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ABSTRACT. The fast and slow reversible components of non-photochemical chlorophyll fluorescence
guenching commonly assigned to the gE and the gl mechanism have been studied in isolated pea thylakoids
which were prepared from leaves after a moderate photoinhibitory treatment. Chlorophyll fluorescence
decays were measured at picosecond resolution and analyzed on the basis of the heterogeneous exciton/
radical pair equilibrium model. Our results show that the fast reversible non-photochemical quenching is
completely assigned to the PS Il antenna and is related to zeaxanthin. The slow reversible gl type quenching
is located at the PS Il reaction center and involves enhanced nonradiative decay of the primary charge
separated state to its ground state and/or triplet excited state. Apart from its independence from the proton
gradient, the gl quenching shows striking similarities to a particular form of gE quenching which is also
located at the PS Il reaction center and has resently been resolved in isolated thylakoids from dark-
adapted leaves [Wagner, B., et al. (1996Photochem. Photobiol., B 3839-350]. Our data suggest

that during exposure to the supersaturating light the reaction center gE component was replaced by ql
guenching. This gE to gl transition is supposed to be part of the mechanism of the long-term downregulation
of PS Il during photoinhibition. It is also evident that under the conditions used in our study zeaxanthin-
dependent antenna quenching is not involved in the slow reversible downregulation of PS Il but that it
retains its dependence on the proton gradient during exposure to strong light.

It is a basic property of the photosynthetic apparatus of where only heat and chlorophyll fluorescence compete for
all plants that it cannot use the full range of naturally the excitation energy, thermal dissipation is reflected in the
occurring solar irradiance at high quantum yields in photo- so-called non-photochemical quenching (NPQ) of chlorophyl
synthetic production. PS1iwhich is a potential target of  fluorescence. As indicated by the kinetics of dark relaxation,
adverse effects of strong light is protected by flexible different types of NPQ can be distinguishdd \hich have
mechanisms for a harmless thermal dissipation of light been reviewed by Krause and WeB.(Under excessive
absorbed in excess. In the photochemically closed PS II,illumination, one major component of NPQ is the so-called
high-energy-state quenching (qE) which is linked to the light-

TThis work was supported by the Deutsche Forschungsgemeinschaftinduced formation of a\pH gradient across the thylakoid
(Wi 243/19-2) and Sonderforschungsbereich 189, Heinrich-Heine- mempraned) and thus is normally reversed soon upon return
Universitd, Dusseldorf, and Max-Planck-Institut fistrahlenchemie, . .

Miilheim. to dark. It has been proposed that gE itself is composed of

1 Abbreviations: P or P-680, primary donor of PS II; DAS, decay- two different quenching mechanisms both of which depend
associated fluorescence spectrum; DCMU, 3-(3,4-dichlorphenyl)-1,1- gn the ApH, but only one being related to zeaxanth. (

dimethylurea; DTT, dithiothreitolt,, F,, andFn, initial, variable, and . s - -
maximal chlorophyll fluorescence yields, respectively; I, pheophytin This heterogeneity in qE has recently been confirmed in a

(primary electron acceptor of PS Il); LHC I, light-harvesting complex  Chlorophyll fluorescence lifetime study with isolated pea

Il; NPQ, non-photochemical chlorophyll fluorescence quenching; PS thylakoids which was based on the exciton/radical pair
Il, photosystem II; PFD, photon flux density;Qprimary electron- — aqyilibrium model §; see also Goss et al6)]. With this
accepting plastoquinone of PS Il;zsQsecondary electron-accepting . P - . .
plastoquinone of PS II; gE and gl, fast and slow reversible non- @PProach, itwas possible to distinguish between zeaxanthin-

photochemical quenching, respectively. and ApH-dependent antenna quenching and purghH-
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dependent quenching at the reaction center in the closed P&dapted intact leaves. The basic reaction medium for the
Il. According to the exciton/radical pair equilibrium model, chlorophyll fluorescence measurements was composed of 100
the reaction center quenching was caused by nonradiativemM sorbitol, 10 mM NaCl, 5 mM MgGl 1 mM EDTA,
recombination of the charge separated state of the primaryand 50 mM HEPES/NaOH (pH 7.8).
donor P-680 and the primary acceptor pheophytifi {Pto Three different conditions were chosen to differentiate
the ground state (PI). The extents of both types of qE between the effects of fast reversible high-energy-state
guenching were shown to be rapidly reduced upon uncou-quenching (gqE) and slow reversible non-photochemical
pling of the respective thylakoids. guenching of chlorophyll fluorescence (ql). The first condi-
With increasing durations and intensities of the strong light tion (“light, +ApH” sample) included energization of isolated
treatment on leaves, usually a slowly relaxing second thylakoids from moderately photoinhibited leaves by a proton
component of NPQ emerges. It has been termed “photoin-gradient established by ATP hydrolysis in the dark. We chose
hibitory quenching* (ql) because it occurrs during photoin- this way of thylakoid energization with regard to the special
hibition. There is, however, growing evidence that gl does requirements of fluorescence measurements by single-photon
not simply reflect damage to PS Il but may, instead, representtiming (SPT). Care was taken that the pH gradient was stable
a mechanism of long-term downregulation of PS7)Ihich for the appropriate sampling period, 10 min in our case. The
would partly replace the fast reversible gE mechanism under buildup of theApH gradient was induced by adding 0.3 mM
conditions of prolonged strong light exposuB).(The site ATP to the thylakoid suspensions and then activating the
of downregulation was supposed to be the reaction centerATPase by a short light treatment of 3 min at 36®ol
(8, 9). m~2 s71 before the fluorescence measurement. The second
In contrast, several attempts were made to show that gl condition (“light, —ApH” sample) also included thylakoids
quenching induced by strong light is related to the PS Il from moderately photoinhibited leaves. In contrast to the first
antenna through the maintenance of high zeaxanthin contentgondition, the addition of ATP and the ATPase activating

in the dark (0—12), stable protonations of the LHC I18), light period were omitted, making sure that these thylakoids
or the maintenance of a proton gradient in the dark by ATP remained in the nonenergized state throughout the fluores-
hydrolysis (4). cence measurement. The third condition served as reference

