


This article shows that the activity of the protein kinase is 
regulated by the redox state of plastoquinone. We propose a 
molecular mechanism for state 1-state 2 transitions in vivo that 
is consistent with these data and we argue that the presence of 
cations is merely a prerequisite for these transitions rather than a 
decisive regulatory factor in itself. 

Activation of the thylakoid protein b a s e  
by light and reducing agents 
The protein kinase activity of isolated thylakoids was assayed by 
measuring the transfer of "P from [y-32P]ATP to total 
membrane protein (Table 1). Light stimulated the kinase about 
fourfold compared with a dark-incubated control. The herbicide 
3-(3',4'-dichloropheny1)- l ,  l-dimethylurea (DCMU), which 
blocks electron transport between the primary acceptor (Q) of 
photosystem I1 and plastoquinone, completely abolished the 
stimulatory effect of light. The stimulation could not be restored 
by addition of 2,6-dichlorophenolindophenol (DCPIP) in the 
reduced form (DCPIPH2), which donates electrons to the inter- 
system chain after plastoquinone. Thus, the kinase seemed to be 
stimulated by reduction of certain intersystem electron carriers. 
This idea was supported by the effects of oxidizing and reducing 
agents on kinase activity (Table 1). Ferricyanide and methyl 
viologen accept electrons from photosystem I and consequently 
tend to oxidize the intersystem carriers. These oxidants 
inhibited light-activation of the kinase. In contrast, the low- 
potential reductant d i t h i ~ n i t e ~ ~  activated the kinase in the dark, 
as did tetramethylhydroquinone (TMQH2, a specific donor to 
plastoquinone in the intersystem electron transport  hai in*^'^^). 
Although dithionite was a somewhat more effective activator 
than light, their effects were equivalent rather than additive or 
synergistic. It is likely, therefore, that light and dithionite 
activated the kinase by the same basic mechanism, that is, by 
reduction of the intersystem carriers. 

When activated by light, the protein kinase of the thylakoid 
phosphorylates predominantly the 25,000 MW LHCP16. Figure 
l a  shows that the same protein was phosphorylated when the 
kinase was activated in the dark by dithionite. Dithionite also 
stimulated phosphorylation of the 8,000 MW polypeptide 
reported to be the proton channel of the thylakoid ATP 
synthase2('. In contrast, ferricyanide completely inhibited 
phosphorylation of these thylakoid polypeptides. 

Changes in the distribution of absorbed 
excitation energy 
Bennett et al.2' reported that light-induced protein phos- 
phorylation altered the 77 K chlorophyll fluorescence emission 
spectrum of isolated thylakoids. The finding that emission at 
735 nm (F735; derived mainly from the chlorophylls of pho- 
tosystem I) was increased relative to emission at 685 nm (F<,85; 
derived mainly from light-harvesting chlorophylls associated 
with photosystem 11') was one of several lines of evidence2' 
indicating that protein phosphorylation changed the distribution 
of excitation energy within the pigment bed of the membrane in 
such a way as to favour distribution to photosystem I at the 
expense of photosystem 11. 

If the above conclusion is correct, changes in the distribution 
of absorbed excitation energy should occur whenever the level 
of protein phosphorylation is altered regardless of how the latter 
is brought about. Figure l b  shows that the 77 K chlorophyll 
fluorescence emission spectrum of isolated thylakoids was 
changed by ferricyanide and dithionite in accordance with the 
effects of these reagents on protein phosphorylation. Fer- 
ricyanide inhibited the light-dependent increase in F735 while 
dithionite increased in darkness, thus providing evidence 
for the control of excitation energy distribution by the redox 
state of the electron transport chain. 

