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ABSTRACT. Carotenoids are well-known as light-harvesting pigments. They also play important roles in
protecting the photosynthetic apparatus from damaging reactions of chlorophyll triplet states and singlet
oxygen in both plant and bacterial photosynthesis. Recently, it has been fourfddhttene functions

as a redox intermediate in the secondary pathways of electron transfer within photosystem Il and that
carotenoid cation radicals are transiently formed after photoexcitation of bacterial light-harvesting
complexes. The redox role gfcarotene in photosystem Il is unique among photosynthetic reaction centers
and stems from the very strongly oxidizing intermediates that form in the process of water oxidation.
Because of the extended-electron-conjugated system of carotenoid molecules, the cation radical is
delocalized. This enablg$-carotene to function as a “molecular wire”, whereby the centrally located
oxidizing species is shuttled to peripheral redox centers of photosystem Il where it can be dissipated
without damaging the system. The physiological significance of carotenoid cation radical formation in
bacterial light-harvesting complexes is not yet clear, but may provide a novel mechanism for excitation
energy dissipation as a means of photoprotection. In this paper, the redox reactions of carotenoids in
photosystem Il and bacterial light-harvesting complexes are presented and the possible roles of carotenoid
cation radicals in photoprotection are discussed.

Functions of Carotenoids in Photosynthesis They scavenge singlet oxygen directly §). They deactivate
excess chlorophyll (Chl)excitation energy beyond that
which is required for photosynthesi$, (7). They act as
antenna pigments and capture light energy in the visible
spectrum where chlorophyll is not a very efficient absorber

Carotenoids perform an enormously diverse set of func-
tions in photosynthetic organisms. They protect the photo-
synthetic apparatus by quenching chlorophyll triplet states
which inhibits the formation of singlet state oxygeh-3).
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Carotenoids (B)Chls While carotenoids are generally thought to function as
S, — _1'B; — energy donors in light-harvesting complexes, their role as
¢ e — A electron donors has only recently emerged as being poten-
St T2 A 2 tially important in the photosynthetic process. Carotenoid
||| radical cation formation has been well-documented by
a i fl T fllla electroghemlstry experiments carried out on molecules dis-
S vYy solved in solvent solution88—45). In addition, Moore and
0

1'A, — co-workers routinely employ carotenoid derivatives as
FIGURE 1: Low-lying energy states of carotenoids and (B)Chls and electron donors in synthetic carotenoporphyrin molecules
the various photochemical processes that can occur between themwhich serve as models for understanding the photochemistry
The dashed lines represent nonradiative processes. a is absorptiomnd photophysics of photosynthetic reaction center and
fis fluorescence. B and A, are the symmetry representations of - gntenna complexes46-52). The extendedr-electron-
the electronic states of carotenoids in the ideali2ggboint group. conjugated chain of carotenoid molecules makes them
susceptible to oxidation by other molecules that are in
proximity, provided the reduction potential of the electron
acceptor is sufficiently accommodating to render the redox
chemistry thermodynamically favored. As will be discussed
in this paper, this is apparently the case in photosystem Il
PSII) in higher plants, algae, and cyanobacteria and in some
light-harvesting pigmentprotein complexes from photo-
light harvesting and photaprotection to be thermodynamically _synthetlc bacteria. The mechanism (_)f radical cation formation
favorable 1) in these systems has _been the subjegt of a nl_meer of steady
: state and dynamic optical spectroscopic experiments, electron
The simple carotenoid state diagram presented in Figureparamagnetic resonance studies, and quantum mechanical
1, belies the complexity of the photophysics of these computations. The goal of the investigations is to understand
molecules. As the arrows in the figure indicate, carotenoids the molecular factors controlling carotenoid radical cation
have many different avenues of deactivation and energy formation and its physiological role in the photosynthetic

transfer to and from Chl and bacteriochlorophyll (BChl). For reaction center and light-harvesting pigmeptotein com-
example, in light-harvesting complexes, carotenoids are ableplexes.

to transfer energy via their;&nd $ states. The extent to

which the overall transfer efficiency is partitioned between Carotenoid Radicals in Photosystem |l

these donor states depends on the structure of the molecule.