In this work, fast and slow reversible non-photochemical (Teference” sample). These thylakoids were prepared from
quenching of chlorophyll fluorescence as well as possible dark-adapted leaves and were then kept nonenergized by
relations of both to zeaxanthin were studied in isolated OMitting the ATPase activating light period and the addition
thylakoids from moderately photoinhibited leaves. Picosec- ©f ATP. In the case of the nonenergized samples (“light,
ond time-resolved chlorophyll fluorescence decay kinetics ~APH" and ‘reference”), sampling periods of the SPT
were measured and analyzed in terms of the exciton/radicalMeasurements were prolonged to 50 min.

pair equilibrium model by Schatz et alL%). Determination of the Xanthophyll Pigment Qompositiqn.
The concentrations of the xanthophyll cycle pigments vio-
MATERIALS AND METHODS laxanthin, antheraxanthin, and zeaxanthin were determined
. . . . using reversed phase high-performance liquid chromato-
SamplesPea plantsRisum satum var. Kleine Rhein- graphy (HPLC). A baseline separation of lutein and zea-

landerin) were cultivated in a growth chamber with a 18 xanthin was achieved on a Zorbax ODS column (250/4.6
h light—dark regime at a PFD of 10@mol m™ s of mm, C18, particle size of Bm, 20% C, Rockland Technolo-
photosynthetically active radiation (PAR). The-146-day- gies) by binary gradient elution with eluents A [98:2

old plants were harvested during growth light. _ acetonitrile/Tris-HCI (pH 7.8)] and B (75:25 methanol/ethyl
The moderate photoinhibitory light treatment consisted of acetate) §). The concentrations of the individual xantho-
an illumination of detached pea leaves at a PFD of /50l phylls are expressed as percentages of the total xanthophyll

m2 st (PAR) for 20 min in a normal atmosphere. cycle pool. Pigments were measured from thylakoids pre-
Desiccation of the plant material was prevented by floating pared from dark-adapted or moderately photoinhibited pea
the pea leaves on a water surface. To avoid possible sidgeaves. In addition, we measured the xanthophyll contents
effects of heat radiation, the photomhlbltory ||ght was filtered of the “light, +ApH” sample after the completion of the SPT
through 8 cm of water, and the leaf chamber temperature measurements to make sure that no changes in the pigment
was held constant at ZL. Control leaves were kept in the  stoichiometries had occurred due to the specific sample

dark under otherwise identical conditions. treatment involving a short ATPase activating light period
Chloroplasts from pea leaves were prepared according toand a subsequent dark incubation in the presence of a proton
the method of Chow and Andersorlg] with minor gradient.

modifications. In a second preparatory step, the chloroplasts Fluorescence InductionRoom-temperature chlorophyll
were osmotically shocked by incubation for 2 min in a fluorescence induction curves were obtained with a fluo-
medium containing 10 mM NaCl, 5 mM Mggland 10 mM rometer with a low-intensity modulated measuring light
HEPES/NaOH (pH 6.5). After a short centrifugation at (PAM 101, Walz, Germany). The thylakoid suspensions had
170Q@, the thylakoids were resuspended in the isolation a chlorophyll content of 100 mg/L. For the “light; ApH”
medium according to the method of Chow and Anderson samples, the maximum fluorescence yield was monitored
and stored on ice. with application of short saturating flashes (55000l m—2
The effects of the moderate photoinhibitory light treatment s™1) over the course of 3 min of the ATPase activating light
on non-photochemical energy dissipation were investigated period (360umol m=2 s71). After 3 min, DCMU (10uM)
by means of chlorophyll fluorescence measurements usingand hydroxylammonium chloride (1 mM) were simulta-
isolated pea thylakoids prepared from the illuminated or dark- neously added to close all PS Il reaction centers without
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further saturating flashes. The weak modulated measuring
beam was now sufficient to maintain a permanent closure
of PS Il during the time span of 10 min corresponding to
the sampling periods of the single-photon timing. In the case
of the nonenergized samples (“lightApH” and “refer-
ence”), closure of the reaction centers by DCMU and
HONH;CI followed immediately after the application of one
saturating light flash.

Fluorescence induction measurements with the PAM Ficure 1: Exciton/radical pair equilibrium model for the primary

fluorometer mainly served the purpose of controlling the processes in photosystem Il according to 1& The scheme

fluorescence data obtained with the single-photon timing represents the model of the closed photosystem Il with the maximal
measurements. Under identical conditions, the changes influorescence yieldHy) due to a permanently reduced electron-

the maximum fluorescence yiel#§) in PAM measurements atciepﬁﬂg E'?‘StthUifnonecxj«?Sttﬁte A f?tp[jesfnttsé’g ”I'inhtthebgrou?d

ithi i H in State whicn Is transterred to the excited state y light absorption.
were equal W|th|n error I|m|Fs to the respt'ect'lve changes in Since the model assumes trap-limited exciton deak{ = k),
count rates obtained with single-photon timing.

