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ABSTRACT The Oxygen evolving complex of plant photosystem 11 is made of a manganese cluster that gives rise to a low
temperature EPR multiline signal in the S2 oxidation state. The origin of this EPR signal has been addressed with respect to the
question of the magnetic couplings between the electron and nuclear spins of the four possible Mn ions that make up this complex.
Considering Mn(lIl) and Mn(lV) as the only possible oxidation states present in the S2 state, and no large anisotropy of the magnetic
tensors, the breadths of the EPR spectra calculated for dimers and trimers with S = ½12 have been compared with that of the
biological site. It is concluded that neither a dinuclear nor a trinuclear complex made of Mn(lll) and Mn(IV) can be responsible for
the multiline signal; but that, by contrast, a tetranuclear Mn complex can be the origin of this signal. The general shape of the
experimental spectrum, its particular hyperfine pattern, the positions of most of the hyperfine lines and their relative intensities can
be fit by a tetramer model described by the following six fitting parameters: g = 1.987, A1 = 122.4 10-4 cm-1, A2 = 87.2 10-4 cm-1,
A3 = 81.6 10-4 cm-', A4 = 19.1 10-4 cm-1 and /H = 24.5 G. A second model described by parameters very close to those given
above except for A4 = 77.5 10-4 cm-1 gives an equally good fit. However, no other set of parameters gives an EPR spectrum that
reproduces the hyperfine pattern of the S2 multiline signal. This demonstrates that in the S2 state of the oxygen evolving complex,
the four manganese ions are organized in a magnetic tetramer.

INTRODUCTION

The oxidation of water to molecular oxygen by higher
plants is catalyzed by a membrane bound protein com-
plex called photosystem II (PS II). A manganese cluster
bound to this complex is thought to serve as the
prosthetic group where the high electrochemical poten-
tial necessary to this reaction is built up; and also where
the actual chemistry takes place (1, 2). Four manganese
ions are known to be present in PS II, yet the nuclearity
of the cluster in the oxygen evolving complex (OEC) and
its structure remain largely unknown and are a matter of
considerable research efforts in many laboratories.
A number of different techniques have been used to

unravel the nature of this Mn cluster. Among these,
EPR spectroscopy has proven to yield a wealth of
experimental observations on several charge storage
states of the enzyme (3-11). In particular, and following
the original discovery by Dismukes and Siderer (3), it is
well established now that the native S2 state gives rise to
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evolving complex, XANES: X-ray absorption near-edge structure,
EXAFS: Extended x-ray absorption fine structure, CW EPR: Continu-
ous wave electron paramagnetic resonance, tacn': N,N',N"-trimethyl-
1,4,7-triazacyclononane, tren: 2,2',2"-triaminotriethylamine, bipy: 2,2'-
bipyridine, EGTA: ethylenebis(oxyethylenenitrilo)tetraacetic acid, Sig
IIsj0: the EPR signal from the stable tyrosyl radical Tyr D- of
photosystem II, HWHM: Half width at half maximum.

a broad multiline EPR signal centered near g = 2 and
consisting of at least 19 hyperfine lines (3-7). The
similarity of this hyperfine pattern to that observed in
the EPR spectra of binuclear mixed valence Mn com-
pounds (12, 13) led to the proposal that a similar
binuclear unit may exist for the Mn cluster in the protein
(3, 4). In addition, results from XANES and EXAFS
spectroscopies (14-20) have demonstrated that, among
the four Mn ions associated with the OEC, at least two
of them are distant by 2.7 A, and that the most probable
oxidation states of Mn are III and IV. Such a short
interatomic distance between two Mn ions is typical for
the di-,u-oxo Mn(III)Mn(IV) unit found in the aforemen-
tioned mixed valence Mn dimers; thus, the results of
x-ray spectroscopy also substantiate a model where the
biological Mn cluster is made of a minimal unit in which
at least two Mn ions are in close proximity. The EPR
properties would result from the magnetic coupling
between the two Mn yielding an S = 1/2 spin state that
gives rise to the observed multiline signal.
A number of observations however, are indicative of

some significant differences between this rather simple
model and the biological cluster. First, theX band EPR
spectrum from the S2 state consists of at least 19 lines
instead of the 16 lines observed in the spectra of
binuclear mixed valence Mn(III)Mn(IV) dimers, and
the overall breadth of the signal is larger (> 1,800
vs - 1,250 G). The origin of this difference could be

