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Photosynthesis relies on a succession of apparently
unlikely events, many of which are still poorly under-
stood.! One of the most remarkable is the conversion
of water into O,, which takes place in a membrane-
bound enzyme complex, called photosystem II (PS II).2
This process provides electrons to the oxidized pigment
Pesot and so restores it to the photoactive form. The
protons released in water oxidation contribute to the
transmembrane proton gradient, subsequently tapped
as an energy source by the plant.

Oxygen evolution is a four-electron oxidation. In a
classic experiment, Joliot® showed that a train of light
pulses had the effect of cycling PS II in such a way that
a maximum in O, evolution was observed every four
pulses. This implies that each pulse is associated with
the production of a single electron hole or oxidizing
equivalent and that PS II stores these holes until a
sufficient number have been accumulated to release O,.*
The successive S (“store”) states run from S, to S, (eq
1). S, reverts to S, with the loss of a molecule of O..

Sp w5y N 5, M 5, Mg,

? .

It has long been known that O, evolution in PS II
requires Mn ions.> Only recently has evidence accu-
mulated showing that a complex of four redox-active
Mn ions constitutes Kok’s redox store.! The active-site
Mn cluster is probably either tetranuclear (Mn,)” or
trinuclear with a nearby mononuclear site (Mn; + Mn).8
Crystal structural data are not available for any O,-
evolving PS II complex. We have therefore carried out
biophysical studies of the natural system and bioinor-
ganic studies of synthetic model complexes aimed at
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answering key questions in photosynthetic water oxi-
dation.

Our studies have been aimed at both structural and
functional aspects of water oxidation. We have used
EPR studies to help determine the structure of the Mn
cluster,’® and we and others, including Christou,®
Armstrong,!® Gorun,!! Wieghardt,'? Lippard,!* and
Pecoraro,!* have made a number of synthetic Mn
clusters that have helped in understanding the physical
properties of the natural system. Studies of the pho-
toactivated assembly of the cluster!® have been com-
plemented by the development of synthetic systems
that increase their nuclearity upon oxidation in a
manner related to the photoactivation process.’® The
Mn cluster binds ligands such as NHj late in the S-state
cycle,!” which suggested to us that structural rear-
rangements accompany cluster oxidation. We have
looked at the effects of some possible rearrangements
on the physical properties of synthetic clusters,!® and
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Figure 1. Light-induced S,-state EPR spectra from PS II
membranes: (A) multiline EPR signal from an untreated sample;
(B) multiline EPR signal produced in the presence of NH,CI; (C)
£ = 4.1 signal from an untreated sample. Reprinted with per-
mission from ref 21. Copyright 1989 Elsevier.

we have studied in detail the thermodynamics and ki-
netics of one of these rearrangements, proton-coupled
electron transfer, in detail.’® In this Account, we
present some of these studies and try to correlate the
results on the natural system with work done on syn-
thetic model complexes.

Structure of the O,-Evolving Center in
Photosystem 11

Extended X-ray absorption fine structure (EXAFS)
studies on the Mn ions have been reported.3® Analyses
of the EXAFS of the Mn ions in the S, state indicate
that there are 2-3 Mn-~Mn separations of 2.7 A and 1
Mn--Mn and/or Mn.~Ca separation of 3.3 A. The 2.7-A
distances are consistent with the presence of Mn(u-
0)oMn units, but EXAFS alone cannot distinguish
between the (Mn,) and (Mng + Mn) models. Fortu-
nately, the cluster also exhibits characteristic EPR
signals.

The EPR-active S, state gives either a multiline signal
at g = 2 (Figure 1A) or a broad signal at g = 4.1 (Figure
1C).2t The initial discovery of the g = 2 multiline EPR
signal by Dismukes and Siderer?? led to important
contributions from the groups of Klein and Sauer,?
Vanngard and Andréasson,??* and Rutherford,?d25
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Figure 2. Lowest energy levels for an exchange-coupled
Mn™n!V, tetramer in the limit where J,p is large and anti-

ferromagnetic. Reprinted with permission from ref 21. Copyright
1989 Elsevier.

