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ABSTRACT. Laser flash-induced changes of the fluorescence yield were studied in aggregates of light-
harvesting complex Il (LHCII) on a time scale ranging from microseconds to seconds. Carotenoid (Car)
and chlorophyll (Chl) triplet states, decaying with lifetimes of several microseconds and hundreds of
microseconds, respectively, are responsible for initial light-induced fluorescence quenching via-singlet
triplet annihilation. In addition, at times ranging from milliseconds to seconds, a slow decay of the light-
induced fluorescence quenching can be observed, indicating the presence of additional quenchers generated
by the laser. The generation of the quenchers is found to be sensitive to the presence of oxygen. It is
proposed that long-lived fluorescence quenchers can be generated from Chl triplets that are not transferred
to Car molecules. The quenchers could be Chl cations or other radicals that are produced directly from
Chl triplets or via Chl triplet-sensitized singlet oxygen. Decay of the quenchers takes place on a millisecond
to second time scale. The decay is slowed by a few orders of magnitude at 77 K indicating that structural
changes or migration-limited processes are involved in the recovery. Fluorescence quenching is not observed
for trimers, which is explained by a reduction of the quenching domain size compared to that of aggregates.
This type of fluorescence quenching can operate under very high light intensities when Chl triplets start
to accumulate in the light-harvesting antenna.

Under high light conditions, the photosynthetic apparatus described in§) 92 + 7% of the Chl triplets are transferred
becomes oversaturated, leading to an enhancement of photo Car at room temperature. This showed that in LHCII not
toinhibition and increase of triplet productioh)( The triplet all Chls have neighboring Cars.

excited state of chlorophyll (CHixan be very effective in In addition to fast Chl triplet transfer to Car, plants have
generating singlet oxygen, which is a lethal damaging agentdeveloped another strategy to reduce the concentration of
for living organisms ). Plants have developed several cCh| triplets. Under high light intensities, quenchers of singlet
protective mechanisms to lower the concentration of Chl excitations are generated in photosysten¥)! At least part
tripletS. Carotenoids (CarS), which are in close contact with of these quenchers appears in the |ight-harvesting antennae
Chl in the light-harvesting antennae, very efficiently accept and are responsible for a protective mechanism known as
the Chl triplets §). Car triplets do not generate singlet oxygen nonphotochemical quenching@)( Despite the fact that the
and can even quench it, thus serving as a double protectolorigin of this mechanism remains unclear, there is common
for Chl and other molecules against oxidatie). (n light- agreement about the correlation of the quenching with a pH
harvesting antennae of most photosynthetic organisms, closgyradient across the membrane. Correlation between nonpho-
to 100% of the Chl triplets is transferred to Car. Recently it tochemical quenching and the Xanthophy” Cyc|e has also
was found §) that in aggregated as well as in trimeric light-  peen established (for reviews, see réfand8).

harvesting chlorophylia/b pigment-protein complex of To understand the mechanism of nonphotochemical quench-
photosystem Il (LHCII) isolated according to the method i, e must understand fluorescence quenching in general
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1 Abbreviations: Car, Carotenoid; Chl, chlorophyll; CMC, critical  11). It was shown 12) that LHCII preparations containing
micelle concentration of the detergent; DMdodecyls-p-maltoside; only major LHCII exhibited a largeAF than preparations

FWHM, full width at half-maximum; LHCII, light-harvesting chloro- ; ; ; ; _
phyll /b pigment protein complex of photosystem IAF. light- contaminated by minor antenna complexes. Detailed inves

induced reversible fluorescence quenching; MCP, microchannel plate tigations of the kinetics (on a time scale of secondsABf
photomultiplier; TS, triplet minus singlet. have been performed,®), demonstrating the dependence
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of this phenomenon on the state of aggregation, temperaturewere performed with a fast side-window photomultiplier
and light intensity. It was revealed that the rate of quencher (Hamamatsu R928), by probing with the xenon lamp in a
formation linearly depends on the light intensi¢y {3). The flash mode (flash duration of about 5 ms). On longer time
slow decline in fluorescence was determined by the low scales, from 5 ms to 18 s, the fluorescence was measured
concentration of excited states, however, the process ofwith a more sensitive front window photomultiplier (Thorn-
quencher generation appeared to be fast, in the order of theem| 9658) while the sample was continuously illuminated
Iifet?me pf the excited states. Meanwhile, the disappearanceby the probing light. In both cases, the probing light intensity
of light-induced quenchers turned out to be a thermally \y55 kept as low as possible, to prevent quencher generation.
activated reaction, involving large entropy changes. The The scattered light was eliminated using a band-pass filter
amount of fluorescence quenching decreases upon desag(type C3C-22, transmission maximum &850 nm,~100
gregation with a characteristic larger decrease around the, .\ \,onq width) for the probing beam and a cutoff filter (KC-
critical micelle concentration (CMC) of the detergent. 19, cutting at 700 nm) for the detection. In both cases, the
_ In this study, we investigate the generation of the light- {ime resolution of the experiment was limited by the
induced fluorescence quenchers by time-resolved fluores-phqotomultiplier recovery time after the strong spike of the
cence after excitation of Chls in LHCII with powerful om0 fiyorescence induced by the laser pulse. The recovery
nanosecond laser pulses. The kinetics\6f are Shown t0 a5 of the photomultipliers were investigated using a
b_e sensitive to the presence of oxygen. Mo_d_elmg ofAtRe scattering sample and the red filter removed or Rhodamin
kinetics under aerobic and anaerobic conditions reveal that6(3 in methanol as a sample. The instrument response time
fluorescence quenchers can be generated from Chl triplet X

