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Abstract

This study investigated the regulation of the major light harvesting chlorophyll a/b protein (LHCII) phosphorylation in Dunaliella salina

thylakoid membranes. We found that both light and NaCl could induce LHCII phosphorylation in D. salina thylakoid membranes.

Treatments with oxidants (ferredoxin and NADP) or photosynthetic electron flow inhibitors (DCMU, DBMIB, and stigmatellin) inhibited

LHCII phosphorylation induced by light but not that induced by NaCl. Furthermore, neither addition of CuCl2, an inhibitor of cytochrome

b6 f complex reduction, nor oxidizing treatment with ferricyanide inhibited light- or NaCl-induced LHCII phosphorylation, and both salts

even induced LHCII phosphorylation in dark-adapted D. salina thylakoid membranes as other salts did. Together, these results indicate that

the redox state of the cytochrome b6 f complex is likely involved in light- but not salt-induced LHCII phosphorylation in D. salina thylakoid

membranes.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Reversible protein phosphorylation is a general mecha-

nism for signal transduction in eukaryotes and prokaryotes

[1,2], and light-mediated phosphorylation of thylakoid

membrane proteins was originally identified in pea chlo-

roplasts [3]. The main thylakoid phosphoproteins in higher

plants belong to the major light harvesting chlorophyll a/b

proteins (LHCII) and photosystem II (PSII) core proteins

(D1, D2, CP43 and PsbH), although phosphorylation of D1

protein does not occur in green algae [4]. The reversible

phosphorylation of LHCII is generally considered an
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adaptation mechanism aimed at balancing energy distribu-

tion between photosystem I (PSI) and PSII; in the fresh

water green alga, Chlamydomonas, it also serves as means

to reroute the photosynthetic electron flow in response to

cellular demands for ATP [5,6].

PSII protein phosphorylation is generally considered to

be under redox-control, although different proteins follow

distinct regulatory patterns in details [4–7]. Electron transfer

inhibitor experiments and mutant plant studies have

indicated that reduction of the plastoquinone pool is a key

regulatory step for the phosphorylation of PSII core

proteins, whereas LHCII phosphorylation additionally

requires reduction of the cytochrome b6 f complex [8–13].

Specifically, plastoquinol occupation of the quinol oxidase

(Qo) site of the cytochrome b6 f complex and transient

structural changes of the Rieske iron–sulfur protein are

directly related to kinase activation [14–19]. Additionally,

light-induced exposure of the phosphorylation site of the

chlorophyll-protein (LHCII, CP43) also modulates the

thylakoid protein phosphorylation [20–22].
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Dunaliella salina is a unicellular green alga that lacks a

rigid cell wall and is distinguished by its ability to adapt to a

wide range of NaCl concentrations through accumulation of

intracellular glycerol [23,24]. We have found that NaCl could

induce LHCII phosphorylation in dark-adapted D. salina

thylakoid membranes, but that in spinach thylakoid mem-

branes, NaCl did not induce LHCII phosphorylation in the

dark, and even inhibited light-induced LHCII phosphoryla-

tion [25]. Here, we studied the possible role of the

cytochrome b6 f complex in NaCl-induced LHCII phos-

phorylation in D. salina thylakoid membranes by investigat-

ing the effects of oxidants and inhibitors of cytochrome b6 f

complex reduction. New insights into this system could

greatly improve our overall understanding of the LHCII

phosphorylation mechanism.
Fig. 1. Light and NaCl induce LHCII phosphorylation in D. salina

thylakoid membranes. Thylakoid membrane proteins from dark-adapted D.

salina were phosphorylated at 25 8C for 20 min in the dark in the absence

(CD, lane 1) or presence of 400 AM ATP (CATP, lane 2), or incubated in the

presence of ATP either in the light (about 200 Amol photons m�2 s�1)

(Light, lane 3) or in darkness with the addition of 0.3 M NaCl (NaCl, lane

4). The positions of phosphorylated LHCII proteins recognized by the P-

Thr antibody are indicated.
2. Materials and methods

2.1. Plants

D. salina cells were grown in an artificial hypersaline

medium containing 1.5 M NaCl, as previously described

[26]. When the chlorophyll concentration was about 12 Ag/
ml, as determined by the method of Arnon [27], D. salina

cells were dark-adapted for about 3 h, and then collected for

experiments.