In generaL carotenoids with |0we,N(< 10' whereN is the The normal fUnCtion Of PSII Under phySiO|Ogica| Condi‘
number of7-electron-conjugated double bonds) extents of tions is to use light energy to catalyze the oxidation of water
7-electron conjugation transfer energy primarily fromy S  to molecular oxygen and the reduction of plastoquinone to
whereas those having highéd ¢ 10) extents ofr-electron plastoqumol $3). These reactlons occur via a series of light-
conjugation transfer energy primarily from @2—24). The mduqed electron transfer reactions that involve chlorophyll,
idea of this two-donor state energy transfer scheme hastyrosine, and manganese redox centers on the eIec@ron donor
persisted for some time as an adequate model for carotenoidSide of the system, and pheophytin and plastoquinone on
to-(B)Chl energy transfer. However, the situation has recently the electron acceptor side. The recently determined X-ray
become more complicated because of several reports ofcrystal structures of PSII5¢—56) reveal the locations of

(8—11). They stabilize light-harvesting protein structures
(12—14). They are involved in the regulation of energy flow
to and from Chl 6, 7, 14—20). Most of these functions are
made possible by the fact that many naturally occurring
carotenoids have excited singlet states higher in energy an
triplet states lower in energy than the corresponding excited
states of Chl (Figure 1) and molecular oxygen. This allows

additional excited states in the vicinity of 8nd S that may these redox centers buried within the structure of the
play a role in controlling the dynamics and mechanism of
energy transfer25—29). In particular, a low-lying 1B, state

transmembrane protein complex (Figure 2).
PSII core complexes{) and D1-D2—Cyt bssg reaction

has been suggested to control nonradiative relaxation fromcenter preparation$g) have been used to study the roles

the strongly allowed $(1'B,") state 80, 31). Also, recent

of carotenoids in PSII. PSII core complexes contain the D1

investigations have suggested the presence of low-lyingand D2 subunits, two tightly associated light-harvesting

3'A4~ states in carotenoids having chain lengths of MO
(32, and ultrafast spectroscopic experimeng3)(have

proteins called CP43 and CP47, Qyto, several extrinsic
proteins, and a number of other small transmembrane protein

postulated that an intermediate singlet state denoted S subunits. The D£D2 heterodimer forms the reaction center
controls the dynamics of nonradiative relaxation between thethat contains all of the redox cofactors involved in the

S (1'B,") and S (2'A47) states. Another singlet state lying
between $and $ and denoted S* is thought to be an
intermediate in the depopulation of &d has been suggested
to play a role in carotenoid triplet state formation in several
light-harvesting complexes34—36), and new data from
various combinations of pumiprobe transient absorption

primary electron transfer steps (Figure 2B). The recently
determined crystal structures of PSII have been obtained for
cyanobacterial PSIl core complexes. On the basis of extrac-
tion and HPLC analysis, it was found that the PSII core
complex fromSynechocysti®CC 6803 contains-17 Car
molecules, of which~14 arefj-carotene and the rest are

spectroscopic techniques have been interpreted in terms ofnainly zeaxanthing9). The more resolved DiD2—Cyt bsse

yet another carotenoid excited state denote(89. Experi-

reaction center complex has been found to contain two

ments aimed at elucidating the molecular origins of these A-carotenes€g, 61).

various spectroscopic observations are ongoing in several

laboratories.

The positions of some of the Car molecules have been
modeled in the PSII crystal structures of Kamiya and Shen
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Ficure 2: Structure of the PSII complex. (A) View along the membrane plane of the overall structure of the PSIlI complex showing the
D1 and D2 proteins in blue and red, respectively, and the remaining proteins in gray. (B) View from the same perspective as in panel A
of the redox cofactors involved in the primary electron transfer reactions with arrows denoting the primary electron transfer steps. (C) View
along the membrane normal of the redox cofactors involved in the secondary electron transfer reactions with arrows denoting the secondary
electron transfer steps involving GhICyt bsse, and3-carotene. Coordinates were from Ferreira et %8).(

