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Photosystem Il (PS 1I) oxygen evolution occurs through a cycle
of five “S-state” intermediates,($hrough 3, where the subscript

represents the number of oxidizing equivalents abstracted from

the PS lloxygen eolving comple OEC) by the photooxidized
P680° Chl moiety!? The OEC consists of a tetranuclear Mn
cluster, the redox-active tyrosine;,Yand the essential cofactors
Cl~ and C&".2 Extensive EPR characterization of the odd-electron

S, state has led to much of our current knowledge of the structure,
protein ligation, and substrate and inhibitor binding modes of the

Mn cluster?® However, EPR characterization of the more reduced
So- and S$-states of the OEC has remained more elusive.
Given the odd-spin magnetic properties of thesgte, the &
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For integer spin systems with nonnegligible zero-field splitting
interactions, the EPR experiment, performed with the oscillating
magnetic fieldB; polarized parallel to the static magnetic field
Bo, can provide for sensitive detection oAMs = 0” electron
spin transitions. Dexheimer and Kleihapplied such parallel
polarization EPR spectroscopy to the study of the OEC in PS
ll-enriched spinach thylakoid membranes and reported a broad
(600 G peak-to-peak width), featureless EPR signal centered about
theg = 4.8 region of the spectrum, which they assigned t&an
= 1 spin state present in the-State. This spectrum bears
appreciable similarity to the parallel polarization EPR spectrum
reported from a synthetic 2Mn(I11)2Mn(1V) clustér.However,
no%Mn hyperfine structure is observed on thesate EPR signal,
despite the resolution 6fMn hyperfine features in the parallel
polarization EPR spectra of some integer spin Mn(lll) compléxes.
Thus, although the disappearance of the signal upon illumination
is correlated with the appearance of thesate multiline EPR
signal, the most direct indication of a manganese origin of the
signal, the detection of°Mn hyperfine features, is absent.
Confirmation of this integer spin EPR signal in other laboratories
has been slow in comirf§put recently Yamauchi et &lprovided
a detailed account of their reproduction of this signal and its more
complete characterization.

In this paper, we present the results of parallel polarization
EPR studies performed on PS Il particles isoldtecom the
cyanobacteriunBynechocystisp. PCC 6803. The trace labeled
“dark” in Figure la displays the parallel polarization EPR

state must have an even number of electrons partitioned amongSPectrum of theSynechocysti®S Il preparation in the ;Sstate.

the four Mn ions of the OEC. If these electrons are distributed

A “multiline” EPR spectrum is clearly evident. Following

among the ions of a single exchange-coupled tetranuclear cluster@dvancement to the,State by sample illumination at 195 K,

such as observed for the odd-electronstte3d9 one would

confirmed by the generation of the conventional perpendicular

expect an energy ladder of integer spins states, including the Polarizationg = 2 multiline EPR signdf (Figure 1b, “illuminated

diamagneticS= 0 state. The effective spin values of the ground

minus dark”), the amplitude of this parallel polarization multiline

and excited states of the coupled cluster will cover the range signal is greatly reduced (Figure 1a, trace labeled “illuminated”).

between 0 and a maximum valug,., wWhich depends on the
individual Mn oxidation states present in theate configura-

The “dark minus illuminated” parallel polarization difference
spectrum consists of a well-resolved multiline EPR spectrum

tion4 Depending on the temperature and the magnitudes of the céntered at an effectigvalue of approximately 12 with at least
energy gaps within the ladder of the coupled cluster, some of 181¥vell-resolved hyperfine lines with an average splitting of 32
these excited states may join the ground state in contributing to G- In exactly equivalent fashion to the conclusions generated

the magnetic properties of the cluster. Alternatively, thstdte

by the observation of such multiline hyperfine structure inghe

could consist of lower order magnetic units, such as a pair of = 2 andg = 4.1 S-state signald:“ethis hyperfine pattern
noninteracting dinuclear clusters, a trinuclear cluster with a provides unambiguous evidence for the existence of a multinuclear

noninteracting monomer, a dinuclear cluster with a pair of

exchange-coupled paramagnetic Mn cluster in thest&te of

noninteracting monomers, or even four noninteracting monomers. Synechocysties Il particles.