Although the dithionite-induced fluorescence change oc- 
curred in the presence of ATP, the data in Fig. 1 do not in 
themselves indicate that the change required ATP or involved 
protein phosphorylation. To explore this point in more detail, 
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Fig. 1 Effects of light, dithionite and ferricyanide on phosphorylation of 
LHCP (a)  and on 77 K fluorescence emission spectrum of thylakoids (b) .  a, 
Thylakoids that had been pre-equilibrated with or without dithionite 
(10 mM) in darkness and with or without ferricyanide (2 mM) in the light 
were incubated with [y-^P]ATP as described in Table 1 legend. Total "P 
incorporation into acid-insoluble material was determined and then each 
sample was subjected to SDS-polyacrylamide gel electrophoresis, followed 
by staining (lane 5) and autoradiography (lanes 1-4). The identities of the 
lanes (together with total protein kinase activity of the thylakoids, expressed 
as a percentage of the light control) are: lane 1, dark +dithionite (124%); 
lane 2, light +ferricyanide (33%); lane 3, dark (16%); lane 4, light (100%). 
The position of the 25,000 MW LHCP is indicated (25 K). b, Thylakoids 
were pre-equilibrated and incubated as described above except that the 
dithionite concentration was 20 mM and the ATP was not radioactive. After 
incubation, thylakoids were quickly diluted 10-fold with a medium contain- 
ing 50 mM Tricine-NaOH (pH 7.6), 30% (v/v) glycerol and 10 mM MgC12 
and then frozen to 77 K. Fluorescence emission spectra were obtained as 
described previously2' using 440Â 10 nm light for excitation. Spectra were 
normalized to give equal relative fluorescence at 685 nm using a Hewlett- 

Packard 9825 computer. 
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be explained as an indirect effect, resulting from the ability of 
reduced ferredoxin to reduce p l a s t o q ~ i n o n e ~ ~ ~ ~ ~ .  We do not 
believe that activation of the thylakoid-bound protein kinase is 
mediated by either the thioredoxin system3' or the 'LEM' 
system3', both of which have been implicated in the control of 
stromal enzyme activity and require electron transport via 
components on the reducing side of photosystem I. 

Regulation of photosynthetic efficiency by 
reversible protein phosphorylation 
The involvement of plastoquinone in the activation of the 
thylakoid protein kinase is probably of fundamental importance 
in the regulation of photosynthesis, for it provides a physiologi- 
cal mechanism for an adaptation which will correct any 
imbalance in the distribution of excitation energy between the 
two photosystems (Fig. 4). 

The operation of this mechanism may be illustrated by 
reference to state 1-state 2 transitions. In green algae and higher 
plants, that is, in photosynthetic organisms containing LHCP, 
exposure to red light (of wavelength <680 nm) will excite 
photosystem I1 to a greater extent than photosystem I, and 
thereby lead to reduction of plastoquinone. The protein kinase 
will then be activated, LHCP will become phosphorylated and 
an increased proportion of absorbed excitation energy will be 
transferred from the light-harvesting complex to photosystem I 
at the expense of photosystem 11. Thus, the biochemical event 
underlying the transition to state 2 is phosphorylation of the 
LHCP. Conversely, under far-red light (of wavelength 
>680 nm), photosystem I will be excited to a greater extent than 
photosystem 11, plastoquinone will be oxidized and the kinase 
will be inactivated. Any phosphorylated LHCP will be dephos- 

Table 2 Effects of light, dithionite, DCMU and ATP on the ratio of 77 K 
fluorescence emissions at 735 nm and 685 nm 

F735/F685 

Incubation conditions* +ATP -ATP 

Dark 
Light 
Dark + dithionite 
Light + dithionite 
Light + DCMU 
Light + DCMU + dithionite 

* As described in Fig. l b  ; DCMU concentration, 10 PM. 
+ Values greater than 1 indicate an ATP-dependent change in excitation energy 

distribution in favour of photosystem I. 