(55) and Ferreira et al56). Kamiya and Sherbb) modeled 0.2
two carotenoids in the D2 subunit, one of which is in an <— P840+ = green sulfur bacteria (0.25 V)
all-trans configuration and the other of which has a bent
structure. Ferreira et al.56) modeled seven atkans +

p-carotenes in the PSII core complex. One of these is in a < P870+ = purple nonsulfur bacteria (0.45 V)
position in the D2 subunit similar to that of the &lans <— P700+ = Photosystem | (0.49 V)
carotenoid in the Kamiya and Sheb5 structure (Figure 1

2), but the bent carotenoid was not confirmed. The other six ~<— Bacteriochlorophyll a+ (0.64 V)

[-carotenes modeled in the Ferreira et &b)(structure are
located near the periphery of the PSII complex at the
interface between CP43 or CP47 and small transmembrane
subunits.

To oxidize water, PSII generates a very strong oxidant,
P680 [the cation is localized on the chlorophylspecies
called R (Figure 2)], with an estimatef, of ~1.3 V (62).

If not transferred rapidly to the oxygen-evolving complex,
the oxidizing equivalent on P680can cause oxidative -
damage to PSII. This is a unique problem for PSIl among
the various types of photosynthetic reaction centers because
only PSII generates an oxidant that is sufficiently strong to 14 L
oxidize its own chlorophyll and carotenoid light-harvesting Ficure 3: Reduction potentials of the primary electron donors in
pigments [Figure 3§2—64)]. As a result of this propensity ~ several types of photosynthetic reaction center complexes in
for oxidative damage, PSII is unique among photosynthetic comparison to solution values f@rcarotene, BChh, and Chla
reaction center complexes in having secondary electron 62-64)

donors. Under conditions when the primary electron donors active Car and/or Chl species appear to be intermediates in
of PSII are inhibited, such as in Mn-depleted PSII, or at low the photooxidation of Cybssg both Car and Chl photooxi-
temperatures when turnover of the oxygen-evolving complex dation have been demonstrated in intact PSII core complexes
is blocked, alternate electron donors, including ®ydg, from Synechocystiand in PSllI-enriched spinach membranes
accessory chlorophylls, anétcarotenes, can be photooxi- when assessed at low temperatures. However, the path-
dized 69). It is known that Cythssg can be photoreduced way(s) of electron transfer involving Cigse, Chl, and Car

by accepting electrons fromgd65) and photooxidized by  remains unclear, and both linear and branched pathways from
donating electrons to P68(Q66). Therefore, Cytissg can Cyt bssg to P680° have been propose@%—75).

participate in a cyclic electron transfer pathway within PSIl.  The first report of Car photooxidation in PSIl was

In addition, the secondary electron transfer reactions generatalemonstrated by flash absorption spectroscopy stu@d&s (
Chl cation radicals that are potent quenchers of excitation A near-IR absorption at 990 nm was observed that is
energy 67). It has been proposed that cyclic electron transfer characteristic of Car(Figure 4). However, formation of Car
processes and/or quenching by Chl cation radicals play ain significant yield required the addition of ferricyanide and
role under high-light or other stress conditions to protect the a redox uncoupler such as carbonyl cyaniokrifluo-

PSII reaction center from oxidative damagS)( romethoxyphenylhydrazone (FCCP), 2-(3-chloro-4-trifluo-
Electron transfer from Cylissoto P680 is thought to occur  romethyl)anilino-3,5-dinitrothiophene (ANT-2p), or tetraphen-
via a redox intermediate because the edge-to-edge distancglboron (TPB). Phenolic herbicides also have been found to
separating the heme and P680 is more than 35 A, which isfacilitate Car formation (7). Because of the requirement
too large for rapid electron transfer in a single step. Redox- for lipophilic anions or phenolic herbicides to facilitate Car

Em (volts) 0.8 -+ < Chlorophyll a+ (0.78 V)

|~ <— Beta-carotene+ (1.06 V)

