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The effects of adenosine-5-O-thiotriphosphate (ATP-7-S), an analog of ATP, on the phosphorylation of the thylakoid 
membrane proteins and Photosystem II fluorescence decline in isolated spinach thylakoids has been investigated, it is 
shown that ATP-~,-S is (a) an extremely inefficient substrate for the endogenous protein kinase(s), but (b) an efficient 
inhibitor of the ATP-induced phosphorylation. By contrast, ATP-~,-S appears to behave in a similar manner compared 
with ATP with respect to the Photosystem II fluorgscence decline in that (a) the time-course of the decline is similar for 
both nucleotides; (b) similar changes in the fluorescence parameters Fv/Fo, at two different screening cation 
concentrations, occur in the presence of. the two nucleotides; and (c) digitonin fractionation exhibits an altered 
distribution of LHC II and chlorophyll a/b  ratios in the granal and stromal fractions of thylakoids incubated in the 
presence of the two nucleotides when compared with the control. The data are discussed with respect to the correlations 
between LHC II phosphorylation and the ATP-induced Photosystem II fluorescence decline. 

Introduction 

The phosphorylation/dephosphorylation of the 
light-harvesting chlorophyll a / b  binding protein com- 
plex (LHC II) polypeptides has been proposed to con- 
stitute the molecular mechanism for the controlled re- 
distribution of excitation energy between the two photo- 
systems [1]. The energy redistribution has been vari- 
ously proposed to occur either by changes in the optical 
cross-section of the photosystems or by energy 'spil- 
lover' from PS II to P S I  due to electrostatic interac- 
tions (for reviews, see Refs. 2-8). However, these 
changes are generally thought to occur as a consequence 
of the negative charge introduced by the phosphate 
incorporated in the surface-exposed segment of LHC II 
[8-10]. Earlier studies had indicated that cation and 
consequently charge interactions may be responsible for 
the energy redistribution [11-13], although the influx or 
efflux of large quantities of cations in the thylakoids has 
not been demonstrated. 

Abbreviations: PS, Photosystem; LHC II, fight-harvesting chlorophyll 
a / b  binding protein complex II. Tricine, N-[2-hydroxy-l,l-bis(hy- 
droxymethyl)ethyl]glycine; SDS, sodium dodecyl sulphate; DCMU, 
3-(3,4-dichlorophenyl)-1,1-dimethylurea. 

Correspondence: K. Islam, (present address:) Merrell-Dow Research 
Institute, Lepetit Research Center, Via R. Lepetit 34, 21040 Gerenzano 
(Varese), Italy. 

In view of the earlier models it is not hard to imagine 
that such charge interactions could be brought about by 
the phosphorylation of surface residues in the already 
highly charged region of the exposed protein [14-16]. 
Indeed, Barber and co-workers [7,8,17-19] have pro- 
posed models for such hypotheses based on calculations 
of the amount of charge introduced as a consequence of 
the modification and those required to lead to mem- 
brane disappression. 

Perfect or close correlations have been reported be- 
tween the rate and extent of phosphorylation and de- 
phosphorylation of the LHC II protein and the ATP-in- 
duced fluorescence changes in Photosystem II [20-22]. 
Such correlations imply a causative relationship be- 
tween the energy changes and the phosphorylation. In 
contrast, other studies indicate that there is little or no 
direct correlation between the rate and extent of phos- 
phorylation of the LHC II protein and the energy 
changes [23-28], questioning a causative relationship. 
Similarly, inhibition studies such as the use of ADP 
analogs (FSBA) support a causative relationship [29] 
while those such as the use of zinc ions question such a 
relationship [22]. The use of GTP [30] would also tend 
to suggest that a direct causative relationship between 
LHC II phosphorylation and the fluorescence decline 
does not exist. 

ATP-v-S an analog of ATP (where an oxygen on the 
"y-phosphate is substituted by a sulphur) has been utilised 
in several studies to effect protein phosphorylation 
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[31-34]. This analog is hydrolysed very slowly by 
ATPases and the phosphorylated protein is resistant to 
dephosphorylation [35-37]. Furthermore, the newly 
phosphorylated proteins can be easily separated from 
other proteins by utilising affi-gel affinity chromatogra- 
phy [37,38]. Thus this analog can be used to try and 
distinguish between an ATP effect per se or effects due 
to ATP-dependent phosphorylation [31], and, if utilised 
by the protein kinase, it can then be used for the 
separation of the phosphorylated peptides such as to 
allow their characterisation. 

