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Chapte rr  4 

Thee rate of interconversio n of xanthophyl l cycl e pigment s in the 
greenn microalg a Staurodesmus  cuspidatus  (Breb ) Teil . var. 
curvatuscurvatus  (w. west ) is relate d to ligh t harvestin g comple x 
migratio nn (stat e transitions ) 

Abstrac t t 

Fromm the analysis of the deepoxidation/epoxidation characteristics of the xanthophyl cycle 
(XC)) pigments in the green alga S. cuspidatus, we propose a direct relationship between the 
mobilityy of PS II peripheral light harvesting complex (LHC lib) the so called state 
transitionss and XC pigment interconversion in this alga. The relatively high amount of 
violaxanthinn (V) available for deepoxidation (90%) independent of the acclimation 
conditionss of the cells stems from an extensive phosphorylation of the photosystem II (PS 
II)) peripheral antenna (LHC lib). When LHC lib phosphorylation was fixed and enhanced 
withh NaF (State 2 condition) the violaxanthin to zeaxanthin conversion rate was accelerated 
whereass the back reaction was blocked. Both 77K and room temperature fluorescence 
measurementss support the idea that the disassociation of LHC lib from PS II is the factor 
thatt influenced XC reaction kinetics. It is proposed that the reduction of the amount of LHC 
libb associated to PS II on the one hand renders more of the violaxantin accessible for 
deepoxidation,, and on the other hand diminishes the LHC lib attributed epoxidation 
activity. . 
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Xanthophylll cycle and stale transitions 

Introductio n n 

Thee deepoxidation of the xanthophyll pigment violaxanthin (V) into zeaxanthin (Z) via the 

intermediatee pigment antheraxanthin (A) occurs as a consequence of the acidification of the 

lumenn in saturating light. In subsaturating light or in darkness the counteracting epoxidation 

fromm 7 to V takes place. The dynamic combination o f deepoxidation and epoxidation 

reactionss is referred to as xanthophyll cycle (XC) (Yamamoto et al. 1962). 

Thiss cycle is thought to have an important photoprotective function in the 

photosynthetiee apparatus. The exact molecular control of this protection is not yet wel l 

understood.. Direct quenching of excited chlorophyll molecules has been suggested (Frank 

ett al. 1994). Another line of investigation proposed that the XC controls the protein-protein 

interactionn in the photosystem II (PS II) antenna complex LHC l ib. Abundance of Z 

accordingg to this hypothesis promotes aggregation o f this complex, which supports thermal 

dissipationn of excess light energy (Horton et al. 1991). In any case, it is now generally 

acceptedd that the XC and lumen p l l are key elements in the control of the 

nonn photochemical energy quenching (Horton et al. 1996: Gilmore 1997: Gilmore et al. 

1998). . 

Thee deepoxidation reaction o f the XC is controlled by the lumen pH. the presence of 

ascorbate.. the availabil i ty o f V to the deepoxidase enzyme and the counteracting 

epoxidationn activity (see review of Pfündel and Bilger 1994). From these factor the main 

l imitat ionn for the total deepoxidation of V is the accessibility of this pigment to the 

convert ingg enzyme (Fskl ing and Akerlund 1988). The existence of two distinguishable V 

poolss has been recognized since the earliest studies of the xanthophyll cycle function 

(Siefermann and Yamamoto 1975). These are a pool accessible to the V deepoxidase enzyme 

presentt in the lumen part of the thylakoid membrane and a non-accessible pool, which is 

associatedd wi th the LHC l ib pigment-protein complex (Bassi et al. 1993). There is a 

discrepancyy about the relative size o f this last pool. While some authors reported a 

homogenouss distribution of the XC pigments between the PS II minor and peripheral 

antennaa (Ruban et al. 1994; l.ee and Thornber 1995). others reported that o of the V 

pooll is associated with the LHC l i b complex (Bassi et al. 1993). 

