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The xanthophylls, violaxanthin, lutein, and zeaxanthin, associated with the antenna protein assembly of
Photosystem Il (PS II) play roles as light-harvesting pigments and protective agents in the photosynthetic
apparatus of higher plants. The dissipation of excitation energy exceeding that needed for photosynthesis is
thought to be regulated by an enzymatic process known as the xanthophyll cycle where violaxanthin and
zeaxanthin are reversibly interconverted, but the role of the cycle in controlling the process in vivo is not
clear. The two hypotheses are (i) direct quenching of chlorophyll excited states by the xanthophylls and (ii)
indirect quenching via carotenoid-mediated changes in the structure of the light-harvesting complexes. These
mechanisms depend on the structures and/or energetics of the xanthophyll pigments, which have not yet been
fully elucidated. In this work, fluorescence spectroscopy at 77 K has been used to determine the energies of
the S excited states of violaxanthin, zeaxanthin, and the major xanthophyll component of green plants, lutein.
High performance liquid chromatography (HPLC) was carried out just prior to the spectroscopic experiments
to obtain isomerically pure samples devoid of fluorescent contaminants. The experiments at cryogenic
temperatures provide enhanced resolution compared to room-temperature studies, reveal clearly the vibronic
features of the fluorescence line shapes, and allow precise, direct assignments of the spectral origins and
electronic-state energies of the molecules. The results are important for broadening our understanding of the
mechanisms of light-harvesting and nonphotochemical dissipation of excess energy in plants.

Introduction S
2

When green plants are exposed to photon flux levels higher
than required for photosynthesis, thermal dissipation of the
excess energy occurs. This process, termed nonphotochemical
qguenching (NPQ), is an adaptation by photosynthetic organisms S1 : 21A
to environmental streds? The efficient and safe removal of
excess excited states of chlorophyll (Chl) is thought to be at
least partially controlled by an enzymatic process known as the .
xanthophyll cycleb259 In this cycle, violaxanthin and zea- ab 1C fl
xanthin molecules associated with the light-harvesting assembly
of Photosystem Il (PS Il) are reversibly interconverted and
correlate with different extents of Chl fluorescence quench-
ing39-15 It is also known that pH plays a role in controlling
the extent of quenchint®but the precise molecular mechanism v Yy 11
by which xanthophylls participate in dissipating Chl excited So | Ag
states in vivo is still not clear. There are two main hypotheses: Figure 1. Energy level diagram denoting absorption (ab), internal

(i) direct carotenoieChl interactions InonVIng either ENergy  conversion (ic), and fluorescence (fl) among the lowest lying singlet
transfer or electron transfer that result in the quenching of Chl gates of xanthophylls.

fluorescence and the dissipation of excitation enErgfy1° and

(ii) indirect quenching involving carotenoid-mediated changes Al xanthophylls display very strong absorption in the visible
in the structure and/or organization of the light-harvesting spectrum where Cha is not a very efficient absorbét. The
complexes.®® These mechanisms depend critically, but in opergy is then transferred to Chl. Light absorption by the

dlffet:]enth V\Illay_s, on tthgrhstruq:qre_s anctI/ ort fnergdet|0f O(; tt:e xanthophylls is associated with an electronic transition between
xanthophyll pigments. 1hus, Itis important to understan € the ground state,Shaving Ay symmetry in the idealize@a,

relationships between their structures, excited-state propertles,point group, and an excited singlet state havingsgmmetry

and photochemical behavior. (Figure 1). The lowest excited singlet state,, ®f these
* Abbreviations: Chl, chlorophyll; HPLC, High-pressure liquid chro- molecules also hassymmetry. Hence, electronic transitions

ma(}o(?ratﬁhl)/; tEPA, low-temperature glass made from ethanol, isopentanehetween §and S are forbidden. Several technical problems
and diethyl ether. - .
*For correspondence and/or reprints. Fax: 860-486-6558. E-mail: Nave hampered assigning the energies pét&tes of xantho-

harry.frank@uconn.edu. phylls from fluorescence studies including difficulties in obtain-
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TABLE 1: Electronic Energies of the S; and S, States, Quantum Yields,¢;, of S, — S and S, — S Emission, § Lifetimes, zs,,
and Radiative Rate Constantsk,, of the Carotenoids

no. of conj spectral origin  spectral origin
—C=C— S—S S$S—S 10 10 10-%;
molecule bonds solvent temp/K transition (cm?) transition (cm?) (S— %) (S— ) 1s/ps (S—S)lst refs
violaxanthin 9 EPA 77 15 58& 607 20 650+ 80 23+05 11+1
EPA 293 21310t 270 5.0+£3.0 14+38 21
n-hexane RT 14 888- 9¢ 21 230+ 90 23.9 17,18
methanol RT 14 47@ 90 21420 24.6 32
lutein 10 EPA 77 1457 707 20 360+ 80 23+05 85+1
EPA 293 2098G: 110 2.0£1.0 9.0+0.6 14.4 1.4
octanol 277 15 10& 300 35
zeaxanthin 11 EPA 77 14 6407 20 000+ 80 15+0.1 1.6+05
EPA 293 20 490t 460 1.0+ 0.7 4.0+ 2.0 1.1
n-hexane RT 14 558 9(¢ 21 010+ 90 9.0 17,18
methanol RT 14 03@ 90 21010 8.6 32

