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Abstract: Manganese X-ray absorption spectra (XAS) are reported for the S; state of highly purified, highly concentrated
preparations of the oxygen-evolving complex (OEC) from photosystem II (PSII). Improvements in concentration (ca. 1.5
mM Mn) and detection efficiency (13-element solid-state detector array) have permitted a substantial improvement in data
quality relative to previous solution XAS studies of PSII. Principal findings are that there is no need to include a shell of
oxygens at ca. 1.75 A in order to account for the Mn EXAFS, that there are 2-3 Mn~Mn distances of ca. 2.7 A, and that
there are one and possibly two shells of additional scatterers at longer distance (ca. 3.3 and 4.2 A) from the Mn. Even with
this higher quality data, it is not possible to use EXAFS to determine whether chloride is coordinated to the Mn. The structural
consequences of these results are discussed in the context of proposed structural models. It is concluded that neither a cubane
nor previously prepared butterfly type clusters can account for the observed features. Although EXAFS alone cannot uniquely
determine the structure of the OEC, the present data together with other physical observations suggest an alternate model
for the OEC consisting of a trinuclear Mn cluster together with a mononuclear Mn. A new approach for interpreting X-ray
absorption near edge structure (XANES) spectra by using edge shape rather than only the energy of the first inflection point
is presented. This method correctly determines the Mn(II) concentration in crystallographically characterized mixed-valence
Mn trimers. The OEC XANES spectrum is unusually broad, and the edge fitting method suggests that one interpretation
of this broad edge is the presence of mixed-valence Mn(II/HI/III/IV) in the S, state. The XANES and EXAFS data taken
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together point to a manganese environment which is more heterogeneous than previously appreciated.

The biological production of dioxygen and the subsequent
metabolism of this molecule and its reduced forms (O,") are
among the most important classes of reactions in the biosphere.
Nearly all of the dioxygen which animals and aerobic bacteria
use during respiration originates from the photosynthetic oxy-
gen-evolving complex (OEC) which is found in the chloroplast
thylakoid membranes of higher plants and algae. The OEC
catalyzes the reaction shown in eq I.!  Photosynthetic membranes

2H20""02+4H++4e_ (I)

which are illuminated with short, saturating flashes of light evolve
oxygen after four flashes starting with the third flash,2 thus
demonstrating that each photosystem I (PSII) reaction center
acts independently to acquire sequentially four oxidizing equiv-
alents. The five kinetically resolvable intermediates are designated
S, to S, with S; being the most reduced level.2 The stable, dark
adapted form of the enzyme is predominantly S,.2

Four specifically bound Mn are required for OEC activity.*
Dismukes and Siderer’ have detected at low temperatures a
multiline EPR signal centered at g = 2 (=19 lines spread over
a 1900 G range) associated with the S, state, The multiline signal
directly implicates a multinuclear manganese cluster in the cat-
alytic process.%” More recently, a second EPR spectral feature
from S, has been observed at g.; =~ 4 under conditions of illu-
mination which inhibit multiline signal formation.?

Interpretation of these spectroscopic signatures has fueled
considerable controversy. Initially, the multiline signal was as-
signed to a mixed-valence dinuclear Mn site.> Subsequently,
Brudvig and co-workers suggested that the two S, EPR signals
could be assigned to different conformations of a mixed-valence
tetranuclear cluster.>!® More recently, Hansson et al.!! have
reinterpreted these spectra by using a model that incorporates a
mononuclear Mn(IV) (an S = 3/2 spin manifold that is the origin
of the g,y ~ 4 signal) in electron-transfer equilibrium with a
mixed-valence cluster (an S = 1/2 spin system that provides the
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multiline component). In this model, the mixed-valence cluster
could be dinuclear, in which case the stoichiometry would require
the presence of an additional EPR nondetectable mononuclear
center or the mixed-valence cluster could be trinuclear.}>13
X-ray absorption spectroscopy (XAS) can provide useful
structural information for metalloenzyme active sites.!* Extended
X-ray absorption fine structure (EXAFS) spectra can be analyzed
to give bond lengths with a precision of 0.02 A for nearest
neighbors and ca. 0.05 A for more distant atoms. The precision
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in coordinate number is ca. £25% and the uncertainty in atomic
number approximately 210. The latter constraint results in an
ambiguity in ligation in so far as N and O, S and Cl, or Mn, Fe,
and Ca cannot be distinguished.

In a series of studies,3-2! Klein, Sauer and co-workers found
that the average Mn coordination environment includes a
Mn~(N,0) distance of 1.75~1.8 A, a disordered shell of oxygens
and/or nitrogens at an average distance of 2.15 A from the Mn,
and a Mn~(Mn or Fe) distance of 2.7 A. The shorter Mn—(N,0)
distance has been assigned to a bridging ligand based on com-
parison with dinuclear manganese model complexes, while the
longer distance is believed to be due to terminal nonbridging
nitrogen and/or oxygen ligands. The observed Mn~Mn distance
of 2.7 A provides additional evidence that at least two manganese
lons are in close proximity. Thus, these EXAFS data show that
the OEC must contain at least a dinuclear cluster and are con-
sistent with, but not proof of, the existence of a higher nuclearity
cluster.

In addition to uncertainty over the nuclearity, the oxidation
states of the manganese cluster are still unclear. The multiline
EPR signal has been attributed to u-oxo-bridged Mn(II1/1V)2?
and Mn(I1/I11)® dimers based on line shape analysis of the signal;
however, assignment of oxidation states based only on the man-
ganese hyperfine interactions is difficult.”* The former is con-
sistent with results from X-ray absorption near edge structure
(XANES). On the basis of X-ray edge energies, the average OEC
oxidation state for S, has been assigned as Mn(III) with one or
more manganese being oxidized on conversion to S,.V"

Inorganic cofactors other than manganese are also required for
O, production. Membranes depleted of chloride?>® or calcium?’28
lose the capacity to produce dioxygen and do not undergo complete
S state advancement. On the basis of analyses of inhibition kinetics
induced by primary amines. Sandusky and Yocum have postulated
that chloride ion forms a bridge between manganese ions to
mediate electron transfer.?>3° This amine/Cl competition has
been confirmed in EPR studies by Brudvig and co-workers.3! It
was originally reported that the EXAFS data could not be fitted
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Table I. Edge Energies for Mn Models Compounds
edge energy

model® valence? (eV)* ref
[Mn(SALPS),], +2 65471 37
Mn(C3H4N2)6C12 +2 6547.2 38
Mn(A¢cO),6H,0 +2 6548.6 39