Itt has been reported that LHC lib enhances the conversion of Z into V (Gruszecki and 

Krupaa 1993: Farbcr and Jahns 1998). This effect is explained trom a direct epoxidase 

act iv i tyy of LHC Mb (Gruszecki and Krupa 1993) or alternatively because the binding of the 

substratee (Z) to the enzyme is directly affected by an association between LHC l i b and the 

epoxidasee (Farber and Jahns 1998). The important role of LHC l i b in the 

deepoxidation/epoxidationn kinetics was confirmed in chl b-less mutants and in intermittent 

l ightt grown (1ML) plants. The reduction o f the content of chl a.b antenna in these 
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Chapterr 4 

organismss rendered a strong decrease of the epoxidation rates of Z and hence complete 

deepoxidationn of V (Jahns 1995; Harte! et al. 1996: Farber and Jahns 1998). 

LHCC lib as a protein pigment complex is a dynamic system that by reversible 
phosphorylationn detaches from PS II and as such may account for delivery of absorbed light 
energyy to PS I (Allen 1992). The regulation of excitation energy distribution between the 
photosystemss is the main physiological role attributed to this so-called state transition 
(reviewedd by Allen 1995). State transitions that takes place in minutes implicate the 
regulationn of the size of LHC lib in association to PS II. 

Heree we studied a possible relationship between the reduction of the relative size of the 
PSS II peripheral antenna by state transitions (ST) and the XC pigment interconversion 
efficiency.. A hypothesis on possible functional relatedness between ST and XC followed 
fromm the coincidence of an unusual high deepoxidation of V in a green alga S. cuspidal us 

andd a relatively high mobility of LHC Mb as revealed by fluorescence measurements. Untill 
presentt no report about a direct relationship between ST and XC exists. A suggestion for 
thee possible interaction between both processes was made by Xu et al. (1998). These 
authorss reported that a kinase/phosphatase system could e\ert control on the epoxidase 
activityy in rice leaves under chilling stress. Here we present evidence for an association 
betweenn ST and XC from the analysis of the XC pigment interconversion of the green alga 
S.S. cuspidalm. The analysis was performed in the presence or in the absence of NaF, an 
inhibitorr thai enhances and freezes a condition in which LHC lib is phosphorylated. 

Material ss and methods 

CultureCulture conditions. The experiments were carried out with the green alga Staurodesmus 
cuspidalmcuspidalm (Breb) Teil. var. cun-atus (w. west) from the desmid collection of the Aquatic 
Ecologyy Department of the University of Amsterdam (clone 137; for the physiological 
characteristicss of the strain see Coesel and Wardenaar 1990). The cells were grown in batch 
culturess in Woods Hole mineral medium buffered with 2mM Hepes-NaOH (pH 7). In some 
casess experiments were carried out with cells grown in continuous cultures as described in 
Coesell  and Wardenaar (1990). The batch cultures were maintained in continuous light on 
ann orbital shaker. The growth light intensity was varied by placing the cultures at different 
distancess from an array of white fluorescence tubes (Phillips I'LL 24W/84 4). The light flux 
wass measured in front of the 500ml vessels with a Licor 1000 light meter. The cells were 
maintainedd in the exponential growth phase by regular dilution of the batch cultures. 

XanthopliyUXanthopliyU cycle pigment interconvesum analysis. The XC pigment conversion kinetics 
weree analyzed after 4 to 5 dilutions of a specified batch culture (which was kept for more 
thann two weeks at a certain light condition). An aliquot of the culture was dark adapted 
underr continuous mixing for at least 45 min and up to 75 min. The duration was determined 
fromm the absence of any further increment of the PS II quantum yield. The analysis was 
donee with a PAM type fluorometer, (for details see below). After this period, the cells were 
exposedd to far red light (FR) for 20 min (7I0nm cut-off KG9 Schott filter) followed by a 
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highh light (HI.) treatment tor one hour. The light intensity was 1000 pmol rrTs"1, supplied 
byy a tungsten lamp source (slide projector). Heat was shielded by a water jacket or by a 
2mmm Schott KG3 filter. After 30 min in light a subsample was placed back in darkness 
underr continuous mixing, 

Subsampless of three to five ml were taken for pigment determination at several time 
pointss during these subsequent light dark treatments. Cells were rapidly collected in glass 
fibresfibres filters under low vacuum pressure. The filters were quickly folded and wrapped in 
aluminiumm foil for immediate freezing by submersion in liquid nitrogen. The time between 
thee collection and the freezing of the sample was less than 30 s. The filters were kept at -
8()1>CC until pigment quantification. 