2 Fluorescence-detectetiTransient absorption-detectedlwo-photon excitation-detectediin petroleum ether (ref 55).

ing pure samples of the xanthophylls, low emission yields, and violaxanthin
the lack of adequate detection sensitivity-state fluorescence
yields of carotenoids are on the order of 1@r less and only

a few reports of fluorescence from the Sates of carotenoids
having more than nine conjugated carbaarbon double bonds
have appeare®# 25 These technical problems have led to
indirect experimental approaches of deducing the energies of
the § states of carotenoids and xanthophylls; e.g., by simply )
extrapolating the energies from short polyenes that exhibit lutein

fluorescence from their Sstates628 or by measuring the ~OH
dynamics of short carotenoids and then using the energy gap

law for radiationless transitions to obtain the state enef§iés. I
Fluorescence spectroscopy clearly is a more direct manner in*!

which to assign the energies of thes$ates of carotenoids and
xanthophylls. Recent work has solved many of the technical
problems, and theSnergies of zeaxanthin and violaxanthin .
have been reported on the basis of room-temperature fluores- zeaxanthin

SN g g g

cence spectroscopic experimetits. OH
Other “direct” spectroscopic methods have also been used |

to determine the Senergies of xanthophylls. Puka et al$2-34 T (i

used a femtosecond time-resolved laser pulse to excite the n

molecules from &to S, which then relaxes to the, State within Figure 2. Molecular structures of the xanthophylis studied in this work.

approximately 200 fs. They then detected the excited-state

absorption from the Sstate to the pstate using a probe laser  hether these are due to systematic or random errors associated
pulse in the infrared spectral region. Subtracting the energy of y;ith the experimental conditions or the method of observation

the spectral origin of the S~ S; transition from the energy of  f the electronic origins of the transitions associated with the
the spectral origin of the strongly allowed S S, absorption S, state.

revealed the position of the &vel. This approach was applied
to the xanthophyll cycle pigments, violaxanthin and zeaxan-
thin,32 and also to spheroidene obtained from the photosynthetic
bacteriumRhodobacter sphaeroidé%3* Two-photon spectros-

copy is another approach that has been used to obtain;the

In this paper we present an investigation using low-temper-
ature fluorescence spectroscopy of thgstate energies of
violaxanthin, lutein, and zeaxanthin (Figure 2). At room
gtemperature, the S— S and S — S emission spectra are
energies of xanthophylls. Walla et%lreported the two-photon broad leading t_o _considerable uncertainty ir_1 the assi_g_nment of
excitation profile of Chia fluorescence in the LHC Il complex ~ the Spectral origins (60 bands) for the optical transitioA$.
from Chlamydomonas reinhardtiind determined the;State At low temperatures,_ the_elect_ronlc spectra sharpen S|g_n|f|cg_ntly
energy of the molecule (probably lutein) transferring energy to and _reveal sut_)stantlal vibronic structure that grea_\tly _S|mpI|f|es
Chl a'to be 15 100+ 300 cnt™. New work by this group has ~ the interpretation of the spectra and the determination of the
suggested that energy transfer to Chl may originate from a hot SPectral origins. In this work the energies of the Sates
vibronic state of the carotenoid so that the actua@ite energy ~ €nergies have been determined at 77 K to be 154580 cnt*
in the LHC Il complex may be lower than thi&The significant ~ for violaxanthin, 14 570t 70 cnt* for lutein, and 14 610t
aspects of the two-photon studies are that they allow direct 40 cnt! for zeaxanthin. These data are consistent with trends
experimental verification of energy transfer from thesfate in the results from previous studies on apo- and diapo-
of the carotenoid to chlorophyll and provide useful information carotenoids and other analogous compoutéd®3’ The results
on how the state energies of carotenoids may be affected byprovide important information for considering the mechanisms
binding of the molecules to proteins. All of the values reported of light-harvesting and nonphotochemical dissipation of excess
for the S energies of zeaxanthin, lutein and violaxanthin are energy (NPQ) in plants and further emphasize the importance
summarized in Table 1. There are substantial differences in theof fluorescence spectroscopy in detecting and understanding the
values reported by the different research groups. It is not clear nature of the lowest energy; States of xanthophyll molecules.
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Materials and Methods gas was bubbled near the cuvette during the experiment to
minimize agitation of the cryogenic liquid due to bubbling. The

) ] ) : fluorescence experiments used the same cuvette and cryostat
spinach as follows: Approximately 250 g of fresh spinach leaves and were carried out using an SLM Instruments, Inc. Model

wer:e cho_;l)_;r)]ed to tsmaII p|etches a;]nd mlxec_l vngtBO(_) mL glf d 8000C spectrofluorometer equipped with a Hamamatsu R928
acetone. 1he mixiure was then homogenized using a bien erphotomultiplier (PMT) tube as the detector. An SLM Instrument

and f'lt;;eg ltjs'?k? cheetsecloth.l Atn equaldvolutmetpf diethyl ethgr ci\:odel WCTS-1 thermostatically cooled housing was used to
was added fo the acetone solution, and extraction was Cameqy,;imize the PMT dark current. A Spectra-Physics argon ion

out three times. The diethyl ether layer was then washed with laser Model 164 operating at a power of60 mW for

- : o
d'sl‘t'![l.ed water dfé)u(; tt'n:ﬁs' S_utbseqqtintly, tI25 m_Ll_of ,[2/0 NaCl violaxanthin and lutein, ane100 mW for zeaxanthin was used
solu llqn Wa? a % do he rtrle uretW| i gentie swirling 1o remove ) excite the molecules. A 488 nm interference filter was placed
emuisions formed during the extractions. between the laser and the sample to eliminate the emissive glow

