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I. Introduction
The essential involvement of manganese in photo-

synthetic water oxidation was implicit in the obser-
vation by Pirson in 1937 that plants and algae
deprived of Mn in their growth medium lost the
ability to evolve O2.1a Addition of this essential
element to the growth medium resulted in the
restoration of water oxidation within 30 min. There
is increased interest in the study of Mn in biological
chemistry and dioxygen metabolism in the last two
decades with the discovery of several Mn redox

enzymes.1b The list of enzymes where Mn is required
for redox activity includes a Mn superoxide dismu-
tase, a binuclear Mn-containing catalase, a binuclear
Mn-containing ribonucleotide reductase, a proposed
binuclear Mn site in thiosulfate oxidase, a Mn per-
oxidase that is capable of oxidative degradation of
lignin, and perhaps the most complex and important,
the tetranuclear Mn-containing oxygen-evolving com-
plex in photosystem II (Mn-OEC).2 Mn is well suited
for the redox role with accessible oxidation states of
II, III, and IV, and possibly V: oxidation states that
have all been proposed to explain the mechanisms
of the Mn redox enzymes.
Most of the oxygen in the atmosphere which

supports aerobic life on earth is generated by plants,
algae, and cyanobacteria by the photoinduced oxida-
tion of water to dioxygen:

Oxygenic photosynthesis that involves the oxidation
of H2O to O2 by the Mn-OEC in the chloroplasts, and
aerobic respiration that ultimately leads to reduction
of O2 to H2O by cytochrome c oxidase in the mito-
chondria together form a cycle of dioxygen metabo-
lism that is critical to both plant and animal life on
earth.
Molecular oxygen is relatively abundant in the

atmosphere primarily because of its constant regen-
eration by photosynthetic water oxidation by the Mn-
OEC. The conversion of light energy into chemical
potential is accomplished very efficiently by photo-
synthetic organisms. Higher plants, algae and cy-
anobacteria, in particular, are able to make use of
water as an abundant raw material and oxidize it
into molecular dioxygen, while producing reduced
compounds with a reduction potential equivalent to
that of molecular hydrogen. The reduced compounds
produced by the carbon fixation reactions of photo-
synthesis have provided our major source of biological
and fossil energy.
The oxygen-evolving complex (OEC) of the photo-

synthetic apparatus that catalyzes the reaction shown
in eq 1 is thought to contain a cluster of four Mn
atoms. The current phenomenological model of pho-
tosynthetic water oxidation involves five intermediate
states, designated the S states.3a This is based on a
remarkable phenomenon first observed by Joliot et
al.;3b they found that the oxygen evolved when dark-
adapted chloroplasts are excited by a series of short
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saturating flashes of light occurs in discrete pulses
which exhibit a periodicity of four in amplitude. The
first maximum yield of oxygen was observed follow-
ing the third flash and thereafter following the
seventh, eleventh, etc. flashes (Figure 1a). It was
proposed by Kok3a that the OEC cycles through a
series of five intermediate states (Si, i ) 0-4,
representing the number of oxidizing equivalents
stored on the OEC) driven by the energy of four
successive photons absorbed by the pigment P680 of
the photosystem II (PS II) reaction center. “Miss”
or “double hit” parameters were proposed to explain
the eventual damping of this four-flash periodicity.
It was proposed that in the dark the complex relaxes
to a predominantly S1 population. Upon reaching the
hypothesized S4 state, the complex releases O2 and
returns to S0 (Figure 1b).3a The tetranuclear Mn
complex in the OEC is thought to couple the four-
electron oxidation of water with the one-electron
photochemistry occurring at the PS II reaction center
by acting as the locus of charge accumulation and
hence catalysis.
It is generally accepted that the Mn cluster is the

active site for water oxidation, but the chemical
mechanism by which this is achieved is inadequately
understood. Additional cofactors Cl- and Ca2+ are
required for activity, but their exact structural and
functional role is not yet clear.4 The partially oxi-
dized intermediates of the donor complex, the S
states of the Mn-OEC (S0-S3), are stable on the time
scale of many seconds to a few minutes, in contrast
to the solution-phase products of serial one-electron
oxidation of H2O to O2.5 The structure and chemistry
of the intermediates has been the subject of intense
interest and study as has the structure of the Mn
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complex and its nuclearity, that is the number of Mn
that are directly connected by bridging ligands. The
proposed models include binuclear, trinuclear plus
a mononuclear, and tetranuclear clusters.
Critical questions related to the process of photo-

synthetic water oxidation are: (1) What are the
oxidation states and structural changes in the Mn
complex as the OEC proceeds through the S-state
cycle? And (2) what is the mechanism by which four
electrons are removed from two water molecules by
the Mn complex to produce an O2 molecule? Electron
paramagnetic resonance and X-ray absorption spec-
troscopy studies and the interplay between these two
methods have provided significant insights into the
structure and the mechanism of the OEC.6 This
review focuses on the application of these two meth-
ods that are Mn-specific spectroscopic techniques to
resolve structural questions regarding the Mn cluster
in the OEC. The emphasis is on the EPR and XAS
work from our laboratory. More comprehensive
surveys of the literature in the field of oxygen
evolution are provided in the reviews by Babcock,2e
Debus,2a and Rutherford et al.2b The EPR properties
of the OEC are reviewed by Brudvig7a and by Vänn-
gård et al.,7b the role of Ca and Cl by Yocum4a,b and
Cl by Homann4c and Coleman,4d and the mechanistic
aspects of photosynthetic oxidation by Renger8a and
Govindjee.8b There are several excellent reviews
focusing on the structural models of the Mn-OEC,9a-d

the bioinorganic chemistry of Mn,1b,9e and its reac-
tions with oxygen and its derivatives.9f

II. Organization of Photosystem II

Our understanding of the structure of PS II (Figure
2) has benefited from the crystal structure of the
photosynthetic purple non-sulfur bacterial reaction
centers.10a Portions of the D1 and D2 polypeptides
that make up the core PS II complex have been
shown to have significant homology with the corre-
sponding portions of the L and M subunits of the

bacterial reaction centers.10b-e In addition to the
structural similarities, the kinetics and the EPR
signals of the electron acceptor pathways have been

a

b

Figure 1. (a) The flash-induced pattern of oxygen evolution (reprinted from Babcock, G. T. Ph.D. Dissertation, University
of California, Berkeley, CA, 1973; Lawrence Berkeley Laboratory Report 2172), and (b) the S-State scheme as proposed by
Kok for the oxidation of water to dioxygen.3a

Figure 2. A structural model for the organization of the
polypeptides of PS II in the thylakoid membranes. Solid
arrows indicate the direction of electron transfer. P680 is
the PS II reaction center. Electrons are transferred from
the ultimate donor, the OEC, to the reaction center via the
redox active tyrosine, TyrZ. TyrD is not involved in regular
electron transport. The electrons are transferred from the
reaction center to the pheophytin (Pheo) on the acceptor
side, and then to the primary and secondary quinones QA
and QB. D1 and D2 are the primary polypeptides. The
groups, which are involved in electron transfer from the
OEC on the donor side to the quinones on the acceptor side,
mediated by the photochemistry occurring at the reaction
center, are located in the D1 and D2 polypeptides. CP 47
and CP 43 are the chlorophyll-containing polypeptides, and
the cyt b-559-containing polypeptide is a heterodimer of 4
and 9 kDa. The 17-, 24-, and 33-kDa extrinsic polypeptides
are peripheral to the thylakoid membrane on the lumen
side. (Adapted from ref 2a.)
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shown to be similar between the bacterial reaction
center and PS II.10f This resemblance led to a
construction of a working model (Figure 2) for the
organization of the minimal unit of oxygen evolving
PS II. On the electron donor side, the proposed model
is more speculative because the electron-transfer
components are different between the two systems,
and the structural model of PS II does not benefit
from the analogy to bacterial centers.
PS II is thought to consist of a reaction center

similar to the structurally characterized center from
the photosynthetic bacterial system, together with a
donor complex that extracts electrons from water.
The bacterial reaction center and the reaction center
of PS II catalyze the light-dependent electron transfer
from specialized chlorophyll pigment molecules, P870

and P680 in the bacterial and PS II reaction center
respectively, to the primary quinone, QA, and subse-
quently to the secondary quinone, QB. The oxidized
primary donor, P680 in PS II, is reduced by tyrosine
YZ. Oxidized YZ, in turn, oxidizes the Mn-containing
OEC that catalyzes the oxidation of water.
The minimal PS II preparation that retains oxygen

evolution activity contains four Mn atoms, six major
polypeptides, and one or more smaller polypeptides.2a
Ca2+ and Cl- are required for maximal oxygen
evolution. The stoichiometry of four Mn atoms, one
Ca, and one Cl per PS II is generally accepted to be
required for oxygen evolution activity. The six es-
sential intrinsic polypeptides are two polypeptides,
D1 and D2, of about 32 kDa that contain the
components involved in electron transfer from
tyrosine YZ to the quinones QA and QB, including the
reaction center P680, CP47 and CP43, which contain
chlorophyll and function as light harvesting anten-
nae, and the 9 and 4 kDa polypeptides that coordi-
nate the heme of the cyt b-559. There are three
extrinsic polypeptides on the lumenal side, a 33 kDa
polypeptide known as the Mn-stabilizing peptide that
protects the Mn complex and maintains it in a
configuration that optimizes the catalytic efficiency
of water oxidation, and two other polypeptides of 24
and 17 kDa. The Mn complex is susceptible to attack
by exogenous reductants when the 24 and 17 kDa
polypeptides are removed. It is believed that the Mn
complex is bound mainly to the intrinsic polypeptides,
with the three extrinsic polypeptides conferring
stability to the complex. Site-specific mutagenesis
studies11 have provided evidence for putative ligands
for Mn on the D1 and D2 polypeptides, with many
more on the D1 than on the D2 polypeptide.
The development of biochemical preparations that

contained a purified PS II complex12a,b in the 1980s
has had an enormous impact on the application of
EPR and XAS methods to study the Mn complex. At
present there are ever more refined preparations that
have a smaller complement of polypeptides and still
retain O2 evolution activity.13 PS II preparations
from thermophilic cyanobacteria Synechococcus sp.,14a
Chlamydomonas, and more recently, from cyanobac-
teria Synechocystis 680314b-d have become available.
These are the organisms of choice for site-specific
mutagenesis and other molecular biological studies.11

III. Oxidation States of Mn in the
Oxygen-Evolving Complex

A. Magnetic Resonance Spectroscopy

1. Electron Paramagnetic Resonance Spectroscopy (EPR)

The first direct spectroscopic evidence for the
association of Mn with the S-state intermediates
emerged from the discovery of a multiline EPR signal
(MLS) centered at g ) 2 with hyperfine structure
characteristic of Mn (Figure 3).15a On the basis of
its flash number dependence, the MLS was associ-
ated with the S2 state. Similarity of this signal to
the EPR spectra of a Mn2(III,IV) complex with S )
1/2 ground state15b,e led Dismukes et al. to propose a
weakly exchange-coupled binuclear Mn2(III,IV) or a
Mn4(III3,IV) tetranuclear structure,15c while Hansson
and Andréasson found that a binuclear Mn2(II,III)
was in better agreement with their data.15d

A second EPR signal at g ) 4.1 was subsequently
discovered (Figure 3) and was tentatively assigned
to a Mn species in the S2 state.16a,b Upon annealing
to a higher temperature of 195 K, this signal lost
intensity while the MLS gained intensity. The
origins of this signal were unclear for a considerable
duration. One candidate for this signal was Fe3+,
because Fe3+ in a rhombic field exhibits signals in
this region. Flash studies by Zimmermann and
Rutherford16c provided experimental support to in-
dicate that both the MLS and the g ) 4.1 signal arise
from different configurations of the light-induced S2
state. On the basis of temperature dependence
studies of the MLS and the g ) 4.1 signal Hansson
et al. suggested that the MLS arises from a binuclear