Mn;(SALADHP),(AcO),(MeOH),  +2.67  6549.6 12
Mn,(SALADHP),(AcO),(pyrOH),  +2.67  6549.6 40
2H,0

Mn,(SALADHP),(AcO),(H,0), +267 65498 40
[Mn,(DALAP)(DMF),] +3 6550.5 41
[Mn[(2-OH)SALPN](AcO)] +3 6550.4 42, 43
Mn(TMP)(Cl) +3 6550.6 44
{NaMn,[(2-OH)SALPN]}(AcO), +3 6550.7 42, 43
{Mn[(2-OH)-5-CI-SALPN]},CH;OH  +3 65512 42, 43
Mn[OC(NH,),]¢(CIO,); +3 6551.5 45
[Mn(SALAHP)(AcO)], +3 65522 46
Mn(C5H702)3 +3 6552.9 47
Mn(TPP)(OMe), +4 6552.1 48
Mn(SALADHP), +4 6554.2 49, 50
[Mn(SALPN)O], +4 6554.6 51
OEC, S, state 6549.,9

4See footnote 40 for abbreviations. ® Average formal oxidation state
of Mn. ©Edge energy defined as the energy of the first inflection point
on the rising edge. Within each oxidation state, compounds are sorted
by increasing edge energy.

to accommodate chloride as a manganese ligand in either S, or
S,;21832 however, this claim has since been moderated.?

Two to three calcium ions are bound to PSI1.3 In addition
to being required for S state advancement and oxygen production,
calcium can reconstitute activity in salt-washed membranes where
the extrinsic 23 and 17 kDa peptides have been depleted.?’ These
and other data suggest that calcium may play an important
structural role in the OEC. It is quite possible that the location
of the bound calcium may be at or near the active site.

The recently reported procedure for isolating PSII reaction
centers by using the detergent octylglucopyranoside in a high ionic
strength buffer has permitted the preparation of highly purified,
highly concentrated samples of the OEC.>*  This procedure
separates the PSII reaction centers from the rest of the photo-
synthetic membrane and permits preparation of samples containing
~].5 mM Mn (400 uM reaction centers). This is significantly
more concentrated than samples which have previously been ex-
amined by XAS and thus has permitted us to obtain data having
a significantly enhanced signal-to-noise ratio.

We report herein X-ray absorption studies of the S state of
the OEC by using these highly resolved core preparations, The
specific questions addressed are the manganese cluster nuclearity,
the identity of the ligands to the manganese, and the oxidation
states of the manganese in S;. We conclude that XAS data alone
cannot uniquely define the structure of the manganese cluster;
however, these data in conjunction with other observations can
be used to rule out many of the existing structural proposals. Most
importantly, our present data provide a picture of a very heter-
ogeneous environment for the manganese, suggesting a system
of greater structural complexity than has previously been con-
sidered.

Experimental Section

Sample Preparation. Highly purified samples of the OEC were pre-
pared according to the procedure of Ghanotakis et al.3* Specific activity
was 1400 umol of O,/(h-mg of chlorophyll)™'. Samples were estimated
to be 1.5 mM in Mn based on chlorophyll content and previously de-
termined chlorophyll:Mn ratios.>* Samples contained no adventitious
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Mn(11) as judged by EPR at liquid He temperatures in the presence of
excess Ca?*. Two samples in the S, state were loaded into Lucite EX-
AFS cells and stored at 77 K. All X-ray absorption measurements were
made at 10 K by using an Oxford Instruments Cryostat (CF-1204),
XAS data for the two OEC samples were measured over the range
6432-7116 eV for a total of 9 and 6 h, respectively. Data were measured
at SSRL beam line 7-3 by using a Si(400) double crystal monochro-
mator and were recorded as fluorescence excitation spectra by using a
13-element high-purity Ge detector® to monitor X-ray fluorescence.

Synthetic manganese complexes having well-characterized oxidation
states, coordination geometries, and variable nuclearities were used as
models for the OEC edge structure. The models which were studied are
summarized in Table [.% The preparation and characterization of these
models are described elsewhere !%1%37-5!  Spectra of the model com-
pounds were measured in transmission mode by using finely ground
powders suspended in a BN matrix.

Data Analysis. Energy calibration was accomplished by using KMnO,
as an internal standard,'* with the maximum in the KMnO, pre-edge
peak assigned as 6543.3 eV.!”™ Energies were converted from eV to
photoelectron wave vector k = (h/2:w)}[2m(E - E,)]'/? by using a
threshold energy E, = 6555 eV. EXAFS data analysis followed standard
procedures for pre-edge background removal, spline fitting, and Fourier
transformation.'* In brief, the pre-edge absorption was modelled by a
second-order polynomial fitted over a 300-eV region below the absorption
threshold, and the extrapolated pre-edge polynomial was subtracted from
the entire range of data. The EXAFS x(k) is defined as (¢ — u)/tto
where u, is the absorption in the absence of EXAFS effects. Since g,
cannot be directly measured, we approximate the EXAFS as (u — ug)/up
where u, is a smooth polynomial spline fitted through the EXAFS region
and gy, is the background absorption, calculated according to the Victo-
reen formula.’? For the present data, u, was determined by using a two
region cubic spline, with spline points chosen to give the minimum
Fourier transform intensity at low R (<! A). The EXAFS data were
fitted to eq 2 by using a nonlinear least-squares algorithm. Ineq 2, N

(k) = ;%-S(k)-p(k)-exp(—zkw)-sin kR +3(k) ()
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Figure 1. Unsmoothed, k* weighted EXAFS data for two OEC samples
(S, state): top, sample 1, average of 17 scans and bottom, sample 2,
average of 8 scans. Spectra are plotted on the same scale and have been
displaced for clarity. Spacing between tick marks on vertical scale is 2.0.
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Figure 2. Fourier transforms of EXAFS data in Figure 1. Transforms
calculated by using k3 weighting for 3.5 A < k < 11.5 A~!. Spectra
are plotted on the same vertical scale and displaced vertically for clarity:
top, sample | and bottom, sample 2. The higher noise level for sample
2 (8 scans rather than 17 scans) is apparent in the high R signals for this
sample.

is the number of scattering atoms, S is a scale factor, F is the intrinsic
backscattering amplitude for a given absorber-scatterer pair, o2 is the
mean square relative displacement in absorber—scatterer bond length, R,
and ® is a phase shift. Equation 2 represents the EXAFS for a shell
consisting of a single type of scatterer at a single distance from the
absorber. In modelling complex data such as that for the OEC, multiple
(two or three) shells of scatterers, each having the form of eq 2, were
refined simultaneously.

