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In this study, we present a way of controlling the formation of the two types of zeaxanthin aggregates in
hydrated ethanol: J-zeaxanthin (head-to-tail aggregate, characteristic absorption band at 530 nm) and
H-zeaxanthin (card-pack aggregate, characteristic absorption band at 400 nm). To control whether J- or H-
zeaxanthin is formed, three parameters are important: (1) pH, that is, the ability to form a hydrogen bond;
(2) the initial concentration of zeaxanthin, that is, the distance between zeaxanthin molecules; and (3) the
ratio of ethanol/water. To create H-aggregates, the ability to form hydrogen bonds is crucial, while J-aggregates
are preferentially formed when hydrogen-bond formation is prevented. Further, the formation of J-aggregates
requires a high initial zeaxanthin concentration and a high ethanol/water ratio, while H-aggregates are formed
under the opposite conditions. Time-resolved experiments revealed that excitation of the 530-nm band of
J-zeaxanthin produces a different relaxation pattern than excitation at 485 and 400 nm, showing that the
530-nm band is not a vibrational band of thesfte but a separate excited state formed by J-type aggregation.
The excited-state dynamics of zeaxanthin aggregates are affected by annihilation that occurs in both J- and
H-aggregates. In H-aggregates, the dominant annihilation component is on the subpicosecond time scale,
while the main annihilation component for the J-aggregate is 5 ps. Thfet8nes of aggregates are longer

than in solution, yielding 20 and 30 ps for H- and J-zeaxanthin, respectively. In addition, H-type aggregation
promotes a new relaxation channel that forms the zeaxanthin triplet state.

1. Introduction metry as the ground state. The lifetime of thesgte varies in

Carotenoids are a widespread and important group of pig- "€ range from 1 to 300 ps, depending on the number of
ments. They are present in most organisms, including humans coniugated double bonds.
but can only be synthesized by plants and microorgantsims. While monomeric carotenoids have been the subject of
plants, they act as light harvesting pigments, covering efficiently humerous theoretical and experimental studiezcited states
the blue-green spectral regidim addition to this function, they ~ of carotenoid aggregates are much less understood. It is well-
protect the plants against excessive light by regulating the flow known that carotenoids form aggregates when dissolved in
of energy via singlet and triplet states of chlorophylEhey hydrated polar solvents and that aggregation is characterized
are also known to be efficient quenchers of dangerous singletby dramatic changes in their absorption spe€tfalwo types
oxygen and reactive radicals, by interrupting the chain of of carotenoid aggregates can be distinguished according to their
oxidative reactiond.In humans, the antioxidative function is absorption spectra. The first type is associated with a large blue
probably the key mechanism in protection against various shift of the absorption spectrum and loss of vibrational structure
degenerative diseases such as cancer, atherosclerosis, and agsf-the S state. This type is suggested to be due to the so-called
related macular degeneration. card-pack aggregates, in which the conjugated chains are

The diversity of carotenoid function is directly related to their oriented parallel to each other and are closely pa¢kEese
unique excited-state properties that result from the carotenoid aggregates are also called H-aggregates and the blue shift of
molecule having approxima@:, symmetry. Thus, the electronic  the absorption spectrum is explained in terms of excitonic
states of carotenoids are related to those of polyenes and thenteraction between closely packed carotenoid moleclilée
various functions of carotenoids depend mostly on the photo- gecond aggregation type is characterized by a red shift of the

physical properties of the two lowest excited singlet states, gpsorption spectrum, while the resolution of vibrational bands
denoted $and $. A substantial amount of information has s preserved. This aggregation (J-type) is likely a result of a

been gathered in the past decade about properties of excitethea(-to-tail organization of conjugated chains, forming a loose
states of carotenoids in both solution and protéifise strong  association of carotenoid moleculéShe origin of the red shift

absorption in the visible region arises from an allowed transition g ot well understood, but an increase of refractive index inside
between the §and the 3 state. After being promoted into the 1 aggregates was suggested as a possible explafation.

S st:]at% (t}rl:seoc(:)afro:gnmd mf'f“#f leder%oesll[ntéarr;a: Cogverf'?jnMoreover, carotenoid aggregates have been found to be chiral,
onthe s fime scaje 1o the lowest excried s'ate, denote although individual carotenoid molecules usually do not exhibit

?ﬁ%ﬂfﬁg%&%gﬁnEglgguzztmeeggt]gf;i t&%i;ﬁfi'%_ chirality. This phenomenon has been explained as due to a
y y ’ & y formation of large carotenoid assemblies having a helical

* Corresponding author: Fak46-46-222-4119; e-mail tomas.polivka@ ~ Structure’. The possibility of a long-range energy transfer within
chemphys.lu.se. J-type carotenoid aggregates has been suggebtedjo time-
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absorption spectru?;22while binding of zeaxanthin to another
macular protein, glutathione S-transferase (GSTP1), leads to a
J-zeaxanthin spectrum essentially identical to that of the
zeaxanthir-PsbS complex of higher plants.In addition,
(3R, 3’'R)-zeaxanthin zeaxanthin in the eye occurs also in lipid membranes, in which
Figure 1. Molecular structure of 8 3R)-zeaxanthin. formation of H-zeaxanthin dominaté&lt was also shown that
singlet oxygen quenching exhibits an anomalous dependence
resolved studies that would enable one to resolve such a processn the zeaxanthin concentration in liposomes. Decrease of
have been carried out so far. singlet oxygen quenching efficiency at higher zeaxanthin
Besides aggregation of carotenoids in hydrated solvents, it concentrations was explained as due to a greater aggregation
occurs also in various natural and artificial systems. Typically, tendency of zeaxanthin than for other carotenoids. The aggrega-
carotenoids tend to aggregate when present in lipid bilayers, intion state of zeaxanthin may thus control the efficiency of singlet
which long-range organization of carotenoid molecules are oxygen scavenging®
believed to control physical and dynamical properties of lipid  |n this work, we focus on investigation of zeaxanthin

membranesand protect them from lipid peroxidatiéfin lipid aggregates by a combination of steady-state and transient
bilayers, carotenoids usually form H-type aggregéitdswever,  absorption techniques, aiming for a better understanding of their
it was recently shown that absorption changes consistent with excited-state properties. First, we present a well-defined way
J-type aggregation may occur as a result of caroterpidtein of controlling formation of either H- or J-zeaxanthin in hydrated