107 _06391201061 $20 B.phs J. o ipyia

Biophys. J.6 Biophysical Society
Volume 61 May 1992 1076-1086

1076 0006-3495/92/05/1076/11 $2.00



g-anisotropy, as is observed for instance in a number of
mixed valence Mn(II)Mn(III) dimers (21, 22), but mea-
surements at Q band seem to have ruled out this
possibility (5). Second, close observation of the multiline
signal shows that the hyperfine lines are broader and
that substructure can be resolved on top of these major
lines (23, 24). The line width of an EPR line from a

metal site in a protein is often larger than that of a

corresponding model compound. This is in particular
due to unresolved hyperfine couplings from protons in
the surrounding protein matrix and also due to strains
from the biological environment. However, the dinu-
clear Mn sites in Thermus thermophilus (25) and Lactoba-
cillus plantarum (26) pseudocatalase give rise to a 16
lines EPR signal whose linewidth is much shorter than
that of the OEC (1). In addition, superhyperfine interac-
tions from chlorine (24) and nitrogen (27, 28) ligands
have been ruled out as the origin of the partially resolved
substructure seen in the major hyperfine lines, but these
features could arise from slight anisotropy of the g orA
tensors, resulting to the nonexact superposition of the
hyperfine lines in a powder pattern; but they could
equally well originate from small hyperfine couplings
from more remote 55Mn nuclei, as for example in a

higher nuclearity complex. Third, and as mentioned
above, in most EXAFS reports, the Mn shell at 2.7 A fits
to a number of scatterers that corresponds to more than
one such Mn Mn interaction (16-19), a result which
may indicate the presence of a metal site with higher
nuclearity in the OEC. In addition, the existence of a

third backscattering shell at 3.3 A which may include Mn
has now been confirmed (17-19). This has been inter-
preted as indicating that trimers or tetramers of Mn
could also model the EXAFS data from the OEC
(17-19).
More recently, different lines of evidence have led

Boussac et al. (29, 30) to suggest that the metal site in
the S2 and S3 states that are perturbed by a treatment
with EGTA is at least a manganese trimer. In addition,
recent EPR data obtained in PS II membranes inhibited
with ammonia have led Kim et al. (31) to propose that
under these conditions the multiline signal originates
from a tetranuclear Mn cluster.

Various suggestions have been put forward in the
literature that favor trimeric or tetrameric structures for
the Mn cluster in the unperturbed OEC. Results from
x-ray absorption spectroscopy are the basis of most of
these proposals (16-19), however, no unique picture
regarding the structure of the Mn complex can be drawn
from these data and their interpretation is still debated.
On the basis of EPR simulations, Dismukes et al. (32)
have proposed that a tetramer made of 3 Mn(III) and
one Mn(IV) could model the EPR spectrum of the S2
state. However, the calculated spectrum failed to repro-

duce the breadth of the experimental spectrum and the
number of the hyperfine lines. In fact, few reports have
attempted to rationalize possible structures of the OEC
with the EPR data (4, 9, 32-34), mainly because the
simulation of the EPR spectrum becomes very complex
and seriously under parametrized when dealing with
more than two interacting Mn ions. In this paper, we use

a simple spin coupling scheme to demonstrate that the
multiline EPR signal from the S2 state cannot be
explained by either a Mn dimer or a Mn trimer. A
simulation using four different hyperfine coupling con-
stants that reproduces most of the features of the
multiline signal is presented and the significance of this
result to other data in the literature is discussed.

EXPERIMENTAL

02-evolving PS II membranes were prepared from spinach using
published procedures (35) and an EPR sample was made using
material resuspended at high chlorophyll concentration (= 15 mg/
mL). Advancement to the S2 state was achieved by continuous
illumination using an 800-W tungsten lamp while the sample was
maintained at 200 K in an ethanol/solid CO2 slurry (7). The EPR
spectrum was recorded on a Bruker ER 300 spectrometer (Bruker
Spectrospin SA, Wissembourg, France) operating atX band and fitted
with an Oxford continuous flow liquid helium cryostat (Oxford
Instruments, Paris, France). EPR data were recorded and then
transferred to a laboratory PC and reformatted to allow comparison
with the calculated spectra.