The diethyl ether solution was then evaporated to dryness ¢,y the plasma tube. The band-pass setting for the emission
on a rotary evaporator. Ten mL of acetone were added and the,,yochromator was 16 nm. The SLM Aminco 8100 version

sample saponified by adding an equal volume of 6% KOH in 4 o goftware automatically selects either signal averaging or
ethanol and incubating for 15 min. This process cleaves any jneqration, whichever gives a better signal-to-noise ratio over
ester linkages to the xanthophylls and also destroys the e scanned wavelength range. The emission spectrum was then
chlorophylis. Violaxanthin was then separated from the other gcapned at a relatively low amplifier gain and PMT voltage to
pigments using an alumina column anehexane containing  gptain the maximum signal intensity that would occur in that
increasing percentages of acetone from 0.5 to 50% as an eluamspectral range. The wavelength at which the maximum signal

The absorption spectra of the fractions were obtained using ay, a5 ghserved was used by the software to set the PMT voltage
Cary 50 UV/vis spectrometer. The fraction containing viola- 5. amplifier gain to achieve a signal that registered 80% of

xanthin had &max0of 440 nm and was obtained from the alumina 1o saturation maximum of the PMT. The spectrum was then
column after elution with~30% acetone im-hexane. The  gcanneq using these instrumental parameters. A spectral scan
violaxanthin solution was dried completely with a gentle stream ¢ 16 golvent blank was taken under identical conditions and
(_)f n_itrogen prior to further purification using high performance ¢ piracted from the spectral trace of the sample to remove
liquid chromatography (HPLC). (See below.) ~_ contributions from fluorescence and Raman scattering by the
Synthetic (R 3R)-zeaxanthin was a gift from Roche Vitamins  so|yent. A correction curve generated by a spectral Irradiance
Ltd. _and was further purified using HPLC as described below. 45y quartz-halogen tungsten coiled filament lamp standard
Lutein was purchased as a dietary supplement from Douglas,yas ysed to correct the fluorescence spectra.
Laboratories, Inc. Two 6 mg capsules were cut open and the  For the violaxanthin and lutein fluorescence experiments, a
contents dissolved in-5.0 mL of diethyl ether. The mixture 470 nm high-pass, cutoff filter was placed between the inter-
was then _saponlfu_ed using the procedure for lutein _developed ference filter and the sample and a 495 nm high-pass, cutoff
by Khachik et af® in which 10 mL of 30% methanolic KOH fijter was placed between the sample and the emission mono-
was added to the sample. The solution was then stirred for 3 hchromator. Zeaxanthin was excited at 497 nm using a 495 nm
under nitrogen. Five milliliters of a saturated solution of sodium high-pass, cutoff filter placed between the excitation light source
chloride and 20 mL of petroleum ether were then added to the 34 the sample and a 515 nm high-pass, cutoff filter between
solution, and the pet. ether layer was separated. The aqueoughe sample and the emission monochromator. To maximize the
layer was partitioned several times with pet. ether to recover signal-to-noise ratio of the very weak &missions of the three
additional material from the organic layer left after the previous xanthophylls, the fluorescence spectrometer acquisition mode
extractions. The combined ether layer was then washed threg, a5 set to photon counting when scanning above 600 nm in
times with water, dried over magnesium sulfate, filtered using he region corresponding to the S S, emission.
Whatman No. 1 filter paper, and evaporated to dryness using  Fyorescence Excitation Spectroscopjuorescence excita-
nitrogen. One mllllllter of acetone was added to all of the jgn spectroscopy was done by scanning the excitation mono-
xanthophylls prior to HPLC. chromator from 300 to 500 nm while monitoring the fluores-
HPLC separations were carried out using a 25@.6 mm cence emission at any one of a number of different emission
YMC carotenoid column (5 mm) on a Millipore Waters 600E  ayvelengths. The excitation spectra were corrected for variations
HPLC equipped with a photodiode array detector. The HPLC in the excitation profile by dividing the spectra of the xantho-
instrument was operated using Waters Millenium software phylls by a spectrum from a Rhodamine 610 standard.
version 3.20. The xanthophylls were separated using anisocratic Quantum Yield Measurementhe fluorescence quantum

mixture of 85:15 v/v acetone/borate buffer (1 mM, pH 8.2). yijelds of the xanthophylls were measured relative to Rhodamine
Flow rates were 0.6 mL/min for violaxanthin and 1.0 mL/min 590 in methanol ¢ = 0.95). The quantum yields were

for lutein and zeaxanthin. The chromatographic separation wascalculated according to the equation

monitored at 440 nm for violaxanthin and 450 nm for lutein

and zeaxanthin. The aftansisomers, identified by their very 1 - 10-\[1,\[n Alp

low-intensity cis bands at+340 nm, were collected and dried .= d|———F LY |l | e (1)

using a gentle stream of nitrogen. The purified xanthophylls 1— 10" /\la/\n?]\Ds

were then dissolved in EPA (ether/isopentane/ethanol, 5/5/2,

vivilv). Absorption and fluorescence spectra were taken im- whereg. andg; are the quantum yields of the xanthophyll and

mediately thereafter at room temperature and 77 K. reference solutions, respectivelf; and Ay, are the optical
Spectroscopic MethodsSteady-State Absorption and Fluo- densities of the xanthophyll and reference solutions at the

rescenceAbsorption spectra were recorded on a Cary 50 UV/ wavelength,A. Iy and |, are the relative intensities of the

vis spectrometer usina 4 mmpath length Suprasil square quartz  excitation light at the wavelengtii, for the xanthophyll and

cuvette (Starna Cells 29F-Q-10) suspended in a cylindrical reference solutionsy; andn; are the refractive indexes of the

custom-made liquid nitrogen cryostat. A gentle stream of He solvent for the xanthophyll and the reference, Rhodamine 590.