interactiont!2 In artificial systems, H-aggregates are often ethanol. Then, having established the conditions for producing

formed when carotenoids are deposited on surfat¥sSince both types of aggregates, we app|y time-resolved absorption
assemblies consisting of carotenoid molecules attached tospectroscopy to monitor properties of the lowest excited state
conducting or semiconducting materials holds promise to act of H- and J-zeaxanthin. The results are compared with those
as photoactive species in dye-sensitized solar ‘€elsor as obtained for monomeric zeaxanthin in solution and related to

molecular wires? understanding the effects of aggregation on possible functions of zeaxanthin aggregates in various systems.
the structure of excited states is an important factor in controlling

the efficiency of such devices. 2. Experimental Section

Aggregates of the carotenoid zeaxanthin (molecular structure . . .
in Figure 1), which is the subject of this study, are interesting ﬁ_eaxanthm ?Hoffr(lzra]n-LaRocpez_was dflsgglvg(sj n eth&agol to
for several reasons. First, zeaxanthin forms aggregates more'?/lc. Ieve samples with concentrations o » 09, 0r ﬂ‘
ixtures of water and ethanol were made by addition of

readily than other carotenoi reover, zeaxanthin can form S )
b%?ﬁ J)i ;:d I-?fagegfeaég;[gs?dae:tlﬂcieedohgr’ea?tzr21stJ-zeC:xar$thin an%lEIonIZGOI water to a final content of 20%, 40%, 60%, or 80%
H-zeaxanthin}:1112Yet it is not well understood what param- 10 stock solutions of ethanol, containing 50 or 1Q1

d zeaxanthin. Experiments on pH dependence were made by

eters control whether J- or H-zeaxanthin is formed. Secon o .
zeaxanthin aggregates are suggested to play important physi-""dd'tIOn of water with pH 4.0, 7.0, 8.5, or 10:8Q.2) to samples

: S of zeaxanthin (65«M) in 100% ethanol (the desired pH was
2';2?;3: ;?Iizsélr;ga:é;sgg;ﬁ? t:f' np:zr?t %irét%f;:];exfﬁrgggphy” achieved through addition of concentrated NaOH and HCI), and

xanthophyll cycle involves light-dependent enzymatic intercon- the pH of the water was measured by use of a Metrohm pH-

: : : meter.
version of three xanthophylls (zeaxanthin, antheraxanthin, and . .
violaxanthin) that requires decoupling of the carotenoids from The femtosecond spectrometer used in these studies is based

proteins and their release into lipid membranes, in which on an amplified Ti:sapphire laser system, producilp0 fs

aggregation may occérZeaxanthin, produced under high-light pulses at 5 kHz repetition rate with an average output power of
conditions in the xanthophyll cycle, is required for direct 0.2 mJ/puIset anfdt a c_enttralbwav?ength Otf 822 nm. Ili‘prd
dissipation of energy via quenching of chlorophyll excited states, measurements ol transient absorption spectra, the ampiine

the so-called nonphotochemical quenching (NP@Jthough pulses were d|V|.d.ed into two paths, one to pump an optical
details about the NPQ mechanism are still elusive, it is clear parametric amplifier to generate excitation pulses at 490 nm

that quenching conditions correlate with an absorption change _a"d the other one to produce white-light continuum probe pulses

at 535 nm® Recently, this absorption change was hypothesized in a 0.5 cm sapphire plate. The relative polarization of the

to be a result of binding of zeaxanthin to the PsbS protein, which excitation and probe beams was set to the magic angle’(o4.7
is another required component of the N he formation of Absorption spectra were measured before and after measure-

the zeaxanthinPsbS complex induces changes in the absorption ments to ensure that_no photochemica_ll damage occurrec_j during
spectrum of zeaxanthin that are nearly identical to those of the experiments. While both zeaxanthin and H-zeaxanthin were

J-zeaxanthin, possessing a characteristic band at around 530&NY stable throughout the measurements, J-zeaxanthin was

nm 1 Since increased levels of the PsbS protein have also beerc€nSitive 1o laser light and fresh samples had to be prepared

suggested to induce a direct quenching of chlorophyll excited regularly. All measurements were performeda 2 mmpath
states via energy and/or electron transfer to zeaxafitistndies length glass cuvette at 293 K.
of the zeaxanthin excited states under aggregation conditions
may provide important information about quenching mecha-
nisms. Steady-State Absorption. To investigate conditions that
Zeaxanthin aggregates are also interesting in relation to theirdetermine formation of either H-zeaxanthin or J-zeaxanthin,
possible roles in the vision apparatus of humans. Zeaxanthin isabsorption spectra of zeaxanthin were measured for various
selectively accumulated in the foveal region of the macula of water/ethanol mixtures and various initial concentrations of
the human eye, likely acting as a photoprotective pigri@lit. zeaxanthin. The results of two different initial concentrations
was shown that zeaxanthin is bound to a specific membrane-of zeaxanthin are shown in Figure 2. For the /8@ ethanol
associated xanthophyll-binding protein (XBP). Interestingly, solution of zeaxanthin (Figure 2a), addition of water up to 20%
binding of zeaxanthin to XBP results in a monomeric zeaxanthin has essentially no effect on the absorption spectrum. When the

3. Results
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Figure 3. Steady-state absorption spectra of zeaxanthin in 40% water
at various pH values. Initial concentration of zeaxanthin wad5

