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Fluorescence induction curves in chloroplasts phosphorylated by the thylakoid protein kinase activated at low 
light intensity and high chlorophyll concentration have been measured. At 5 mM Mg 2+ , phosphorylation did 
not preferentially quench variable fluorescence. At 1 mM, preferential quenching of variable fluorescence 
was observed, indicating a second effect of phosphorylation at low Mg 2+ (Horton, P. and Black, M.T. (1982) 
Biochim. Biophys. Acta 680, 22-27). Comparison of the extent of fluorescence decrease and the resulting 
ratio of variable to maximum fluorescence after phosphorylation and after lowering Mg 2+ concentration 
demonstrated a difference between these two mechanisms of lowering of fluorescence. The significance of 
these results in terms of how phosphorylation may alter membrane organization is discussed. 

Introduction 

Chloroplast membranes possess a protein kinase 
which phosphorylates several membrane poly- 
peptides including those of LHCP, the major 
light-harvesting chlorophyll protein associated with 
PS II [1,2]. This phosphorylation process is thought 
to be involved in the regulation of quantal distri- 
bution between PS II and P S I  [3-5]. This sugges- 
tion is based on the following effects of phos- 
phorylation; the decrease in yield of fluorescence 
from PS II chlorophyll [3-6], a change in the ratio 

Abbreviations: PS, photosystem; DCMU, 3-(3,4-dichloro- 
phenyl)-i,l-dimethylurea; Q, the quencher of fluorescence and 
primary acceptor of PS II; F 0, initial fluorescence level recorded. 
when Q is fully oxidized; Fro, final or maximal fluorescence 
level recorded when Q is fully reduced; Fv, F m -F0 ;  LHCP, 
light-harvesting chlorophyll-protein complex associated with PS 
II. 
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of PS II and PS I emission at - 1 9 6 ° C  [3-5], an 
increase in the rate of P S I  electron transfer [7], a 
change in the redox state of cytochrome Q [8] and 
of Q [9] and changes in the kinetic rate constants 
for fluorescence induction at room temperature 
[5,10] and - 196°C [11]. One area of uncertainty is 
the mechanism which brings about the phosphory- 
lation-induced fluorescence decrease. In previous 
work we showed that both F 0 and F m are decreased 
to the same extent after phosphorylation [4]. Work 
by Bennet et al. [3] and Kyle et al. [10], in contrast, 
showed a specific quenching of F v. In our earlier 
work, protein kinase was activated by strong light 
and with dilute chlorophyll concentration, and 
under these conditions substantial loss of PS II 
activity occurs. It was possible that differential 
photoinhibition in minus- and plus-ATP samples 
was occurring so as to obscure the true effect of 
phosphorylation. This discrepancy is not trivial, 
since on the basis of our fluorescence data we 



proposed that phosphorylation causes detachment 
of LHCP from the PS II  ' poo l '  [4]. Thus, phos- 
phorylation may alter the initial partition of exci- 
tation between PS II  and P S I  rather than increase 
spillover from PS II to PS I [4,8]. We therefore 
decided to re-investigate the fluorescence induc- 
tion curve after phosphorylation induced under 
milder conditions. In addition, a comparison be- 
tween Mg 2÷ depletion and phosphorylation was 
undertaken under identical conditions; Mg 2÷ de- 
pletion is well known to quench preferentially F v 
and increase spillover. Moreover, at low Mg 2÷ a 
different kind of phosphorylation effect may occur 
[7], which could serve as a useful comparison to 
the usual high Mg 2÷ case. 

Materials 

Osmotically shocked pea chloroplasts were pre- 
pared exactly as described previously [5]. Record- 
ing and analysis of fluorescence induction curves 
were performed using procedures described in de- 
tail [5,12]. Phosphorylation was induced by in- 
cubation for I0 min with 0.2 mM ATP at 150 
# g / m l  at 20°C and a light intensity of 35 W//m 2 
of white light. Samples were dark adapted for 15 
min before D C M U  addition and fluorescence 
measurement. 10 mM N a F  was present throughout. 