Figure 3. EPR signals associated with the oxygen-
evolving center in spinach PS II preparations: The mul-
tiline EPR signal (shown on top) formed by advancement
to the S2 state following continuous illumination at 195 K:
frequency, 9.2 GHz; temperature, 8 K; power, 30 mW;
modulation amplitude, 32 G. The g ) 4. 1 EPR signal
(shown at the bottom) produced by continuous illumination
of a sample at 200 K in the presence of 20 mM fluoride;
frequency, 9.2 GHz; temperature, 10 K; power, 50 mW;
modulation amplitude, 32 G. The displayed EPR spectra
result from the subtraction of background EPR spectra
recorded prior to illumination.
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Mn2(III,IV) species, while the g ) 4.1 signal arises
from a separate S ) 3/2 state of an axially distorted
Mn(IV) monomeric species.17a Brudvig et al. pro-
posed that both the g ) 4.1 and multiline signals
arise from different conformational states of a tetra-
nuclear complex.17b Multifrequency EPR investiga-
tions (at 4, 9, and 16 GHz) have suggested that the
g ) 4.1 EPR signal arises from the middle Kramers
doublet of a near rhombic S ) 5/2 system and favor a
coupled multinuclear Mn complex.17c A noteworthy
point is that despite a careful search in our laboratory
at different conditions of temperature and power, the
g ) 4.1 signal has not been observed in PS II
preparations from the cyanobacterium Synechococ-
cus, although the MLS from Synechococcus is very
similar to that observed from spinach preparations.6b

Treatment of PS II samples with F- inhibits O2

evolution. Illumination of samples so treated leads
to a g ) 4.1 EPR signal that is slightly different from
that produced by controls (Figure 3).16a

Until recently EPR studies were limited to the S2
state. If one electron is extracted during each S-state
transition, then alternate S states should have an odd
number of unpaired electrons and should in principle
be detectable by EPR. No such signal has been
observed for the S0 state, which might be expected
to be EPR active. An EPR signal has been discovered
in Ca-depleted preparations18a,b and assigned by
Boussac and Rutherford to a state equivalent to the
S3 state and was attributed to a histidine residue.19
Recent ENDOR results20 from Gilchrist et al. have
shown the signal is from a stable tyrosine YZ

+ in Ca-
depleted preparations. However, no such radical
signal has been observed in native S3-state samples.
The generally accepted interpretation of the S2-

state MLS signal is that it arises minimally from an
S ) 1/2 antiferromagnetically exchange-coupled high-
spin Mn4(III,IV3) species. The signal appears upon
advancement from the S1 state and correlates with
a shift to higher X-ray energy of the Mn K-edge,
indicating that this species occurs as Mn4(III2,IV2) in
the S1 state. The approach for detecting integer, non-
Kramers spin transitions employs a microwave reso-
nator in which the alternating magnetic field is
parallel to the Zeeman field (parallel polarization
mode) rather than the customary geometry in which
the two fields are perpendicular. Using such an
instrument configuration Dexheimer et al. observed
an EPR signal (Figure 4) from samples in the S1 state
and concluded that this S1 signal is a precursor to
the MLS.21a A similar EPR signal has been reported
by Dexheimer for a Mn4(III2,IV2) tetranuclear Mn
complex.21b In contrast to this study Brudvig has
postulated a diamagnetic ground state from mea-
surements of the dipolar spin-lattice relaxation rates
of tyrosine YD

+ in PS II samples subject to long-term
dark adapatation.22 Brudvig has postulated that the
duration of dark adaptation has an influence on the
properties of the S1 state; short-term dark adaptation
leading to an “active” form, while long-time dark
adaptation results in a “resting” S1 state. The
differences in the EPR properties from the two
studies may be related to the differences in the time
of dark adaptation of the S1-state samples.

2. NMR Proton Relaxation Studies

NMR relaxation rates of solvent protons are influ-
enced greatly when the protons are in rapid exchange
equilibrium with the coordination sphere of a para-
magnetic metal ion. The relaxation rates of protons
are enhanced several orders of magnitude by interac-
tion with the unpaired electron spins on the para-
magnetic metal ions. The relaxation times and rates
of solvent water protons are very good markers for
the properties of the paramagnetic metal ion.
NMR proton relaxation enhancement (NMR-PRE)

methods have been used to study the Mn oxidation-
state changes in the OEC. These experiments were
carried out on flash-illuminated samples at a physi-
ologically relevant temperature and are a direct probe
of Mn in the S states. Among the Mn oxidation
states, Mn(II) and Mn(IV) are candidates for strongly
relaxing centers, while, Mn(III) is very weakly relax-
ing. Therefore exchanges occurring in the PRE after
each S-state transition can be correlated with the
redox state of the Mn.
The results from these studies in conjunction with

the proposals from XANES and EPR results have led
to the following model for Mn oxidation states:23 (1)
The proton relaxation rate increases upon formation
of the S2 state, indicating that one Mn(III) is oxidized
to Mn(IV). (2) No change is observed in the PRE
upon the formation of the S3 state, implying no Mn
oxidation accompanying the S2 to S3 transition. (3)
The S0 state is a fast relaxing state, indicating the
presence of Mn(II). (4) Upon formation of the S1
state, a slow relaxing state is produced, presumably
because of oxidation of Mn(II) to Mn(III).
On the basis of the PRE results Sharp has pro-

posed23 that the Mn(IV) that is produced on the first
flash is relatively isolated, although it is weakly
coupled to the other three Mn atoms, and that it is

Figure 4. The parallel polarization EPR signal associated
with the S1 state of the OEC as observed in dark-adapted
minus 200 K illuminated difference spectrum of a PS II
preparation. The signal is at a g value of ∼4.8 and ∼600 G
wide peak to peak. Spectrometer conditions: microwave
frequency 9.2 GHz, microwave power 3 mW, temperature
4.2 K, field modulation 20 G at 100 kHz, scan time 4 min,
time constant 2 s. The broken line displays the result of a
computer simulation with parameters S ) 1, g ) 2, D )
-0.125 cm-1, E ) 0.025 cm-1. (Reprinted from ref 21a.
Copyright 1992 American Chemical Society.)
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this Mn(IV) that is responsible for the g ) 4.1 EPR
signal in the S2 state.

3. EPR Relaxation Studies

The spin-lattice relaxation time of the tyrosine
radical YD

+ is accelerated by dipolar coupling to
nearby paramagnets including the Mn complex.
Relaxation enhancement has been observed in PS II
preparations that lack Mn and has been attributed
to the Fe that is associated with the electron accep-
tors in PS II. Much stronger enhancement is ob-
served in the Mn-containing OEC, making it possible
to separate the effects. The results from conventional
power saturation24a and relaxation studies24b using
pulsed EPR techniques lead to a model indicating (a)
the absence of Mn oxidation upon S3 formation, (b)
the presence of a mixed-valence S ) 1/2 state not only
in the S2, in accordance with the observation of the
multiline EPR signal, but also in the S3 state, (c) an
exchange-coupled, almost diamagnetic Mn cluster in
the S1 state, and (d) an S ) 1/2 Mn cluster containing
Mn(II) in the S0 state.

B. X-ray Absorption Near Edge Structure
(XANES)

Questions concerning the oxidation states and
symmetry of the Mn as a function of S-state have
been addressed by examination of the X-ray absorp-
tion near-edge structure (XANES) at the Mn K-edge.
The K-edge inflection energy of a first row transition
element reflects principally the 1s f 4p transition
energy for an isolated atom. However, in a metal
complex containing ligands bonded to the metal, the
assignment of the principal K-edge region and the
near-edge region becomes very complicated; as yet
there is no simple theoretical methodology available
that provides a satisfactory explanation. Presumably
the principal transition is from the 1s level of the
metal to a molecular orbital with some p character.
The position of the K-edge depends on the nature of
the ligands; it has been determined that the metal
atom with more electron-donating ligands is gener-
ally characterized by a lower inflection point energy.
It has also been shown that the K-edge inflection
point energy shifts to higher energies on increasing
the oxidation state of the metal.25a-c These correla-
tions permit an approximate oxidation state assign-
ment for the metal when the nature of the ligands is
known. A shift to higher energy results from an
increase in the oxidation state of the metal complex,
when it is known that there is no change in ligands.
Despite these necessary reservations, important con-
clusions can be reached from X-ray edge studies.
Upon advance of the OEC from S1 to S2, the Mn

K-edge of PS II shifts by 1.6-1.8 eV, which has been
interpreted as evidence for direct Mn oxidation.26a
Similar results were found for both PS II-enriched
membrane preparations from spinach chloroplasts26a
and for detergent-solubilized OEC preparations from
the thermophilic cyanobacterium Synechococcus sp.26b
A shift to higher energy was observed for the S2 state
generated by illumination at 190 K, or at 277 K in
the presence of DCMU;26c both protocols limit the Mn-
OEC to a one-electron turnover. This S2 state is

characterized by the multiline EPR signal. A similar
shift was observed for samples advanced to the S2
state by illumination at 140 K and characterized by
the g ) 4.1 EPR signal.26d The Mn K-edge spectra
provided evidence that oxidation of Mn is associated
with the induction of the g ) 4.1 EPR signal. The
Mn edge shift from the dark-adapted to the il-
luminated state of the F--treated samples is similar
to that of controls,26e showing again that formation
of the g ) 4.1 signal is associated with Mn oxidation.
Comparison of the inflection point energy and the

edge shape with those frommodel compounds (Figure
5) is suggestive of an oxidation state of Mn4(III2,IV2)
in the S1 state27 and Mn4(III,IV3) in the S2 state. This
is in agreement with the observed EPR signals; S1
being integer spin and therefore conventional EPR
silent, and S2 state being an exchange coupled Mn
tetramer with a S ) 1/2 or 5/2 ground state which
results in the multiline EPR signal or the g ) 4.1
signal, respectively. Ono et al.28a and Penner-Hahn
et al., despite some earlier disagreements,28b pres-
ently concur with these assignments on the basis of
their X-ray K-edge measurements.28c

It could be argued that structural changes and not
oxidation-state changes are responsible for the K-
edge energy shifts observed in PS II samples during
the S1 to S2 transition. A comparison of several
currently available multinuclear Mn complexes shows
that even significant structural rearrangements do
not result in the magnitude of edge shifts observed
on oxidation state changes. Oxidation state changes
in bi-, tri-, and tetranuclear complexes with the same
or similar ligands and coordination environment
result in Mn K-edge shifts of 1-2 eV.6a Significant
changes in structure of complexes with identical
oxidation states, such as replacement of a di-µ-oxo
bridge by a mono-µ-oxo and µ-acetato bridges, result
in inflection point energies that are different by only
about 0.5-0.6 eV.6a Successive protonation of the oxo
bridges in isostructural binuclear Mn(IV) complexes
was shown to alter the magnetic coupling and the
Mn-Mn distance without a significant change in the
Mn X-ray absorption edge energies.29

Additional results were obtained on S0- and S3-like
states, referred to as S0* and S3*, respectively, that
were populated by low-temperature continuous il-
lumination of chemically treated samples. It was
possible to prepare samples with up to 65% of the
centers in S3 (the remaining fraction being in S2) by
this method. In the S3* state the OEC was shown
to have the same Mn K-edge position and shape as
in S2, suggesting the absence of direct Mn oxidation
during the S2-S3 transition. It was proposed that
the oxidation equivalent was stored on an amino acid
residue.30a During the S0 to S1 transition Mn appears
to become more oxidized, because the inflection
energy of the S1 state is ∼2 eV higher than that in
the S0* state; it was suggested that the S0 state
contained Mn(II).30b

A promising approach to study the Mn oxidation
states in the native S states is to step samples
through the S-state cycle by the application of
saturating single-turnover flashes and characterize
these samples by XANES spectroscopy. Significant
improvements in detection systems have made XAS
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experiments on samples in a single-flash saturable
concentration regime possible. Mn XANES experi-
ments on flash-induced S states have been reported.28a
The occurrence of similar shifts in the edge position
upon the first and second flash led those authors to
conclude that direct Mn oxidation takes place during
both the S1 to S2 and the S2 to S3 transitions. It was
proposed that on each of the transients S0-S1, S1-
S2, and S2-S3 Mn(III) was oxidized to Mn(IV).
However, it is important to note that in these XANES
studies no independent information was available on
the actual S-state distributions in the samples used.
It is important to resolve the question of the

assignment of the oxidation states of Mn, because it
has an important bearing on the mode of charge
accumulation on the Mn complex. If Mn is not
oxidized during the S2-S3 transition, then one needs
to invoke oxidation of a protein residue, a ligand of
Mn, or substrate. Furthermore, the disappearance
of the MLS EPR signal in the S3 state samples needs
to be rationalized (vide infra). As noted above, the
MLS has provided the marker characteristic of the
S2 state. The loss of multiline signal intensity upon
the S2 to S3 advance without apparent oxidation of
manganese led Guiles et al. to the idea that oxidation
of an alternative moiety might occur, and they
proposed that a protein residue might play this
role.30a
We now have XANES data of excellent quality from

samples in the S0 through S3 states produced under
physiologically relevant conditions.31 We used light
pulses from a Nd-YAG laser or from a Xe lamp to
illuminate PS II samples at 277 K to achieve this
objective. Because the actual S-state composition is
of critical importance to the interpretation of the
results, we characterized the samples by EPR spec-
troscopy, using the multiline EPR signal (MLS) as a
direct measure for the amount of S2 in our samples.