Thee rate of XC pigment intercon vers ion were calculated using the following reaction 
schemee (nomenclature from Hartel etal. 1996): 

V - » " A - * ' : Z Z 

Z->X-'A-> M V. . 

thee first deepoxidation rate constant (*,) was derived from the decrease of V relative to the 
IX CC in time during HI. exposure. The conversion of V into A was characterized by a single 
exponentiall  term (k,) as was the second deepoxidation step from A to Z calculated with the 
increasee of Z in time {k2). 

Thee epoxidation reaction was characterized by placing the cells in darkness after 30 min 
off  ML treatment. The back conversion of Z into V was also described by a single 
exponentiall  term for each of the two steps that are involved in the reaction. k_: is the first 
epoxidationn rate constant for the conversion of Z into A and k.t is related to the epoxidation 
off  A into V. 

PigmentPigment quantification. Mechanical disruption (Mini-Beadbeater, Biospec Products Inc.) 
wass used to extract the pigments in 1 ml of pre-cooled 90% acetone. After centrifugation (3 
inn in 12.000 x g) to discard the debris, 500 pi of the sample supernatants were diluted with 
waterr to 70% acetone just before injection into the HPLC separation system. Pigment 
separationn and quantification was done with a two pump ISCO 77 system equipped with a 
C-188 reverse phase Hypersil ODS-2 column with 5LIM size particles (250 x 3.2mm). A 
Diodee Array Detector (Kontron Instruments, DAD 440) was connected in series with the 
ISCOO system. Solvent composition and solvent gradient was as in Kraay et at. (1992). Chi 
a,, b, lutein, p-carotene and Z concentration factors were calculated by including internal 
standardss of these pigments. V and A contents were calculated from reported specific 
absorptionn coefficients (Jeffrey et al. 1997). 

FluorescenceFluorescence emission measurements. A pulse amplitude modulated fluorometer (PAM-
101,, Heinz Walz. F.ffeltrich, Germany) equipped with the FD-101US emitter-detector-
cuvettee was used to measure PS 11 fluorescence emission. The measuring protocol and 
parameterss were as in Van Koot en and Snel (1990). The Stern-Volmer formalism was used 
too calculate the nonphotochemical quenching (NPQ) parameter as Fm-F'llTT'm- In both 
cases,, Fm and F'm represents the maximum fluorescence measured when all the 
photochemicall  quenching is suppressed (Qa fully reduced) by a short saturating pulse of 
light.. Fm was measured in a condition where the lowest NPQ was engaged in all 
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experimentss (20 min of FR exposure after a dark adaptation period), whereas F'ni was 
measuredd either in 1IL or in darkness after HL treatment. 

LowLow temperature fluorescence measurements were done in liquid N> in an Am in co-
Bowmann Series 2 Luminescence spectrometer, equipped with a Dewar flask. The samples 
weree taken with a clear glass, 2 mm inner diameter pipette and dipped immediately into 
liquidd nitrogen. Fluorescence emission was recorded from 650 to 750 nm with an excitation 
wavelengthh of 440 nm. A bandwidth of 4 nm was used for both excitation and emission. 
Thee density of the cultures used for the experiments was between 0.10 to 0.15 OD 
measuredd at 750 nm. which rendered stable signals and a low chl a reabsorption of the 
fluorescencee emission as compared to extremely diluted samples (data not shown) 

SDS-PAGESDS-PAGE and Western blotting. Polyacrylamide gel electrophoresis was done on 13/0.4 
%% acryl/bis-acrylamide gels according to standard recommendations (Laemmii 1970). A 
BioRadd Mini Protean 3 set-up was used. The gels were stained with Coommassie blue and 
stainingg was documented with a Gel Doc 2000 system (Biorad). Gels run in parallel as in 
thee protein separation experiments were semi-dry blotted onto nitrocellulose membrane. 
Thee membranes were incubated with a 1 to 5000 diluted solution of a commercial (Zymed 
Lab.. Inc) polyclonal antibody against phosphothreonine protein residue. Binding of the 
antibodyy to the phosphorylated antigenic site of LHC lib (as judged from its molecular 
mass)) was revealed by chemoiuminescence detection according to the manufacturers. 