Thus, characterization of the magnetic properties of thet&e
is important for our understanding of the structure of the OEC.
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EPR line shapes with more than 11 distinct transititins.
(a) Parallel Polarization However, these complex line shapes arise from a superposition
of excited paramagnetic spin states energetically positioned above
the diamagnetic ground state. This leads to dramatic temperature
dependencies of the spectra, including a disappearance of the
spectra at the lowest temperatures where only the diamagnetic
ground state is significantly populated. It is clear that the Mn
cluster is not sufficiently reduced in the-State to contain a pair
of Mn(ll) ions? However, antiferromagnetically coupled Mn-
(IV)MNn(1V) or Mn(lIHMn(ll1) pairs would also exhibit excited
paramagnetic integer spin states, but given the short 2.7 A Mn
Mn separation determined from EXAFS of the-Sate? these
states would be at higher enerdfethan those for the Mn(ll)-
Mn(ll) clusters. We have examined the temperature dependence
of the S-state multiline signal over the temperature range of-3.6
9.0 K, and the signal amplitude increases with decreased
temperature in a Curie law (LY fashion, demonstrating that the
signal arises from an integer spin ground state or a very low-
lying excited staté® Moreover, the signal line shape is unchanged
T T T T 1 T over this temperature range, showing no evidence of contributions
0 B im0 from multiple spin manifolds. These results are not consistent
with possible Mn(II)Mn(lll) or Mn(IV)Mn(IV) origins for the
S;-state signal, and we conclude that at least three of the four
Mn ions of the OEC must be exchange-coupled in thst8te to
give rise to this integer spin EPR signal. We favor a tetranuclear
cluster assignment, because if only three Mn ions were coupled
J T T to give rise to this integer spin $ultiline signal, the remaining

Dark

Hluminated

dy'/dB

Dark minus
Tlluminated
x5)

Illuminated minus Dark {b) Perpendicular Polarization

d'/dB

T T
2500 3000 3500 4000 4500 . . f
Magnetic Field (G) Mn ion would also have to be integer spin, therefore Mn(lll),

which should be detectable as an additional 6-line parallel
Synechocystig803 PS Il particles dark adapted for 1.5 h following 195 Polarization EPR signdi’

Figure 1. (a) Trace “dark™ the parallel polarization EPR spectrum of

K preillumination. Trace “illuminated”: the spectrum following 195 K In conclusion, the observation of thig-State “multiline” signal
illumination (6 m) to drive the §— S, transition. Trace “dark minus provides conclusive evidence for a paramagnetic tri- or tetra-
iluminated”: The dark minus illuminated difference spectrur®bj. No nuclear Mn cluster in the;Sstate of the OEC, with the tetranuclear

baseline manipulatiofi8 were employed. (b) Trace “illuminated minus  assignment being most consistent with the overall data. Moreover,
dark™: the illuminated minus dark perpendicular polarization spectrum this highly structured EPR signal, with at least 18 resoRah

of the same states. Tlge= 2 multiline signal is partially saturated under hyperfine lines, will provide a new spectroscopic handle to study
these conditions. Experimental conditions: Spectrometer, Bruker ECS106,the §-state. There are also recent reports of gst8te multiline

(a) parallel TE 012 mode and (b) perpendicular TE 102 mode of Bruker sjgnal, generated either through chemical reduétiam via three-

ER 4116DM cavity; microwave frequency, (a) 9.41 and (b) 9.67 GHz; fijash forward turnoveté®c Therefore, much progress is now
microwave power, (a) 80.3 and (b) 3.2 mW; temperature, 3.6 K peing made in the characterization of the more reduced states of
modulation amplitude, (a) 8 and (b) 10 G; modulation frequency, 100 the PS Il Mn cluster

kHz. PS Il preparationSynechocysti8803 PS Il particles were isolated '

essentially as described by Tang and Difend contained 4@ 2 Chl Acknowledgment. We acknowledge the NIH for support of this

a per photoreducible. Sample composition=-&mg Chl/mL in 50 mM research: GM48242 for R.D.B. and GM43496 for R.J.D

MES—NaOH (pH= 6.0), 20 mM CadlJ, 5 mM MgCk, 25 mM MgSQ, ' T R

0.03% n-dodecyls-p-maltoside (Anatrace, Maumee, OH), 25% (v/v) JA972693Y

glycerol (Gibco-BRL). Sample activity: 5108 200umol of O, (mg of
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we observe irBynechocystiBS Il particles. Th&Mn hyperfine same oxidation state, such as 3Mn(lll), inequivalent exchange coupling

splitting observed for Mn(l1l) mononuclear and dinuclear clusters pathways between the three ions could lead to inequivalences in the effective
hyperfine tensors of the coupled cluster.
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