Results 

In a recent paper, it was shown that the effect 
of phosphorylation on F m is enhanced when the 
Mg 2+ concentration is lowered to 1 mM from 5 
mM. It was postulated that at 1 mM Mg 2÷ an 
additional effect of phosphorylation comes into 
play which is really just an antagonism of Mg 2÷ 
screening [7]. In Fig. 1 are shown fluorescence 
induction curves recorded for chloroplasts in- 
cubated + ATP at 1 and 5 mM Mg 2+ . A decrease 
in F 0 as a result of phosphorylation occurs at both 
5 and 1 mM Mg 2+. Lowering the Mg 2÷ con- 
centration lowers the F m of both phosphorylated 
and non-phosphorylated chloroplasts but does not 
significantly decrease F 0. 

Measurement and semilogarithmic analysis of 
the area growth above the induction curve allow 
quantitation of the relative contribution of PS II~ 
and PS II# [5,10,13]. These centres differ in the 

5mM Mg 2+ -ATP 

5rnM Mg 2÷ +ATP 

l mM Mg 2+ -ATP 

215 

lmM Mg 2* +ATP 

I 10 ms 

Fluorescence 
intensity 

on 

Fig. 1. Fluorescence induction curves of chloroplasts il- 
luminated for 10 rain +ATP (0.2 raM) with 5 and 1 mM 
MgC12. Incubation medium contained sorbitol (0.33 M), NaCI 
(10 mM) and Hepes (50 mM) adjusted to pH 7.6. Intact 
chloroplasts were osmotically shocked in H20 immediately 
prior to incubation. Samples were dark adapted for 15 rain 
following incubation and diluted to 15/tg chlorophyll/ml into 
a medium containing 10 pM DCMU. Fluorescence induction 
curves were recorded as previously described [5,12]. 

degree of connectivity between the PS II  reaction 
centres and in size and composition of their an- 
tenna chlorophyll [14,15]. Both phosphorylation 
[5,10] and cation depletion [10,17] have been shown 
to decrease the proportion of PS I I , .  Fig. 2 shows 
the results of this kind of analysis performed on 
chloroplasts phosphorylated at 5 and 1 mM. Both 
Mg 2÷ lowering and phosphorylation increase the 
proportion of PS II# in the induction curve. Table I 
describes the important parameters extractable 
from the induction curves.. Several features are to 
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Fig. 2. Semi logar i thmic  p lo ts  of the area g rowth  above  the 
curves  shown in Fig. I. The  analys is  was  based  on tha t  of Mel is  

and  H o m a n n  [13] as de ta i led  previously  [5]. A m and  A t refer to 
the to ta l  area and  area  accumula ted  at  t ime  t, respectively.  



1.0. 

TABLE I 

INDUCTION PARAMETERS AFTER PHOSPHORYLA- 
TION AT HIGH AND LOW Mg 2+ 

Fluorescence induction parameters were obtained from the 
data in Figs. 1 and 2. flmax was determined from the y-axis 
intercept as described earlier [5,13]. 

Mg 2 + + ATP F o Fm Fv/ fm flmax 
(mM) 

5 - 11.9 48.4 0.75 0.39 
5 + 9.9 39.1 0.75 0.47 
1 - 11.8 35.8 0.67 0.53 
1 + 9.8 22.5 0.57 0.60 

be  emphasised .  Firs t ly ,  phospho ry l a t i on  at 5 m M  
br ings  abou t  a decrease  in F 0 that  is p r o p o r t i o n a l  
to the decrease  in F m such that  F , , / F  m is un- 
changed.  In  contras t ,  lowering of  M g  2+ has a 
much  smal ler  effect on F 0 even though the F m 
decrease  is ac tual ly  a few percent  greater  than that  
caused  b y  phospho ry l a t i on  (compare  the dif- 
ference be tween  5 m M  and  1 m M  - A T P  with  the 
di f ference be tween  5 m M  - A T P  and  5 m M  + 
ATP) .  