The amplitude, F(k) and the phase ®(k) are functions characteristic
of a particular absorber-scatterer pair. Both ab initio and empirical
parameters were used to describe these functions. Ab initio parameters®
were calibrated by using a method similar to that described by Teo. 45
In this procedure, eq 2 was fitted to the data for a structurally charac-
terized model compound with S (independent of k), R, ¢, and E, allowed
to vary and N fixed at the crystallographic value. The values of S and
E, which were determined in this manner were then held fixed in sub-
sequent fits of the OEC EXAFS data. Empirical amplitude and phase
parameters were determined by using a Fourier filtering procedure to
isolate the EXAFS for a single shell, which was then decomposed into
an amplitude and phase. In terms of eq 2, the empirical amplitude
function is S(k)-F(k), while the phase function includes both ®(k) and
any correction term due to an incorrect choice of E,. The change in
disorder between model and unknown, Ag¢?, rather than an absolute o,
is determined in this method. Model compounds were KMnO, and
Mn"(urea), for Mn—O and Mn!'(imidazole), for Mn—-N and Mn-C. As
a good model for Mn-Mn EXAFS was not available, only ab initio
parameters could be used for this shell. With these parameters, S and
E, were set to 0.3 and —0.5 eV, respectively.’
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Regardless of the source of the amplitude and phase parameters, fits
to the OEC EXAFS data used three variable parameters per shell; &,
R, and Ac? In analyzing the protein EXAFS, N was fixed at different
integer or half-integer values, and R and Ao? were allowed to refine. In
this way it was possible to determine the optimal value for N while
retaining a minimum number of variable parameters. Identical structural
parameters, within the estimated uncertainty, were obtained for empirical
and theoretical parameters. Both the empirical and the calibrated ab
initio parameters are dependent on the choice of model compound.
However, the fact that we obtain the same structural results by using
parameters derived from a variety of model compounds demonstrates that
our results are independent of these minor phase and amplitude differ-
ences between models.

The current data have a sufficiently large signal-to-noise ratio that it
was possible to use k* weighting for all analyses, including plots, Fourier
transforms, and curve-fitting calculations. The k* weighting factor ap-
proximately corrects for the decrease in EXAFS amplitude at high &,14
thereby giving equal weight to the entire EXAFS spectrum.

For XANES analyses, the spectra were normalized by using a new
procedure.® Rather than using different polynomials to model the
pre-edge and post-edge regions, a single polynomial and scale factor were
used. The scale factor and polynomial coefficients were adjusted so that
the normalized data had the optimal agreement in a least-squares sense
with tabulated X-ray absorption cross sections’’ both below and above
the absorption edge. This procedure allows quantitative comparison of
XANES spectra with an uncertainty of less than 5%.

Results

EXAFS. The &3 weighted EXAFS data for the two different
OEC samples are shown in Figure 1. The high signal-to-noise
ratio and good reproducibility of these data are apparent—note
that these data have not been smoothed. The higher quality of
these data in comparison with earlier solution XAS studies of the
OEC is attributable to the higher concentrations of Mn in our
samples and the use of a solid-state detector array. Data of
comparable signal-to-noise ratio have been reported recently by
George et al. for the OEC in oriented photosynthetic membranes.*®
The Fourier transforms of the data in Figure | are shown in Figure
2. The Fourier transform of an EXAFS spectrum has peaks
corresponding to each of the different shells of scatterers, with
the peak positions shifted by typically —0.3 to —0.5 A from the
true absorber-scatterer distance due to the phase shift (k) in
eq 2.5 The absence of spurious signals at higher R (R > 4 &)
again reflects the high quality of the present data.

Many of the features of the Fourier transforms are similar to
those reported by Klein, Sauer, and co-workers.!>2! We see three,
and possibly four, peaks which are present above the noise level
of the data. The first two peaks, corresponding to shells of atoms
at distances of ca. 1.9 and 2.7 A from the Mn, are identical with
those reported in the most recent work by McDermott et al.2!®
In their earlier EXAFS studies, Klein, Sauer, and co-workers
found that the 1.9-A peak was split into two peaks,!820:21232 Ag
discussed by Yachandra et al.,20 these differences in the low R
peak reflect the sensitivity of Fourier transforms to noise and
incomplete background removal and are not necessarily indicative
of any real difference in structure. In addition to the two main
peaks, we also see smaller peaks corresponding to atoms at dis-
tances of ca. 3.3 and 4.5 A from the Mn. The former was ten-
tatively reported by Yachandra et al.2!® for a spectrum obtained
by averaging EXAFS data for S, and S, but was not detectable
above the noise level of either the S, or S, data independently.
The peak at 4.5 A has not previously been noted.

These four peaks are independent of both the Fourier transform
range and the window function used to define the EXAFS data
used for transformation. This suggests that these peaks do not

(55) These are typical of values found for other metal~-metal EXAFS, See
for example: Lindahl, P. A.; Teo, B.-K.; Orme-Johnson, W. H. Inorg. Chem.
1987, 26, 3912-3916.

(56) Waldo, G. S.; Penner-Hahn, J. E. Manuscript in preparation.

(57) McMaster, W. H.; Kerr Del Grande, N.; Millett, J. H.; Hubbel, J.
H. Compilation of X-ray Cross Sections; UCRL-50174, Section I, Rev. |.

89(583 George, G. N.; Prince, R. C.; Cramer, S. P. Science 1989, 243,
789-791.

(29) Sayers, D. E.; Lytle, F. W,; Stern, E. A. Phys. Rev. Lett. 1971, 27,
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Figure 3. Best fit to filtered EXAFS corresponding to first Fourier
transform peak (0.9 A < R < 2.3 A). Fit parameters given in Table II,
solid line = fitted data and dashed line = best fit: (top) best one shell
fit and (bottom) best two shell fit.

arise from transform artifacts (e.g., truncation). Other peaks (e.g.,
those at ca. 0.7, 1.8, and 3.5 A) are dependent on the transform
parameters and are therefore unlikely to represent real structural
features.

In our quantitative curve fitting analysis of the EXAFS data,
we first proceeded by Fourier filtering the four different peaks
and fitting each peak independently. While this procedure greatly
simplifies the curve fitting analysis, it is possible that truncation
effects arising from the Fourier filtering could perturb the results,
To check for this possibility, we have repeated the fitting by using
a range of different filter limits, including a filter consisting of
the combined first and second shells and the unfiltered EXAFS
data. The quantitative results are independent of filter; however,
the sensitivity of the fits to the presence of atoms in the higher
R shells is greatly reduced for the wide filters.

