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Photosynthetic water oxidation by higher plants proceeds as though five intermediates, S0-$4,  operate in a 
cyclic fashion. In this study of the manganese involvement in the process, a low temperature EPR signal is 
used as an indicator of S-state composition for manganese X-ray absorption K-edge measurements of a 
spinach Photosystem II preparation. A dramatic change is observed in the edge properties between samples 
prepared in states S t and either S 2 or $3, establishing a direct relation between the local environment of Mn 
and the S-state composition. Samples in S 2 or S 3 exhibit a broadening of the principal absorption peak and a 
shift to higher energy by as much as 2.5 eV relative to S 1 samples. The magnitude of these changes is directly 
related to the EPR signal intensity induced by illumination. Models are discussed in which these data may be 
interpreted in terms of a conformation-induced change in Mn ligation a n d / o r  oxidation during the S 1 to S 2 
transition. 

Introduction 

Kinetic studies of oxygen evolution by algae 
and higher plants have established the probable 
existence of five states, S0-S 4, involved in the 
stabilization and storage of oxidizing equivalents 
generated at the Photosystem II (PS II) reaction 
center [1]. The identity of the S intermediates has 
not been established, but evidence implicates a 
form of membrane-bound manganese [2]. Broken, 
washed chloroplast preparations typically contain 

* Parts 1 and 2 to this series are Refs. 30 and 25, respectively. 
Abbreviations: Chl, chlorophyll; DMBQ, 2,6-dimethyl-p-ben- 
zoquinone; Mes, 4-morpholineethanesulfonic acid; PS, pho- 
tosystem; Tricine, N-[2-hydroxy-l,l-bis(hydroxymethyl)- 
ethyl]glycine. 

0005-2728/84/$03.00 © 1984 Elsevier Science Publishers B.V. 

4-6 Mn/PS  II reaction center, and approx. 2 /3  of 
this quantity is released by treatments such al- 
kaline Tris washing, mild thermal shock or high 
salt incubation, that specifically inactivate O z 
evolution [3-5]. Recent work has shown that high 
salt washing [6] or treatment with alkaline Tris 
buffer releases proteins [7-9] that are associated 
with the functional stability of the oxygen-evolving 
complex. More recently, it has been reported that 
one of the peptides with a molecular weight of 32 
kDa released by osmotic shock under oxidizing 
conditions contains two Mn atoms [10]. However, 
Ono and Inoue [11] report total solubilization of 
this protein without release of membrane Mn, a 
result that has been confirmed in our laboratory 
[40]. Although recent studies in this area with 
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inside-out thylakoids [12] and PS II particles [7] 
have given rise to a reevaluation of the Mn content 
per photosynthetic unit, it is clear that a direct 
relation exists between Mn and 02 evolution. 

More evidence for the direct involvement of 
manganese has been provided with the discovery 
of a light-induced EPR signal observed at low 
temperature in spinach chloroplasts [13]. This sig- 
nal, containing 19 or more lines extending over 
more than 1000 G, was assigned to a manganese 
species on the basis of its hyperfine splittings. 
Simulation of the hyperfine structure is consistent 
with either a weakly exchange-coupled Mn(III, IV) 
binuclear or a Mn(III, III, III, IV) tetranuclear 
manganese center [14,15]. The temperature depen- 
dence of the light-induced formation and subse- 
quent decay of this signal indicates that it is 
correlated with the presence of the S 2 state of the 
oxygen-evolving complex [16]. Studies on whole 
chloroplasts have shown that treatments that af- 
fect oxygen evolution, including alkaline Tris 
washing, cause the disappearance of this signal 
[15]. It was concluded that the signal arises from 
the oxygen-evolving complex, because restoration 
of PS II electron flow using artificial donors could 
be accomplished without the return of the signal. 

We have used this EPR signal as an indicator of 
S-state composition and we report here a study of 
the X-ray absorption of Mn (K-edge) of a spinach 
PS II preparation stabilized in states S 1, S 2 or S 3. 

Materials and Methods 

Broken chloroplasts were prepared from 
destemmed market spinach by grinding in a War- 
ing blendor for 10-15 s at 4°C  in a buffer com- 
prising 0.4 M NaC1/20 mM Tricine (pH 8.0)/2 
mM MgC12/5 mM EDTA. The homogenate was 
strained through eight layers of cheesecloth and 
centrifuged at 4°C  for 10 rain at 6000 x g. The 
pellet was resuspended in 0.15 M NaC1/20 mM 
Tricine (pH 8.0)/5 mM MgCI 2 and spun at 500 x g 
for 30 s. The supernatant was decanted through a 
Kimwipe and centrifuged at 6000 x g for 10 min. 
The process of resuspension and pelleting was 
then repeated. Preparation of oxygen-evolving PS 
II sub-chloroplast membranes was accomplished 
by the method of Kuwabara and Murata [9]. 