Results s 

XanthophyllXanthophyll cycle pigments intcrconversion. 

Inn the green alga S cuspidatus\ the V concentration was reduced to less than 10% of the 
totall  XC pool after 30 to 45 min in saturating light conditions (Figure la). In this time span, 
mostt of the XC pigment was present in the deepoxidated form Z (Figure lb). The 
accumulationn of A during the first minutes of saturating light exposure, indicates that the 
firstt deepoxidation step from V to A was faster than the subsequent A to Z reaction (Fig. 
la).. The data acquired for the back conversion of Z into V in darkness, show that the first 
stepp of the epoxidation reaction (7 to A) was faster than the second one. The amount of Z 
formedd in 30 min of high light exposure was completely epoxidated after 45 min in 
darkness,, while V recovery in this time was not more than 40% of the XXC (Figure la.b). 

Inn order to investigate if the nearly complete deepoxidation of V and the relatively fast 

epoxidationn of Z are restricted to a specific acclimation condition, XC pigment 

interconversionn was analyzed for cells grown at different light intensities. The amount of V 

leftt after 60 min in light is presented (V \ Table 1). V remaining was lower than 10% of the 

LXCC indicating that most of the V was converted into Z in tight regardless of the growth 

historyy of the cells. This value is corrected for the increase of the XXC by dc novo synthesis 

off  /. that could otherwise give rise to the overestimation of the amount of V available for 

deepoxidation.. SXC increase in HL during the time of the experiments was less than 15%. 
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Figuree 1. Xanthophyll cycle (XC) pigment interconversion in S. cuspidatus. 
Deepoxidationn kinetics (open symbols) upon exposure to high light (1000 u.mol m" 
s"1)) and epoxidation in darkness after 30min in light (closed symbols). The 
concentrationn of violaxanthin (V; panel a) antheraxanthin (A; panel a) and 
zeaxanthinn (Z; panel b) is normalized to the XC pigment pool (XXC; V+A+Z). The 
cellss were dark adapted for 45 min (closed symbol before light treatment; not in 
scale)) and then exposed to far red light for 20 min (t=0) before the light treatment. 

Inn general, V to A conversion was faster than the following reaction from A to Z but the 

differencee is not very outspoken (Table 1). In contrast, it appears that for the back reaction 

(epoxidationn reaction) that Z to A conversion was as much as 3 times faster than the 

subsequentt A to V conversion (Table I). The disappearance of Z formed in light to the 

originall  values from before the HL treatment (t=0) took around 50 min in darkness. In the 

casee of full reversal to V, as much as approximately 3 hours was needed to match the 

originall  values (derived from the A to V measured conversion rate). 

Givenn that the relative amount of chl b molecules is higher in LHC lib than in any other 

PSS II or PS I complex, a lower chl a'b ratio will reflect a higher relative amount of LHC lib 

(Thayerr and Bjorkman 1990). The kinetics of XC interconversion are analyzed in relation 

too the chl a/b ratio. It was reasoned that presence or absence of a causal relation could 

reveall  a possible role of LHC lib in the XC pigment conversion. Analysis of XC pigment 
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Xanthophylll  cycle and state transitions 

interconversionn rate constants shows that a significant correlation exists between the first 

stepp of the deepoxidation reaction and the chl a/b ratio (r=0.79, p<0.05, t test). The 

conversionn of V to A was two times faster in the cells with the highest chl a/b ratio in 

comparisonn to the ones with the lowest ratio (Figure 2a). The first epoxidation step was 

probablyy also related to the chl a/b ratio, thought statistically not very well supported 

(r=0.58,, p<0.3; t test). A to Z deepoxidation (k2) and A to V epoxidation (A.,) rate remained 

constantt for the different growth conditions of the cells (Figure 2 a,b). The high conversion 

off  V to Z was independent of the chl a/b ratio present at the different acclimation states of 

thee cells (Table I). 
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^TT 0.05 

0.00 0 
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Figuree 2. Xanthophyll cycle pigment interconversion rates in relation the to the chl 
a/bb ratio for of S. cuspidatus grown at different light intensities (see Table I), k, is 
thee deepoxidation rate constant from V to A and k2 from A to Z (a). For the 
epoxidationn reaction k.2 is related to Z to A conversion and k_, to A to Z (b). The 
liness represent the fit  to a linear regression function. 

