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Aggregation of LHCII Leads to a Redistribution of the Triplets over the Central
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ABSTRACT. We present laser flash-induced triplet-minus-singlet (a5 and absorbance-detected-
magnetic-resonance (Trasur) measurements on the light-harvesting chlorophjli pigment-protein
complex (LHCII) from pea. We investigated the influence of LHCII aggregation on xanthophyll triplet
formation. The effect of aggregation was previously studied usingbmS[van der Vos et al. (1994)
Biochim. Biophys. Acta 120243-250] for LHCII from spinach, and it was concluded that aggregation
leads to a large increase of the amount of intertrimer triplet transfer. However, a similar study on LHCII
from pea with the use of Tm&h measurements [Barzda et al. (1983)chemistry 37546-561] showed

much smaller effects. To resolve this apparent discrepancy and to compare the results\efid argl

TmSiash measurements, we used both techniques to study LHCII from pea, applying an identical aggregation
procedure in both cases. It appears that aggregation does not lead to an increase of intertrimer triplet
transfer as thought before but to a redistribution of the triplets over the two central xanthophylls (mainly
lutein) that are present in each monomeric subunit of LHCII. Moreover, it is argued that the TmS band
at 525 nm is due to lutein instead of violaxanthin as was reported in earlier studies. It is concluded that
aggregation leads to a change in chlorophyknthophyll interactions, which might explain the large
change in excited-state lifetime of chlorophglin LHCII upon aggregation. This change in lifetime is
possibly related to the phenomenon of nonphotochemical quenching in green plants, which is an important
protective regulatory mechanism, that lowers the probability of photoinhibition.

The utilization of absorbed sunlight energy in photosyn-  Car and Chl triplets in light-harvesting Calb pigment-
thetic organisms proceeds via singlet excited states of theprotein complex (LHCII) of photosystem Il of green plants
chromophores (chlorophyll (CHljand carotenoid (Car))( have been examined in the past by electron paramagnetic
2). Excitation energy is transported from the light-harvesting resonance (EPR¥), laser-flash triplet-minus-singlet (TmS)
complexes to the reaction center where it leads to a charge(5—10), and optically detected magnetic resonance (ODMR)
separation, which ultimately leads to the production of measurementsl{, 12), and different Car triplets were
chemical energy. However, a small fraction of the excitations distinguished. Moreover, both Tmg and absorbance-
ends up in Chl triplet stateS), which represent notonly an  detected magnetic resonance (ADMR) measurements re-
energy loss channel, but are also potentially dangerous forvealed spectral changes in the Chl region upon triplet
the living organisms due to their high reactivity with oxygen, formation on the Cars, due to strong interactions between
leading to the formation of the very reactive singlet oxygen both types of chromophore§, (8, 11). Spectrally different
molecules. Photosynthetic organisms utilize Cars to protectCars appeared to be in contact with Chls that are also
the system from singlet oxygen production. spectroscopically distinguishable, although the specific mol-
ecules could not be identified at that tintg (1).
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1 Abbreviations: ADMR, absorbance-detected magnetic resonance; . -
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micelle concentration; DAS, decay-associated spectrum;bdbdecyl approximate location and orientation of a third xanthophyll,
p-p-maltoside; EPR, electron paramagnetic resonance; FDMR, fluo- namely, neoxanthin, were resolved by Croce etla).(The

rescence-detected magnetic resonance; LHCII, light-harvesting complex| ;teins are predominantly in contact with Chimolecules
Il from green plants; ODMR, optically detected magnetic resonance; o R . . . ’
TmS, triplet-minus-singlet; Tm&, flash-induced triplet-minus-singlet; and excitation of luteins in trimeric LHCII is followed by