states (ChtPIQa™) and (ChiP*IQA ™) are treated as one generalized

Fluorescence DecayBluorescence decays were recorded excited state. The latter leads forward to the primary charge-
by the method of single-photon timing (SPT). For excitation, separated state C as described by the rate corigtakiternatively,
we bsed a synchronously pumped mode-focked and cavi SASLLe S ToAIELE Cerdy Pack 5 e g s e
dumped dye laser system (models 375 and 4558’_ SpeCtrageparation is not possible in the closed PS II, the singlet raglical
Physics) with an At laser (model 171, Spectra Physics) as pajr of state C may only recombine to the excited state B as de-
the pumping source. The excitation wavelength was set toscribed by rate constakt, or to state D, which can be reached by
643 nm. At a repetition rate of 800 kHz, the pulse width the nonradiative decay back to the ground state and/or triplet excited
(fwhm) was 14 ps. The sample was excited with an excitation state of the radical pair, both summarized in rate condtant
density of 40 nJ pulsé cm™2.

The fluorescence was dispersed by a spectrograph (HRduring the SPT measurement. To achieve the minimum of
250, Jobin Yvon) positioned at 9@ith respect to excitation. 23 000 counts in the peak channel of the multichannel
To suppress stray light, a cutoff filter (RG 665, Schott) was analyzer (MCA), the counts of five independent measure-
placed in front of the spectrograph. A multianode micro- ments, each performed with a fresh sample, were summed
channel plate photomultiplier (R 3839 U-11, Hamamatsu) up. For nonenergized samples (“light ApH” and “refer-
was used for detection. This special arrangement allowedence”), the data collection intervals were 50 min.
for the simultaneous measurement of fluorescence at four Data AnalysisFluorescence decay data were first analyzed
different detection wavelengths with a spectral resolution of by a global lifetime analysis. In this analysis procedure, the
8 nm/anode (fwhm). The signals of four anodes were fluorescence decay curves recorded at different wavelengths
processed with four sets of equivalent detection electronics.were simultaneously fitted by a sum of exponentialg;[1)
Each set consisted of a constant fraction discriminator (TC exp(—t/z;)]. The fit quality was judged by a reduceg
454, Tennelec), a time-to-amplitude converter (TC 862, criterion and plots of the weighted residuals. For each lifetime
Tennelec), and an analog-to-digital converter (7423 UHS, component, the dependency of amplitudg®n detection
Silena). The signals were then stored in four multichannel wavelengthl is shown in decay-associated spectra (DAS).
analyzers (TMCA, target) integrated in a personal computer. Second, a global target analysis was performed on the basis
The resolution of the time-to-amplitude converter was 10 of the exciton/radical pair equilibrium model presented by
ps/channel. The system response function was measured foSchatz et al. ¥5) which had been used previously to
each anode separately and exhibited a half-width ef 85 successfully fit data from time-resolved fluorescence and
ps. After deconvolution of the decay curves with the system absorption measurementss( 17, 18), demonstrating that it
response function, a resolution L0 ps could be achieved. is appropriate for the description of the primary kinetic
Fluorescence decays were measured between 676 and 69grocesses in PS Il. In this model (Figure 1), four different
nm. A minimum of 23 000 counts was collected in the peak states of PS Il designated-D are considered. The model
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channel of the multichannel analyzer.

For SPT measurements, samples containingdlof Chl/
mL were pumped from a reservoir through a flow cuvette
(2.5 mmx 1.5 mmx 1.5 mm) at a flow rate of 100 mL/
min. The fluorescence decays of the different samples were
measured with closed reaction centdfgs)( Closure of the
reaction centers was achieved by addition of 1 mM H@NH
Cl and 10uM DCMU and preillumination of the sample
before entering the flow cuvette. For this purpose, a glass
tube with a diameter of 4 mm was inserted in the flow system
and illuminated with 2.5xmol m2 s72, In the case of “light,
+ApH” samples, hydroxylammonium chloride and DCMU
were added after the ATPase activating actinic light period.
The sample temperature was kept constant at.5The
sampling periods were limited to 10 min, which was short
enough to ensure sufficient stability of the proton gradient

is characterized by four rate constants and assumes a trap-
limited energy transfer. Further details of the model are given
in the legend of Figure 1.

There is evidence pointing to the existence of two different
populations of PS Il, called PSdland PS I (for a review,
see refl9). They probably differ in their relative antenna
size Q0), while the evidence regarding their localization in
appressed and nonappressed thylakoids is still contradictory
(21, 22). This heterogeneity was taken into account in the
analysis using the fitting approach developed by Roelofs et
al. (23) and resulted in eight rate constants: four for each
type of PS II. Furthermore, a factor was calculated that
represents the ratio of the number of absorbing chlorophyll
molecules (relative antenna size) in the respective antenna
types @ andf). According to the observation that PSll
has the larger antenna siz2Q), it was attributed to the
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Ficure 2: Chlorophyll fluorescence induction kinetics of pea leaves (‘) ; “‘ é ;; 1‘0 1‘2

in moderate photoinhibitory light (20 min, 7%0nol m~2s™1). The
moderate photoinhibitory treatment and the dark recovery are min

represented by the white and black bars at the bottom, respectively. . .

