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ABSTRACT: Reversible phosphorylation of chlb protein complex Il (LHCII), the mobile light-harvesting
antenna, regulates its association and energy transfer/dissipation to photosystem (PS) Il or | (state transition).
Excitation of LHCII induces conformational changes affecting the exposure of the phosphorylation site
at the N-terminal domain to protein kinase(s) [Zer, H., et al. (199@)c. Natl. Acad. Sci. U.S.A. 96
8277-8282; Zer, H., et al. (200Biochemistry 42728-738]. Thus, it was of interest to examine whether

the pigment composition of LHCII affects the light-induced modulation of LHCII phosphorylation and
state transition. To this end, we have used thylakoids of wild-t@béamydomonas reinhardtind
xanthophyll deficient mutantspql, lorl, npg2 npql lorl, andnpg?2 lorl Phosphorylated protein bands

P11, P13, and P17 are considered components of the n@bikgnhardtii LHCII complex. The protein
composition of these bands has been analyzed by mass spectrometry using Qtof-2 with a nanospray
attachment. P11 and P13 contd&n reinhardtii light-harvesting chlorophylb/b binding protein Lhcll

type I. P17 contain€. reinhardtii Lhcll types Il and IV. lllumination of isolated thylakoids inhibits the
redox-controlled phosphorylation of polypeptide bands P13 and P17 and to a lower extent that of P11.
The light-induced inhibition of LHCII phosphorylation and the state transition process are not influenced
by extensive differences in the xanthophyll composition of the mutants. Thus, LHCII can be visualized
as possessing two functionally distinct, independent domains: (i) the pigment binding transmembrane
domain regulating the extent of energy transfer/dissipation and (ii) the surface-exposed phosphorylation
site regulating the association of LHCII with PSII or PSI.

Light absorption driving the photosynthetic electron term range (days) through controlled expression oftiob1
transfer and related energy storage may be harmful to theand |hcb2 genes encoding light-harvesting complex I
photosynthetic apparatus when the excitation rate exceedgLHCII) (2) and activation of proteolysis of light-harvesting
the rate of its utilization for photochemistry. Photosystem Il antenna proteinsS(-5). Dissipation of excess absorbed light
(PSII} is particularly prone to light-dependent oxidative via non-photochemical quenching (NPQ) of chlorophyll
damage 1). Light absorption can be regulated on a long- fluorescence§, 7) lowers the light stress on a short time
scale. The major and fast energy-dependent NRRrin)
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to the stroma, thus enhancing the rate of cyclic electron flow thylakoids and detached pea leaved3)( These results
and ATP synthesisl§). suggest an additional mode of light regulation of LHCII
A decrease in the lumenal pH induces gE through phosphorylation. The questions of whether alteration of the
protonation of PSII proteins and activation of reversible xanthophyll composition that may affect the properties of
interconversion of violaxanthin to form antheraxanthin and the transmembrane domain of the LHCII compl&4,(35)
zeaxanthin (the xanthophyll cycl€, 10). These pigments  may influence the light-induced modulation of the LHCII
promote thermal energy dissipation, thus reducing the rateexposure to protein kinase(s) and the state transition arise.

of generation of triplet chlorophyll and related formation of In this work, we have addressed this question using the
harmful 'O,. Together, changes in the relative amount of wild-type (wt) unicellular green alg@&hlamydomonas rein-
various xanthophylls and the protonation of specific sites in hardtii and mutants impaired in the pathways of xanthophyll
the PSII antennaés( 10, 16) cause conformational changes synthesis and interconversion. The results show that il-
of PSII characterized by a short chl lifetime and a low |umination intensity above that required for saturation of
fluorescence yield1(7). The majority of the NPQ processes electron flow induces inaccessibility of LHCII to protein
are thought to occur in the PSIl antennée-8). The extent  kinase(s) inChlamydomonasvt thylakoids as reported for

of gE is highly correlated with the levels of zeaxanthin and higher-plant thylakoids33). Alteration of the xanthophyll
antheraxanthin. Excessive excitation of PSII relative to PSI composition of the thylakoids does not affect significantly
activates violaxanthin de-epoxidase, thus modulating the the phosphorylation of LHCII and state transition or the

thylakoid zeaxanthin content. In addition to antheraxanthin Jight-induced modulation of redox-controlled LHCII phos-
and zeaxanthin derived fro-carotene, xanthophylls de-  phorylation.

