[20]. Fig. 2a and b shows the fluorescence and 
light scattering changes (expressed as a percentage 
of the maximum change observed with non-phos- 
phorylated membranes)  for non-phosphorylated 
and phosphorylated thylakoids. The fluoresence 
curves are essentially the same as those seen for 
tri- and monovalent cations (Fig. 1) and as re- 
ported by Horton and Black [20], with the ATP- 
induced fluorescence decrease being at its maxi- 
mum at intermediate Mg 2+ levels. However, in the 
case of light scattering (Fig. 2b) the difference 
between non-phosphorylated and phosphorylated 
membranes at high Mg 2+ levels was less obvious, 
though a clear difference was seen at intermediate 
cation levels. After adjusting the fluorescence data 
of phosphorylated membranes to remove the cat- 
ion-resistant component  (see Fig. 2a), it can be 
seen that the remaining fluorescence decrease due 
to phosphorylation follows a curve similar to that 
obtained for the light scattering of non-phos- 
phorylated membranes.  This feature is emphasised 
in Fig. 2c, where the fluorescence changes have 
been plotted against the changes in light scatter- 
ing. Non-phosphorylated and phosphorylated 
thylakoids show the same relationship between 
fluorescence and light scattering changes, provided 
that the adjusted fluorescence data is used for the 
phosphorylated membranes.  

Because phosphorylation-induced light scatter- 
ing changes were only clearly observed at the 
intermediate Mg 2+ concentrations, we have in- 

100 

80 

6O 
%AF 

4O 

Z0 

0 < 

J'0 

° ,oo 

+o+ 
%ALS 

40 

MgCI 2 (raM) 

o 
b. o ~  _..._..._..___._.~ 100 

' °  

~F 

40 

20 

MgCt.2 (raM) 
20 40 60 80 100 

L~LS 

Fig. 2. (a) Chlorophyll fluorescence (A F )  and (b) 90 o light scattering (A LS) measured in isolated pea thylakoids phosphorylated 
(closed circles) or non-phosphorylated (open circles) at various Mg 2+ concentrations using the NADPH and ferredoxin method. 
Fluorescence and light scattering levels, observed at the various Mg 2+ concentrations, are expressed as percentages of the differences 
in fluorescence and light scattering seen b e t w e e n  non-phosphorylated thylakoids in the absence of Mg 2+ and either non-phosphory- 
lated thylakoids (circles) or phosphorylated thylakoids suspended in 7 mM Mg 2+ (squares). (c) The relationship between the 

percentage changes in fluorescence and light scattering as they vary with Mg 2+ concentration for non-phosphorylated thylakoids 
(open circles) and phosphorylated thylakoids using the data normalised to a 100% change between 0 and 7 mM Mg 2+ (closed circles). 
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Fig. 3. Electron micrographs of pea thylakoids suspended at various Mg 2+ concentrations and either phosphorylated (b,d,f) or not 
phosphorylated (a,c,e) using the NADPH and ferredoxin method. MgC12 concentrations were as follows: a,b, 5 raM; c,d, 2 mM; e,f, 1 
mM. The bar is 1/xm. 

vestigated the effect of phosphorylation on chloro- 
plast structure directly from thin-section electron 
microscopy as a function of Mg 2+ concentration. 
Fig. 3 shows examples of micrographs of thylakoids 
phosphorylated at 5, 2 and 1 mM MgC12 and their 
controls. It can be seen that in 1 and 2 mM Mg 2÷ 
the non-phosphorylated thylakoids are substan- 
tially stacked, while phosphorylated membranes 
show extensive unstacking when suspended in 
media containing these intermediate levels of 
Mg 2÷ . In 5 mM Mg 2÷ , however, phosphorylated 
membranes do not show any obvious change in 
the extent of stacking as compared to the non- 
phosphorylated membranes. 

In order to quantify the effect of phosphory- 
lation on stacking we have measured a number of 
parameters from electron micrographs: the 
frequency of grana of different widths, the number 
of grana per chloroplast and the percentage of 
thylakoids which are stacked compared to the total 
length of thylakoids. Fig. 4 shows histograms of 

the frequency of grana at different widths. It em- 
phasises the structural difference between non- 
phosphorylated and phosphorylated thylakoids at 
the lower Mg 2÷ concentrations and also suggests 
that there may be a small amount of unstacking 
due to phosphorylation at 5 mM Mg 2÷. 