Starting from the dark-adapted state, saturating light pulses (1 s, IGURE 3: Time course of the maximal chlorophyll fluorescence
5500 umol m2 s) for the determination of the maximal Yi€ld (Fm) of pea thylakoids. The thylakoids were prepared from

fluorescence vield were s lied every minute. eit_he_r (_:iark—adapted [“reference" sampl®)} or moderately_ pho-
! yielew uppl very mind toinhibited pea leaves [*light~ApH” sample ®) and “light,
majority of chlorophyll molecules. The model predicts two APH” sample O)]. Only in the case of the "lightf ApH” sample,

e S . the ATPase was activated by preillumination for 3 min at 36®lI
lifetimes for each type of PS II, and thus, the kinetic analysis .= <1, the presence of 0.3 mM ATP. The end of preillumination

yields a sum of four lifetimes for PS II. is denoted by the arrow. As a result, a proton gradient from ATP
All parameters except for the ones that are kept fixed in hydrolysis was maintained after the ATPase activating light was
each case were allowed to vary freely. switched off. In the “light,+ApH” sample, the maximum fluores-
cence yield was detected by three saturating pulses during the first
RESULTS 3 min. Thereafter, DCMU (1uM) and hydroxylammonium

chloride (1 mM) were added to keep PS Il permanently clofgd (

Fluorescence Inductionith the onset of the moderate  state) by only the weak modulated measuring beam. For the other

photoinhibitory light treatment, detached pea leaves devel- WO samples, DCMU and hydroxylammonium chloride were added
. .~ immediately after one saturating pulse.

oped non-photochemical chlorophyll fluorescence quenching
(NPQ) as determined by the decline of the maximal yield of
chlorophyll fluorescencer,) obtained with saturating light ~ (“light, +ApH”) is supposed to represent the closed PS Il
pulses (Figure 2). Part of the overall NPQ relaxed within in the dissipative state in leaves as induced by the proton
the first 5 min of dark adaptation, indicating the operation gradient established in strong light. The slight increase in
of the fast reversible qE mechanism in the preceding strongthe maximum fluorescence yield occurring during the time
light period. The fast phase of recovery of thg level was course of the measurement is due to some loss in\{ité
typically accompanied by a reduction in the extent of probably caused by the dark inactivation of part of the
guenching of the dark level of chlorophyll fluorescenEg,(  ATPases. This can be concluded from the time course of
Figure 2). The intensity and the duration of the strong light the ApH-dependent quenching of 9-aminoacridine fluores-
treatment on leaves were chosen such that the slow relaxingcence (data not shown; see &5).
type of quenching (gl quenching) just started to develop. After the first saturating flash, DCMU (1@&M) and
These conditions were chosen so complications in the HONH:CI (1 mM) were added to the “reference” and “light,
analysis of the fluorescence decay data due to the complex—ApH” samples to keep PS Il permanently closed by the
changes associated with more severe photoinhibition couldweak measuring beam. This was done to allow for a better
be avoided, e.g., the disassembly of parts of P34). (After comparison of the results of fluorescence induction and
5 min of dark recovery of the leaves, the decreasé.nas fluorescence decay measurements. Note, however, that both
compared to that of the dark-adapted state at the beginningreagents were added to the “lightApH” sample only after
of the strong light treatment, ranged between 20 and 25%.the ATPase had been activated by illumination for 3 min at
The slowly proceeding dark recovery from gl quenching, 360x«mol m2s!with the F,, monitored by saturating pulses
which can normally be observed with whole leaves, was until the addition.
absent at the level of the isolated thylakoids from moderately The photochemical activity of the isolated thylakoids was
photoinhibited leaves. Thylakoids prepared immediately from determined as the level of light-saturated oxygen evolution
the pea leaves after the strong continuous light treatment wasduring electron transport from water to ferricyanide in the
terminated (“light,—ApH” sample) exhibited a constant loss presence of 5 mM ammonium chloride as an uncoupler.
in Fn of up to 26% (Figure 3). If a proton gradient from There were only small losses with a remaining activity of
ATP hydrolysis was established across these thylakoids95% in “light, —ApH” samples compared to the reference
(“light, +ApH” sample), a further NPQ was added upon the (not shown). The strong light treatment caused a conversion
existing ApH-independent NPQ, leading to a total decrease of violaxanthin to antheraxanthin and zeaxanthin as shown
in Fy, of about 50% (Figure 3). The closed PS Il in samples in Table 1.
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Table 1: Xanthophyll Cycle Composition in Pea Thylakoids corresponded to the constant loss in the maximal fluorescence
Prepared from Moderately Photoinhibited Le&ves yield observed during steady-state fluorescence measure-
ments. The decay was further accelerated when the mem-

sample violaxanthin antheraxanthin zeaxanthin . . .
branes were energized by a pH gradient from ATP hydrolysis
“reference” 96 4 nél (“light, +ApH” sample)
“light, —ApH” 43 11 46 ght, ~Ap pie).
“light, +ApH” 43 11 46 Global Lifetime AnalysisSimilar to what was found by

aXanthophyll contents are given as a percentage of the total Roelofs et al. 23) and Wagner et al 5], the global lifetime
xanthophyll cycle pool. “Reference”, thylakoids prepared from dark- data analysis revealed that the fluorescence decays of the
adapted leaves. “Light; ApH’", thylakoids prepared from moderately  three different samples needed to be fitted by a minimum of

photoinhibited leaves (20 min, 75@mol m™2 s71). “Light, +ApH”, - : : :
thylakoids from moderately photoinhibited leaves; determination of five exponentials. The resulting decay associated spectra

pigments after the sample has passed one complete single-photon timindDAS) are shown _in_pan9|3_a3 of Figure 5-_ Fr_om their
measurement, including light activation of the ATPase and the Spectral characteristics, the two shortest lifetimes of the

subsequent dark incubation in the presence of a proton gradient fromreference sample (Figure 5a) were attributed to PS | (130
ATP hydrolysis.” Not detectable. ps) and energy equilibration processes in the light-harvesting
antenna complexes of PS Il and PS | (40 ps), respectively.
Three further components with lifetimes of around 350, 1490,
and 2540 ps could be assigned to PS Il because of their peaks
near 683 nm. Since the main changes in the DAS due to a
moderate photoinhibitory pretreatment and the additional
presence of a&\pH were associated with these three PS I
lifetimes, we will focus below on these components. Because
of changes in their lifetimes that are dependent on the
different measurement conditions, we will herein refer to the
three PS Il components as the slow, the medium, and the
fast PS Il component, to allow for an easier comparison of
100 J , L , the DAS of the different samples.