T . . was 4.3us for the fast time scale arrangement and 4 ms for
states. This indicates the presence of a protective mechanisn) : :
the slow time scale. The signals were recorded and averaged

with a negative feedback which lowers the generation of Chl with a 300 MHz band width digital oscilloscope (LeCroy

triplets once a Chl triplet mediated fluorescence quencher d ferred h f ;
has been generated in the domain. This mechanism become2510) and transferred to the computer for processing
significant at high light intensities when Chl triplets start to  atérward. To avoid the accumulation of long-lived quenchers

accumulate in the light-harvesting antennae. [which disappear in about 20 §3)] and irreversible light-
induced changes, the sample was changed every 32 laser
EXPERIMENTAL PROCEDURES shots, keeping accumulated fluorescence changes below the

noise level. For the same reason, the repetition rate of the
Sample Preparatior.HCII aggregates were isolated from  |aser pulses was lower than one pulse per 30 s. The sequence
leaves of 2 week-old pe®{sum sawum) plants as described  of the measurements was as follows: first the sample
in ref6. A lamellar type of LHCII macroaggregates was used fj,grescence was recorded before each laser pulse, using
in this study. The LHCII was stored in a 15 mM Tricine/ probe light. Then the laser pulse was applied to the sample

!\IaIOH, pH 7.8, buffer at AC and used within 2 weeks after  anq the fluorescence changes were recorded for a certain
isolation. Anaerobic conditions were obtained by degassing period. The signal was then normalized to the “dark”

the sample under reduced pressure and flushing it subse
quently with nitrogen 14, 5). The amount of oxygen present Huorescence.
in the sample was estimated from the lifetime of Car triplets ~ Time-Correlated Single Photon Countingluorescence
ranging from 9 to 3«s under anaerobic or oxygen saturated lifetime measurements were performed using the time-
conditions, respectivelylf). For desaggregation of LHCII  correlated single photon counting technique (seelfsfor
aggregatesi-dodecyl 5-p-maltoside (DM) was used. The ageneral description of the technique). In short, the excitation
critical micelle concentration (CMC, the concentration at light was produced by a cavity-dumped dye laser (Coherent
which LHCII aggregates are disassembled into trimers) of 700 with Coherent 7220 Dye Laser Cavity Dumper, dye,
DM for this type of LHCII preparation was about 0.009% Rhodamin 6G), synchronously pumped by a mode-locked
(w/iv). A concentration of 1«g/mL chlorophyll was used  frequency doubled Nd:YAG laser (Coherent Antares 76-S).
and all the measurements were performed in acrylic cuvetteSThe FWHM of the autocorrelation function of the pulse was
with an optical path length of 1 cm. An Oxford Instruments gpout 8 ps. The excitation wavelength was 600 nm. The
DN1704 liquid nitrogen bath cryostat was usgd for experi- repetition rate of the dye laser was set to 148 kHz. The
ments at 77 K. For the low-temperature studies, the samplegycitation light intensity at the sample was kept below 0.5
was suspended in a mixture & buffer + % glycerol nJ/(pulse cr). Fluorescence of the sample was detected at
(volume). 90° with respect to the excitation light, using a microchannel
Laser-Flash Induced Fluorescence Transiefilse mea-  plate (MCP) photomultiplier (Hamamatsu R1564U-07) cooled

surements of laser flash-induced fluorescence transients wergy g thermoelectric cooler (Hamamatsu C2773). The experi-
performed under aerobic and anaerobic conditions with a jyent proceeded until at least 10 000 counts at the initial

home-built setup. The light-induced quenchers were gener-
ated by 8 ns (full width at half-maximum, FWHM), 590 nm, o _
and 10 mJ laser pulses from a dye laser (Quanta Ray PDL2, Fluorescence kinetics were deconvoluted using the ap-
dye: Rhodamine 6G), which was pumped by a frequency- Paratus response function, obtained by detecting excitation
doubled Q-switched Nd:YAG laser (Quanta Ray DCR2). The light scattered from a nonfluorescent sample (water solution
fluorescence was collected at *9@vith respect to the  of milk powder). The FWHM of the apparatus response
excitation and probing beam. The probing light and detection function of the setup was about 80 ps. The deconvoluted
system was organized in two ways, depending on the time decay curves were fitted by a sum of exponents representing
scale. On a time scale fromis to 2.2 ms the experiments  different fluorescence lifetimes.

maximum of the decay were collected.
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Ficure 1: Fluorescence quenching in LHCII aggregates after strong

Barzda et al.

decay time of theth light-induced quencher. For a satisfac-
tory fitting of the experimental curves shown in Figure 1,
= 6 was needed. One of the lifetimes)(represents the
disappearance of the longest-lived quenchers that last much
longer than the time range of our experiments and it is
assumed to be infinitely long (see also r&B). The
parameters revealed by this analysis are shown in Table 1.

A fast decaying strong quenching stage, during which up
to about 80% of the fluorescence is quenched is seen at initial
times. Its time scale and oxygen dependence are similar to
those observed by laser flash-induced triplet minus singlet
(T—S) absorption difference measurements and resemble the
behavior of Car triplets1(7, 14, 5). As has already been
observed before, the decay of Car triplets under aerobic
conditions becomes fastef)@nd non monoexponential4)
and at the time when the measurement is starteds (dfter
excitation pulse), more triplets have already been lost in the
presence of oxygen. This allows to explain the differences
in the initial amplitudesA; and the lifetimes; in Table 1.

