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In oxygenic photosynthesis light-driven water-splitting is cata-
lyzed by the oxygen-evolving complex (OEC) at the luminal side
of photosystem II (PSIl). The OEC consists of the inorganic
Mn4OCa cluster (Figure 1Y and its surrounding protein matrix.
The latter is still poorly defined, yet highly important for the activity
of PSII by facilitating proton-coupled electron transport, regulating
substrate entry and product release, and by providing structurally
flexible Mn/Ca binding site(s)*~® During water-splitting, the Figure 1. Recent model for the My®,Ca cluster in photosystem Il with
Mn,O,Ca cluster steps through a cycle of five distinct redox suggested substrate “watetinding sites. O bond formation has been
intermediates. These are known astates, where the index gives ~ proposed to occur in the;State between oxygenlsand2,57 1118193 and
the number of stoed ovzing equivalert={0—4) Oysreleased - LTCaU LRSS ConS e e o e )
during the g~ [Sf“] - Sotr"?msmon’ Wlt_h the $state belng a_ rap'qu were opﬁ)imized by DFT calculatidr%g.P?erle (Mn), red (O), green (Ca),
(=1 ms) decaying transient. Despite many efforts it is still an and gray (H).
enigma as to precisely when, where, and how the two substrate

water molecules bind to the M@cCa cluste68 Figure 1 sum- 8
marizes recent suggestions for substrate “watbitiding to the “@, | 7
Mn,O.Ca cluster on the basis of EXAFS model 1° The -—A—-{
principally different possibilities are (i) terminal water or hydroxide N
ligands to Mn ( in Figure 1), (ii) terminal water-derived ligands L 5 %
to Ca @ in Figure 1), (iii) u-oxo bridges between two or three Mn ;’\.
ions @, 4, 7 in Figure 1), and (iv) water-exchangeable bridges 4
between Mn and C&b( 6, 8 in Figure 1). In this report we present @ A2 - 3
the first EPR-based evidence for one water-exchangeable oxygen v,

that is strongly coupled to Mn. 8 7 6 5 4 3 2
For the study of substrate water binding the use of isotopically

labeled water is essential. Time-resolvegt/H,%0-exchange v (MHz)

measurements with membrane-inlet mass spectrometric (MIMS) Figure 2. (— +) quadrant of the Fourier-Transform (FT) HYSCORE

detection of flash-induced Delease demonstrate that the two SPectrum of PSIl membranes,(Sate) in H'O-enriched {75%) buffer.

) . The pulse sequence/2-t-7/2-t,-nt-to-7/2-t-echo was employed with/2
substrate water molecules exchange with different rates and_,, ns.r = 196 ns, andstand b were varied between 60 and 6720 ns in

activation energies in the;State!'12 Both substrate waters are 24 ns-steps. Four-step phase cycling was used with 50 shots per point and
also bound in the Sstate, and at least the slower exchanging one a shot repetition time of 5 ms. Other conditionss -B355 mT, temperature

is present in the Sand $ state< In another approaC%HZO/ZHZO- 4.2 K, microwave frequency 9.70 Gi_—imvo and_A are the”_O—Larmor
exchange has been utilized f#1/2H pulse electron paramagnetic ~ Teduency (2.05 MHz) and the hyperfine coupling, respectively.
resonance (EPR) anéH/?H continuous-wave electron nuclear

double resonancey ENDOR) experiments. Such experiments can Figure 2 displays the +) quadrant of the HYSCORE spectrum
be performed in the sand S states of the OEE~15 which have of a PSIl sample that was first enriched with'HD in the dark-
ground spin states &= /,. However, the poor resolution of the  stable $ state and then transferred into theste by illumination

2H (I = 1) signals and problems in proving that the exchangeable at 200 K26 The spectrum shows a clearly resolved signal with a
protons stem from water molecules or hydroxide ions directly hyperfine coupling ofA ~ 10 MHz (center of signal equal&/2
ligated to Mn make it difficult to draw solid conclusions from such whenwig < A/2) and a splitting of approximately 4.1 MHz. The
data. Furthermore, fully deprotonated substrate water moleculeslatter corresponds to 2 times tH®-Larmor frequencyiiio = 2.05
bound as terminal oxo or asoxo bridges would escape this method MHz at B, = 355 mT). This is consistent with the idea that the
of detection. Therefore, #fO was employed in electron spin signal originates from the coupling 8fO with a paramagnetic
echo envelope modulation (ESEEM) studies, but the repéf@d center?’ This coupling appears to be highly isotropic since no ridges
(I = %) signals were not well resolvé@!’ In the present study  are observed. The signal was absent (i) in samples in which all
spinach PSII membranes enriched with!¥® are studied in Mn was released from the OEC into the!HD-buffer as MA* by

the S state by a two-dimensional pulse EPR technique known as reduction with NHOH, and (ii) in samples suspended in'fD-
hyperfine sublevel correlation (HYSCORE) spectroscopy. Several buffer. The first control indicates that the HYSCORE signal is
different time intervalg (pulse sequence given in legend of Figure specific to the intact MyO,Ca cluster (and does not, e.g., originate
2) were tested to avoid blind spots and to establish optimal from cyt b559), while the second experiment confirms that it stems
conditions?425 from 17O (for spectra see Figures S1 and S2 in the Supporting
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Information). The strongAX ~ 10 MHz) 7O hyperfine coupling
was observed throughout the spectral width of thenfiltiline
signal, which was established by measuremenB at 270, 305,