XanthophyllXanthophyll cycle in relation to state transitions 

Fromm the correlation of the XC interconversion kinetics and the chl a/b ratio it is possible 

thatt the LHC lib size may influence the rate of the first step of the deepoxidation and 

probablyy the epoxidation reaction but not the final amount of the products (V deepoxidated, 

ZZ epoxidated). Accordingly, we tested the hypothesis that in .V. cuspidatus state transitions 

aree playing an important role in XC pigment interconversion kinetics. The effect of an 

inhibitorr of the LHC lib phosphatase on the XC pigment interconversion was investigated. 
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Chapterr 4 

NaFF had a dramatic effect on both the deepoxidation and the epoxidation reactions of the 
XCC (Figure 3). The V to A conversion increased approximately by a factor of 4 and 
epoxidationn was almost completely blocked (Table I). The relative difference in rate 

00 10 20 30 40 50 60 70 

limee (min) 

Figuree 3. The effect 30mM NaF added lOmin before the light exposure on the XC 
pigmentt interconversion. Parallel treatment to the experiment described in Figure 1. 
Symbolss and legend are as in Figure 1. 

betweenn the deepoxidation rate from V to A and from A to Z was also reduced by the 
additionn of NaF (Table 1). The phosphatase inhibitor NaF may not only keep the LHC lib 
phosphorylatedd (State 2) but may show secondary effects. If NaF has a negative effect in 
anyy process downstream from PQ a concomitant increase in PS II excitation pressure 
shouldd be reflected in a reduction of the PS II quantum yield (<j>u.e). The effect of different 
concentrationss of NaF on PS II quantum yield was analysed. A reduction of this yield 
becamee noticeable above 50 mM of NaF (Figure 4). The concentration of lOOmM used to 
inhibitt state 2 to state 1 in the microalga Chlamydomonas rehinhardi (Delphin et al. 1995) 
hadd a strong negative effect on the <j>n_e. The recovery of this yield in darkness after HL 
exposuree is reduced to approximately 40% of the control (Figure 4). Routinely, 30 mM was 
usedd in the present work since no effects on PS II quantum yield recovery were observed at 
thiss concentration. The effect of NaF on the XC kinetics proved almost complete already at 
aa concentration as low as 15mM, in which epoxidation of Z into V decreased significantly 
(dataa not show). 

Thee data presented make plausible that a phosphorylation controlled mechanism 
stronglyy affects the XC conversion kinetics. According to the derived role of LHC lib (cf. 
Fig.. 2) and the effect of NaF on the deepoxidation kinetics, the XC regulation mechanism is 
suggestedd from our data to comprise the well documented kinase/phosphatase regulated 
statee transition process (Allen 1992). 
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Figuree 4. Effect of NaF concentration on the PS II quantum yield (<j>n.,.) of S. 
cuspidatuscuspidatus . The cells were dark adapted for 30 min (closed circles) in the presence 
off  the inhibitor followed by an exposition of 15 min to high light conditions (IIL , 
10000 pmol r r fV ; open triangles). The recovery of d>n,c

 w as measured in darkness 
afterr 30 min of the HL treatment (closed triangles). 

FluorescenceFluorescence emission changes related to LHC lib size. 

Inn order to investigate if LHC lib disassociation from PS II is indeed the factor that affected 

XCC interconversion kinetics, 77K and room temperature fluorescence emission have been 

measuredd in S cuspidatus. 