rived from o-carotene, lutein (the most abundant carotene
in the thylakoid membrane) and loroxanthin, have been also MATERIALS AND METHODS
implicated in qE 18). ) . _
Photosystem Il phosphoproteins include members of the Cell Culture and Preparation of Thylakoidghe wild type,
Lhcb family (19, 20), the PSII core antenna CP43, the D1/ A0208, and the xgnthophyll cycle mutants©f relmh'ard.tu
D2 proteins forming the PSII reaction center, and PsbH. derived from strain Cc125 were grown at 26 in liquid
Recently a 9 kDa thylakoid membrane extrinsic protein, Medium containing acetat8) illuminated by white fluo-
TSP9, was reported to harbor three phosphorylation sites and€scent light (2Qumol of photons m? s™). The following
is released into the stroma upon their phosphorylatiy. ( Mutants were usedipgl(mt—) which is unable to convert
The phosphorylation of LHCII is controlled by reversible Violaxanthin to antheraxanthin and zeaxantimpg2(mt+)
activation of thylakoid-bound protein kinase(s) involving Which is defective in zeaxanthin epoxidase activity, thus
interaction of plastoquinol with the cytochrorbg complex ~ lacking antheraxanthin, violaxanthin, and neoxanttdi) (
(1, 12, 22-26). The redox state of vicinal dithiols of ~(nNowever, zeaxanthin can be synthesized fiwarotene
thioredoxin-like proteins may affect the oxidation and/or N this mutant)lorl (mt—) which is defective in lycopene
reduction of dithiol sites of the protein kinase(s) and prevent €-cyclase activity, thus lackingx-carotene, lutein, and
the activation of LHCII phosphorylatior27). loroxanthin; and double mutantpq1 lor1(18, 38) andnpg2
Several protein kinases may be involved in the phospho- lorl, strains constructed by crossing the two single mutants.
rylation of PSII proteins12). A protein kinase encoded by All xanthophyll mutants were backcrossed at least four times
the Arabidopsis TAKIgene was demonstrated to phospho- © the wt Cc-125. The list of xanthophylls that can be
rylate LHCII. Mutants impaired in TAK1 activity exhibita ~ Synthesized by the wt and mutants used in this work is given
significant loss of state transitior2§). Attempts to isolate N Table 1. The plastocyanin-less mutant Ac208-tnased
the LHCII protein kinase have been report@8)( Prepara- in t_hls work was kindly supplied by L. Mets (Un|vers_|ty of
tions highly enriched in solubilized protein kinase(s) have Chicago, Chicago, IL). Cells were harvested during the
been obtained from spinach thylakoids and phosphorylated€*Ponential phase of growth, and thylakoids were prepared
specifically the threonine in the N-terminal domain of according to the method in r@0 and resuspended in TMN
isolated LHCII 0). The protein kinases present in such buffer [S0 mM Na-Tricine (pH 7.5), 10 mM NaCl, 5 mM
preparation exhibit activity in the absence of reducing agents. M9Cl2, 200 uM PMSF, and 1 mM benzamidine]. The
Possibly, the redox control resulting from the interaction of thylakoid suspension was kept on ice in darkness until use
the kinase(s) with the cytochronief complex is lostinthe ~ forup to 1 h.

isolation process3(). Preillumination of Thylakoid Membranes under Conditions
Recently, remarkable progress in the identification of the Preventing Kinase Actity. Thylakoids (20Qug of chlorophyll/
LHCII protein kinase(s) involved i€hlamydomonakHCII mL) were suspended in buffer containing 50 mM Tris-HClI

phosphorylation was achieved. Two allelic independent (pH 8.0), 10 mM MgC}, 10uM DCMU, and 10 mM NaF
mutants stt7-1andstt7-2 have been isolated using screening to inhibit phosphatase activity. The suspension was il-
of Chlamydomonasolonies by fluorescence video imaging luminated in glass tubes 8 mm in diameter and exposed to
for mutants with impaired state transitio81j. Using a 150 umol of photons m? s™* at 25°C using a projector
genetic approach, the stt7 gene encoding a protein kinaseequipped with a tungsterhalogen lamp, and heat filter. The
that could complement th€hlamydomonasnutants and  effect of this treatment on the phosphorylation of the
restore state transition was identified and characteriz®d ( thylakoid proteins was subsequently assayed in darkness
We have demonstrated that illumination of isolated pea following activation of the protein kinase(s) by addition of
LHCII modulates the exposure of the N-terminal domain duroguinol @0).
containing the phosphothreonine site to protein kinase(s) in  Phosphorylation AssayThylakoid proteins (20ug of
an in vitro reconstituted system3() as well as in intact  chlorophyll) were phosphorylated using a membrane suspen-
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Table 1: Xanthophyll Synthesis Potential and Levels inGvtreinhardtii and Mutants Exposed to High Light Intensifies

lutein loroxanthin [-carotene zeaxanthin antheraxanthin violaxanthin neoxanthin
wt 24.9 13.8 28.5 14.1 11 451 13.1
npql 26.5 16.0 24.1 - - 19.3 14.1
npg2 20.4 12.9 21.6 45.1 - - -
lorl - - 32.9 32.1 55 19.2 10.3
npgl lorl - - 314 9.5 6.1 45.8 8.3
npg2 lorl - - 28.3 71.7 - - -

a Carotenoid levels (% of total) were measured in acetone extracts of cells expo$el fo 750«mol of photons m? s, Similar levels were
measured in cells grown in low light; however, the zeaxanthin level of the wild-type cells was significantly lower. The carotenoid levels did not
change in thylakoids extracted from cells grown in low light (Figure 4) or high light and further incubated in the light for up to 45 min (not shown).

sion in 1.5 mL Eppendorf tubes containing 100 of 50 A «CP26(P10), CP23 (P9), D1
mM Tris-HCI buffer with addition of 10 mM MgGl 10 mM «D2