Table I shows the parameters measured from 
the electron micrographs including those obtained 
with non-phosphorylated thylakoids suspended in 
0.5 and 0 mM Mg 2+ . It also shows fluorescence 
and light scattering data that were obtained with 
the same thylakoid preparations after incubation 
under identical conditions to those which wer~ 
used for electron microscopy. It can be seen that 
not only does the average granal width decrease of 
phosphorylation at intermediate Mg 2÷ concentra- 
tions, but so does the number of grana per chloro- 
plast. Table I also shows that the length of stacked 
thylakoids as compared to the total length of 
thylakoids (expressed as a percentage) is substan- 
tially decreased at the lower Mg 2+ concentrations. 
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I n  fac t ,  a t  1 m M  M g  2+ t h e  p h o s p h o r y l a t e d  m e m -  

b r a n e s  a r e  e s s e n t i a l l y  u n s t a c k e d .  I n  th i s  expe r i -  

m e n t  t h e  c h a n g e s  in  f l u o r e s c e n c e  a n d  l i gh t  s ca t t e r -  

i ng  we re  s e e n  to  b e  c o m p a r a b l e  w i t h  t h e  d a t a  o f  

Fig.  2a  a n d  b. 

I t  is o f  i n t e r e s t  t h a t  t h e r e  is a 10% d e c r e a s e  i n  

t h y l a k o i d  s t a c k i n g  i n d u c e d  b y  p h o s p h o r y l a t i o n  a t  

5 m M  MgC12 (Fig .  4, T a b l e  I). T h i s  is s h o w n  m o r e  

c l e a r l y  in  Fig.  5, w h e r e  t he  r e l a t i v e  a m o u n t  o f  

s t a c k i n g  a t  d i f f e r e n t  M g  2 + c o n c e n t r a t i o n s  fo r  b o t h  

n o n - p h o s p h o r y l a t e d  a n d  p h o s p h o r y l a t e d  m e m -  

b r a n e s  ( a s s u m i n g  t h a t  t h e  n o n - p h o s p h o r y l a t e d ,  5 

m M  M g  2+ r e p r e s e n t s  t h e  m a x i m u m  p o s s i b l e  

s t a c k i n g )  is p l o t t e d  a g a i n s t  M g  2+ c o n c e n t r a t i o n .  

Fig.  5 a l so  s h o w s  t he  c lose  c o r r e l a t i o n  b e t w e e n  

l i gh t  s c a t t e r i n g  c h a n g e s  a n d  p e r c e n t a g e  s t a c k i n g  as  

m e a s u r e d  f r o m  t h e  l e n g t h  o f  a p p r e s s e d  t h y l a k o i d s .  

Fig. 4. Histograms of the frequency of grana of different widths 
as a function of Mg 2+ concentration and LHC phosphoryla- 
tion. The values were obtained from the series of electron 
micrographs of the pea thylakoid samples in Fig. 3. The 
average width of a proportion of grana was measured in 12-16 
chloroplasts. MgCI 2 concentrations were as follows: a, 5 mM; 
b, 2 mM; c, 1 mM. Nphos, non-phosphorylated; Phos, 
phosphorylated. 

TABLE I 

THE EFFECT OF Mg 2+ CONCENTRATION AND LHC PHOSPHORYLATION ON MEMBRANE STACKING, CHLORO- 
PHYLL FLUORESCENCE AND 90 o LIGHT SCATTERING 

Granal width and grana/chloroplast were measured in 12-16 chloroplasts. Percentage thylakoids stacked is length of granal 
thylakoids/total length of thylakoids x 100, measured in 5-8 chloroplasts. Percentage changes in fluorescence (F )  and light scattering 
( L S )  were measured after dilution to 40 #g chlorophyll/ml with basic medium plus 20 #M DCMU and the Mg 2+ concentrations 
indicated. Percentage changes were calculated as described for Fig. 2. 