In view of the contrasting results on the correlations 
between LHC II phosphorylation and the associated 
changes in Photosystem II fluorescence this analog may 
provide useful information. In this paper the effect of 
ATP-'y-S on the phosphorylation and fluorescence de- 
cline of Photosystem II has been investigated. It is 
shown that the ATP-y-S binds efficiently to the protein 
kinase but is utilised inefficiently as a substrate. The 
energy transfer by 'detachment' or 'spillover' mecha- 
nisms has also been examined by digitonin fractionation 
and changes in the fluorescence parameters. 

Materials and Methods 

Isolated thylakoids were prepared from freshly 
harvested spinach leaves as described previously [24-28]. 
Phosphorylation of the thylakoids, after the chemical 
reduction of the protein kinase(s), was essentially as 
described previously [24-28]. At various times aliquots 
were removed and the reaction terminated by the ad- 
dition of ice-cold 80% acetone, for SDS-PAGE analysis, 
or by the addition of 100-200-fold excess of ice-cold 
phosphorylation medium. 

The delipidated proteins were fractionated on 15% 
acrylamide gels by SDS-PAGE, stained with Coomassie 
brilliant blue, dried and autoradiographed using either 
Kodak X-Omat or Hyperfilm [24]. The phosphate incor- 
poration into the LHC II and the total protein was 
determined by excision of the protein bands from the 
gel and counting in a liquid scintillation counter. For 
the competition studies ATP-,¢-S was added 1 rain prior 
to being challenged by [-/- 32 p]ATP. 

Fluorescence measurements were carried out in a 
home-built apparatus at a chlorophyll concentration of 
2-4 gg /ml  at 20°C. F o was determined prior to the 
addition of 25 ~M DCMU to determine the maximal 
fluorescence [24-28]. The excitation light was filtered 
through a Coming 4-96 filter and the fluorescence was 
measured at 691 nm (Balzers B-40 interference filter). 
Fluorescence quenching is expressed as: 

Frn - N T P -  ( F  m + NTP) 
F~ - NTP 

where NTP was either ATP or ATPq,-S. 

Digitonin fractionation was carried out as described 
previously [25]. Isolated thylakoids incubated either in 
the absence (control) or in the presence of either ATP 
or ATPq,-S for 10 min and left to stand on ice for 30 
min prior to the addition of Digitonin to a final con- 
centration of 0.5% and left on ice for a further 30 rain 
with gentle agitation. The reaction was terminated by 
the addition of 10 volumes of ice-cold phosphorylation 
medium and the heavy fraction (10 000 × g, 30 min) and 
the light fraction (144000 x g, 90 min) were collected 
by centrifugation. 

ATPq,-S was purchased from Boehringer, other bio- 
chemicals were from the Sigma Chemical Co., and all 
other reagents were of Analar grade. High specific 
activity [~/-32P]ATP (3000 Ci/mmol) and [~/-35S]ATPq,- 
S (greater than 600 Ci/mmol) were purchased from the 
Radiochemical center, Amersham. 

Results 

In order to determine if ATP-v-S could act as a 
substrate for the protein kinases, isolated thylakoids 
were incubated either in the presence of 1 mM ATP-v-S 
containing labelled ~/-35S or 1 mM ATP containing 
labelled y.32p, after the chemical activation of the 
protein kinases. After fractionation of the proteins by 
SDS-PAGE the labelled proteins were visualised by 
autoradiography (Fig. 1). While extensive phosphoryla- 
tion of several proteins is observed in the presence of 
32p there appears to be little phosphorylation of the 
polypeptides by ATP-,/-S even after 2 h of incubation. 

The gel was further sliced into 0.5 cm slices and, 
after counting in the scintillation counter, it was ob- 
served that the incorporation 3 5 S / 3 2 p  was  only about 
1% for the LHC II protein (approx. 0.029 and 0.133 
pmol phosphate were incorporated into the LHC II 
polypeptides after 5 and 120 min of incubation, respec- 
tively, in the presence of ATP--/-S compared with 3.5 
and 9.7 pmol phosphate incorporated in the presence of 
ATP) but about 3-4% for total protein. Some of the 
proteins exhibit a slightly higher incorporation of 35S on 
the basis of the ratio of incorporation with 3 5 5 / 3 2 p ;  

these differences in the incorporation levels may reflect 
the utilisation of different protein kinases [30]. 