TmSaowr, triplet-minus-singlet, detected via ADMR. rapid excitation energy transfer to mainly Chl B5( 16),
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whereas the neoxanthin is located next to at least twdbChl aggregation, i.e., variation of the LHCII concentratidr2)(
molecules 14). A fourth xanthophyll, namely, violaxanthin, vs variation of the detergent concentratiaf). (To resolve
is easily lost upon isolatiorl{); it is located at the outside  this problem, we have now performed both Tisand
of the complex, and it does not transfer excitation energy TmSapyr measurements on the same preparation, i.e., LHCII
toward the Chls 18). Usually, violaxanthin is found in  from pea, which was aggretated by changing the detergent
substoichiometric amounts, i.e., there is less than oneconcentration. Moreover, a similar temperature was used in
molecule per LHCII monomer after isolation. It is generally both experiments, i.e., 1.2 K for Tm§r and 5 K for
agreed upon that the lowest energy absorption maximum of TMSyash.
neoxanthin is located near 487 ni§, (L9). Flash-induced A comparison of the apparently controversial results as
TmS measurements did not reveal any triplet transfer from indicated above has gained importance in light of several
Chls to this neoxanthin molecule, and therefore the amountrecent publications on LHCII. It was found by Ruban and
of transfer should be smalb{-7). This is understandable  co-workers 25, 26) that the 510 nm singlet absorption band
because singlet excitation energy transfer fromiCtal Chi should not be ascribed to violaxanthin but to lutein. The latter
ais very fast R0) and triplets are mainly formed on Cal  has an absorption maximum below 500 nm in monomeric
molecules, which are lower in energy than the Ghl  |HCII, which shifts to 510 nm upon trimerization. This was
molecules, whereas the latter are presumably the “neighbors”confirmed by Bassi and co-workers who found that a small
of the neoxanthin. fraction of the lutein molecules has an absorption maximum

TmS measurements showed strong absorption bands ohear 510 nm in trimeric LHCII 18). This disqualifies the
xanthophyll triplets with maxima at approximately 507 and explanation given above that upon aggregation the peripheral
525 nm 6—12). It was demonstrated for LHCII trimers that  violaxanthin accepts relatively more triplets, suggesting that
the 525 nm triplet absorption band corresponds to a xantho-the spectral changes must be explained by changes in the
phyll with a weak singlet absorption band at 510 n@. ( chlorophyl-carotenoid interactions. In principle, this could
Upon monomerization of LHCII both the 510 nm singlet be an important issue because such a change in interaction
absorption and the 525 nm triplet absorption band disappearmight lead to a change in the excited-state lifetime of the
(6). The 507 nm triplet band corresponds to a relatively chlorophylls in LHCII 27—29), which might offer at least
strong 494 nm singlet absorption bar@).(Assuming that  a partial explanation for the important regulatory mechanism
both luteins absorb at the same wavelength, the strong 494in green plants, called nonphotochemical quenching (see
nm band was assigned to lutein and the weak 510 nm bandbelow). The latter process provides plants with the possibility
to violaxanthin 6). The observation that monomerization of to adapt to strong light conditions, thereby significantly
LHCII led to a substantial loss of violaxanthin molecules, decreasing the amount of photoinhibition (see, e.g.36xf
concomitant with the loss of the 510 nm singlet and 525 nm Despite huge research efforts, a physical explanation for this
triplet absorption bands, was taken as additional support for process has not been found yet.
this assignment6]) (but see below).

An important feature of LHCII is its ability to form large  MATERIALS AND METHODS
aggregates. The aggregation state of LHCII is strongly
dependent on protein and detergent concentrations in the
suspension A1—-23). It was observed by ADMR and !
fluorescence-detected-magnetic resonance (FDMR) that th
ratio of the Car triplet signals at 507 and 525 nm is strongly
dependent on the LHCII concentration and thus the amount
of aggregation 12, 24); however, this was only true when
tuning to the|D| + |E| transition around 1300 MHz, while . ; ! PN
the spectrum obtained when exciting tH&2ransition was analysis af‘d resulted In the ratio 7'2'6'1'8'0'6'0'3 fqra;hl
not affected. The strong relative increase of the 525 nm bandChl b, Igteln, neoxgnthm, and violaxanthin, respectively.
upon aggregation was ascribed to increased intertrimer triplet FOr disaggregation of LHCII aggregatesdodecylf3-p-
transfer. A room temperature Tm$, study on LHCII from maltoside (DM) was used. The state of aggregation was
pea did not show a clear band at 525 nm, but aggregationmon'tored by C|rcular—d|.chr0|.sm (CD) and quorgspence
led to a broadening of the main TmS band near 507 nm Measurements as .descrlbed in refsand 31 The crmcall
toward the red, consistent with the low-temperature experi- Micelle concentration (CMC, the concentration at which
ments 8). Another Tm$asn Study on LHCII from pea also LI—_ICII aggregates are dlsas_sembled into trimers) of DM for
showed a relative increase of the 525 nm band, both at roomthis type of LHCII preparation was about 0.009% (w/v).
temperature and cryogenic temperatures, but the effect was Low-temperature measurements were performed in a
far less pronounced?). A similar explanation was given helium bath cryostat (Utreks). For the low-temperature
for this increase, i.e., intertrimer triplet transfer, and the TmSishmeasurements, the state of aggregation was adjusted
peripheral location of the violaxanthin molecule and its by first adding the detergent and then diluting the sample
presumed triplet absorption maximum around 525 nm With glycerol, containing the same amount of detergent. The
strongly suggested an increased triplet transfer from Chl to sample was suspended in a mixture of 1/3 buffer2/3
violaxanthin upon aggregation. However, the difference in glycerol (volume).