<— P680+ = Photosystem Il (1.3 V)
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Car” samples that have been treated with only ferricyanide.
0.30¢ l 1 Ferricyanide is known to oxidize the heme of g, but
025! not the Car or Chl cofactors of PSIl. When Cybssg is

preoxidized, Car or Chl* is formed by illumination of PSII
g 0.20} core complexes at low temperatures, and the charge-separated
;E 0.15. state is stable for hours at 20 K. If the sample is warmed,
2 the Car and Ch}" species decay by charge recombination.
< 0.10} The reaction is completely reversible when the sample is
0.051 reilluminated at low temperatures.
At low temperatures, PSIl can form only a single stable
000 . ] charge-separated state because the electron acceptanQ
700 800 900 1000 1100 accept only one electro®®). However, it is found that both
Wavelength (nm) Car" and Chit are formed in substoichiometric amounts,
FicURE 4: Near-IR absorbance spectrum of fhearotene (Ca) with the total yield never exceeding 1 equiv per PSIR)(

and chlorophylla (Chl*) cation radicals generated by illumination  Moreover, recent studies have shown that two spectroscopi-
at 20 K of PSII core complexes froi@ynechocysti®CC 6803. cally distinct Cat molecules 73) and at least two spectro-

The dashed lines show the deconvoluted spectra of two distinct ically disti CHi | | f d |
pB-carotene cation radicals that were identified by kinetic and SCOPIcally distinct molecules are formed upon low-

temperature dependence measurements [adapted from Traceweflemperature illumination7Q, 72). These observations have
and Brudvig 73)]. been explained by a hole-hopping modés)(in which rapid
hopping of the oxidizing equivalent among the secondary

formation in PSII, the prevailing view until recently was that = electron donors allows the hole to migrate to the center with
Car photooxidation was not intrinsic to untreated PSII. It is the lowest reduction potential. This explains why ®yio
still not clear how the lipophilic anions and phenolic s the preferential donor when the heme is reduced because,
herbicides facilitate Carformation in PSII, but they appear i, this case, the heme is the lowest-potential donor. To
to mediate nonphysiological electron transfer processesgyplain the observation that a heterogeneous population of
(78,79 Cart and Chf is formed in samples in which Cyissg is

It has long been known that Chl can be photooxidized by oxidized, it was proposed that freezing the sample traps a
illumination of ferricyanide-treated PSII at low temperatures distribution of conformers, yielding a distribution of redox

(80, 81). A light-induced EPR signal is formed under these potentials of Car and Cht (73). If the reduction potentials
conditions, which was aSSigned to a Chl cation radical basedof the Car and Cht molecules among the secondary

on theg value of 2.0025 and the observation of absorbance electron donors are all relatively close, then different PSI|
changes in the Qband of Chl at 676680 nm. The Chl  complexes may have different Chl or Car species which have
cation radical can also be identified by its near-IR absorption the owest reduction potential. In this case, illumination of
at 820 nm (see Figure 4) and by high-field EPR spectroscopy 4 frozen ferricyanide-treated sample will generate a charge

(82). This redox-active Chl_was shown to be a secondary separation with a heterogeneous population of @ad Cht
electron donor and was designated£Hb63). There are two species.

peripheral Chl molecules that are symmetrically located in

the D1 and D2 subunits that have been denoteddzlaihd The sequence of reactions involving Qs Car, and
Chlyps, respectively. A study of site-directed mutations of Chl in the'secondary electron transfer pathways of PSII is
the axial histidine ligands to Ci; and Chiop, in conjunc- not established, but a branched pathway seems to be most

tion with EPR and resonance Raman studies, identified likely based on both.kinetic studieZ1) and the locations
Chlzp; as the location of the Chl cation radical in PSII core ©f the redox centers in the crystal structusé<5€). There
complexes fronBynechocystBCC 6803 §3). However, this is general agreement thAtcarotene is the initial electron
assignment has been controversgd)( and it is likely that donor to P680 based on the observations that Carformed
both Chkps and Chip, can be photooxidized with species- in highest yield at the lowest temperatures (4 K) and that
dependent yields7@). Although low-temperature illumina-  the charge-separated state @y~ decays by recombination
tion of ferricyanide-treated PSII was also found to formCar at a faster rate than GHiQa™. Moreover, the altrans
(76), the predominant opinion until recently was that €hl ~ B-carotene identified in the D2 subunit of PSII by Ferreira
cations were the physiologically relevant species because ofet al. 66) is well positioned to act as a “molecular wire” in
the finding that lipophilic anions or phenolic herbicides are the transfer of electrons from Clpse and/or Chip, to P680".
needed to facilitate Carformation in PSII. Following oxidation off-carotene(D2), transfer of the hole