Sample Preparation. Violaxanthin was extracted from
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TABLE 2: Fitting Parameters for the Gaussian Deconvolutions of the $— S Emission Spectra of Violaxanthin, Lutein and
Zeaxanthin in EPA at 77 K2

S—S

S—S
vibronic band 0—0 0—1 0—2 0—0
violaxanthin energy 15 586& 60 14 390+ 40 12 890+ 120 20 650+ 85
642 695 776 484
o 1100+ 490 1340+ 430 1260+ 210 455+ 20
lutein energy 14 57& 70 13 700+ 250 12 910+ 40 20 360+ 85
686 729 775 491
0 760+ 300 1000+ 250 817+ 230 490+ 25
zeaxanthin energy 14 61040 13770+ 30 12 470+ 150 20 000+ 80
684 726 802 500
A 415+ 160 760+ 260 610+ 30

a2The energies and widtha\f are in cn! and the wavelengthsl) are in nm. The uncertainties represent standard deviations derived from
multiple fits to the experimental spectra. The spectral origins of the-S; transitions and the line widths (ctf) based on the absorption spectra
are also given.

violaxanthin lutein zeaxanthin

A A A

In this study, EPA was used as solvent for both the xanthophyll
and reference solutions, so the ratio of the indexes of refraction
was unity.D. and D, are the integrated areas of the corrected
emission spectra of the xanthophyll and reference solutions
obtained under identical conditions of slit width and gain, and
were derived from Gaussian fits to the emission line shapes.
To obtain comparable intensities of fluorescence from the
weakly fluorescent xanthophylls and the strongly fluorescent
reference under these experimental conditions, the optical
density of the Rhodamine 590 reference had to be diluted
approximately 4 orders of magnitude more than the xanthophyll
sample. This precluded a direct measurement of the optical |
density of the reference. Thus, a linear calibration plot of the
integrated area of Rhodamine fluorescence versus optical density
was made in the region from 1.00 to 0.001 absorbance where
the optical density could be measured directly by absorption A .
spectroscopy. The value of the Rhodamine optical density used = 200 SOd
in eq 1 was derived from a linear extrapolation of the calibration
plot to the point corresponding to the measured integrated Wavelength/nm
fluorescence area of the very dilute Rhodamine 590 solution. Figure 3. HPLC chromatograms of the xanthophylls taken just prior
Gaussian Decarolution of SpectraGaussian deconvolutions  to the spectroscopic experiments. The chromatographic protocol is
of the fluorescence spectral line shapes were performed usingdescribe(_i in detail in the text. The peaks labeled A correspond to the
Origin version 6.1 software. The fluorescence spectra were all-trans-isomers of the molecules.
converted from a fixed band-pass wavelength scale to a fixed
band-pass wavenumber scale by multiplying the intensity by ;
the square of the detection wavelength at each point. Startingabsorptpn and5~ Sofluorescence spectra} of.the xanthqphylls
values of the vibronic bands in wavenumbers were taken from oY shift substantially upon trans-to-cis isomerization. A

estimates of the peaks and shoulders evident in the experimentaﬁj'Stnbl.Jtlon of conﬁgurat_lonal ISOmErs in t.h? sam_ples v_vou_ld
spectra. The position, area, width, spacing and baseline of a”result in broad spectral line shapes and difficulty in assigning

the Gaussian components were allowed to vary using them;pgb'xg'scggﬁtig:jes.uip%zﬁ:gg Orr;g:ntsc; 't:r?é tst]eescetr(r;?:(s)o?cs’
Levenberg-Marquardt algorithm with a maximum of 50 J P P P

iterations. Several Gaussian functions were used to fit the line SXPeMMents. Also, freezing the purified samples immediately

shapes and the mean and standard deviation of each of theafter HPLC inhibits geometric isomerization and thermal

Gaussian components was determined. The final values of thede?ra?g:o:mc traces are shown in Fiaure 3. The absorotion
calculated parameters for the fits are given in Table 2. yp ) . gure . P
spectra corresponding to the major peaks in all the chromato-

grams display strongly allowed{S> S,) transitions in the 350
500 nm region. The retention times of the-tains isomers of
HPLC Analysis and Purification of the Xanthophylls. the different xanthophylls were very similar and eluted-48
HPLC provides the means of purifying the xanthophylls and min. The absorption spectra associated with some of the minor
analyzing the integrity of the samples before and after the chromatographic peaks show varying intensity of a band found
spectroscopic experiments. Although the samples were reason-~~140 nm to shorter wavelength of the lowest energy spectral
ably pure prior to HPLC, the protocol described above removed feature; e.g., see the spectrum of peak B in the chromatogram
any remaining trace amounts of oxidative and thermal break- of violaxanthin (Figure 3). This so-called “cis peak” at ap-
down products of the xanthophylls that can be highly fluorescent proximately 320 nm indicates a cis-geometric isomers of the
and lead to unfavorable effects on the fluorescence and themolecule3*4°Note that the spectral origin of the cis-isomer of
fluorescence excitation spectra. The protocol also separates theviolaxanthin is shifted by 7 nm compared to thetadins isomer
all-trans isomers of the molecules from-gisometric configura- (peak A), which is distinguished by its extremely small cis-
tions that have rotations about carbezarbon double bonds in  peak. For all of the xanthophylls, the all-trans-configurations