0 2 4 6 8 10
The DAS of the reference was dominated by the medium

time/ns —» .
PS Il component followed by the slow component, while

Ficure 4. Comparison of fluorescence decay kinetics of isolated | . tributi derived f the fast
pea thylakoids in thd-,, state. Thylakoids prepared from dark- only minor contributions were derived ifrom the fast com-

adapted pea leaves were used as a reference. “ligkpH” and ponent (Figure 5a). With only little changes in the three PS
“light, +ApH” samples were prepared from moderately photoin- Il lifetimes, the fluorescence quenching associated with the

hibited leaves (20 min, 75@mol m~2s7%). Only in the case of the  moderate photoinhibitory treatment (“light ApH” sample)

“light, +ApH” sample was a proton gradient from ATP hydrolysis ; : ; ;
throughout the data collection interval of 10 min. The fluorescence was mainly caused by a drastic decrease in the relative

was excited at 643 nm and detected at 682 nm. For each decay@MPlitude of the slow PS Il component SFigure 5b).”The
curve, a minimum of 23 000 counts were collected in the peak presence of a\pH from ATP hydrolysis (“light,+ApH
channel of the multichannel analyzer. The chlorophyll content was samples) led to a decrease in the lifetime of the medium
10 mg/L. The corresponding maximal steady-state fluorescence component from 1465 to 1178 ps. The fast PS Il component

yields compared to the reference were 80 and 45% in the “light, o . g . . . o
~ ApH” and “light, +-ApH” samples, respectively. The xanthophyl exhibited an increase in its relative amplitude and in addition

cycle composition of the different samples is given in Table 1. ~ @n increase in its lifetime from 376 to 476 ps (Figure 5c).
The slow PS Il component did not significantly change in

response to the additional proton gradient beyond the
alterations already seen in the “light ApH” sample. The
PS | component and the component attributed to energy

10*

Aget = 682 nm

light, -ApH
10%+ reference

(dark, -ApH)

102}
light, +ApH

counts —»

10"+

Fluorescence Decays with Closed PSIfl.Figure 4, the
fluorescence decay kinetics of isolated thylakoids with closed
presented here, because the lack of any substantial differencd’ "¢ dIleren .samp es: o
in the fluorescence yields of open PS Il between the different  The conclusions that can be drawn from global lifetime
measurement conditions made any further data analysis no@nalysis of the chlorophyll fluorescence decay data are
promising. Thylakoids were prepared from dark-adapted or limited due t_o the fact_that the determmt_a(_:l PS I I|fet|n_1e§
moderately photoinhibited leaves. In the case of thylakoids cannot be directly assigned to any specific process within
from dark-adapted leaves (‘reference” sample) and the PSII.
nonenergized thylakoids from moderately photoinhibited  Target AnalysisTo gain deeper insight into the processes
leaves (“light, —ApH” sample), the minimum number of that led to the above-described strong light-induced/spid-
counts for the decay curves was collected in continuous SPTdependent changes in fluorescence amplitudes and lifetimes,
measurements of 50 min. If the measurement condition a target analysis of the fluorescence decay data was neces-
involved the activity of the ATPase in building up/gpH sary. In this target analysis, a heterogeneous exciton/radical
(“light, +ApH” sample), the depicted signal represents the pair equilibrium model (see Figure 1) was fitted to the
sum of counts collected during five independent sampling fluorescence decay data, as discussed in detail 23€efhe
periods of 10 min each using a fresh sample. In comparisonmodel predicts biexponential fluorescence decay kinetics for
to the reference, the nonenergized thylakoids from moder- PS Il subpopulations. and which are both characterized
ately photoinhibited leaves (“light; ApH” sample) exhibited by their own sets of rate constants and amplitude factors
accelerated fluorescence decay kinetics (Figure 4) whichwhich are proportional to the number of chlorophyll mol-
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a 10

reference lifetimes (ps) Table 2: Rate Constants of the Primary Reactions within the Closed
X 1;3 oS PS 1l According to the Exciton/Radical Pair Equilibrium Model
N g
+ 3u9 PS I Shown in Figure 1
m 1494 PSIi
® 2541 PSIi sample Ka ku K1 ke
“reference” ka = 0.3 ns) 0.3 0.4 0.2 1.1