The g = 2 multiline and g = 4.1 EPR signals are in-
terconvertible, and both arise from Mn.”™? In the
(Mn,) model, both of these signals arise from different
spin states of the tetranuclear cluster, as we shall de-
scribe below. In the (Mng + Mn) model, the g = 2 signal
comes from an S = !/, state of an EPR-active oxidation
state of the trimer, which is in redox equilibrium with
a Mn(III) monomer some distance away. The appear-
ance and disappearance of each of the signals are as-
signed to a shift in the redox equilibrium that yields an
EPR-silent trimer and a Mn(IV) monomer, which
would be expected to give a g = 4 signal from its high-
spin d? (S = 3/,) ground state. As we shall see, a key
point of the (Mn; + Mn) model is that a monomer is
responsible for the g = 4.1 signal, %> which, when it was
first observed, exhibited no hyperfine structure.

In our group, EPR studies were performed that led
to the development of the Mn, model.”2?21.% We were
able to devise a vector-coupling scheme for a Mn tet-
ramer that accounts for the observed EPR signals, as
shown in Figure 2. Our model consists of a dimer-of-
dimers structure with oxidation states of either
MnIMn!V; or MnL,MnIV. Both of these oxidation-
state assignments are consistent with other physical
data and are equivalent in our vector-coupling model.
The exchange coupling in our model is such that we
have two strongly antiferromagnetically coupled dimers
(Jap and Jcp), and the two dimers are themselves fer-
romagnetically coupled (J). Depending on the ratio
J/Jcp, the ground state of the coupled system is either
S =1/,0r S =3/, Thus, a structural rearrangement
that alters the magnetic coupling only slightly could
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Figure 3. The adamantane~-cubane mechanism for water oxi-
dation. Reprinted with permission from ref 27. Copyright 1986
National Academy of Sciences.

cause the ground state to change from S =1/,t0 S =
3/, and consequently change the EPR signal from the
g = 2 multiline to the g = 4.1 signal. We felt that a
likely tetranuclear structure that would give these
couplings was a Mn,O, cubane-like complex that was
distorted to give a dimer-of-dimers arrangement, and
on the basis of this and some functional studies we will
describe later, we proposed the mechanistic model for
water oxidation shown in Figure 3.2

Recently, a key experiment was reported that seems
to have resolved the nuclearity question.? Because PS
II is a membrane protein, it is possible to prepare or-
iented samples of the membranes on Mylar sheets.
These oriented samples exhibit a g = 4.1 signal that
shows resolved Mn hyperfine coupling. The number
of hyperfine lines is ~20, which is too many for a mo-
nomeric Mn(IV) species.?? Thus, the Mngz + Mn model
fails to explain these new EPR data for the S, state.

The exact arrangement of Mn ions in the tetranuclear
array remains unknown, but based on the 2.7-A
Mn.--Mn distances, oxo bridges are likely to be preva-
lent. The most relevant synthetic oxomanganese
clusters exhibit adamantane (Mn,0g),?° cubane (Mn,-
04C1),% and butterfly (Mn,0,) structures,’3? and re-
cently, Armstrong has prepared a series of complexes
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Figure 4. ORTEP diagrams of Mn,0,(0,CCPh;)¢(OEt,), (1),
Mn;0,(bpy).(u-HPO)(H,PO,), (2), and Mn304(bPY)4(0H2)2‘+ (4).

having dimer-of-dimers-type structures.!® We have
proposed that the S; state is best described by a dis-
torted cubane structure (Mn,0,), because it accounts
for the number of 2.7-A Mn--Mn distances. A distorted
cubane structure has also been suggested by George,
Prince, and Cramer®® as consistent with oriented EX-
AFS studies.