A time-course of phosphorylation of the LHC II 
polypeptides was also undertaken. Isolated thylakoids 
were either incubated in the presence of 1 mM ATP-v-S 
or with 1 mM ATP and after various times of incuba- 
tion the incorporation into the LHC II polypeptides 
was determined (Fig. 2). While rapid phosphorylation 
occurs in the presence of ATP there is very inefficient 
phosphorylation in the case of ATP-~,-S. Indeed the rate 
of phosphorylation with ATP-~'-S is about 100-fold 
slower compared with ATP. 

ATP-v-S appears to be an inefficient substrate for 
the protein kinases. This may be due to inefficient 



269 

S 1 2 3 4 
91 s 1 2 3 4 

6 6 -  

4 5 - -  
3 6 - -  

2 9 - -  I: a 

6 6 -  

4 5 -  

3 6 -  

2 9 -  
a 

2 0 -  2 0 -  

1 4 - -  

0 
lib 

14-- 

O b 

Fig. 1. An autoradiograph of thylakoid proteins labelled in the 
presence of either [~/_32 P]ATP (2,4) and [3,-35S]ATP-3,-S (1,3). Isolated 
thylakoids were incubated in the presence of either 1 mM ATP or 1 
mM ATP-T-S containing the appropriate labelled nucleotide (see 
Materials and Methods) for either 5 (1,2) or 120 min (3,4). The 
reaction was then terminated and the proteins visualised by autoradi- 
ography, following fractionation by SDS-PAGE on 15% acrylamide 
gels. The position of the LHC I1 polypeptides (a) and the 9-11 kDa 
protein (b) are indicated. S refers to the molecular mass standards 

indicated and expressed in kDa. 

Fig. 3. An autoradiograph of phosphorylated thylakoid proteins in- 
cubated in the presence of either unlabelled ATP (3,4) or unlabelled 
ATP-'y-S (1,2) and challenged with [T-32P]ATP. Isolated thylakoids 
incubated in the presence of either ATP or ATP-y-S and challenged 
with T-32p-labelled ATP for either 5 (1,3) or 120 min (2,4). The 
reaction was terminated and following fractionation by SDS-PAGE, 
the labelled polypeptides were visualised by autoradiography (see 
Materials and Methods). The positions of the LHC II polypeptides (a) 
and the 9-11 kDa protein (b) are indicated. S refers to the molecular- 

mass markers indicated and expressed in kDa. 
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Fig. 2. Time-course of phosphorylation of the LHC 11 polypeptides in 
the presence of either ATP (O O) or ATP-T-S (A . . . . . .  A). 
Isolated thylakoids were incubated in the presence of either 1 mM 
ATP or 1 mM ATP-x-S containing the appropriate labelled nucleo- 
tide. After various times aliquots were removed and following frac- 
tionation by SDS-PAGE the specific incorporation into the LHC II 

polypeptides was determined (see Materials and Methods). 

recogni t ion of this subs t ra te  by the pro te in  kinase  or 

due to the ineff icient  t ransfer  of the phospha te  group.  

One  way to test whether  the ineff ic iency of u t i l i sa t ion of 

ATP-T-S is due to ineff ic ient  recogni t ion  is by de te rmin-  

ing if this subst ra te  can  compete  with ATP.  Clearly if it 

eff iciently inhib i t s  the phosphory la t i on  by A T P  then the 

low levels of phosphory la t ion  by this subs t ra te  may  

reflect ineff ic ient  t ransfer  of phospha t e  or a l ternat ively  

if it does no t  inh ib i t  phosphory la t ion  by  A T P  then it is 
p re sumab ly  recognised very poor ly  by  the kinase. 

Isolated thylakoids  were therefore i nc uba t ed  in the 

presence of various concen t r a t ions  of un labe l l ed  ATP-y -  
S and  then chal lenged with 32p label led ATP.  A n  auto-  

rad iograph of the dried gel showed that  there is an  

marked  inh ib i t ion  of phosphory l a t i on  of the d i f ferent  

polypept ides  in the presence  of ATP-y-S  (Fig. 3). 