On a millisecond time scale, the behavior of the fluores-

590 nm laser pulse excitation under aerobic (open triangles) andcence recovery under aerobic and anaerobic conditions is
anaerobic (open squares) conditions. Solid lines represent multi-very different: under anaerobic conditions the recovery is

exponential fits according to eq 1. Parameters of the fit are presente

in Table 1. The fluorescence befdres 0 is normalized to 1. Note
the logarithmic time scale. Insert, slower part of the kinetics shown
on a linear time scale.

RESULTS

AF at Room Temperature; Effect of Oxyg€tuorescence
intensity changes were observed after excitation of LHCII

aggregates with an intense nanosecond laser pulse (Figur
1). The overall fluorescence quenching starts within less than
4 us after the laser pulse excitation (response time of the

setup) and proceeds over more than 7 orders of magnitud
in time, demonstrating different quenching efficiencies at

various times. The measurements were carried out unde
aerobic and anaerobic conditions, since oxygen is known to

influence the decay times of Chl and Car triplet states (
14) (Figure 1). To reveal the differences in the kinetics
measured under aerobic and anaerobic conditions, and to g

“orientating values” for the quenching parameters on the
different time scales, the fluorescence recovery kinetics

normalized to the initial fluorescence yield (without light-

induced quencher) were fitted with the time-dependent

Stern-Volmer equation (eq 1, see Appendix 1). It was

assumed that the lifetime of the excitation in the aggregate

is determined mainly by the quenchers, generated by th

initial strong laser pulse, and the quenchers are sufficiently
separated from each other not to interact, thus, that each o
the quenching states decays independently with an expo-

nential decay.

P

@,

1

-— &
1+ 5 A gV

@ and @, correspond to the time dependent and the initial
fluorescence yield, respectivelp = (ki’ky + kn)(Gi(0))
where kq is the radiative excitation decay ratiey is the
intrinsic rate of radiationless decdy s the excitation decay
rate due to the trapping by thieh quencher the initial
concentration of which is determined ky(0), andz; is the

I.

dclearly observed, whereas under aerobic conditions no

significant change can be distinguished for “a while”. This
results in more pronounced quenching under aerobic condi-
tions on longer time scales. The final (millisecond to second)
stages decay faster under anaerobic conditions (see also insert
of Figure 1). The longest time scales, on which the recovery
of fluorescence proceeds, are of the order of several seconds

é?md there is some residual quenching left 10 s after the

excitation pulse. Although there still remains to determine
the correlation between our observations with pulsed excita-
tion light and previous experiments under continuous il-

Sumination conditionsq, 10, 13), slow phases (of the order

of seconds) in fluorescence recovery indicate that pulse-
induced quenching can be of physiological importance.

AF at 77 K. Measurements of the laser pulse induced
fluorescence quenching were also carried out at low tem-

erature. The fluorescence recovery kinetics at room tem-
perature and 77 K are compared in Figure 2 and the fitting
parameters of the kinetics at 77 K are presented in Table 1.
By lowering the temperature from 295 to 77 K, two initial
lifetimes increase from 8 to 13s and from 90 to 14&s,
respectively. The lifetime of the Car triplet observed byS
absorption difference spectroscopy at 77 K)(is also 13

s and does not depend on the concentration of oxygen
(results not shown, see also f&f). The long-lived quenchers

1decay very slowly at 77 K (Table 1). It turned out that after

a series of laser pulses (20 pulses at 1 Hz), the amount of
light-induced long-lived quenching was saturated, remaining
approximately unchanged at the level where up to 25% of
the initial fluorescence was quenched for more than 45 min
(data not shown). The fact that at low temperatures it is
possible to keep the light-induced quenching capacity for
long times, allowed us to perform experiments that are more
time-consuming (e.g., steady-state spectroscopic measure-
ments or time-resolved experiments that require a lot of
averaging).

Fluorescence Lifetimes before and after the Generation
of Light-Induced Quenchersor a more detailed study of
the origin of the quenchers and for obtaining the values of
the trapping ratek (eq 1), fluorescence lifetimes of LHCII
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Ficure 2: Laser flash-induced fluorescence kinetics of LHCIl  of Jong-lived fluorescence quenchers by a series of intense ns laser
aggregates at room temperature (open squares) and at 77K (opepylses. The apparatus response function of the setup, measured for
triangles). Solid lines represent multiexponential fit according to g scattering nonfluorescent sample is also shown. The kinetics were
eq 1. Parameters of the fit are presented in Table 1. Insert, thenormalized in the maximum.
slower part of the kinetics shown on the linear time scale.

able to reproduce similar lifetimes as published in &8s

Table 1: Decay Parameters of Light-Induced Fluorescence ; i
Quenching in LHCII Aggregates under Aerobic and Anaerobic ;Tgvirg])wnh a 4 MHz laser pulse repitition rate (data not

Conditions at Room Temperature and 77 K o . L
The third lifetimeT; was determined from a free fit with

| _derobic, 295K _ anaerobic, 295K aerobic, 77K three exponentials for both traces. It tumned out to be
' A T A 7 A T approximately the sam@j represents the intrinsic excited-

1 2.73 5.4us 4.26 9.%us  1.96 13.8s state lifetime of Chl in the protein, or, in other words, the
2 013 3us 019  16%s  0.074  148s excited-state lifetime in LHCII aggregates without quenchers.
3 0.04 3.9ms 0.11 25ms 0.02 29s TheT fixed he d ined val f for furth