We have made some complexes that are also relevant
to the structural questions. The tetranuclear butterfly
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Figure 5. Scheme showing the fundamental processes of pho-
toactivation of PS II.

complex, 1 (Figure 4),32 has two significant structural
features. First, the complex is the first high-valent Mn
tetramer to exhibit all-oxygen coordination, and recent
studies on the natural system have shown that ligation
to Mn is primarily by O donors.®® Second, the cluster
contains two five-coordinate Mn(II) centers. We have
shown that these centers are relatively electron poor
and appear by X-ray spectroscopy to be similar to
Mn(III) centers.?* This suggests that interpretation
of X-ray spectroscopy on the natural system should take
into account the possibility of unusual coordination
states of Mn, such as five-coordinate Mn(II).

We have also prepared the phosphate-bridged com-
plex 2 (Figure 4), which contains both terminal and
bridging inorganic phosphate.®* Phosphate is an ex-
cellent ligand to stabilize high-valent Mn and is oxi-
dation resistant, but recent results suggest that coor-
dination of phosphate to Mn in PS II is not a strong
possibility.3% Nonetheless, the crystallization of 2 is
relevant to enzymes known to contain phosphate liga-
tion, such as purple acid phosphatase.36t—d

Photoactivation

The photoactivation process is described in Figure
5. Cheniae’s group first reported the reconstitution of
Mn leading to O, evolution in purified, Mn-depleted PS
I1.87 We have used EPR and O,-evolution measure-
ments to characterize the intermediates formed in the
photoactivation process.!® A single Mn?* ion binds to
the active site and is photooxidized to Mn3*; a second
Mn?* is then bound. After a second photooxidation,
two additional Mn?* ions bind to form a stable (II,
ILITL,III) tetramer, which we have associated with the
“S_,” state of the enzyme.

We looked for a model system in which oxidation of
Mn in aqueous solution would produce a new cluster
of higher nuclearity. In water, this normally leads to
the precipitation of MnO,, a reaction that needs to be
prevented. We found that acidification of an aqueous
solution of the mixed-valent (III,IV) dimer [(bpy),Mn-
(0),Mn(bpy),]3* (3) quantitatively produced an oxi-
dized (IV,IV,IV) trimer, [MngO,(bpy),(OH,),]** (4,

(33) (a) Andréasson, L.-E. Biochim. Biophys. Acta 1989, 973, 465. (b)
DeRose, V. J.; Yachandra, V. K.; McDermott, A. E.; Britt, R. D.; Sauer,
K.; Klein, M. P. Biochemistry 1991, 30, 1335.

(34) Thorp, H. H.; Sarneski, J. E.; Kulawiec, R. J.; Brudvig, G. W.;
Crabtree, R. H.; Papaefthymiou, G. C. Inorg. Chem. 1991, 30, 1153.

(35) Sarneski, J. E.; Didiuk, M.; Thorp, H. H.; Crabtree, R. H.;
Brudvig, G. W.; Faller, J. W.; Schulte, G. K. Inorg. Chem. 1991, 30, 2833.

(36) (a) Harrison, M.; Allen, J. F. In Current Research in Photosyn-
thesis; Baltscheffsky, M., Ed.; Kluwer: Dordrecht, 1990; Vol. 4, p 333.
(b) David, S. S.; Que, Jr., L. J. Am. Chem. Soc. 1990, 112, 6455. (c) Beck,
J. L.; McConachie, L. A.; Summors, A. C.; Arnold, W. N,; dedJersey, J.;
Zerner, B. Biochim. Biophys. Acta 1986, 869, 61. (d) Uehara, K.; Fujim-
oto, S.; Taniguchi, T. J. Biochem. 1971, 70, 183,

(37) Tamura, N.; Cheniae, G. M. FEBS Lett. 1986, 200, 231.

Brudvig et al.