Rates of oxygen evolution were measured using 

a Clark-type oxygen electrode biased at - 0 . 6  V 
vs. AglAgCl. Illumination was with a 200 W quartz 
lamp filtered with Corning 3-68 and 1-56 glass 
filters. Samples were suspended at 20-30 ttg 
Chl /ml  in 20 mM Mes (pH 6.0)/20 mM NaC1/5 
m M  M g C I J 5 0 0  ffM D M B Q / 1  m M  
K3Fe(CN)6/1 mM K4Fe(CN)6. Chlorophyll con- 
centration was determined by the method of Ar- 
non [17]. 

EPR measurements were performed on a Varian 
E-109 spectrometer equipped with a model El02 
microwave bridge. Samples were run at 10 12 K 
in an Air Products liquid helium cryostat at a 
microwave frequency of 9.12 GHz using 100 kHz 
field modulation. Other instrument settings are 
provided in the figure legends. Measurements of 
the multi-line EPR signal were made by suspend- 
ing samples at 2-5 mg Chl /ml  in buffer contain- 
ing 50% glycerol, which stabilises the membrane 
preparations when frozen and also facilitates the 
observation of the multiline EPR signal. Samples 
were incubated at 273 K for specified times in 
complete darkness before equilibration at 190 K in 
a Varian V 6040 N MR temperature controller and 
illumination with a 400 W tungsten lamp through 
a 5 cm water filter. After illumination, samples 
were immediately transferred to and stored at 77 
K. All signal intensities were corrected for EPR 
tube volume. 

X-ray absorption edge spectra were collected at 
the Stanford Synchrotron Radiation Laboratory, 
Stanford, CA on wiggler beam line VII-3 (un- 
focussed, 1 • 1012 photons /s  with 1 eV resolution) 
during dedicated operation of the SPEAR storage 
ring, providing 40-80 mA electron beams at 3.0 
GeV using a S i ( l l l )  double crystal monochroma- 
tor. The ratios of the fluorescence, F, to incident 
intensity, I 0, were measured using an NE104 plas- 
tic scintillation array similar to that described by 
Powers et al. [18], equipped with Cr fluorescence 
filters and Soller slit assembly [19]. The filter 
consisted of 0.25 mm thick Be with Cr electro-de- 
posited to a thickness of 0.013 mm. Energy 
calibration was maintained by simultaneous mea- 
surement of the 'white line' pre-edge feature of 
KMnO 4 at 6543.3 eV [20]. 

X-ray absorption samples were prepared by 
layering pellets of spinach PS II membranes in 
50% glycerol/50 mM Mes (pH 6.0)/15 mM 



NaCI /5  mM MgC12 at approx. 8 mg Chl /ml  
(100-200/~M Mn) into narrow lucite sample cells 
with an open cavity of dimensions 5 × 30 × 2 mm. 
Dark adaptation, illumination and EPR measure- 
ments were carried out directly in these sample 
cells. The exact incubation and illumination pro- 
tocols are described with the results. During X-ray 
measurements, samples were suspended in a 
jacketted N 2 boil-off jet maintained at 170-190 K 
in darkness. After pre-edge background subtrac- 
tion, the X-ray edge inflection point energy was 
determined by fitting quadratic polynomials over 
fixed 8 eV energy regions evenly spaced about 
each point in the spectrum. This 8 eV energy 
region was chosen because it is just large enough 
to smooth the statistical noise in the first deriva- 
tive spectrum. The derivative of the fitted poly- 
nomial was taken as an approximation to the true 
first derivative at that point. 