2.2. Phosphorylation of thylakoid proteins in vitro

Thylakoid membranes were isolated according to the

method of Kim et al. [28]. The collected dark-adapted

D. salina cells was suspended in sonication buffer (100 mM

Tris–HCl, pH 6.8, 5 mM MgCl2, 0.2% polyvinyl pyrroli-

done K30, 3 mM aminocaproic acid, 1 mM aminobenza-

midine and 0.2 mM phenylmethanesulfonyl fluoride), and

then disrupted by sonication for 90 s. Unbroken cells and

other large fragments were removed by centrifugation at

3000�g for 3 min at 4 8C. To avoid the aggregation of

thylakoid membranes and to maintain the activity of LHCII

kinase, the thylakoid membrane-containing supernatant

(less than 0.5 ml) was diluted to 50 Ag chlorophyll/ml with

20-ml phosphorylation reaction medium (50 mM Tris–HCl,

pH 8.0, 10 mM MgCl2, 10 mM NaF and 400 AM ATP) for

thylakoid protein phosphorylation either in the light (about

200 Amol photons m�2 s�1) or in darkness in the presence

of 0.3 M NaCl [16,25]. These mixtures were incubated for

20 min at 25 8C in the presence of one of the following

reagents: 10 AM 3-(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU) (Sigma), 5 AM 2,5-dibromo-3-methyl-6-isopro-

phyl-p-benzoquinone (DBMIB) (Sigma), 5 AM stigmatellin

(Fluka), 50 AM CuCl2, 10 mM ferricyanide (FeCy) or 5 AM
ferredoxin (Fd) (Sigma) and 2 mM NADP. Samples were

then centrifuged at 40000�g for 20 min at 4 8C, and the

pellets were resuspended in sonication buffer at 1 mg

chlorophyll/ml.
2.3. Thylakoid membrane protein analysis and

immunoblotting

Thylakoid membranes were solubilized in 0.5 M Tris–

HCl (pH 6.8), 7% SDS, 20% glycerol and 2 M urea, and

then incubated at 50 8C for 30 min. Unsolubilized materials

were removed by centrifugation at 3000�g for 5 min [28].

Thylakoid membrane proteins were resolved by SDS-PAGE

(15% acrylamide, 0.5% bisacrylamide and 4 M urea [28])

using 0.75�6�8-cm slabs on a miniprotein three-cell

system (Bio-Rad), with each sample containing 2.5-Ag
chlorophyll. The separated polypeptides were electro-

phoretically transferred to Hybondk ECLk nitrocellulose

membranes (Amersham Pharmacia) with a semi-dry transfer

cell (Amersham Pharmacia) for immunoblot analysis.

Phosphorylated thylakoid membrane proteins were detected

with rabbit polyclonal phosphothreonine (P-Thr) antibody

(Zymed), since PSII core phosphoproteins and LHCII

proteins are known to be phosphorylated at an N-terminal

threonine residue [29].
3. Results

3.1. Both light and NaCl induce LHCII phosphorylation in

D. salina thylakoid membranes

Previous reports indicated that dark-adapted D. salina

[26,30] and Chlamydomonas [12,18,19,31,32] cells retain

substantial LHCII phosphorylation levels, probably due to

the plastoquinone pool, which is partially reduced by

chlororespiration in green algae [33,34]. In this work, we

observed the presence of LHCII phosphorylation in dark-

adapted D. salina thylakoid membranes (Fig. 1, lane 1).

There was no increase in LHCII phosphorylation levels in

D. salina membranes following the addition of ATP to

the protein phosphorylation medium in darkness (Fig. 1,

lane 2), indicating that LHCII phosphorylation was

inactive in dark-adapted D. salina thylakoid membranes.