First Shell. EXAFS data for the first Fourier transform were
filtered over the range 0.9 to 2.1~2.3 A, and the data were fitted
to eq 2 by using either Mn—O or Mn~N parameters. Comparable
results were obtained for each set of parameters, with the principle
difference being a slightly shorter distance when Mn~N param-
eters were used (ca. 1.88 A for Mn~N, ca. 1.91 A for Mn-0).
The results that follow are discussed in terms of the Mn~O fits,
since it is generally thought! that oxygenic ligands dominate the
Mn coordination environment. We emphasize, however, that
EXAFS cannot provide any direct information on the number,
if any, of nitrogen ligands that are present.

The best single-shell fit to these data gives ca. two oxygens at
1.91 A. This coordination number is too low, indicating either
that there is substantial disorder in this shell or that more than
one shell of ligands contribute to the first Fourier transform peak
leading to destructive interference between the different contri-
butions. The small ¢2 value for this shell suggests that disorder
is not responsible for the low coordination number. Support for
the multiple shell model is found in the fact that the filtered data
can be well modelled by a fit incorporating two oxygens at 1.91
A and two oxygens at 2.13 A. These fitting results are summarized
in Table II. In Figure 3 we compare the best one shell and two
shell fits, Although the one shell fit is able to match the EXAFS
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Table II. Representative Curve Fitting Results for First Fourier
Peak?

shell 1 shell 2 shell 3
R N Ad? R N Ag? R N A¢® P
192 (2) -49 6.1
1.92 (2) -59 213 (2) 44 38
1.74 (1) 69 192 (2) -75 212 (1) -36 21
172 () 21 192 (2) -64 208 (2) 189 1.6
.71 (1) 21 191 (2) -6.4 207 (3) 96 1.5

?Fits to filtered data corresponding to first Fourier peak (see text).
All fits were calculated by using Mn!!'(urea) as a model compound.
Coordination number (V) was fixed at the indicated integer values for
refinements, Mn—O bond lengths (R) given in A, Debye-Waller fac-
tors (o?) given as A2 X 10%. °®Fit index F defined as {{(K*xop —
ksXcalc)z/(Ndma - Nvur)]l/z}/(kJXmax - kJXmin) X 100% where Ny, and
N, are the number of data points and number of variables, respec-
tively, and Xmax = Xmin @r¢ the maximum and minimum observed values
for filtered EXAFS data.

frequency reasonably well, both shells are required in order to
reproduce the observed amplitude. It is also clear that the two
shell fit does a good job of reproducing all of the features of the
observed spectrum, suggesting that there is no requirement for
a third shell of scatterers.

Klein, Sauer, and co-workers have reported!820:21:32 that the
Mn nearest neighbors in the OEC are two oxygens (or nitrogens)
at 1.75 A and 2-3 oxygens (nitrogens) at 2.0-2.1 A. We were
unable to fit our data to a two shell model which includes a shell
of oxygens at 1.75 A. If a two shell refinement was started from
a model having a shell of oxygens at 1.75 A the final fit had either
(a) the 1.9 and 2.1 A result from above, (b) chemically unrea-
sonable parameters (e.g., Ry, < 1.6 A), or (c) only one shell
(i.e., the disorder parameter for one of the shells increases to an
unreasonably large value, while the other shell refines to 1.9 A).
These results suggest that our samples do not contain a significant
component of the 1.75 A Mn-Q distance reported previously. A
similar conclusion was reached by George et al. in their study of
oriented thylakoid membranes.®

Additional support for the absence of a significant 1.75 A
Mn~O component comes from a detailed analysis of the EXAFS
amplitudes. Bunker has described a model-independent method
for determining pair-distribution functions by using a cumulant
expansion for describing the EXAFS amplitude.® In this pro-
cedure, one calculates the ratio of the EXAFS amplitudes, as
determined by Fourier back-transformation, for the unknown and
a model. The log of this ratio is fitted to a function Cy + C,k?
+ C.k* + ... where the C; are related to the distribution of ab-
sorber—scatterer distances. For a narrow, symmetric distribution
of bond lengths, only Cy and C, are nonzero. More complex
distributions, e.g., a two shell model, give rise to nonzero C, values.
For the range of our data, simulations show that two shell models
with shells at 1.9 and 2.1 A give very small C, values, i.e., plots
of log (amplitude ratio) vs k? are linear. Linear plots of log
(amplitude ratio) vs k2 are also obtained for the OEC EXAFS
data, by using either Mn!(imidazole)s or Mn"{(urea) as the
model. In marked contrast, simulations using scatterers at 1.75
and 2.15 A give pronounced slope and curvature (C, comparable
in magnitude to C,). We were unable to reproduce the observed
linearity by using any model that included a significant number
(greater than roughly one per Mn atom) of oxygen atoms at 1.75

We emphasize that our fitting results do not permit us to
exclude the possibility that there are some Mn—~O distances at
approximately 1.75 A. Indeed, it is possible to include a shell of
oxygen at 1,75 A when three shells are refined simultaneously.
This fit gives ca. a 2-fold improvement in quality of fit relative
to a two shell fit. These three shell fits contribute little, however,
to the structural characterization of the Mn site(s).

The number of degrees of freedom!*2 in the filtered EXAFS
spectrum (AR ~ 1 A, Ak ~ 10 A™") is ca. 6~7, thus a three shell

(60) Bunker, G. Nucl. Instrum. Methods 1983, 207, 437-444.
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Figure 4. Effect of a single CI~at 2.3 A on the OEC Mn EXAFS. Dark
line = EXAFS data (average of 17 scans, k* weighting) of the OEC (S,
state). Light line = same EXAFS data with calculated Mn—Cl scattering
added.

fit with six variable parameters (R and A¢? for each shell) is at
best only slightly overdetermined.” This suggests that three shell
fits are unlikely to yield reliable structural parameters. As a typical
example of this, a small change in one parameter for the three
shell fits (the number of oxygens at 2.1 A) results in large var-
iations in the refined structural parameters (Table I1). Similar
sensitivity was not observed for two shell fits. A further difficulty
with the three shell fits is the unusually large Ag? values observed
for the 1.75 A shell, since Ag? should decrease for shorter shells.
We conclude from these observations that three shell fits cannot
be used to determine the number of short Mn~O contacts in our
samples.

