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Photosystem II (PS II) carries out the photochemical extrac-
tion of electrons from water, forming molecular oxygen in the
process. The catalytic center for this essential four-electron
oxidation reaction is known as the oxygen-evolving complex
(OEC). A broad radical electron paramagnetic resonance (EPR)
signal can be photogenerated in photosystem II following a
variety of treatments that inhibit oxygen evolution.1-5 The
radical has line widths between 90 and 240 G (full width at
half-maximum) depending on the specific treatment, and has a
characteristic “split” line shape (Figure 1A). The molecular
origin of this signal has been intensely debated,6,7 with pos-
sibilities including oxidized histidine,8-10 partially oxidized
substrate water,11 or the redox-active tyrosine, YZ, that is the
sole electron transfer intermediate between the photooxidized
P680

+ chlorophyll moiety and the tetranuclear Mn cluster at the
heart of the OEC.4,12,13 The species giving rise to the split EPR
signal is in close proximity (approximately 4.5 Å12) to the Mn
cluster, which accounts for its broad line width.8,12 We report
the results of continuous wave and pulsed EPR experiments
performed on this signal in photosystem II particles in which
tyrosine is specifically labeled with deuterons in the nonex-
changeable hydrogen positions. These experiments conclusively
demonstrate that the split EPR signal originates from tyrosine
and provide strong support for new metalloradical mechanistic
models for oxygen evolution invoking tyrosine YZ in proton7,12,14

or hydrogen atom15,16 abstraction from substrate water bound
to the Mn cluster of the OEC.
Cells of SynechocystisPCC 6803 were grown photoau-

totrophically on either deuterated tyrosine (d7-Tyr) or natural

abundance tyrosine (h7-Tyr).17 Oxygen-evolving PS II core
complexes18 were washed with pH 5.5 acetate buffer5 (40 mM
Mes-NaOH, 500 mM acetate, and 300 mM sucrose) and then
centrifuged (266000g, 1 h) in the presence of 8% polyethyl-
eneglycol (final concentration).19 The complexes were resus-
pended in the acetate buffer, the chlorophyll concentration was
adjusted to 2-3 mg/mL, and 0.3 mM potassium ferricyanide
(final concentration) was added. The acetate-treated PS II
samples were frozen during illumination20 in order to generate
the split-signal radical. The radical was later eliminated for
baseline subtraction purposes by dark annealing the sample at
0 °C for 30 min. CW-EPR spectra were recorded on a Bruker
ER200D spectrometer. Electron-spin echo envelope modulation
(ESEEM) experiments were performed with a 1 kWpulsed EPR
spectrometer.21 Three-pulse ESEEM experiments were per-
formed by incrementing the timeT in the stimulated echo
sequence:π/2-τ-π/2-T-π/2-τ-stimulated echo.22

Previously, a split EPR signal inSynechocystisPS II particles
has been reported following Ca2+-depletion.24 However, the
40 G wide signal from tyrosine YD

• (as measured under pulsed
EPR field swept conditions) overlaps significantly with this
weak 90 G wide signal, making it difficult to perform high-
resolution ENDOR or ESEEM experiments on the split EPR
signal. The acetate treatment used here produces a more intense
and broader split EPR signal inSynechocystisPS II core
complexes. Figure 1B shows an expanded CW-EPR spectrum
of the acetate-generated split EPR signal, which has a line width
of approximately 220 G. The insert of Figure 1B shows a
detailed view of the dark-stable tyrosine YD

• EPR signal,17 and
the dramatic line shape difference between deuterated (trace b)
and control (trace a) samples demonstrates that deuterated
tyrosine is indeed incorporated into the PS II proteins. Exami-
nation of the data in Figure 1B shows that the line width of the
split EPR signal observed in thed7-Tyr labeled PS II core
complexes (dashed line) is slightly narrower (by∼10 G) than
that in h7-Tyr natural abundance PS II core complexes (solid
line). The observation of only a small isotopic narrowing is
not surprising since the width of the split signal is dominated
by the electron spin-electron spin interaction. Nevertheless,
this result suggests that tyrosine is the origin of the split EPR
signal, though EPR alone does not provide sufficient sensitivity
to the isotopic substitution to make a conclusive assignment.
ESEEM spectroscopy combined with selective isotopic

substitution can provide definitive molecular assignments.25

Figure 2 shows the results of three-pulse ESEEM experiments
on the acetate-treatedSynechocystissamples. Panel A shows
frequency domain ESEEM spectra (τ ) 189 ns) of YD

• in
samples with natural abundance vs deuterated tyrosine. Also
shown (bold line) is a ratioed2H/1H spectrum which eliminates
contributions from other nuclei: only tyrosine deuterons or
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protons contribute to the ratioed spectra.26 The 2H ESEEM
spectrum of YD