2 014 149ms 041 72me 0016 38s 'heT; was fixed at the determined value of 4.1 ns for further
5 008 1.70s 0.05 13s 0074 1906s fitting of both data sets. The fluorescence kinetics of the dark-
6 <0015 w <0.005 adapted samples is biexponential. The lifetimeshould be

aThe results were obtained by fitting experimental data of Figure 1 attributed to domains containing permanent quenchers. The
and Figure 2 with eq 1. The standard errors of the fit do not exceed lifetime T4 appears in the fluorescence kinetics when the
10% of the obtained values. sample is excited by ns laser pulses and represents light-
induced quenchers. The ratio of the fluorescence quantum
ields before ¢¢) and after excitation of the samplé¢)
tan be estimated according to

aggregates were measured using the single-photon-timin
technique. The measurements were performed at 77 K, sinc
at this temperature it is possible to “trap” light-induced

quenchers for a time period long enough to perform this type
of experiment (see Figure 2). Fluorescence kinetics were Pq = [AsaTaq + AzqTag T AgqTadl )
collected from a dark-adapted sample, then the sample was @, [AT, + AsTS

irradiated by a series of intense ns laser pulses, up to the

saturation level where about 25% of the initial fluorescence whereA; andT; are the values given in Table 2. This gives
was quenched and the fluorescence kinetics were recordedb/®, = 0.76, i.e., the value calculated from the lifetimes
again. The results are shown in Figure 3. As is seen fromis in good agreement with the experimentally observed
the experimental data and the fitting parameters presentedamount of fluorescence quenching (25%). The fact that the
in Table 2, the light-induced drop in fluorescence yield fluorescence kinetics itself is not monoexponential can be
appears due to the reduced lifetime of the excited state andattributed to the heterogeneity of the LHCII macroaggregates.
not due to the decreased number of emitting chromophores. AF at Different States of LHCII Aggregatioithe influ-
Shortening of fluorescence lifetimes due to irreversible and ence of aggregation oAF was investigated by recording
slowly decaying (on the order of minutes) light-induced kinetic traces at different DM concentrations. The time-
guenchers was previously observed at room tempera@ure ( dependence of the traces in the ms-s time range did not differ
The average fluorescence lifetimes in our measurementsvery much for various levels of aggregation (data not shown
(Table 2) are longer than the fluorescence lifetimes published see also ref3); however, the overall size of the quenching
elsewhere18, 19), most likely, becuase LHCII was isolated effect decreased with desaggregation (Figure 4). For estima-
in the dark from dark-adapted leaves. Exposure of LHCII to tions, the integrated area between the line, where the
the light generates additional quenchers. In addition, high normalized fluorescence is equal to one, and the measured
repetition laser pulses lead to accumulation of triplets, as curve of normalized fluorescence was taken as a measure
is evident from Figures 1 and 2. In our samples, we were of the degree of quenching. The integration range was taken
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Table 2: Fluorescence Lifetimes of LHCII Aggregates at 77 K before and after Generation of the Quenchers by Strong Laser Pulses

without light-induced quenchers with light-induced quenchers
amplitudes lifetimes amplitudes lifetimes (ps)
A= 0.6+ 0.03 Tig= (800 43) ps
A;=0.7+0.038 T, = (1100 59) ps Ayq=0.2+0.011 Toq= (11604 63) ps
A;=0.3+0.016 T3 = (41004 220) ps Agq= 0.2+ 0.011 Tsq = 4100 ps

aThe data were fitted with three exponentials, however for the data set measured before generation of the long-lived quencher two of the three
lifetimes turned out to be the same. They are representeh laynd T, in the table. The error bars reflect standard errors of the fit.
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for the initial strong quenching stage. The second quencher
L . L s L in LHCII, as judged from a comparison of the measured
0.000 0.005 0.010 ifefime. of hundreds of microseeonds (Table 1) to the
Concentration of DM, % lifetimes of Chl triplets {7, 14, 5), is most likely a Chl triplet.
FiGURE 4: The dependence of light-induced fluorescence quenching Although most of the Chl triplets are transferred to Cdjs (
on the concentration of DM. The amount of quenching at each some Chl triplets have been observed in LHCII at 77K (
e o e 1 B s eheg s 2 neou h v 18 & oo temperatr) This mpies, tha some of
of initial quoresce?lce and t¥1e mgasurgd trace over the time interval the Chisa in LHCII are nOt.m contact with Qars as yvas
from 5 ms to 18 s. also suggested by the modeling of spectroscopic experimental
data @2, 23). Triplet states of these Chls apparently quench
from 5 ms to 18 s (the range is presented in the insert of fluorescence showing that they are connected to the main
Figure 1). Above the CMC thAF becomes undetectable. bulk of Chls and do not originate from the contaminated,
This is in agreement with previous results using continuous free or partially decoupled Chls, which are obtained at high

"

0.015

illumination conditions 13). detergent concentrationg4). We found that the generation
of Chl and Car triplets starts to saturate at-16% of the
DISCUSSION maximum intensities used in this work. This is mainly due

to singlet-singlet annihilation in LHCII domains. However,
the intensity dependence of the amount of Chl and Car
etaiplets is practically the same, excluding the possibility of

Fluorescence Recery Kinetics after Laser Pulse Excita-
tion. The approach of eq 1 is evidently applicable to
homogeneous systems with independent quenchers generat . i Lo
immediately upon laser excitation. This equation can be genteratmg extra Chl triplets due to overexcitation of the
generalized for any temporal behavior of quenchers as IongSys em. . _ -
as the time scales of quencher evolution are much longer The long-lived quenching (longer than a few milliseconds)

than the excited-state lifetime: cannot be explained on the basis of Car triplets since they
only live microseconds or Chl triplets since their lifetime
) 1 under anaerobic conditions ranges from G60to 1.1 ms
—=— ) (2, 4). In general, the formation of light-induced long-lived
Po 14 > «a® quencher€) can proceed via the channels depicted in Figure
|

