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Abstract

Photoprotection by carotenoids is generally considered to be based on the photophysical quenching of triplets and singlet oxygen. There is
also accumulating evidence of an alternative, chemical quenching of triplets and singlet oxygen by carotenoids. We report the identification
of relatively stable cyclic mono- and diendoperoxides as first products of such an alternative reaction. Nevertheless, these species remain
reactive and in the dark cause autooxidation of B-carotene in our model system. Their formation could explain the intriguing pro-oxidant and

cytotoxic activity of carotenoids.
© 2005 Elsevier B.V. All rights reserved.
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Carotenoids (Crts) are important natural antioxidants,
found in both animal and photosynthesizing types of cells;
for the latter, their photoprotective activity is essential.
Physical quenching of harmful chlorophyll (Chl) triplets and
singlet oxygen ('O,) by Crts has in particular been
recognized as a major factor of photoprotection in photo-
synthesis [1,2]. It involves the symmetry-allowed energy
transfer to Crt, either directly from Chl triplets, or indirectly
from singlet oxygen (Fig. 1). The resulting Crt triplets are
low in energy, relatively short-lived [3] and generally not
considered as harmful. Recently, evidence has been
obtained that Crts may also act as chemical quenchers
[4—6]. The photoprotective action is markedly medium-
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dependent [5—7]. For instance, B-carotene in methanol
shows no protective effect towards self-sensitized photo-
degradation of Chla. In contrast, a solvent change to acetone
prevents degradation of Chla, at the expense of rapid
photodegradation of P-carotene. There is furthermore
evidence that the Crt oxidation products can act subsequently
as oxidants [5]. Such pro-oxidant activity of Crts was also
reported in lipid peroxidation studies [8—10]. Neither the
mechanism and the products of this intriguing reactivity of
Crt are firmly established, nor its contribution to light-
induced cellular damage and oxidative stress in living tissues
[11—15]. Following the tentative identification of a cascade
of oxidation products of pB-carotene (structure 1 in Fig. 2),
generated in bacteriochlorophyll (BChl)-sensitized reaction
in acetone, we now report the structural assignment of the
major four products (structures 2—5 in Fig. 2) and propose a
mechanism of their formation.

The photosensitized oxygenation of p-carotene (all-
trans, Sigma) was performed by irradiating a solution
(5% 107 M) in acetone for 60—120 min with red light
(2>630 nm, 850 pmol m 2 s~ ') in the presence of
bacteriopheophytin a (1 x 10> M). The solution was stirred
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Fig. 1. Jablonski diagram illustrating the transfer of excitation energy
between (bacterio)chlorophyll [(B)Chl], oxygen and carotenoid (Crt) with
>11 conjugated double bonds. Solid arrows depict the allowed transitions,
dotted arrows the forbidden transitions, and wavy arrows internal
conversion. Only the spin allowed sensitizing energy transfer from T,—
(B)Chl to S;—0, and the quenching energy transfers from T;—(B)Chl to
T;—Crt, and from S;—0; to T;—Crt are shown in this diagram, as well as
the relevant excited states.

in an open vessel to maintain oxygen equilibrium with air.
After work-up, the product mixture was subjected to two
rounds of semi-preparative HPLC [6] and analyzed imme-
diately by NMR [in C4Dg at 281 K, Bruker DMX750
operating at 700.13 MHz (‘H) and 188 MHz (*C)]. The
chemical shifts given are relative to benzene as secondary
reference ("H=7.28 ppm, '>*C=12.85 ppm). Structures were
elucidated using DQF-COSY, HMQC and HMBC NMR
techniques.

For the kinetic studies, aliquots of an acetone solution of
p-carotene (1.6 x 107> M) and bacteriopheophytin a
(1.6 x 10~> M) were irradiated with red light (/>630 nm)
for 90 min (a) without any additions; (b) in the presence of
1,4-diazabicyclo-[2.2.2]octane (DABCO; 0.01 M, Sigma);
and (c) in the presence of 2,6-di-#Bu-p-cresol (BHT; 0.01
M, Fluka), and the reactions followed by absorption
spectroscopy. A sample containing only P-carotene
(1.6 X 107> M in acetone) served as dark control. UV/VIS
absorption spectra were recorded every 10 min on a
Lambda25 spectrophotometer (Perkin Elmer).

All products of the photooxygenation reaction are
relatively stable peroxides; they can be worked-up and
chromatographed under standard conditions. However, as
exemplified in Fig. 3, the autooxidation of P-carotene
continues for hours in samples standing in the dark at
ambient temperature. The control shows no decay in the
dark.