Consistent with our previous observation, not only light

but alsoNaCl could induce LHCII phosphorylation in isolated

D. salina thylakoid membranes (Fig. 1, lanes 3 and 4). This



Fig. 3. Effects of CuCl2 on LHCII phosphorylation in D. salina thylakoid

membranes. Thylakoid membrane proteins from dark-adapted D. salina

were phosphorylated at 25 8C for 20 min in the absence (lanes 1, 3 and 5) or

in the presence (lanes 2, 4, and 6) of 50 AM CuCl2 in dark (lanes 1 and 2) or

light (about 200 Amol photons m�2 s�1) (lanes 3 and 4) conditions or in

darkness with addition of 0.3 M NaCl (lanes 5 and 6). CD indicates the dark

control; CL and CN indicate the light- and NaCl-induced LHCII

phosphorylation, respectively. The positions of phosphorylated LHCII

proteins recognized by the P-Thr antibody are indicated.
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phenomenon is interesting, since LHCII phosphorylation in

vitro is generally considered to be light-dependent.

3.2. Effects of photosynthetic electron flow inhibitors on

light- or NaCl-induced LHCII phosphorylation in D. salina

thylakoid membranes

The QB site-specific inhibitor DCMU blocks light-

dependent plastoquinone reduction by PSII [9,10]. The

quinone analog DBMIB binds the Qo pocket of the

cytochrome b6 f complex and competes with plastoquinone,

thus preventing reduction of the cytochrome b6 f complex

[35–37]. Stigmatellin binds at the Qo site near the Rieske

center and blocks electron transfer by fixing the iron–sulfur

protein in an inflexible conformation [35,37–40]. To

investigate the possible role of intersystem electron carriers

in the observed light- and NaCl-induced phosphorylations,

we examined the effects of these inhibitors. As observed in

isolated thylakoid membranes from pea [8,9], spinach

[13,16] or Acetabularia [14], these inhibitors could abolish

light-induced LHCII phosphorylation in D. salina thylakoid

membranes (Fig. 2A). However, in terms of NaCl-induced

LHCII phosphorylation in D. salina thylakoid membranes,

they had no inhibitory effect (Fig. 2B). These results

suggest that light and NaCl affect LHCII phosphorylation in

D. salina thylakoid membranes via different pathways and/

or mechanisms.

Recently, Cu2+ was found to bind at a site distant from

the Qo site and inhibit plastoquinol binding by restraining

the hydrophilic head domain of the iron–sulfur protein of

the cytochrome b6 f complex [40,41]. To further investigate

NaCl-induced LHCII phosphorylation, protein phosphory-

lation was carried out in the presence of 50 AM CuCl2.

Interestingly, this cytochrome b6 f complex reduction inhib-
Fig. 2. Effects of DCMU, DBMIB and stigmatellin on (A) light- and (B)

NaCl-induced LHCII phosphorylation in D. salina thylakoid membranes.

Thylakoid membrane proteins from dark-adapted D. salina were phos-

phorylated at 25 8C for 20 min in the light (about 200 Amol photons m�2

s�1) (A) or in darkness with the addition of 0.3 M NaCl (B) in the absence

or presence of 10 AM DCMU (DCMU, lane 3), 5 AM DBMIB (DBMIB,

lane 4) or 5 AM stigmatellin (Stig, lane 5). CD (A and B, lane 1) indicates

the dark control; CL (A, lane 2) and CN (B, lane 2) indicate the light- and

NaCl-induced LHCII phosphorylation, respectively. The positions of

phosphorylated LHCII proteins recognized by the P-Thr antibody are

indicated.
itor induced LHCII phosphorylation efficiently in dark-

adapted D. salina thylakoid membranes (Fig. 3, lanes 1

and 2). Furthermore, CuCl2 even enhanced both light-

(Fig. 3, lanes 3 and 4) and NaCl-induced LHCII

phosphorylations (Fig. 3, lanes 5 and 6).

3.3. Effects of oxidants on light- or NaCl-induced LHCII

phosphorylation in D. salina thylakoid membranes

To further determine the role of the redox state of electron

carriers, we tested the effects of oxidizing treatments on

NaCl-induced LHCII phosphorylation. Fig. 4 shows that

treatment with ferredoxin and NADP+, which oxidizes the

cytochrome b6 f complex [16], inhibited light-induced LHCII

phosphorylation (Fig. 4A) but not NaCl-induced LHCII

phosphorylation (Fig. 4B). However, while 0.1 mM ferri-

cyanide was reported to fully oxidize both cytochrome f and

the iron–sulfur redox center of the Rieske protein [41], this

oxidant induced LHCII phosphorylation in isolatedD. salina

thylakoid membranes even at a concentration of 10 mM

(Fig. 5, lanes 1 and 2). Furthermore, it did not abrogate NaCl-
Fig. 4. Effects of ferredoxin and NADP on (A) light- and (B) NaCl-induced

