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Abstract

Manganese oxidation, catalyzed by chlorophyll photochemistry in photosystem II, is the key step in the pathway of redox reactions leading
formation of O, from H,O. A unique feature of Mn redox chemistry is its dependence on the presence of both Ca?* and CI~; the active site of
H,O oxidation consists of four Mn atoms, and one atom each of Ca?* and Cl~. The best current structural model of the inorganic ion cluster,
based on polarized EXAFS experiments on crystals of the photosystem, shows Ca?* ligated by carboxyl groups from amino acid residues (alanine,
glutamate) that bridge to Mn atoms. Chloride is not resolved in the current structures. Calcium is an essential structural element of the cluster during
its assembly, and is required for efficient Mn oxidation. There is also compelling evidence that Ca?* is involved in catalysis of H,O oxidation.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid; EPR, electron paramagnetic
resonance; ESEEM, electron spin echo envelope modulation; EXAFS, extended X-ray absorption fine structure; FTIR, Fourier transform infrared; H>Q, hydro-
quinone; Ln3*, lanthanide; OEC, O, evolving complex; PS, photosystem; PsbO, the 33 kDa extrinsic protein of photosystem II; PsbP, the 23 kDa extrinsic polypeptide
of spinach photosystem II; PsbQ, the 17 kDa extrinsic polypeptide of spinach photosystem II; PsbU, the 12 kDa polypeptide of cyanobacterial photosystem II; PsbV,
cytochrome C550, an extrinsic subunit of cyanobacterial photosystem IT; TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine; XANES, X-ray absorption near edge
structure; XAS, X-ray absorption spectroscopy; Yz, Yz*the reduced and oxidized forms of the tyrosine residue that catalyzes electron transfer between the Mn
cluster in photosystem II and the redox active chlorophyll a molecule(s) that transfer electrons to the reducing side of the photosystem
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Chloride is also required for Mn oxidation by photosystem II, and it has been demonstrated that the anion is required for the Mn redox reactions
immediately preceding oxidation of H,O to O,. Although there are no structural data on the site of C1~ binding in photosystem II, spectroscopic
probing and ligand competition experiments position it in the vicinity of the Mn cluster.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Other articles in this volume describe the components as
well as the many interesting properties of electron transfer
in the Oy evolving complex (OEC) of photosystem II (PSII).
Here, an unusual property of the H,O oxidizing reaction itself
is discussed, namely the requirement for both Ca®* and CI~.
These inorganic ions act as essential activators of the Mn
redox chemistry that culminates in the release of O, from
PSII. A survey of the various redox reactions catalyzed by
transition metals fails to turn up other cases where oxidation
reduction reactions require these cofactors, but this is perhaps
not unexpected given the fact that Mn-catalyzed H,O oxi-
dation is unique; no comparable analogs exist among other
biological redox reactions. In addition to this paper, read-
ers are referred to other reviews [1-7]. It is useful to begin
with a brief survey of the other functions of Ca’* and Cl~
in biological systems before addressing their roles in the
OEC.

1.1. Ca?* in biological systems

Of all of the metals, Ca** may exert the widest range of
effects in biological systems of all of the metals [8]. A cur-
sory overview would include functions related to structure,
intercellular and intracellular signaling, regulation of enzyme
activity, muscle contraction and conduction of nerve impulses.
The common coordination numbers for Ca?* are 6 or 7, and
the solubility of the metal is turned to good advantage in its
many roles in biology. For example, the insoluble phosphates
of Ca?t (hydroxyapatite (Cajo(PO4)s(OH)>) and octacalcium
phosphate (CagH»(PO4)g) constitute the central building blocks
for bones and teeth. The carbonates are prominent in exoskele-
tons and are stored in plants [9]. In its soluble form, Ca* plays
a wide range of roles in biology that depend on its interaction
with a number of proteins. The most thoroughly characterized
of these is probably the Ca?*-calmodulin interaction [10-12].
Calmodulins possess four Ca>* binding sites of very high affinity
(Kg=~1puM). Upon binding of CaZ*, the metallated calmod-
ulin binds specifically to a target enzyme that is activated by
the protein—protein interaction. The calmodulin Ca?* binding
site, called an EF-hand motif on account of its tertiary struc-
ture, is comprised of a loop of 12 amino acids. The most highly
conserved amino acids in this loop are an aspartate residue at
position 1, a glycine at position 6 and a glutamate at posi-
tion 12, while aspartate or asparagine residues are found at
positions 3 and 5. Ligation of Ca** involves the side chains
of amino acid residues 1, 3, 5 and 12 and the peptide back-
bone carbonyl at residue 7. The oxygens on Glutamate 12 in