AA reduction of the antenna associated with PS II will render a lower fluorescence 
emissionn from this photosystem. Together with a PS II emission decrease, PS I emission 
mayy increase if the energy absorbed by the disassociated part of the LHC lib is funneled 
intoo this photosystem. At 77K the fluorescence emission of both photosystems can be 
monitored.. The ratio of fluorescence emission between the photosystems (PS I/PS II) 
reflectss the amount of antenna associated to each photosystem as well as other processes 
thatt affect PS I and/or PS II emission. These processes are XC deepoxidation state, 
photoinhibitionn and ApH (Horton and Hague 1988). Suitability of the PS I/PS II emission 
ratioo changes for use as an indicator of state transitions independently of any other potential 
quenchingg process was investigated. 

77KK fluorescence emission and the phosphorylation state of the LHC lib were measured 

inn a sample of a culture (grown at 50 umol m-2 s"1) that was dark adapted for 40 min (DA). 

Afterr this adaptation period the cells were exposed to far red light for 20 min (FR) with a 

subsequentt exposure to high light for 30 min (HL). The phosphorylation state of the main 

LHCC lib subunit of S. cuspidatus matches the variation of the 77K fluorescence emission 

forr different light conditions. The phosphorylation of LHC lib was associated to a lower 

relativee PS II signal (Figure 5a,b). We conclude that the PS II emission changes relative to 

thee PS I signal at 720 nm are affected mainly by state transitions in S. cuspidatus. We base 

thiss conclusion on the fact that a state 1 condition (arrived at from FR treatment, giving the 
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lowestt LHC lib phosphorylation; Figure 5b) showed an increase of the PS II emission 
relativee to the one of PS I of more than 30 %, compared to the dark adapted condition (DA, 
Figuree 5a). In these two conditions XC and ApH related quenching are comparable. 
Therefore,, we attribute the change in fluorescence principally to the dissociation of LHC 
libb from PS II. Another indication, is that the phosphorylation of LHC lib and the 
fluorescencee emission are comparable in darkness before and after the HL (DA, DA-HL 
Figuree 5a,b). DA and DA-HL represent two conditions in which the presence of the 
quenchingg processes that could affect the emission of fluorescence are different. In the DA 
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Figuree 5. Low temperature emission spectra (a) of S. cuspidatus cells adapted to 
darknesss for 45 min (DA), then exposed to far red light for 20 min (FR) before a 
highh light exposure for 30 min (HL; 1000 umol m 'V). Also, the emission of the 
cellss dark adapted for 30 min after the HL treatment is presented (DA-HL). The 
spectraa are normalized to the PS I related emission at 720 nm. The phosphorylation 
statee of the main LHC lib apoproteins for the same treatments was characterized 
withh a commercial antibody against the phosphothreonine protein residue (b). The 
coomassiee blue stained gel is also presented (c). 
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conditionn phosphorylation of part of the LHC lib is the main process that affects the 

fluorescencee emission. In the DA-HL treatment existence of potential factors that affect the 

fluorescencee signal during the light treatment (XC and photoinhibition) may still be present. 

Inn spite of these differences the 77K fluorescence emission is similar in both conditions. 

Statee transitions are a fast event in S. cuspidatus. A state 1 to state 2 transition takes 

placee in less than 2.5 minutes upon HL exposure (Figure 6a). In this time span, the PS I/PS 

III  emission ratio increased approximately 40% relative to the state 1 condition at t=0 

(Figuree 6a). In the presence of NaF state 1 is not reached under far red light and the PS I/PS 

III  emission ratio in HL increased 200% relative to the state 1 condition (Figure 6a). 
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Figuree 6. Florescence measurements on .V. cuspidatus cells. Changes in low 
temperaturee PS I/PS II emission ratio (a) and room temperature Fm reduction (NPQ) 
uponn high light (HL, 1000 u.mol m s"1) exposure (b). Fxperimental setup as in 
Figuree 1. Fm is taken as the maximum fluorescence value of the control the cells 
atferr they were exposed to far red light for 20 min (t^0). In some cases 30 mM NaF 
wass added to the medium 10 min before the HL treatment. The addition of lOOuM 
DTTT was 5 min before the light exposure. In the case where both inhibitors were 
used,, DTT preceded NaF addition. 