Simulation of EPR spectra was done using a FORTRAN program
originally developed by Drs L. K. White and R. L. Belford at
University of Illinois. The program simulates powder spectra for S = 1/2
systems and can include four different hyperfine interactions using
perturbation theory. It was modified to allow for calculation of the
hyperfine contributions to the spectra to the 2nd order (see e.g., 36).
Briefly, for each transition the resonant field was calculated using
perturbation theory to the 2nd order for the hyperfine coupling terms,
and the resulting stick spectrum was then convolved with Gaussian
lineshape functions. All the calculations done in this work were done
using isotropic parameters (see below).
The fit to the EPR spectra was obtained on a VFX ALLIANT

minicomputer. The simulation program described above was used
together with the MINUIT routine which minimizes the R = Xi=l,n
(ycaI IXP)2/5; 1l(yiXP)2 using SIMPLEX and MIGRAD. For this
purpose, the experimental spectrum was digitized to give n = 812
experimental points withyFxP as ordinates. They'al are the ordinates of
the calculated points for the same field values. The variables of the
minimization were the isotropic g value, the four isotropic hyperfine
coupling constantsA1,A2,A3, andA4, and the linewidth AH of the EPR
line.

RESULTS

Fig. 1 shows the multiline EPR signal from the S2 state of
the OEC recorded at X band. This signal has an original
sigmoidal shape and 18 major lines separated by 70-90
G are clearly visible that extend from = 2,500 to = 4,200
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FIGURE 1 The multiline EPR signal from the S2 state of the OEC recorded under the following conditions: microwave frequency: 9.44 GHz,
temperature: 8 K, modulation amplitude: 20 G, modulation frequency: 100 kHz, microwave power: 20 mW. The inserts show the wings of the
spectrum expanded by a factor of 8.

G. An extra line is presumably present in the region of
the spectrum near g = 2 that is excised in Fig. 1 due to
the superimposition of Sig. II,10, the sharp signal from
TyrD, the stable tyrosyl radical of PS II with unknown
function. In addition, there is some indication of extra
lines being present in the wings of the spectrum below
2,500 G and beyond 4,200 G (Fig. 1 insert). Thus, the
spectrum spreads over at least 1,800 G.
Hansson et al. (5) have measured the S2 multiline

signal at three different X band frequencies and at Q
band (34 GHz). The hyperfine pattern of this signal was
found unchanged and the g values of at least 10 peaks
were found virtually identical, indicating little, if any,
anisotropy of the g tensor (5). More recently however,
Diril et al. (22) studied two Mn(II)Mn(III) dimers and
found that the g and A tensors are very anisotropic but
only the gz component is resolved in the EPR spectra at
X and Q band. They suggested that a similar property
may be exhibited by the S2 EPR multiline signal. If this is
actually the case, then the pattern of lines in the
multiline signal results from hyperfine interactions being
resolved along only one principal axis, with the hyperfine
structure for the gx and gy components being broadened
to the point of not contributing significantly to the
observed EPR spectrum (22). A number of points are

relevant to this question: first, the Mn(II)Mn(III) dimers
that were studied are characterized by rather small
exchange coupling constants (= 10 cm-') and it is highly

probable that the large anisotropy in the g andA tensors
originates from the mixing of sublevels with Seff = 1/2
from the low lying excited states into the pure S = 1/2
ground state. This contradicts the behavior of all known
complexes made of Mn(III) and Mn(IV) which exhibit
rather isotropic g and A tensors (e.g., 13, 37). As noted
below other lines of evidence indicate that only Mn(III)
and Mn(IV) are present in the OEC in the S2 state.
Second, the unusually large hyperfine coupling con-

stants ( = 250 .10-4 cm-') due to Mn(II) that are derived
from the EPR spectra may also be a consequence of the
nonpure nature of the EPR active doublet. And third,
the resolution of only one component of the g and A
tensors in the EPR spectrum would hardly be reconcil-
able with the observation of hyperfine anisotropy in the
wings of the spectrum (38, see below). Thus, the argu-

ment of Diril et al. (22) may not apply here.
On the other hand, Rutherford (38) observed the

multiline signal produced in two-dimensionally ordered
multilayers of PS II membranes. Significant orientation
dependence was found in the wings of the spectrum,
especially shifts could be observed for the peaks labeled
1 through 4 in Fig. 1, however no obvious change could
be detected in terms of peak shifts for the other lines. In
particular, the positions of the other ten central main
lines were not changed by the orientation (A. W.
Rutherford, personal communication). This indicates
that the shape and hyperfine pattern of the S2 multiline
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signal shown in Fig. 1 does not result from the superim-
position of the different multiline patterns that would
exist in a significantly anisotropic EPR signal.
The multiline EPR signal has also been measured at S