NaF, 0.2 mM ATP, and, when indicated ¢/&i of [y-*%P]- <OEEL, LHCII type 1 (P11)
ATP. Following addition of 1 mM duroquinol to activate «LHCII-type 1 (P13)
the protein kinase, the tubes were incubated af@5n « Lrclipe Il (16
darkness for 20 min. Maximal LHCII phosphorylation was :Iézfgél-we i HHCIope 1T 1D
achieved after incubation for #15 min under the conditions

described above. Phosphorylation was terminated by addition B

of SDS-PAGE sample buffer. The thylakoid proteins were DO - + ) )
resolved by denaturing electrophoregig)( and their phos-

phorylation was detected by autoradiography or by immuno- DCMU  + + -t
decoration of nonradioactive phosphoproteins resolved by 41 KD D D - L__ L‘ <Pil
SDS-PAGE after transfer to PVDF membranes and using t ﬂ P
anti-phosphothreonine antibodie®2). | - “E7

~ LHCII Polypeptide IdentificationThe gel region contain-  ggyre 1: Redox-controlled phosphorylation of LHCII in isolated
ing the LHCII proteins was cut out, and the individual thylakoids ofC. reinhardtii (A) LHCII polypeptide pattern of.
resolved stained bands were digested in gel using trypsinreinhardtii thylakoids resolved by SDSPAGE and stained with
(43). Identification of the different LHCII polypeptides was Coomassie brilliant blue. The separation of the stained bands in

. : . the region of 26-30 kDa is not sufficient to distinguish between
carried out by mass spectrometry (Qtof2, Micromass), using polypeptides migrating close to each other. The composition of each

the nanospray attachmedtj. Data analysis was performed  stained band was analyzed by mass spectrometry as described in

using Biolynx (Micromass), and database searches wereMaterials and Methods. The nomenclature of the various bands,

preformed with Mascot (Matrix Science). according to the system established by Bassi and Woll#@énis
State transitionwas assessed according to the method in parentheses and will be used throughout the paper since this is

- - S . the nomenclature generally used fGhlamydomonaghylakoid
of Fleischman et al.31), with modifications as described 5y peptides. (B) Thylakoids from cells in state | were phospho-

below. Cells grown in acetate-containing medium until rylated in the absence or presence oM DCMU using [y-32P]-

the end of the log phase were sedimented by centrifugationATP in darkness or during exposure to 1&@ol of photons m?

and resuspended in acetate-free growth medium. The cells* for 20 min. Phosphorylation in darkness was activated by 1

suspension was incubated on a rotatory shaker (250 rpm).mM duroquinol. Note that the phosphorylation pattern is the same
o~ . . in the two cases. Only the LHCII region containing polypeptides

at 25°C in darkness for 6 h. This procedure was carried p11 p13, and P17 denoted with arrowheads is shown.

out to allow depletion of the carbon reserves by respiration

and oxidation of the plastoquinol pool, thus allowing membrane suspension, samples were taken at different times
dephosphorylation of LHCII (state I). At the end of this  of jight exposure as described above, and the proteins were
incubation, samples were taken and fluorescence inductionresplved by SDSPAGE. Following transfer of the proteins
was assessed after addition of/ 2@ DCMU. The remaining  to PVDF paper, the amount of D1 protein was detected by

cells were then further incubatedrfa h in darkness with  jmmunodecoration using anti-D1 protein antibodies obtained
addition of NaN (250uM) to prevent mitochondrial respira-  from Agrisera.

tion and 5 mM sodium acetate to allow reduction of the

p_Iastoquinone pool and thus activati(_)n _Of the LHCII Protein - yetermined in 80% acetone extracts. The light intensity was
kinase(s) (state Il). At the end of this incubation, Samples.measured with a radiometer (Li-Cor, Inc.). Carotenoid

yverhe taken and ﬂ:%rgiﬂcsnfﬁl inductio dn waj ass%ss(,jed baga'ﬂeterminations were carried out in acetone extracts using the
in the presence o . The procedure described aboveyy,ars 6000 HPLC apparatus.

allowed the process of state transition to occur in darkness

and thus prevented the contribution of NPQ to the fluores- pESyLTS AND DISCUSSION

cence measurements. Fluorescence kinetic measurements

were carried out using the double modulation fluorimeter =~ Chlamydomonad. HCIl has a complex phosphoprotein

(Fluorwin, Photon Systems Instruments, Brno, Czech Re- composition as compared to that of the higher plants. It

public). This instrument allows fluorescence increases to beincludes the polypeptide bands denoted P9, P10, P11, P13,

recorded with a resolution time in the millisecond rang® ( and P17 (Figure 1A)46) with apparent molecular masses,
Degradation of the D1 Proteir-or determination of D1 ~ when resolved by Tris-glycine SDFAGE as in this work,

protein degradation during preillumination of the thylakoid of 34, 33, 30.5, 26.5, and 25 kDa, respectively)( Poly-

Other ProceduresThe chlorophyll concentration was
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peptides P9 and P10 are not well resolved from the D1
protein in the above system, and are considered to be the
equivalents of the inner LHCIl antennae proteins, corre-
sponding to CP29 and CP26 of higher plants, respectively.
Polypeptides P11, P13, and P17 (which occasionally migrate
as a doublet) together with P16 are considered to be
components of the oligomeric, outer mobile LHCIl complex
of PSII that is responsible for the state transition process
(46).