Experimental Granal G r a n a /  Thylakoids %A F %A LS  
conditions width chloro- stacked 

mM Mg 2 + Phos (nm) plast (%) 

5 - 480 + 120 24.5 66 100 100 
5 + 430+ 99 23.5 58 64 90 
2 - 451-1- 95 23.0 63 89 96 
2 + 332 + 101 14.8 26 24 46 
1 - 403 + 114 21.0 49 47 52 
1 + 281 + 97 12.8 10 5 4 
0.5 - 312 + 126 16.7 18 18 29 
0 - 261 + 120 8.3 4 0 0 



560 

100 

80 

6O 

*/*A 40 ! 

20 

I I I 

0 2 3 4 5 
MgCl2(mM) 

Fig. 5. Comparison of the percentage changes in stacking, 
measured from electron micrographs (open symbols), and from 
the 90 o light scattering data of Table I (closed symbols), as a 
function of Mg 2+ concentration, with (squares) and without 
(circles) LHC phosphorylation. Percentage change in stacking 
was calculated from the data of Table I assuming that 
non-phosphorylated thylakoids at 7 mM MgCi 2 have maxi- 
mum stacking. 

Discussion 

The results presented in this paper  are con- 
sistent with the general concept that the phos- 
phorylation of L H C  induces a reorganisation of 
thylakoid structure via alterations in the electrical 
properties of the membrane surface. It seems that 
the introduction of additional negative charges by 
the phosphorylation process is sufficient to alter 
the balance between the coulombic repulsive and 
van der Waal 's attractive forces which exist be- 
tween the exposed portions of the intrinsic pro- 
teins and between adjacent membrane  surfaces 
[23]. This is clearly supported by the ability of 
cations of different valency to induce the chloro- 
phyll fluorescence increase, and presumably mem- 
brane stacking, after phosphorylation of LHC. 

As noted previously [15,20], over a concentra- 
tion range of Mg 2+ from 0.5 to 5 mM, the relative 
degree of fluorescence decrease induced by phos- 
phorylation was not constant. At intermediate 
levels of Mg 2+ the ATP-induced fluorescence de- 
crease seems to involve both intersystem energy 
transfer and absorption cross-section changes, 
whereas at higher Mg 2+ levels the fluorescence 
decrease due to L H C  phosphorylation is less and 

seems to be due only to changes in absorption 
cross-section [15,20]. This latter component  of the 
the fluorescence decrease is not overcome by ad- 
ding excess Mg 2+ , K + or trivalent cation, which is 
consistent with the idea that phosphorylated LHC 
carries sufficient additional negative charge to pre- 
vent is from repartitioning into the appressed 
membranes of the grana and therefore remains 
more intimate with P S I  complexes in the non-ap- 
pressed stromal lamellae [2,4,14,24]. 

At intermediate Mg 2+ levels it is clear from 
light scattering and thin-section electron micros- 
copy that the ATP-induced fluoresence decrease 
correlates with thylakoid unstacking. Such a result 
is to be expected when the electrostatic screening 
is sub-optimal and reinforces the concept that 
membrane phosphorylation brings about a per- 
turbation of the forces which control thylakoid 
stacking and spatial interactions between PS II 
and PS I. The increase in the C1/2 required for the 
cation-induced fluoresence increase relative to that 
required by non-phosphorylated membranes is to 
be expected if there is an increase in the net 
surface charge density due to protein phosphory- 
lation. The results in Fig. 2 and of Horton and 
Black [20] emphasise that whereas in non-phos- 
phorylated membranes the fluorescence increase is 
saturated at approximately 3 m M  Mg 2+ , phos.- 
phorylated membranes require more than 5 mM 
Mg 2+. Because of the electrostatic nature of this 
effect the actual concentration requirement for the 
cation-induced fluorescence increase may vary as 
it will depend on the background monovalent cat- 
ion concentration [19]. For this reason care is 
needed in specifying precise values for Mg 2+ con- 
centration effects, which can cause inconsistencies 
when comparing data from different laboratories. 