To induce aggregation, water of various pH was added to a
final concentration of 40%. In this mixture, one could expect
the red aggregates to be the dominant feature (see above).
] i ) ) However, addition of water at neutral pH clearly produces
F'gt“’e 2. Stetf‘aﬂ?gﬁtsaﬁi?gﬁggﬁgggt;ﬁ%ﬁrgf cz’fe;f::t?]?;r:we"’t‘;;:&es:;‘; H-zeaxanthin as the band at 390 nm dominates the absorption
water concen : : ; spectrum. A fraction of J-zeaxanthin could also be present since
S0uM () and 100«M (b). All absorption spectra are normalized. a weak band at-530 nm is also visible. When the water is
water content is increased to 40%, the characteristic absorbancenore acidic (pH~ 4), the red band disappears completely and
between 400 and 500 nm is suppressed, though vibrational bandshe 390-nm band decreases along with appearance of a hint of
of the S state are still visible, and the formation of a new feature monomeric vibrational structure, indicating that acidic water
typical for H-zeaxanthin appears. Further increase of the water prevents both types of aggregation. On the other hand, addition
content stabilizes H-zeaxanthin as the vibrational structure of water with pH~ 8.5 favors formation of J-zeaxanthin. Further
disappears and a distinct absorption band at 390 nm dominatesncrease of pH te~10 produces solely J-zeaxanthin, as the 390-
the absorption spectrum. It is worth noting that a weak new nm absorption band disappears completely and vibrational
band is also formed at 525 nm and this band is most pronouncedstructure is restored.
at a water concentration of 40%. When the initial concentration  On the basis of these results, we used the following conditions
of zeaxanthin is increased to 1@M (Figure 2b), a distinctly for preparation of samples for time-resolved measurements.
different dependence on water content is observed. This highH-Zeaxanthin was prepared from an initial concentration of 50
concentration leads to a slight decrease of resolution of uM by adding water of neutral pH to a final water content of
vibrational bands even in ethanol. However, at a water content 80%. J-Zeaxanthin was prepared from an initial concentration
of 20%, the resolution of the structure is restored and a new of 100u«M by adding water of pH- 8.5 to a final water content
broad band at 540 nm corresponding to J-zeaxanthin appearsof 40%. This preparation procedure produced aggregates whose
Increasing the water content from 20% to 40% clearly stabilizes absorption spectra are in Figure 4 compared with the absorption
J-zeaxanthin since the relative amplitude of the red band spectrum of a 5@M solution of zeaxanthin in ethanol (hereafter
increases several times. Simultaneously, this band is shifted toreferred to as zeaxanthin). Zeaxanthin shows strong absorption
530 nm. There is also a visual change in coloration, from dark in the 356-550-nm region associated with the alloweg-S;
yellow to red/orange, and the solution turns slightly opaque. transition. The spectrum exhibits the characteristic three-peak
When the water content is increased, the magnitude of the redstructure of carotenoids due to vibrational structure of the S
band is decreased and a distinct feature at 390 nm grows,state. The vibrational peaks are located at 480 (0-0), 450 (0-1),
signaling the formation of H-zeaxanthin. At a water content of and 425 nm (0-2). For J-zeaxanthin, the vibrational structure is
80% the sample contains a mixture of both J- and H-zeaxanthin. preserved but the absorption spectrum is markedly broader. The
In agreement with previous observationgprmation of J- characteristic band of J-zeaxanthin is located at 530 nm and it
zeaxanthin preserves resolution of vibrational bands. is accompanied by a long absorption tail extending beyond 700
When exploring various conditions for zeaxanthin aggregate nm. It is worth noting that, except for the 530-nm band, the
formation, we found that the pH of the water added to the vibrational bands are located at nearly the same positions as
ethanol solution of zeaxanthin plays an important role in for zeaxanthin. H-Zeaxanthin exhibits an absorption spectrum
determining whether H- or J-zeaxanthin is formed. A high initial dominated by a structureless sharp band located at 390 nm. This
zeaxanthin concentration is a key factor to produce J-zeaxanthin,band also possesses a red wing extending beyond 500 nm, with
but it is not sufficient unless the added water has a proper pH. a hint of weak shoulders located at 480 and 530 nm. It is worth
This is shown in Figure 3, where absorption spectra of mentioning that higher excited states are affected in different
zeaxanthin in hydrated ethanol are shown for different pH ways depending on the type of aggregation. The spectral band
values. To demonstrate the importance of pH, an initial peaking for zeaxanthin at 278 nm (the first allowed excited state
zeaxanthin concentration of GBM was used, because at this above the $state), is negligibly influenced by the formation
concentration it is possible to form both J- and H-zeaxanthin. of H-zeaxanthin, while J-zeaxanthin induces changes similar

T T T T T T L
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Figure 4. Steady-state absorption spectra of monomeric zeaxanthin 14
(solid line, concentration 50M, water concentration 0%), J-zeaxanthin =
(dashed, 10&M, 40%), and H-zeaxanthin (dotted, 2, 80%) at ©
293 K. =
Ke]
to those observed for the,State; the absorption band is B 1
broadened and its maximum is red-shifted, peaking at 298 nm. 2
Transient Absorption. To obtain knowledge about the <
excited states of the zeaxanthin aggregates, transient absorption
spectra were recorded in the spectral region 4700 nm 0
(Figure 5a). For all three forms of zeaxanthin, the transient
spectra were measured at 3 ps after excitation at 400 nm (H- 6 10 20 30 40 50
zeaxanthin), 485 nm (zeaxanthin), and 525 nm (J-zeaxanthin). Time (ps)

. - / a7 .
In agreement with previously publ]shed resﬁ&é,the tranS|ent' Figure 5. (a) Transient absorption spectra of monomeric zeaxanthin
absorption spectrum of zeaxanthin is dominated by an excited-(— excitation at 485 nm), H-zeaxanthi®,(excitation at 400 nm) and