To identify the polypeptide composition of thylakoid
protein bands resolved by SBRAGE as performed in this
work, we have used mass spectrometry analysis and the
database of th&€€hlamydomonadight-harvesting antenna
proteins as indicated in Materials and Methods. Figure 1A =38
shows the polypeptide bands according to the nomenclature P17
as used by Bassi and Wollman (P9, P10, P11, P13, P16 FIGURE 2: Preillumination.of thylakoids modulat_es the subsequent
and P17)46) which is commonly used in many publications level of LHCII polypeptide phosphorylation in darkness. (A)

. . . Thylakoids of cells in state | were preincubated in darkness (Dark)
(31, 32) and the protein content of these bands obtained in exposed to 15mol of photons m2 s~ (Light) for the indicated

this work by the mass spectrometry method (Figure 1A, bandstimes in the presence of M DCMU to inhibit LHCII phospho-
I—VII). According to Teramoto et al1©), Chlamydomonas  rylation. The thylakoids were then transferred to darkness; duro-
LHCII consists of four different proteins that were character- quinol and j-*PJATP were added, and phosphorylation was carried
ized as LHCII types +IV. LHCII type | can be resolved Ic_nut for 20 min. (B) Thylakoids were incubated in darkness or in
. . L7 ight as in panel A, and phosphorylation was carried out in darkness
into three proteins that are very similar, between 92 and 97%or 20 min after addition of duroguinol and nonradioactive ATP.
identical. We identify band | in Figure 1A as containing The polypeptide proteins were resolved by SEHEAGE, and
polypeptides P9 and P10. These polypeptides correspond tghosphorylation was detected by autoradiography (A) or phospho-
LHCII proteins CP29 and CP26, respectively, and representthreonine antibodies (B).

the light-harvesting chlorophyé/b binding proteins Lhch4
and Lhcbb, respectivelyl@). Band | was found to contain
also the D1 protein which i. reinhardtiiis not phospho-
rylated (L2). Band Il contains only the D2 protein, and band
IIl corresponding to P11 contain€. reinhardtii light- We have reported recently that preillumination of thyla-
harvesting chlorophylé/b binding protein Lhcll type | and  koids induces inaccessibility of LHCII to the protein kinase-
OEE1 (PsbO), the 33 kDa oxygen evolution enhancing (s) assayed in darkness in pea thylakoi@8).( To test
protein. Band IV corresponds to P13 and was identified by whether preillumination has a similar effect @nlamydo-
mass spectrometry as LHCII type I. Band V, corresponding monasthylakoids, membranes isolated from cells grown in
to P16, contains light-harvesting chlorophglb binding low light and aerated in darkness so that they would be in
protein Lhcll type Il. Band VI contains LHCII types lll and  state | 1) were preilluminated in the absence of ATP and
IV corresponding to P17. Band VII contains OEE2 (PsbP), in the presence of DCMU to prevent protein kinase activa-
the 22 kDa oxygen evolution enhancing protein. Among all tion. The preilluminated thylakoids were then phosphorylated
these bands, proteins D1 and PsbO are not phosphoproteini; darkness by addition of duroquinol ang-{?P]JATP or

A
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DCMU inhibits the LHCII phosphorylation in the isolated
thylakoids when the kinase(s) activation is achieved by light-
driven PSII electron flow (Figure 1B).

while D2 is phosphorylated i€hlamydomonas

As in higher plantsi1, 12), the phosphorylation of LHCII
in C. reinhardtiiis redox-controlled (Figure 1B and r&b),
implying that the protein kinase activity is related to the state
of the plastoquinone pool reduction and cytochrolge
activity (15, 20). In heterotrophic grown cells, due to
respiratory activity, the relative ratio of thylakoid plastoquinol
to plastoquinone is sufficiently high to partially activate

nonradioactive ATP. The phosphorylation level was assayed
by autoradiography or immunodetection of phosphoproteins
by anti-phosphothreonine antibodies (Figure 2). The com-
bined use of these methods allows the estimation of both
the initial level of LHCII phosphorylation prior to the

isolation of the thylakoids and the maximal increase in the
extent of LHCII phosphorylation using the subsequent assay
of kinase activity by radioactive labeling. Preillumination

LHCII phosphorylation even in darkness or in the absence of the thylakoids lowered partially the subsequent rate of

of PSlI-mediated electron flow, i.e., in cells illuminated in
the presence of DCMU4(—49). In isolated thylakoids,
plastoquinol is oxidized during the preparation procedure.
Light-dependent reduction of plastoquinone by PSII or by

phosphorylation in darkness of the CP43 and P11 polypeptide
and to a larger extent that of the D2 protein as compared to
the dark preincubated thylakoids. However, a drastic inhibi-
tion of the phosphorylation of LHCII P13 and P17 polypep-

addition of reducing agents in darkness is required for the tides was induced by the preillumination procedure (Figure

activation of LHCII phosphorylation50). This is demon-
strated in Figure 1B. Thylakoids obtained from cells grown
in the dark were phosphorylated in darkness using?P]-
ATP with addition of NaF to prevent LHCII dephosphory-
lation by thylakoid-bound phosphatase activity2), The
protein kinase was activated by addition of duroquinol.
Addition of DCMU in this case does not inhibit the kinase
activation since the PQ pool is reduced by duroquinol.