5. A quencheiQ might be produced by the direct photore-
action from the singlet excited state of a Chl molecule (from
wherek; = ki/(ks + kq) is the relative quenching rate (in  Chl via channel A, Figure 5). However, the channel A does
comparison with the intrinsic decay rate of excitations see not provide an obvious way to explain the oxygen depen-
Appendix for exact definitions), whilg(t) is not necessarily ~ dence of light-induced quenching, because the oxidation of
an exponential decay function and its time dependence cansinglet excited Chls has a low probability due to the short
vary, depending on the model applied. lifetime of the Chl excited state, and due to differences in
The observations in our experiments (see Figure 1 andspin multiplicity of the Chl singlet excited state and the triplet
Table 1) combined with other data?, 20, 21, 14, 5) clearly state of ground-state oxygen. There is no experimental
confirms the fact that Car triplets act as one type of quencher,evidence that singlet excited Chl can interact with oxygen.
having a lifetime of the order of 1@s and being responsible  For these reasons we assume that the intersystem crossing
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pathway leading to a creation of Chl triple€&Chl, Figure
5) is the major route toward quencher formation.
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Table 3: Estimated Model Parameters of Fluorescence Recovery
Kinetics®

The transfer efficiency of triplets from Chl to Car has been

) room temperature 77K

reported to be 92 7% in LHCII (5). So, even though the ‘ameter p—— ——
majority of Chl triplets are transferred to Cars, the remaining paramete anae

i i Qcni(0) 0.91+0.02 0.92+0.01
Chl _trl_p_l_ets. should also be considered. There are two F(0) 0.09£ 0.0 0,08 0.01
possibilities: (i) the quencher is generated from Car triplets “cnl

3 . ; = - dlrcar (9.7+0.8)us (144 0.9)us
(from *Car via channel C, Figure 5), or (ii) the quencheris 7 (714 48) us (706 41) us
generated from Chl triplets (channel B). Previously, the long- 1/ (6814 42)us (5564 37)us
lived light-induced fluorescence quenching was attributed 1/fr—q 30 ms ls
to cis-trans isomerization of a violaxanthin/neoxanthin Sca i %gi 8-2 i
molecule in its triplet statel(l). We have not been able to ig 1 11.74 0.9 1
observe any ns laser flash induced absorption changes ong_q 1 0.275+0.05 1
the microsecond to millisecond time scale around 345 nm  kcar= «cni = kQ = k 47+0.3 21+0.2

(data not shown), which are characteristic for cis isomers of  aThe parameters revealed by the fit shown in Figures 7 and 8. The
Car. In addition, the putative isomerization pathway does error bars reflect standard errors of the fit.

not provide an explanation why on millisecond to second

time scales quenching is stronger under aerobic conditionsLHCII. According to our hypothesis (see Appendix 2), they
(Car triplets decay faster in the presence of oxygen thus theare generated from Chl triplets and their generation partly
accumulated amount of trans isomers should be smaller undeproceeds via the sensitization of oxygen. Chl radicals are
those conditions). Also, the energy of a Car triplet is known to be efficient fluorescence quenchers in photosyn-
relatively low (even insufficient to excite the oxygen thetic systems [for example the radical of special pair in the
molecule) and the range of any other possible productsreaction center of photosystem 127 28)]. Part of the
accessible from the Car triplet state is very much limited by oxidation reactions may be irreversibles| which is reflected
this fact. On the basis of the above considerations and by the larger amplitude of the longest quenching component
experimental facts, we conclude that the long-lived quenchers(zg) in the presence of oxygen. Excitation of Chl in organic
Q (on the millisecond to second time scale) are generatedsolvents under anaerobic conditions was shown to produce
from Chl triplets (channel B). Chl triplets effectively react Chl cations directly from the triplet states of Cl29j. The
with ground-state oxygen bringing it to the singlet excited amount of Chl triplet states and Chl cations was diminished
state which turns oxygen into a very reactive oxidizing agent in the presence of oxyger29). A similar behavior is
(2). In addition, if we assume that the long-lived quenchers observed in this study. The presence of Chl radicals in LHCII
result from the oxidation reactions performed by singlet was proposed in the study of the Z-band of thermolumines-
oxygen, we obtain a consistent explanation for the different cence 80, 31). Formation of small amounts of radicals upon
behavior of the fluorescence recovery kinetics under aerobic photoinhibitory illumination was observed in LHCIB2).

and anaerobic conditions. Note, that under anaerobic condi-Note, that the evolution (recombination) of radicals can
tions long-living quenchers are still generated quite efficiently proceed via many stages, sometimes following nonlinear rate
(see Figure 1) which indicates that they can also be generatedaws. All these processes may add up to yield complex
without the presence of oxygen. Thus, the oxygen must berecombination kinetics similar to the one observed on
an additional factor enhancing the conversion of Chl triplets millisecond to second time scales (Figure 1).

to long-lived quenchers. Appendix 2 illustrates the hypothesis  An interesting (although speculative) analogy with the
how long-lived quenchers can be produced in LHCII from results of single-molecule spectroscopy and other experi-
Chl triplet states. The model describes well the time evolution ments can be drawn at this point. The observed “blinking”
and oxygen dependence of light-induced fluorescence quenchef bacterial light-harvesting complexes as seen by confocal
ing on early time scales up to several tens of milliseconds. microscopy 83) was interpreted in terms of the creation of
The obtained lifetimes of Car and Chl triplet decay are BChl cation radicals, similar to the ones that we propose
consistent with those reported in the literatuse (4). for LHCII. Recently, it was shown that carotenoidless LH2
Parameters obtained from the model are defined in Appendixand LH1 complexes from purple bacteria form BChl a cation

2 and their values are given in Table 3.