As described previously, there is substantial evidence that ClI~
interacts with the OEC; however, there is at present no direct
evidence for CI” coordination to Mn. Initial EXAFS results were
interpreted as indicating that CI- could not be bound to Mn.2!23?
However in a recent study, Klein, Sauer, and co-workers showed
that the presence of one CI™ per four Mn would not make a
contribution which was above the noise level of the EXAFS data.®
Given the higher quality of our EXAFS data, it was of interest
to determine whether nondetectability of CI- still remained. To
address this question, we calculated what changes would occur
in the EXAFS if a single CI” per four Mn were present at 2,3 A,
In Figure 4 we compare the measured OEC EXAFS data to a
spectrum calculated by adding the simulated Mn—Cl EXAFS to
the measured EXAFS spectrum. It is clear that the difference
between these spectra is within the noise level of our data. When
one considers that the simulation in Figure 4 is the optimal case
for detectability, since a Cl could be present at a distance longer
than 2.3 A*9 and hence make an even smaller contribution to
the EXAFS, it is clear that a substantial (perhaps 10-fold) im-
provement in signal-to-noise ratio is a minimum requirement for
unambiguous detection of Mn-Cl EXAFS.

Second Shell. The second shell peak is well modelled by 1-1.5
Mn at 2,72 A. The accuracy of this fit, in particular the accuracy
of the coordination number, will be decreased if there are other
non-Mn scatterers at the same distance which make substantial
contributions to the EXAFS. In the case of the OEC, the only
reasonable scatterers at 2.7 A are carbon or chlorine. Two lines
of evidence suggest that there is no substantial component of
Mn—C EXAFS contributing to the 2.7 A peak. No improvement
(less than 10% decrease in F) was obtained for two shell fits (Mn
+ C) relative to one shell fits (Mn only). Furthermore, it is
unlikely that the OEC contains structures which would give rise
to a shell of atoms other than Mn at 2.7 A, A survey of the
Cambridge crystallographic data base suggests that 2.7 A Mn~C
distances are found only in five- and six-membered metallocycles
such as Mn(acac); and are thus unlikely to be present in the OEC.
A Cl contribution to the 2.7 A shell is structurally reasonable;

(61) 2.3 A was chosen as a common Mn(II11)-Cl bond length. Different
Mn-C] distances give slightly different simulated EXAFS spectra due to
differing interference between Mn—Cl and Mn—(O/N) EXAFS; however, they
do not affect our conclusions. Mn-Cl EXAFS was simulated as described
in the text, by using ab initio EXAFS parameters.
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Figure 5. Edge energy vs Mn-ligand bond distance in Mn model com-
pounds listed in Table I (including mixed-valence species). Mn(TMP)-
OH is omitted since this complex is not crystallographically character-
ized.

however, any such contribution is likely to be extremely weak,
particularly considering the disorder which is likely for such a long
Mn~Cl interaction.

If the four Mn in the OEC had a single Mn-Mn distance of
2.7 A, the average coordination number would be 0.5 (two atoms
with 2 Mn—Mn coordination number of one, two atoms with a
Mn~-Mn coordination number of zero). Thus, the average co-
ordination number of 1-1.5 Mn in the OEC indicates that there
are most likely two or three Mn—Mn interactions at 2.7 A. A
somewhat larger number of Mn~Mn interactions (four or five),
while less likely, could be consistent with our data if these in-
teractions were characterized by substantial disorder. A smaller
number, i.e., one Mn—-Mn interaction of 2.7 A, is not consistent
with our data.

Third Shell. The third peak can be fitted with 0.5~1.0 Mn at
3.31 A. This peak can be modelled equally well by using a Ca
rather than Mn; however, Ca seems somewhat less likely since
3.3 A is short for a Mn—Ca interaction. In contrast with the second
shell, the fit to the third shell is substantially improved by including
ca. one carbon at 3.55 A, The presence of carbon scatterers at
this distance is not surprising and is typical of distances seen for
carboxylate, alkoxide, and phenoxide ligation. It was not possible,
however, to obtain a good fit to the third shell by using carbon
as the only scatterer. This suggests that there must be at least
some contribution of Mn to the EXAFS at this distance; however,
the presence of both Mn and C significantly decreases the precision
of our curve fitting analysis. The observed Mn-Mn coordination
number of 0.5~1.0 suggests that there are only one or two Mn-Mn
interactions at 3.3 A. A larger number of 3.3-A Mn-Mn in-
teractions cannot be excluded on the basis of the EXAFS data;
however, it is difficult to imagine a plausible structure which has
a substantially larger number of 3.3-A Mn-Mn interactions and
which is still consistent with the second shell EXAFS, since a four
Mn structure can have at most six Mn~Mn interactions.

Fourth Shell. There is a fourth shell at ca. 4.35 A. Although
it is weak, this feature is present above the noise level in both data
sets. This is a long distance to be detected by EXAFS; however,
it is not without precedent. Freedman et al.®? report tentative
detection of a 3.9-A Cu-Cu distance in metallothionein data
measured at 130 K. Arbor et al. report readily detectable EXAFS
for a 3.7-A Fe-Fe interaction in nitrogenase data measured at
35K.% As our data were measured at an even lower temperature
(10 K), detection of such long distance interactions should be
possible. The fourth shell can be fitted with ca. 0.5 Mn at 4.35
A or 0.5 Ca at 4.3 A. Given the long distance and the certainty
that there are several other atoms (e.g., carbon) at a similar

(62) Freedman, J. H.; Powers, L.; Peisach, J. Biochemistry 1986, 25,
2342-2349.

(63) Arber, J. M.; Flood, A. C.; Garner, C. D.; Hassain, S. S.; Smith, B.
E. J. Phys. Collogue. 1986, 49, C8-1159-C8-1163.
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Figure 6. Plot of XANES for single oxidation state Mn model complexes
listed in Table I: dashed line = Mn(II) complexes, solid line = Mn(III)
complexes, dotted line = Mn(IV) complexes. In the interest of clarity,
mixed-valence complexes are not plotted.

distance from the Mn, it is not possible at present to exclude
alternate interpretations for this peak. Additional data will be
required for unambiguous interpretation of this shell.

Near Edge Energy. It is well-known that edge energies tend
to increase with increasing oxidation state,'® a fact which has been
used to assign Mn oxidation states in the OEC.!5-17:19-2132 The
X-ray absorption edge energies (defined as the first inflection point
of the rising edge) for 16 Mn model complexes are provided in
Table I. Although the average energies for the different oxidation
states are clearly distinguished, it is obvious that the wide range
of energies observed for a given oxidation state make it difficult
to assign oxidation states unambiguously. It is particularly difficult
to distinguish between Mn(III) and Mn(1V).