More recent studies have shown both Car and, €ah to other secondary donors can occur. The closest redox
be photooxidized in high yield, both in BID2—Cyt bsse partners tg3-carotene(D2) are Cyisso and Chip,, and it is
preparations §5, 86) and, more recently, in PSIl core likely that these centers are direct donorgtcarotene(D2).
complexes§9, 70, 87). Photooxidation of Car in D£D2— However, to account for the observation that several other
Cyt bssg preparations requires the addition of an exogenous spectroscopically distinct Chl and Car species can be
electron acceptor such as silicomolybdate because thisphotooxidized, there must be a series of subsequent hole-
preparation lacks the native plastoquinone electron acceptorshopping reactions. It is possible that the secondary electron
and the charge separation is not reversible. In PSIl coretransfer pathways include Chl molecules in the light-
complexes, which contain a functional ®lectron acceptor,  harvesting protein CP43, which could provide a novel
Car and Chl are reversibly photooxidized in high yield in pathway for hole migration to Cid; (74).
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Energy/103cm'! over delay times of 1824 us using 8 ns duration laser pulses
12 11 10 at 355 nm 89). These two spectra are similar, but differences
in their positions and linewidths are evident (Figure 5). The
radical cation spectrum of spheroidene in a methanol solution
has a maximum at 905 nm and is shifted by approximately
55 nm (650 cm?) to higher energy from the maximum of
the 960 nm band observed for spheroidene in the LH2
complex. This shift can be explained by the interaction of
the spheroidene molecule with the protein environment.
Spectral shifts due to the protein environment have been
observed for thgg-carotene radical in PSII (e.g., Figure 4
and refsb9, 69, 70, 72, 73). The differences in linewidth
. : may be due to contributions from competing signals associ-
800 900 1000 1100 ated with the B850 BChl in the LH2 spectrum which are
Wavelength/nm not present in the spectrum of spheroidene in solution.

Ficure 5: Comparison of the differential transient absorption Although the assignment of the signal at 960 nm to a
spectrum of the LH2 complex fromb. sphaeroideél) with the . : . . .
sgectrum of the spheroider?e radical gengrated in a?n)ethanol solutionsphem'dene radical cation was co_mpelllng, _the _eXpe”mentS
(0). The spectra were recorded at room temperature. This figure did not reveal the mechanism of its formation in the LH2
was adapted from Polivka et aB9). complex. The simple fact that the radical cation was formed
in ~200 fs suggested that an electron acceptor must reside
in the proximity. The most likely candidates in the LH2
Until recenﬂy, no observations of carotenoid radical complex for this role are the B800 or B850 BChl molecules.
formation in intact photosynthetic antenna pigmepitotein The atomic resolution structures of the LH2 complexes from
complexes had been reported. Thus, it was unexpected whefiRhodopseudomonas acidophi(&igure 6; 90) and Rho-
Polivka et al. 89) recently observed a signal associated with dospirillum molischianun(91) show that van der Waals
a carotenoid radical cation which was formed after excitation contact exists between the bound carotenoid and both the
of the S state of spheroidene in the LH2 complex of B800 and B850 pigments. It was observed that carotenoid
Rhodobacter sphaeroidehe assignment of the signal to radical cation formation was significantly more pronounced
the carotenoid cation radical was made from its transient for spheroidene N = 10) in the LH2 complex ofRb.
absorption in the near-infrared region which showed a clear Sphaeroideghan for rhodopsin glucosidéN(= 11) in the
signal at 960 nm that was very similar to that observed from LH2 complex of Rps. acidophila(89). This suggests that
the Spheroidene radical cation generated in a methan0|either structural differences in the two LH2 Complexes exist