Results 

X-ray absorption experiments 
We have measured the Mn X-ray absorption 

K-edge of spinach PS II preparations for 
dark-adapted and for illuminated samples exhibit- 
ing the multi-line EPR signal. The samples used 
had high rates of oxygen evolution (526 /~mol 
Oz/mg Chl per h) at pH 6.3 with DMBQ as 
acceptor) and a Mn /Ch l  mole ratio of 0.0143. 
This corresponds to 3.6 Mn per reaction center 
assuming a photosynthetic unit of 250 Chl [21]. 
Sample A was prepared in state S a by illumination 
for 60 s at 190 K followed by dark adaptation for 
1 h at 273 K. This preillumination was given to 
reduce the S O concentration, which would otherwise 
constitute about 25% of the oxygen-evolving com- 
plex centers. Samples B and C were prepared in 
state S: by first generating S 1 according to the 
above procedure followed by 60 s illumination at 
190 K. For sample D, an attempt to generate S 3 
was made in which S 2 was prepared as above, 
followed by warming the sample in the dark for 
5-10 s to 273 K. This procedure was followed by 
illumination for 60 s at 190 K. All samples were 
immediately transferred to and stored at 77 K. 

The S 3 protocol was based on the knowledge 
that only one equivalent of electrons is transferred 
at 190 K because reoxidation of Q -  is blocked 
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[22]. Any additional excitation reaching the reac- 
tion center will then result in rapid charge recom- 
bination between P680 + and I - .  At 273 K, the 
reoxidation of Q -  is much faster than S 2 relaxa- 
tion [16], so that brief warming to this temperature 
prepares the reaction center for another one-equiv- 
alent transfer. 

Low temperature (10 K) EPR spectra were re- 
corded for samples A - D  prior to the X-ray ab- 
sorption measurements. The results (Fig. 1) indi- 
cate the absence of the multi-line signal in the S 1 
sample, its presence in the two S 2 samples and a 
significant reduction of the amplitude for the S 3 
sample. The amplitudes of the EPR signals meas- 
ured before and after X-ray data collection are 
presented in Table I. Only sample B showed a 
significant change in EPR signal amplitude after- 
wards. We attribute this reduction in EPR signal 
amplitude to the relaxation of S 2 to S 1 either 
during transfer of samples to and from the liquid 
N 2 dewar to the X-ray sample holder or during 
X-ray data collection. We discount any significant 
radiation damage as a cause for this decay, be- 
cause the oxygen-evolution activity of the samples 
before and after X-irradiation was not signifi- 
cantly different from control samples. No effect 
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Fig. I. Multi-line EPR spectra observed for spinach PS II 
sub-chloroplast samples used for X-ray absorption edge stud- 
ies. EPR spectra were recorded at 14 K using 100 mW micro- 
wave power at 9.22 GHz, 100 KHz field modulation of 32 G, 
scan time 4 min and time-constant 0.25 s. Illumination proto- 
cols for the various S states are described in the text. The 
samples are: A, Si; B, S2; C, a second $2; D, S3. 
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TABLE I 

MULTI-LINE EPR A M P L I T U D E  FOR X-RAY EDGE 
SAMPLES OF SPINACH PS II MEMBRANES 

EPR amplitudes before and after X-ray absorption edge spec- 
troscopy (XAES) were calibrated with an S 2 sample that was 
not exposed to the X-ray beam. The signal amplitudes were 
taken as the average peak-to-peak height of four lines down- 

field from g = 2 

Sample Multi-line amplitude (arbitrary units) 

before XAES after XAES 

A (S 2) 1.5 1.7 
B (S 2) 5.5 2.9 
C (second $2) 4.0 * 
D ($3) 2.0 2.3 

* This sample was used to prepare a S t sample by allowing it 
to relax in the dark over ice for 1 h (sample E). 
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Fig. 3. X-ray absorption edge spectra of Mn in spinach PS II 
preparations in the S~ or S 2 states, on an expanded energy 
scale. 
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Fig. 2. X-ray absorption edge spectra of Mn in spinach PS II 
preparations. Data were collected for samples at 170-190 K as 
described in Materials and Methods. Each edgc is the sum of 
20-30 individual 20-rain scans. A background has been re- 
moved, which sets the absorption at energies lower than the 
edgc to zero. Data werc collected by fluorescence, F, and I 0 is 
the incident intensity. The samples are: A, $I; B, $2; C, a 
second $2; D, $3; and E, S I prepared from samplc C, after its 
edge was recorded, by dark adaption for 1 h at 273 K in total 
darkness. Thc low-energy features in samplc E that are missing 
in the other samples are due to differences in S/N and arc not 
inhercnt differences in the spectra. 

on the EPR signal amplitude after repeated cy- 
cling between the storage temperature of 77 K and 
the X-ray measurement temperature of 175 K was 
observed for control samples. 

