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1. Introduction

Thylakoid membranes exhibit protein kinase activity which is activated by
photochemical or chemical reduction of the plastoquinone pool (1,2). The major
endogenous substrate for this activity is the light-harvesting chlorophyll a/b binding
protein of photosystem II (LHCID), which is phosphorylated by the LHCII-kinase.
Besides LHCH, several other thylakoid proteins are phosphorylated: D1/D2, CP43, the
psbH gene product (9 kDa phosphoprotein) and several unidentified phosphoproteins.

The site of redox control of the activity(ies) of kinase(s) can be localized to the
cytochrome bg/f complex. Direct evidence that redox activation of the LHCII kifiase
requires participation of the cyt by/f complex was obtained from studies of a cyt by/f-
deficient mutants of Chlamydomonas (3), maize (4) and Lemna (5). However, the
mechanism of the activation of the LHCII kinase via the cyt be/f complex is unknown.

In thylakoid membranes the cyt by/f complex functions by transferring electrons
from plastoquinol to plastocyanin, and protons are translocated across the membrane
(6). There are two quinone binding sites in the cyt by/f complex, the Q, and Q; site,
which are the sites of proton output and input, respectively. There are several reports
on the effect of different inhibitors of the cyt by/f complex on the phosphorylation of
thylakoid membranes (4,8). In most works the investigations of the inhibitory effects
were confined to LHCII and the 9 kDa polypeptide.

We carried out a systematic investigation of the effect of Q, site inhibitors
(DBMIB, stigmatellin, bromanil) and @, site inhibitors (HQNO, MOA-stilbene) on the
phosphorylation of the seven most intensely labelled phosphoproteins, LHCII, D1/D2,
and the 56, 43, 20, 18 and 9 kDa proteins. The results show that all the Q, site
inhibitors have inhibitory effect on the thylakoid protein phosphorylation, whereas all
the Q; site inhibitors exhibit no inhibitory effect and some of them even slightly
stimulate the phosphorylation. Our results indicate that the Q, site or cyt bg or any
component in the complex which locates between these two sites in the electrontransport
chain is responsible for the redox conirol of the thylakoid protein phosphorylation.
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2. Experimental Procedures

Pea thylakoid membranes were isolated according to Harrison et al. (9).

Protein kinase reactions were initiated by addition of P ATP to a final
concentration of 0.2 mM, specific activity of 100 uCi/uM ATP in a reaction medium
containing 50 mM Hepes, 5 mM MgCl;, 5 mM NaCl, 5 mM NH,CL, 0.1 M sorbitg)
and the inhibitors dissolved in 95 % ethanol (final ethanol concentration did not exceed
5 %). The protein kinase was activated by light. Phosphorylation reactions were
terminated with ice cold 80 % acetone after 5 min. SDS-PAGE was performed on [2-
25 % gradient gels according to Laemmb (10). Quantitation of the *?P-labelled bands
of SDS-gels were performed by phosphorimaging with a Fuji BAS2000 Bio-Imaging
Analyzer. Background labelling was substracted for each lane.

3. Results and Discussion
In accordance. with earlier reports (cf. 2) we found that DBMIB at 3pM almost

fully inhibited the phosphorylation of LHCI, whereas the sensitivity of the 9 kDa
phosphoprotein was significantly lower.
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Our data show that the inhibition of the 56 kDa protein by 3M DBMIB closely
resembles that of LHCII, whereas D1/D2, the 43 and 20 kDa proteins exhibit lower
sensitivity. The 18 kDa protein appears to be largely insensitive to DBMIB. {The
phosphorylation of this polypeptide was also insensitive to DCMU (data not shown).)
Typical titration curves of different phosphoproteins, representatives of these three groups
- are shown in Fig. 1A.

Phosphorylation of LHCII and the 56 kDa protein could very effectively be
inhibited with stigmatellin, which is a potent antibiotic inhibitor of the cyt by/f complex
at the Q, site (11) (Fig. 1B). With both DBMIB and stigmatellin the Iso values for
inhibition of phosphorylation were considerably higher than those for inhibition of the cyt
be/f complex where L5, values were around 50 nM (11,12). Similar shifts of the inhibition
of the LHCII kinase was observed earlier with DCMU (cf. 2).

The phosphorylation of the second group of proteins (D1/D2, and the 43, 20 and
9 kDa proteins), which was less sensitive to inhibition by DBMIB than that of LHCII and
the 56 kDa protein, was also less sensitive to inhibition with stigmatellin and the 18 kDa
protein was the most insensitive polypeptide (data not shown).

Bromanil, which is a halogenated 1,4-benzoquinone and an efficient inhibitor at
the Q, site (12), inhibited the phosphorylation of all phosphoproteins except the 18 kDa
protein, the phosphorylation of which was significantly stimulated (Fig. 1C). It must be
noted, however, that at the concentration of half inhibitory effect, due to a covalent
binding of bromanil to the thylakoids, the electron transport is inhibited irreversibly (13).
This may explain why, with this inhibitor, no distinction could be made between the first
and second group of phosphoproteins.
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HQNO, which is a quinone analogue inhibiting at the Q, site (14), enhanced
significantly the phosphoryiation of LHCIHI and other phosphoproteins of the thylakoid
membrane (Fig. 2A). HQNO has been shown to raise the midpoint potentials of the cyt
b563 molecules from -150 and - 30 mV to -34 and +57 mV, respectively (15), and to
significantly enhance the photoreduction of cyt b563 (13). Earlier, HQNO was reported
not to affect phosphorylation (4). On the other hand NQNO, which inhibits at the same
site (12), has been shown to enhance phosphorylation of LHCII by 40% (8).

MOA-stilbene, which is a recently introduced Q-site inhibitor (6), proved to be
ineffective in the phosphorylation of thylakoid membrane proteins (Fig. 2B). In contrast
with HONO, this inhibitor does not alter the redox potentials of cyt b563, and only
slightly enhances the reduction of these molecules (6).

In summary, our analysis of the effect of different inhibitors of the cyt by/f
complex on the seven most intensely phosphorylated polypeptides, shows that the
phosphorylation of the proteins, with the exception of the 18 kDa protein, can efficiently
be inhibited by Q, site inhibitors, whereas Q; site inhibitors were either ineffective or
enhance the phosphorylation. Thus, it is concluded that the redox control of the
phosphorylation of the thylakoid membranes is found at the Q, site itself, cyt b, or any
other component between Q, and Q, sites of the cyt by/f complex.
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