Carotenoid Radicals in Light-Haesting Complexes

solution (Figure 5) §9). that affect the efficiency of radical formation or the reaction
The spheroidene radical signal in the LH2 complex from depends on the chain length of the carotenoid.
Rb. sphaeroidewas produced-200 fs after light absorption The origin of carotenoid radical formation in LH2

with a yield of 5-8%. The signal decayed in 8 ps. The complexes was investigated computationally using the
spectrum of the transient signal was obtained from the coordinates of the crystal structure®ps. acidophilg89).
wavelength dependence of the amplitude of the 8 ps Polivka et al. 89) discuss the details of this approach which
component extracted from a multiexponential fit of the reveal electronic transitions from occupied valence orbitals
kinetics after excitation of spheroidene at 515 nm. The of rhodopin glucoside to a p* orbital of a neighboring B800
spectrum of the spheroidene radical in methanol was obtainedmolecule. It was postulated that these intermolecular charge

(B)

Ficure 6: Two views of the structure of the LH2 complex froRps. acidophila (A) Complete LH2 pigmentprotein complex. The
carotenoid, rhodopsin glucoside, is shown in red. The BChls are shown in blue. (B) Selected pigments from the full ring rotated approximately
90° from the view shown in panel A. The top of the figure shows two of the 18 B850 BChl pigments. At the bottom is one of the nine B800
BChl pigments. Two of the nine rhodopsin glucoside molecules are shown to be in van der Waals contact with both sets of BChl pigments.
The coordinates were taken from the structure published by McDermott &0al. (
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Energy/10° cm™ gated. It was found that LDS treatment of the LH2 com-
11 10 9 8 7 6 plex from Rb. sphaeroide$51C containing neurosporene
008 H————"———— substantially inhibited carotenoid radical formation. This
LH2 complexes is proof that the B800 molecule is obligatory for the
§ § meurosporene formation of the carotenoid radical in these systems. Ad-
i ditional optical signals in the near-IR region could be
assigned to the BChl radical anion, indicating that the
cation—anion radical pair consists of the carotenoid and B800
BChl.

An important question emerges from these observations.
{ Is carotenoid radical cation formation in light-harvesting
i complexes physiologically significant in photosynthesis, or
does it occur simply as a consequence of ultrafast laser
Wavelength/nm excitation ofz-electron-conjugated molecules held in prox-

Ficure 7: Comparison of the differential transient absorption imity? As mentioned above, the quantum Computatlons
spectra of the LH2 complexes froRb. sphaeroide61C containing ~ SUggest electron transfer between the carotenoid and Chl
neurosporeneX), Rb. sphaeroides wild type containing spheroidene could be a mechanism by which excess excited energy is
(@), and an LH2 complex isolated from wild-tyfh. sphaeroides  dissipated from the photosynthetic apparatus as a means of
grown under aerobic conditions in which spheroidenone selectively photoprotection 42, 93). Redox quenching of the excited
Scf”{nu'ate&o' See Polivka et al35) for additional experimental  gi50 of 4 pheophytin molecule in the self-assembled film of

etars. a carotenoig-pheophytin system has been reporté&d)(
transfer (CT) states Could be formed aﬂer faSt I‘elaxation from AISO, Moore and Co_WorkerS have reported quenching Of
the accuracy of the computations notwithstanding, they showmolecules consistent with an electron transfer mechanism
that CT states are indeed present in the excited state manifold9g—100). However, the conclusions are equivocal. Only
of the carotenoierBChl complex in LH2. Support for this  some of the carotenoporphyrin molecules quenched porphy-
idea has also emerged from quantum calculations performedin fluorescence, consistent with an electron transfer mech-
on carotenoietChl a (92, 93) and carotenoi¢BChl (94)  anism. Other carotenoporphyrins behaved in a manner more
complexes where the CT states also appear. These authorgyggestive of an energy transfer mechanig) {01, 102).
propose that electron transfer between the carotenoid andciearly, more work will be required to reveal the precise
Chl a could be a mechanism of nonphotochemical quench- mechanism by which carotenoids quench Chl or porphyrin
ing in higher plants42, 93). At the very least, the presence flyorescence in naturally occurring and synthetic systems and
of energetically low-lying CT states means that they need to answer the question regarding the physiological role of
to be carefully considered when issues of energy transfercarotenoid radical cation formation in photosynthetic pig-
among carotenoids and (B)Chl pigments are being consid-ment-protein complexes.
ered.