LHCII phosphorylation in D. salina thylakoid membranes. Thylakoid

membrane proteins from dark-adapted D. salina were phosphorylated at

25 8C for 20 min in the light (about 200 Amol photons m�2 s�1) (A) or in

darkness with the addition of 0.3 M NaCl (B) in the absence or presence of

5 AM ferredoxin and 2 mM NADP (Fd+NADP, lane 3). CD (A and B,

lane 1) indicates the dark control; CL (A, lane 2) and CN (B, lane 2)

indicates the light- and NaCl-induced LHCII phosphorylation, respectively.

The positions of phosphorylated LHCII proteins recognized by the P-Thr

antibody are indicated.



Fig. 5. Effects of ferricyanide on LHCII phosphorylation in D. salina

thylakoid membranes. Thylakoid membrane proteins from dark-adapted D.

salina were phosphorylated at 25 8C for 20 min in the absence (lanes 1, 3

and 5) or in the presence (lanes 2, 4 and 6) of 10 mM ferricyanide in dark

(lanes 1 and 2) or light (about 200 Amol photons m�2 s�1) (lanes 3 and 4)

conditions or in darkness with addition of 0.3 M NaCl (lanes 5 and 6). CD

indicates the dark control; CL and CN indicate the light- and NaCl-induced

LHCII phosphorylation, respectively. The positions of phosphorylated

LHCII proteins recognized by the P-Thr antibody are indicated.
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induced LHCII phosphorylation and even stimulated light-

induced LHCII phosphorylation in D. salina thylakoid

membranes (Fig. 5, lanes 3–6). These results contrast sharply

with the previously reported inhibitory effects of ferricyanide

on light- and low pH-induced LHCII phosphorylation in

isolated thylakoid membranes from other species, and LHCII

phosphorylation in Acetabularia mediterranea thylakoid

membranes [8,14–17].
4. Discussion

Since the discovery of thylakoid membrane protein

phosphorylation, LHCII phosphorylation in vitro has tradi-

tionally been induced by light [8–11,13]. Electron flow

inhibitor studies have indicated that light activates the

protein kinase via reduction of electron carriers, not through

direct kinase excitation [8–11,13]. As observed in other

species [8,9,13,14,16], here we observed that treatments

with oxidants (ferredoxin and NADP) or photosynthetic

electron flow inhibitors (DCMU, DBMIB or stigmatellin)

inhibited light-induced LHCII phosphorylation in D. salina

thylakoid membranes, indicating that plastoquinone and the

cytochrome b6 f complex are involved in light-induced

activation of LHCII kinase; this is consistent with the most

widely accepted redox-controlled regulation mechanism.

In contrast, LHCII phosphorylations have been reported in

some dark-adapted organisms in vitro. In A. mediterranea,

thylakoid membrane LHCII phosphorylation activity persists

in darkness for hours [14,15], and a low pH-induced LHCII

phosphorylation was reported to occur in darkness in spinach

thylakoid membranes [16,17]. Both of these dark LHCII

phosphorylations are insensitive to PSII-dependent plasto-

quinone reduction inhibitors, but are sensitive to oxidants and

inhibitors of cytochrome b6 f complex reduction [14–17].

These results lead to the suggestion that the kinase is activated

and maintained in its active state as long as plastoquinol is

bound (but not oxidized) at the Qo site of the cytochrome b6 f

complex. Unlike the case in A. mediterranea thylakoid

membranes, the present study showed that D. salina

thylakoid membranes had no LHCII phosphorylation activity

in darkness. DCMU treatment did not inhibit NaCl-induced

LHCII phosphorylation in dark-adapted D. salina thylakoid
membranes, indicating that the PSII-dependent induction of

plastoquinone is not related to the phosphorylation process.

Furthermore, neither oxidants (NADP and ferredoxin) nor

cytochrome b6 f complex reduction inhibitors (DBMIB,

stigmatellin) inhibited NaCl-induced LHCII phosphorylation

in darkness, indicating that this process differs from light- and

low pH-induced LHCII phosphorylation, and from LHCII

phosphorylation in A. mediterranea thylakoid membranes.