B P

0 10 20 300 10 203040 0

473 ~ Time/min
4 482

10 20 30

Absorbance

400 500 400 500

the conjugatedr-electron chain. The features of the S S,

Results and Discussion
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. : carbon double bonds, which is nine for violaxanthin, ten for
violaxanthin lutein, and eleven for zeaxanthin (Figure 2). At 293 K, the first
1.5, 203 K 77 K and second vibronic features in the spectrum of violaxanthin

have roughly equal intensities, whereas for lutein and zeaxanthin
the most intense band in the absorption spectra corresponds to
the second vibronic feature. Also, at 293 K the absorption
spectrum of violaxanthin shows a higher degree of resolution
in its vibronic bands than lutein or zeaxanthin; i.e., the troughs
between the peaks in the violaxanthin spectrum are deeper than
for lutein and zeaxanthin, and lutein is better resolved than
zeaxanthin. This may be explained by the fact that the epoxide
functional groups in violaxanthin uncouple the relatively bulky
isoprenoid rings from ther-electron conjugation, thereby
reducing conformational disorder in the polyene cHain.
Because lutein has only one ring directly associated with the
sr-electron conjugation (Figure 2), it is expected to have a better
resolved spectrum than zeaxanthin, which has two rings in the
conjugated chain. This is observed in Figure 4.

00— = Lowering the temperature to 77 K results in a pronounced
zeaxanthin (>10 nm) red shift of the spectra due to an increase in the index

1.0, of refraction, and hence the polarizability, of the solvent in going
" from the liquid to the solid state. (See also Table 1.) Lowering
KON\ ! the temperature also results in considerable narrowing of the

0.5 o~ \ vibronic features. The effect of solvent polarizability and

L VA temperature on the absorption spectra of carotenoids have been
_‘,v—" N well documented?4° The redistribution of the absorption
0.0==— ! spectral intensity to the lower energy vibronic features and the
400 500 spectral narrowing resulting from lowering the temperature may
be attributed to a reduction in the thermal population of higher
Wavelength/nm energy vibronic state®:5!

Figure 4. Absorption spectra of violaxanthin, lutein, and zeaxanthin Fluorescence Spectra.The fluorescence spectra of the
ingEPA at 293 (Eolid Iinpe) and 77 K (dashed, line). 1I'he instrumental XanthOphy”S .are shown in Figure 5 and can b.e thought of as
conditions are described in detail in the text. being comprised of two components. The first component
exhibits a small Stokes shift between the origins of emission
dominated the isomeric mixture. Gisomers that could poten- anld absorlptlon, indicating that it corresponds to the-5So
tially broaden the vibronic features in the fluorescence spectra (1'Bu = 1'Ag) transition. It is also largely a mirror image of
were removed. The HPLC trace associated with the purification € @ — Sz absorption suggesting a small horizontal displace-
of lutein shows the presence of a small amount of zeaxanthin Ment of the potential energy surfaces associated wjtarts
(peak B in Figure 3) that was present in the original source. Sz._ The second component of the_ emission is significantly re_d-
The zeaxanthin was easily removed from the lutein sample dueShifted compared to the absorption and weaker than the first
to the fact that baseline separation was achieved between théOmponent. The precipitous drop-off of the fluorescence
peaks in the chromatogram. The HPLC chromatogram of intensity atlong wavelengths is due to the lack of sensitivity of
synthetic zeaxanthin shows two features labeled A and B in the PMT beyond 850 nm. This part of the emission can be
Figure 3, which eluted extremely close to one another. The assigned to the S~ S (2'Ag — 1'Ag) transition. In contrast
absorption spectra of these two components were indistinguish-{0 Previous spectra taken at room temperatfithe spectra
able, suggesting that they correspond to zeaxanthin molecules@keén here at 77 K show a significant improvement in the
having different geometries of the hydroxyl groups on the resolution of the vibronic features. Also, unlike the S S
isoprenoid rings. The synthetic protocol for this molecule yielded transitions that shift substantially with temperature (Figure 4),
the (R 3R) stereoisomer as the dominant component (peak A) Very little, if any, shifts of the §— S, emission bands occur
(A. Giger, private communication). Peak B may be thg,835) with changing the temperature. This is consistent with the idea
stereoisomer, resolved by the HPLC protocol, but spectrally that the transition dipole moment associated with transitions to
identical to the other form. Stereoisomers of this type have no and from the gstate is vanishingly small and thus not expected
deleterious effect on the resolution of the vibronic components to be significantly affected by temperature-induced changes in
of the optical spectra, and therefore, need not be removed fromthe polarizability of the solvent. The enhanced vibronic resolu-
the mixture. tion of the § — S line shapes at low temperatures facilitates
Absorption Spectra. The absorption spectra of the xantho- the analysis of the spectra by Gaussian deconvolution (see
phylls in EPA at 77 and 293 K are shown in Figure 4. The below).
positions of the spectra, relative intensities of the vibronic ~ Fluorescence Excitation SpectraThe fluorescence excita-
components, and line widths of the vibronic bands of the tion spectra of the xanthophyll molecules obtained at 293 K
molecules change dramatically with the extentmeélectron while monitoring the $— S, emission are in good, although
conjugation and with temperature. The absorption spectrum of not perfect, agreement with the absorption spectra (Figure 6).
zeaxanthin is red-shifted compared to lutein, and the absorptionFluorescence excitation spectra associated with the>S
spectrum of lutein is red-shifted compared to violaxanthin. This emissions were precluded because a monochromatic laser was
trend is due to the increasing number of conjugated carbon required to obtain sufficient excitation in those experiments.