A recent ultrafast optical spectroscopic investigation perspectie
comparing three different LH2 pigmenprotein com-
plexes sought to discover the origin of carotenoid radical A redox role can be added to the already diverse set of
formation in these system®9%). LH2 complexes from  functions that carotenoids perform in photosynthesis. Two
Rb. sphaeroidess1C containing neurosporend&l (= 9, types of redox reactions involving carotenoids have been
where N is the number ofz-electron-conjugated double identified. First, carotenoids can serve as electron transfer
bonds) and wild-typ&b. sphaeroidesontaining spheroidene  agents in chemical processes that occur at very high reduction
(N = 10, discussed above) and an LH2 complex isolated potentials. Carotenoids have been utilized in this manner as
from wild-type Rb. sphaeroidegrown under aerobic condi- electron donors in artificial donefacceptor complexes.
tions in which spheroidenone selectively accumulates However, it has only recently been found thatarotene
(N = 11) were investigated. The transient absorption data also performs this function in natural photosynthesis as an
in the near-IR region show (Figure 7) the yield of the radical electron transfer intermediate in PSIl. Because of their
formation is highest (18615%) for the LH2 containing  extendeds-electron conjugation, carotenoids may act as
neurosporene and lower for the LH2 containing spheroi- molecular wires to shuttle electrons rapidly over large
dene (5-8%), and for the LH2 complex containing distances. This unique property of carotenoids affords the
spheroidenone, no radical signal was found. The behaviorpossibility of dissipation of harmful oxidizing equivalents
of this systematic series of LH2 complexes from in PSIland may also be important in other radical scavenging
Rb. sphaeroideslearly indicates that the efficiency of reactions that protect the photosynthetic apparatus. Second,
radical cation formation is dependent on the conjugation carotenoid cation radicals can be generated by excited state
length of the carotenoid. The investigation also revealed photochemical processes. The formation of a transient
that the carotenoid radical cation could only be formed carotenoid cation radical has been observed very recently in
upon carotenoid excitation. Therefore, the mechanism of bacterial LH2 complexes. This is an emerging area of
formation is not associated with the quenching of the excited carotenoid photochemistry, and further work will be needed
states of BChl. Also, the effect of lithium dodecyl sulfate to determine whether such excited state redox processes are
(LDS) which alters selectively the intensity of the 800 nm- prevalent among photosynthetic pigmeptotein complexes.
absorbing band in the LH2 compleX@@) was investi- On the basis of recent computational studies, it is likely that
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similar redox reactions involving carotenoids occur in other
light-harvesting complexes from higher plants and algae.
The redox reactions of carotenoids in photosynthesis
remain to be fully characterized. The molecular details of
the electron transfer pathways involving carotenoids in PSII
and the physiological role of these reactions still remain to
be determined. Of particular interest is determining the
factors that control the electron versus energy transfer
functions of carotenoids in PSII. In addition, the physiologi-

cal

role of carotenoid cation radical formation in excited

states of photosynthetic pigment protein complexes is not

yet clear. An interesting hypothesis is that electron transfer 15.
between carotenoids and chlorophylls could be a mechanism

for quenching of excited states for regulating the process of
light energy utilization under conditions of varying light
frequency and intensity. Further research will clarify the types
of redox roles that carotenoid molecules play in photosyn-
thetic systems. We are hopeful that these studies will provide
a fundamental understanding of the energy and electron
transfer functions of carotenoids for elucidating the control-
ling features of natural photosynthesis, but also for designing
novel artificial systems. An exciting possibility for future
applications is utilization of the principles gleaned from
studies of natural photosynthetic systems to design artificial
biomolecular nanoscale devices that incorporate the light
harvesting, molecular wire, and photoprotection capacities
of carotenoids that have been achieved in photosynthetic
systems.
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