Stacked lamellar aggregates of LHCII were isolated from
eaves of 2-week-old pe®i{sumsativum) plants as described
in ref 23. LHCII was stored in a 15 mM Tricine/NaOH, pH

.8 buffer at £C and used within two weeks after isolation.
These samples were used, both for low-temperaturesdiirS
and TmSasy, measurements. The pigment composition was
determined by high-pressure-liquid-chromatography (HPLC)

the size of the effect in the two studied, (L2) remained Laser-flash-induced triplet-minus-singlet Tpass absorp-
unexplained. Several explanations are possible: (i) differenttion difference measurements were performed on the setup
starting material for LHCII preparation, i.e., spinadt2yvs described earlier32). Excitation pulses of 8 ns (full width

pea {7); (ii) different techniques; (iii) different methods of at half-maximum), 590 nm, 10 mJ were provided by a dye
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laser (Quanta Ray PDL2, dye: Rhodamine 6G), which was
pumped by a frequency-doubled Q-switched Nd:YAG laser
(Quanta Ray DCR2). The 20 ms pulses of measuring light 12l

16+

were obtained from a 450 W xenon lamp in combination 2

with a shutter. The measuring light was filtered with a set a 8
of filters, providing the appropriate wavelength for the al
measuring beam and minimizing heating and actinic effects.

Detection was done via a 1/4 m monochromator and ot

490 500 510 520 530 540

photomultiplier (Hamamatsu R928). The repetition rate of Wavelength(nm)

the setup was 2 Hz, and the instrumental response time was

less than 0.5¢s. Kinetic traces were averaged 128 or 256 10
times on a digital oscilloscope, preceding the transfer to the
computer for data analysis. Tm$ spectra were constructed
from global analysis of the decay kinetics recorded at
different wavelengths3@). A three exponential model was
used for the Tm®sn 5 K measurements (see also B
TmSapmr Measurements were performed at 1.2 K with the
setup described in refl. The method is based on the fact
that the three triplet sublevels can be populated and
depopulated with different rates, leading to different relative

DAS
o N A O @

490 500 510 520 530 540
Wavelength(nm)

population probabilities. In that case, transitions between o E 2.5 =
these sublevels can be induced with the use of microwaves, £ g i
whereas the transition energies are commonly referred to as c g 2.0¢ L] _
2|E|, ID| + |E] and|D| — |E|. Upon tuning to a particular B ° -
N X ; o E i ]
transition frequency, changes in the absorption spectrum can £ £ 1.5¢ L i
be monitored, leading to the presented ADMR spectra. “g S § u
= O {40t

RESULTS £ 5 e
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TmSash MeasurementsGlobal analysis of the Tmgn DM concentration (%)

kinetics 4 5 K recorded at different wavelengths revealed . . - ;. () A typical double Gaussian fit of ¢h5 K T-Sen
three decay-associated spectral components (DAS) in allgecay associated spectrum of thei Car component of LHCII
cases: two Car-associated components with lifetimes of trimers. The DM concentration was 0.06%. (b) A typical double
about 5 and 3@s, and a small Chl component with a lifetime ~ Gaussian fit of te 5 K T-Sjash decay associated spectrum of the
in the millisecond range. Tm§h kinetics was recorded up 30 us Car Component of LHCII trimers. The DM concentration