Part of the reason for this difficulty is illustrated in Figure 5,
where we plot edge energy vs average Mn-ligand bond length for
these complexes. It is clear that longer bond lengths, in addition
to lower oxidation states, tend to be associated with lower edge
energies. The degree of correlation evidenced in Figure 5 is rather
surprising, given that we have made no attempt to account for
chemical differences between compounds and have simply cal-
culated an average first shell bond length. The correlation between
bond length and energy has been discussed in theoretical®* and
experimental® studies of XANES and should give rise to an energy
dependence of the form E ~ E, =~ 1/R% This correlation may
account for much of the observed correlation between edge energy
and oxidation state, since the average Mn~ligand distances are
ca. 2.18, 2.02, and 1.93 A for Mn(II), Mn(III), and Mn(IV),
respectively.® Clearly, edge energies depend on both oxidation
state and ligation. The above discussion suggests, however, that
it is difficult to determine oxidation states unambiguously when
relying solely on the first inflection point of the rising edge.

Near Edge Shape. The XANES spectra for the Mn model
complexes are shown in Figure 6. In addition to changes in
energy, it is obvious that the shape of the edge changes as oxidation
state changes. Given these clear changes in edge shape, it should
be possible to extract additional information from the XANES
by fitting the entire edge rather than simply comparing edge
energies.

To test this hypothesis, we attempted to fit the edges for a series
of crystallographically characterized Mn(II1/1I/III) trinuclear
complexes.!®1213% The analysis procedure was to fit the XANES
of an unknown (e.g., the trinuclear complex) by a linear com-
bination of two or more model XANES spectra. The only variable
parameters were the fraction of each XANES spectrum that was
included in the fit. The feasibility of this approach rests in part

(64) Natoli, C. R. Springer Ser. Chem. Phys. 1983, 27, 43-56.

(65) Bianconi, A.; Congiu-Castellano, A.; Dell’Ariccia, M.; Giovannelli,
A.; Buratini, E.; Durham, P. J. Biochem. Biophys. Res. Commun. 1988, 131,
98.

(66) These numbers were obtained from analysis of results reported in the
Cambridge Crystallographic Structure Database. Penner-Hahn, J. E. Un-
published results.
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Figure 7. XANES spectra for the three trinuclear mixed-valence Mn
complexes (see Table I) fit with Mn(II) and Mn(I1I) spectra. See text
for details of fitting procedures: solid line = experimental data and
dashed line = best fit of all models tried. For each trinuclear complex;
the best fit was obtained by using Mn!!(AcO),(H,0), and NajMn!!:
[(2-OH)-5-C1-SALPN]}, as standards.

on our ability to normalize XANES spectra precisely, As de-
scribed above, our new normalization procedure gives an uncer-
tainty of less than 5% in normalized intensity, as judged by the
agreement which we observe between spectra for the same com-
pound measured under different conditions.

For the Mn(III/I1/111) trinuclear complexes, good fits could
only be obtained by using a Mn(II) and a Mn(III) model (Figure
7). Other combinations, e.g., Mn(IT)/(IT) or Mn(III)/(I1I) gave
a fit that was a factor of 2-3 worse. Most importantly, regardless
of the Mn(II) and Mn(III) models used, the ratio of Mn(II):
Mn(III) was ca. 1:2 (37 & 8% Mn(II)). As a further check, the
Mn(IIT)~-Na(I)-Mn(III) heterotrinuclear cluster Na[Mn(2-OH-
SALPN)(OACc),],, which has a structure similar to the mixed-
valence trinuclear species, could be fit by Mn(III) edges alone.
If a Mn(II) component was included when fitting this complex,
its amplitude refined to zero.

We conclude that, at least for a mixture of Mn(II) and Mn(III),
this analysis procedure provides oxidation state information which
is accurate to within ca. 10%, independent of the Mn(Il) and
Mn(III) standards which are used. A more conventional analysis,
based solely on the energy of the first inflection point, would only
be able to determine that the average oxidation state lies between
Mn(II) and Mn(III). The somewhat surprising reliability of our
fitting procedure derives from the fact that we utilize not only
the energy but also the shape of the XANES spectrum. For the
compounds which we have examined, shape rather than edge
energy appears to be the feature most characteristic of a particular
oxidation state.

OEC Near Edge Structure. The XANES spectrum of the OEC
is shown in Figure 8. The edge energy is indicative of an average
oxidation state of Mn(III), consistent with the conclusions of Klein,
Sauer, and co-workers. However, upon comparison of Figures
7 and 8, the edge for the OEC appears noticeably broader than
the edges for any of the model compounds. This suggests that
the OEC (at least in the S, state) contains several different Mn
environments. The edge fitting analyses for the OEC are sum-
marized in Table III. The OEC edge could be modelled suc-
cessfully only by including Mn(II), Mn(III), and Mn(IV) models.
This is illustrated graphically in Figure 8. Although the ratio of
Mn(I11):Mn(IV) was dependent on the choice of models, we
consistently obtained 15~25% Mn(II) regardless of the combi-
nation of models used. This amount of Mn(II), 0.225-0.375 mM,
is well above the detectable limits for adventitious Mn(II). These
results are consistent with an oxidation state composition of 1:2:1
or 1:1:2 for Mn(IT):Mn(II1):Mn(IV). Of these, the former is more
attractive, since it gives an average oxidation state of Mn(III)
and accounts for the lack of an EPR signal for the S, state. As
we discussed above, there are many factors other than oxidation
state which can affect the appearance of XANES spectra. Itis
important to emphasize that we cannot rule out the possibility
that some other structural feature, perhaps unusually long or short
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Figure 8. OEC XANES spectra fit with a combination of Mn models:
solid line = OEC data and dashed lines = best fits obtained for the
different oxidation state models. For each oxidation state model, the data
were fit by using all of the spectra of the appropriate oxidation states.
The oxidation state models are from top Mn(II) + Mn(III), Mn(III) +
Mn(111), Mn(Il) + Mn(IV), Mn(III) + Mn(IV), and Mn(II) + Mn(III)
+ Mn(IV). The best fits were obtained by using [Mn(SALPS),], +
Mn(TMP)(CI), Mn(TMP)(Cl) + {Mn[(2-OH)-5-CI-SALPN]},, [Mn-
(SALPS),]; + Mn(SALADHP),; [Mn(TMP)(Cl) + Mn(TPP)(OMe),,
and Mn(AcO),(H,0), + Mn(TMP)(Cl) + Mn(SALADHP),, respec-
tively.