0.8}

0.0
24

1.2

Absorbance
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Figure 5. Absorption (3 — $) and fluorescence (S~ S and S — Figure 6. Overlay of the absorption (ab, solid line) and fluorescence
So) spectra of violaxanthin, lutein, and zeaxanthin in EPA at 77 K. To excitation (ex, dashed line) spectra of violaxanthin, lutein, and
maximize the signal-to-noise ratio of the relatively weak-S S zeaxanthin in EPA at 293 K. The instrumental conditions are described

emissions of the three xanthophylls, the fluorescence spectrometerin detail in the text.
acquisition mode was set to photon counting for the emission scans _ ., ) . . .
started at 600 nm. The same mode applied to the relatively intense S <2.>>>*Ultrafast time-resolved spectroscopic studies as a function

— S emission would have rendered it off-scale. The 77 K absorption Of excitation wavelength would be useful in examining this issue
spectra are the same as those presented in Figure 4. further.

Quantum Yields. The quantum yields of the;S~ S and
Figure 6 overlays the instrument-corrected-5S, fluorescence S — So emissions measured at 77 and 293 K for the
excitation spectra of the xanthophylls at 293 K with the-S xanthophylls are given in Table 1. The values decrease, although
S, absorption spectra. Besides the fluorescence excitation spectr&0t drastically, with increasing extent sfelectron conjugation.
exhibiting small shifts and relatively broader vibronic features 1N€ changes injuantum yields correspond well with changes
than the absorption spectra, effects we have traced to the largef" the lifetimes of the §states measured previously byt
detection slit width required to obtain adequate sensitivity in and given in Table 1. These Va“.JeS can be used tp dgtermme
the fluorescence experiments compared to the absorptionthe radiative rate constants associated withrS, deactivation.
experiments, there is a significant difference in the distribution The relevant equation is
of vibronic band intensities in the spectra that cannot be ‘PSrSo
attributed to instrumental factors. The fluorescence excitation =
spectra have their maxima corresponding to the lowest energy Tsis,
vibronic feature, whereas, as noted above, the absorption spectra . o . .
have their most significant intensity associated with the second wherek; is the radiative rate constantis the lifetime of the $

. . . MRS - state andp is the quantum vyield of the;S—~ S fluorescence
vibronic compone_nt. This observation is highly _reproduuble and emission. The values for the radiative rate constants computed
has been seen in the spectra of carotenoids and polyene

. 2652 ) . ) $rom the quantum yields measured at 293 K and the lifetimes
previouslyz®>2One interpretation of the effect is that upos S 1 ,easured previoustyss are given in Table 1 and are very

— $ excitation, there exist alternate routes of nonradiative gjmilar for the three xanthophylls spanning a narrow range from
relaxation for the higher vibronic states that are unavailable to 1 1 « 106 t0 2.1 x 10f s°%. The facts that the Sadiative rate

the lowest vibronic state. This would have the effect of lowering constants are smal~L0f s™* compared to the overall rate
the $ — S fluorescence yield that is observed upon excitation constant for the decay of the State, which is on the order of
into higher vibronic bands. The alternate paths of deactivation 10! s~1) and reasonably constant are consistent with the idea
may involve selective vibronic coupling to the Sate or other that nonradiative processes dominate the decay of xanthophylls
electronic states thought to be in proximity or betweerai®d from their § excited states.

)
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Several Gaussian components were needed to reproduce each
of the § — S fluorescence spectral traces of the xanthophylls,
and it is true that the fits shown in Figure 7 are not unique.
Different combinations of Gaussian functions were able to
faithfully reproduce the line shapes. Yet, it is also true that no
matter how many Gaussian functions of varying amplitudes and
widths were used to reconstruct the line shapes, in each case
the (0-0) spectral origin was clearly identified as the lowest
energy vibronic component, and the uncertainty in the value
for the energy of this component fell within a very narrow range.
The particular fits shown in Figure 7 represented by the
parameters tabulated in Table 2 were obtained using broad
Gaussian functions representing the coalescence of single and
double bond stretching modes into peaks having vibronic
spacings on the order 6f1000 cnT?. This magnitude of spacing
between the peaks and the fact that the 4D feature is the
most intense feature in all the spectra are typical vibronic
signatures for carotenoid and polyene spe¢traéhe analysis
of the data has revealed the{0) spectral origins for the;S—~
S transitions of violaxanthin, lutein, and zeaxanthin to be 15 580
+ 60, 14 5704 70, and 14 610t 40 cnt?, respectively. The
uncertainties are represented by the standard deviations from
the mean obtained by averaging the results of a large number
of acceptable fits.