• consists of features at 1.0 and 3.8 MHz from a
strongly coupledâ-methylene deuteron and deuterons at the 3
and 5 positions of the phenyl ring.27 The weaker transitions at
2.1 and 2.6 MHz are due to a more weakly coupledâ-meth-
ylene deuteron and deuterons at the 2 and 6 positions.27 Panel
B shows ESEEM spectra for the light-minus-annealed split EPR
signal, and panel C shows the ESEEM spectra for the back-
ground signal of the annealed samples obtained at the same
magnetic field value. The spectra of the split EPR signal are
obtained by subtracting the time-domain modulation patterns
of the annealed sample from those of the illuminated samples
and then performing the Fourier analysis. The differences be-
tween the ESEEM spectra of the light-minus-annealed split EPR
signal withd7-Tyr andh7-Tyr are unmistakable (panel B), while
the background annealed traces are virtually identical (panel
C) in spite of the different isotope labels. The clear difference

between ESEEM spectra observed on the isotopically inequiva-
lent samples isconclusiveevidence that the split EPR signal
originates from a tyrosyl radical. The striking similarity between
the ratioed spectra of YD

• (panel A) and the split-signal radical
(panel B) is consistent with this assignment. The ESEEM
spectrum of the split EPR signal is also quite similar to that of
deuterated YZ

• cryotrapped following illumination of Mn-
depleted PS II lacking YD.16 The ESEEM spectral features of
the split EPR signal are assigned in analogy with those of
YD

• 27 and YZ
• .16 Becauseτ-dependent peak suppressions occur

in three-pulse ESEEM spectra it is useful to perform experiments
at differentτ values. Thus, the results of experiments performed
at τ) 379 ns are presented in panels A′ B′, and C′.
These selectively labeled tyrosine ESEEM results conclu-

sively prove that the split EPR signal arises from a photoge-
nerated tyrosine radical. Given that the YZ

• tyrosine radical is
photogenerated in functional PS II, it is almost certain that it is
the YZ

• tyrosine observed here as the split EPR signal. The
YZ

• rereduction kinetics can be slowed by treatments that
inhibit oxygen evolution,28 and this allows a fraction of the
YZ

• radical to be cryotrapped during illumination. The breadth
of the split EPR signal results from the close proximity of the
Mn cluster (ca. 4.5 Å).12 This close proximity serves as the
basis for new mechanistic models invoking YZ

• directly in
water oxidation.7,12,15,16 Scheme 1 presents an electron-mediated
proton transfer mechanism by which YZ

• could abstract protons
from substrate water molecules acidified by binding to the
high-valence Mn cluster. The scheme starts with the oxidation
of YZ by photogenerated P680

+ . It is known that the resulting
tyrosine radical is neutral,29 and following oxidation of YZ, the
phenolic proton could be transported to the lumenal phase via
some intermediary basic residue(s) (B in this scheme). The
manganese cluster is then oxidized by the tyrosyl radical,
resulting in the formation of a strongly basic tyrosinate species.
The tyrosinate base then abstracts a proton from water bound
to the Mn cluster. Alternatively, advancement from the neutral
tyrosyl radical to the tyrosine with an oxidized cluster could
also be accomplished by a single hydrogen atom trans- fer.7,15

These proton or H atom abstractions depicted in Scheme 1 may
occur in all S-state30 transitions or in some subset thereof, for
example, only the final S3 f S4 transition which leads to the
release of O2. This work, demonstrating that the split EPR
signal arises from tyrosine YZ

• in close proximity to the Mn
cluster, indicates that mechanistic models for photosynthetic
water oxidation need to include the possibility of such concerted
tyrosine radical-Mn cluster interactions.
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Figure 1. (A) The illuminated-minus-dark split EPR signal obtained
from acetate-treatedSynechocystisPS II core complexes. (B) Split EPR
signal spectra ofSynechocystisPS II core complexes isolated from cells
containingh7-Tyr (thick line) or d7-Tyr (thin line). The inset shows
the EPR signal of the dark-stable YD

• radical in PS II core complexes
containingh7-Tyr (a) or d7-Tyr (b). Instrument settings: microwave
frequency, 9.371 (A), 9.385 GHz (B), 9.367 GHz (insert); microwave
power, 32 mW (A); 2 mW (B), 0.1 mW (insert); modulation amplitude,
20 G (A and B), 2 G (insert); modulation frequency, 100 kHz;
temperature, 10 K (A and B), 150 K (inset).

Figure 2. Normalized three-pulse ESEEM Frequency domain spectra23

(FFT axis in arbitrary units) obtained from acetate-treatedSynechocystis
PS II core complexes. The traces have been offset for clarity. (A)
Annealed YD

• radical: (2H/1H) ratio (bold trace),d7-Tyr (middle
trace), andh7-Tyr (lowest trace);τ ) 189 ns. (B) Illuminated-minus-
annealed split-signal radical: (2H/1H) ratio (bold trace),d7-Tyr (middle
trace), andh7-Tyr (lowest trace);τ ) 189 ns. (C) Background
(annealed): (2H/1H) ratio (bold trace),d7-Tyr (middle trace), andh7-
Tyr (lowest trace);τ ) 189 ns. (A′, B′, C′): As in (A),(B),(C) except
τ ) 379 ns. Instrumental conditions: microwave frequency, 10.199
GHz; microwave power, 40 W; microwaveπ/2 pulse width, 15 ns;
magnetic field, 3720 G (split EPR signal), 3644 G (YD

• ); repetition
rate, 1 kHz (split EPR signal), 200 Hz (YD•); temperature, 4.2 K.

Scheme 1
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