330, 360, 390, and 420 mT (not shown). We therefore propose

that the HYSCORE signal arises from the magnetic interaction

between one solvent-exchangeabl® that is directly ligated to

one or more Mn ions of the M@,Ca cluster in the Sand S states

of PSII. In contrast to a previous report employing the less direct

approach of H’O-minus-H1%0 3-pulse ESEEM spectroscoffit’

we cannot detect #0—Mn hyperfine coupling ofA ~ 5 MHz.
Weak couplingsitio > A/2) betweert’O and Mn arising from

through-space dipotedipole interactions between matrix water

molecules and Mn are expected to give rise to signals in-te) (

guadrant that are centered at ##® Larmor frequencyi(ro). Such

treated); and Table with reporté©—metal hyperfine couplings. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Yano, J.; Kern, J.; Sauer, K.; Latimer, M. J.; Pushkar, Y.; Biesiadka, J.;
Loll, B.; Saenger, W.; Messinger, J.; Zouni, A.; Yachandra, VSKience
2006 314 821—-825.

(2) O« symbolizes the number @f-oxo bridges that varies between the four
recent EXAFS models because of the different bridging to xCa 6).

(3) Ferreira, K. N.; lverson, T. M.; Maghlaoui, K.; Barber, J.; lwataS8ence
2004 303 1831-1838.

(4) Loll, B.; Kern, J.; Saenger, W.; Zouni, A.; Biesiadka,Niature 2005
438 1040-1044.

(5) Hillier, W.; Messinger, J. Mechanism of photosynthetic oxygen production.
In Photosystem Il. The Light-Drén, Water:Plastoquinone Oxidoredutase
Wydrzynski, T., Satoh, K., Eds.; Advances in Photosynthesis and
Respiration, Vol. 22; Springer: Dordrecht, 2005; pp 56D8.

(6) McEvoy, J. P.; Brudvig, G. WChem. Re. 2006 106, 4455-4483.

(7) Meyer, T. J.; Huynh, M. H. V.; Thorp, H. HAngew. Chem., Int. Ed.
2007, 46, 5284-5304.

a signal was not detected for the intact PSIl samples (Figure S2a (8) Messinger, J.; Renger, G. Photosynthetic Water SplittingPrimary

in Supporting Information). In principle the absence of this signal
indicates that there are no matrix water molecules in the vicinity
of the Mn/O,Ca cluster; however, at the present signal-to-noise level
these signals may have escaped detection.

For a firm assignment of th& ~ 10 MHz coupling to substrate
water a rapid H’O mix-freeze experiment is required that relates
this signal to known substrate exchange ratelewever, the fact
that only one!’O coupling was found for the Mf,Ca cluster in
the 170-HYSCORE experiments appears to agree with the MIMS-

based reports of one or two bound substrate water molecules in

the S and S states of the OE@2°We therefore tentatively assign

the present HYSCORE signal to the binding of a substrate water

molecule to the MgO,Ca cluster. A full DFT-based interpretation
of the data will eventually allow identifying th€O binding site
within the MnyO,Ca cluster (Figure 1). At present we can only
qualitatively compare the measured coupling to the few known

examples from the literature (see Table S1 in Supporting Informa-
tion). The closest match appears to be to the coupling of 12.8 MHz

determined recently for an exchangealtexo bridge in a big¢-
oxo bridged MH'Mn'V dimer3° This value is slightly larger than

the one determined here, but taking into account the different

nuclearities of the Mn-clusters (two vs four Mn iong)-®xo bridge
(e.g., oxygerB or 4 in Figure 1) is an interesting possibility. Ter-

minal ligands generally appear to have weaker hyperfine couplings.

In the § state and the Sstate (200 K illumination) the second

substrate water may then either be absent or bound to a place where(ZG)

it does not couple to Mn, for example to €aor to the protein
matrix81 However, it is also possible that other experimental

conditions are required for its detection by EPR-related methods.

Future experiments with site-directed mutants performed in the S
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are expected to give a wealth of new information about the mode
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thereby provide vital clues toward understanding the mechanism

of photosynthetic water-splitting.
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