. P was 0.06%. (c) Ratio of the 506 and 525 nm components of the 5
to 100us; thus, the lifetime of the Chl component was not ¢ 5 s T-Sen decay-associated spectra (squares), thesidecay

accurately resolved, but here we focus on the Car triplets. associated spectra (triangles), and the sum of the 5 apd 88cay
The two Car DAS components for LHCII trimers are shown associated spectra (circles). The aggregation state was controlled

in Figure 1a,b. The s component has a higher amplitude by changing the detergent concentration.
than the 30us one. Both Car DAS reveal two well-
characterized peaks at 506 and 525 nm corresponding toof the 506 and 525 nm bands changes from 1.2 for aggregates
different xanthophylls, but their relative size is somewhat to 1.9 for trimers. This change is at first sight larger than
different. The different lifetimes occur because at this reported previously?), but it is entirely due to the method
temperature exchange of population between the three tripletof analysis, i.e., comparing areas of fitted Gaussians instead
sublevels per Xanthophy” is slow or absent. Different of absorption values at individual Wavelengths (506 and 525
sublevels may correspond to different lifetimes. The spectra "M). However, the variation is significantly smaller than in
are similar as in previous measurements on LHCII from Pprevious Tm@wr measurements on LHCII from spinach
spinach and peds( 7). (0.45 for aggregates and 1 for trimers), where the transition
The DAS were fitted with two Gaussians, peaking at 506 frequency was tuned to thB| + |E| transition, and the data
and 525 nm (Figure ]_a), and the areas covered by these twagVvere also analyzed using Gaussian fits. It should be noted
Gaussians were estimated. Representative double Gaussiaifiat the transition frequencies are not the same for all
fits (same peak positions) are also shown in Figure 1b. Both Xanthophylls involved 11), and some selectivity occurs at
Car DAS components were summed and this sum roughly the used frequency of 1300 MHz. On the other hand, no
scales with the total amount of triplets residing on the changes were observed at thé&[2ransition, which is very
different xanthophylls after triplet transfer from Chl to Car similar for the relevant xanthophyll4 ). Additional infor-
is complete and before the Car triplet states have started tomation about the relative population of different Car triplet
decay. The ratio of the areas of the 506 and 525 nm bandssublevels can be obtained from Taghr measurements.
for the summed spectrum is presented in Figure 1c (circles). TmSpwr Measurementdhe TmSpwr spectrum of LHCII
The ratios of the 506 and 525 nm bands for the 5 ands830  trimers recorded at the|R| transition (229 MHz) at 1.2 K
DAS are also shown in the same figure. Aggregation of is shown in Figure 2a. The Tm&ur spectra were recorded
LHCII was varied by changing the detergent concentration. at different detergent concentrations. In both the previous
It is clear from Figure 1c that disaggregation leads to a (11, 24) and the current Tmgmr Study, the 2E| transition
relative decrease in intensity of the 525 nm band: The ratio proves to be the strongest one. All TRagr Spectra for
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§ E § LHCII at two different concentrations of 0.01% (aggregates)
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gg 05 . . . signal-to-noise ratio is too small to permit a meaningful
"~ 0.00 0.02 0.04 0.06 analysis of the components with a Gaussian fit. However,
DM concentration (%) there is a clear dependence on the detergent concentration,

FIGURE 2: (3) T-Somr Spectrum of LHCII trimers at the|E| aIthough smaller thanin a previqus Tra@r Study on LHCII
transition at 229 MHz at 1.2 K, together with a double Gaussian from spinach {2) where the ratio changed from 0.45 to 1
fit. The DM concentration was 0.06%. (b) Ratio of the 506 and upon changing the amount of aggregation. In the present
525 nm component of the TaSwr at different states of aggregation. measurements, the same conditions, both for JgmSand

The aggregation state was controlled by changing the DM TmSiash €Xperiments were used, and the optical density of

concentration. the sample was lower than beforg).
Like before (1), the signals of theD| — |E| transition
1ol ' ' ' ' "] were even smaller, and it was impossible to resolve the 507
oo and 525 components in the present case.
0.8¢ M 1
® 4./‘/--* DISCUSSI.ON . |
S 04f I, %.....u-u.. . T Comparison of the Different Results and Techniqiiée.
ool Wd / -,';:: | TmSapmr results for LHCII from pea (this study) and spinach
' a (12 show overall resemblance. Like before, triplet absorption
- bands are observed at 507 and 525 nm. The size of the

-0.4 : : ; : -
4% 500 510 520 530 540 absorption difference spectra decreases when tuning from
Wavelength (nm) the 2E|, via the|D| + |E| to the|D| — |E| transition. The
FiGURE 3 1.2 K T-Swour (squares) [E| spectrum (Figure 2a) and ratio of the 2E| 507 an_d 525 nm bands is _mdependent of
T-Shash (circles) spectrum of LHCII at 0.06% DM concentration.  the degree of aggregation, whereas this ratio decreases upon
aggregation when tuning to thB| + |E| transition.