“light, —ApH” (ka =0.3ns) 03 05 01 18
“light, —ApH” (k =0.4ns?) 04 04 03 17
“light, +ApH” (ka =0.3ns?) 03 07 01 12
_______ “light, +ApH” ( =0.4ns?) 06 04 01 16

e aThe rate constantls (ns') were calculated by target analysis of
the chlorophyll fluorescence decay kinetics of the different thylakoid
%80 590 700 710 720 730 samples. Single-photon timing was performed with thylakoids prepared
from either dark-adapted (“reference” sample) or moderately photoin-
hibited pea leaves (“light- ApH” and “light, +ApH” samples). In the
case of the “light,+ApH" sample, a proton gradient from ATP
Tifetimes (ps) hydrolysis was present throughout the sampling period of 10 min.
x 33 During data collection, PS Il was kept in the closed state by the presence
+ 115 psi of DCMU (10 M) and hydroxylammonium chloride (1 mM) in all
A samples. Although the target analysis was performed for both ®S II
PS It and PS IB, only the results for PS & are depicted for reasons given
in the text. For “light,—ApH” and “light, +ApH” samples, the target
analysis was performed independently with a fixed rate constant of
eitherka or ki. The composition of the xanthophyll cycle in the dif-
ferent samples is given in Table 1. The error ranges of the respective
rate constants were as follow&a, 25%; ki, 25%; k-1, 50%; andks,
30%.

rel. amplitude
o
[4)]

wavelength/ nm —»

light, -ApH

05

rel. amplitude

Among PS Il subpopulations, PSdlrepresents the most
wavelength / nm  —» functional state with regard to photochemical activity. It binds
the majority of the chlorophyll moleculed9) and is thus
c 10 — the main origin of chlorophyll fluorescence. Although the
light. +apH predmes (vs) rate constants determined for P Ibf the reference sample
1;2 ;’: :I were similar to the ones found in an earlier study with pea
1178 Psil thylakoids @3), the changes in the rate constants of P& Il
PSH associated with the moderate photoinhibitory pretreatment
and the additional presence of a proton gradient fell, however,
within relatively large error ranges. Consequently, we felt
that any interpretation of these data was not justified.
Unique solutions for the set of differential equations of
= the exciton/radical pair equilibrium model require one of the
o 7 ‘ [ ‘ four rate constants to be fixed&). The accepted procedure
670 680 690 700 for overcoming this problem was to perform target analysis
wavelength /nm  —» with a fixed rate constama. This usually well-justified prac-
Ficure 5: Decay-associated spectra (DAS) for isolated pea tice is based on the assumption that the probabilities for fluo-

thylakoids in theFr, state resulting from global lifetime analysis.  rescent and thermal decay of excited antenna states as well

The excitation wavelength was 643 nm. (a) Reference, nonenergized, g anergy transfer to the reaction center are independent of
thylakoids prepared from dark-adapted pea leaves containing no

zeaxanthin 2 = 1.18). (b and c) Thylakoids prepared from the reaction center state. However, this presumption cannot

o m»> + X

rel. amplitude
o
[¢)]

moderately photoinhibited pea leaves (20 min, 7Bl m=2s1) be taken for granted in the case of samples with high zea-
with high contents of zeaxanthin as given Table 1. (b) “Light, xanthin content as the latter is expected to excert a direct
—ApH” sample, with no further treatment(= 1.11). (c) “Light, influence on thermal energy dissipation in the antenna, thus

+ApH” sample, where the ATPase was activated by a short light ; ; ;
treatment (3 min, 36@mol m2 54 prior to the single-photon leading to changes in rate constégnt We therefore decided

timing to establish a proton gradient from ATP hydrolysis during [0 Perform target analysis for the zeaxanthin-containing
data collection 2 = 1.08). The error range of the lifetimes is 15%. samples independently with a (i) fixed and (ii) variable rate
Note that a comparison of relative amplitudes is only valid between constantka.

part_icular lifetime components of the same DAS, but not between Assumption I: kIs ConstantIn a first analysis, the values
lifetime components of different DAS. for rate constantg,, k 1, andk, were calculated with rate
constanka fixed at 0.3 ns? for the three different samples.
ecules associated which each type of PS Il. In addition to This assumption is derived from earlier observations of
the four resulting lifetimes, two more exponential decay average fluorescence lifetimes for the isolated LHC Il
components had to be fitted to the decay data to account forbetween 3 and 5 n26, 27) and has proven to be a good
the two lifetimes that could not be attributed to PS Il by the choice in the case of nonenergized isolated pea thylakoids
global lifetime analysis. This led to a total number of six (23). The calculated values for the rate constants are given
lifetimes for the thylakoids with closed PS Il. We chose to in Table 2. For the reference sample, the rate contants are
concentrate on the presentation and discussion of the datan good accord with earlier result3). The sustained
related to PS Il because of the following considerations. fluorescence quenching in thylakoids prepared from strong
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light-pretreated leaves (“light; ApH” sample) is mainly due ~ DISCUSSION

to an increase in rate constdatfrom 1.1 to 1.8 nst, while , i

only small changes were obtained for rate constangnd The results of chlorophyll fluorescenpe 'ln.ductlon measure-
k_.. With the additional presence of a proton gradient formed Ments reveal that a moderate photoinhibitory treatment of
by ATP hydrolysis in the thylakoids from moderately P€2 Iea_ves induced Iarge_ non-photophe_mmal fluorescence
photoinhibited leaves (“light-ApH” sample), the situation qu_enchlng (NPQ). According to the klnetlcs.of dark relax-
changed completely in that the former increase in rate &tion, the NPQ was composed of fast reversible qE quench-

constantk, was replaced by a near doubling of the rate INd and slow reversible gl quenching. The gl in photoin-
constant of primary charge separatida)( With the high hibited leaves must be considered independent of the proton

zeaxanthin content of the samples in mind, this result doesdradient since the gl was also found in thylakoids which
not easily fit into our present understanding of the role of Were prepared from those leaves and then stored in the dark.