band (3.9 GHz). The breadth of the spectrum was found
identical to that measured atX band, but 40 to 50 lines
could be resolved with spacings of 20-25 G (39). This
increased complexity of the signal was partly attributed
to increased resolution due to a decrease in g strain
broadening at S band, whereas hyperfine anisotropy was
also suggested to be the origin of the orientation
dependence of the hyperfine lines (39). On the other
hand, the X band EPR spectra of a number of di-,u-oxo
Mn(III)Mn(IV) dimers have been nearly perfectly simu-
lated and the simulation parameters used for the best fit
invariably show significant anisotropy in the A tensor,
especially in that Ai set that corresponds to the Mn(III)
ion (a computation of the EPR spectrum of
[Mn(III)Mn(IV)O2(tren)3]3+ yielded JAII 128 .10-4
cm- and JAl 150 .10-4 cm-1 for the Mn(III)
hyperfine coupling constants (13), corresponding to
local coupling constants of lall = 64 .10-4 cm-' and
la I 75 .10-4 cm-l (see below). Although the
presence of A anisotropy does not change either the
number of major lines or the breadth of the signal atX
band, it leads to splitting of lines and resolution of
additional lines through the EPR spectrum at S band, as

evidenced by the calculation of the EPR spectra (J. L.
Zimmermann, unpublished observations). From the evi-
dence outlined above, we consider that more dramatic
anisotropy of the A tensor that would bias the conclu-
sions drawn from calculations performed using isotropic
parameters is rather unlikely. Thus, the g and A tensors
used in calculating the EPR spectra were taken as

isotropic.
The magnetic properties of a system consisting of n

interacting ions can be described by the following
hamiltonian (40):

H = (OH * gi * Si + Ij * ai * Si + Si * Di * Si) - 1: JiSiis Si
i>j

(1)

where (3is the Bohr magneton, gi and ai are the g and a

tensors of ion i, Di is the zero-field splitting tensor of ion
i, Si and Ii are its electronic and nuclear spin angular
momentum vectors, and Jij represents the isotropic
exchange interaction between ions i and j. Neither
antisymmetric nor anisotropic exchange interactions are
taken into account in this hamiltonian and this assump-
tion has proven to be valid in the description of the
magnetism of most Mn complexes studied so far (41, 42).
The experimental isotropy of the g tensor (see above),

and the fact that gff is close to ge = 2.0023 both strongly
suggest that the spin state of the system that gives rise to

the multiline signal is S = 1/2 and also that the zero-field
splitting must be small with respect to the exchange
interaction (see 4).

If the exchange hamiltonian i,j JijSi * S j in Eq. 1 is
the dominant term, then its eigenvectors (labeled by the
total spin S) can be taken as zeroth-order wavefunctions
of the total hamiltonian H and the other terms consid-
ered only as perturbations. Then for each spin state S an
effective hamiltonian Hs can be written in which the
local quantities gj, Di, and ai are transformed into
average quantities gs, Ds, and Ai,s (40).

HS = PH *gS + SDs S +I:Ii*Ai,S (2)

gs and DS can be expressed as linear combinations of the
local tensors and the magnetic hyperfine coupling con-
stants Aj,s in the coupled system are related to the a, in
the uncoupled representation.

For states with S = '/2, Eq. 2 simplifies further:

(3)

As stated above, Ai,1/2 is taken as isotropic and the
following relation can be used:

(+ lAiSz +) = (+ laiSizI +), (4)
where S, and Si, are the z components of the spin of the
cluster and of ion i respectively. +) is the wavefunction
of the system spin S = '/2, Ms = + '/2. Eq. 4 yields:

Aj=1/2= 2ai (+ IsiZI +) (5)

To calculate the magnetic hyperfine coupling con-

stants in the coupled system, that will be used in the
simulation, we need to calculate first the expectation
values of each individual spin (Si,). A similar approach
has been used to calculated the hyperfine coupling
constants and simulate the Mossbauer spectrum of an
Fe-S protein (43).
As already mentioned above, different lines of evi-

dence indicate that the average oxidation state of
the Mn in the 52 state of the OEC is III or IV: results
from XANES measured near the Mn K-edge
(14, 15, 18, 19, 44), water proton relaxivity (Rj) measure-
ments (45), and CW EPR power saturation of Sig lls,o
measured in different S states (46). The investigation
performed in the following will therefore be limited to
those conformations that contain these formal valences
of Mn.
The spin coupling scheme described here will be used

to predict theoretical hyperfine patterns that will be
compared to those in the experimental spectrum shown
in Fig. 1. In addition, considering the difficulty in
simulating the experimental multiline signal with two,
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three, or four hyperfine parameters, the overall breadth
of the S2 multiline signal (AH > 1,800 G) will also be
used as an additional parameter to be considered by the
calculation. We note it the A criterion. The breadth of
the EPR signal can be related to the Ai,1/2 set by (for
S = 1/2):