The previous tentative assignment [6] of the known 2 was
verified by 2D NMR and three of the previously unassigned
products have now been assigned as: 7,10-endoperoxide (3),
7,10,5,8 -diendoperoxide (4) and 5,8,5,8'-diendoperoxide
(5) (Fig. 2). The monoendoperoxides 2 and 3 show
characteristic signal patterns in the 5 ppm region of the
proton spectra, which served to identify the substitution

pattern of the higher oxygenated compounds 4 and 5 (see the
Supplementary material in Appendix A). The two cyclic
diendoperoxides 4 and 5 are, to our knowledge, the first
stable members of this class of pigments.

The photosensitized degradation of P-carotene is
strongly inhibited by the 'O,-quencher, DABCO [16],
while the radical quencher, BHT [17], shows only little
effect (Fig. 4). This confirms the role of 'O, as the reactive
intermediate, most likely in its lowest singlet state 1Ag,
because diffusion from the sensitizer to (B-carotene is
necessary for the reaction to occur.

Based on this identification of 'O, as reactive intermediate
and the structural assignment of the products 2-5, a 2:4
cycloaddition can be proposed as the oxygenation mecha-
nism of B-carotene, considering the following features: (A)
All isolated products have their oxygens near the ends of the
conjugated system, whereas there were no products of
oxygenation near the center of the molecule. The concerted
mechanism requires the presence of an s-cis-diene con-
formation of the Crt educt. The oxygenation of all-trans-3-
carotene to the 5,8-endoperoxides can proceed without
prior conformational change because of the sterically
favored 6-s-cis conformation [18]. The formation of 7,10-
endoperoxides (3 and 4) requires, however, an s-trans to s-
cis conversion at the C-8/C-9 single bond. C-7 and C-10
carry hydrogens and hence this s-cis conformation is not

Fig. 2. Chemical structures of PR-carotene 1 and the products of its
photosensitized oxygenation: 5,8-endoperoxide 2 (V); 7,10-endoperoxide 3
(VD); 7,10,5,8'-diendoperoxide 4 (III), and 5,8,5,8"-diendoperoxide 5 (II).
Numbers in brackets are as in [6]. Relative configurations of stereogenic
centers in peroxides 2 and 3 and partially of 4 and 5 are also shown;
compounds 4 and 5 are expected to be present as mixtures of
diastereoisomers with respect to the two ‘ends’ of the molecules.
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Fig. 3. Decay of P-carotene in the dark after previous irradiation. (A)
Absorption spectra of an acetone solution of -carotene and bacteriopheo-
phytin after irradiation with red light (4>630 nm) and after standing in the
dark for 0, 4 and 40 h; (B) difference absorption spectra after standing in the
dark, spectrum at t=X minus spectrum at t=0, X=4 h, 18 h, 24 h, and 40 h.
The p-carotene peroxidation products, which accumulate during the
irradiation, have blue-shifted absorption maxima and do not contribute
significantly to the spectrum above 400 nm [6].

severely sterically hindered. Theoretical studies on bond
order in polyenes have shown that while such conforma-
tional changes are particularly allowed at the ends of the
conjugated systems, they become increasingly difficult
towards the center due to decreasing bond alternancy
[19]. The preferential formation of terminal peroxides 2—5
and the lack of more centrally oxygenated products are
then in line with the more ready formation of s-cis-dienes
near the end of the conjugated system. The energetic
barrier of adopting an s-cis conformation also increases in
cis-isomers of Crts [19] and therefore the 2:4 cycloaddition
of singlet oxygen would be inhibited in such pigments.
Indeed, in our system no oxygenation products were found
which would originate from cis-isomers of (3-carotene. cis-
Crts are relatively rare in nature, but are often found at
specific sites and presumed to have specific functions. An
example is the occurrence of 15-cis-Crts in purple bacterial
photosynthetic reaction centers [20,21], which are involved
in quenching triplets of the primary donor. 15-cis and/or
other cis-Crt-isomers have also been found in reaction
centers and antenna complexes of oxygenic organisms
[12,22-27]. (B) None of the products showed indications
of being a mixture of diastereomers, as judged from the
chromatographic behavior (single, homogeneous peak) and,