zeaxanthin in the process of non-photochemical quenching!n these thylakoids, gE quenching could be regenerated in

and its dependence on the proton gradient. There is presently’€ dark using a proton gradient driven by ATP hydroly-
no evidence favoring a stimulation of primary charge S'S-
separation under the combined influences of zeaxanthin and Using thylakoid samples which were treated in the same
a pH gradient. Therefore, another analysis was performedmanner as in the steady-state fluorescence measurements,
with a fixed rate constari,. gl and gE were further studied by combined global and target
Assumption II: kls Constantin a second analysis, rate  analysis of the respective chlorophyll fluorescence decays.
constantk; was fixed at the value of the reference sample According to global lifetime analysis, the gl quenching
(0.4 nsl). Under this assumption, the main change found (light, —ApH" sample) was mainly characterized by a
in thylakoids from moderately photoinhibited leaves (‘light, decrease in the relative amplitude of the longest-lived PS II
—ApH” sample) was an increase in the rate constafrom fluorescence decay componentt 2730 ps). In this respect,
1.1 to 1.7 nsL. This result is remarkably similar to the one the ql quenching induced by strong light resembles a
obtained with the first assumption of a fixed rate constant Particular component of qE which has recently been shown
ka, strongly suggesting that the stable fluorescence quenchingi© Pe connected to a proton gradient in thylakoids from dark-
induced by the strong light is in fact caused by enhanced @dapted leaves]. With regard to global lifetime analysis,
radiationless recombination to the ground state and/or tripletthis formerly observed gE type and the gl quenching
excited state of the radical pair. In addition, we also found investigated in the study presented here are both characterized
minor, and perhaps not significant, increases in rate constantgnainly by significant decreases in comparatively slow PS I
ka andk_s. If a proton gradient from ATP hydrolysis was lifetimes of 2800 and 2730 ps, respectively. These results
established across the thylakoids from the moderately pho-Provide first evidence for_ similarities in the mechanisms of
toinhibited leaves (“light;-ApH” sample), the rate constant  the two types of quenching.
k. remained high (1.6 nd), but in addition, rate constaki In comparison to the reference, the “lightApH” sample
was now doubled compared to the reference value (Tableof this study, in which fluorescence was simultaneously
2). The latter result agrees well with our earlier finding that quenched by qE and ql, was characterized by a decrease in
zeaxanthin and the pH gradient cooperate in the induction the relative amplitude of the longest-lived PS Il component
of antenna quenching as expressed by the enhanced rate cof2640 ps) along with an increase in the amplitude of the fast
stantka (5). The decision about which of the two above as- component (476 ps). In addition, the lifetime of the medium
sumptions (a fixed rate constaitor k;) was accurate could ~ PS Il component (1180 ps) decreased compared to that of
not be made by judging only the respective fit quality, be- the reference (1490 ps). Under the assumption that the
cause it was essentially equal in both cases. This situationamplitude decrease in the slow PS Il component was still
is inherent to the fitted kinetic model shown in Figure 1 in attributed to gl, the qE by itself would then be related to the
which increases in rate constaktsandk; can, over a wide relative amplitude increase of the fast component and the
range, compensate for each other in explaining one and thdifetime decrease in the medium PS Il component. In a
same acceleration of fluorescence decay kinetics. However previous study%), where thylakoids from dark-adapted pea
taking into account the additional information that within leaves were used, we have demonstrated thaptd from
PS Il the xanthophyll cycle carotenoids are at least for the ATP hydrolysis may drive zeaxanthin synthesis, and that the

most part bound to the minor LHC Il complexeZ9¢31), combined effect of thé\pH and zeaxanthin was gE quench-
we strongly favor assumption Il (fixekh). With regard to ing which was also associated with both an amplitude
the unexpected increase calculated for rate condtaimt increase of a fast PS Il component (525 ps) and a lifetime

response to a pH gradient in zeaxanthin-containing thylakoidsdecrease in a medium PS Il component (1224 ps) compared

under the assumption of a fixed rate constgntthe most to that of the respective reference (1416 ps). We thus

reasonable explanation is that the increasé& imas only conclude that the gE observed in this study can also be

enforced by fixingka, thus hiding the true changeskpand explained by the presence of both zeaxanthin anpl.

Ka. However, our results from global lifetime analysis do not
An important result is that we did not see an influence of exclude the alternative explanation that the gl, and not the

the proton gradient on the rate constant for nonradiative E, was related to zeaxanthin and the qE was exclusively

recombination to the ground state and/or triplet excited stateassociated with th&pH. We shall refer to this point in the

of the primary radical pairkg) in thylakoids from moderately ~ discussion of the target analysis.

photoinhibited leaves. This would have been predicted from  The gl from moderate in vivo light treatment correspon-

results of a preceding study with dark-adapted isolated ded to a decreased amplitude of a particular PS 1l life-