At the higher levels of Mg 2+ the relationship 
between the fluorescence decrease and stacking 
looks, at first sight, to be less clear. However, a 
small change in the degree of stacking, measured 
as changes in the width of grana, can be signifi- 
cant in terms of displacement of LHC from the 
appressed to the non-appressed lamellae. Accord- 
ing to our data (Table I) the difference in granal 
width at 5 mM Mg 2+, before and after phos- 
phorylation, was about 50 nm where the initial 
width was 480 rim. Accepting that the granal 
membranes are circular and that there was no 
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decrease  in the n u m b e r  of  g rana  per  ch loroplas t ,  
then such a change  represents  a 20% decrease  in 
the appressed  area.  Looked  at  in this way it is 
conc luded  that  the reduct ion  in appressed  mem-  
b r a n e  area  is qual i ta t ive ly  consis tent  wi th  the mag-  
n i tude  of  the A T P - i n d u c e d  ch lorophyl l  f luores- 
cence decrease  measured  at  this Mg 2+ concent ra -  

tion. 
There  have been  var ious  repor ts  on the effect of  

L H C  phospho ry l a t i on  on m e m b r a n e  con fo rma t ion  
measured  by  a number  of  techniques [4,14,25-27]. 
The  extent  of  uns tack ing  does  seem to be  species- 
d e p e n d e n t  (e.g., g r ea t e r  in p h o s p h o r y l a t e d  
thy lako ids  f rom pea  as c o m p a r e d  to bar ley)  but  
the  var ia t ions  wi thin  one species may  be  due  to 
using 5 m M  Mg 2÷, which is wi th in  the range  
which may  not  fully screen the charges on the 
p h o s p h o r y l a t e d  m e m b r a n e s  (see Fig. 2). 

So far only  indirect  da t a  (changes  in chloro-  
phy l l  f luorescence and  m e m b r a n e  confo rmat ion)  
ind ica te  that  the effect of  L H C  phospho ry l a t i on  
on  exci ta t ion  energy d i s t r ibu t ion  be tween the pho-  
tosys tems is due to an increase  in surface charge 
densi ty .  The  more  direct  9 -aminoacr id ine  tech- 
n ique  has no t  shown a difference [28,29]. However ,  
it  was suggested that  the expected  change  would  
be  too  smal l  to be  demons t r a t ed  b y  this technique 
[28]. Pre l iminary  e lec t rophore t ic  mobi l i ty  studies 
using laser D o p p l e r  cy tophe rome t ry  have also not  
shown a large change  in e lec t rophore t ic  mob i l i t y  
be tween  phospho ry l a t ed  and n o n - p h o s p h o r y l a t e d  
m e m b r a n e s  (Telfer and  Barber ,  unpub l i shed  data) .  
C o m p a r i s o n  with  work  on  thy lako id  m e m b r a n e s  
t rea ted  with  l inolenic  acid  [18] suggests that  the 
ch lo rophyl l  f luorescence yield changes  induced  by  
p h o s p h o r y l a t i o n  would  only  result  in a very small  
change  in mob i l i t y  which might  be diff icul t  to 
d e m o n s t r a t e  by  laser  D o p p l e r  cy topheromet ry .  

In  conclusion,  the above  results  and  discuss ion 
suppor t  the idea  that  above  5 m M  M g  2÷ the 
phospho ry l a t i on  of  L H C  within  the appressed  
grana l  area  is suff icient  to d is turb  its surface charge  
character is t ics  and  induce  a pa r t i a l  unstacking.  
The  p h o s p h o r y l a t e d  L H C  is then free to in te rmix  
with  the P S I  complexes ,  loca ted  in non-appres sed  
membranes ,  where  it acts  as the an t enna  sys tem 
for PS I. As  the Mg 2÷ concen t ra t ion  is lowered  
the add i t iona l  charges due  to surface phosphory l a -  
t ion have a more  d rama t i c  effect on o rgan i sa t ion  

due  to poo r  e lec t ros ta t ic  screening. U n d e r  these 
c i rcumstances  there is extensive uns tack ing  and  a 
r a ndomisa t i on  of  PS II,  P S I  and  L H C  which 
br ings  abou t  changes  in energy t ransfer  f rom PS II  
to P S I  as well as a l ter ing the abso rp t ion  cross-sec- 
t ions of the two photosys tems .  So far  no freeze- 
f rac ture  s tudies  have  been  car r ied  ou t  on  
phospho ry l a t ed  m e m b r a n e s  at these lower M g  2÷ 
concent ra t ions ,  bu t  under  these c i rcumstances  we 
pred ic t  that  par t ic le  size d i s t r ibu t ion  on the four 
f rac ture  faces, c o m m o n l y  seen, would  suppor t  these 
conclusions.  
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