The Mn X-ray K-edge spectra for these samples 
are presented in Fig. 2. The S 2 sample (B) shows a 
significantly broader principal absorption maxi- 
mum and, possibly as a result, a shift to higher 
energy relative to the S 1 sample (A). The shift in 
energy is seen more clearly in Fig. 3 which shows 
the superimposed Mn K-edge spectra of samples E 
($1) and B (S 2) on an expanded scale. The second 
S 2 sample (C) edge is consistent with the first (B); 
further, a 1-h dark adaptation of this sample 

TABLE II 

K-EDGE INFLECTION POINT ENERGIES FOR SPINACH 
PS 1I SAMPLES 

Derivatives were obtained from a 25-point sliding fit to a 
second-order polynomial (8 eV per fit). avg., average. 

Sample K-edge inflection (eV) 

A ($1) 6549.9~ 
E ($2 relaxed to SI) 6549.2) 

B (S2) 6551.7~ 
C (second S 2) 6550.9J 

D ($3) 6550.2 

avg. S 1 = 6549.6 

avg. S 2 = 6551.3 
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Fig. 4. A plot of the amplitudes of the multi-line EPR signal for 
illuminated spinach PS II membrane samples versus the K-edge 
inflection point energies; from data shown in Figs. 1 and 2. 

(labeled E) over ice, a procedure known to relax S 2 
to S 1, also regenerates the edge observed for S 1. 
The K-edge for S 3 (D) is quite similar to those 
observed for S 2. The small difference in shape 
between S 2 and S 3 that is observed may not be 
meaningful, because differences of a similar mag- 
nitude are also observed for the two S 2 samples. 

The edge inflection point energies for these 
spectra are presented in Table II. The energies 
differ from one another by much more than the 
estimated uncertainty of +0.2 eV for any one 
sample, thus indicating the presence of a slightly 
different S-state composition for each sample. Fig. 
4 shows that the edge inflection points for S 1 and 
S 2 samples are in fact well-correlated with the 
observed multi-line EPR signal intensities. 

The lowest edge inflection energy is observed 
for the freshly dark-adapted S 1 sample, while the 
highest inflection energy is from one of the S 2 
samples. The energy difference between these sam- 
pies, illustrated in Fig. 3, is 2.51 eV. The average 
edge shift observed between the $1 and S 2 samples 
is 1.78 eV. 

Discussion 

A large reproducible change is observed in the 
manganese K-edge X-ray absorption spectra of PS 
II samples prepared in states S 1 or S 2. Changes of 
the nature observed are classic behavior for loss of 
ligand symmetry caused by metal oxidation a n d / o r  
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forced ligand geometry distortion [23]. For exam- 
ple, in ionic compounds such as ferrous and ferric 
fluorides, oxidation causes an increase to higher 
energy of about 5 eV in the iron absorption edge 
[24]. For covalent compounds such as ferro- and 
ferricyanides, the increase is much smaller, the 
edge energy being roughly 1 eV higher for the 
oxidized iron salt. Changes in the shape of the 
edge between the oxidized and the reduced forms 
are not appreciable, because the geometries of 
both forms are about the same. Broadening of the 
edge is often observed and attributed to the split- 
ting of the ls-4p transition into as many as three 
features, owing to lowering of symmetry. In a 
purely cubic case, the splitting reduces to zero, 
while the maximal splitting is observed for square 
planar geometry. Broadening of the edge may also 
be due to an increase in the intensity of the ls-4s 
transition, an indication of a departure from axial 
symmetry [24]. 

It is probable in our samples that only a portion 
of the total pool of manganese contained in the 
photosynthetic membranes is contributing to the 
observed change. The effect of a shift of the ab- 
sorption of one pool with respect to that of the 
other is to broaden the principal absorption maxi- 
mum in a manner similar to that observed. 

From previous correlations of manganese edge 
inflection point energies [25], we expect an edge 
shift of approx. 2.3 eV per unit change in coordi- 
nation charge, which is the formal oxidation state 
corrected for covalency [26]. Some typical changes 
observed in metallo-proteins for unit change in 
oxidation state per metal atom are about 3 eV for 
the Cu edge in Cu-Zn superoxide dismutase [27], 
3 -4  eV for the Cu edge in plastocyanin and cyto- 
chrome oxidase [28], 2 eV for the Fe edge in 
cytochrome c and cytochrome oxidase [24,28] and 
about 1.5 eV change for the Mn edge in Mn 
superoxide dismutase (Goodin et al., unpublished 
data). The simplest interpretation of the multi-line 
EPR signal associated with S 2 is that only one 
charge equivalent per P-680 has been transferred. 
The observed S 1 to S 2 average K-edge shift of 1.78 
eV is larger than one would expect if only one 
electron equivalent is removed from a total pool of 
3.6 manganese atoms. 