state absorption (ESA) band peaking at 555 nm, which reflects J-zeaxanthin M, excitation at 525 nm). All transient spectra were
the spectral profile of the S Sy transition. For H-zeaxanthin,  recorded 3 ps after excitation and normalized to maximum. (b) Kinetics
the peak position of the main ESA band (560 nm) is close to recorded for all three samples at the corresponding maxima of their
that of zeaxanthin, but the spectral band is markedly broader atEaQeS;ir:mﬁ?fgpégg nfnp)e‘gﬁ ; ZZeeaa):(aarI!lttTiI: ((gggbﬁm‘;‘t SSOSI% I?nrg?s-
Fhe lower energy side. In fapt, the ESA. band of H'Zea).(amhm hrough symbolls corresp,ond to fits. Early time dynamics is shown in
is broadened also toward higher energies, but a negative bangyg inset.
centered at 525 nm is superimposed on the high-energy ving
of the ESA spectrum, giving the impression of a separate ESA and the J-zeaxanthin kinetics contaira50 fs rise component
band at~500 nm. This negative feature originates from a thatis usually assigned to the-S5; decay, this rise component
ground-state bleach of the weak 525-nm band of H-zeaxanthinis substantially shorter for H-zeaxanthin, challenging our time
(Figure 4). For J-zeaxanthin, the ESA band is further red-shifted, resolution of~100 fs. The fitting results are summarized in
peaking at 605 nm, and similarly to H-zeaxanthin it has a red Table 1.
tail extending beyond 700 nm. The strong negative feature at To obtain further insight into the excited-state properties,
~540 nm is due to ground-state bleaching of the characteristic transient absorption spectra of J-zeaxanthin were also measured
red absorption band of J-zeaxanthin (see Figure 4 for absorptionafter excitation at 400 and 485 nm and compared to the spectrum
spectrum). obtained after excitation into the red band (525 nm). The results
Kinetics recorded at the maxima of the ESA bands of the are shown in Figure 6. It is apparent that moving the excitation
different zeaxanthin species, monitoring dynamics of the lowest to higher energies changes the-Sy spectral profile signifi-
excited state, reveals further differences (Figure 5b). The cantly. Both 400- and 485-nm excitation produce a transient
zeaxanthin & state decays monoexponentially with a time absorption spectrum containing two spectral bands. A new band
constant of~9 ps, in agreement with results obtained for centered at 560 nm appears in the transient spectra recorded
zeaxanthin in various solveri&For J-zeaxanthin, however, two  after 400- and 485-nm excitation. In fact, this band could be
decay components of 4.7 and 30 ps are needed to fit the kineticsinterpreted as due to the-SSy transition of zeaxanthin (see
The S decay of H-zeaxanthin is even more complicated and at Figure 5a), with the 605-nm band of J-zeaxanthin superimposed
least four decay components are required to obtain a satisfactoryas a shoulder.
fit. A time constant of 0.5 ps represents the major component Therefore, to establish the origin of the 560-nm band in the
of the decay, accompanied by two slower components of 4.5 transient absorption spectrum of J-zeaxanthin, kinetics were
and 20 ps. To account for the rest of the decay, a longer measured at 560 and 605 nm after 400-nm excitation (Figure
component £500 ps) must be added. Identical kinetics were 7). While the 605-nm band exhibits a decay that is almost
obtained when probing at 505 nm (see Table 1), confirming identical to that recorded after excitation at 525 nm (see Figure
that the 505-nm feature is not a distinct spectral band but is 5b and Table 1), probing at 560 nm results in different kinetics;
indeed created as a result of overlapping ESA and bleachinga multiexponential fit gives a time constant of 9 ps for the shorter
bands. It is also important to note that while the zeaxanthin component, while the longer has a time constant of 30 ps. Thus,
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TABLE 1: Results of the Multiexponential Fitting 2

J. Phys. Chem. A, Vol. 109, No. 8, 2005525

sample Aexc (NM) Apr (NM) 7o (PS) 71 (pS) 72 (PpS) 73 (PpS) 74 (PpS)
Zea 485 560 0.294100) 9.3 (100)

J-Zea 400 560 0.1240) 0.7 (-40) 9 (64) 30 (36)

J-Zea 400 605 0.13100) 0.35 (15) 4.8 (62) 30 (23)

J-Zea 485 560 0.160) 0.7 (-30) 9 (93) 30 (7)

J-Zea 485 605 0.11100) 4.5 (57) 30 (43)

J-Zea 525 605 0.2220) 4.8 (67) 30 (33)

H-Zea 400 505 <0.09 (-100) 0.3 (50) 4.4 (23) 20 (7) >500 (20)
H-Zea 400 560 <0.09 (~100) 0.5 (41) 4.5 (23) 20 (15) >500 (21)
H-Zea 400 600 <0.09 (-100) 0.4 (66) 4.5 (11) 23 (23)

aNumbers in parentheses correspond to relative amplitudes (%) of the fitting components; uncertainties of the time constants and amplitudes
vary between 10% and 15%.
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Figure 8. Kinetics along with fits ) of H-zeaxanthin ©) and
J-zeaxanthinl) measured at 560 nm after excitation at 400 nm. The
inset shows the dynamics during the first 5 ps.
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Figure 6. Transient absorption spectra of J-zeaxanthin recorded at 3
ps after excitation at 525 nn#j, 485 nm ©), and 400 nmY). All

spectra are normalized to maximum. a fraction of H-zeaxanthin in the J-zeaxanthin sample can be

safely ruled out, because a comparison of kinetics measured at
560 nm after 400-nm excitation of H- and J-zeaxanthin in Figure
8 shows that the decay of the 560-nm band of J-zeaxanthin
cannot be interpreted as due to contamination of the sample by
H-zeaxanthin. The decays of thg-SS5y ESA of these two
samples are strikingly different as both the fast (0.5 ps) decay
and the very long 500 ps) components characteristic of
H-zeaxanthin (Figure 5b and Table 1) are missing in the 560-
nm kinetics of J-zeaxanthin. In addition, the 560-nm kinetics
of J-zeaxanthin also contains a distinct subpicosecond rise that
is absent in the kinetics of H-zeaxanthin.
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Discussion

Formation of Aggregates.The carotenoid zeaxanthin has
earlier been shown to form H-aggregates very easily in hydrated
solvents® but the absorption spectrum corresponding to J-
zeaxanthin has been so far observed only when zeaxanthin
molecules interact with some proteiHs2 Here we show that
both types of zeaxanthin aggregates can be produced in hydrated
ethanol, but formation of J-zeaxanthin requires specific condi-
tions. The crucial factor is a proper pH that is directly related
while the longer component in the 560-nm decay resembles thatto the ability of zeaxanthin to form a hydrogen bond, because
of the 605-nm kinetics, the shorter component is very close to increasing pH causes deprotonation of the hydroxyl groups of
the § lifetime of zeaxanthin. In addition, the 560-nm kinetics zeaxanthin. At higher pH zeaxanthin is not able to create
contains a pronounced 0.7-ps rise component that is missing inhydrogen bonds, which clearly favors formation of J-zeaxanthin,
the kinetics recorded at 605 nm. A similar picture is obtained indicating that the head-to-tail aggregates can be formed only
from fitting of kinetics measured at 605 and 560 nm after in the absence of hydrogen bonding. On the other hand, the pH
excitation of J-zeaxanthin at 485 nm (Table 1). dependence supports the earlier hypothesis that the card-pack

The different decays of the 560- and 605-nm bands of H-aggregates are held together via a hydrogen-bonding net-
J-zeaxanthin prove their different origin and show that the 560- work.”2%20 |t is worth mentioning that similar results were
nm band is due to nonaggregated zeaxanthin. The presence obbtained by Simonyi et al.who showed that for the carotenoids

4b Gb
Time (ps)
Figure 7. Kinetics of J-zeaxanthin measured at 560 ) &nd 605

nm (O) after excitation at 400 nm. Solid lines represent multiexponential
fits of the data. The inset shows enlargement of the first few
picoseconds. Kinetics is normalized.