The long-lived quenchers generated from Chl triplets can
only be observed at high light intensities, where the ac-
cumulation of Chl triplets becomes significant. At low light-

radicals via BChl triplet states, fully in line with the model
proposed above3d).

It still remains to be investigated how much quenchers
generated by Chl triplet take part in the protection of

intensities, light-induced quenchers have been observed aphotosynthetic apparatus against overexcitation at high light

room temperatures, but not at 77 B5. In our experiments,
light-induced quenching is present at 77 K (see Figure 2,

Table 1), however, it is weaker than at room temperature.

intensities. Recently, Chl triplets have been observed in
chloroplasts under aerobic but not under anaerobic conditions

(35).

On the time scales of seconds many processes, e.g., light- The above-mentioned observations and those of our study

induced structural change®§, 25), can take place that can
give different contributions to long-lived quenching at room
temperature.

Possible Origin of Oxygen-Dependent Light-Induced
Quenching.Pigment radicals are the most probable candi-

indicate that the possibility should seriously be considered
that various radicals are involved in the processes of
nonphotochemical quenching at high light intensities when
the accumulation of Chl triplets becomes significant. It is

interesting to note that the creation of radicals provides the

dates for the oxygen-dependent light-induced quenchers inphotosynthetic system with a negative feedback protection
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mechanism. The production of one radical leads to the quenchers can be generated from these Chl triplets. The

quenching of singlet excitations, thus decreasing the pos-generation of quenchers is sensitive to the presence of

sibility of production of additional harmful products. oxygen. It is proposed that long-lived fluorescence quenchers
Aggregation Dependencé@he effect of long-lived fluo- can originate from Chl cations or other radicals which are

rescence quenching becomes undetectable when LHClIproduced directly from Chl triplets or via Chl triplet

aggregates are disassembled into trimers. Previous studiesensitized singlet oxygen. The total recovery of the fluores-

showed that fluorescence and triplet yields increase uponcence is achieved after recombination of the radicals.

desaggregatiorg, 5), but Chl triplet transfer to Car is not  Aggregation strongly enhances the efficiency of the light-

affected ). According to our model, this suggests that more induced fluorescence quenching via an increase of the

long-lived fluorescence quenchers should be produced inquenching domain size.

desaggregated LHCII. The opposite effect of the long-lived

fluorescence quenching can be explained in terms of aACKNOWLEDGMENT

reduced size of the quenching domain. When a quencher is . . .

generated in a large aggregate, the fluorescence of the whole We are gr:_;tteful to Floren_tme Calkoen for biochemical

guenching domain is “switched off”, whereas in a trimer it assistance with the preparation of LHCII.

guenches the fluorescence of just one trimer. Let us considerAPPENDIX 1

the situation when LHCII is in its trimeric form (DM

concentrations above CMC). Then, since the different Fluorescence Yield in Photosynthetic Antennae with

fluorescence intensities of separate trimers must be summedQuenchersThe temporal evolution of excitations in a large

up to obtain the total fluorescence intensity, the formalism homogeneous system with quenchers can be described by

of a homogeneous model can no longer be applied. Onethe following kinetic equation:

triplet generated in a trimer, quenches all singlet excitations

thus excluding the possibility to generate another one. As a dn

consequence, the LHCII trimer with a triplet will have a —=J-nka() —kn—k,n (5)

fluorescence yield close to zero. Only the trimers without dt !

triplets will fluoresce. Normalizing the fluorescence yield ) , ) o

of a sample with triplets present to the fluorescence yield of WhereJ is the generation function of excitations by the

the same sample without triplets, one finds instead of eq 3: measuring light, which creates the excitation population
in the aggregatek; is the radiative excitation decay ratg;

OIDy=1— Z q(t) (4) is the intrinsic rate of radiatiqnless decéyis the excitatipn
| decay rate due to the trapping by title quencherg;(t) is
the relative concentration of thth quencher. So far, we do
On a microsecond time scale, when Car triplets are presentnot make any specific assumptions about time dependence
in LHCII trimers, around 50% of the fluorescence is of concentrationsj(t).
guenched (data not shown), i.e., approximately half of all Due to the large differences between the time scales of
trimers have triplets. As can be seen from Table 3, the Chl the excitation decay (&, 1/k.;, and1/k are of the order of
triplets that are not transferred to Cars make up about 10%picoseconds to nanoseconds) and characteristic times of
of this amount, i.e at approximately 23, only 5% of all guencher evolution (which in the case under consideration
fluorescence will be quenched by Chl triplets. Further, we are of the order of microseconds to seconds, see Figure 1),
see that about a half of Chl triplets decay via intrinsic decay the excitation decay kinetics on the long time scale is
and the rest participate in the generation of a light-induced determined by the time-evolution of the quenchers and allows
quencher (ratescy andriq in Table 3 are similar). Since  to apply quasi-stationary conditions in eq 5. In this case, the
only one of the channels leads to further quenching, only fluorescence yieldb, according to the definitions used in
ca. 2.5% contributes to the long-lived quenching. This value eq 5, is given by
does not exceed the error bars of Figure 2. Here we
considered the parameters obtained under anaerobic condi- . n
tions. The ones obtained for aerobic conditions give similar D=k J 6)
results. Upon aggregation of LHCII the triplet yield is
lowered several times36, 5). Despite this effect, the  which in analogy to the SterAvVolmer equation with time-
observed amplitude of the long-lived fluorescence quenching dependent coefficients reflects the slow scale changes in the
indicates that aggregation-induced amplification of the quencher concentrations. Normalized to the quantum vyield
guenching, via an increase of the quenching domain is aof fluorescence when quenchers are absg(t) & 0 for all
significant effect. i), the fluorescence yield in the system with quenchers present