A = 5 Ajlx21 = 10 ai(S.,)I. (6)

This relation is only valid in perturbation to first order
for a Mn cluster.
As noted above, only isotropic parameters are consid-

ered in this work. It is possible, however, to extend the
validity of the A criterion in the case of anisotropy in the
hyperfine tensor: it is easy to show that the breadth of
the EPR spectrum is also governed by Eq. 6, provided
that for each x, y, z set of hyperfine coupling constants,
only the parameter with the maximum absolute value is
considered and used in the equation. Thus, to have an
upper limit for the breadth of a calculated spectrum, one
needs to find a value for the local coupling constant that
represents an upper limit for Mn(III) and Mn(IV). An
extensive survey of the literature available on Mn model
complexes (see Table 1) shows that some of the largest
values for the 55Mn hyperfine coupling constants are
found for instance in the following systems [MnIIIMnIv(1±-
O)2(bipy)4]3+ (12) (aMn(III) = 78 .10-4 cm-1) and [Fe"'
Mn'll(pu-O) (ix-CH3CO2)2(tacn')2]2+ (48) (aMn(I,I) = 78.
10-4 cm-1). Thus, we chose a value of a' = 80. 10-4 cm-1
(translating to a splitting of a = 85 G at g - 2) for the

TABLE 1 Examples of experimental mononuclear hyperfine
coupling constants for Mn(lIl) and Mn(VI) Ions**

aMn(III) aMn(IV)
(10-4 cm-') (10-4 cm-') ref

[Mn2O2(tren)2]3+ 75 (x,y) 69 (iso) 13
64 (z)

[Mn3O4(bipy)4Cl2]2+ site MnN402 37
66 (x, y)
68 (z)
site MnN203Cl
73 (x,y)
67 (z)

[Mn3O4(bipy)4(H20)2]4+ site MnN402 47
66 (iso)
site MnN204
61 (iso)

[FeMnO(CH3CO2)2L2]2+ 78 (iso) 48
[Mn2O2(CH3CO2)L2]2+ 72 (iso) 72 (iso) 49
[Mn2O(CH3CO2)2L'2] 75 (iso) 72 (iso) 50
[Mn2O2(bipy)4]3+ 78 (iso) 74 (iso) 12
[Mn2O2L4']3+ 71 (iso) 71 (iso) 51
[Mn2O2Li"]3+ 73 (iso) 73 (iso) 52

*See also Table VI in reference 22. tThe sign of the hyperfine coupling
constants has not been determined.

upper limit of the local coupling constant discussed
above.
Wave functions describing the desired S = 1/2 state will

be written as a function of local spin wave functions. For
each wave function, hyperfine values associated with
each individual Mn ion will be calculated and the
corresponding A compared with the experimental
breadth of the spectrum.
The metal site in the OEC contains four Mn ions and

three basic models are considered that may explain the
multiline signal in the S2 state: (a) A Mn dimer with two
non interacting Mn monomers. (b) A Mn trimer with
one non interacting Mn monomer. (c) A Mn tetramer:
These possibilities will now be considered.
1-Mn dimer: in a Mn(III)Mn(IV) dimer, an S = '/2

ground state results when the spins SI = 2 for Mn(III)
and 52 = 3/2 for Mn(IV) are antiferromagnetically
coupled. This behavior is in fact observed in all such
compounds studied so far. The exchange coupling is
usually very strong (IJI - 300 cm-'; 12, 13, 49, 52-55),
especially when the coupling is mediated by a double
,u-oxo bridge (it is interesting to note that a somewhat
weaker exchange coupling constant between Mn(III)
and Mn(IV) has been measured in MnIII(,-O)(p,-
CH3CO2)2MnIV (tacn')2(ClO4)3 which contains only
one ,u-oxo bridge), resulting in a very stabilized S = l/2
ground state. The hyperfine coupling constants in the
coupled representation, determined by the projections
of the individual ions' spins onto the total spin are