2A). A similar experiment was performed using nonradioac-
tive ATP and detecting the final level of phosphorylation
with phosphothreonine antibodies. The results of this experi-
ment (Figure 2B) show that an initial low level of phospho-
rylation is present prior to the preillumination (To). The
phosphorylation level of the thylakoids preincubated in
darkness for up to 45 min in the absence of ATP and
duroquinol increased during subsequent phosphorylation in
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darkness in the presence of duroquinol and ATP (Figure 2B,
panels marked dark). A slightly higher phosphorylation level
was obtained in the preilluminated thylakoids phosphorylated
in darkness after preillumination for only 5 min, particularly
for the LHCII P11, P13, and P17 polypeptides. This increase
is in agreement with previous data demonstrating that short
preillumination of pea LHCII exposes the N-terminal domain
containing the phosphothreonine site to the protein kinase-
(s) 30, 33). Following preillumination for 45 min, a decrease
in the level of CP43 phosphorylation could be detected.
However, the phosphorylation of LHCII P11 and especially
P13 and P17 was significantly inhibited compared to that of

Vink et al.
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the other phosphoproteins (Figure 2B). These results matchFIGURE 3: Reduction of electron carriers past cytochrdmgfedoes

those obtained when using radioactive ATP (Figure 2A).
In evaluating the phosphorylation levels of the various
phosphoproteins, one should consider that the affinity of the

not affect the light-induced decrease in the level of LHCII
polypeptide phosphorylation. (A) Thylakoids of tRe reinhardtii
Ac208 mutant lacking plastocyanin have been preincubated in
darkness or exposed to light (30 or 6pfnhol m2 s1) for the

phosphothreonine antibodies differs for various phospho- indicated times and then phosphorylated in darkness for 20 min
proteins, and thus, one cannot compare in a quantitative Wayfollowmg addition of nonradioactive ATP and duroquinol. (B) wt,

the phosphorylation extent among the different polypeptides.
This is clearly evident when comparing the phosphorylation
of CP43 as detected by radiography (Figure 2A) with that
of the immunodetection system (Figure 2B). However, the
changes in the signal intensity of the immunodecoration for
a particular polypeptide are quantitatively related to its
phosphothreonine conter?3, 52).

The results presented above indicate that preillumination
lowers the subsequent level of phosphorylation of LHCII
components to a considerably higher level for LHCII P13

control thylakoids were preilluminated with addition of 1 mM
methyl viologen and 3@g/mL catalase in the absence of DCMU.
The preilluminated thylakoids were then phosphorylated in darkness
using duroquinol to activate the enzymes and nonradioactive ATP.
The membrane polypeptides have been resolved by-SGE,

and the phosphorylation level was detected by immunoblotting using
phosphothreonine antibodies. Only the polypeptide region between
20 and 50 kDa is shown. The lanes labeled “To” indicate the level
of polypeptide phosphorylation prior to the beginning of the
preillumination.

thioredoxins as well as LHCII/PSII conformational changes

and P17 than for P11 polypeptides considered to be part ofinduced by illumination.

the mobile LHCII complex, as compared to that of the D2
protein and CP43 PSII core polypeptide.

Persistence of Protein Kinase Adgty in the Preillumi-
nated ThylakoidsOne can consider that preillumination
inactivates the thylakoid protein kinase phosphorylation
possibly due to downregulation of the enzyme activity by
the light-modulated redox state of the thylakoid and inter-
action with soluble thioredoxin-like componen&2). This
possibility is compatible with the recently reported identifica-
tion of the C. reinhardtii thylakoid protein kinase Stt73p)

Downregulation of the protein kinase activity by reduced
thioredoxins may be hindered in thylakoids isolated from
plastocyanin-less mutants since in such thylakoids thiore-
doxins cannot be reduced by light-driven PSI electron flow.
Thus, we have used thylakoids obtained from the Ac208
mutant of C. reinhardtii cells lacking plastocyanin when
grown in copper-containing medi®&3) as is the case for
the growth medium we use for theéhlamydomonasells
(36). Thylakoids obtained from the mutant cells have been
incubated in darkness or exposed to a light intensity of 30

harboring seven cysteine residues. Two of these cysteinesor 600 umol m2 s for up to 45 min in the absence of
are four amino acid residues apart and could serve as theATP followed by phosphorylation in darkness for 20 min

target for interaction with thioredoxin. Stt7 phosphorylates
the P11 polypeptide of thehlamydomonakHCII complex
(32). The phosphorylation level of P13 and P17 is also
impaired in thestt7 mutant @1). The polypeptides affected
mostly by preillumination in our work are P13 and P17.

after addition of ATP and duroquinol. The results of such
an experiment (Figure 3) show that preillumination of the
thylakoids with only 3Qumol m~2 s7* reduces significantly
the subsequent level of phosphorylation of polypeptides P13
and P17. This effect is greater following preillumination with