The  decrease  in F v / F  m which accompan ied  a 
f luorescence decrease  of  26% due  to Mg 2÷ lower-  
ing was therefore  to be  con t ras ted  with the un- 
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Fig. 3. A comparison of the decrease in F m and F,, /F m ratio as 
a result of different treatments: (n) unphosphorylated, 5 mM 
Mg2+; (O) phosphorylated, 5 mM Mg2+; (13) unphosphory- 
lated at various Mg 2+ concentrations from zero to 4 mM; (O) 
phosphorylated at various Mg 2+ concentrations ranging from 
1 to 4 mM. Data was derived from a series of chloroplast 
batches and several different experiments. 

changed  F , , / F  m dur ing  a f luorescence decrease  of  
19% due to phosphory la t ion .  Phosphory la t ion  at  1 
m M  also causes F 0 to decrease,  bu t  here F m de- 
creases more  so as to lower F , , / F  m. This decrease is 
consis tent  wi th  the  no t ion  that  phosphory la t ion  
raises the M g  2÷ requ i rement  for inh ib i t ion  of  spil- 
lover  [7]; this leads,  in effect, to f luorescence 
quenching  due to phosphory la t i on  that  more  
closely resembles  that  due  to ca t ion  lowering. 

Fig. 3 represents  an extension of  the compar i -  
son be tween  ca t ion  and  p ro te in  phosphory la t i on  
effects to include a wider  range of  Mg 2÷ con- 
cen t ra t ions  and extents  of  phosphory la t ion .  Clear ly  
wi th  F m decreases  (due to phosphory la t ion )  of  as 
much  as 30% only  margina l  decreases  in F , , / F  m 

result .  In  contrast ,  degrees of  Mg 2÷ deple t ion  

which decreases F m by  less than  20% result  in 
s ignif icant  decreases in F , , / F  m. Phosphory la t ion  at 
low Mg 2+ gives rise to an F v / F  m decrease with the 
s lope  of  that  curve be ing  very s imilar  to that  
ob t a ined  f rom u n p h o s p h o r y l a t e d  samples.  

D i s c u s s i o n  

Data  p resen ted  here subs tan t ia te  the previously  
he ld  no t ion  that  phospho ry l a t i on  has two k inds  of  
effect  on the yield of  PS II  f luorescence.  At  
sa tura t ing  Mg 2÷ decreases  in bo th  F 0 and  F m 
occur.  At  lower Mg 2÷ in add i t ion  to a decrease  in 
F 0, phospho ry l a t i on  br ings  abou t  a bigger  decrease 
in F m, so that  F v / F  m drops .  This  effect of  phos-  
pho ry l a t i on  occurs because  of  an increased Mg 2÷ 
requ i rement  in phosphory l a t ed  membranes  [7]. The 
decrease  in f luorescence due to lowering of Mg 2÷ 
has  genera l ly  been  in te rpre ted  in terms of in- 
creased spi l lover  f rom PS II  to P S I  [18,19]. As 
expected,  preferent ia l  quenching  of  F v results (see 
Tab le  I and  da ta  in Refs. 19 and  20). This is to be 
con t ra s t ed  then with the phosphory la t ion  effect at  
5 m M  Mg 2÷ . The  character is t ics  of  the two effects 
of  phospho ry l a t i on  are seen in the curve in Fig. 3; 
thus, at  high Mg 2+ no F , , / F  m change occurs,  but  
on  lowering Mg 2÷ , decreases are  seen. 