CONCLUSIONS is the same as eq 3, wheke = —Ekn is the relative
| r

Correlation of the fluorescence recovery kinetics in LHCII  “quenching capacity” ofth quenching channel. Equation 3
measured after excitation by a strong ns laser pulse withis true for homogeneous infinitely large aggregates with time
similar transient absorption kinetic§7, 14, 5) show that a scales of quencher evolution being much longer than the time
small amount of Chl a triplets which is not transferred to scales of excitation dynamics.

Car can quench fluorescence, i.e., they are connected to the If the time evolution of a quencher is independent from
main bulk of Chl molecules. Modeling of the fluorescence that of other quenchers and can be represented by the decay
recovery kinetics illustrates how long-lived fluorescence timet, i.e.,
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dai(®) _ ai(®) SChl Schr
O " g

we immediately get eq 1, which is a special case of e 3.

in eq 1 roughly represent the amount of quenching=a0: Fehi-scar
A = kigi(0).
3 Tew|
APPENDIX 2 Car :
Hypothetical Model of Light-Induced Quencher Genera- o,
tion from Chl Triplets.On the basis of the fact that not all §5cmrcm $oro

Chl triplet states are transferred to Cars in our preparations
(17, 14, 5), a general model of quencher generation following

pathway B in Figure 5 will be introduced, that allows to  Ground :
interpret qualitatively time and oxygen dependencies of light-  state Y
induced quenching shown in Figure 1. (The hypothesis

undgrlylng this model has been pre_se_znted in the I:)ISCUSSIOnlong-lived qguenche® in LHCII. 3Chl and3Chix represent triplets
sectlon._) The assumptions and def|n|t|_0ns of the model aré qcated on Chis with and without neighboring Car, respectively.
shown in Figure 6 and they are described as follows. 3Car and'O, symbolize triplet states of Car and singlet oxygen,
(1) All Chl a triplets are divided into two “pools*the respectively. Solid arrows and corresponding rates show the
ones which are in close vicinity to Cars and, therefore, lead relaxation pathways of the Chl triplets. Dashed lines depict the
to triplet transfer to Car molecules (concentratig) and effective” reactions to which we change th@hk reaction with
. ._oxygen by renormalizing with the phenomenological coefficients
those being further apart from the Car molecules and remain Ecn and o,
in the triplet state after being createdyy). The triplet
transfer raterch-car from Chlato Car is fast (takes place nonexponential kinetics, however, we simplify the model due
on a subnanoseconds time scaR)) therefore, in this pool  to the lack of information on the slow (subsecond to second
we neglect the lifetime-limited relaxation of these Chl triplets; time scale) processes and approximate the long-lived quench-
on the other hand, the triplet transfer rate to Cars is zero forer's decay by a single exponent. The quencher decay
the other pool, where Chl is disconnected from Car. apparently is also influenced by oxygen which will be
(2) In the pool where Chl triplets are transferred to Car, accounted for by using the phenomenological coefficiegt
the Car triplets §ca) decay with raterc,. This process is  (also equal to 1 under anaerobic conditions).
influenced by the presence of oxygeh {4, 15) andrcy is According to the above model, the corresponding kinetic
different under anaerobic and aerobic conditions. This equations are as follows:
difference is accounted for by multiplying Car triplet decay

§Car rCar

Ficure 6: Working scheme of Chl triplet decay and generation of

rate by a phenomenological renormalization coeffici&gnt dagy, . M
We set it equal to 1 under anaerobic conditions. gt "+eb+oden ~ TenCenen
(3) In the pool where Chl triplets are not transferred to
Car, two pathways are assumed: (a) generation of the long- dgcp
lived quencherQ with the rate constant,q, (b) intrinsic dt = ~Tchi-calcnl
lifetime limited decay with rate constangy,.
The generation of the quencher (concentratigy) is docy,
influenced by oxygen, indicating that at least part of the long- & = I'chiecalen — Tcabcalch
lived quenchers is generated by singlet oxygen, created via
Chl triplets. The quenchei® generated directly from Chl dag )
triplets and via oxygen may have a different origin and decay i M rob+alcn — M-ob-olo (8)

with different lifetimes; however, for simplicity we will
consider all quenche® to be the same and we account for e solution of eq 8 yields
the oxygen dependence of the fluorescence kinetics by
introducing the phenomenological coefficiént, (also equal Qi) = A hl(o)e—rxt
to 1 under anaerobic conditions).