The  a m o u n t  of label co -migra t ing  with the L H C  II 

polypept ides  (Fig. 4b) a nd  the label  i nco rpora ted  in to  
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Fig. 4. Inhibition of the ATP-induced phosphorylation by ATP--(-S 
into (a) total protein and (b) into the LHC II polypeptides. Isolated 
thylakoids were incubated in the presence of various concentrations of 
unlabelled ATP-'r-S for 1 min prior to being challenged with 100 FM 
ATP containing [~,-32P]ATP. After a further 10 rain of incubation the 
reaction was terminated and the incorporation into the total protein 
and into the LHC II polypeptides determined, following SDS-PAGE, 
by excision of the bands and liquid scintillation. The incorporation is 
expressed as a percentage of the phosphate incorporated into the 
control sample incubated under identical conditions except that of 

ATP-7-S was omitted. 

the  to ta l  p ro t e in  (Fig.  4a)  was d e t e r m i n e d  af te r  excis ion 
of  the  p ro t e in  b a n d s  f rom the gel. As  can  be  seen 

A T P - y - S  is an  eff ic ient  i nh ib i t o r  of  the  A T P - i n d u c e d  
p h o s p h o r y l a t i o n ,  i nd i ca t i ng  tha t  A T P - y - S  is recognised  

ef f ic ient ly  b y  the k inase .  I t  is the re fore  m o r e  p r o b a b l e  
tha t  it  is the t rans fe r  of  the p h o s p h a t e  which  l imits  the  
r eac t ion  ra te  wi th  this ana logue .  

I t  is c lear ly  of  in teres t  to  d e t e r m i n e  if ATP-~t-S leads  
to a f luorescence  dec l ine  o f  PS II .  N e i t h e r  A T P  no r  
ATP- 'y -S  induces  a f luorescence  dec l ine  if  the  p las to -  
q u i n o n e  poo l  is no t  r educed  (i.e., in  the  absence  of  l ight  
o r  chemica l  ac t iva t ion  of  the kinases) .  T h e  t ime-courses  
o f  the  A T P - i n d u c e d  and  the  A T P - - / - S - i n d u c e d  f luores-  
cence  dec l ine  were  also e x a m i n e d  (Fig .  5) u n d e r  the  
s ame  cond i t ions  as u t i l i sed  for  the  p h o s p h o r y l a t i o n .  T h e  
t ime-course  of  the  A T P - i n d u c e d  dec l ine  is t ha t  typ ica l ly  
obse rved  u n d e r  ou r  expe r imen t a l  cond i t i ons  [24-28,30]:  

in  tha t  a m o r e  o r  less s t eady  p l a t e a u  is obse rved  be -  
tween  5 a n d  15 rain.  ATP-~/-S a lso  exh ib i t s  a s imi la r  

t ime-course  and  the  tt/2 for  the  two nuc leo t ides  is 
be tween  2 and  3 rain [20,24-28]  wi th  l i t t le  fu r ther  

increase observed between 5 and 15 min. In different 
experiments the final fluorescence decline observed with 
ATP-~-S was typically between 60 and 80% compared 
with that observed with ATP, and the addition of ATP 
to ATP-~-S produced little or no change in the extent of 
decline observed. 

It has previously been shown that even low con- 
centrations of ATP can lead to a fluorescence decline 
[20,27] the S0.5 (the concentration required to observe 
50% of the maximal fluorescence decline) for the fluo- 
rescence is in the range of 25-50 ~tM ATP [20,27]. 
However, the final extent of the fluorescence decline 
also varies at different concentrations of ATP [27]. The 
S0.5 for the ATP-~-S was therefore also examined. As 
shown in Fig. 5b the ATP-~-S-induced fluorescence 
decline, as in the case of ATP, is also concentration 
dependent. The S0.5 is similar to that observed with 
ATP (Fig. 5b). 