100
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lutein and capsanthol the presence of free hydroxyl groups form aggregates, and increasing the water content further will
produces solely H-aggregates, while acetylation of the hydroxyl only lead to H-zeaxanthin formation, since the card-pack
groups favors formation of J-aggregates. These results areassemblies ensure the best protection against contact with water
essentially the same as ours, except Simonyi et al. achievedmolecules. Thus, to summarize this section, there are three key
the inhibition of hydrogen bonding by modification of the factors controlling whether J- or H-zeaxanthin is formed: pH,
molecules, while here we showed that a pH change can controlethanol/water ratio, and initial concentration of zeaxanthin in
the aggregation type of the same carotenoid. In conclusion, thesolution. The critical values of these factors are dependent on
ability of hydrogen-bond formation is a decisive factor for each other, but it is apparent that neutral pH, low zeaxanthin
whether J- or H-aggregates are formed. The necessity ofconcentration, and low ethanol/water ratio promotes formation
hydrogen bonding for H-zeaxanthin formation can be justified of H-zeaxanthin, while high values of these parameters give
by the expected card-pack structure of the aggregates. As shownise to J-zeaxanthin.

by Simonyi et af. for other carotenoids, the presence of a free Origin of Spectral Changes.Since absorption changes of
hydroxyl group at both sides of a carotenoid molecule is zeaxanthin consistent with formation of J-zeaxanthin have been
necessary for the formation of H-aggregates. Therefore, in the recent]y proposed to p|ay important physiological rd-]bézywe
simple case of a dimer, hydrogen bonding at both sides of the first discuss the J-zeaxanthin properties. Although J-zeaxanthin
zeaxanthin molecule helps to keep the two molecules togetherhas not been observed in hydrated solvents so far, we will make
lying on top of each other with their dipoles oriented almost yse of earlier results on J-aggregates of other carotefdidls.
perfectly parallel to each other. It is, however, worth noting common interpretation of absorption changes induced by
that other molecular forces such as stacking interactions  formation of J-aggregates of carotenoids is that the absorption
may contribute significantly to the attractive forces between spectrum results from a red shift of the vibrational bands. If we
closely packed carotenoid molecufésThese attractive forces  apply this interpretation to J-zeaxanthin, then the redmost band
are stronger when molecules are planar, explaining why at 530 nm is assigned to the 0-0 vibrational band. The same
zeaxanthin, having a rigid planar structure, forms H-aggregatesargument was also used to explain the 525-nm band induced
more readily than other carotenoRi©n the contrary, weak  py zeaxanthir-protein interactiori! However, comparison of
van der Waals interactions dominate in J-zeaxanthin, which the absorption spectra of zeaxanthin and J-zeaxanthin in Figure
results in lower stability of these aggregates. 4 does not fully support this explanation. First, while a large
The different structures of H- and J-aggregates also explainred shift is required to explain the low-energy part, the high-
the different ethanol/water ratios that are optimal for the energy part seems to be rather blue-shifted upon formation of
formation of either H- or J-zeaxanthin. The strong hydrophobia J-aggregates. Second, if the 530-nm band were due to the 0-0
of carotenoids forces the conjugated backbone of carotenoidsvibrational band, then the energy gap between the 0-0 and 0-1
to avoid contact with water molecules. Because of the head- vibrational bands would be-1700 cnt?, thus larger than the
to-tail structure of J-zeaxanthin, the conjugated chains are ~1400 cnv! between the 0-1 and 0-2 vibrational bands (Figure
inevitably exposed to solvent. Therefore, rather low water 4). A comparable mismatch between energy gaps exists also
content (optimal ethanol/water ratio ef1.5) is necessary to  for J-aggregates of other carotenoidsand the same problem
form J-zeaxanthin (see Figure 2b). Increasing the water contentarises when the absorption spectrum of a zeaxanitriotein
destabilizes J-zeaxanthin, as an increasing number of watercomplex is explained this wak. Moreover, it is clear from
molecules in the proximity of zeaxanthin compel the head-to- Figure 2b that both spectral position and relative intensity of
tail assembly to transform into the card-pack arrangement thatthe lowest energy band of J-zeaxanthin depends on preparation
pushes the water molecules away from the conjugated chainsmethod. Thus, the properties of this band are not consistent with
The critical water content that initiates transformation of the behavior expected for a vibrational band.
J-zeaxanthin to H-zeaxanthin depends on pH. ForpH8.5 This hypothesis is further supported by the time-resolved data
used in Figure 2b, the critical ethanol/water ratio-48.65. For since excitation at 525 nm results in a markec“y different
even higher pH values, the critical value is lower, but J- transient absorption spectrum than that obtained after excitation
zeaxanthin becomes less stable. Nonetheless, to stabilize Hat 485 or 400 nm (Figure 6). Excitation of the 530-nm band
Zeaxanthin, the optimal ethanol/water ratio lies in the range 0.2 results in an ESA Spectrum peaking at 605 nm that C|ear|y is
0.3, in agreement with previous restits. due to J-zeaxanthin as it shows no resemblance to th&s
Another important factor controlling the formation of ag- ESA spectrum of monomeric carotenoids, neither in position
gregates is the initial concentration of zeaxanthin in solution. nor in shape. In addition, the distinct bleaching band below 550
Apparently, to stimulate J-zeaxanthin formation, the molecules nm confirms that this spectrum indeed originates from molecules
must be close to each other already in ethanol solution. Again, forming the characteristic red band of J-aggregates. On the
this observation is consistent with the structures of zeaxanthin contrary, the ESA spectra generated after 400- and 485-nm
aggregates. At initial concentrations as high as 480 the excitation are dominated by a band at 560 nm, which is very
proximity of the zeaxanthin molecules in solution can be inferred close to that of monomeric zeaxanthin (Figure 5a). Although
from a slight loss of vibrational structure of the Sate (Figure H-zeaxanthin has an ESA band at the same position (Figure
2b). This is most likely caused by a broader distribution of 5a), kinetics measured at 560 nm excludes this band as due to
conformers resulting from steric hindrance between the mol- H-zeaxanthin; the 9 ps decay component that is present only at
ecules nearby. In such a situation, adding a moderate amount60 nm after 400- and 485-nm excitation (see Table 1) matches
of water will push the zeaxanthin molecules close enough to well the known $ lifetime of monomeric zeaxanthin in solution.
form the head-to-tail aggregates without the conjugated chainsHowever, the kinetics also contains a 0.7 ps rise whose origin
being exposed to water. This leads to an arrangement of largeremains unknown. It is too long to be due te—S5; internal
assemblies as evidenced by the solution turning slightly opaqueconversior? and although it closely matches the vibrational
upon J-zeaxanthin formation. On the other hand, when the initial relaxation in the zeaxanthin, State?8 this process should not
concentration drops below a certain level, a moderate water be exhibited as a rise. A possible explanation could be related
content is not enough to push the molecules close enough toto release of a zeaxanthin molecule from J-zeaxanthin induced
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by excitation, giving rise to the ESA band of monomeric
zeaxanthin, but further experimental work is needed to test the 1B
feasibility of such a hypothesis. y