Singlet oxygen formation cannot be directly observed
under our experimental conditions. The Ghiriplet decay ao(t) =
via singlet oxygen can be treated as an increased rate of direct Q
relaxation of the triplets to the ground state. Taking this into
account, we change the reacti#hl — O, — Groundto Ocalt) = 9cni(0) g foabcal 9
the reactiorfChl — Groundand renormalize the ratey, of
the latter reaction using another phenomenological coefficientwherery = ryol+o + rcneni

r+QC+Qq>((:hI(O)

(e—rxt _ e—r_QC_Qt)
I'_QC_Q_ rX

&cni (also equal to one under anaerobic conditions). Thus, the main quenchers in the system are the Chl and
(4) The long-lived light-induced quenchetg) decay with Car triplet states as well as the long-lived quenci@rshe
rate constant_o. It is evident from earlier experiment$3) time evolution of these quenchers is given by eq 9 and by

and Figure 1 that the long-lived (in the range of tens of substituting these into eq 3 the simulation of the experimental
milliseconds to seconds) quenchers decay with complex, curves shown in Figure 1 can be undertaken.
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Ficure 7: Comparison of simulation (solid lines) and experimental

results (open symbols) of the fluorescence recovery kinetics in
LHCII aggregates after laser pulse excitation under aerobic
(triangles) and anaerobic (squares) conditions. The slow part of
the simulated kinetics which could not be modeled are shown with ) ) . ) ) )
dashed lines. Room-temperature measurements. contact with a carotenoid. This result is at variance with the

Kuhlbrandt's original assignment of Chls in LHCII monomer

Let us now discuss the possible values of the previously (39) and is in line with the assignment based on the modeling
defined relative quenching ratesgoverning the “quenching  of spectroscopic experimental da22(23).
capacity” of theith quenching channel (see eq 3). The  The Car triplet lifetimes (9.%s under anaerobic condi-
parameters that follow from the fit are nefthemselves,  tions, 4.4us under aerobic conditions) are in good agreement
but the products ok; and ¢(0) (here different stand for with other experimental dat&,(14, 15). The small discrep-
Car and Chl triplets and long-lived quenchers). To interpret ancy between the simulation and the experimental data on
those parameters in terms of initial concentrations, we needthe Car triplet time scale arises because we did not account
an assumption about the quenching efficiencies of the variousfor the previously observed fact, that under aerobic conditions
quenchers. The amount of Chl triplets from which the at least two different spectral forms of Car triplets occur,
evolution of the quenchers starts is low compared to the totaleach of which decays with its own kinetict4j.
number of pigments. Assuming that the corresponding The decay of the Chl triplets, that are not quenched by
quenching processes are migration limit8@, @8), «cni, kcan Car, is influenced by oxygen. Direct decay to the ground
andkq must be approximately equal, i.&gn = Kcar = ko state is enhancedc, = 7.2 times and the quencher
= k. In case the model works well, this assumption allows generation rate.q is increased by the factor §f.q = 11.7.
us to estimate approximately the fraction of the Chls which Thus the overall decay of Chl triplets is around 10 times
are not in the contact with Cars in LHCII. To ensure this, faster under aerobic conditions, however the amount of
we use the fitting constraint thag,(0) + gcn(0) = 1, guenchers generated from Chl triplets increases only slightly
which means that fractions of Chl triplets in contact with due to acceleration of both decay channels. This allows to
Cars and those disconnected from Cars are directly obtainedexplain why in the initial study by Jennings et &) @ very
from the fit. small effect of oxygen on the continuous-light-induced

Relatively good correspondence between the simulated anddecline in fluorescence was observed.
measured curves is achieved for the early kinetics up to 30 Fluorescence quenching taking place on a slower time
ms time range (Figure 7); the main features of the two kinetic scale could not be simulated with a monoexponential decay
traces-initial course during Car/Chl triplet quenching stage (Figure 7, dashed lines). Partly, this may be due to the
and the crossing point due to different behavior under aerobicpresence of several forms of long-lived quenchers, disap-
and anaerobic conditionave been reproduced by the pearance of which could be influenced by the structural
model. The later stages could not be modeled satisfactorychangesZ6, 41, 25) of the pigment-protein complex and/
due to the simplifying assumption of monoexponential decay or determined by diffusion-limited processes which inher-
of long-lived quenchers. ently give nonexponential kinetics. This is in line with the

The parameters of the simulation are given in Table 3. low-temperature experiments (see Figure 3) where structural
The estimated fraction of Chlis that is not in contact with changes and diffusion are largely restricted in the frozen
Cars isgg, = 0.09. This would mean that one Chbut of glycerol-buffer mixtures. Structural changes could also lead
11 does not transfer its triplet to carotenoid, which is in to minor alterations in Chl:Car interactions which may result
agreement with the results of 5 measurements on similar  in changes of the fluorescence yiel2#y.
preparations). Knowing that there are 7 or 8 Chésper The fast fluorescence quenching kinetics at 77 K could
LHCII monomer @9, 40), the rough estimation would be be modeled by considering only one type of light-induced
that on average two Chla per LHCII trimer are not in guencher being generated from Chl triplets. The fit of the

Ficure 8: Comparison of simulation (solid line) and experimental
results (open symbols) of the initial part of fluorescence recovery
kinetics after laser pulse excitation in LHCII aggregates at 77 K.
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decay at 77 K with eq 9 and 3 is presented in Figure 8. The
parameters of the fit are shown in Table 3. The ratio of Chls
which have contacts with Car and those which do not, is
practically the same at 77 K and at room temperature and is
consistent with previous observatiors that the efficiency

of triplet energy transfer from Chl to Car does not change
more than 4% by varying the temperature. At 77 K, the Car
and Chl triplet decays become a little bit slower and
generation of the quencher slows down a few percent. In
contrast, the decay of the quencher slows down by a few
orders of magnitude. This clearly indicates that thermal/
diffusion reactions are involved in the decay of the quencher.
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