Table ITI. Edge Fitting Results

model® % deviation® % Mn(I1)
Mixed-Valence Trimers [Mn,(I1I/11/111)]
I+ 11 18.0
11 + 111 11
I+ 11 36 38 (30-50)
OEC
HI + 111 4.2
I+ 1v 4.2
IT + III 3.9 12 (2-25)
Inm+1v 2.8 30 (23-39)
I + 111 + 111 3.9
11+ 11 + 111 3.2 12 (3-24)
I+ 11+ 1V 2.0 23 (17-32)

“Roman numerals indicate the forrmal oxidation states of the mod-
els which were included in the fits. ®Calculated as {[(uow — Heaic)?/
(Nagia = Near)]V/¥/ (edge jump) where ugp, and pg,c are observed and
calculated edge spectrum, Ny, is the number of data points, N, is the
number of variable parameters (i.e., the number of files used in the fit),
and (edge jump) is the change in absorbance, u, across the edge. Val-
ue reported is the average of the values obtained for all of the fits with
use of a specific oxidation state model. ©Average percent Mn(II) ob-
tained for all of the fits with use of a specific oxidation state model.
Values in parentheses are the range of % Mn(II) obtained for all of the
fits with use of a given oxidation state model.

Mn bond lengths, could account for the observed OEC edge.

Que and co-workers have shown that the intensity of the Fe
Is — 3d transition can be correlated with the distortion of the
Fe site from octahedral symmetry.S’ For Fe(III), the normalized
Is — 3d peak areas (in units of 1072 eV) are 6=9 for six-coordinate,
12-19 for five-coordinate, and 23~25 for four-coordinate Fe(III).5
We find comparable values for our Mn model complexes. The
Is — 3d region of the OEC XANES spectrum has a normalized
area, on this scale, of 14.4. This is more intense than the 1s —
3d transition observed for the six-coordinate Mn models and
suggests that some of the Mn sites are distorted from octahedral
symmetry. The most likely distortions are five-coordinate sites
and/or the presence of short u-oxo bridges.

(67) Roe, A. L.; Scheider, D. J.; Mayer, R. J.; Pyrz, J. W.; Widom, J.;
Que, L., Jr. J. Am. Chem. Soc. 1984, 106, 1676-1681.
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Discussion

There are four principle questions that we hoped to address in
this study: (1) active site nuclearity, (2) structural requirements
of the cluster(s), (3) ligands to the manganese, and (4) oxidation
state of the manganese in the S, level. Each point will be sum-
marized below.

Metal Nuclearity. Given the high quality of data on both the
model and biological samples, we can now evaluate structural and
oxidation state proposals for the OEC. Models which invoke
tetranuclear,*®® mononuclear/dinuclear,’’ mononuclear/trinu-
clear,'>!? and dimers of dimers'™!¢ have all appeared within the
last 2 years attesting to the considerable controversy in this field.
Given the complexity of the system, it is unlikely that EXAFS
alone will ever provide an unambiguous description of the OEC
structure. It is important, however, to examine these models in
the light of our current data with the goal of determining which,
if any, possibilities can be excluded. The two most widely discussed
tetranuclear models have been forwarded by Brudvig and Crab-
tree® and by Christou.$® The Brudvig—Crabtree proposal invokes
an elongated Mn,O, cubane that is sequentially oxidized and, in
the higher S states, converts to an Mn,O, adamantane structure.®®
The Christou proposal, based on a series of synthetic models, 072
relies on an Mn,O, core of a bufferfly cluster which in the higher
S states forms a cubane-like structure. The EXAFS data pres-
ented herein are clearly inconsistent with either a symmetric
cubane or a butterfly structure. The cubane model is ruled out
based on the heterogeneous nature of both the XANES and
EXAFS. A cubane would be expected to have a relatively sharp
edge, since the Mn would all be in similar environments, and a
Mn~Mn coordination number of three, in contrast with our data.
Klein, Sauer, and co-workers have drawn a similar conclusion from
analysis of the Mn~Mn coordination number in their EXAFS data.
If the axial elongation in the Brudvig—Crabtree model® was long
enough that four of the six Mn~Mn distances increased to 3.3
A, it could be consistent with our data; however, such a structure
would be inconsistent with the orientational asymmetry reported
by George et al. for the 3.3 A Mn-Mn.%#

The butterfly structures which have been reported to date™ "2
are also ruled out by the 2.7 A Mn-Mn coordination number. The
butterfly complexes have a single 2.7 A distance, giving an average
Mn-Mn coordination number of 0.5, as compared with our fits
which give an average Mn~Mn coordination number of 1-1.5 for
the OEC. Although these two idealized structures are inconsistent
with our data, it is important to note that EXAFS data alone
cannot distinguish between other structural possibilities. Among
the structures consistent with our data are distorted tetranuclear
clusters (including distorted versions of the cubane or the butterfly
models) or structures such as a dimer of dimers or a mononu-
clear/trinuclear organization.

The structural possibilities can be delimited further if one
utilizes the EPR spectral data and interpretations of Hansson et
al.'! and the finding?0?132 that the S; and S, states have identical
EXAFS spectra. Hansson et al. have suggested that the g ~ 4
signal comes from a mononuclear Mn(IV) ion. If this signal does
indeed come from a mononuclear center, then the EXAFS data
are only consistent with a mononuclear/trinuclear formulation
for the manganese. We can state this conclusively for the following
reasons. Klein, Sauer, and co-workers report that the EXAFS
of S, and S, are identical, 22132 which allows us to use our
structural data for S, to evaluate the structure of S,. In particular,
this implies that S,, like S;, has a minimum coordination number
of 1-1.5 for the 2.7 A Mn-Mn shell. The importance of this
observation rests on the fact that all examples of multinuclear
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manganese complexes in which the Mn—Mn separation is 2.7 A
exhibit strong magnetic coupling between ions. Since the g =~ 4
signal is required to come from an isolated Mn(IV) in the Hansson
model, this manganese cannot be at 2.7 A from another manganese
ion. Therefore, at least one of the remaining three manganese
atoms must have two Mn neighbors at 2.7 A in order to account
for the observed Mn~Mn coordination number of 1-1.5. This
necessitates a trinuclear cluster. This analysis does not require
that the 3.3 A distance be associated with manganese; however,
if the 3.3 A feature does arise from a Mn—Mn interaction, one
might expect in this model a bent cluster with a central manganese
atom separated from two terminal manganese by 2.7 A and the
terminal manganese separated by 3.3 i