AMn(III),1/2 = 2aMn(III) and AMn(IV),1/2 = -aMn(IV). Because
aMn(I1I) - aMn(Iv) (12, 33, 56), this simple relation results
in the partial degeneracy of the expected 36 lines which
would result from the coupling of the two 5sMn nuclei
with I = 5/2, and yields a 16 lines EPR spectrum. Also,
Eq. 6 gives AH = 1,275 G, in good agreement with the
measured breadth of the spectra of corresponding model
compounds (12, 13). By contrast, this value is quite
different from AH = 1,800 G of the EPR spectrum of the
S2 state (32). Judging from this criterion, it is concluded
that a Mn(III)Mn(IV) dimer cannot explain this EPR
spectrum. This agrees with earlier arguments against
Mn dimers as possible origins for the 52 multiline signal
(9, 32, 34).
2-Mn trimer: two Mn configurations can give rise to a

S = 1/2 spin system: a Mn(IV)3 or a Mn(III)2Mn(IV)
trimer.

Mn(IV)3: By contrast to the case of the dimer de-
scribed above, more than one spin configuration of the
three Mn ions can give rise to a final S = /2 system. In the
present case where S, = S2 = S3 = 3/2, two configurations
with S = 1/2 occur in the coupled system. These may be
obtained by coupling SI and S2 to an intermediate spin
S ' = 1 or 2 and then coupling S' with S3. Using the kets
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FIGURE 2 Mean values of the z components of the local spins (1) and corresponding spectral breadth (2) as functions of the mixing parameter a2
in the doublet states for a Mn(IV)3 cluster. The spectral breadth was calculated using ai = 85 G (see text); (3) and (4) are the analogous curves for a
Mn(III)2Mn(IV) cluster. The straight lines in (2) and (4) at 1,800 G represent the observed breadth of the multiline signal of the OEC S2 state.

S1S2(S') S3;S Ms) as basis set, we write the most general
state with S = 1/2andMs = +1/2 as:

+) = (1 - t2)112 ISIS2(1)S3; 1/2 1/2) + a|ISS2(2)S3; ½/2 1/2), (7)

in which a is a mixing parameter -1 < a < 1 and the
+) wavefunction has been normalized. The choice of
which two spins couple to form S' is arbitrary and does
not interfere with the final result.

Using standard techniques (57) to evaluate the matrix
elements of Siz, one obtains:

(S,,) = -1/6 + 2a2/3 - 2a[3(1 t2)]1/2/3

(S2,) =.-.1/6 + 2a2/3 + 2a[3(1 a2)]1/2/3

(S3z) = 5/6- 4a23. (8)

Fig. 2.1 shows a plot of (Si,) versus the square of the
mixing parameter. From Eq. 6 and using a = 85 G, we
can evaluate the overall breadth of the theoretical EPR
spectrum of the calculated S = 1/2 state for a given value
of the mixing parameter (Fig. 2.2). Interestingly, a

trimer that corresponds to the case studied here has
recently been synthesized and characterized (37). This
complex displays a perfectly resolved EPR spectrum
whose breadth (900 G) corresponds to the limit a = 0

studied here. A similar conclusion was drawn from EPR
and magnetic susceptibility measurements (37). How-
ever it is quite clear that the maximum breadth allowed
by this scheme (1,275 G) is well below the breadth of the
S2 multiline signal (Fig. 2.2, straight line), demonstrating
that a Mn(IV)3 trimer cannot model the EPR signal
from the S2 state.
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Mn(III)2Mn(IV): in this trimer, S, = S2 = 3/2 and S3 =
2, and the S = 1/2 state in the coupled system can also be
a mixture of two configurations. The final wavefunction
with S = 1/2, Ms = + 1/2 may be written in the same way as
in Eq. 7. Calculation of the matrix elements gives here:

(SI,) = -1/6 + 2Ct2/3 - o[21(1 -a2)112/3
(S2z) = -1/6 + 2a2/3 + cx[21(1 - a2)]1/2/3

(S3z) = 5/6- 4a2/3. (9)