There is a number of explanations possible for 
this observation. The first is that the photosyn- 
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thetic unit size of the preparation is much smaller 
than that reported [21,29], which would result in 
fewer manganese per PS II than assumed. Alterna- 
tively, one pool of manganese may be involved in 
a structural role while another has a functional 
role. One-electron oxidation of the functional 
manganese center during the S~ to S 2 transition 
may cause a change in the conformation of 
neighboring proteins, altering the environment of 
the structural manganese and causing a change in 
the Mn K-edge energy. However, a large confor- 
mational change is not expected to occur at the 
illumination temperature. Finally, it is possible 
that more than one charge equivalent is trans- 
ferred from the Mn in the oxygen-evolving com- 
plex under the illumination conditions used. This 
would occur if, for example, one oxidizing equiva- 
lent is stored on a PS II electron carrier other than 
manganese in S 1. Transition to state S 2 would then 
cause the removal of both reducing equivalents 
from the manganese center. 

In regard to proposed oxidation states of 
manganese sites in these centers, the combination 
of the X-ray edge data with the fact that the S 2 
state contains a paramagnetic species is of great 
utility. The edge positions of PS II  samples in state 
S 1 (6549.6 eV) are similar to and slightly higher in 
energy was observed in a previous study on dark- 
adapted whole chloroplasts (6549.1 eV) [25]. In 
that study, we reported the Mn K-edge positions 
of Mn(II)(aqueous) at 6548.5 eV, Mn(III)(acac)3 
at 6550.7 eV and Mn(IV, IV) di-~-oxo dimeric 
complex (di-~-oxotetrakis(1,10-phenanthroline)di- 
manganese perchlorate) at 6551.0 eV. Based on 
these results, we proposed that the average 
manganese oxidation state in dark-adapted mem- 
branes lies between II and III. For the dark- 
adapted PS II preparation, which contains a lower 
and presumably more homogeneous manganese 
content than do chloroplasts, the edge position 
also lies between those of observed Mn(II) and 
Mn(III)  complexes. The average inflection position 
observed for samples prepared in S 2 by low tem- 
perature illumination (6551.3 eV) is very similar to 
that observed for the Mn(IV, IV)) di-~-oxo dimeric 
compound and strongly suggests a Mn(IV) oxida- 
tion level. The oxidation state of Mn in state S 3 is 
more uncertain, because its edge inflection point is 
between that of S 1 and S 2. But the shape of the 

edge is significantly different from S 1 and closely 
resembles that of S 2. We speculate that the oxida- 
tion state of S 3 is similar to that of S 2, but that S 3 
is structurally distinct from either $1 or S 2. 

There is evidence that the oxygen-evolving com- 
plex consists of exchange-coupled metal centers 
[14], and a number of models for the site have 
included dimeric manganese species [2,30,31]. 
Based on the observation that state S 2 is para- 
magnetic, Dismukes et al. [14] have proposed that 
it contains a Mn(III ,  IV) complex; the edge 
properties observed in this work are consistent 
with that assignment. If it is true that two oxidiz- 
ing equivalents are added to the manganese center 
accompanying the S~ to S 2 transition, as discussed 
above, these observations would be consistent with 
the presence of a Mn(II, III) complex in S~ and 
Mn(III ,  IV) in S 2. However, a Mn(III ,  III)  com- 
plex which undergoes a large change in ligation in 
the S~ to S 2 transition could also give rise to the 
observed properties. 

It is possible to incorporate the S state oxida- 
tion levels indicated in the present work into a 
speculative but consistent model of the oxygen- 
evolving complex that is similar in nature to the 
ones described earlier [31,32]. In the present scheme 
(Scheme I), the oxygen-evolving complex contains 
two closely coupled manganese centers and two 
species labeled D, possibly serving as ligands to 
the metal, which are themselves capable of elec- 
tron donation. It would still be consistent with 
Scheme I if the species labelled D 1 and D 2 were a 
single chemical moiety but capable of two electron 
transfer. Extraction studies have implicated 
quinones as components on the donor side of 
Photosystem II [33]. Multimeric manganese semi- 
quinone complexes have been reported, and some 
of these complexes indeed exhibit two-electron 
metal-ligand transfer equilibria similar to that sug- 
gested in the model [34]. In addition, our model 
includes deprotonation steps to explain the proton 
release pattern of 1, 0, 1, 2 [35], although it is as 
yet inconclusive, because other work [36] indicates 
that the pattern is 0, 1, 1, 2. 