Fig. 4 A model for control of dis- 
tribution of excitation energy in pho- 
tosynthesis, in which reversible phos- 
phorylation of LHC couples the redox 
state of plastoquinone (PQ) to the dis- 
tribution of excitation energy between the 
photosystems. The mechanism we pro- 
pose ensures maximal quantum efficiency 
of non-cyclic electron transport from 
water to NADP, mediated by P680 and 
P700, the reaction centres of photosystem 
I1 (PSII) and photosystem I (PSI), respec- 
tively. Reduction of plastoquinone by 
photosystem I1 leads to  kinase activation 
and LHC phosphorylation, and hence to 
increased excitation of photosystem I. 
Conversely, oxidation of plasto- 
hydroquinone (PQHJ by photosystem I 
inactivates the kinase; the phosphatase 
then dephosphorylates LHC and hence 
excitation of photosystem I1 is increased 
relative to that of photosystem I. Since the 
redox state of plastoquinone will be 
determined in part by the distribution of 
excitation energy between the two pho- 
tosystems, reversible LHC phos- 
phorylation completes a feedback loop by 
means of which any imbalance in this dis- 
tribution will tend to  be self-correcting. 

phorylated by the thylakoid phosphatase and excitation energy 
transfer to photosystem I will be decreased. Thus, the bio- 
chemical event underlying the transition to state 1 is dephos- 
phorylation of the LHCP. 

It has often been suggested that state 1-state 2 transitions 
reflect changes in the cation content of the stroma surround- 
ing the t h y l a k ~ i d s ~ - l l , ~ ~ ,  a suggestion based on the effect of 
cations on the distribution of excitation energy in isolated 
thylakoids9". One problem with this idea is that state 2 tran- 
sitions would have to be correlated with a massive loss of cations 
from the stroma (to either the thylakoid or the cytoplasm), but 
there is no reason to believe that the cation concentration of the 
stroma changes greatly when higher plants or algae are trans- 
ferred from far-red light to red light or vice versa. However, it 
should not be assumed that cations are not involved in the 
regulation of excitation energy distribution in vivo. Two roles 
need to be emphasized. First, cations such as Mg2+ ions are 
required to establish the pattern of excitation energy dis- 
tribution seen in dephosphorylated membranes, including the 
close structural and functional association between the LHCP 
complex and photosystem I110'12'33. The second role for Mg2+ 
ions derives from the fact that these cations are cofactors of both 
the kinase and the phosphatase (Fig. 4)17719720. Thus, the 
presence of cations should be thought of as a prerequisite for 
state 1-state 2 trasitions rather than as a regulatory factor 
per se. 

The mechanism depicted in Fig. 4 provides an explanation for 
the original results of Bonaventura and Myers5 and of Murata6 
and also for more recent contributions to the study of state 
1-state 2 transitions. Several authors have drawn attention to 
the involvement of the high energy state of the membrane in 
these  transition^^'^^*^^. This would certainly be required for the 1 

generation of ATP consumed in protein phosphorylation (tran- 
sition to state 2). D ~ y s e n s ~ ~  suggested that the redox state of a 
component of the intersystem electron transport chain controls 
these transitions. Plastoquinone would clearly fulfil this role. 
Horton and Black3738 have recently established state 1-state 2 
transitions in vitro. The transition to state 2 required ATP and 
was controlled by a membrane-bound factor with the redox 
potential of plastoquinone. The idea that protein phosphorula- 
tion might provide the connection between plastoquinone and 
ATP is fully in agreement with our present results. 

It is important to recognize that state 1-state 2 transitions are 
also observed in organisms that lack LHCP. For example, 
Murata6 and Ried and Reinhardt8 have shown that these tran- 
sitions occur in red algae, which contain phycobiliproteins 
instead of LHCP complexes. Ried and Reinhardt8 conclude 



from their studies that the transitions are controlled by the redox 
state of a component of the intersystem electron transport chain. 
It will be interesting to discover whether state 1-state 2 tran- 
sitions in the red algae are brought about by a mechanism 
analogous to that shown in Fig. 4; that is, a mechanism in which 
reversible phosphorylation of the phycobiliproteins is controlled 
by the redox state of plastoquinone. 
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Note added in proof: Another piece of evidence for the 
mechanism in Fig. 4 has now been obtained. Potentiometric 
redox titrations of plastoquinone, of LHCP phosphorylation 
and of ATP-dependent chlorophyll fluorescence quenching give 
identical results4'. 
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