Thus, on the basis of the excitation wavelength dependence,
one can conclude that while excitation at 525 nm excites
selectively J-zeaxanthin, moving the excitation to higher energies
results in excited-state dynamics corresponding to zeaxanthin
in solution. This further strengthens our proposal that monomeric
zeaxanthin contributes to the absorption spectrum of J-zeaxan-
thin shown in Figure 4. Nevertheless, the presence of a shoulder
at 605 nm in the transient absorption spectrum after 400- and
485-nm excitation shows that J-zeaxanthin has an absorption Pt
extending to 400 nm. From the amplitudes of the 9 ps
component in the decays after 400- and 485-nm excitation 20 40 60 80 100
(Table 1), it may be concluded that the absorption of J- Time (ps)
zeaxanthin decreases toward shorter wavelengths, which is als@igure 9. Kinetics along with fits ¢) of H-zeaxanthin measured at
justified by the absence of a bleaching band below 550 nm after 560 nm after excitation at 400 nm with different excitation pulse
400- and 485-nm excitation. intensities. The inset shows the dynamics of the first 10 ps.

Our results suggest that what is generally considered as therag| g 2: Global Fitting of Excitation Intensity
absorption spectrum of a J-aggregate of a carotenoid actuallypependence for H-Zeaxanthif

consists of contributions from the J-aggregate and the mono-
meric carotenoid. Thus, the absorption spectrum of J-zeaxanthin

8.0*10" photons*cm™pulse”
3.4*10" photons*cm™pulse”
1.2*10" photons*cm *pulse™
5.7*10"° photons*cm™pulse”

* o 0w

o Jms

lexc(Nd/pulse) 7:=05ps 12=5ps 13=20ps 7> 500 ps

is dominated by a distinct band at 530 nm, which possesses a 128 %g %’(7) ?53 ig
tail extending to higher energies. Such a situation suggests 200 36 12 12 1
interpretation of the absorption spectrum of zeaxanthin ag- 2000 44 30 10 17

gregates in terms of excitonic interaction between zeaxanthin
molecules. In the excitonic picture, H-zeaxanthin results in
excitonic splitting with the upper exciton band allowed, while

interaction between molecules within J-zeaxanthin leads to theof excited-state population via annihilation. To confirm this

allowed lower exciton band. This explanation has been generallyconjecture’ we have measured decay of theSy ESA band
accepted for_ H-aggregates of carotenoids, because modeling okt H-zeaxanthin upon varying the intensity of the 400-nm
the absorption spectrum of H-aggregates of lutein by an gycitation. The obtained kinetics are shown in Figure 9 and the
excitonically coupled dimer was successfully achieved by Zsila yog 15 of a global fitting analysis are summarized in Table 2.
et al? Assuming a tightly packed dimer in which Iutein  The resyits confirm that at least the two fastest components are
molecules are-5.5 A apart and oriented parallel to each other, e g annihilation, because their amplitudes increase with the
these authors showed that the resulting excitonic splitting jcrease of excitation intensity. Since it is expected that a
reproduces well the measured absorption spectrum. Accordingly, gistribution of aggregates with various sizes exists in the sample,
we assign the strong band of H-zeaxanthin at 390 nm to the \he .5 ps component is likely related to annihilation within
upper exciton component of strongly coupled zeaxanthin gmgjier aggregates consisting of a few molecules within the card-
molecules, forming card-pack aggregaté®: Although the pack aggregate. In such an aggregate, excitation migrates only
spectrum can be in the first approximation reproduced by a 5 ghort distance prior to the annihilation. On the other hand,
dimer, it is expec_ted_that H-_aggregate_s of carotenmds_ consistipe 5 ps component may be assigned to a long-range annihilation
of_a broad_er_dlstrlbutlon of sizes as evidenced b)_/ atomic force occurring in larger aggregates, in which excitations created in
microscopic image$For J-aggregates of carotenoids, however, the H.zeaxanthin must travel across a number of zeaxanthin
the previous interpretations of the absorption spectrum as duemyglecules to reach the annihilation site.
to a red shift of the whole absorption band did not favor  The third 20 ps component exhibits opposite dependence of
excitonic splitting as an explanation of the observ_ed gbsorpthn its amplitude on excitation intensity. Such dependence is
changes. Instead, an enhancement of the refractive index insidexpected for the intrinsicSifetime of a zeaxanthin within the
the J-aggregates was proposed to be a possible Bititpmever, H-aggregate. At lower intensities, there is lower probability of
as our results suggest that the formation of J-zeaxanthin is notanninilation, thus a large fraction of zeaxanthin decays to the
due to a red shift of the zeaxanthin absorption spectrum but ground state with its true ;Slifetime. Increasing excitation
rather due to appearance of a new band located around 530 NMintensity also increases the probability of annihilation; thus the
the excitonic spl'itting with the !ower componept allowed.seems proportion of molecules decaying to the ground state prior to
to be the most likely explanation. The same interpretation was gnnihilation decreases correspondingly. Thus, we assign the 20
suggested to explain the CD spectrum of the zeaxartR#hS  ps component, which is about two times longer than the S
complex, for which a weakly interacting zeaxanthin dimer, with |ifetime of monomeric zeaxanthin, to the Sfetime of zea-
the IOWer eXCitOniC Component |Ocated at 535 nm, was Used to Xanthin in H_aggregate (Table 1) Th|s difference can be
reproduce the CD spectruth. explained by restrained vibrational motion of individual zea-
Excited-State Dynamics. Excited state processes in ag- xanthin molecules within H-zeaxanthin. It is a well-established
gregates usually contain a significant contribution from exeiton  fact that the $decay is driven by vibrational coupling to the
exciton annihilatior$*25The multiexponential decays observed ground state via the €C stretching modé&® Consequently,
for both H- and J-zeaxanthin are consistent with the annihilation disturbing the vibrational motion of the conjugated backbone,
dynamics. In both cases, the major decay component is fasterfor example, by substituting carbons in the conjugated chain
than the glifetime of monomeric zeaxanthin, suggesting a loss by the heaviet3C, leads to a slower;Sifetime 3¢ Similar effect