in particular, from the NMR spectra (lack of satellite
signals). Previously, to account for the formation of
endoperoxides of B-carotene, a primary attack of peroxyl
radicals to C-7 had been suggested [11], which would be
favored by the relatively high electrophilicity of this site.
The ensuing radical of p-carotene, which is stabilized by
charge delocalization, was proposed to react with molecular
(triplet) oxygen to produce the cyclic endoperoxide [28].
This mechanism would lead to several products starting
from a single, delocalized cation radical [29], and should
yield several stereoisomers. As 3-carotene does not contain
chiral centers, and two new ones are generated in the
formation of the monoendoperoxides 2 and 3, two pairs of
diastereoisomers are expected for each (see the Supple-
mentary material in Appendix A). Since they are pairs of
enantiomers, two sets of NMR spectra should be expected
to appear in an achiral environment. However, only one set
is observed, that corresponds to the relative stereochemistry
shown in Fig. 2. For each of the diendoperoxides 4 and 5,
a total of eight endoperoxides are expected, since the two
ends of the molecule are expected to react independently of
each other. However, by the same token it is unlikely that
the stereochemistry at one end will reflect on the NMR
signals arising from nuclei at the other end of the molecule.
Therefore, for each of the endoperoxide fragments again
two sets of signals are expected theoretically, while only
one such set is observed. This stereoselective course of the
reaction then also supports the concerted mechanism.

The reactions of P-carotene with singlet oxygen to
produce the peroxides described here may be relevant to
the in vivo antioxidant function of Crts. First of all, they
would explain the auto-oxygenation of P-carotene in the
present system as well as the unexpected pro-oxidant activity
of Crt reported under certain conditions [6,11]. The cyclic
endoperoxides are candidates for this surprising feature of Crt
(photo)chemistry. Being readily formed from pB-carotene and
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Fig. 4. Stability of 3-carotene in acetone towards singlet oxygen generated
by photosensitization with bacteriopheophytin and red light (4>630 nm).
Absorption changes at 453 nm under illumination without any further
addition (—O-), in the presence of DABCO (0.01 M, —V —), in the
presence of BHT (0.01 M, ——), and dark control (—@—).
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singlet oxygen, yet of sufficient stability, they can promote
autooxidation, and possibly oxidations of other species. Such
reactions would be of critical importance in living cells,
where harmful lipid peroxidation may take place in spite of,
or in some cases even due to the presence of Crts.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bbabio.2005.05.008.

References

[1] H. Frank, R.J. Cogdell, in: A. Young, G. Britton (Eds.), Carotenoids in
Photosynthesis, Chapman & Hall, London, 1993, pp. 253—-326.

[2] E. Kohen, R. Santus, J.G. Hirschberg, in: E. Kohen, R. Santus, J.G.
Hirschberg (Eds.), Photobiology, Academic Press Inc., San Diego,
1995, pp. 73-96.

[3] M. Burke, E.J. Land, D.J. McGarvey, T.G. Truscott, Carotenoid
triplet state lifetimes, J. Photochem. Photobiol., B Biol. 59 (2000)
132—-138.

[4] R. Edge, T.G. Truscott, in: H.A. Frank, A.J. Young, G. Britton, R.J.
Cogdell (Eds.), The Photochemistry of Carotenoids, Kluwer Academic
Publishers, Dordrecht, 1999, pp. 223-234.

[5] L. Tregub, S. Schoch, S. Erazo, H. Scheer, Red-light-induced photo-
reactions of chlorophyll a mixtures with all-frans- or 9-cis-R-carotene,
J. Photochem. Photobiol., B Biol. 98 (1996) 51—-58.

[6] J. Fiedor, L. Fiedor, J. Winkler, A. Scherz, H. Scheer, Photodynamics
of the bacteriochlorophyll—carotenoid system: 1. Bacteriochlorophyll-
photosensitized oxygenation of P-carotene in acetone, Photochem.
Photobiol. 74 (2001) 64—71.

[71 J. Fiedor, L. Fiedor, N. Kammhuber, A. Scherz, H. Scheer, Photo-
dynamics of the bacteriochlorophyll—carotenoid system: 2. Influence
of central metal, solvent and P-carotene on photobleaching of
bacteriochlorophyll derivatives, Photochem. Photobiol. 76 (2002)
145-152.

[8] N.I. Krinsky, The antioxidant and biological properties of the
carotenoids, Ann. N.Y. Acad. Sci. 854 (1998) 443—447.

[9] H.-D. Martin, C. Jéger, C. Ruck, M. Schmidt, R. Walsh, J. Paust, Anti-

and prooxidant properties of carotenoids, J. Prakt. Chem. 341 (1999)
302-308.