Numerical calculation shows that the I(Siz)l can be
larger here than the corresponding values in the Mn(IV)3
trimer (Fig. 2.3). Yet the A criterion cannot still be
matched (Fig. 2.4). It is concluded that a magnetic
trimer is not a good candidate for modeling the EPR
spectrum of the S2 state of the OEC.
Mn tetramer: the most general case of a magnetic

complex made of four Mn ions is rather complicated.
The exchange hamiltonian He = i<,jJijSiSj may involve
six different exchange coupling constants Jij. The S = 1/2
subspace is of dimension 8 for the Mn(IV)3Mn(III)
configuration and 7 for the Mn(III)3Mn(IV) configura-
tion (the other distributions of Mn(III) and Mn(IV) do
not give rise to a final S = '/2 state) (see Table 2). A basis
set for this subspace is the set of vectors labeled
1S12, S34, S ) (see Table 2). He has to be diagonalized on
this basis set and if, as is generally the case, all the Jij are
different, then the S = 1/2 ground state wavefunction
could be a mixture of 8 (or 7) states. In general also S12
and S34 are not good quantum numbers since He does
not commute with either S12 or S24. Thus, the method
outlined above for the trinuclear species where the most
general S = /2 ground state is a mixture of just two states
cannot be used here. On the other hand, the problem
can be simplified if not all the J1j are different. For

TABLE 2 Spin states for a Mn(lIl)Mn(lV) tetranuclear cluster*

S34S12 1/2 3/2 5/2 7/2

0 1/2 3/2 5/2 7/2
1 1/2, 3/2 1/2,3/2,5/2 3/2,5/2,7/2 5/2,7/2,9/2
2 3/2, 5/2 1/2, 3/2, 5/2, 1/2,3/2,5/2 3/2,5/2,7/2

7/2 7/2, 9/2 9/2, 11/2
3 5/2, 7/2 3/2, 5/2, 7/2, 1/2,3/2, 5/2 1/2,3/2,5/2,

9/2 7/2,9/2,11/2 7/2,9/2,11/2,
13/2

4 7/2,9/2 5/2,7/2,9/2, 3/2,5/2,7/2 1/2,3/2,5/2,
11/2 9/2,11/2,13/2 7/2,9/2,11/2,

13/2, 15/2

*For a 3Mn(III) (Si = 2) Mn(IV) (Si = 3/2) cluster, all spin states of
this table are possible. For a lMn(III) (Si = 2) 3Mn(IV) (Si = 3/2)
cluster, the spin states of the last line do not apply.

instance if we can assume that S2 commutes with He
then S12 is a good quantum number and each S = '/2 state
will be a mixture of only two wavefunctions. This will
happen for a hamiltonian of the form:

He =-JI2S1 * S2-JS3 * (SI + S2)
- J'S4 * (Sl + S2) - J34S3 * S4. (10)

In such a limiting case one can use the method of the
preceding sections and show that the A criterion can be
matched (yet it does not mean that it corresponds to a

good EPR simulation).
It is rather obvious that such a hypothesis is quite

restrictive and most importantly there is at present no

experimental evidence to support it. In particular, it is
easy to show that simple Mn coupling topologies such as
the linear one shown in Scheme 1 have only S as good
quantum number.

J23

j12
S S3 J34

Si S4
SCHEME 1

We chose to remain as most general as possible and by
taking the g and A tensors strictly isotropic, a set of
simulation parameters was obtained using the following
fitting procedure: For a given set of starting parameters,
the EPR spectrum was calculated using the FORTRAN
program described in the experimental section, and the
residue R = (Yth - Yexp)2/ye2xp was gradually minimized
using SIMPLEX and MIGRAD. Two minima were
found withAI = 123.1, A2 = 87.7, A3 = 80.9, andA4 =

77.5 (.10-4 cm-1) (R - 0.14) orAl = 122.4, A2 = 87.2,
A3 = 81.6 and A4 = 19.1 (.10-4 cm-') (R = 0.08). The
result of the simulation done using the second set of
parameters is shown in Fig. 3. These best two simula-
tions are considered significant because it was found
that the minimization was converging towards one of
these two minima when starting from any set of fitting
parameters (Aj,A2,A3, A4,g and AH). In particular, it
was found that no acceptable simulation could be
obtained when confining one or more hyperfine coupling
constant to zero, thus confirming that a dimer or a trimer
of manganese cannot model the S2 EPR signal.

DISCUSSION

The results of the calculations outlined in the preceding
section demonstrate that if only Mn(III) and Mn(IV)
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FIGURE 3 The spectrum of Fig. 1 (solid line) together with the spectrum calculated using the parameters that gave the best fit: gisj = 1.987,A 1 =
122.4 10-4 cm-1 (131.9 G); A2 = 87.2 10-4 cm-1 (94.0 G); A3 = 81.6 10-4 cm-l (88.0 G); A4 = 19.1 10-4 cm-1 (20.6 G), AH = 24.5 G (HWHM)
(dashed line).