The relative S-state populations in samples given 0,
1, 2, 3, 4, or 5 flashes were determined from fitting
the flash-induced EPR-multiline signal oscillation
pattern to the Kok S-state kinetic model in each of
the samples used in the XAS experiment. Our edge
data are of sufficient S/N quality to permit not only
a determination of the absorption edge position (the
inflection point energy, defined as the zero-crossing
in the second derivative of the edge), but also an
analysis of the structure of the edge as a function of
the number of flashes.
Figure 6 shows the Mn K-edge inflection point

energies as a function of flash number. The edge
spectra of samples exposed to 0, 1, 2, or 3 flashes were
combined with EPR information to calculate the pure
S-state edge spectra (Figure 7). The edge positions
(defined as the zero-crossing of the second deriva-

Figure 5. (A) The K-edge spectra of Mn(II), Mn(III), and Mn(IV) complexes and (B) their corresponding second derivatives.
There is a significant change in shape as well as in inflection point energy as the oxidation state increases. The complexes
are MnII(acac)2(H2O)2, MnIII(acac)3, and MnIV(sal)2(bipy). (acac, acetylacetonate; bipy, bipyridine; and sal, salicylate). (C)
The second derivative of the Mn K-edge of PS II particles in the S1 state is shown as a solid line. Overplotted as dashed
lines are the second derivatives of the Mn K-edge spectra created by weighted sums of spectra of the model complexes in
different oxidation states (II), (III), or (IV) shown in B. The sets of oxidation states for the simulations were chosen to
produce a conventional EPR-silent ground state. The particular combinations of oxidation states used in the simulations
are shown at the right; the combination (III)2(IV)2 is the most similar to PS II in the S1 state. (Reprinted from ref 46c.
Copyright 1993 American Association for the Advancement of Science.)

Figure 6. Inflection-point energy (IPE, in eV) of the Mn
K-edge of PS II membranes as a function of the number of
applied flashes. Shown are the IPE of 3-4 individual
samples per flash number and their averages (s). (Re-
printed from ref 31; copyright 1996 National Academy of
Sciences, USA.)
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tives) are 6550.1, 6551.7, 6553.5, and 6553.8 eV for
S0, S1, S2, and S3, respectively. Each of the S0 to S1
and the S1 to S2 transitions is accompanied by a shift
of the edge to higher energies by ca. 1.6-1.8 eV,
indicating that during those transitions the Mn
cluster undergoes oxidation. The S2 to S3 transition,
however, leads to an edge shift of only 0.3 eV,
consistent with the absence of a direct Mn oxidation
step. These interpretations are supported by the
data on model compounds (see above). This is
suggestive that the observed edge shift during the
S2 to S3 transition is caused more likely by a change
in the ligand environment of the Mn cluster and/or
ligand oxidation than by direct Mn oxidation.
In addition to the shift in edge position, the S0 to

S1 and S1 to S2 transitions are accompanied by
characteristic changes in the shape of the edge, also
indicative of Mn oxidation. The shape of the Mn edge
is informative with regard to changes of the oxidation
state of the Mn cluster. We showed previously that
the spectral region around the inflection point,
between 6545 and 6555 eV, reflects predominantly
oxidation-state changes, whereas the region between
6555 and 6575 eV reflects changes in the coordination
environment of the Mn.27 In Figure 8 we show the
second derivatives of the normalized S-state edge
spectra. Several features change reproducibly with
S state. During the S1 to S2 transition a pronounced
positive feature appears at 6552 eV, marked with a,
whereas above 6555 eV the edge remains virtually
unchanged. The shape of the edge in the spectral
range between 6545 and 6555 eV (highlighted in the
S3 spectrum in Figure 8) remains mostly unchanged
at the S2 to S3 transition. In the lower panel of
Figure 8 the second derivatives of some typical edge
spectra of tetranuclear Mn compounds in oxidation

states III and IV are shown. The shape of the edge
between 6545 and 6555 eV better supports a model
for the Mn cluster containing at least one Mn(III),
rather than being all Mn(IV). Reproducible changes
in shape are observed between 6555 and 6575 eV for
the S2 and S3 states (indicated with b, c, and d).
These results suggest that changes occur in the
coordination environment of the Mn, rather than in
the oxidation state of the Mn. The spectrum of the
S0-state completely lacks feature a around 6552 eV.
A positive feature around 6548 eV (marked e) is
present, having a much larger amplitude and a
significantly narrower width than that in the S1
spectrum. This intense and narrow feature is sug-
gestive of the presence of Mn(II) or a greater amount
of Mn(III) in the complex (see Figure 5B).
The proposed Mn oxidation state assignments are

as follows: S0 (II,III,IV,IV) or (III,III,III,IV); S1 (III,-
III,IV,IV); S2 (III,IV,IV,IV); S3 (III,IV,IV,IV)• (Figure
9). No EPR signals have yet been detected from the
S3 or the S0 state, although, one could expect an EPR
signal from either of the oxidation state assignments
for each of these S states.

C. Electronic Absorption Spectroscopy
Extracting electronic absorption spectra related to

the Mn cluster from the absorption of the many Chl
molecules contributing to the PS II spectrum and

Figure 7. Normalized Mn K-edge spectra for the pure S
states of the Mn cluster of PS II, as calculated from the
flash-induced edge spectra of samples given 0, 1, 2 or 3
flashes. These are the averages of the S-state spectra
extracted from three different groups of samples; each
group contains 2-4 sets of samples given 0-3 flashes. A
linear scatter background was subtracted, and the spectra
were normalized at the energy of maximal absorption. To
emphasize the changes during the various S-state transi-
tions, the spectra of successive S-states are overlaid.
(Reprinted from ref 31. Copyright 1996 National Academy
of Sciences, USA.)

Figure 8. Upper panel: second derivatives of the normal-
ized pure S-state edge spectra of the Mn cluster of PS II.
For clarity a vertical dashed line has been drawn at the
inflection-point energy (IPE) of the S1 state. The IPE (in
eV) for each S state is given at the right, and the number
in parentheses is the standard deviation. Lower panel:
second derivatives of the normalized Mn K-edge spectra
of MnIII4(µ3-O)2(AcO)7(2,2′-bipyridine)(ClO4) (solid line), and
MnIV4(µ2-O)6(1,4,7-triazacyclononane)3(ClO4)4 (dashed line).
(Reprinted from ref 31. Copyright 1996 National Academy
of Sciences, USA.) Mn complexes were provided by Profs.
G. Christou, K. Wieghardt, and W. H. Armstrong.
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deconvolving the changes occurring on the acceptor
side has been difficult at best. For a comprehensive
review the reader is referred to the article by
Dekker.32a The consensus from these studies is that
there is oxidation of Mn(III) to Mn(IV) in the S1 to
S2 transition and that the S0 to S1 transition involves
Mn(II) to Mn(III) oxidation. The assignment of the
Mn oxidation during the S2 to S3 transition was not
resolved. Recently, Junge and co-workers have moni-
tored nano- to millisecond absorption transients from
the near UV into the near-IR spectral regions of Cl--
depleted PS II samples.32b These data support the
interpretation that the oxidizing equivalents pro-
duced during the S0 to S1 and S1 to S2 transitions are
stored on the Mn complex, and the oxidizing equiva-
lent produced during the subsequent S2 to S3 transi-
tion resides on an as yet unidentified chemical
species; tentatively assigned as a His residue.

IV. Structure of the Mn Cluster in the
Oxygen-Evolving Complex (Mn-OEC)
Structural information about the Mn complex is

derived mainly from two methods, EPR and X-ray
absorption spectroscopies. It is important for models
derived from both these methods, especially XAS
methods, to know the number of Mn atoms present
in the OEC. Despite some controversy in the litera-
ture, it is generally agreed that there are four Mn
atoms per PS II.

A. Electron Paramagnetic Resonance
The synthesis and structure determination of the

di-µ-oxo Mn2(III,IV) bipyridine by Plaksin et al.15e
provided a molecule with significant consequences.
The observation and assignment of its 16-line EPR
spectrum by Cooper et al.15b provided an immediate
guide to Dismukes and Siderer15a when they subse-
quently observed the now famous multiline EPR
signal that is the hallmark of the S2 state. This
signal provided the first evidence for a multinuclear
form of the manganese complex. In contrast to the
16 hyperfine lines resulting from the antiferromag-
netically coupled Mn2(III,IV) bipyridyl complex, the
S2-state multiline signal extends over a broader field
range and exhibits at least 19 resolved hyperfine
lines, with an average splitting of ∼80 G. The

increased number of hyperfine lines led Dismukes to
propose that the spectrum could be modeled by either
a binuclear or a tetranuclear complex.15c

Early temperature dependence studies assigned an
excited-state origin for the MLS, thus predicating a
larger than binuclear Mn cluster.33a Despite some
controversy regarding the temperature dependence
of the MLS signals it is now clearly established that
the MLS 33b,c is a ground-state signal.
The discovery of the g ) 4.1 EPR signal from the

S2 state16a,b and, importantly, the recent observation
of 55Mn hyperfine structure34a,b have contributed
significantly to the present consensus that the four
Mn atoms are magnetically coupled and form a
tetranuclear complex. The pathway leading to this
consensus has traversed an interesting series of
proposals to explain the origin of both of the EPR
signals. It was initially proposed by Hansson et al.
that the MLS could arise from a bi- or trinuclear
cluster, and the g ) 4.1 was assigned to a ground
state S ) 3/2 mononuclear Mn(IV) complex.17a There
are several examples of Mn(IV) S ) 3/2 systems giving
rise to EPR signals in the g ) 4 region of the
spectrum. Conversion of the g ) 4.1 form to the MLS
form upon increasing the temperature was attributed
to electron transfer from the multinuclear cluster to
the mononuclear Mn. The observation of the MLS
or the g ) 4.1 in the presence of different cryopro-
tectants and inhibitors was explained as due to
modulation of the redox equilibrium between the two
forms.17a