Scheme I
Mn™(bpy), =
. . AN |
AN | pH25 I
epyMa  Mnlopy), | i ——= (OH,XbpyMnl<™ O~ MnIV(bpy)(OH,)
o) pH 65 o/

\ e
.

[ anzMnm(O)g(OH)(bpyh(OHz)z"}

1 I L
1500 2250 3000 3750 4500

Field/Gauss

Figure 6. EPR spectra of (A) 4 in 0.5 M HNO,, (B) 8 in CH,CN,
and (C) 4 in 0.05 M bpy buffer, pH 4.5. Reprinted with permission
from ref 16. Copyright 1990 American Chemical Society.

Figure 4).1¢ This complex is structurally analogous to
Girerd’s chloro analogue, [Mn40,(bpy)Cl;]?*, which was
synthesized de novo in nonaqueous solution.?® OQur
dinuclear-to-trinuclear rearrangement in water helps
model photoactivation. Complex 4 also contains the
first crystallographically characterized MnIV-OH,
group. We have successfully simulated the 35-line, g
= 2 EPR spectrum of 4 in terms of a vector-coupling
model containing two distinct exchange interactions.
This has provided us with the opportunity to test on
a synthetic complex the vector-coupling strategy used
to analyze EPR spectra of the natural system.
Further experiments showed that 3 and 4 exist in a
reversible equilibrium that is governed by redox po-
tential and solution pH as shown in Scheme 116 Thus,
low pH (<2.5) and oxidizing conditions favor 4, and
higher pH (>6.5) and reducing conditions favor 3. This
equilibrium is evident from electrochemistry and EPR,
where both species can be detected at intermediate pH.
For example, EPR spectra of 4 taken at pH 4.5 (Figure
6C) show that the solution clearly contains a mixture
of 4 (Figure 6A) and 3 (Figure 6B). We have quanti-
tated these signals and find that all of the Mn in solu-
tion is in the form of either 3 or 4. Thus, the oxida-
tion-induced assembly of higher nuclearity Mn clusters
in aqueous solution, without the undesirable precipi-
tation of MnO,, can occur in this system. This coupling
of oxidation of Mn to a structural rearrangement that
results in an increase in cluster nuclearity contributes
to an understanding of the photoactivation process.
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The mechanistic details of the conversion of 4 to 3
are also relevant. Electrochemical measurements show
that the reduction of 4 is followed by a rapid chemical
reaction that produces 3.1® This reaction must involve
the breaking and formation of a substantial number of
Mn-oxo and Mn-aqua bonds; we estimate a lower limit
of 10 s! for the rate of this reaction. None of the
structural rearrangements proposed in our model
(Figure 3) is as dramatic as this interconversion. The
steps in Figure 3 are therefore likely to be kinetically
feasible on the time scale of the water oxidation cycle.

Coupling Structural Rearrangements to Mn
Oxidation

Ammonia Binding. We have studied the binding
of NHj, to the Mn cluster in PS IL.7 Earlier work was
done by Izawa,® Velthuys,* and Yocum.#* The binding
of ammonia produces an altered multiline EPR signal,
Figure 1B, which suggests that the binding is directly
to Mn. Confirmation that the ammonia binds directly
to Mn has come from electron spin-echo envelope
modulation studies.#? An interesting finding is that the
binding of ammonia does not occur until after S, has
been produced,'” which suggested to us that the binding
of the substrate might occur late in the S-state cycle,
as shown in our model (Figure 3). Since NH; is a better
nucleophile than water, we thought that it might bind
earlier in the cycle than water, so we have proposed that
water binds after the formation of S, rather than S,.
This is also consistent with the observation that a much
higher temperature is required for the S, — S, transi-
tion than the S; — S, transition.*