aKinetics was recorded at 560 nm after 400-nm excitation. Numbers
correspond to relative amplitudes (%) of the fitting components.
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may occur when zeaxanthin molecules are tightly packed within Energy (cm™)
H-zeaxanthin, moreover bound together by hydrogen bonds (see 20000 18000 16000 14000
above). Such arrangement hinders vibrational motion of the - . -
conjugated backbone, explaining why thelitime is longer

than for monomeric zeaxanthin.

For J-zeaxanthin, the excitation intensity dependence could
not be performed, because J-zeaxanthin was not stable under
higher excitation intensities. Nevertheless, it is likely that the 5
ps component is related to annihilation. The missing subpico-
second component is likely a result of the weaker interaction
between zeaxanthin molecules in the head-to-tail arrangement
of J-zeaxanthin, although it may be also explained by the fact ’
that the J-zeaxanthin sample is dominated by large assemblies B s g "‘“

-

and there is little chance that at modest excitation intensity two %.E ' .
excitations will be close enough for fast annihilation. Similarly I
to H-zeaxanthin, the 30 ps component is assigned to the S 500 55 600 650 700 750
lifetime of J-zeaxanthin. Although interaction between neigh- Wavelength (nm)
boring molecules in J-zeaxanthin is weaker than for H- _ . ) .

. . : Figure 10. Transient absorption spectra of H-zeaxanthin recorded at
zeaxagnthm,_.]-zeaxanthm contains larger aggregates t_han _H-zeag ps () and 150 psM) after excitation at 400 nm.
xanthin, which may lead to further decrease of the vibrational
coupling via the &C vibrational mode, explaining the even
longer S lifetime of J-zeaxanthin. On the other hand, it is
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that the long decay component is missing in the red part of the
necessary to keep in mind that for both J- and H-zeaxanthin transient absorption spectrum. On the other hand, the shape of

there is a certain distribution of aggregate sizes and consequentl)%petESA tt))and at 258 ps delay tIS apart_fr_om atSI]i%Et red Sthift
a distribution of % lifetimes, because the vibrational coupling at may be caused by aggregation, reminiscent of thé spectrum

will be more affected for large aggregates. Therefore, the of the zeaxanthin triple® The lifetime of a carotenoid triplet

observed Slifetimes represent mean values and the difference 'S USually on the microsecond time scale, justifying the presence
between J- and H- aggregates may simply reflect the fact thatOf the long decay component. Thus, we propose that the long

the center of the distribution is shifted toward smaller aggregatesdfacay component is likely due to the fo_rmatlon of t_he zeaxanthin
for H-zeaxanthin. triplet state in H-aggregates. Observation of the triplet state only

] X . . . for H-zeaxanthin may be related to the specific interaction
Besides the vibrational coupling, a change in theSergy 3 mong molecules within the H-type aggregate, because en-
due to aggregation should be also considered as a possible 0rigif, 5 ncement of intersystem crossing upon aggregation of certain
of different § lifetimes, as these _two parameters are directly dyes has been suggested nearly 50 yearsaguerestingly,
related? However, due to the forbidden nature of thesate, however, the annihilation data suggest that the triplet state cannot
the changes in the,Snergy induced by aggregation will be e formed from the Sstate, because the amplitude of th800
much smaller than for the strongly allowed Siate. The fact b component is independent of excitation intensity, and
that the ESA band corresponding to the-Sy transition for  therefore insensitive to annihilation. Thus, the triplet state should
monomeric and H-zeaxanthin peaks at the same wavelengths,e formed from another excited state. Such a scenario has been
(Figure 5a) supports th_ls conclusions. Since the hlgher_ excited already observed, as the S* state was shown to be a precursor
states are also only a little affected by H-type aggregation (seef jtrafast carotenoid triplet-state formation in light-harvesting
Figure 4), the identical position of the;-SSy transitions of complexe€941 and also the 1B state was proposed to be a
zeaxanthin and H-zeaxanthin implies negligible change in the potential precursof? Both these states are, for zeaxanthin in
S, energy upon aggregation. On the contrary, the J-type sojytion, likely located between the nd S state?
aggregation shifts the higher excited states to lower energy Relation to Possible FunctionsAn important question is
(Figure 4). Thus if the Senergy remains the same, the-Sy how these results are related to possible functions of carotenoid
transition should be red-shifted, exactly as obser\{ed in our gggregates in natural and artificial systems. The striking
experiments. Therefore, we conclude that theiSergy is only  gimilarity of J-zeaxanthin absorption spectra measured here and
marginally affected by both types of aggregation and that the tnose obtained after incubation of zeaxanthin with either BsbS
changes in the Sifetimes are related solely to a perturbation 5y gsTP12 proteins allows the conclusion that in both cases