Thus, the question of whether the phenomena reported herea 20-fold higher light intensity. To further test the possibility

are due to the putative redox inactivation of Stt7 arises. One
should consider that the specificity of the protein kinases
involved in the phosphorylation of PSII proteins could differ
for the different subunits of the complex. Light-harvesting
complex Il is a heteromer formed of trimers of different
polypeptides (P11, P13, and P17) together with PA6. (
The degree of phosphorylation of one subunit of the

that the illumination-induced changes in LHCII are respon-
sible for the loss of LHCII phosphorylation, thylakoids
isolated from wt cells were preilluminated in the presence
of added methyl viologen, which is readily reduced by
photosystem |. Thus, reduction of thylakoid membrane
electron carriers by PSlI, including bound thioredoxin, should
be prevented under these experimental conditions. Results

complex may affect the exposure of the phosphorylation sitesof such an experiment (Figure 3B) were similar to those
of other subunits. Thus, the degree of phosphorylation of a obtained when using the Ac208 mutant. Notably, the same
particular PSII light-harvesting antenna component may be pattern of the preillumination-induced transient increase
affected to various degrees due to the level of activation of primarily in the phosphorylation of the LHCII P13 and P17
the different protein kinases operating in the chloroplasts. polypeptides, followed by the gradual loss of their phos-
Therefore, the light-induced inhibition of the LHCII phos- phorylation potential, is obtained in the mutant thylakoids
phorylation observed in this work may be due to a combina- as in the wt membranes preilluminated in the presence of
tion of both, downregulation of Stt7 via the redox state of methyl viologen. The transient increase in the level of
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phosphorylation of polypeptides P13 and P17 following a phorylatedin vivo prior to the isolation of the thylakoid
short preillumination as compared to that of the other membranes. This phosphorylation level corresponds to that
phosphoproteins is interpreted as evidence of the light- marked as To in panels B and C of Figure 4. Preillumination
induced modulation of the exposure of the N-terminal of the lorl and npql mutant thylakoids induces a slight
domains of these polypeptides as reported to occur also inloss of phosphorylation ability of CP43 (Figure 4B).
pea thylakoids. In the absence of LHCII phosphorylation However, a pronounced inhibition of phosphorylation was
during illumination as is the case in the experiments induced by preillumination of these thylakoids, for the P13
described above, an initial increase in the exposure of theand P17 bands, comparable to that of the wild-type thylakoids
N-terminal domain may lead to further changes in the (Figure 4B).
organization of LHCII/PSII in the thylakoid membrane plane, The Chlamydomonas lorinutant is deficient ir-cyclase
preventing the accessibility of the phosphorylation site to activity, leading to a lack of xanthophylls derived from
the protein kinase(sB0, 33). The results presented in Figure a-carotene, lutein, and loroxanthidg 38). This drastic
3 support the conclusion that the preillumination effect on change in the carotenoid composition of thel thylakoids
the subsequent phosphorylation of LHCII in darkness as (Taple 1) has apparently no effect on the light-induced
tested in this work is due to changes induced in the jhaccessibility of LHCII to the protein kinase. Thepgl
organization of the LHC PSII substrates. _ mutant cannot convert violaxanthin to antheraxanthin and
Changes in the superorganization of the thylakoid mem- ;e axanthin in high light and contains near-wt levels of lutein

brane induced by exposure f reinhardtii cells to high 54 |oroxanthin. Thus, under our experimental conditions
light intensities so as to induce photoinactivation of PSIl have irespective of whether grown in high or low light, the

been reported5d). The results presented here indicate that npgl mutant is similar to the wt grown in low lightlg)
such effects may occur even at relatively low light intensities (Table 1).

if phosphorylation of LHCII is prevented during the il-
lumination. Light-induced changes in the organization of
isolated LHCIlI as well as the complex bound to the
thylakoids or incorporated in lipid membranes as detected
by CD spectroscopy56, 56) lend support to the above

The npg2 mutant synthesizes the-carotene-derived
xanthophylls and has a level of lutein close to that of wild-
type cells. Howevempq?2is defective in zeaxanthin epoxi-
dase activity 87), thus lacking antheraxanthin, violaxanthin,
interpretation of the experimental data. and neoxanthin, and contains constitutively high levels of

Effect of Preillumination on the LHCII Phosphorylation zeaxanthin (Table 1).
of Mutants Impaired in Xanthophyll Synthesie have The effect of preillumination ompq1 lorlandnpg2 lorl
previously reported that light absorbed by both chlorophyll mutants upon the subsequent phosphorylation of the LHCII
aandb is involved in the modulation of the accessibility of ~polypeptides in darkness is shown in Figure 4C. Preillumi-
the N-terminal domain of pea LHCII to protein kinasf. nation of thenpg2thylakoids resulted in a reduction in the
Since we ascribe the effect of thylakoid preillumination phosphorylation level of LHCII polypeptides P13 and P17
mostly to light-induced changes in the LHCII conformation after preillumination for 15 min. The phosphorylation pattern
or aggregation state, it was of interest to consider the of thenpgl lorldouble mutant expressing only violaxanthin
possibility that besides chlorophyll, carotenoids may play a (Table 1;18) was also basically similar to that of the wild
role in the phenomena described above. Apart from being type and thenpgl andlorl mutants. The phosphorylation
involved in energy transfer and/or dissipation, the carotenoidslevel of P13 and P17 proteins of this mutant was most
are important for the proper assembly, folding, and stability affected by preillumination (Figure 4CIt is noteworthy
of LHC apoproteins of the comple®,(57). The prevailing that the pll polypeptide that was reported to be essential
LHCII carotenoids in witChlamydomonasells exposed to  for the state transition process @. reinhardtii (32) is
relative low light intensities are lutein (up to 50% of the phosphorylated to a relatively high level prior to the
total), loroxanthin3-carotene, neoxanthin, and violaxanthin preillumination and is less affected by the preillumination
(58). The carotenoids synthesized by@hlamydomonaand treatment (Figure 4B,C, To). Preillumination of theqg?2 lorl
mutantslorl, npgl, npg2 npq lorl, andnpg2 lorl(18, 37, double mutant induced the loss of phosphorylation potential
38) are shown in Table 1. of all phosphoproteins, and a similar phenomenon also