[10] G.M. Lowe, K. Vlismas, A.J. Young, Carotenoids as prooxidants?,
Mol. Aspects Med. 24 (2003) 363—-369.

[11] G.W. Burton, K.U. Ingold, B-carotene: an unusual type of lipid
antioxidant, Science 224 (1984) 569—573.

[12] 1. Ashikawa, M. Kito, K. Satoh, H. Koike, Y. Inoue, K. Saiki, K.
Tsukida, Y. Koyama, All-trans-p-carotene-5,6 epoxide in thylakoid
membranes, Photochem. Photobiol. 46 (1987) 269—-275.

[13] A.J. Young, G.M. Lowe, Antioxidant and prooxidant properties of
carotenoids, Arch. Biochem. Biophys. 385 (2001) 20—27.

[14] P. Palozza, Prooxidant actions of carotenoids in biologic systems,
Nutr. Rev. 56 (1998) 257-265.

[15] W. Siems, O. Sommerburg, L. Schild, L. Augustin, C.-D. Langhans, 1.
Wiswedel, p-Carotene cleavage products induce oxidative stress in
vitro by impairing mitochondrial respiration, FASEB J. 16 (2002)
1289-1291.

[16] R.H. Young, R.L. Martin, On the mechanism of quenching of singlet
oxygen by amines, J. Am. Chem. Soc. 94 (1972) 5183-5185.

[17] C.R. Lambert, H.S. Black, T.G. Truscott, Reactivity of butylated
hydroxytoluene, Free Radic. Biol. Med. 21 (1996) 395-400.

[18] F. Mo, in: G. Britton, S. Liaaen-Jensen, H. Pfander (Eds.),
Carotenoids, Spectroscopy, vol. 1B, Birkhduser Verlag, Basel, 1995,
pp. 321-342.

[19] P. Tavan, K. Schulten, Electronic excitations in finite and infinite
polyenes, Phys. Rev., B 36 (1987) 4337-4358.

[20] G.E. Bialek-Bylka, R. Fujii, C.H. Chen, H. Oh-oka, A. Kamiesu, K.
Satoh, H. Koike, Y. Koyama, 15-cis-carotenoids found in the reaction
centres of a green sulfur bacterium Chlorobium tepidum and in the
Photosystem I reaction center of a cyanobacterium Synechococcus
vulcanus, Photosynth. Res. 58 (1998) 135—142.

[21] Y. Koyama, R. Fujii, in: H.A. Frank, A.J. Young, G. Britton, R.J.
Cogdell (Eds.), The Photochemistry of Carotenoids, Kluwer Academic
Publishers, Dordrecht, 1999, pp. 161—188.

[22] G.E. Bialek-Bylka, T. Tomo, K. Satoh, Y. Koyama, 15-cis-p-carotene
found in the reaction center of spinach Photosystem II, FEBS Lett. 363
(1995) 137-140.

[23] G.E. Bialek-Bylka, T. Hiyama, K. Yumoto, Y. Koyama, 15-cis-p-
carotene found in the reaction center of spinach Photosystem I,
Photosynth. Res. 49 (1996) 245-250.

[24] P. Jordan, P. Fromme, H.T. Witt, O. Klukas, W. Saenger, N. Krauf,
Three-dimensional structure of cyanobacterial Photosystem I at 2.5 A
resolution, Nature 411 (2001) 909-917.

[25] N. Kamiya, J.-R. Shen, Crystal structure of oxygen-evolving Photo-
system II from Thermosynechococcus vulcanus at 3.7-A resolution,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 98—103.

[26] K.N. Ferreira, T.M. Iverson, K. Maghlaoui, J. Barber, S. Iwata,
Architecture of the photosynthetic oxygen-evolving center, Science
303 (2004) 1831—-1838.

[27] A.M. Snyder, B.M. Clark, B. Robert, A.V. Ruban, R.A. Bungard,
Carotenoid specificity of light-harvesting complex II binding sites,
J. Biol. Chem. 279 (2004) 5162—-5168.

[28] C. Foote, Mechanisms of photosensitized oxidation, Science 162
(1968) 963-970.

[29] F. Himo, Density functional theory study of the R-carotene radical
cation, J. Phys. Chem. 105 (2001) 7933—-7937.


 http:\\dx.doi.org\doi:10.1016\j.bbabio.2005.05.008 

	Cyclic endoperoxides of beta-carotene, potential pro-oxidants, as products of chemical quenching of singlet oxygen
	Acknowledgements
	Supplementary data
	References