It is important to compare these values with those deduced
from previous studies. The three molecules studied here are
representative of different groups of xanthophylls: those having

12 13 14 15 16 17 two terminal rings in the conjugated chain (zeaxanthin), those
having one terminal ring (lutein) and those having no terminal
rings (violaxanthin). As discussed above, a different number

3 -1 ; . . . S :
Wavenumber/10 ¢cm of rings in conjugation will introduce different amounts of
Figure 7. Gaussian deconvolution of the S S, emission spectra of configurational disorder. Thus, the mqst direct compan;on of
violaxanthin, lutein, and zeaxanthin in EPA at 77 K plotted on a the present results should be done with molecules having the
wavenumber scale as described in the text. The experimental spectrsfame number of rings in association with theelectron
are expanded traces of those shown in Figure 5. The parametersconjugation.
corresponding to the fits are given in Table 2. Note that the lack of Zeaxanthin has the same extentreélectron conjugation and

sensitivity of the photomultiplier beyond 12 000 chprecludes .
assigning a specific width to the {@) vibronic band of zeaxanthin in  th& Same number of rings #scarotene whose;®nergy has

violaxanthin

-1 .

Intensity (arb. units)

zeaxanthin

Ol -1 )

Table 2. been reported by fluorescence spectroscopy to be 14 500 cm
- " _ ) in n-hexane and in single crysta&%°and 14 200+ 500 cn1t
Spectral Origins of the § —  Transitions. The vibronic in CS,.22 These values are in good agreement with the value of

bands gnd spectral origins for thQ. S S transitiqns Were 14610+ 40 cn? reported here for zeaxanthin. The present
determined from the fluorescence line shapes using the fitting .oq it is also in excellent agreement with the value of 14 550

procedures described above. The results are shown in Figure 71 90 cnt! determined previously by fluorescence spectrosco
and summarized in Table 2. Gaussian deconvolutions of the S P y by P by

S ¢ led | tt £ vibroni at room temperature, albeit with less spectral resolufidrhe
featureus?rtisaieggri:gpe;nrda {gvr?(?r;a? ;)erg;rzggiz nesn:n? c\;rbrgzlc present value differs significantly, however, from that deter-

. g - ) .
carbon bond stretching mod&s21t is important to emphasize mined by Palvka et al* who used transient,S~ S, absorption

1
that, although the vibronic feature associated with the spectral ;[j(zcr:;orscog]?/ ;::X;Qﬁirrt]eqrﬁgiu%\%;? fc?rz Chrgvgorgzti lated
origin (0—0) for symmetry-forbidden S— S transitions is ay ! g P

thought to be small, in fact this is strictly true only for symmetric that the discrepancies in.their results on zeaxanthin, violaxanthin
polyenes under conditions where they retain their centers of (see l_aelow) and sphermdene_compar_ed to other reports may be
inversion (e.g., in the gas phas&)s® Because the most explained by the fact that their experimental approach may be
prominent pror’noting modes in long polyenes are in-plane detecting different conformational species of the molecules in
bending modes having frequencie00 cnT28 the values the S excited staté3 This issue will be discussed in more detail

reported here for the spectral origins of the xanthophylls are PEIOW-

likely to be very close to the pure electronic-state transition  Christensen et &f have explored the electronic spectra of a
energies. The (80) bandwidths and intensities observed here series of “apo-carotenoids” that have one ring and “diapo-
should be thought of as being derived from a collection of carotenoids” that have no rings. In these studies the signal-to-
vibronic bands associated with a distribution of slightly twisted noise ratio of the §— S fluorescence traces was not sufficient
conformers in the condensed phase solution. The differenceto assign unambiguously the spectral origin of fhapo-6-
between the true (80) bands and “false origins” built on the  carotene, which has ten carbecarbon double bonds, analogous
nontotally symmetric modes will not be resolved in the spectra to lutein. However, extrapolating the energy from clearly
shown in Figures 5 and 7, which have vibronic line widt850 resolved spectra from the diapo-molecules having five to nine
cm L, carbon-carbon double bonds yielded a value~af4 700 cnt?
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for S-apo-6-carotene. This is in good agreement with the value sponds to an&— S; (Qy) transition energy of Ché of 14 880
of 14 570+ 70 cnt? value reported here for lutein. cmL. This is lower by 740 cm! than the $ energy of
Violaxanthin can be considered a quasi-diapo-molecule Violaxanthin determined here, but higher by 270 ¢rthan the
because ther-electron conjugation in the terminal rings is €nergy of the §state of zeaxanthin. It is also higher by 200
removed by the presence of the epoxide functional groups. A cm™* than the $energy of lutein. It is important to emphasize
value of 15 580+ 60 cnt! was deduced here for the spectral that the values of the energies of the excited states of these
origin of the § — S transition of violaxanthin. This is in ~ xanthophylls measured here in EPA solutions are only approxi-
reasonable agreement with thel5 300 cn! values reported ~ mations to their values in the native proteins. If the protein
by Fuijii et al2> and DeCoster et &P for the S energies of the induces conformational distortion of the molecule, or if excitonic
open-chain, neurosporene and methoxyneurosporene moleculeliteractions with other pigments are substantial, the energies
that have nine conjugated carbecarbon double bonds. Also, ~may change. Protein-induced twisting of the terminal rings or
recent spectroscopic investigations ofy@pen-chain caro- bending the polyene chain away from planarity could result in
tenoids havingr-electron chain lengths from seven to nine modulation of the excited-state energies of these molecules.
carbon-carbon double bonds revealed very well-resolved — Spectroscopic studies of the Sates of xanthophylls bound in
spectra, from which was deduced a value of 15 %080 cnt?! different pigment-protein complexes are underway and will
for the “nonaene” molecule having nine conjugated carbon ultimately reveal the importance of structural deformations and
carbon double bonds. This is in excellent agreement with the interactions in controlling the photochemical properties and
present result for violaxanthin. In fact, the positions of the function of the xanthophylls in their native environment. Yet,
vibronic bands of the S— S, emission spectrum of the nonaene because the ;S— & transition is symmetry forbidden for
molecule are almost perfectly superimposable with those from xanthophylls, it possess a small transition dipole moment and
the emission spectrum of violaxanthin. The present assignmentis less susceptible to solvent-induced energy shifts compared
of the § — S transition energy of violaxanthin is further to the strongly allowed §— S, transition. Therefore, unless
supported by considering the energy difference between thethe protein induces a major structural deformation of the
(0—0) spectral origin and the FranekCondon maximum, which ~ xanthophyll, which would likely be accompanied by a substan-
corresponds to the {&2) band for virtually all diapo-carotenoids. tial change in the line shape and position of the-S S,
Diapo-carotenoids exhibit a relatively constant separation of transition, the $— S transition energies measured here are
~2600 cnT?! between these featurés2’37The present data for ~ probably very close to those of the molecules in the protein