) ) . . However, there are also differences, and, for instance, the
different detergent concentrations were fitted with two aggregation-dependent decrease in the ratio when tuning to
Gaussians at 507 and 525 nm. Figure 2a illustrates a typicakhe |D| + |E| transition is smaller than observed before.
double Gaussian fit of the Tmgur spectrum for LHCIl  \oreover, the spectral shape of the absorption difference
trimers with Gaussians centered at 507 and 525 nm. In Figurespectrum is different for trimers from spinachl( 12) and
2b, the ratio of the 507 and 525 nm components (ratio of pea when probing the|B| transition. Previously, the 525
band areas) is shown as a function of detergent concentrationnm pand was larger than or equal to the 507 nm band, and
From Figure 2b, it is obvious that the aggregation does not the spectral shape was different from the fmSspectrum
influence the ratio of the two components for th€E2 o spinach trimers5). Now, the 2E| spectrum resembles
tr_ansmon, in agreement with previous studles on LHCIl the TmSash Spectrum (for pea trimers) which in turn is very
trimers from spinach1(1). Apparently, the relative increase  similar to the spinach trimer TS, spectrum. Therefore,
of the 525 nm component in the Tms spectra is not  poth for spinach and pea trimers, the triplets are similarly
accompanied by a concomitant increase in i @ansition. distributed over the spectrally different Cars, but the triplets

In Figure 3, the Sus DAS of the Tm&s, measurement  are differently distributed over the triplet sublevels, since
and the Tmxwmr spectrum (2|, 229 MHz), both for 0.06%  the 2E| spectra differ. Also, théD| + |E| spectra indicate
DM (trimers), are depicted. It is clear that they are very differences in the pea and spinach preparations. Whereas
similar, indicating that the Tmgur and TmSasntechniques  previously the ratio of the 507 and 525 nm bands changed
probe the same Cars, in agreement with the fact that all Carslargely upon changing the degree of aggregation, the effect
have similar 2E| transition frequenciesl(). is now much less pronounced.

Much smaller signals were obtained at tfie| + |E]| Structural Assignment of TmS Bands to Central Xantho-
transition at 1257 MHz, in agreement with previous studies phylls.The change in the ratio of the 507 and 525 nm bands
on LHCII from spinach {1, 12). The TmSpmr Spectra of was originally attributed to increased intertrimer triplet
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transfer (2), and the results in refgd and8 also seemed to  a change in distribution of the triplets over the different Chls
be in agreement with this explanation. However, when using without changing the ChiCar interactions, i.e., a purely
this explanation one tacitly assumes that the 507 nm and/orstatistical effect due to aggregation-dependent changes in the
the 525 nm band is/are due to a peripheral xanthophyll asChl absorption leading to a change in the Boltzmann
mentioned above. Because the luteins are located in thedistribution of the singlet excitations over the different Chls
center of the complexi@, 19, 34) and the neoxanthinisnot and concomitantly in the distribution of triplets over the
responsible for either the 507 or the 525 nm band (see aboveXifferent Chls. Although it was claimed that the absorption
only the violaxanthin could in principle be responsible for spectra of trimers and aggregates are nearly identical and
this effect. However, it was shown by Bassi and co-workers that the difference is entirely due to scattering and sieving
(18) that the peripheral violaxanthin does not even transfer effects @7), evidence was provided that real changes in the
singlet excitations to the Chls, thereby excluding the pos- electronic transitions occur (see, e.g., 38f and therefore,
sibility that the peripheral violaxanthin is in van der Waals such an effect might occur. However, if a redistribution of
contact with Chl, a prerequisite for triplet transfer. We singlet excitations would occur, one would expect that also
therefore conclude that the 507 and 525 nm bands are dughe contribution of the 525 nm band in théE2 spectrum

to the xanthophylls bound in the center of each monomeric would concomitantly increase. As can be seen in Figure 2b,
subunit of LHCII at sites L1 and L2 (notation as in 25). such an increase is not observed, and the ratio of the 507
Site L1 is exclusively occupied by lutein, whereas site L2 and 525 nm bands remains essentially unaltered. Therefore,
can both bind lutein and violaxanthin with a probability ratio it must be concluded that aggregation leads to a change in
of 0.8:0.2 @5), at least in reconstituted LHCII. It was the interactions between the carotenoids at site L1 and L2
concluded by Peterman et ab)(that three xanthophylls  and some of the nearby Calmolecules. It is interesting to
contribute to the TmS spectrum, which is in line with the note that Ruban et al. observed conformational changes of
occupation probability of sites L1 and L2 and the fact that carotenoids upon oligomerization of LHCB$—41), which
these are responsible for Chl triplet quenching. may well be related to the change in interaction.