An alternative proposal assigned the MLS and g
) 4.1 signals as arising from different spin states of
the same Mn cluster.17b Preferential population of
the spin states was explained by invoking a confor-
mational change that was dependent on temperature,
cryoprotectants, or inhibitors. The most recent de-
nouement of the relation of the MLS and the g ) 4.1
signal has come from the observation that at around
150 K the state responsible for the MLS is converted
to that responsible for the g ) 4.1 signal upon the
absorption of infra red light around 820 nm.35 It is
suggested that the conversion of the MLS to the g )
4.1 signal results from the absorption of infrared light
by the Mn cluster itself, probably an intervalence
charge-transfer band, resulting in electron transfer
from Mn(III) to Mn(IV). The authors argue that
therefore there is no reason to consider the state
responsible for the g ) 4.1 signal as a precursor of
that which gives rise to the MLS.
The observation of at least 16 hyperfine lines in

the g ) 4.1 signal characteristic of Mn from spatially
oriented ammonia-treated membranes (Figure 10)
has provided definitive evidence for a Mn complex
that it is at least a trinuclear cluster.34a,b A S ) 3/2
or 5/2 ground state was proposed to be the origin of
the g ) 4.1 signal; either state can be explained to
arise minimally from only a trinuclear Mn cluster.
These studies have shown that it is unnecessary to
invoke a mononuclear Mn(IV) to explain the g ) 4.1
signal and that both of the EPR signals arise from
the same Mn cluster that is minimally trinuclear.
The multifrequency EPR data from Haddy et al.17c
favor a S ) 5/2 spin state for the g ) 4.1 signal, which
is incompatible with a mononuclear Mn(IV) origin for

Figure 9. Summary of the oxidation states of Mn in the
S-state cycle. The oxidation state of Mn does not change
at the S2 to S3 transition. The oxidation equivalent pro-
duced during the S2-S3 transition is proposed to be
delocalized over the Mn2(µ-oxo)2 bridged unit in the S3 state
(see text for details).
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the signal. On the basis of their X- and Q-band
results and temperature dependence of the signals
at X-band, Smith and Pace34c argue for an isolated
Mn2(III,IV) species as the origin for the S ) 1/2 ground
state MLS and an excited state origin for the signals
they have observed at g ) 4.25 and 6. They also
report another EPR signal at g ) 3.98 with an S )
3/2 ground-state origin, and it is proposed to be from
a Mn pair interacting with an oxidized protein side
chain, possibly histidine.
Simulations of the MLS assuming a tetranuclear

form of the cluster approximate the signal reasonably
well.36a-c Theoretical analyses by Bonvoisin et al.36a
led to the conclusion that a tetranuclear form of the
cluster is essential to produce a MLS extending over
a range of more than 1500 G. Trinuclear complexes
lead to narrower spectra. The simulations of Zheng
and Dismukes36b are based on exchange coupled
MnIII-MnIV, where the Mn(III) are all five coordinate,
with the unpaired electron in an unusual dx2-y2

ground state. Recent simulations based on multi-
frequency EPR by Ahrling and Pace have shown that
the MLS features could be explained in terms of a
magnetically isolated Mn2(III,IV) binuclear cluster.36d
These simulations require large quadrupolar
couplings: to explain the large magnitude of these
couplings it was proposed that the Mn are five
coordinate or have a weakly bound sixth ligand.
None of the simulations published thus far take into
account the substructure that we and others have
observed on each of the hyperfine lines of the MLS.37a

It has been suggested that this substructure may
arise from ligand superfine interaction, from quad-
rupole interactions of the Mn nuclei, or from unre-
solved hyperfine interaction from Mn. On the basis
of S-band studies, Haddy et al.37b ascribe the ad-
ditional lines to Mn hyperfine coupling.
Recently, Britt and co-workers have published

55Mn ENDOR data and have presented simulations
to binuclear, trinuclear, or tetranuclear clusters using
parameters reported by other groups. The added
constraints imposed on the simulations by the
ENDOR data show that the best fits are obtained for
the magnetically interacting tetranuclear cluster.38

B. Extended X-ray Absorption Fine Structure
X-ray absorption spectroscopy is particularly suited

for the study of the Mn complex in PS II. X-ray
absorption spectroscopy on PS II preparations in-
volves measurements of the fluorescence-detected
X-ray absorption spectrum with excitation energies
at and above the Mn K-edge. Due to the selective
excitation and detection of the Mn X-ray fluorescence,
this technique allows investigation of the Mn complex
without interference from pigment molecules, the
lipid and protein matrix, or other metals such as Ca,
Mg, or Fe, which are present in oxygen evolving PS
II preparations. The Mn K-edge and preedge spectra
provide information about the oxidation states (see
above) and the site symmetry of the Mn complex. The
extended X-ray absorption fine structure (EXAFS)
results from interactions between the absorber Mn
atom and the backscattering from ligand and neigh-
boring atoms of Mn. EXAFS spectra provide infor-
mation about the numbers, types, and distances of
the backscattering atoms from the absorbing Mn
atoms.39
EXAFS data provide a composite measure of the

coordination of all the Mn atoms in the system:
therefore, it is crucially dependent on the stoichiom-
etry of Mn/PS II and the purity of the preparations.
The interpretation of the data and the models that
are plausible is based on the determination of four
Mn/PS II. Although interpretations involving differ-
ent numbers of Mn/PS II have been reported, the
consensus number is four Mn/PS II, and most of the
EXAFS data have been interpreted on that basis.
Despite these caveats inherent to the method,
EXAFS analysis has provided important insights into
the structure of the Mn complex in the OEC and the
changes that the Mn complex undergoes on advance-
ment from the S0 through the S3 states.

1. Structure of the Mn Complex
The most significant breakthrough in the determi-

nation of the structure of the Mn complex came with
the detection of the 2.7 Å Mn-Mn distance.40 This
distance was initially observed in broken, washed
chloroplast samples. Through the development of the
BBY procedure that permitted the isolation of PS II
preparations that contained only the complement of
four Mn/PS II required for oxygen evolution,12a it
became possible to observe XAS with considerably
increased S/N because of the absolute enrichment of
Mn (Figure 11).41 EXAFS techniques cannot distin-
guish between backscattering from Mn or Fe, the

Figure 10. EPR spectrum of oriented PS II membranes
with 100 mM NH4Cl at pH 7.5 in the presence of 400 mM
sucrose (A). The membrane normal is oriented parallel to
the applied magnetic field (0°). The dark S1-state spectrum
has been subtracted from the S2-state EPR signal recorded
following 5 min illumination at 195 K. Spectrometer
conditions: microwave frequency, 9.22 GHz; microwave
power, 20 mW; field modulation amplitude, 10 G; sample
temperature, 8 K. (B) Simulation of the spectrum in
utilizing an effective S′ ) 1/2 system and Gaussian line
shapes. The following isotropic parameters were used: g
) 4.1; Dhwhm ) 16 G; |A1| ) 47 G, |A2| ) 37 G, |A3| ) 34 G,
|A4|) 16 G. The reduced hyperfine couplings are consistent
with an S ) 3/2 or S ) 5/2 spin state of a Mn tetranuclear
structure. (Reprinted from ref 34b. Copyright 1992 Ameri-
can Chemical Society.)
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other transition metal that is present in PS II
preparations. However, Fe has not been implicated
as part of the catalytic site for O2 evolution. Hence,
it is reasonable to assign the backscattering at 2.7 Å
to Mn.
A series of papers also reported Mn-O interactions

at ∼1.8 Å and an additional highly disordered shell
of light atom (O, N) scatterers between 1.9-2.2
Å,26b,c,30a,b,42 with a predominance of shorter distances
around 1.9-2.0 Å.26e Similar results were found for
PS II preparations both from spinach (BBYs) and
from the thermophilic cyanobacterium Synechococcus
sp.26e
Bridging Mn-O distances are typically about 1.8

Å in the multinuclear µ2 or µ3 oxo-bridged Mn
complexes.43 Comparison to multinuclear Mn com-
plexes shows that a large distribution of distances is
typical of Mn-O- or -N-terminal ligand distances.
In compounds containing Mn(III) and Mn(IV), the
distances range from 1.9-2.2 Å, depending on the
oxidation state and type of ligand. Mn-terminal
ligand distances for N-donor ligands are on average
slightly longer than Mn-O distances for carboxylate
or water ligands. The observed average of 1.9-2.0
Å distances favors the presence of more O than
N-terminal ligands in the OEC. This is consistent
with results from EPR and ESEEM experiments that
suggest a dominance of carboxylate-derived ligands
of Mn in the protein.6b
Examination of a series of multinuclear Mn com-

plexes reveals that the Mn-Mn distances44 range
between 2.6 and 2.8 Å in complexes where two Mn
atoms are bridged by at least two µ2-oxo, or two µ3-
oxo bridges. (An additional µ2-acetate bridge is also
present in some of these complexes.) In the com-
plexes that contain the µ3-oxo bridges there is also a
Mn-Mn distance >3 Å, as illustrated in Figure 12.
The distance decreases to 2.3 Å when the two Mn
atoms are linked by three µ2-oxo bridges.
The important point is that at least two µ-oxo

bridges exist between pairs of Mn atoms in all
reported complexes that have a Mn-Mn distance of
about 2.7 Å. The quantitation of the Fourier peak
at 2.7 Å leads to 1.2 ( 0.2 Mn scatterers per Mn in
PS II at that distance. Therefore it was proposed

that the Mn complex in the OEC is a structure with
minimally two di-µ-oxo bridges. This conclusion was
based principally on the observation of the 2.7 ÅMn-
Mn distance, but it was also supported by the
presence of the Mn-O distance at about 1.8 Å, which
is characteristic of the bridging Mn-oxo distance in
multinuclear Mn complexes.
In EXAFS studies, the detection and analysis of

metal scatterers at distances greater than 3 Å can
be difficult, owing to the combined effects of enhanced
disorder, interference from other ligands, and the
1/R2 dependence of scattering amplitude.45 Evidence
for such an interaction was not reported consistently
in the above EXAFS studies, leading to a prediction
that the binuclear Mn units in the OEC were
separated by >3 Å. More recent EXAFS studies of
Mn in the OEC, at substantially lower sample tem-
peratures and with improved signal to noise
ratio,28b,46a,b have provided evidence for scatterers at
>3 Å in addition to the interaction at 2.7 Å. These
experiments include various combinations of oxygen-
evolving preparations and EXAFS analysis tech-
niques, and the interpretations differ. Our data are
consistent with at least one Mn-Mn interaction at
3.3 Å per PS II (vide infra for Ca contribution).
Most Mn model compounds of nuclearity >2 con-

tain Mn-Mn distances at >3 Å. In complexes that
contain two µ2-carboxylato bridges and/or one µ2-oxo
bridge, the Mn-Mn distance is greater than 3 Å, and
in some complexes can be as large as 3.5 Å. By
comparison with the structural motifs present in
multinuclear Mn complexes we proposed that the Mn
cluster in PS II consists of a pair of di-µ-oxo-bridged
Mn binuclear clusters linked through a mono-µ-oxo
bridge. The 2.7 Å Mn-Mn distance is characteristic
of di-µ-oxo-bridged models, and the 3.3 Å Mn-Mn

Figure 11. The Fourier transforms of the k3-weighted Mn
EXAFS data (3.5-12.0 Å-1) from Synechococcus in the S1
state. Note that the apparent distance R′ in the transforms
is shorter than the actual distance to a given neighboring
atom due to the effect of the averaged phase of the EXAFS
wave. (Reprinted from ref 46c. Copyright 1993 American
Association for the Advancement of Science.)

Figure 12. Different bridging structures and the respec-
tive Mn-Mn distances in some multinuclear Mn com-
plexes.1b,9,43,44,48
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distance is characteristic of mono-µ-oxo-bridged Mn-
Mn distances. The dimer-of-dimers model (Figure
13) was proposed on the basis of the above data.46c
From polarized EXAFS the orientation of the OEC

within the membrane has been determined, and the
relative placement of the 2.7 and 3.3 Å vectors in the
proposed model in Figure 13 is based on the orienta-
tion data. Cramer and co-workers47a were the first
to determine the dichroism of the 2.7 and 3.3 Å Mn-
Mn vectors using oriented chloroplasts. Subse-
quently, the dichroism has been determined using
oriented PS II particles in the S1 and S2 states.47b The
Fourier peaks exhibit significant orientation depen-
dence, as shown in Figure 14. The two 2.7 Å vectors,
which are characteristic of di-µ-oxo-bridged Mn at-
oms, are oriented at an average angle of 60° with
respect to the membrane normal. The 3.3 Å vector
that connects the two “dimers” makes an average
angle of 43° with respect to the membrane normal
(see below for a refinement of these angles).