Thylakoids isolated from thierl, npgl, npg2 and double  partially occurred in the thylakoids preincubated in darkness.
mutants, all grown in low light, were preincubated in This effect is specific to this double mutant and may be
darkness or pre-exposed to 1ol of photons m? st ascribed at least partially to light-induced aggregation of
for up to 30 min in the presence of O DCMU to prevent the polypeptides upon illumination of the isolated thylakoids
the activation of the thylakoid protein kinase(s). After that prevented complete solubilization of the complexes
addition of duroquinol and ATP, the thylakoids were during the SDSPAGE procedure. Apparently, in this
phosphorylated in darkness for 20 min. The phosphorylation mutant, the neoxanthin binding site of LHCII is emp§9).
level of the various phosphoproteins was detected by Whether the unoccupancy of the neoxanthin binding site of
immunodecoration with phosphothreonine antibodies. ResultsLHCII is related to the tendency of this mutant LHCII to
of such an experiment are given in Figure 4, in which panel aggregate remains to be further investigated. Minor differ-
A shows a stained gel. The different LHCII polypeptides ences between the extent of initial phosphorylation and
are marked according to mass spectrometry identification asillumination-induced loss of phosphorylation potential of the
in Figure 1. Panels B and C show the extent of wt and mutant LHCII polypeptides of the various mutants are noticeable.
thylakoid protein phosphorylation. In thylakoids of wt and However, in general lines, despite the large difference in the
single mutants, in contrast to polypeptides P13 and P17, thecarotenoid content of the various mutant thylakoids, the light-
CP43, D2, and P11 polypeptides were more heavily phos-induced effects on the availability of the phosphorylation
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Ficure 4: Effect of preillumination on the loss of LHCII phosphorylation in thylakoids of mutants impaired in carotenoid synthesis.
Thylakoids of wtC. reinhardtiiand mutants deficient in synthesis of different xanthophylls (shown in Table 1) were incubated in darkness
or exposed to 15@mol of photons m? s~ in the presence of 10M DCMU for 30 min. The thylakoid polypeptides were then resolved

by SDS-PAGE using 15% polyacrylamide gels and stained with Coomassie brilliant blue (A). (B and C) Immunoblots of thylakoids
incubated in darkness (Dark) or preilluminated (Light) for the indicated times followed by phosphorylation for 20 min in darkness with
nonradioactive ATP in the presence of duroquinol. Only the region of the polypeptides from 20 to 50 kDa is shown in panels B and C.

sites of polypeptides P13 and P17 to the protein kinase are r Light . Dark .

similar. To 5 15 30 5 15 30 min
It has been reported that extensive photoinactivation of [.--. .-j wT

PSII and the ensuing degradation of its core protein D1 cause —

dissociation of LHCII from PSII and disassembly of PSII l“---- -‘LORI

(60, 61). Such conditions occur particularly when using

isolated thylakoids in which the repair of PSII is inhibited "wew |_IhGel

in absence ofle nao D1 protein synthesislj. The relatively

low light intensities and the high chlorophyll concentration l!----jNPQi’

used during the thylakoid preillumination induced only a
limited photoinactivation of PSII62). The degradation of
the D1 protein as estimated from the loss of the stained D
band following preillumination of thylakoids of wt and the
lorl and npgl mutants was weaker than the detection
sensitivity by immunodecoration with anti-D1 protein anti-
bodies. However, partial loss of the D1 protein was detecte
in thenpg2thylakoids (Figure 5), and a marginal loss of the

Ficure 5: Stability of the D1 protein during preillumination of
thylakoid membranes. Thylakoid suspensions were preilluminated
1 as described in Materials and Methods, and samples were withdrawn
and reactions stopped by addition of the sample buffer followed
by SDS-PAGE. The gels were blotted onto nitrocellulose paper,
and the D1 protein was detected by immunodecoration with anti-

q D1 protein antibodies.

cannot explain the loss of the D1 protein band of ripg2

protein also occurred during the illumination of the thylakoids andnpg2 lorlmutants as compared to the stability of these

of thenpqg?2 lorldouble mutant (not shown). At present, we

proteins in thylakoids of the wt arldrl andnpglmutants.
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K P to that of the cells grown in low light7). Preliminary data
0.263 e ra R BT indicate that the effect of preillumination of the thylakoids
1 Wt e —o— (.&" BNl on the subsequent phosphorylation of the LHCII in darkness

1 npqt Statel --A-- y m was similar to that of the thylakoids obtained from the cells