Itt has been proposed that XC pigments control the protein-protein interaction in the 

LHCC lib (reviewed by Horton et al. 1996). We investigate if XC affects the ST processes to 

excludee the possibility that the observed association of both processes is a secondary effect 

causedd by the aggregation of LHC lib in the presence of zeaxanthin (Horton et al 1996). 
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Thee incubation of the cells with 100 u.M DTT that blocks the XC activity had littl e (as seen 
inn other experiments) or no influence on the PS l/PS II emission ratio (Figure 6a). State 
transitionss are not affected by XC activity. 

Statee transitions are also manifested in room temperature tluorcscence measurements. 
Thee fluorescence emission in this case comes mainly from PS II. In Figure 6b the changes 
off  PS II fluorescence during high light exposure is presented. The comparison of the control 
andd NaF treated sample shows a marked increase of NPQ in the latter. This difference is 
suggestedd to stem from induction of a state in which LHC lib phosphorylation is enhanced 
togetherr with a faster conversion of / . If DTT is added before exposing the celts to tight 
partt of the NPQ is suppressed in the control and NaF treated samples (i DTT- NaF; Figure 
6).. However, the DTT NPQ is a minor part of the total in the NaF treated and non treated 
samples.. These results indicate that in the presence of NaF the large fluorescence changes 
observedd are mainly the consequence of a strong reduction of LHC Mb associated with PS 
II ,, which indicates a high suceptibility for phosphorylation of the antenna system in this 
algae.. Another observation is that back in darkness the PS II quantum yield recovery is 
similarr for all treatments with a tow or absent NPQ relaxation in the NaF treated (data not 
show). . 

Discussion n 

S.S. cuspidal us presents a nearly complete violaxanthin turnover in xanthophyll cycle 
operationn with equally well pronounced movement of the LHC lib chl a/b antenna during 
statee transitions. This particular coincidence of properties permitted to arrive at evidence for 
aa functional relationship between these two photoadaptive processes in this alga. 

Inn relation to acclimation, the role of LHC Mb in the relative performance of the 
xanthophylll  cycle has been documented (Demmig-Adams et al. 1995). The amount of V 
availablee for deepoxidation depends on the LHC lib pool size. A small antenna size (sun 
adaptation)) correlates with a higher amount of deepoxidated V. The dependence of XC 
pigmentt interconversion on the LHC lib size has been investigated also for organisms that 
aree deficient in this protein-pigment complex. Hartel et al. (1996), reported that the 35 to 
40%% of the total V that could not be converted into Z is totally deepoxidated in organisms 
withh reduced chl a/b protein complexes (chl b-less mutants and IMF plants). The V pool is 
nott bound to the remaining LHC proteins in these organisms and it is deepoxidated even 
duringg low light conditions (Jahns 1995: Hartel et al. 1996). 

Att a short-term time scale (minutes), no evidence exists that the reduction of the 

peripherall  PS II antenna size after detachment from PS II affects XC pigment 

interconversion.. We propose that the reduction of the LHC lib size due to state transitions 
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havee a substantial impact in both directions of the XC reaction in S. cuspidatus. This 

relationshipp explains the high proportion of V that may become deepoxidated independent 

o ff the acclimation state of the cells. Also, the observation that the first step of each of the 

counteractingg XC reactions (deepoxidation/epoxidation) is faster than the second one points 

too state transitions favoring deepoxidation without affecting the opposite reaction. The XC 

interconversionn may be related to the reversible phosphorylation of part of the peripheral 

antennaa complex. This means either L I IC l i b disassociation from PS II or structural 

changess o f LHC l ib due to its phosphorylation (Allen and Nilson 1997). each of which 

probablyy w i l l affect the protein pigment interaction within the complex. In the first case the 

nett V deepoxidation w i l l increase indirectly by the reduction of the LHC l ib linked 

epoxidationn activity as well as an increase in V availabil ity may take place. Probably the V 

attachedd to the moving part o f LHC l i b complex w i l l set free into the l ipid phase and after 

deepoxidationn w i l l become re-attached to the non mobile antenna subeomplexes (Gruszecki 

ett al. 1997). Another alternative is that V is not tightly bound to any protein complex and is 

presentt between the minor and peripheral antenna (Gilmore 1997). In this case, after the 

disassociationn of the phosphorylated LHC l ib from the minor complexes the epoxidation 

stimulatingg effect o f LHC l ib may also decrease. Probably, it is not only an uncoupling of 

phosphorylatedd LHC Mb from PS II that plays a role in the XC reactions. A structural 

changee could also have impact on the binding of Z or A to this complex, or affect the 

interactionn of these pigments with the epoxidase enzyme. 

