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The nature of the Mn oxidation states involved in photosynthetic oxygen evolution has remained controversial,

despite intense study by X-ray absorption and electron paramagnetic resonance spectroscopy. As an alternative

approach, high-resolution/KX-ray fluorescence spectra have been recorded on the dark-adapstates

and the hydroquinone-reduced state of the oxygen-evolving complex in photosystem Il. By comparison of
the KB chemical shifts with those of appropriate model compounds, ttstafe of photosystem Il is found

to contain equal amounts of Mn(lll) and Mn(IV). In the hydroquinone-reduced sample, a significant fraction
of the Mn is reduced to Mn(ll). The results are compatible with models involving conversion of MR({iH)

(IV) 2 to Mn(11)o,Mn(IV), clusters.
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The photosynthetic oxidation of water to dioxygen accounts
for most of the oxygen in the air we breath&. In algae,
cyanobacteria, and all higher plants, this reaction is catalyzed
by a Mn containing cluster called the oxygen evolving complex ‘.. ||I|I 1Y |
(OEC) which is located in photosystem Il (PStH. The OEC Sample & ||'|I ||
contains four Mn ions, and the catalytic mechanism is proposed - i L [l || |

. . . R 7 |
to involve five intermediate states called the S states of the Kok SR ; by /| | |
cycle® In each of four oxidative steps {SSs) a photon is HL._'"“ & III:."I |I| |
absorbed and the OEC is assumed to be singly oxidized; after ’ [ |

the last step @is rapidly released and the OEC reverts t0 S
To understand the mechanism of water oxidation, it is critical
to know the Mn oxidation states associated with each S-state
in this process.

Despite years of study, primarily by EPBnd K-edge X-ray
absorption spectroscogythe Mn oxidation states are still a
subject of discussion. The,State “multiline” EPR signal, a
complex signal centered at = 2 with rich 5*Mn hyperfine
structure, is often interpreted as 8r 1/2 species arising from
antiferromagnetic coupling of Mn(lll) and Mn(IV) ions. Many 6470 6475 6dBO0 GABS 6dD G495 SN
have assigned this signal to a Mn(lIl)Mn(ly/¥luster, which B )
by inference would make;San even spin species containing Energy [eV]

Mn(lll) sMn(1V) 2 or Mn(IMn(IlT) oMN(IV).® In contrast, Zheng  Figure 1. K emission spectra of Mn(ll) in Mr&Mn(lll) in Mn ,0s,

and Dismukes have argued for a Mn(M)n(1V) oxidation state and Mn(lV) in MnOs(bpea). The spectra are normalized to equal
for the S state® and hence a Mn(ll)assignment for § Most integrated intensities. The same normalization was used to determine
of the K-edge X-ray absorption data for the$ate have been  the ratio_of different models to fit the PSII data. The inset shows the
interpreted as favoring the Mn(IHyIn(IV) oxidation stat&;° schematic experimental setup.
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but the X-ray data have also been interpreted as evidence for
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TABLE 1: K S Energies Eg) and Line Widths (fwhm) of Several Mn Complexes

name Eo [eV] fwhm [eV] oxidation state average exptl result
1 MnF, 6491.7 3.78 @
2 Mn,O3 6490.9 3.87 (D)
3 [Mn4Og(bpea)](ClO4)4 6490.3 4.03 (V)
4 MnO, 6490.35 4.13 (Iv)
5 Li,MnO3 6490.35 411 (Iv)
6 LiMn ;0,4 6490.5 4.16 m(av) 35 3.57
7 LiMn1 gNig 104 6490.45 4.22 42.1%(I11) 57.9%(1V) 3.58 3.71
8 LiMny 78Nl 2504 6490.5 4.23 28.6%(111) 71.4%(IV) 3.71 3.68
9 Mn120:(0,CMe)ig(H20)a 6490.8 4.27 (Ny(IV) 4 3.33 3.25
10 Mny2012(O2CEthe(H20)3 6490.85 4.3 (1Y(IV) 4 3.33 3.20
11 My 2012(O-,CPh)s(H20)4 6490.8 4.22 (IV) 2 3.33 3.28
12 (PPh)[MN150:2(O-CEt)16(H20)4] 6490.87 4.23 Ny (IV) 2 3.25 3.22
PSII-S1 control 6490.5 4.29 (IBQIV) 2 proposed 35 3.46
PSII-S1 HQ reduced 6490.7 4.4 (KJV) 2 proposed 3.0 3.0
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Figure 2. (Top to bottom) K3 emission spectrum of PSII in the dark-
adapted Sstate and best fit using 50% Mn(lll) (M®s) and 50% Mn-

(IV) (Mn 4O¢(bpea)). K emission spectrum of PSII in the dark-adapted
S, state compared with LiMi©,. Spectrum of MpO12(O,CEthe(H20)s
(solid line) compared with LiMinzsNio 2504 (dotted line). (Left insert)
Values ofy? as a function of average oxidation state for two model
combinations: models 2 and 3 (solid line) and models 3 and 10 (dotted
line). Colored diamonds indicate the average oxidation stateyand
value corresponding to the top three difference spectra in the right insert.
(Right inset) Difference spectra (fit minus data) using modets,1

top to bottom: 50% Mn(lIl) 50% Mn(IV), 100% Mn(lll), 100% Mn-
(IV), 25% Mn(ll) 50% Mn(lll) 25% Mn(IV).

for the spin Hamiltonian8. Clearly it would be valuable to
probe the oxidation states of the Mn by a more direct method.
We report here the use of high-resolution X-ray fluorescence
spectroscopy.