The fluorescence decline of PS II can occur by two 
possible mechanisms: a change in the absorptive cross- 
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Fig. 5. ATP (O O) or ATP-y-S (& . . . . . .  A) induced Photosys- 
tem II fluorescence decline (a) time-course and (b) as a function of 
nucleotide concentration. (a) Isolated thylakoids were incubated with 
either 1 mM ATP or 1 mM ATP-'y-S or in the absence of nucleotide 
and aliquots were removed at the indicated times and diluted 200-fold 
with cold phosphorylation medium. After 30 min the fluorescence 
decline was determined as described in the Materials and Methods. 
(b) Same as in (a), except the concentration of the nucleotides was 

varied as indicated. 



section, e.g., detachment of LHC II from the PS II LHC 
II matrix or by 'spillover' interactions such that the PS 
I I -LHC II is directly quenched by interaction with PS I. 
These two possible mechanisms can be distinguished by 
determination of the Fv and Fo ratios such that in the 
latter case the quenching of the Fv is more pronounced 
and a change in the F ~ / F  o ratio is observed while in the 
former case the F v / F o  ratio remains unaltered [2-8]. 

Isolated thylakoids were therefore incubated with 
either 1 mM ATP-y-S or with 1 mM ATP or in the 
absence of nucleotide (control) following the chemical 
activation of the protein ldnases. At various times 
aliquots were removed and suspended in the phosphory- 
lation medium containing either a screening concentra- 
tion of cations (5 mM Mg z+) or a sub-saturating con- 
centration of screening cations (1 mM Mg2+). As shown 
in Table I the F ~ / F  o ratio of the samples incubated in 
the presence of the nucleotides at the saturating cation 
concentration of screening cations remain unaltered 
compared with the control, i.e., both the F~ and the F o 
are similarly quenched as in the case when IA-IC II 
detaches from the PS II -LHC II matrix. However, un- 
der subsaturating concentrations of screening cations 
the Fm decline is observed to increase by about 2-fold 
for both the nucleotides compared with that observed at 
saturating concentrations and the F J F  o ratios are al- 
tered compared with the control. Thus it appears that at 
the sub-saturating concentration of the cations there is 
much greater quenching of the Fv compared to F 0 a 
situation similar to that encountered in the case of 
'spillover' interactions [2-8]. These data would there- 
fore indicate that under the normal phosphorylating 
conditions the fluorescence decline is most presumably 
a consequence of LHC II detachment leading to a 
change in the absorptive cross-section of PS II [2-8]. 

Digitonin and phase-partition fractionation tech- 
niques [2-8] have shown that following phosphorylation 
the fraction of LHC II present in the stroma increases 
in comparison with control thylakoids. Such techniques 
have generally supported the concept that phosphory- 
lated LHC II detaches from the PS I I -LHC II matrix 
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and migrates to the stroma to transfer energy to PS I. 
Both digitonin fractionation and the Yeda press yield 
qualitatively similar data. The distribution of the chlo- 
rophyll and the LHC II protein has therefore been 
determined by digitonin fractionation following incuba- 
tion for 10 min either in the presence of 1 mM ATP or 1 
mM ATP-y-S or in the absence of nucleotide (control). 
Both the nucleotides lead to a decrease in the quantity 
of chlorophyll present in the heavy fraction and an 
increase in that of the light fraction. Furthermore,  both 
ATP and ATP-y-S lead to an alteration of the chloro- 
phyll a / b  ratios of the light fraction. In both cases the 
ratio decreases compared to the control due to an 
increase in the amount  of chlorophyll b in the light 
fraction. 

Discussion 

The phosphorylat ion of the LHC II polypeptides has 
been proposed to constitute the mechanism by which 
plants adapt to changing light conditions by redistrib- 
uting the excitation energy between the two photosys- 
tems; similar to the adaptive State 1-State II transitions 
in vivo (for reviews, see Refs. 2-8). An ATP-induced 
Photosystem II fluorescence decline in vitro is observed 
only under conditions that the plastoquinone pool is 
reduced, and these conditions lead to the activation of 
the protein kinase(s) and LHC II protein phosphoryla- 
tion. Evidence for both a close corelation between the 
LHC II phosphorylat ion and the fluorescence decline 
[20-22,29] or lack of such correlation [23-28] have been 
reported. 