thylakoids §). time with only minor changes in the lifetime itself. In con-
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trast to our findings, it has been reported by Gilmore and immediatly upon uncoupling5j. Our results are therefore
co-workers 28) that a larger gl due to a stronger in vitro consistent with the view that besides its role in zeaxanthin
light treatment was associated with a gradual shift of a synthesis theApH could have a second important role in
1.9 ns lifetime component with constant amplitude toward zeaxanthin-dependent antenna quenching. It was suggested
shorter lifetimes. These differing results may possibly be that unlike in solution, where the; ®@nergy of zeaxanthin
explained in terms of primary and advanced stages of seems sufficiently low for direct quenching of Gh§, states
photoinhibition in the two studies and different photoinhibi- (33), the quenching capability of zeaxanthin in a native
tory and analytical procedures that were applied. Interest- system might depend on the proton gradient in a dual manner
ingly, the two fluorescence lifetime studies revealed similar (34). (i) The ApH might induce asymmetric perturbations
results regarding gE, which was associated with an increasen the vicinity of the membrane-spanning molecule zeaxan-
in the relative amplitude of a lifetime arround 500 ps in both thin which could then increase the dipole strength of the
cases. formally dipole-forbidden zeaxanthin S transition. (ii)
While the global lifetime analysis approach did only allow ApH responsive changes in the &iergy of Chla might
the mere distinction between gE and gl in terms of changesincrease its level of spectral overlap with the zeaxanthin S
in lifetimes and amplitudes, it was the strength of target state 84). Note, however, the recent finding of a role in light
analysis that it not only facilitated the assignment of the two harvesting of zeaxanthin in a zeaxanthin epoxidase mutant
types of quenching to defined events within PS Il but also of Arabidopsis thalianavhere zeaxanthin and lutein are the
allowed their quantitative estimation during their simulta- only carotenoids in LHC I 35).
neous operation. The above assumption, that zeaxanthin can be attributed
According to the target analysis based on the heteroge-to gE, is also supported by the results of global lifetime
neous exciton/radical pair equilibrium model shown in Figure analysis of gE quenching which strongly resemble those of
1, the gl is best explained by an increase in the level of zeaxanthin- and\pH-dependent gE in thylakoids from dark-
nonradiative recombination of the charge-separated state bacladapted leave$y). It is therefore preferred to the alternative
to the ground state and/or to the triplet excited state asassumption which relates it to gl.
indicated by the enhanced rate constintThe additional With regard to the dependence of antenna quenching on
gE quenching induced by thepH is related to an increase zeaxanthin andApH, our data are also consistent with
in rate constantks, which indicates enhanced thermal suggestions by Horton and RubaB6l who discussed the
dissipation in the PS Il antenna. It is thus possible to make possibility of ApH-dependent zeaxanthin aggregation, which
a clear distinction between gl and gE in that the first is pure might then enable a quenching mechanism based on the
reaction center quenching while the second is antennaformation of exciton-coupled Cld dimers as suggested by
guenching. The clear assignment of zeaxanthin to either gECrofts and Yerkes37).
or gl is difficult because zeaxanthin was present during the The mechanism behind the stimulation of nonradiative
measurement of both types of quenching. Two alternative charge recombination remains unknown. If a partial loss of
assignments are considered. PS Il donor side activity was assumed, it could at first glance
(i) Zeaxanthin Is Related to gA stimulation of nonra- be related to the enhanced stability of the quenching species
diative recombination of the primary radical pair (P-680 P-680" (38). However, the described method of single-
Pheo) by zeaxanthin requires interaction between zeaxan- photon timing together with the use of a flow cuvette in our
thin and the primary radical pair. Since it is widely accepted study should have eliminated the possibility of excitation of
that zeaxanthin is restricted to the outer PS Il antennathe oxidized primary donor (P-68Q Preferential charge
(29—-31), such an interaction may be excluded. Neverthe- recombination may be linked to the earlier reported primary
less, if such an interaction is assumed, the observed antennghotoinhibitory loss in normal secondary electron transfer
quenching would then exclusively be related to theH. between Q and (¢ (39—41) by one and the same structural
As a consequence, the established role of zeaxanthin inchange.
antenna quenching would have to be questioned. In our Apart from considerations regarding the mechanism of gl
study, the gl was not antenna quenching, thus ruling out quenching, this study provides evidence for a close relation
sustained quenching by antenna-localized zeaxanthin. Apartoetween gl and a particular gE component existing in thyl-
from these considerations, our results do not exclude aakoids from dark-adapted leaves, (6). Target analysis
possible role of zeaxanthin in sustained quenching during indicates that this gE component as well as the gl observed
stronger photoinhibitory treatment, 12, 32). In this case in this study is related to enhanced nonradiative charge re-
of antenna-localized gl, the relation between sustaiRgd combination; thus, both represent reaction center quenching.
guenching and long-lived amounts of zeaxanthin must be As outlied above, global lifetime analysis further demon-
established in accordance with currently accepted PS Il strates that they are both characterized by a decrease in their
models. longest-lived PS Il lifetime component. The two types of
(ii) Zeaxanthin Is Related to gESince in this study the  reaction center quenchings differ only with respect to the
target analysis led to an assignment of qE to the PS Il role of the proton gradient. We therefore propose that during
antenna, the assumption that zeaxanthin is related to gE isstrong light exposure ApH-dependent reaction center qE
consistent with the present knowledge regarding the localiza-component is replaced by a reaction center gl. In agreement
tion of zeaxanthin. It is at first glance inconsistent with the with earlier suggestions8(42), the gl would then represent
fact that despite high zeaxanthin contents we did not observestable downregulation of PS Il rather than damage. The
any antenna quenching in samples without a proton gradient.enhanced nonradiative charge recombination may provide a
On the other hand, it has been shown previously that in mechanism for the harmless deactivation of potentially
isolated thylakoids zeaxanthin-dependent quenching ceasedlamaging radical pair states. This interpretation is in line
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with earlier conclusions by Roelofs et aR3) about the 23. Roelofs, T. A, Lee, C.-H., and Holzwarth, A. R. (1992)
photoprotective nature of the increased level of nonradiative Biophys. J. 611147-1163.

charge recombination in the closed PS Il in comparison to 24- Aro, E.-M., Virgin, 1., and Andersson, B. (1998&)jochim.
that in the open PS I Biophys. Acta 1142113-134.
’ 25. Schuldiner, S., Rottenberg, H., and Avron, M. (19E8y}. J.
Biochem. 2564—70.
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