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Photosystem Il (PSll) is the membrane-bound protein complex
that catalyzes light-driven electron transfer from water to plas-
toquinonét It has recently been shown that carotenoid cation
radical (Car) can be formed stoichiometrically in PS Il under
illumination at 20 K? Car" is reduced by electron donation from
a monomeric chlorophyll (Ch) and probably by cytochrome
bsse.? Thus it is thought that carotenoid plays an important role
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Figure 1. FT 3p-ESEEM for Car radical in PSIl (solid line).

as an electron carrier in a pathway that provides electrons to theExperimental conditions: 9.64 GHz. 3450 G. 26 K= 104 ns. time

ultrareactive photooxidized chlorophyll cation P68ander those
conditions where electrons from the water oxidizing system are
limiting? (see also ref 3). Given this new redox role, attention
has now focused on the spectroscopy of carotehdid.obtain
information on its protein environment, we have performed
electron spir-echo envelope modulation (ESEEMpectroscopy

on Car in PSIl. Recently ESEEM has provided important
information about the amino acid environment of the semiquinone
radicals in photosystem §f;¢ in photosystem #¢and in a bacterial
reaction centeftefIn addition, two-dimensional hyperfine sublevel
correlation spectroscopy (HYSCOREhas proven to be a
powerful tool for resolving complicated ESEEM specttéHere,
based on HYSCORE together with numerical simulations, the

interval between successive pulse sets 10 ms. The simulated spectrum
(dashed line) was calculated for off®N(l = 1) nucleus withA = (A,

Ay, A) = (0.6+ 0.1, 0.6+ 0.1, 0.8+ 0.1 MHz), @, S, y) = (0°, 50° +

15°, 0°), ande’qQ/h = 3.09+ 0.08 MHz,7 = 0.18+ 0.10. Inset: CW

EPR spectrum of the Caradical in PSII (solid line). The CW EPR and
3p-ESEEM spectra of the Ghiradical are also displayed for comparison
(dotted lines).

The Car radical accumulated by illumination of Mn-depleted
PSIl membranes at 20%Ks characterized by a continuous wave
EPR spectrum shown in the inset of Figure 1 (solid line). At higher
temperatures the Cais reduced through electron donation from
Chlz, forming the chlorophyll cation radical, Ghl. The EPR

observed modulations are shown to originate from a single protein signals from these two radicals are very similar; indeed, until
N nucleus assigned to the indole nitrogen of a tryptophan residuerecently the Cafr signal was misassigned as ¢hlin the inset

in PSII.
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of Figure 1, the spectrum of GHi, selectively photoaccumulated
by illumination at 200 K, is shown as a broken line. It was shown
earlier that the Cdrand Ch}* radicals can be distinguished by
their optical spectr&?!

The 3p-ESEEM spectrum for Cafsolid line in Figure 1) is
dominated by low-frequency components at-2225, 2.9, and
3.8—4.2 MHz. This spectrum is clearly different from the ESEEM
spectrum of Chi* 13 (Figure 1, dotted line); thus, the ESEEM
spectra provide a sensitive probe for distinguishing these radicals
The HYSCORE spectrum for Car(Figure 2) is
dominated by cross-peaks at 23.1, 4.0-4.4 MHz with
maximum intensity in the-,+) quadrant. These are assig#éd
to the ¢©®),,v3) features due to an interactifN(I = 1) nucleus
with Aiso < 2049410 From thev®; frequency, assuminl§ values
of 0.3—0.8 MHz appropriate for protein nitroge#f$,we get an
initial estimate of A, which is further refined by numerical
simulations of the 3p-ESEEM,; accordingly, the ESEEM for Car
is well simulated* (Figure 1, dashed line) by assuming dri
nucleus withA = (A, A,, A) = (0.6, 0.6, 0.8 MHz)g2qQ/h =
3.09 MHz, andy = 0.18 MHz.

The present ESEEM data show that the ‘Caadical of PSII
interacts with one proteitfN nucleus. Based on previous NGR

(11) Car" formation in PSIl was reported earlier using electron absorption
spectroscopy in the visible and near-infrared regfdis;however, its
stoichiometry and its role in electron transfer were demonstrated only regently.
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the pyrole'N of the Ch} (Deligiannakis, Y.; et al., in preparation).
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T bacterial chlorophyll on that side of the reaction center, has a
/ 15,18-cis conformation, and spans only a small fraction of the

A ‘L\ \ FLME Iv6) membrané’18 Significantly, the carotenoid binding pocket in
: e e e Rhodobacter sphaeroidds lined by five tryptophan residues
8 T o |a) (M66, M75, M115, M157, and M171y. Among them, TrpM157
. v F has its indole nitrogen located over the {c-CsHs methyl group
I of the carotenoid? Rinyemovisy Bl = 4-82 A. This methyl
4 group (along with that in the C13osition) bears the highest
: unpaired electron spin density in the Cam vitro.'® Furthermore,
1 I2 recent resonance Raman/site-directed mutagenesis studies in the
. TB) R. sphaeroidereaction center showed that tryptophans M115 and
0 T P M157%° affected the geometry of the central 15,b6nd and the
N "; ! effective conjugation length of the carotenoid, possibly due to
, 2 LA an increased distortion from the planar geometry along#<C
| 7\1 : lu backbone?
| () In principle, homologous tryptophan residues in the PSII
5 reaction center (e.g., D2 112 and D2 168, homologous to M115
and M171, respectively, and D2 49 and D2 59, which may be
! L8 homologous to M66 and M75, respectivélylare potential