ATP-y-S, an ATP analog, has been used to dis- 
tinguish between ATP or phosphorylation-induced ef- 
fects in rat brain synaptosomes [31]. This analog has 
also been shown to act as a substrate for several protein 
kinase activities [31-34]. However, unlike ATP, ATP-y-S 
appears to be an inefficient substrate for the chloroplast 
membrane associated protein kinases (Figs. 1-3)  al- 
though it appears to bind extremely efficiently to te 
kinase (Fig. 4). In contrast, ATP-y-S brings about fluo- 

TABLE I 

A TP- and A TP-' t-S induced Photosystern H fluorescence changes at two different concentrations of screening cations 

Isolated spinach thylakoids were incubated either in the absence (control) or in the presence of 1 mM ATP or 1 mM ATP-y-S for 10 min. The 
reaction was terminated by the addition of 200-fold excess of ice-cold phosphorylation medium containing either 5 mM or 1 mM MgCI 2. The 
fluorescence parameters under these two cation regimes were determined (see Materials and Methods). 

Sample 5 mM MgCI 2 1 mM MgCI 2 

F m F~/Q F~/F o ratio F m F v / F  o F~/Q 
decline (treated/ decline (treated/ 
(%) control) (70) control) 

Control - 4.47 - - 3.72 - 
ATP 21 4.50 1.01 35.6 3.00 0.81 
ATP-~,-S 15 4.44 0.99 24.5 2.94 0.79 



272 

TABLE II 

Digitonin fractionation of thylakoids incubated in the presence of A TP or 
A TP-2t-S or in the absence of added nucleotide 

Isolated thylakoids, after chemical activation of the protein kinases, 
were incubated in the absence (control) or in the presence of 1 mM 
ATP or 1 mM ATP--/-S. After 10 min the thylakoids were subjected to 
digitonin treatment and the light and heavy fractions separated by the 
centrifugation (see Materials and Methods) and the chlorophyll con- 
tent and the chlorophyll a / b  ratio determined [25]. 

Sample F m Heavy Light Light 
decline fraction fraction fraction 
(~b) % Chl ~ Chl Ctd a / b  

content content ratio 

C o n t r o l  - 7 9  21 4.26 
ATP 16 66 34 2.98 
ATP-'y-S 12 70 30 3.34 

rescence changes which appear to be similar to those 
observed with ATP: (a) Both ATP and ATP-v-S lead to 
a fluorescence decline if the plastoquinone pool is re- 
duced (Fig. 5), but not under non-reducing conditions. 
(b) The time-course for the fluorescence decline for 
both nucleotides is very similar exhibiting a half-time of 
about 2-3 rain and a stable plateau between 5 and 15 
min where little or no fluorescence decline is observed 
(Fig. 5). (c) The $0.5 is similar for both nucleotides (Fig. 
5) and the marked inhibition of the ATP-induced phos- 
phorylation by low concentrations of ATP-3,-S (Fig. 4) 
would suggest a K m for the LHC II kinase which is 
similar to that with ATP [30]. (d) In the presence of 
saturating concentrations of screening cations neither 
nucleotide leads to a change in the F v / F  o ratio, but 
both nucleotides lead to a decrease in the F v / F  o ratio in 
the presence of sub-saturating concentrations of screen- 
ing cations (Table I). (e) Digitonin fractionation shows 
an increase in the chlorophyll b content in the stromal 
'light' fraction and a decrease in the granal 'heavy 
fraction' (Table II). 

These data would therefore suggest that it is unlikely 
that the ATP- and the ATP--f-S-induced fluorescence 
decline are brought about by two very different mecha- 
nisms. 

We have previously shown that there is little or no 
direct correlation between the rate and level of LHC II 
phosphorylation and the fluorescence decline [24-28] 
by studying the relative kinetics of these two phenom- 
ena. Furthermore, the extent of the ATP-induced fluo- 
rescence decline appears to be dependent on the ATP 
concentration rather than on phosphorylation [27]. In 
addition, while GTP-induced phosphorylation fails to 
lead to a fluorescence decline [30], ATP-,¢-S induces a 
fluorescence decline but fails to exhibit any significant 
phosphorylation of the LHC II polypeptides. 

Interestingly, ATP-y-S leads to changes in the F v / F o  

ratios in the sub-saturating cation regime, suggesting 

that charge interactions may indeed be involved. These: 
data could be interpreted to suggest that the charge may 
not be identical to the charge introduced as a conse- 
quence of phosphorylation of the surface-exposed seg- 
ments of the LHC II molecules. 