We are now in the position to assign the 507 and 525 nm A Possible Explanation for the Aggregation-Induced
triplet absorption bands. It was shown by Van der Vos Shortening of the Singlet Excited-State Lifetime of Chl a in
et al. 1) and Peterman et al5)( with different methods LHCII. It is well-known that aggregation of LHCII leads to
that the xanthophyll responsible for the 525 nm band is a decrease of the singlet excited-state lifetime of &l
in close contact with Chls that absorb more to the blue LHCIlI and a concomitant decrease of the fluorescence
than those that are in contact with the 507 nm xanthophyll. quantum yield (see, for instance, red® and 43). This
The xanthophyll at site L1 is in contact with Chls al, a2, decrease factor appears to be variable and dependent on
and a3 (for nomenclature see f&8) and the one at site L2  preparation, and typical values range from 4 td8 @3). It
with Chls a4-a7. It was concluded that the former on was recently argued that a change in the interaction strength
average absorb more to the red7,(36), and thus it between xanthophylls and chlorophylls may cause a change
appears that the lutein at site L1 is responsible for the 507 in the excited-state lifetime of Chl, and a simple quantitative
nm triplet band, which corresponds to the 494 nm singlet relationship was propose@&1—29), but a change in interac-
band @). Consequently, the 525 nm triplet band and thus tion upon aggregation has never been reported. In this study,
the 510 nm singlet band) are due to the lutein at site L2.  we have presented experimental evidence that the Cat
It should be noted that this site binds a violaxanthin in 20% interaction indeed changes upon aggregation of LHCII, and
of the cases whose singlet absorption maximum is close towe hypothesize that this change may be responsible for the
494 nm @). Therefore, it seems likely that a triplet on this observed change in lifetime. It should be noted that Razi
violaxanthin leads to a triplet absorption band close to 507 Naqvi et al. 8) observed that the aggregation of LHCII led
nm (presumably like the lutein at L1). By using a simple to a broadening of the TmS spectrum in the xanthophyll
stoichiometry argument, one thus expects the 507 nm tripletregion toward the red, in agreement with an increased
band to be more intense than the 525 nm triplet band, in population of triplets on the xanthophyll at site L2. In
agreement with experimental findings. In addition, the lutein parallel, they observed an increased change in thea@}|
at site L1 is in contact with Chls that absorb more to the absorption region. At that time, the change in the spectra
red. On the basis of simple Boltzmann statistics, it is thus were ascribed to increased intertrimer triplet transfer. How-
expected that more triplets are formed on the Chls in contactever, from the present study, it appears that there is a relative
with the xanthophyll at site L1, providing an additional increase of triplet transfer to the xanthophyll bound at site
explanation why the triplet absorption band at 507 nm is L2. Apparently, this leads to a larger change in the absorption
most intense. of the interacting chlorophylls, suggesting a stronger inter-

Aggregation Leads to a Change in Interaction between action between the corresponding xanthophyll and neighbor-
Xanthophylls and Chlorophyll&lpon aggregation, the triplet  ing chlorophylls. This is consistent with the proposal that
absorption band at 525 nm becomes relatively more intense.an increase in interaction leads to a decrease in lifetime
It was argued above that this band is due to the lutein at site(27—29). Numerous studies have appeared in which the
L2. It should be noted that the total amount of triplet transfer lifetime shortening upon aggregation was studied, and it has
from Chl to Car is independent of the state of aggregation been argued that this effect is possibly related to the
and is~82% at 5 K as washown by Barzda et al.7}. phenomenon of nonphotochemical quenchB®@).(The latter
Therefore, the change in the ratio of the intensities of the is an important protective regulatory mechanism, which
507 and 525 nm triplet bands should be explained by a shortens the lifetime of singlet excitations in photosystem |l
redistribution of the triplets over the xanthophylls at sites of green plants, thereby lowering the probability of photo-
L1 and L2. The redistribution might in principle be due to inhibition.
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