2. Evaluation of Models for the OEC

The arrangement of Mn atoms proposed by our
group is one of the simplest based on a reasonable
interpretation of all of the data available. The
EXAFS data of several multinuclear Mn model
compounds have been analyzed and compared with
the interactions in the OEC. It was shown earlier
that a symmetric “cubane-like” or a “butterfly” con-
figuration are incompatible with the number of 2.7
and 3.3 Å Mn-Mn vectors.26b A symmetric cubane
was also ruled out on the basis of the dichroism
observed in the EXAFS data.47 A detailed analysis
of various viable models and compatibility with
EXAFS data has been carried out.46b It is useful to
review the rationale for arriving at our proposed
structure.6a,46b,c The EXAFS data for the OEC in both
PSII membranes from spinach and PSII particles
from Synechococcus sp. contain scatterers at >3 Å
average distance from the Mn and are dominated by
contributions from short Mn-O interactions at 1.8
Å andMn-Mn interactions at 2.7 Å. There are many
possible ways to arrange four Mn that include Mn-
Mn distances of both 2.7 Å and 3.3 Å. Several types
of possible structures are depicted in Figure 15.
These are grouped roughly into “dimer-of-dimers”
(A-D, K), “trimer-monomer” (E-G), and “tetra-
nuclear” (H-J) clusters. With the exception of J,
each of these structures contains a combination of

Figure 13. The proposed model for the Mn complex in
the oxygen evolving complex of photosystem II. The sim-
plest interpretation of the EXAFS data is that there are
two di-µ-oxo-bridged Mn clusters which are bridged by a
mono-µ-oxo-bridging ligand. The Mn-Mn distance in each
of the di-µ-oxo-bridged clusters is ∼2.7 Å, and the Mn-
Mn distance between the Mn atoms linked by the mono-
µ-oxo bridge is 3.3 Å. The relative orientation of the 2.7
and 3.3 Å vectors, with respect to the membrane normal,
is derived from EXAFS dichroism data. (Reprinted from
ref 6a. Copyright 1992 VCH Publishers.)

Figure 14. Fourier transforms of the k3-weighted Mn
EXAFS data (3.5-11.5 Å-1) of oriented PS II membranes
in the S1 state from spinach. The solid line and dashed line
are data from an oriented sample when the membrane
normal is oriented 15° and 75°, respectively to the polariza-
tion direction of the X-rays. (Reprinted from ref 47b.
Copyright 1994 American Chemical Society.)

Figure 15. Arrangements of four Mn and associated
bridging atoms giving Mn-Mn distances of 2.7 and >3 Å.
The relation of these structures to existing tetranuclear
Mn models is described in the text. The predicted coordina-
tion numbers for the neighboring Mn and bridging O atoms
in these compounds are compared with those determined
from EXAFS studies of the OEC in Table 1. (Adapted from
ref 46b. Copyright 1994 American Chemical Society.)
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∼2.7 and ∼3.3 Å Mn-Mn vectors. Mn-Mn vectors
of 2.7 Å are expected for structures bridged by two
oxo species, and vectors of ∼3.3 Å are expected for
structures connected by a single oxo bridge. In Table
1 and Figure 15 both µ2-oxo and µ3-oxo bridges are
approximated as having Mn-O distances of ∼1.8 Å
[all structures are assumed to be Mn(III) or Mn(IV),
and not to contain Mn(II)], and carboxylato bridges
are not included.
With the exception of J,48b none of the structures

in Figure 15 has yet been synthesized as a high-
valent Mn compound. There are several similarities
to existing inorganic models. A symmetric “dimer-
of-dimers” model similar to A and C has been
characterized, with ∼4 Å distance between the di-µ-
oxo-bridged binuclear units.48c Model E is found as
part of a higher nuclearity cluster,48d and model I has
been synthesized as Mn4(II2,III2).48e The tetranuclear
cluster H is closely approximated by the Cl-bridged
distorted cubane.48f Cluster D was recently pictured
in a theoretical study,48g and C was also recently
proposed.48h

For each of the structures shown in Figure 15, the
expected number of scatterers (per Mn) for the bridge
(O at ∼1.8 Å), short metal (Mn at ∼2.7 Å), and long
metal (Mn at ∼3.3 Å) interactions are listed in Table
1. Table 1 also includes the parameters for the OEC
that are predicted from our EXAFS studies. The
number of Mn-O scatterers in complexes D and J is
somewhat higher than predicted from the OEC
EXAFS. Protonation of a single bridge, however,
could lengthen two Mn-O distances to the g1.9 Å
distances included in the disordered terminal-ligand
shell for the OEC. The number of 1.5 Mn-Mn
scatterers at 3.3 Å in complex H, the distorted cubane
or pyramidal complex, is also higher than expected
for the OEC. As discussed above, the determination
of the number of scatterers at this distance in
tetranuclear Mn complexes can be difficult. How-
ever, the longer distance scatterers in the EXAFS of
the OEC resemble the simple binuclear complexes
both qualitatively and in fitting analysis behavior.
This comparison favors Mn-Mn scatterers at ∼3.3
Å as found in complexes A, E, F, and G. Complex A
(or K) is the simplest combination of distances and
coordination numbers that fits the OEC EXAFS data
and is also compatible with EPR and orientation-
dependent EXAFS studies on PSII membrane prepa-
rations. For these reasons we have proposed A as a

working model for the structure of the Mn complex
in the OEC.

C. The Structural Role of the Cofactors Ca and
Halide

1. Proximity of Ca to Mn

Ca is a cofactor essential for oxygen evolution.4
There are several lines of evidence that suggest a
close proximity between the essential Ca and the Mn
cluster. Mn depletion has a significant effect on the
binding constants of Ca to the Mn-OEC.49 It has
been shown that Sr can replace Ca with partial
restoration of oxygen evolution.50a The proximity of
Sr to the Mn cluster is implicit from the fact that
the multiline EPR signal of Sr-reconstituted mem-
branes is modified relative to that of control
samples.50b

Analysis of X-ray edge spectra reveals no signifi-
cant differences in oxidation state or symmetry
between Ca- and Sr-reactivated preparations. In the
EXAFS data from Latimer et al.52a,b the amplitude
of the Fourier transform peak due to scatterers at
distances >3 Å is larger for samples reactivated with
Sr relative to that for Ca-reactivated samples (Figure
16). The calculated parameters favor a model where
both Mn and Ca (or Sr) scatterers contribute to the
Fourier peak at >3 Å. Other models for the ∼3 Å
peak with multiple Mn-Mn interactions or multiple
Mn-Ca(Sr) interactions can also be fit to the data,
but are considered less likely. A Ca-binding site at
this distance from a metal cluster represents an
unusually close association for a biological system
and may indicate an intimate role for Ca in water
oxidation. The XAS studies of Penner-Hahn et al.
with Ca or Sr, or Dy which inhibits O2 evolution, do
not show significant improvement in their fits to Mn
at 3.3 Å by including Ca, Sr, or Dy, in the respective
samples.53a,b The third Fourier peak is best fit by
MacLachlan et al. by Ca at 3.7 Å to Mn.46a It is
important to point out that different preparations

Table 1. Estimated Numbers of Scatterers per Mn
Atom for Selected Multinuclear Mn Structures Shown
in Figure 15

model
Mn-O at 1.8 Å
(OEC 2-2.5)

Mn-Mn at 2.7 Å
(OEC 1-1.5)

Mn-Mn at 3.3 Å
(OEC 0.5-1)

A 2.5 1 0.5
B 2.25 1 1
C 2.5 1 1
D 3 1 1
E 2.5 1 0.5
F 2.5 1 0.5
G 2.75 1.5 0.5
H 2.25 1.5 1.5
I 2.5 1.5 1
J 3 1.5 -
K 2.5 1 0.5

Figure 16. Fourier transform power spectra of Mn EXAFS
k-space data for Ca- and Sr-reactivated PS II (solid line,
long dashes, respectively), and Ca-depleted PS II (short
dashes). The spectra are clearly different in the amplitude
of the peak at ∼3 Å, which is enhanced in the Sr-
reactivated sample and decreased in the Ca-depleted one.52b
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and methods of XAS analysis were used by the
different groups and could have contributed to the
variation in the interpretations. However, at this
time the reason for the differences in the data and/
or interpretations is unresolved.
Depletion of Ca2+ by NaCl wash in the presence of

EGTA or by a low pH citrate treatment results in a
dark-stable multiline EPR signal, which is different
from EPR spectra obtained with either the Ca2+- or
Sr2+-containing preparations.18a It has been shown,
that besides Ca depletion, the presence of EGTA or
citrate is required for the EPR signal from the S2
state to be modified and stabilized,51a and that the
modification of the S2 state may be because of the
binding of the chelator to the Mn complex.51b,c It has
also been shown that Ca-depleted samples do not
advance beyond the S3 state and that this S3 state is
characterized by a broad EPR signal at g ) 2.18a,b We
have collected Mn K-edge and EXAFS data from Ca-
depleted samples prepared using a low pH treatment
in the S1, S2, and S3 states.52b Ca depletion has a
marked effect on the Mn K-edge spectra and EXAFS,
especially in the S1 state, which provides a clear
indication that removal of Ca2+ and the presence of
citrate perturbs the structure of the Mn complex.
Similar Mn K-edge spectra for the S1 state have been
reported by Ono et al.52c Analysis of the S2 and S3
states shows that there is essentially no change in
the Mn K-edge position or shape between these two
states (Figure 17). This provides direct evidence that
Mn is not oxidized during the S2 to S3 transition in
Ca-depleted preparations and that the oxidizing
equivalent is indeed stored elsewhere, probably on
an amino acid residue as suggested by EPR studies
and confirmed recently to be tyrosine YZ.20

2. Is Chloride a Ligand of Mn?

Cl- is an essential cofactor for O2 evolution.4 Cl-
can be replaced by Br- with full retention of activity.
F- inhibits O2 evolution;4 however, a recent report
indicates that F- partially activates O2 evolution
compared to Cl--depleted samples.54a Studies by
Rashid and Homann54b have shown that I- also
partially reactivates O2 evolution. The requirement
for a halide ion has led some workers to postulate
that the halide ion is a ligand to one or more of the
Mn atoms in the complex, while other workers favor
a model where the halide is required to stabilize a
positive charge near the Mn complex. On the basis
of a study using 36Cl- Andréasson and Lindberg55
have proposed that halide may not be essential for
oxygen evolution; recently, the data has been rein-
terpreted by van Vliet and Rutherford54a to reach the
conclusion that one Cl-/PS II is essential for O2
evolution.
Our earlier work showed that Cl- or Br- is required

to generate the MLS which is characteristic of the
S2 state. High-resolution EPR studies of Cl- or Br-

containing samples from spinach,37a and from PS II
preparations from Synechococcus grown in either Cl-
or Br- media, also do not exhibit any differences.26e
When Cl- is substituted by F-, no multiline signal
is seen in the S2 state. There is a signal at g ) 4.1.16a
It is possible, however, that the magnetic hyperfine
interactions of a halide ligand may be too small to
be detectable by conventional EPRmethods. ESEEM
studies have been inconclusive to date in identifying
any hyperfine interactions from the halide ion.
Recent ESEEM studies, while presumably showing
differences between Cl-- and Br--containing samples,
could not distinguish whether the differences in
electron spin-echo modulations arose from ligand
atom interaction or from Cl or Br in the buffers.57 It
has been shown that PS II particles which have been
depleted of Cl- do not have an EPR multiline signal
in the S2 state.37a There is an EPR signal at g ) 4.1,
that is not sensitive to Cl- depletion.56a However, in
this case the OEC can no longer advance to higher S
states. It was found that the S2 state can be formed
in the absence of Cl-, and subsequent addition of Cl-
after illumination results in an EPR multiline
signal.56a XANES studies of Cl--depleted PS II
samples subjected to flash illumination confirm that
Mn is oxidized after one flash.56b These studies
indicate that the Mn-OEC can be oxidized from the
S1 to the S2 state in the absence of Cl-, but that Cl-
is required to generate the multiline EPR signal.
XAS methods have also been inconclusive in de-

termining the presence of the halide in the ligation
sphere of Mn.26b,c,28b,46a,b,47a The perturbation of the
Mn-Mn distance by F- is the most direct evidence
available of halide binding. XAS studies of
F--inhibited samples show that one of the two 2.7 Å
distances is increased to about 2.8 Å which is sug-
gestive of F- binding to the Mn cluster.58a XAS data
from Br- grown Synechococcus are, however, consis-
tent with one halide being in the first coordination
sphere of Mn, but the evidence is not conclusive.26e
Also, in studies of oriented native PS II, George et
al. found that they could not rule out the presence of
one Cl- per four Mn, but the spectral contributions