The earlier suggestions coupling the phosphorylation 
of the LHC II polypeptides and the fluorescence decline 
rely on two important observations: (a) only under 
conditions when the plastoquinone pool is reduced is a 
fluorescence decline observed; (b) under the same con- 
ditions membrane-associated protein kinases are 
activated consenting the phosphorylation of the LHC II 
and other thylakoid proteins (the thylakoid proteins 
appear to be phosphorylated by several different pro- 
tein kinases [2,30]). However, it should be pointed out 
that the molecular mechanism by which the reduction 
of the plastoquinone pool leads to the activation of the 
protein kinases still remains unknown. It is therefore 
possible that electron-transport dependent conforma- 
tional changes reveal the phosphorylation sites of all the 
substrates or alternatively changes in the different pro- 
tein kinases. 

Horton et al. [21] have shown that by altering the 
redox-state of the plastoquinone pool that the fluores- 
cence decline and the phosphorylation of the LHC II 
polypeptides are perfectly correlated. However, it re- 
mains unclear whether such a relationship also applies 
under other conditions, for example, when the plasto- 
quinone pool is fully reduced the extent of phosphoryla- 
tion of the LHC II polypeptides is not directly corre- 
lated with the fluorescence decline [24-28]. Similarly, 
the Studies with ATP-3,-S and GTP [30] would also 
suggest a lack of such direct correlation, although the 
plastoquinone pool needs to be reduced also in the case 
of the GTP-induced phosphorylation [30] as well as in 
the case of the ATP-~,-S induced fluorescence decline. 
Clearly, the data of Horton et al. [21] suggests that both 
the phosphorylation of the thylakoid proteins and the 
fluorescence decline depend in some way on the redox- 
state of the plastoquinone pool, and therefore not in 
disagreement with our observations [24-28,30]. 

The adenylate charge has also been shown to regulate 
the protein ,kinase activities [39]. Clearly, this is an 
important observation as regards the ATP-generating 
role of the chloroplasts. In this context it should be 
noted that the guanine nucleotide GTP acts as a sub- 
strate for phosphorylation but does not lead to a fluo- 
rescence decline [30] or protect against the action of 
sulphydryl directed reagents [40]. While ATP and ATP- 
v-S both lead to a fluorescence decline, and the protec- 
tive effect of ATP and ADP against the sulphydryl-di- 
rected reagents [40] could be interpreted to indicate a 
second binding site which is specific for the adenine 
nucleotides [30]. The regulation of the fluorescence de- 
cline may be coupled to the adenylate charge by some 
mechanism requiring one or both of these adenine sites. 



Finally Steinback et al. [22] have shown that dephos- 
phorylation of the LHC II polypeptides leads to an 
increase in the PS II fluorescence and that this change is 
inhibited by NaF. Our data has attempted to analyse 
only the phosphorylation and its relationship with the 
fluorescence decline. However, ATP-,t-S results only in 
minimal phosphorylation of LHC II but an almost 
complete fluorescence decline, while GTP results in 
phosphorylation but no fluorescence decline. In view of 
these and our earlier data, it is suggested that the role of 
dephosphorylation also needs to be examined more 
carefully. For example, it may be that dephosphoryla- 
tion is a pre-requisite for the re-entry of the LHC II 
molecules, or alternatively, that the phosphorylated 
polypeptides, but not the non-phosphorylated poly- 
peptides, may interact with PS I. Clearly the environ- 
ment of the LHC II molecule in the stromal or partition 
zones is quite different to that in the grana where it is 
associated with PS II. It is also important to recognise 
that only a fraction of the 'migrating' LHC II molecules 
are phosphorylated (for references, see Ref. 28) mad that 
both the 'migrating' and 'non-mobile' sub-populations 
of LHC II are phosphorylated. While tllere is little or 
no data regarding the kinetics of dephosphorylation of 
the different polypeptides and the different sub-popula- 
tions of LHC II. 

In recent years it has become clear that the phos- 
phorylation of LHC II polypeptides is much more com- 
plex than thought earlier. However, this complexity of 
LHC II phosphorylation has not been fully collocated 
to the relationship between phosphorylation and the 
fluorescence decline. Contrasting data on the correla- 
tion of LHC II phosphorylation and the fluorescence 
decline would suggest that the models for correlation 
need to be examined in much more detail and must take 
into account the complexity of the two phenomena. 
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