of the vibrational coupling. the zeaxanthinprotein interaction induces formation of a head-
A similar argument can hardly be applied to explain the to-tail assembly. Besides the red band characteristic of J-
presence of the long decay componert5Q0 ps) for H- zeaxanthin, the red shift of the high-energy absorption band of

zeaxanthin. Even for large H-zeaxanthin assemblies, solely thezeaxanthin from 278 to 298 nm upon J-aggregation is also well
vibrational coupling cannot account for such a dramatic change reproduced in both zeaxanthiprotein complexe&!12 Since

of the § lifetime. Moreover, if a fraction of the H-zeaxanthin  binding to a protein does not allow formation of large-scale
had a $ lifetime of >500 ps, the sample should be fluorescing, assemblies, the most likely explanation of the absorption spectra
because short carotenoids with a comparabl&&ime exhibit of zeaxanthir-PsbS and zeaxanthitGSTP1 complexes is a
pronounced §emission®” Since we have not detected any protein-induced formation of a head-to-tail zeaxanthin dimer.
emission of H-zeaxanthin in the spectral region 500 nm This proposal is in agreement with that of Aspinall-O’'Dea et
(excitation at 400 nm, data not shown), th&00 ps decay al.* who suggested formation of a zeaxanthin dimer in the
component can hardly be associated with thdif8time. In zeaxanthir-PsbS complex. Further verification of this proposal
addition, transient absorption spectra recorded at 150 ps (Figureawaits the application of time-resolved absorption spectroscopy
10) shows that the ESA profile is different at longer delays, to study the excited-state dynamics of the zeaxantRisbS (or
which is also supported by the fitting results in Table 1 showing zeaxanthir-GSTP1) complex.
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A time-resolved study of excited states of the zeaxanthin (9) Zsila, F.; BiKali, Z.; Keresztes, Z.; Deli, J.; Simonyi, M. Phys.
PsbS and/or zeaxanthitGSTP1 complex is also desirable for ~Chem. B2001, 105 9413. .
comparison of excited-state dynamics of J-zeaxanthin in dif- go5-0) Sehindler, . Lichtenthaler, H. K1. Plant. Physiol 1996 148
ferent environments. The observed changes in the excited-state (11) Aspinall-O'Dea, M.; Wentworth, M.; Pascal, A.; Robert, B.; Ruban,
properties of J-zeaxanthin do not suggest that the zeaxanthin-A.; Horton, P.Proc. Natl. Acad. Sci. U.S./2002 99, 16331.

PsbS complex should have an increased capability of direct  (12) Bhosale, P.; Larson, A. J.; Southwick, K.; Thulin, C. D.; Bernstein,
: . . P. S.J. Biol. Chem?2004 279, 49447.

quenchmg of chlorophyll gxuted states. .If the excited-state (13) Barg A. M.: Hia, S.-W. Rieder, K. HChem. Phys. Let2003

dynamics of the zeaxanthitPsbS protein in fact turn to be 369 240.

similar to that of J-zeaxanthin in hydrated ethanol, it would (14) Pan, J.; Xu, Y.; Sun, L.; Sunds$mp V.; Polvka, T.J. Am. Chem.

rather point to an indirect function of PsbS in NPQ, for example, S0c¢-2004 126 3066.

; ; ; (15) Sereno, L.; Silber J. J.; Otero, L.; del Valle Bohorquez, M.; Moore,
as a zeaxanthin transport protein. Such a protein should play a L. Moore, T. A; Gust, D.J. Phys. Chem1996 100, 814,

role in the NPQ machinery, because a recent proposal based (16) Gao, F. G.; Bard, A. J.; Kispert, L. D. Photochem. Photobiol. A
on the 2.4 A structure of the LHCII compl&klocates the 200Q 130, 49.

guenching site at the periphery of the LHCII complex. Conse- Pogl\llg PTar} k;nB%nﬁk:g';sﬁlié&)‘;z %310263342; Sun, L.; SundsuipV.;
quently, a t.ranSport pr(_)teln IS necessary to de“\./er zeaxanthin (18) 'Ramachandran, G.K,; Tomfoh’r, J.K,; Li, J.; Sankey, O. F.; Zarate,
from the site of creation (violaxanthin deepoxidase) to the y ."primak, A.: Terazono, Y.: Moore, T. A.: Moore, A. L.: Gust, D.:
guenching site. Nagahara, L. A.; Lindsay, S. Ml. Phys. Chem. R003 107, 6162.

The results presented here also raise an interesting questiog 08129)27F§U$?g,5A. V.; Pascal, A. A.; Robert, B.; Horton,?Biol. Chem
ConC?mmg binding O.f Zeaxan.th".] to either the P_SbS Or.GSTP]' (20) Li’, X.-P.; Bjorkman, O.; Shih, C.; Grossman, A. R.; Rosenquist,
protein. In both proteins, the binding of zeaxanthin was induced y; " jansson, S.; Niyogi, K. KNature 200Q 403 391.
upon incubation of zeaxanthin with protein in a buffer of slightly (21) Ma, Y.-Z.; Holt, N. E.; Li, X.-P.; Niyogi, K. K.; Fleming, G. R.
alkaline pH (8.0 and 7.8, respectively). Therefore, it is an Proc. Natl. Acad. Sci. U.S.2003 100 4377.
interesting question whether the head-to-tail assembly was 20(()212)72Y§rg‘1e'ya”°v' A. Y. Katz, N. B.; Bernstein, P. Bxp. Eye. Res.
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two macular proteins XBP and GSTP1, which results in  (26) polvka, T.; Zigmantas, D.; Sundstrg V.; Formaggio, E.; Cinque,
absorption spectra of monomeric and J-zeaxanthin, respec-G.; Bassi, RBiochemistry2001, 41, 439.
tively.12 Similarly, a much weaker 535-nm band attributable to ~ (27) Frank, H. A.; Cua, A.; Chynwat, V.; Young, A.; Gosztola, D.;
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