violaxanthin reveal a difference of 27@9400 cn1t, which is environment. If we assume this is the case, then th&tege of
entirely consistent with this behavior and lends strong support zeaxanthin is energetically more suitable for quenching the
to the present assignment. excess excitation energy of Chlthan the $ state of violax-

The present value for thelSenergy of violaxanthin is anthin. Also, the~1000 cm! difference in the Senergies of
significantly different from that which we reported previously violaxanthin and zeaxanthin is clearly sufficient to affect the
on the basis of fluorescence studies carried out at room flow of energy among Chl molecules in antenna systems
temperaturé® We believe the source of this inconsistency is containing these xanthophyll cycle pigments. However, despite
the lack of sufficient resolution of the {@) vibronic component ~ numerous attempts to detect Chl fluorescence quenching by
in the room-temperature spectrum to assign clearly the position zeaxanthin directly using fast-transient spectroscopy, it has never
of the spectral origin. The value of 15 58060 reported here ~ been observed. This may be explained by the fact that the
is more compelling because it is based on a clear observationprocess of quenching in vivo is not 100% and thus, must be
of the vibronic feature associated with the spectral origin in kinetically relatively slow. The measured lifetime of thesate
the 77 K spectrum (Figure 7) and is in excellent agreement with of zeaxanthin is 9.0 ps (Table 1), which would lead to an
data from analogous diapo-molecules having nine carbon exceptionally small steady-state population of thestte of
carbon double bonds. Poka et al.32 however, using §— S zeaxanthin that would be difficult to detect by transient
fast-transient absorption techniques, reported a value of 14 470absorption methods. Thus, the mechanism by which energy flow
+ 90 cnt! for the § — S transition energy of violaxanthin. among Chl excited states is regulated by the enzymatic
This is lower by~1000 cnt! than the present determination interconversion of violaxanthin and zeaxanthin involving pref-
on violaxanthin and the values of the other diapo-carotenoids erential energy transfer from Chl to zeaxanthin, although
possessing nine conjugated carbaarbon double bonds. The energetically feasible, is not supported by any direct experi-
reason for this discrepancy and the one involving zeaxanthin mental results.

(see above) is still not clear. The original interpretation alluded |t should be noted that the carbon skeletal structures of
to above, invoked the presence of various conformers createdviolaxanthin and zeaxanthin are different. The double bonds in
due to the excitation of low-energy torsional modes duriag S the rings at the terminal ends of the zeaxanthin molecule make
— S, relaxation®® This could also be the case at low temper- an angle of~40° with respect to the extended polyene cHAif:
atures, however, there the conformers must be frozen in the|n violaxanthin, the rings are uncoupled from theslectron
sample initially rather than formed by the process of relaxation conjugation owing to the presence of the epoxide functional
between $and S. A more recent idea is that because the groups, and therefore are less restricted in the conformational
fluorescence experiment is monitoring a forbidden-$ S positions they may adopt compared to zeaxanthin. It has been
transition, and the fast-transient absorption is probing an allowed suggested that the differences in molecular conformations of
S1— S transition, it could be that these two disparate techniques the xanthophylls may affect the assembly or structure of the
are detecting two different subsets of xanthophyll molecules in |ight-harvesting pigmentprotein complexes and lead to dif-
the § state. Clearly, these hypotheses require further investiga-ferent extents of quenchirf§.n this model, either the xantho-
tion. phylls or Chla aggregates (or both) may be the quenchers, and

Implications for the Roles of Xanthophylls in Photosyn- the role of the xanthophylls is thought of as allosteric, effecting
thesis.The maximum absorption of the Chl @ansition at 672 regulation of energy flow via modulation of the structure of
nm in the light-harvesting complexes of higher plants, corre- the overall protein complex.
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With regard to the light-harvesting role, the fact that the S
state of violaxanthin is significantly higher than thes$ate of
Chl a while the § states of zeaxanthin and lutein are lower
than the $ state of Chla suggests that violaxanthin may be

more adept than either zeaxanthin or lutein at energy transfer.

On the sole basis of spectral overlap between the-SS,
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