are to be considered in the OEC in the S2 state, and no

large anisotropy of the g tensor is present, the EPR
signal from the S2 state originates from a magnetic
tetranuclear species. This result is of importance for the
following reasons: the tetramer model of dePaula et al.
(8, 9) was largely based on CW EPR saturation and
temperature dependence studies of the multiline signal,
however the data have been found to be in error (5 and
Britt, R. D. and Zimmermann, J. L., unpublished data).
Interestingly, a tetranuclear cluster Mn(III)3Mn(IV)
was also suggested in (32) as a possible origin of the
multiline signal of the S2 state. However our improved
experimental data and least square fitting procedure
offers a better tetramer simulation than has been previ-
ously possible.
There are at present other experimental data that may

provide the same conclusion. First, from the analysis of
the lineshape and number of lines of the EPR multiline
signal from the S2 state observed when the essential
cofactor Ca2+ is removed from the OEC by a treatment
with EGTA, it has been concluded that the metal site
responsible for the signal is at least a trimer of Mn (29);
and the EPR signal from the S3 state which can be
detected under these conditions (30) could not be fit
with a simple interacting system such as a Mn dimer
(unpublished observations, but see legend to Fig. 2 of

Ref. 30). This suggests that in the untreated S2 that gives
rise to the multiline signal studied here, the Mn cluster is
also bigger than a dimer. And secondly, it has been
recently shown that Mn hyperfine structure with regular
spacing of 36 G can be resolved in the g = 4.1 signal
that arises from the S2 state under conditions of ammo-
nia inhibition of oxygen evolution (31). This result
strongly suggests that both the g = 4.1 and multiline
signals originate from a Mn tetramer (31), and the
conclusions of the present work support this interpreta-
tion, at least with respect to the multiline signal.

It is remarkable that the best fit shown in Fig. 3
reproduces most of the spectral features of the S2
multiline signal. Both signals have a similar S shape
which is more pronounced in the high field portion
above g = 2, the average peak separations are also very

similar with most of the hyperfine peaks positions being
reproduced. The simulation also predicts the particular
hyperfine pattern with the correct relative amplitudes.
Closer examination of both signals also reveals that the
small differences between the experimental and the
simulated signals are nearly exclusively located in the
wings of the spectra, i.e. in those regions where hyper-
fine anisotropy has been suggested to be present (38). It
might be expected that a better match with the experi-
mental spectrum could be obtained if anisotropy of the
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hyperfine coupling constants and/or a slight anisotropy
of the g tensor which would be compatible with the data
(5) were considered. As already noted above, significant
anisotropy that is presumably present in theA tensor has
been suggested to explain the complexity of the S2 EPR
signal measured at S band (39). We are presently
working at improving the simulation by introducing
anisotropy in the hyperfine tensors.

It has been mentioned that substructure can be
resolved in the S2 multiline signal when working at low
modulation amplitudes (23, 24, 28). It is conceivable
that this substructure and the increased complexity of
the hyperfine pattern in the S band S2 signal (39) have
partly the same origin. The simulated EPR signal shown
in Fig. 3 has been obtained by convolution of the
individual EPR transitions with Gaussian lineshape
functions with linewidths of 24.5 gauss. This leads to an
envelope spectrum that masks a large number of narrow
lines that can be resolved by using line shape functions
with smaller linewidths (not shown). Thus, the set of
fitting parameters used to obtain the best fit of the X
band EPR signal may also explain the substructure of
the signal and the complex hyperfine pattern observed at
S band. However, more work is needed to substantiate
this possibility.

It is interesting to note that the models associated
with the two best fits mentioned above predict four
different hyperfine coupling constants, of which one is
particular small (IAI - 19. 10-4 cm-1), when compared
to the hyperfine coupling constants of monomeric Mn
ions (see Table 1). Such small A values have also been
inferred from the analysis of the EPR spectrum of
[Mn(IV)304(bipy)4Cl2]2+ (37). This demonstrates that a
large range of hyperfine coupling constants must be
considered when trying to simulate an EPR signal
arising from a complex made of more than two interact-
ing Mn Ions.

It is shown in this paper that in the S2 state of the OEC
the four Mn ions are organized in a magnetic tetramer.
Two sets of hyperfine coupling constants are obtained
that give EPR spectra that are very close to the S2 EPR
signal. These constants do not give, per se, information
about the structure of the tetramer, nor about the
interactions between the four Mn ions. However, it
would be most interesting to derive the coupling schemes
(i.e., the exchange coupling constants between the four
ions) that are responsible for the particular sets of four
hyperfine coupling constants. We are presently working
at this problem in our laboratories.
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