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Photosystem II (PSII) is the membrane-bound protein complex
that catalyzes light-driven electron transfer from water to plas-
toquinone.1 It has recently been shown that carotenoid cation
radical (Car+) can be formed stoichiometrically in PS II under
illumination at 20 K.2 Car+ is reduced by electron donation from
a monomeric chlorophyll (ChlZ) and probably by cytochrome
b559.2 Thus it is thought that carotenoid plays an important role
as an electron carrier in a pathway that provides electrons to the
ultrareactive photooxidized chlorophyll cation P680+, under those
conditions where electrons from the water oxidizing system are
limiting2 (see also ref 3). Given this new redox role, attention
has now focused on the spectroscopy of carotenoid.4 To obtain
information on its protein environment, we have performed
electron spin-echo envelope modulation (ESEEM)6 spectroscopy
on Car+ in PSII. Recently ESEEM has provided important
information about the amino acid environment of the semiquinone
radicals in photosystem II,8a-c in photosystem I,8d and in a bacterial
reaction center.8e,f In addition, two-dimensional hyperfine sublevel
correlation spectroscopy (HYSCORE)7 has proven to be a
powerful tool for resolving complicated ESEEM spectra.9,10Here,
based on HYSCORE together with numerical simulations, the
observed modulations are shown to originate from a single protein
14N nucleus assigned to the indole nitrogen of a tryptophan residue
in PSII.

The Car+ radical accumulated by illumination of Mn-depleted
PSII membranes at 20 K2 is characterized by a continuous wave
EPR spectrum shown in the inset of Figure 1 (solid line). At higher
temperatures the Car+ is reduced through electron donation from
ChlZ, forming the chlorophyll cation radical, ChlZ

+. The EPR
signals from these two radicals are very similar; indeed, until
recently the Car+ signal was misassigned as ChlZ

+. In the inset
of Figure 1, the spectrum of ChlZ

+, selectively photoaccumulated
by illumination at 200 K2, is shown as a broken line. It was shown
earlier that the Car+ and ChlZ+ radicals can be distinguished by
their optical spectra.2,11

The 3p-ESEEM spectrum for Car+ (solid line in Figure 1) is
dominated by low-frequency components at 2.2-2.5, 2.9, and
3.8-4.2 MHz. This spectrum is clearly different from the ESEEM
spectrum of ChlZ+ 13 (Figure 1, dotted line); thus, the ESEEM
spectra provide a sensitive probe for distinguishing these radicals
in PSII. The HYSCORE spectrum for Car+ (Figure 2) is
dominated by cross-peaks at 2.4-3.1, 4.0-4.4 MHz with
maximum intensity in the (+,+) quadrant. These are assigned14a

to the (V(3)
R,V(3)

â) features due to an interacting14N(I ) 1) nucleus
with Aiso < 2VI.9d,10 From theV(3)

â frequency, assumingK values
of 0.3-0.8 MHz appropriate for protein nitrogens,16a we get an
initial estimate ofAiso which is further refined by numerical
simulations of the 3p-ESEEM; accordingly, the ESEEM for Car+

is well simulated14b (Figure 1, dashed line) by assuming one14N
nucleus withA ) (Ax, Ay, Az) ) (0.6, 0.6, 0.8 MHz),e2qQ/h )
3.09 MHz, andη ) 0.18 MHz.

The present ESEEM data show that the Car+ radical of PSII
interacts with one protein14N nucleus. Based on previous NQR16b
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Figure 1. FT 3p-ESEEM for Car+ radical in PSII (solid line).
Experimental conditions: 9.64 GHz, 3450 G, 26 K,τ ) 104 ns, time
interval between successive pulse sets 10 ms. The simulated spectrum
(dashed line) was calculated for one14N(I ) 1) nucleus withA ) (Ax,
Ay, Az) ) (0.6 ( 0.1, 0.6( 0.1, 0.8( 0.1 MHz), (R, â, γ) ) (0°, 50° (
15°, 0°), ande2qQ/h ) 3.09( 0.08 MHz, η ) 0.18( 0.10. Inset: CW
EPR spectrum of the Car+ radical in PSII (solid line). The CW EPR and
3p-ESEEM spectra of the ChlZ

+ radical are also displayed for comparison
(dotted lines).
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and ESEEM8f data, thee2qQ/handη values for this nucleus (3.09
MHz, 0.18) are assigned16c to the indole14N of a tryptophan
residue. With the current state of knowledge it is not possible to
assign which tryptophan in the PSII reaction center is responsible
for this coupling. However, it is of interest to look to the purple
bacterial reaction center for insights since it has been shown that
the other PSII cofactors (other than the Mn cluster and the
cytochrome b559 heme) have structural counterparts in the
bacterial reaction center.1

In the bacterial reaction center, the carotenoid is located in the
M subunit, is in van der Waals contact with the monomeric

bacterial chlorophyll on that side of the reaction center, has a
15,15′-cis conformation, and spans only a small fraction of the
membrane.17,18 Significantly, the carotenoid binding pocket in
Rhodobacter sphaeroidesis lined by five tryptophan residues
(M66, M75, M115, M157, and M171).17 Among them, TrpM157
has its indole nitrogen located over the (C13)-CâH3 methyl group
of the carotenoid,17 R[Nindole(TrpM157)-Câ(C13)] ) 4.82 Å. This methyl
group (along with that in the C13′ position) bears the highest
unpaired electron spin density in the Car+ in vitro.19 Furthermore,
recent resonance Raman/site-directed mutagenesis studies in the
R. sphaeroidesreaction center showed that tryptophans M115 and
M15720 affected the geometry of the central 15,15′ bond and the
effective conjugation length of the carotenoid, possibly due to
an increased distortion from the planar geometry along its CdC
backbone.20

In principle, homologous tryptophan residues in the PSII
reaction center (e.g., D2 112 and D2 168, homologous to M115
and M171, respectively, and D2 49 and D2 59, which may be
homologous to M66 and M75, respectively)21 are potential
candidates for the origin of interacting indole14N 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.22,23 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
binding site. In PSII, the tryptophan seems to be even more closely
associated with the carotenoid than is the case in the bacterial
reaction center. This interaction, then, may well have a significant
influence on the electronic properties of the carotenoid and may
thus play an important role in terms of its redox activity as well
as its structure.
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Figure 2. Experimental 2D-HYSCORE spectrum (contour plots) for Car+

radical in PSII recorded atτ ) 168 ns withH ) 3456 G. Experimental
conditions:t1t2 ) 256× 256 points; start values,t1 ) 40 ns,t2 ) 140 ns;
T ) 24 K. Other conditions are as in Figure 1. The nuclear transitions
for a 14N(I ) 1) nucleus coupled toS ) 1/2 are displayed on the right
side.
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