0.243

Q
] / ’ﬁ_.i. Actoe A & grown in low light (not shown).
3 ,’ The light-induced effects are not altered in mutants lacking
0.22 4 zeaxanthin and antheraxanthimp(|1), carotenoids that are
E /;Z present in limited amounts also in the wild type. Deficiency
0.20] % in lutein, the major xanthophyll of LHCII and loroxanthin,
] % is balanced by the presence of tlfiecarotene-derived
0.181 ,‘ﬂ' xanthophylls, as is the case in th@1 mutant. The most
] striking result is the fact that the pattern of LHCII polypeptide
3 M phosphorylation is not significantly altered in thylakoids
0‘16?—°%MT ] containing only zeaxanthin, as is the case inrpg2 lorl
0.001 0.01 0.1 1 mutant. These results suggest that the structural properties
Time (s) imposed on the LHCIl transmembrane domain by the
FIGURE 6: State transition in wt and mutant cells. Fluorescence alteration of its carotenoid composition involved in energy
2115dggigrr]ib(gc\iNitnall\q/I?tgﬂ;f:segi(ijnl\iteagweoldgnﬁhs;aégl::Iu\?;?:dreecx?gﬁg jransfer and dissipation do not influence significantly the
fluorescence loss following the transition from state | to state I N-termlnal_(_domaln_ |n_vc_>lved in LHCII p_hosphorylaﬂon _and
were 24 and 22% for the wt ambglcells, respectively. state transition. This is in agreement with the hypothesis that
the light-induced effects on the exposure of the LHCII
Part of the D1 protein loss could be only apparent and due phosphorylation site are of a general nature and occur in the
to aggregation of the SDS-solubilized protein. The nature thylakoids of unicellular green alg&. reinhardtii as in
of this property of theapg2andnpg?2 lorlmutant thylakoids higher-plant LHCII (, 33). The results obtained in this work
requires further investigation. indicate that exposure @. reinhardtiiLHCII in situto the
Since LHCII polypeptides are phosphorylated in the light may induce changes in the complex resulting in the
xanthophyll mutants, the question of whether this process isinaccessibility of the phosphothreonine phosphorylation sites
accompanied by state transition and thus lowering of the at the N-terminal domain of P13 and P17 to the protein
fluorescence of cells following dissociation of LHCII from  kinase(s). This effect is not influenced by the xanthophyll
PSII arises 31). Transition from state | to state Il resulted composition and content of LHCIl and may play a role in
in reduction of the maximal fluorescence intensity of the wt the reported reduction of the level of LHCII phosphorylation
and thenpgl mutant as shown in Figure 6. Similar results seen in pea thylakoid® situ or in vivo when exposed to
were obtained for the other xanthophyll mutants used in this saturating light intensities3@). It is interesting to note that
work. The loss of fluorescence intensity in state Il relative the structure of spinach LHCII resolved at 2.72 A shows
to state | varied between 22 and 27% (data not shown). Oneonly thea-carbon trace of the N-terminal domain from Ser14
should note that while the apparent loss of the D1 protein to Asp54 ©63). Thus, even in the crystal state, this domain
band may be ascribed to the protein degradation during themaintains a certain degree of disorder while the freedom of
preillumination of thenpg2thylakoids, the D1 protein level  orientation of the remaining N-terminal region containing
is maintained in the intact cells in which state transition is the phosphorylation site completely prevented its resolution.
achieved by changes in the plastoquinone to plastoquinol These results support the concept that the orientation or
ratio in darkness, and thus, the level of the D1 protein and interaction of this domain with the N-termini of adjacent
assembly of PSII are not affected. monomers within the LHCII trimer and/or intertrimers may
In the experiments described above, we have used wild-be modulated in response to variable external factors. The
type and mutant cultures grown at relatively low light light-induced changes in the LHCII terminal domain pre-
intensities (2Qumol of photons m? s71). To detect whether  venting its phosphorylation are highly temperature dependent
illumination may affect the xanthophyll composition of the (33), suggesting the possibility that local temperature changes
thylakoids, cells grown in low light were harvested, washed due to the thermal energy dissipation by the transmembrane
free of acetate, and resuspended in acetate-free medium at domain may be involved in the proce<s).
chlorophyll concentration of 30g/mL followed by incuba- LHCII can thus be visualized as possessing two function-
tion with 750umol of photons m? s™* at 25°C on a rotary ally distinct domains, each responsible for a specific role.
shaker (150 rpm) for 3 h. The cells were then rapidly cooled, The hydrophobic transmembrane domain is involved in light
and thylakoids were prepared and exposed to the preillumi- absorption, energy transfer, and dissipation, while the
nation treatment followed by an assay of the residual exposed stromal hydrophilic domain governs its lateral
phosphorylation activity. The carotenoid contents of the cells movements and interaction with the other transmembrane
grown in low light as well as of cells at the end of the high complexes. This function is achieved via modulation of its
light exposure and of the thylakoids at the end of the conformation by reversible phosphorylation and light-induced
preillumination treatment were determined by HPLC analy- conformational changes. Since light absorption is in the realm
sis. The carotenoid content of the thylakoids following the of the transmembrane domain, handling of the absorbed
preillumination treatment was similar to that of the whole energy is related to the pigment composition and structural
cells at the end of the high light exposure (not shown). The organization of the transmembrane domain. However, the
zeaxanthin content of the wild-type cells exposed to high light-induced changes in the N-terminal domain are not
light levels increased (Table 1) as expected when comparedsignificantly affected by the changes in these parameters.
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Thus, the “autonomy” of the phosphorylation site and the

processes it governs prevent the interference of the changes

induced by the xanthophyll cycle in the LHCII pigment
composition with the state transition process.
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