Ann alternative explanation is that most o f the V pool is not bound to LHC l ib and is 

easilyy deepoxidated in any acclimation state in S. cuspidatus. However, this explanation 

doess not match wi th the observation of complete and relatively fast epoxidation of 7. as well 

ass the decrease o f the V to A deepoxidation rate with an increase of the antenna size (lowest 

chll a/b ratio). Rather, the LHC l i b size should affect favorably the direction of one reaction 

wi thh a negative effect on the opposite one (Farber and Jahns 1998). Furthermore, a case of a 

total lyy unbound V pool could be evidenced only in structurally modified genotypes wi th an 

inf ini tee chl alb ratio. Those mutant organisms lack most of the LHC l ib as well as some 

otherr chl a,b protein pigments complexes (Martel et al. 1996) and epoxidation rates are 

reducedd by a factor of 3 compared to W T organisms (Hartel et al. 1996; Farber and Jahns 

1998). . 

Strongg evidence that points to the ST relation to XC is that by blocking the 

dephosphorylationn o f LHC l ib . the epoxidase activity is abolished as well. The analysis o f 

thee pigment interconversion in a state 2 condition could be obscured by the use of a non-

specificc inhibitor such as NaF. However, no secondary effects o f this inhibitor were 

observed.. Also, room temperature and 77K fluorescence measurements confirmed that a 

reductionn of the antenna associated to PS II principally influenced the emission changes in 

thee presence of NaF. This inhibitor induced a strong enhancement of the phosphorylation 
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statee of LUC Mb (not shown) and as consequence the large change in fluorescence observed 

whenn Naf was present. According to this. S. cuspidaius shows the peculiarity to 

phosphorylatee a large proportion of its peripheral antenna complex, especially when the 

LUCC lib phosphatase is inactive. This characteristic could explain the difference between 

thee only partial decrease of epoxidase activity observed in rice leaves in the presence of 

NaFF (Xu et al. 1988) and the complete decline observed in the microalga used in this study. 

Thee possibility that the epoxidase enzyme is directly regulated by a kinase/phosphatase 

systemm (Xu et al. 1988) is less likely. The epoxidase enzyme is not regulated via a redox 

sensor.. This enzyme present activity either in light or darkness (see review of Pttindel and 

Bilgerr 1994). One conclusive test could be to investigate the effect of blocking state 1 to 

statee 2 transition on V deepoxidation. Unfortunately, in activation of the LHC lib kinase 

withoutt affecting indirectly the deepoxidation of V proved to be difficult in vivo (data not 

show). . 

Noo matter which could be the exact control of the deepoxidation/epoxidation reactions 

byy LHC lib, the phosphorylation of pari of this complex in state transtions. is related to XC 

pigmentt interconversion in .V. cuspidaius. To our knowledge this is the first report thai 

describess a direct relation of these two photoadaptation mechanisms. Form the ecological 

andd physiological point of view a connection between these two processes is of major 

importance.. In organisms living in a highly variable tight climate, such as aquatic 

environments,, a fine regulated control of absorption and dissipation of energy becomes 

essentiall to achieve an optimal pholosynthetic performance. A strategy to improve growth 

couldd be an acceleration of the XC related protection without loss of the potential role in 

lightt absorption of the pigments involved in this cycle (Lohr and Wilhelm 1999). State 

transitionss could favor the deepoxidation without a negative effect on the back reaction 

(epoxidation)) in non-stress conditions. In thai case the maximum conversion of V to Z and 

thee rate of the reaction wil l depend also on the amount of V which is associated to that part 

off the LHC lib pool thai is phosphorylated. 
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