One of the unique features of this model is that 
charge is transferred onto the metal centers only 
after the ligated donor species (D) have been 
oxidized by one equivalent each. This mode of 
transfer, in which oxidation of a ligand occurs 
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Scheme I. A proposed scheme for the change in manganese 
oxidation associated with S-state cycling. In state S O , the metal 
centers are in the Mn(ll,llI) state. Transition from S O to S 1 
occurs by the oxidation of one of the donor species (DH), with 
the release of a proton. The following transition occurs first by 
oxidation of the second donor (DH) species to give the hy- 
pothesized unstable intermediate S~. This state relaxes to S 2 
after two charge equivalents are transferred from the donor 
species to Mn, giving the Mn(III,IV) complex, with no net 
proton release. Transition from S 2 to S 3 is analogous to the S O 
to S 1 step. The final light-induced step proceeds as before with 
the formation of an unstable intermediate S~, which relaxes to 
$4, a peroxo bridged species, with the Mn(III,IV) species 
containing the reduced donors (DH). A water-ligand exchange 
reaction may then accompany the release of 0 2 , regenerating 
S O . The last step proposes the release of two protons, one 

before and one after release of O 2. 

prior to the transfer of charge onto the metal 
species, provides a convenient means by which 
oxidizing equivalents may be moved from the outer 
to the inner coordination sphere of the metal. In 
contrast to the behavior of many electron-transfer 
proteins, in which the metal is directly oxidized or 
reduced, this kind of process is thought to be 
kinetically slower and may result in longer lived 
oxidized intermediates, because a change in oxida- 
tion level necessarily involves a perturbation or 
rearrangement of the ligand species. These argu- 
ments have been used in favor of this type of 
mechanism for electron-storage as opposed to sim- 
ple one-electron-transfer enzymes [14]. 

As in the model proposed by Renger [31], our 
scheme involves a significant smearing out of 
charge from the manganese center onto ligands, 
avoiding the use of highly oxidized manganese 
species. In fact, the scheme employs only two 
formal oxidation levels for the manganese center: 
Mn(II, III) and Mn(III, IV). However, unlike the 
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additional donor proposed by Renger, the oxidized 
forms of DH are not held throughout the S state 
cycle, but are instead proposed to play an intimate 
role in the redox reactions. Scheme I is fairly 
consistent with that proposed by Wydrzynski, 
Sauer and Govindjee et al. [32,37] in that S 1 con- 
tains a Mn(II, III) species, and S 3 contains 
manganese with an oxidation level that is similar 
to that in S 2, which we suggest is Mn(III, IV). 

Other than accounting for the large change in 
manganese oxidation level between S~ and S 2 indi- 
cated by the present work, the scheme has several 
attractive features. It is indicated from the model 
that the oxidation level of the manganese site may 
not be significantly altered in the transition from 
S 2 to S 3, where oxidation of DIH is instead possi- 
ble. Behavioral similarity of $2 and S 3 is often 
observed. For example, both states appear to be 
the sites of Tris or NH 3 inactivation [38,39]. An 
explanation for the dark relaxation of S 2 and S 3 
may also be inherent in such a model, because 
they are the only metastable states containing 
manganese in the higher oxidation states. The 
EPR relaxation properties of $2 and S 3 may be 
determined by the differences in the interaction of 
the Mn spin system with DH and D', respectively. 
Such an interaction is entirely consistent with the 
observation that our attempt to generate S 3 caused 
most of the multi-line EPR signal to disappear, 
but the sample shows an absorption edge that is 
not very different from that of the S 2 samples. This 
brings up the question of whether the Mn(II, III) 
complex in state S 1 might be expected to exhibit 
EPR signals. The additional spin on the ligand D 
should alter the relaxation properties of such a 
signal in a manner analogous to that proposed for 
the state S 3. If the spins were strongly coupled, an 
integral spin state should result, exhibiting greatly 
altered or no EPR properties et all. A broad 
multi-line EPR signal attributed to manganese in 
state S~ that could be observed only at tempera- 
tures below 8 K at high power levels was reported 
recently [10]. Such behavior suggests an efficient 
relaxation mechanism. 

Conclusion 

The experiments reported here demonstrate 
conclusively that manganese atoms participate in 
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the light-driven electron-transfer reaction associ- 
ated with water oxidation at Photosystem II and 
are themselves oxidized as the oxygen-evolving 
complex advances from the S 1 to S 2 state. 
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