Figure 17. Second-derivative Mn K-edge spectra from
calcium-depleted PS II preparations in the S1 (solid line),
S2 (short dashes), and S3 state (long dashes). Second-
derivative spectra are presented to emphasize the shape
of the edges. The rising part of the edge (6545-6555 eV)
is most indicative of oxidation state changes, and clear
differences can be seen between the S1 and the S2 or S3
spectra at about 6550 eV (see arrow). In this region, the
S2 and S3 edges are very similar in shape, while the S1 edge
is clearly lower in energy (see inset). Edge inflection point
energies (inset) were taken from the zero crossing in the
second derivative spectrum (see arrow). The S2 and S3
states were generated by illumination of calcium-depleted
preparations in the S1 state at 0°C for 1 min. S2 samples
contained DCMU to prevent more than one turnover.52b
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were minimal and the results were not conclusive.47a

Suffice it to say that the binding of Cl- to Mn has
been a matter of controversy and that there is
considerable interest in the field to gain definitive
physical evidence for or against halide ligation to Mn.

D. Ligands of Mn
The Mn complex can have a total of 24 ligands if

each of the 4 Mn atoms is octahedrally coordinated.
The Mn K-edge energies and EXAFS data support
mostly O or N ligand atoms. In the dimer-of-dimers
model 10 such positions are accounted for by the oxo-
bridges, and four more ligand sites by two carboxylate
bridges. More carboxylate bridges could be present
within the constraints of the Mn-Mn distances
observed for the OEC. Glutamate and aspartate
residues in the D1 and D2 polypeptides are likely
candidates for providing these ligands. Terminal
carboxylate ligand atoms are most likely provided by
amino acid residues either in a monodentate or
bidentate form, histidine residues, the cofactor ha-
lide, and other N- or O-containing residues.2a It is
possible that there exist some exogenous N- or
O-containing ligands, although there is no evidence
for or against such ligands. The best evidence for
putative ligands has come from site-specific mu-
tagenesis studies. The mutagenesis of residues that
alter growth patterns and oxygen evolution includes
the carboxy terminus of the D1 polypeptide59 and
several Asp, Glu, and His residues on D1 and one
Glu residue on D2. The reader is referred to recent
reviews in this field for details (ref 2a and references
therein).
FTIR spectroscopic studies using isotopically la-

beled PS II preparations implicate a carboxylate
residue in Mn ligation.60 Early ESEEM studies using
14N- or 15N-labeled PS II preparations from Synecho-
coccus sp. provided evidence for N ligation, probably
from a His residue to Mn.61a Recently, this has been
confirmed by ESEEM using PS II preparations from
Synechocystis 6803 wherein all histidines were la-
beled with 15N.61b

NH3 and F-, both inhibitors of O2 evolution, are
also potential ligands of Mn. The modification of the
MLS spectra upon addition of NH3

62a and ESEEM
studies using 14NH3 or 15NH3 demonstrated that NH3
becomes a ligand of Mn.62b EXAFS studies showed
that the Mn-Mn distance increases in NH3-treated
PS II and proposed that an oxo-bridge is replaced by
an amido bridge (see below for details). EXAFS
studies also showed that F--treated PS II perturb the
Mn-Mn distances; this has been rationalized on the
basis of F- ligation to Mn (vide infra).

V. Structural Changes During S-State Transitions

A. S1 to S2 State (Multiline EPR) Advance
Detailed evaluation of Mn EXAFS data collected

at 10 K on the OEC from PS II has been carried out
on preparations from both spinach and the cyano-
bacterium Synechococcus sp. poised in the S1 or the
S2 state; the latter state was characterized by the
multiline EPR signal (S2 MLS). The overall structure
is almost invariant in this S1 to S2 transition (Figure

18). However, subtle but reproducible changes are
found in the relative amplitudes of the Fourier
transform peaks due to the bridging and terminal
ligand atoms O, N (1.8-2 Å) and Mn (∼2.7 Å)
neighbors upon cryogenic advance from the S1 to the
S2 state.26e,46b The Mn-ligand andMn-Mn distances
change in a manner which is consistent with a
change from a III,III di-µ-oxo-bridged binuclear moi-
ety to the corresponding III,IV moiety.
Polarized EXAFS studies on oriented PS II in S1

and S2 states show that there is heterogeneity in the
2.7 Å vectors, which is suggestive that the two
binuclear species are not completely equivalent in the
S1 and S2 (multiline EPR) states.47b In the S1 state
the best fit for the second Fourier peak is at 2.74 Å
when the measurements are done with the mem-
brane normal at an angle of 75° to the X-ray e vector,
while the best fit is at 2.71 Å when the membrane
normal is at 15° to the X-ray e vector. Fitting the
angle dependence of the amplitude of the 2.7 Å vector
leads to 1.1 ( 0.1 Mn-Mn interactions at an average
angle of 60 ( 7°, with respect to the membrane
normal. The number of Mn-Mn interactions implies
at least two 2.7 Å vectors for the OEC; thus the angle
of 60° represents an average value. Interestingly,
advancing to the S2 state leads to a shortening of the
2.74 Å distance to 2.71 Å, when the membrane
normal was at 75° to the X-ray e vector, with no
change in the distance of 2.71 Å at the angle of 15°.
This leads to the proposal that a Mn atom associated
with the vector having the greater angle to the
membrane normal undergoes oxidation. We propose
that the asymmetry of the S1 state can be resolved
into a shorter Mn(IV)-Mn(IV) 2.71 Å vector which
forms an angle less than 60° to the membrane
normal, and a longer Mn(III)-Mn(III) 2.74 Å vector
which makes a greater than 60° angle with the

Figure 18. Fourier transforms of k3-EXAFS data (3.5-
12.0 Å-1) from Synechococcus samples in the S1 and S2
states. The Fourier transforms are similar to those shown
above. Note the similarity of the Fourier transforms in the
S1 and S2 states.
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membrane normal. We speculate that the Mn(III)-
Mn(III) dimer associated with this longer vector is
oxidized to Mn(III)-Mn(IV) on the S1 to S2 transition
(Figure 19).

B. S1 to S2 State (g ) 4.1 EPR) Advance

Mn XAS spectra have been collected from PS II
samples from spinach in the S2 state produced by
illumination at 130 K and characterized by the g )
4.1 EPR signal. The Mn K-edge spectra show not
only a shift to higher energy, indicating oxidation of
Mn, but also a second derivative with a shape
different from that of the S2 state with the multiline
EPR signal.63 The EXAFS results are quite surpris-
ing (Figure 20); while there are only subtle changes
observed in samples in the S2 state produced by
illumination at 190 K (characterized by the MLS)
compared to samples in the S1 state, the samples
produced in the S2 state by illumination at 130 K (g
) 4.1 EPR signal) show significant differences in the
magnitude of the second Fourier peak at∼2.7 Å. This
peak is best fit by two different Mn-Mn distances of
2.73 and 2.85 Å.63 The data again have been inter-
preted as evidence for the presence of two nonequiva-
lent di-µ-oxo-bridged binuclear structures in the Mn

cluster of the S2 g ) 4.1 state. This heterogeneity is
not present in samples that were annealed to 190 K,
a protocol which results in the disappearance of the
g ) 4.1 EPR signal and the appearance of the MLS
signal. Clearly a small structural rearrangement
seems to occur on illumination at 130 K concurrent
with the production of the g ) 4.1 EPR S2 state. We
speculate that this perturbation modulates the mag-
netic coupling between the two binuclear moieties
resulting in either a g ) 4.1 or multiline EPR signal
(see next section). Recently, a series of oxo-bridged
Mn complexes have been isolated in three different
protonation states of the bridges without a change
in the other ligands or the oxidation state of the Mn.29
It is interesting that each successive protonation
resulted in a lengthening of the Mn-Mn distance
from 2.7 to 2.8 to 2.9 Å. There was also a concomi-
tant decrease in the antiferromagnetic coupling
without a significant change in the Mn K-edge
absorption energies. Pecoraro and co-workers29 specu-
late that the difference between the S2 state charac-
terized by the MLS and the g ) 4.1 state might be a
single protonation of an oxo bridge.

C. NH3- or F--Modified S 2 State
Recently, the effect of NH3 on the 2.7 Å vectors has

been investigated. NH3, an analog of the substrate
water, inhibits oxygen evolution and produces a g )
4.1 EPR signal on illumination at 195 K; annealing
to 273 K then produces an altered MLS. Earlier
ESEEM studies using 14NH3 or 15NH3 showed that
NH3 is directly coordinated to Mn. XAS studies show
that one of the 2.7 Å vectors is perturbed in NH3-
treated samples, with the distance increasing to 2.85
Å, providing further evidence for the presence of two
dissimilar di-µ-oxo-bridged moieties (Figure 21).64
The orientation of the vectors with respect to the

membrane plane has been determined by using
oriented multilayers of PS II treated with NH3.
Figure 22a shows polar plots of the angle dependence
of two vectors, from which one can derive the angle
at which the vectors are present in the membrane
(Figure 22b). The 2.7 Å vector which is at an average

Figure 19. Proposed model for the change in Mn-Mn
distance for the vector that is oriented at greater than 60°
to the membrane normal, upon the S1 to S2 transition.
(Reprinted from ref 47b. Copyright 1994 American Chemi-
cal Society.)

Figure 20. Fourier transform spectra of the k3-weighted
Mn EXAFS of the S2-g4 sample (dash-dot) and the S2-
multiline sample (solid). The significantly smaller second
peak in the EXAFS of the S2-g4 sample indicates a more
disordered system. The decrease of the third peak ampli-
tude is less than that of the second peak. (Reprinted from
ref 63. Copyright 1994 American Chemical Society.)