The  difference in character is t ics  of  - M g  2÷ and  
p h o s p h o r y l a t i o n - d e p e n d e n t  f luorescence decrease  
impl ies  a d i f ferent  mechanism.  Such a difference is 
impl ic i t  in the m e m b r a n e  models  of  Barber  [21] 
which ascr ibe the Mg 2÷ effects to screening charges 
on PS I proteins.  Phosphory la t ion ,  of  course is of  



PS II proteins such as LHCP. This will have an 
effect by disturbing the delicate balance of attrac- 
tive and repulsive forces in the stacked membrane 
regions [21]. 

The fluorescence measurements reported here 
and previously [4] are interpretable in terms of 
detachment of LHCP from the granal PS II [4]. As 
proposed by Barber [22], phosphorylated proteins 
might migrate away from the appressed membrane 
regions. This suggestion is supported by loss of 
chlorophyll from stacked regions after phosphory- 
lation [9] and recent structural data indicating 
migration of a 'pool '  of LHCP from the appressed 
membranes (Arntzen, C.J., personal communica- 
tion). 

Detachment of LHCP would, if it became either 
intrinsically non-fluorescent or coupled to PS I, 
give rise to a decrease in F 0, Moreover, the process 
would imply a preferential effect on PS II~ centres 
which are proposed to exist in a statistical pigment 
bed in the appressed membranes. A change in the 
ratio of PS II a to PS II# is caused by phosphoryla- 
tion (Table I and Refs. 5 and 10). It is important 
to note that an increase in flmax in the semiloga- 
rithmic plot of area growth does not necessarily 
imply conversion of PS II~ into PS II#, but could 
equally be accomodated by preferential 'quench- 
ing' of PS II~. Detachment of LHCP should pref- 
erentially remove chlorophyll from PS IIa. Signifi- 
cantly, therefore, our earlier analyses showed that 
the rate of reduction of PS II~ was slower after 
phosphorylation [4]. PS II~ also retained its 
sigmoidicity. Loss of a periperhal amount of LHCP 
need not decrease sigmoidicity. For instance, 
Phormidium PS II particles show sigmoidal induc- 
tion with an antenna size of only 40 chlorophylls 
[12]. A preferential 'quenching' of PS II~ by this 
mechanism might be responsible for the decreased 
proportion of PS II~ seen in the area growth 
curves, although this is difficult to assess because 
of the tendency for a larger area to result from the 
decreased absorption cross-section. Nevertheless, 
the loss of LHCP might also cause a-centres to 
become fl-centres. At present it is hard to dis- 
tinguish between these two notions. Barber has 
suggested that the whole phosphorylated LHCP-PS 
II complex migrates upon phosphorylation [22]; 
this scheme allows for unaltered PS II-PS II inter- 
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action of the a-centres remaining in the stacked 
regions [5] and implies that the displaced PS II 
units are fl-centres. 

The data reported here and in a previous publi- 
cation are at variance with recent data from 
Arntzen and colleagues [10]. The data presented 
here suggest the difference may be biological rather 
than methodological. Thus, under incubation con- 
ditions virtually identical to those described in 
Ref. 10 this difference persists. Moreover, manipu- 
lation of Mg 2+ levels under these conditions gives 
rise to a decreased F v / F  m whereas phosphorylation 
does not. It is interesting that i f  we use 1 mM 
Mg 2÷ the effect of phosphorylation more closely 
resembles that seen by Kyle et al. [10]. Haworth et 
al. [11] have shown that both spillover and the 
initial distribution of quanta between PS II and PS 
I are altered by phosphorylation. Detachment of 
LHCP would only cause a change in the latter 
whereas the former might occur as a result of any 
consequent unstacking. It is possible therefore that 
the contribution from changes in the initial distri- 
bution of quanta and the amount of spillover vary 
in different systems. Specifically, the relative pro- 
portions of PS II, PS I and LHCP could determine 
what the effect of protein phosphorylation on the 
energy-transfer properties will be. Clearly, a com- 
parative study of the effects of protein phosphory- 
lation is warranted. 
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