Contrary to the widely accepted theory of redox-controlled

regulation mechanisms, our results indicate that the redox

state of the cytochrome b6 f complex is likely not involved in

NaCl-induced LHCII phosphorylation.

We have previously reported that LiCl, NaCl, KCl,

NaNO3, CaCl2, MgCl2, but not glyclerol, could induce

LHCII phosphorylation in dark-adapted D. salina thylakoid

membranes, which led to the suggestion that it is ions that

mediate NaCl-induced LHCII phosphorylation. Notably,

here we observed that neither addition of CuCl2, an inhibitor

of cytochrome b6 f complex reduction, nor oxidizing treat-

ment with ferricyanide inhibited light- or NaCl-induced

LHCII phosphorylation, and both salts even induced LHCII

phosphorylation in dark-adapted D. salina thylakoid mem-

branes as other salts did. All these results indicate that salt

affects on LHCII phosphorylation in a more direct way than

light does, and the redox state of the cytochrome b6 f

complex is irrelevant to the process. One possible explan-

ation is that salt might interact directly with LHCII kinase in

D. salina resulting in a conformational change from the

inactive to active state. However, further experiments will

be necessary to assess these points.

We have previously reported that salt induces LHCII

phosphorylation in D. salina in light or dark conditions but

not in spinach thylakoid membranes [25]. The present study

further shows that salt affects LHCII phosphorylation

through a redox-independent way, which is different from

the well-characterized light-induced redox-dependent effect.

Salt-induced LHCII phosphorylation is expected to act as

an adaptation mechanism to hypersaline environmental

conditions.
Acknowledgements

The authors wish to thank Professor Jia-Mian Wei for

critical comments on the manuscript. This work was

supported by the State Key Basic Development Plan

Program.
References

[1] S.K. Hanks, A.M. Quinn, T. Hunter, The protein kinase family:

conserved features and deduced phylogeny of the catalytic domains,

Science 241 (1988) 42–52.

[2] C.J. Bakal, J.E. Davies, No longer an exclusive club: eukaryotic

signaling domains in bacteria, Trends Cell Biol. 10 (2000) 32–38.

[3] J. Bennett, Phosphorylation of chloroplast membrane polypeptides,

Nature 269 (1977) 344–346.



X.-D. Liu, Y.-G. Shen / Biochimica et Biophysica Acta 1706 (2005) 215–219 219
[4] E. Rintam7ki, E.M. Aro, Phosphorylation of photosystem II proteins,

in: E.M. Aro, B. Andersson (Eds.), Regulation of photosynthesis,

Kluwer Academic Publishers, The Netherlands, 2001, pp. 395–418.

[5] F.A. Wollman, State transitions reveal the dynamics and flexibility of

the photosynthetic apparatus, EMBO J. 14 (2001) 3623–3630.

[6] J.D. Rochaix, Chlamydomonas, a model system for studying the

assembly and dynamics of photosynthetic complexes, FEBS Lett. 529

(2002) 34–38.

[7] S. Pursiheimo, P. Martinsuo, E. Rintam7ki, E.M. Aro, Photosystem II

protein phosphorylation follows four distinctly different regulator

patterns induced by environmental cues, Plant Cell Environ. 26 (2003)

1995–2003.

[8] J.F. Allen, J. Bennett, K.E. Steinback, C.J. Arntzen, Chloroplast

protein phosphorylation couples plastoquinone redox state to distri-

bution of excitation energy between photosystems, Nature 291 (1981)

25–29.

[9] J.F. Allen, J. Bennett, Photosynthetic protein phosphorylation in intact

chloroplasts: inhibition by DCMU and by the onset of CO2 fixation,

FEBS Lett. 123 (1981) 67–70.

[10] J. Bennett, E.K. Shaw, S. Barkes, Phosphorylation of thylakoid proteins

and synthetic peptides analogs: differential sensitivity to inhibition by a

plastoquinone antagonist, FEBS Lett. 210 (1987) 22–26.

[11] A. Gal, Y. Shahak, G. Schuster, I. Ohad, Specific loss of LHCII

phosphorylation in Lemna mutant 1073 lacking the cytochrome b6 f

complex, FEBS Lett. 221 (1987) 205–210.