Chemical shifts in Mn I8 emission spectra (Figure 1) result
from a large 3p3d exchange coupling in the final st&f€.For
high-spin Mn(ll), the’P final state with parallel 3p and 3d spins
has a lower energy than th#® final state, hence the K
fluorescence from théP state moves to higher energy from
the Kp'-satellite peak. As a consequence of having fewer 3d
electrons, the exchange interaction is weaker in Mn(lll) and
Mn(1V), thus giving K6 — Kp' splittings that are correspond-
ingly smaller. Representative data for a variety of relevant Mn
complexes are summarized in Tablé1Although these effects
have been recognized for many yet#3?it is only with the
high flux of modern synchrotron radiation sources thgt K
spectroscopy of dilute metalloproteins has become possible.

Results and Discussion

We recorded the K spectra for Mn in photosystem Il (Figure
2) using an array of Si crystal spectrometers (inset Figure 1)
and synchrotron radiation excitati8h. The dark-adapted;S
samplé? has a K3 peak energyEy between those of the Mn-

(1 and Mn(lIV) models (see Table 1). The fwhm value is
broader than fwhm values of homovalent models and compa-
rable to those of the heterovalent models, suggesting a mixture
of oxidation states. To quantitate this apparent mixture, we first
fit the PSII spectrum with sums of Mn(lll) and Mn(IV) model
spectra, allowing their relative intensity to vary as a free
parameter. This approach was tested by fitting the heterovalent
models 6-12 with mixtures of models-13. The results shown

in the last column of Table 1 demonstrate that this method
consistently reproduces the average oxidation state with an error
of less than 0.2.

As shown in the left insert of Figure 2, the best fits for the
spectrum of the dark-adapted Sample were obtained with
nearly equal amounts of Mn(lll) and Mn(IV), and these results
did not depend significantly on which Mn(lll), Mn(IV), or Mn-
(IMMn(1V) containing models were chosen. The top spectrum
in Figure 2 shows the fit result of using 50% Mn(lll) (MD3)
and 50% Mn(1V) [MmOs(bpea)](ClO4)4, and the top three
spectra in the right insert show the difference spectra (fit minus
data) for the three combinations indicated by the colored
diamonds. As can be clearly seen, both the blue (100% Mn-
(ln) and the green (100% Mn(lV)) spectra show opposite
derivative structures, typical for an offset in energy, and only
the red spectrum (50% Mn(lll) 50% Mn(1V)) indicates good
agreement. To furthermore exclude the possibility of a Mn-
(IHMn(11) 2Mn(1V) cluster, we show the difference spectrum
(black) using 25% Mn(ll), 50% Mn(lll) and 25% Mn(IV) at
the bottom of the right insert.

The second spectrum in Figure 2 shows that, in addition to
the simulation by mixtures of homovalent compounds, the PSII
S, spectrum is well simulated/f = 1.27) by the spectrum of
the mixed-valent LiMpO,4, which contains equal amounts of
Mn(lll) and Mn(IV).2® Finally, the two spectra at the bottom
of Figure 2 indicate that the Kspectra are sufficiently sensitive
to distinguish between 3:1 and 1:3 Mn(lll):Mn(IV) mixtures.
Summarizing our results, the observefl $pectrum clearly rules
out a homogeneous Mn oxidation state. Assuming that the OEC
is a 4 Mncluster, we conclude that the State is best described
as the Mn(llIxMn(IV) , oxidation state.

Treatment of the OEC with hydroquinone reduces the Mn in
a photochemically reversible manr#érOn the basis of EXAFS
and K-edge XANES measurements, this state was suggested to
have the unusual Mn(BMn(IV); oxidation staté* Kp emis-
sion data support this assignment. The $pectrum becomes
broader and shifts to higher energy in the hydroquinone-treated
PSII (Figure 3). Given that hydroquinone is expected to behave
as a two electron reductant and that Mn(ll) is produced by
hydroquinone treatment, the proposed Mn(lIpMn(lV), de-
scription of the $ state implies Mn(IRMn(IV) 2, Mn(lIl)Mn-
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quinone reduced state our data slightly favor a Ma{IR(1V) »
assignment over Mn(IDMn(lIpMn(1V).

Future work will include the study of a wider variety of Mn
complexes to address the dependence of {hetiemical shifts
on parameters such as coordination number and degree of
covalency. It is not expected that theSkshifts are fully
independent of these parameters and the right choice of models
will remain an important issue. Nevertheless, it has been
demonstrated that K X-ray fluorescence spectroscopy is a
valuable tool that complements XAS, and should therefore find
many applications in the future.
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