Figure 21. Fourier transforms of the k3-weighted Mn
EXAFS of untreated PS II samples (solid line) and an-
nealed, ammonia-treated PS II samples. Both samples were
poised at the S2 state by illumination at 195 K, after which
the ammonia-treated sample was annealed at 4 °C. (Re-
printed from ref 64. Copyright 1995 American Chemical
Society.)
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angle of 60° to the membrane normal in native
samples (see above) can now be resolved into two
angles. The 2.73 Å vector is oriented at an angle of
55° and the 2.87 Å vector is at 67° (Figure 23). The
structural heterogeneity may have implications for
the mechanism of water oxidation.
It has been shown that treatment with F-, which

inhibits oxygen evolution and generates a g ) 4.1
EPR signal, also leads to heterogeneity in the 2.7 Å
vectors (see above).58a On the basis of these studies
an alternative proposal for the g ) 4 form of the S2
state, from those discussed in the previous section,
has been considered by DeRose et al.58a In this model
(Figure 24), the Mn atoms in the OEC are in redox
equilibrium such that oxidation of one particular Mn
results in the g ) 4 form of the enzyme, but migration
of the oxidizing equivalent to a different Mn (for
example, on annealing) results in the multiline EPR
signal. This idea has been previously suggested on
the basis of theoretical calculations of the effects of
exchange coupling within a Mn tetramer.58b Within
the structural model of a pair of binuclear Mn
complexes [A,B], this model can be interpreted in
terms of the oxidation of one binuclear complex giving
rise to the g ) 4 signal [form Aox, B] but oxidation of

the other complex resulting in the multiline signal
[form A, Box]. The configuration [Aox, B] is also
proposed to be generated on treatment with F-; a
treatment that produces the g ) 4.1 EPR signal, and
heterogeneity in the Mn-Mn distance. This proposal
gains credence in light of the recent experiments that
have correlated the g ) 4.1 EPR signal in native
samples to the absorption in the near-infrared at 820
nm after the generation of an S2 state by illumination
with actinic light.35 The transition caused by the
absorption at 820 nm has been assigned to an
intervalence charge transfer from Mn(III) to Mn(IV).

D. S0 State
Guiles et al.30b prepared samples in an S0-like state

by illuminating S1-state samples that had been
exposed briefly to a solution of 40 µM hydroxyamine.
Such samples exhibited an edge shift to an energy
lower than that of the S1 state. The EXAFS data of
these S0-like or S0* samples were very different from
those of the other three states, showing a marked
decrease in the amplitude of the peaks in the Fourier
transform. Detailed EXAFS analysis showed that
there is a larger spread of Mn-Mn and Mn-ligand
distances in the S0* state compared to that in the S1

Figure 22. (a). Angle dependence of the apparent coordination numbers. The apparent coordination numbers N(θ) are
plotted versus the detection angle, in the form of a polar diagram. The solid line has been obtained by fitting the experimental
data to a known equation using a least-square error criterion. Solid points are data from five oriented samples and one
unoriented sample. The open dots are data points which have been mirrored for clarity. The error ranges were determined
as the parameter values for which the sum of residuals increased by 100%. The resulting average angles with respect to
the membrane normal and isotropic coordination numbers are shown. (b) Building blocks for a structural model of the PS
II manganese complex. The Mn-Mn distances and the angles with respect to the membrane normal were determined for
the NH3-treated Mn complex. The relative orientations of the individual Mn binuclear clusters are not uniquely determined
by the experimental results; each angle corresponds to a double cone of possible orientations as indicated in part a of this
figure. (Reprinted from ref 64. Copyright 1995 American Chemical Society.)
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state. The best fit for the second Fourier peak was
obtained with two Mn-Mn distances at 2.69 and 2.87
Å, indicating that one of the oxo-bridged structures
might be different from that in the S1 state. The
analyses were consistent with the presence of a
significant quantity of Mn(II). The bond lengths
between Mn(II) atoms and their ligands are typically
0.1 to 0.2 Å longer than those of Mn(III) and Mn-
(IV). The resulting phase difference between the
backscattered waves from the low- and high-valent
Mn atoms leads to destructive interference and hence
to a diminished amplitude of the EXAFS and the

Fourier transform features. The edge data were
suggestive of the presence of Mn(II), and the EXAFS
provided additional information supporting the pres-
ence of Mn(II) in the S0 state.

E. S2 to S3 State Transition
Earlier XAS data from the S3-state samples pro-

duced by a cryogenic double turnover method indi-
cated increased disorder in the peak at 2.7 Å,
indicative of the presence of two nonequivalent di-
µ-oxo-bridged clusters in the S3 state.30a The prin-
cipal result of that work was that a small but
significant structural change was found to accompany
the S2-S3 transition. Specifically, the second Fourier
peak, representing Mn scatterers at about 2.7 Å, was
better simulated by two slightly different distances
differing by 0.15 Å. Such a change in distance was
somewhat surprising in view of the fact that, because
of the absence of an edge shift, no oxidation of Mn
appeared to have occurred. Nonetheless, it was the
first indication that the cluster contained two differ-
ent di-µ-oxo bridged distances. This provided the
first indication that there might be two nonequiva-
lent binuclear species.
The first EXAFS results for S3-state samples cre-

ated under physiological conditions with saturating
flashes were recently reported.65 Pure S3 EXAFS
spectra were generated from linear combinations of
the flash-induced EXAFS spectra, with each coef-
ficient obtained from the best fit of the flash-induced
multiline EPR signal (MLS) oscillation pattern to
Kok’s model. The Fourier transform of a S3 sample
is shown in Figure 25. The preliminary data show
that the second Fourier peak is shifted to a longer
distance compared to that in the S2 state. The peak
can be best fit to two Mn-Mn interactions at a
distance of ∼2.8 Å, or to one Mn-Mn interaction at
∼2.8 Å and the other at ∼3.0 Å. These results
contrast with the fit for the S2 (or the S1) state where
one obtains two Mn-Mn interactions at ∼2.7 Å. It
is interesting to note that the structural perturbation
involved in the S3 state is also different from the

Figure 23. The proposed orientation of the Mn complex
with respect to the membrane normal. By rotation of the
structure proposed by Yachandra et al.46c about the mem-
brane normal, the set of angles indicated in the figure is
obtained. The rotation was done in such a way as to obtain
angles for the 2-7 Å Mn-Mn distances close to the
experimentally determined values of 55° and 67°, respec-
tively. (Reprinted from ref 64. Copyright 1995 American
Chemical Society.)

Figure 24. Structural model for the g ) 4 form of the
OEC. In this model, the OEC is arranged as a pair of
binuclear centers [A, B], connected by a mono-µ-oxo bridge,
which are exchange coupled to produce the EPR signals
found in the S2 state. Oxidation of center A by either low-
temperature illumination or illumination of F--inhibited
samples results in a longer Mn-Mn distance in Aox and a
ferromagnetically coupled cluster that gives the S ) 5/2, g
) 4 form of the enzyme. In untreated samples, illumination
at 190 K or “annealing” of samples illuminated at a lower
temperature results in rearrangement to form Box, which
is constrained to smaller changes in the Mn-Mn distance
upon oxidation, compared to form A. (Reprinted from ref
58a. Copyright 1995 Elsevier.)

Figure 25. Fourier transforms of the k3-weighted EXAFS
data (3.5-11.5 Å-1) of PS II-enriched membranes in pure
S2 and S3 states. The vertical line designates the maximum
of peak II of the S2 transform, and it is clear that peak II
is shifted to a longer distance for the S3 state. Preliminary
fitting to peak II confirms a lengthening of Mn-Mn
interactions. (Reprinted from ref 65. Copyright 1995 Klu-
wer Academic Publishers.)
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perturbation observed in the S2 states for ammonia-
treated samples, fluoride-treated samples, or un-
treated samples illuminated at 130 K (g ) 4.1 EPR
signal). Each of these altered S2 states gives a two-
shell Mn-Mn fit of around 2.71 and 2.85 Å that is
consistent with the alteration of one of the two di-µ-
oxo-bridged Mn binuclear units proposed in our
model. Preliminary fits for the S3 data, however,
show an elongation of both bridges. Although each
of the three altered S2 states may have very similar
structures, the S3 state’s structure is distinctly dif-
ferent.
Either of the fit results represents a significant

structural change in the complex. Protonation of the
Mn2(µ-oxo)2 bridge, in the S3 state prior to peroxide
formation, as proposed by Pecoraro et al.,9e,f,66 would
result in such an increase in the Mn-Mn distance.
It has been suggested by Renger67 that a peroxo-
bridged Mn structure is likely for the S3 state, while
other workers suggest that a peroxo bridge cannot
form at the S3 state.68 The Mn-Mn distance in
peroxo-bridged complexes is likely to be greater than
3 Å, assuming that the peroxo group replaces one of
the di-µ-oxo bridges. Replacement of two of the µ-oxo
bridges by a peroxo bridge during the S2 to S3
transition implies a simultaneous reduction of Mn;
such a reduction is not supported by the Mn K-edge
spectra of the S2 and S3 states. On the other hand,
if the bridge is formed between the two proposed di-
µ-oxo-bridged structures, it will show up as a change
in the Fourier peak at 3.3 Å which we observe in both
the S1 and S2 states. Our preliminary data for the
S3 state show that the third Fourier peak is at a
longer distance, about 3.4 Å, compared to the 3.3 Å
distance observed in the S1 and S2 states. It is
interesting to note in this context that in a binuclear
complex where the Mn atoms are linked by a di-µ-
oxo and a µ-peroxo bridge, the Mn-Mn distance
“decreases” from 2.7 to 2.53 Å and the four-membered
Mn2O2 ring is puckered.69a Synthesis and crystal-
lographic characterization of a complex containing a
trinuclear µ3-oxo-bridged Mn3(III) with a bound
µ-peroxo group has been reported. The Mn atoms
linked by one µ3-oxo and a peroxo-bridge are at a
distance of 3.14 Å.69b A side-on peroxo-bound mono-
nuclear complex has been synthesized recently, but
there are no multinuclear complexes with only a
peroxo bridge between the metal atoms.69c An alter-
native and very likely explanation for the changes
seen in the Mn-Mn distances during the S2 to S3
transition arises from the results with binuclear Fe
complexes (see below), where the oxidative equivalent
is proposed to be delocalized on the Fe2(µ-oxo)2-
bridged unit.

VI. Mechanism of Water Oxidation and O 2
Evolution
The kinetic data from photosynthetic oxygen evolu-

tion have provided the basis for the S-state interme-
diates proposed by Kok that form the catalytic cycle.3a
It is known that there are four stable S-state inter-
mediates, S0-S3, and one state, S4, which spontane-
ously releases O2 and returns to the least oxidized
state, S0. The rate-limiting step is the advance from
S3 to (S4) to S0 and O2. This mechanism has had an

enormous influence on thinking related to the un-
derstanding of photosynthetic water oxidation. Al-
though it did not specify particular chemical inter-
mediates or the stage where water molecules were
taken up, the mechanism does provide a rationale
for most of the experiments that measured the
pattern of O2 release.3b In studies of the role of Mn
in this process workers have generally adopted the
Kok model and have attempted to characterize the
oxidation state and structural parameters of the
individual S states.
The thermodynamics of the water oxidation as

described by Krishtalik70a and modified by Brudvig
and de Paula70b require the production of O2 from
fully deprotonated H2O, O2- (oxide). Binding of
protons released from H2O by protein residues is
thermodynamically favored. Water oxidation mech-
anisms involving single-electron steps are deemed
impossible, while two- and four-electron concerted
reactions are favored.70a Deprotonation of H2O to O2-

coupled to simultaneous protonation of nearby groups
is considered the path of least resistance.70a

At present the step at which water binds to Mn is
not known. A subtle broadening of the MLS was
detected after an incubation of PS II in H2

17O in light,
and this was taken as evidence that water is incor-
porated into the Mn site by the S2 state.71 ESEEM
studies on the MLS of 2H2O-exchanged PS II showed
modulations characteristic of deuterons.72 These
results provide evidence for nearby exchangeable
proton sites, but it is not clear whether the protons
on H2O or hydroxo ligands to Mn generate such
modulations. There was no discernible change in the
width of the substructure seen on each of the major
MLS lines or on the overall width of the measured
CWEPR lines with 2H2O-exchanged PS II samples.37a
It might be that O atoms from water are in place by
the S2 state, and the deprotonation steps have
already occurred (see below). Mass spectrometry
measurements of O2 evolved after mixing PS II
samples with H2