Proton-Coupled Electron Transfer. The results
of the studies of ammonia binding to Mn in PS II got
us interested in studying the effects of structural re-
arrangements on the properties of synthetic Mn clus-
ters. In the natural system, release of a proton occurs
in the Sy — S; and S, — S, transitions (Figure 3).4 We
have suggested that proton-coupled oxidation occurs in
PS I as has also been suggested in other oxo-bridged
metalloenzymes such as hemerythrin.®® The effect of
proton coupling is that deprotonation of the oxo group
will increase the stabilizing influence of the bridging
ligand toward higher oxidation states; both the oxidized
and reduced forms are thereby in their thermodynam-
ically favored state of protonation. This also provides
a subtle control mechanism for the enzyme: regulating
the effective pH in the active site will tune the ther-
modynamics, and providing an efficient mechanism for
the proton transfer will offer kinetic control.

We showed that complex 3 exhibits a quasi-reversible
reduction whose potential varied by 59 mV/pH unit,
according to eq 2 (Figure 7).1% This assignment is

Mn,0,(bpy)** + H* + e~ — Mn,(0)(OH) (bpy)**
(2)
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Figure 7. (A) Cyclic voltammogram of 3 in 0.1 M phosphate,
pH 3.78. (B) Pourbaix diagram for complex 3. Reprinted with
permission from ref 19a. Copyright 1989 American Chemical
Society.

consistent with the electrode kinetics; similar rate
constants were observed for proton-coupled reductions
of oxoruthenium complexes.®6 We have also measured
an isotope effect for reaction 2, ky/kp = 4.6.1%

The proton coupling is sensitive to the nature of the
ancillary ligands and the electrode surface. We found
that replacement of two bpy ligands with the more
strongly donating ligands in Mn,O,(bispicen),®* (bis-
picen = bis(N,N’-2-pyridylmethyl)ethanediamine)
causes the electron and proton transfers to decouple
kinetically, resulting in a mechanism whereby electro-
chemical reduction precedes a separate protonation
step.% From the pH dependence of the cyclic voltam-
metry, we were able to estimate a pK, for the (IIL,III)
form of 8.3. The quasi-reversible kinetics for 3 shown
in Figure 7 are observable only at activated glassy
carbon, edge-oriented pyrolytic graphite, and tin-doped
indium oxide working electrodes,'®? an observation
similar to those made in proton-coupled reactions of
aqua-ruthenium complexes.*

Binding of Water. In our model, we propose that
water binds to the cubane-like cluster in the S, — S
transition to form an adamantane-like cluster (Figure
3). The g = 2 multiline EPR signal disappears upon
the conversion of S, to S, consistent with the oxidation
of Mn to form an integer-spin-state species. However,
X-ray absorption near-edge spectroscopy (XANES)
studies show that the K-edge energy of Mn does not
shift in this transition,*” which might be expected from
an alternative proposal that it is not Mn but rather a
nearby histidine residue that is oxidized in the S, — S4
transition.® Two lines of evidence imply that some sort

(46) Cabaniss, G. E.; Diamantis, A. A.; Murphy, W. R., Jr.; Linton, R.
W.; Meyer, T. J. J. Am. Chem. Soc. 1985, 107, 1845,

(47) Guiles, R. D.; Zimmermann, J.-L.; McDermott, A. E.; Yachandra,
V. K,; Cole, J. L.; Dexheimer, S. L.; Britt, R. D.; Wieghardt, K.; Bossek,
U.,; Sauer, K.; Klein, M. P. Biochemistry 1990, 29, 471.
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of structural rearrangement occurs in S; — S;: the
EXAFS of Mn in S, and S; are different, whereas the
EXAFS of S; and S, are very similar,*” and the S, —
S; transition occurs only at or above 240 K, a temper-
ature high enough to permit such a structural rear-
rangement.*® Oxidation of Mn together with binding
of a good donor ligand, such as water, in S; — S, could
account for the failure of the Mn K-edge energy to shift,
the change in EXAFS, the loss of the EPR signal, and
the requirement for higher temperatures for the S, —
S; transition.