Structural Constraints on the Manganese. We can also comment
on the core structural constraints for the manganese ions. Pre-
viously the short 1.75 A Mn~(N,0) and 2.71 A Mn~Mn distances
were taken as evidence for a di-p-oxo Mn(IV/IV) or Mn(III/1V)
formulation since other bridging ligands give longer Mn~O dis-
tances. The reported coordination numbers require an average
of two u-oxo bridges per Mn.13202132 Qur finding that there is
no well-defined shell at a short Mn~(IN,O) distance indicates that
there need not be short oxo bridges; however, it does not rule out
the possibility of u-oxo bridges at a longer distance. In fact, many
of the u-oxo bridges which have been characterized’17%73-"7 for
Mn complexes have Mn—-O distances in the range of 1.83~1.9 A,
consistent with our data. In addition, other bridging structures,
such as u-hydroxo or u-alkoxo, would also be consistent with our
data. The OEC structure may in fact have a variety of different
bridging ligands—this would be consistent with the apparent
spread in first shell bond lengths.

The second shell Mn—Mn distance of 2.71 A indicates that at
least two pairs of manganese are linked by two or more single-atom
bridges per pair. In the Mn clusters which have been structurally
characterized to date, 2.7 A Mn~Mn distances have been asso-
ciated with di-u-oxo bridges, while p-alkoxo-bridged complexes
give Mn-Mn distances of 3.0 A or longer. However, the recent
report™ of a 2.296 A Mn-Mn distance for a tri-u-oxo dimer
demonstrates that a considerable range of Mn~Mn distances are
accessible. In particular, the tri-u-oxo structure suggests that if
a tri-u-alkoxo species could be prepared, it would have a Mn-Mn
distance similar to that found in the OEC.

The third shell distance of 3.3 A is typical of those seen for
carboxylato-bridged complexes. This is consistent with the
prevalence of carboxylato residues in the OEC proteins; however,
other bridging structures (i.e., 0xo, alkoxo, or phenoxo) are also
possible.

The intensity of the Is — 3d transition is typical of manganese
in a noncentrosymmetric environment.®”’? This could be achieved
by distortions of the manganese coordination sphere (i.e., the
presence of oxo ligands) or by lowering the coordination number
of some of the manganese from six to five. We are unable at this
point to distinguish between these possibilities.

Calcium and Chloride in the OEC. We have preliminary evi-
dence for a new Mn—metal interaction at ~4.35 A. This could
be either another manganese atom or, even more intriguing, a
calcium ion. In addition to the absolute requirement for calcium
in photosynthetic oxygen evolution, there 1s further biological
precedent for Mn~Ca centers. For example, concanavalin A has
a heterodinuclear metal binding site composed of a Mn(II) linked
via two carboxylate groups to a Ca(II) ton with a Mn~Ca sepa-
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ration of 4.3 A.¥ The synthetic compound CaNa,MnDPDP-
21H,0 exhibits a Mn(I1)~Ca separation of ~4.4 A with a bi-
dentate carboxylate forming a u-carboxylato oxygen bridge be-
tween the metals.®! Future experiments, designed to address the
possibility that the OEC manganese cluster may contain calcium,
or at least have a calcium ion in close proximity, are in progress.

As for chloride ligation, we estimate that at least another order
of magnitude increase in signal to noise is required to characterize
definitively the Mn—Cl interaction. Mn EXAFS is thus not likely
to be a useful technique for determining whether or not a single
Cl is coordinated to a multimetal center, although Cl EXAFS
could be useful in this regard.

Metal Oxidation States. As discussed, we have developed a
new XANES analysis procedure in which we fit the entire
XANES spectrum rather than simply comparing edge energies.
This method appears to be both accurate and robust when applied
to crystallographically characterized Mn complexes.

Our best fit results for the OEC suggest a formal oxidation state
of Mn(IDMn(I111),Mn(IV) or Mn(IDMn(I1I)Mn(IV),. Both of
these correspond well with previous reports of an average oxidation
state of Mn(III) for S;. This mixed-valence formulation is a
reflection of the fact that the OEC edge occurs at an energy
characteristic of Mn(III) but is broader than expected for a
Mn(III) XANES spectrum. This is exactly what would be ex-
pected for a Mn(II/111/TV) mixed-valence species. It is important
to bear in mind, however, that unusual coordination environments
(for example, a Mn(III) which had a “Mn(II)-like” XANES
spectrum) could account for the OEC XANES spectrum.
However, until such models are found, we tentatively suggest that
the S; oxidation level of the OEC contains Mn(II), Mn(III), and
Mn(1V).

Given our discussion of possible cluster types, the known
spectroscopic properties of the OEC, and our tentative oxidation
state assignment, we can now speculate as to the overall organ-
ization of manganese in the OEC. The S, level is EPR silent.
This is consistent with the Mn(II)Mn(I1I),Mn(IV) oxidation state
assignment if the Mn(II) and Mn(IV) ions are contained within
the same cluster. Such a structure is without precedent in Mn
coordination chemistry; however, there are examples of mixed-
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valence clusters in which the metal oxidation states differ by two,
even though there are stable intermediate oxidation levels
available.}? Grouping the Mn(II) and Mn(IV) together into an
Mn(II/I11/IV) cluster would be consistent with the trinuclear
proposal, and the remaining mononuclear Mn(I1T) would also be
EPR silent as required for S,. Oxidation of the enzyme would
result in either an Mn(III/III/IV) cluster [S = 1/2, g = 2
multiline] with 2 mononuclear Mn(III) [EPR silent] or an Mn-
(IT/I11/1V) cluster [EPR silent] with a mononuclear Mn(IV) [S
=3/2, g ~ 4].

A more conventional oxidation state assignment still consistent
with the EXAFS and EPR results would formulate S, as a Mn-
(IT1/111/11T) trimer plus a Mn(I1I) monomer. If this assignment
is correct, our XANES data indicate that one or more of the Mn
ions must have an unusually distorted environment in order to
account for the observed breadth of the OEC XANES spectrum.
Thus, either oxidation state model requires that the OEC Mn
environment be significantly more heterogeneous than has been
considered in the models proposed to date. This conclusion is
consistent with George et al.’s recent polarized EXAFS mea-
surements for oriented thylakoid membranes showing relatively
low symmetry for the Mn site(s).*® Additional experiments aimed
at further characterizing the Mn structure are in progress.
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