[12] C. Lemaire, F.A. Wollman, Studies on kinase-controlled state

transitions in photosystem II and b6 f mutants from Chlamydomonas

reinhardtii which lack quinone-binding proteins, Biochim. Biophys.

Acta 933 (1988) 85–94.

[13] J. Bennett, E.K. Shaw, H. Michel, Cytochrome b6 f complex is

required for phosphorylation of light-harvesting chlorophyll a/b

complex II in chloroplast photosynthetic membranes, Eur. J. Biochem.

171 (1988) 95–100.

[14] A. Gal, G. Schuster, D. Frid, O. Canaani, H.G. Schwieger, I. Ohad,

Role of the cytochrome b6 f complex in the redox-controlled activity

of Acetabularia thylakoid protein kinase, J. Biol. Chem. 263 (1988)

7785–7791.

[15] D. Frid, A. Gal, W. Oettmeier, G. Hauska, S. Brger, I. Ohad, The

redox-controlled light-harvesting chlorophyll a/b protein kinase:

deactivation by substituted quinines, J. Biol. Chem. 267 (1992)

25908–25915.

[16] A.V. Vener, P.J.M. van Kan, A. Gal, B. Andersson, I. Ohad,

Activation/deactivation cycle of redox-controlled thylakoid protein

phosphorylation: role of plastoquinol bound to the reduced cyto-

chrome bf complex, J. Biol. Chem. 270 (1995) 25225–25232.

[17] A.V. Vener, P.J.M. van Kan, P.R. Rich, I. Ohad, B. Andersson,

Plastoquinol at the quinol oxidation site of reduced cytochrome bf

mediates signal transduction between light and protein phosphoryla-

tion: thylakoid protein kinase deactivation by a single-turnover flash,

Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 1585–1590.

[18] F. Zito, G. Finazzi, R. Delosme, W. Nitschke, D. Picot, F.A. Wollman,

The Qo site of cytochrome b6 f complexes controls the activation of

the LHCII kinase, EMBO J. 18 (1999) 2961–2969.

[19] G. Finazzi, F. Zito, R.P. Barbagallo, F.A. Wollman, Contrasted effects

of inhibitors of cytochrome b6 f complex on state transitions in

Chlamydomonas reinhardtii, J. Biol. Chem. 276 (2001) 9770–9774.

[20] H. Zer, M. Vink, N. Keren, H.G. Dilly-Hartwig, H. Paulsen, R.G.

Herrmann, B. Andersson, I. Ohad, Regulation of thylakoid protein

phosphorylation at the substrate level: reversible light-induced

conformational changes expose the phosphorylation site of the light-

harvesting complex II, Proc. Natl. Acad. Sci. U. S. A. 96 (1999)

8277–8282.

[21] M. Vink, H. Zer, R.G. Herrmann, B. Andersson, I. Ohad, Regulation

of photosystem II core proteins phosphorylation at the substrate

level: light induces exposure of the CP43 chlorophyll a protein

complex to thylakoid protein kinase(s), Photosynth. Res. 64 (2000)

209–219.
[22] H. Zer, M. Vink, S. Shochat, R.G. Herrmann, B. Andersson, I. Ohad,

Light affects the accessibility of the thylakoid light harvesting

complex II (LHCII) phosphorylation site to the membrane protein

kinase(s), Biochemistry 42 (2003) 728–738.

[23] A. Ben-Amotz, M. Avron, The role of glycerol in the osmotic

regulation of the halophilic alga Dunaliella parva, Plant Physiol. 51

(1973) 875–878.

[24] U. Pick, L. Darni, M. Avron, Determination of ion content and ion

fluxes in the halotolerant alga Dunaliella salina, Plant Physiol. 81

(1986) 92–96.

[25] X.D. Liu, Y.G. Shen, NaCl-induced phosphorylation of light harves-

ting chlorophyll a/b proteins in thylakoid membranes from the

halotolerant green alga, Dunaliella salina, FEBS Lett. 569 (2004)

337–340.

[26] X.D. Liu, Y.G. Shen, Hypoosmotic shock induces a state I transition

of photosynthetic apparatus in Dunaliella salina, Chin. Sci. Bull. 49

(2004) 672–675.