0-0 Bond Formation. The most dramatic and
important step in the S-state cycle is the one about
which the least is known. From studies on the natural
system, the rate-limiting step is the formation of S,, for
which Ca?* is required.** In the absence of Ca%*, an
altered S; state is produced that cannot be oxidized to
S,, implying that a very special structure may be
needed. In our model, we have proposed that two
bridging oxo ligands in S, couple to form a us-peroxo
linkage.?” Recently, Wieghardt has succeeded in crys-
tallizing a dinuclear Mn(IV) complex containing such
a bridge.5

Other proposals regarding O-0 bond formation have
been advanced. Lippard has suggested that u,-0xo
groups in two adjacent bis(u-oxo)dimanganese units
couple to form a u.-peroxo S, state.5? While such a
linkage has not been observed in a Mn complex, an iron
complex containing a u,-peroxo bridge of this type has
been crystallized. Armstrong has proposed that O at-
oms from a pg,-0xo and a hydrogen-bonded terminal
aqua ligand couple to form the 0-O bond in S,.1°

In spite of considerable effort, no synthetic Mn
clusters are known to catalyze water oxidation effi-
ciently. Meyer has found that a dinuclear Ru complex,
[(bpy)o(OHy)RUMORu(OH,)(bpy),]**, is a catalyst for
water oxidation.’? The oxidation of the aqua ligands

(48) Boussac, A.; Zimmermann, J.-L.; Rutherford, A. W.; Lavergne, J.
Nature 1990, 347, 303.
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istry 1989, 28, 8984. (b) Ono, T.-A,; Inoue, Y. Biochim. Biophys. Acta
1990, 1020, 269. (c) Sivaraja, M.; Tso, J.; Dismukes, G. C. Biochemistry
1989, 28, 9459. (d) Kalosaka, K.; Beck, W. F.; Brudvig, G. W.; Cheniae,
G. M. In Current Research in Photosynthesis; Baltscheffsky, M., Ed.;
Kluwer: Dordrecht, 1990; Vol. 1, p 721.

(50) Bossek, U.; Weyhermiller, T.; Wieghardt, K.; Nuber, B.; Weiss,
d. J. Am. Chem. Soc. 1990, 112, 6387.

(51) Micklitz, W.; Bott, S. G.; Bentsen, J. G.; Lippard, S. J. J. Am.
Chem. Soc. 1989, 111, 372.
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occurs by proton-coupled oxidation steps to form a
Ru(V) dimer containing two terminal oxo ligands. The
Og-evolution step is proposed to involve the coupling
of the adjacent terminal oxos to form a u,-peroxo com-
plex that liberates O, before binding two new water
molecules.

The formation of terminal oxo ligands on Mn seems
unlikely, considering the facility with which oxo bridges
are produced in polynuclear Mn complexes; no poly-
nuclear Mn complexes containing a terminal oxo ligand
are known. Additionally, the highest oxidation state
of Mn in PS II is probably Mn(IV), for which no ter-
minal oxo complexes of any sort have been isolated.
From the biophysical evidence and the known coordi-
nation chemistry of high-valent Mn, it seems most likely
that the OO bond is formed from bridging oxo ligands,
as we and others have suggested.

Conclusions

Although we still have some way to go before we have
a satisfactory understanding of the problem, we are
beginning to see how the Mn cluster of the O,-evolving
center catalyzes water oxidation. In order for an O-
donor environment to stabilize the high-valent Mn in
S; and S,, it must be rich in the strongly donating 0%
ligands. For the same system to be stable in the rela-
tively reduced S-S, forms, the oxo groups are probably
protonated and the cluster may have rearranged to a
different cluster geometry. Proton-coupled steps are
probably required for transitions between the S states.
Water is probably incorporated as terminal H,O or
bridging OH, but the proton-coupled oxidation leads
to the production of oxo groups which finally couple to
form O,. A similar process may go on in photoactiva-
tion, but in this case the oxidation step leads to in-
corporation of additional Mn ions into the cluster.
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