18O and subsequent illumination
have provided the only other information about
substrate binding to Mn. In the time scale of their
experiments, Radmer and Ollinger73a,b found that
there was no nonexchangeable water bound to the
Mn complex until the S3 state and concluded that
water oxidation does not occur until the S3 state. The
proposed rationale was that oxidized water would be
harder to exchange. The most recent results, by
Messinger et al.73c based on a mixing time of 30ms,
compared to the 1 min used in earlier studies,
support the presence of two nonequivalent exchange-
able sites in the S3 state. Two different modes of O
binding are proposed to account for the two different
rates of exchange; the slow exchange site being
correlated to the presence of a proposed MndO group.
Other possibilities were not discounted, including
differences in oxidation states or differences in
coordination environment.
Mechanisms proposed by Brudvig and Crabtree68

and by Christou and Vincent74 for water oxidation
have provoked much discussion. However, both
mechanisms invoke structural motifs that are not
entirely compatible with EXAFS data. The mecha-
nisms also propose significant structural changes in
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the Mn complex as it traverses the S-state cycle.
EXAFS data do not confirm such proposed structural
changes. The first proposal involves a transforma-
tion from a cubane-like to an adamantane-like struc-
ture; and the second a butterfly to cubane-like
structure. Both the proposals have been important
in providing a framework for exploring the mecha-
nism, but neither is consistent with available experi-
mental data.
Pecoraro and co-workers9e,f,66 have proposed a

detailed mechanism that involves protonation of a
Mn2(µ-oxo)2 bridge at one binuclear unit in the S3
state prior to peroxide formation. Such a mechanism
could account for the increase in the Mn-Mn dis-
tance observed by EXAFS in the S3 state and the
relatively invariant structure, predominantly consist-
ing of di-µ-oxo cores, in the S1 and S2 states. Suc-
cessive protonation of di-µ-oxo bridges in binuclear
Mn complexes has been shown to result in an
increase in the Mn-Mn distance from 2.7 to 2.8 and
2.9 Å.29
Recently, Babcock and co-workers75 have proposed

a mechanism that involves the tyrosine YZ residue
in each step of the S-state cycle. The crux of the
proposal involves a simultaneous extraction of an

electron and a proton in each of the S-state transi-
tions, with Tyr YZ playing a crucial role.
We propose a mechanism for water oxidation that

is based on XAS and EPR results from the S0-S3
states. The major criterion is the comparison of the
Mn-Mn distances reported for the various S states
with the structural motifs and Mn-Mn distances
reported in the literature for compounds of known
structure. We draw from the extensive bioinorganic
chemistry of multinuclear Mn, Fe, and Cu complexes.
Figure 26 shows our proposed mechanism for

photosynthetic water oxidation.
(1) The structure of the complex consists of two

nonequivalent di-µ-oxo-bridged binuclear Mn clusters
linked to each other by a mono-µ-oxo bridge. EXAFS
provides ample evidence for the existence of two
different di-µ-oxo units in the OEC. In the S1 state
the oxidation states are III2 and IV2 as shown by the
Mn K-edge spectra. One “dimer” is proposed to be
redox inert and is in the oxidation state IV,IV. The
redox active binuclear center is in the oxidation state
III,III. The S1 state EPR signal has been proposed
to arise from an integral spin state of S ) 1 or 2 and
is compatible with our proposed oxidation states. The
oxidation states are also compatible with the alterna-

Figure 26. Mechanism proposed for water oxidation and oxygen evolution on the basis of the X-ray absorption and EPR
spectroscopy data.
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tive interpretation that the S1 state is diamagne-
tic.
(2) In the transition to the S2 state one Mn(III) is

oxidized to Mn(IV). The Mn-Mn distance decreases
in a manner consistent with such an oxidation. The
S state characterized by the g ) 4.1 state has a longer
Mn-Mn distance either because Cl replaces one of
the ligands or because one of the oxo bridges becomes
protonated. The difference in exchange coupling is
responsible for generating either the MLS or the g
) 4.1 EPR signal. The Mn K-edge analysis supports
oxidation of Mn and is consistent with an oxidation
state of Mn4(III,IV3) and an S ) 1/2 ground state re-
sponsible for the multiline EPR signal. An alterna-
tive explanation by DeRose et al.58 proposed that the
oxidation of one binuclear complex gave rise to the g
) 4 signal but that the oxidation of the other complex
resulted in the multiline signal (see Figure 24).
(3) The Mn K-edge inflection point data support the

interpretation that Mn is not oxidized during the S2
to S3 transition. The increase in one of the Mn-Mn
distances to 2.9 Å observed in the EXAFS data is
critical for this proposal. Protonation of oxo bridge-
(s) could produce this increase in distance. An
alternative explanation for this increase can be found
in binuclear Fe chemistry (see below).
Cluster X of ribonucleotide reductase is proposed

to be formally a Fe2(III,IV) species. It has been
described as a coupled system consisting of two high-
spin Fe(III) plus a ligand radical;76a however, recent
ENDOR results on the cluster X indicate that one of
the Fe sites has Fe(IV) character.76b Que and co-
workers have isolated a Fe2(µ-oxo)2 species that is
formally a valence-localized S ) 1/2 system, as
confirmed by Mössbauer spectroscopy, and contains
exchange-coupled high-spin Fe(IV) and Fe(III) sites.77a
A similar complex with a slightly different version
of a ligand produced a S ) 3/2 system with a Fe-Fe
distance of 2.89 Å.77b A Fe2(III2) site coupled to a
ligand radical, or a valence-delocalized Fe2(III,IV)
center were both considered to explain the electronic
parameters of the complex. Mössbauer spectra show
that the Fe sites are equivalent and hence support a
valence-delocalized high-spin Fe2(III,IV)(µ-oxo)2 site.
The Mn-Mn distance of ∼2.9 Å in the S3 state

leads to our proposal that the oxidative equivalent
is not stored on the Mn atoms but is substantially
delocalized with significant charge and spin density
on the bridging oxo ligand, generating a species akin
to an oxyl radical. The presence of an unpaired
electron on the oxygen will alter the S ) 1/2 ground
spin state of the Mn4(III,IV3) cluster. Thus this
structure would provide a rationale for the disap-
pearance of the multiline signal in the S3-state
samples. Mn is not oxidized during the S2 to S3
transition per se, because the oxidative equivalent
is either predominantly localized on the oxygen atom
or delocalized over the entire Mn2O2 unit; therefore,
the observed lack of a concomitant change in the Mn
K-edge position during the S2 to S3 transition. The
increase in the Mn-Mn distance to 2.9 Å from 2.7 Å
is in accord with that observed in the binuclear Fe
complexes described above, where the Fe-Fe dis-
tance is 2.89 Å when the oxidative equivalent is
delocalized on the Fe2(µ-oxo)2 unit.

Ca-depleted samples are inactive in O2 evolution
and a broad g ) 2 EPR signal has been observed in
the “S3 state” of such samples. In such samples the
g ) 2 broadened EPR signal has been confirmed to
arise from the tyrosine YZ radical, and it is proposed
that the signal is broadened by interaction with the
spin on the Mn cluster.20 We propose that there is
an equilibrium between the two states; one state is
a radical residing on the oxo bridge, and the second
state with the radical on the tyrosine Z residue. We
propose that in Ca-depleted systems the equilibrium
is shifted toward the stabilization of the tyrosine YZ
radical and the oxidation of the oxo bridge is pre-
vented. Ca and a neighboring residue are proposed
to play a crucial role in controlling the redox potential
and thus the stability and the course of the mecha-
nism of water oxidation. This might explain the
stability of the altered S2-state multiline EPR signal
in Ca-depleted samples and the inability to generate
a regular MLS by illumination at 190 K in such
samples.
Inhibitors like F- or NH3 prevent the formation of

the delocalized S3 state. In the case of NH3 it is
probably due to replacement of the oxo-bridge in-
volved in oxidation by the amido group.
(4) We propose the formation of a di-oxyl radical

species in the S4 state. Formation of µ-η2:η2-peroxo
intermediate from a di-µ-oxyl structure is an attrac-
tive possibility, based on recent reports involving a
binuclear Cu complex,78a,b although no such Mn
complex has yet been synthesized. The reverse
reaction, homolysis of the O-O bond in a µ-η2:η2-
peroxo structure to a di-µ-oxo core with attendant
shortening of the intermetal distance from 3.5 to 2.8
Å was recently demonstrated for a binuclear Cu(II)
complex.78a A more recent report shows that the two
species are interconvertible by altering the solvent.78b
We propose that the dioxyl radical-peroxo species
spontaneously decomposes to form the S0 state and
O2. The nature of the S4 species proposed provides
the reason for it being found only as a transient.
(5) On release of O2, two hydroxy groups are

incorporated into the binuclear Mn structure with
concomitant release of two protons. Recent H/D
isotope exchange data have been interpreted to
include proton participation, probably breakage of H
bonds, during electron abstraction from S3 leading
to O2 formation.79 The Mn-Mn distance in hydroxo-
bridged structures is expected to be longer than 2.7
Å as hinted by data from an S0 state generated by
NH2OH treatment.30b The presence of hydroxo bridges
has a pronounced influence on the Mn-Mn exchange
coupling. The lack of an EPR signal or the difficulty
in detecting an EPR signal from the S0 state could
be related to a ground spin state that is not S ) 1/2.
The deprotonation steps occur early, during the S0

to S1 and S1 to S2 transitions, and this is consistent
with the lack of proton hyperfine in the MLS. Water
is incorporated as two hydroxide bridges (two protons
are released during this transition) during the S4 to
S0 transition when O2 is released, and substrate
water does not participate in the oxidation reactions
until the S3 state, bypassing the formation of poten-
tially harmful water oxidation products. The mech-
anism also explains the asymmetry observed in the
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exchangeable O atoms in the S3 state. One of the
oxygens is more similar to an oxyl radical while the
other is an oxide which would exchange on a slower
time scale. Renger et al. have proposed79 that the H/D
isotope effect observed for the S3-S4 transition can
be rationalized if the substrate that is bound to Mn
is hydrogen bonded and the cleavage of these bonds
affects the rate constants. It is conceivable that an
asymmetric configuration caused by H bonds to the
oxo-oxyl intermediate in the S3 state leads to the
observed differences in H2

18O/H2
16O exchange rates.

Our proposed mechanism avoids the formation of the
O-O bond until the most oxidized state is reached.
This precludes the formation and release of peroxide
or other oxidation products of water in the earlier S
states, thus preventing the system from “short cir-
cuiting” and avoiding the risk of damaging the
polypeptides of photosystem II.

VII. Conclusion
Our understanding of the structure of the Mn

complex and the mechanism by which water is
oxidized to dioxygen has grown considerably since the
insightful hypothesis of the S-state intermediates by
Kok3a more than two decades ago. Since then the
development of pure and homogeneous oxygen evolv-
ing photosystem II preparations12 has made possible
the application of spectroscopic techniques, most
notably electron paramagnetic resonance and X-ray
absorption spectroscopy, to study the Mn complex as
shown in this article.
Retrospectively, our first proposed model for charge

storage that invoked the oxidation of a pair of Mn
species from Mn(II) to Mn(IV) through S0 to the S4
states still has merit.80 The evidence to date suggests
that only two of the four Mn atoms in the cluster
undergo reversible oxidation reduction.
In a review about the mechanism of photosynthetic

water oxidation Renger8a set forth several questions
and problems that needed to be addressed. There
has been significant progress toward answering the
questions, as shown in this article, but we note that
many questions remain unanswered. What is the
exact structure of the Mn complex? The structures
derived from X-ray spectroscopy results, while topo-
logically correct, might differ from a final resolved
structure. What is the structural role of the obliga-
tory cofactors Ca2+ and Cl-? Almost nothing is
known about the putative S4 state; this state has not
been trapped or otherwise detected. What are the
oxidation states and the structure of the Mn cluster
in the S4 state? When and where do the water
molecules or hydroxide species become incorporated?
How are the oxygen atoms coupled to form an O-O
bond? These questions, along with the need to trap
and characterize the proposed transient S4 state, offer
challenges for the future; they need to be addressed
before we can fully understand where and how plants
oxidize water to dioxygen.
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