[27] D.I. Arnon, Copper enzymes in isolated chloroplasts. Polyphenolo-

xidase in Beta vulgaris, Plant Physiol. 24 (1949) 1–15.

[28] J.H. Kim, J.A. Nemson, A. Melis, Photosystem II reaction center

damage and repair in Dunaliella salina (Green Alga). Analysis under

physiological and irradiance-stress conditions, Plant Physiol. 103

(1993) 181–189.

[29] E. Rintam7ki, M. Salonen, U.M. Suoranta, I. Carlberg, B. Andersson,

E.M Aro, Phosphorylation of light-harvesting complex II and photo-

system II core proteins shows different irradiance-dependent regulation

in vivo. Application of phosphothreonine antibodies to analysis of

thylakoid phosphoproteins, J. Biol. Chem. 272 (1997) 30476–30482.

[30] M.A. Harrison, J.F. Allen, Differential phosphorylation of individual

LHC-II polypeptides during short-term and long-term acclimation to

light regime in the green alga Dunaliella salina, Biochim. Biophys.

Acta 1141 (1993) 37–44.

[31] F.A. Wollman, P. Delepelaire, Correlation between changes in light

energy distribution and changes in thylakoid membrane polypeptide

phosphorylation in Chlamydomonas Reinhardtii, J. Cell Biol. 98

(1984) 1–7.

[32] R. Morgan-Kiss, A.G. Ivanov, N.P.A. Huner, The Antarctic psychro-

phile, Chlamydomonas subcaudata, is deficient in state I-state II

transitions, Planta 214 (2002) 435–445.

[33] P. Bennoun, Evidence for a respiration chain in the chloroplast, Proc.

Natl. Acad. Sci. U. S. A. 79 (1982) 4352–4356.

[34] P. Bennoun, Chlororespiration revisited: mitochondrial-plastic inter-

action in Chlamydomonas, Biochim. Biophys. Acta 1186 (1994)

59–66.

[35] R. Malkin, Interaction of stigmatellin and DNP-INT with the Rieske

iron–sulfur center of the chloroplast cytochrome b6 f complex, FEBS

Lett. 208 (1986) 317–320.

[36] B. Schoepp, M. Brugna, A. Riedel, W. Nitschke, D. Kramer, The

Qo-site inhibiter DBMIB favours the proximal position of the

chloroplast Rieske protein and induces a pK-shift of the redox-linked

proton, FEBS Lett. 450 (1999) 245–250.

[37] A.G. Roberts, D.M. Kramer, Inhibitor bdouble occupancyQ in the Qo

site pocket of the chloroplast cytochrome b6 f complex, Biochemistry

40 (2001) 13407–13412.

[38] A. Riedel, A.W. Rutherford, G. Hauska, A. Mqller, W. Nitschke,

Chloroplast Rieske center: EPR study on its spectral characteristics,

relaxation and orientation properties, J. Biol. Chem. 266 (1991)

17838–17844.

[39] C. Breyton, Conformational changes in the cytochrome b6 f complex

induced by inhibitor binding, J. Biol. Chem. 275 (2000) 13195–13201.

[40] A.G. Roberts, M.K. Bowman, D.M. Kramer, Certain metal ions are

inhibitors of cytochrome b6 f complex bRieskeQ iron–sulfur protein

domain movements, Biochemistry 41 (2002) 4070–4079.

[41] B.K.S. Rao, A.M. Tyryshkin, A.G. Roberts, M.K. Bowman, D.M.

Kramer, Inhibitory copper binding site on the spinach cytochrome b6 f

complex: implication for Qo site catalysis, Biochemistry 39 (2000)

3285–3296.


	Salt-induced redox-independent phosphorylation of light harvesting chlorophyll a/b proteins in Dunaliella salina thylakoid membranes
	Introduction
	Materials and methods
	Plants
	Phosphorylation of thylakoid proteins in vitro
	Thylakoid membrane protein analysis and immunoblotting

	Results
	Both light and NaCl induce LHCII phosphorylation in D. salina thylakoid membranes
	Effects of photosynthetic electron flow inhibitors on light- or NaCl-induced LHCII phosphorylation in D. salina thylakoid membranes
	Effects of oxidants on light- or NaCl-induced LHCII phosphorylation in D. salina thylakoid membranes

	Discussion
	Acknowledgements
	References