candidates for the origin of interacting inddt#®\ reported here.
Although these groups may provide a starting point for site-
directed mutagenesis experiments aimed at identifying the caro-
tenoid-associated tryptophan, it should be pointed out that the
functional differences reported for carotenoid in the two different
types of reaction centers likely reflect significant structural
differences’>23 At this time, then, the main insight gained from
examination of the situation in the bacterial reaction center is
that tryptophan residues seem to play a key role in the carotenoid
and ESEEM data, thee?qQ/hands values for this nucleus (3.09  binding site. In PSII, the tryptophan seems to be even more closely
MHz, 0.18) are assigné to the indole!“N of a tryptophan associated with the carotenoid than is the case in the bacterial
residue. With the current state of knowledge it is not possible to reaction center. This interaction, then, may well have a significant
assign which tryptophan in the PSII reaction center is responsibleinfluence on the electronic properties of the carotenoid and may
for this coupling. However, it is of interest to look to the purple thus play an important role in terms of its redox activity as well
bacterial reaction center for insights since it has been shown thatas its structure.
the other PSII cofactors (other than the Mn cluster and the
cyochtome BS59 heme) have siuctral counterpats i the o SXTMSIATER, e Lo ol o e
bacterial reaction centér. o . 0051 o FMRX_CT98_0214pp y

In the bacterial reaction center, the carotenoid is located in the
M subunit, is in van der Waals contact with the monomeric JA9926257
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Figure 2. Experimental 2D-HYSCORE spectrum (contour plots) for'Car
radical in PSII recorded at = 168 ns withH = 3456 G. Experimental
conditions:tit, = 256 x 256 points; start values, = 40 ns,t; = 140 ns;
T = 24 K. Other conditions are as in Figure 1. The nuclear transitions
for a *N(1 = 1) nucleus coupled t& = ¥/, are displayed on the right
side.

(14) (a) For oné*N(l = 1) nucleus coupled to a®8= Y/, spin, the energy (17) Ermler, U.; Fritszch, G.; Buchanan, S. K.; Michel, $tructure1994
level scheme is given in Figure 2. For weak couplifg, < 2u, in the 2, 925

intermediate deviation from the cancellation conditidm, — As/2| < 4K/3, (18) Frank, H. InThe Photosynthetic Reaction Cent&eisenhofer, J.,
the HYSCORE spectrum is dominated by cross-peaks/(@, () in the Norris, J. R., Eds.; Academic Press: San Diego, CA, 1993; Vol. I, pp-221
(+,+) quadrant (for details, see ref 9d). Cross-peaks, assignabi€)i/©)), 235.

can be resolved in certain HYSCORE spectra of 'Caowever, these are (19) (a) Piekara-Sady, L.; Khaled, M. M.; Bradford, E.; Kispert, L. D.;
very weak, and the, position can be estimated only within the limi0.3— Plato, M.Chem. Phys. Letfl991, 186, 143. (b) Piekara-Sady, L.; Jeevarajan,

0.7 MHz. (b) The analysis of the data is as follows: from the frequefigy A. S.; Kispert, L. D.Chem. Phys. Letl993 207, 173. (c) Jeevarajan, A. S.;
we get an initial estimate of possib¥g, values. The shape of the HYSCORE  Kispert, L. D.; Piekara-Sady, LChem. Phys. Lettl993 209, 269.

peaks implies (see refs 9a,d, 10) that the hyperfine anisotropy is small when  (20) Gall, A.; Ridge, J. P.; Robert, B.; Cogdell, R.; Jones, M. R.; Fyfe, P.
compared withAs, Starting with these estimates and limitations, the K. Photosynth. Red999 59, 223.

3p-ESEEM spectra for Canwere simulated at severalvalues. The Euler (21) These conclusions are based on sequence alignmdRitsipifiaeroides

anglep was then adjusted to get the best simulation of the relative intensities; with the PSII reaction center proteins (Satoh, KThe Photosynthetic Reaction

anglesa and y are set arbitrarily equal to zero. Center Deisenhofer, J., Norris, J. R., Eds.; Academic Press: San Diego, CA,
(15) Flanagan, H. L.; Singel, D. J. Chem. Phys1987 87, 5606. 1993; Vol. I, pp 289-318). We note that no tryptophans are present in
(16) (a) Edmonds, D. TPhys. Rep1977, C29, 233. (b) PertinentefqQ/h, equivalent regions of D1.

n) values for amino acid*N-nuclei are 3.45 MHz and 0.45 for backbone (22) The carotenoid in PSII appears to be unable to quenchsth&iplet

amide nitrogen, 3.27 MHz and 0.14 for amino nitrogen of imidazole ring, state, while in bacterial reaction centers the equivalent reaction is effi€ient.
3.36 MHz and 0.13 for imidazole ir-histidine, and 3.10 MHz and 0.18 in The oxidation of carotenoid bysk" and its proposed reduction by Cyt b559
indole. (c) In the present case, due to the wAgk the spectrum is sensitive indicate that the carotenoid has an extended structure (see also ref 23) and
to the quadruple interaction, especially@qQ/h and to a lesser extent an spans a significant proportion of the membrane.

and this allows credible estimation of the quadrupole parameters. The value  (23) Yruela, I.; Tomas, R.; Sanjuan, M.; Torrado, E.; Aured, M.; and
€qQ/h = 3.094+ 0.08 MHz found for Car is indicative of an indolé“N. Picorel, R.Photochem. Photobioll99§ 68, 729.