this arrangement form a bidentate ligand, and a water molecule
completes the shell of ligands. The other amino acids in this
sequence (numbers 2, 4, 8—11) are “spacers” in the Ca?* bind-
ing sequence. Proteins bearing the EF hand motif can function
either as regulators of enzyme activity (calmodulins, troponin C)
or as buffers of intracellular Ca®* concentrations (calbindin Do,
parvalbumin).

Other Ca®* binding proteins are more flexible in the amino
acid sequences of their sites [2]. These proteins, known as Ca%*
cofactor proteins, include proteases (trypsin and thermolysin, for
example) as well as enzymes that degrade nucleic acids (nucle-
ases) and lipids (lipases). As a general rule, these proteins are
stabilized by Ca®* binding to sites that include oxoanions asso-
ciated with glutamate and aspartate. The carbohydrate binding
protein concanavalin A is of interest in that it contains a binu-
clear site comprised on an atom of Mn”* and an atom of Ca®*
[8]. Binding of either metal is contingent of the presence of the
other.

The metal ion specificity of Ca>* binding proteins has been
the subject of a number of investigations. One approach has
been to use Ln>* ions as probes of Ca®* binding sites [13,14];
the natively bound Ca”* atom can be displaced by a Ln>* such as
Tb3*. Irradiation of the modified protein with UV light excites
aromatic amino acid residues (phenylalanine, tyrosine) in the
vicinity of the metal, and energy transfer to the Tb>* ion produces
light emission from ff orbital transitions [14]. The technique has
found broad applications in the characterization of Ca’* binding
sites (binding constants, hydration number, and total number of
coordinating atoms in a site, for example).

The effects of Ca®* displacement by Ln** can have differ-
ing consequences depending on the role of the native metal in
the protein. A large number of proteins retain their function
upon Ca”* (or Mg?*) displacement by a Ln>*. A brief list would
include hydrolytic enzymes (thermolysin, subtilisin, elastase,
chymotrypsin, trypsin, thermolysin, phospholipase A; and a-
amylase) along with other proteins such as concanavalin A and
galactosyl transferase. In each of these cases, binding of Ca**
confers structural stability on a particular protein. A second,
smaller category of enzymes, including staphylococcal nuclease
and Ca®* ATPase, along with some Mg>*-dependent enzymes
such as phosphoglycerate and pyruvate kinases, are inhibited by
Ln3* substitution [13]. The difference in the sensitivity of the
activity of these proteins resides in the fact that in the former
examples, Ca?* is a structural component, whereas in the lat-
ter case, the displaced metal is a functional component of the
active site of the enzyme. This observation will be relevant to
the discussion of the role of Ca** in PSII activity.

In addition to Ln®*, other metals will also occupy protein-
associated Ca>* binding sites. Replacement of Ca** by Cd**
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has enabled the use of ''3Cd-NMR as a probe of Ca>* sites in
the EF-hand proteins [15,16]. It is less widely appreciated that
Na* and K* will also bind to sites in parvalbumin [17] and the
Ca* ATPase [18].

1.2. CI” in biology

There is much less to be said about the function of this anion
in biological systems. Some living systems can accumulate more
CI™ than any other inorganic ion. For example, human plasma
contains 100 mM CI17, but concentrations as high as 0.5M are
found in some marine algae. This anion contributes negative
charge in the formation of membrane potentials, for example,
and is responsible for the regulation of osmotic pressures in cells.
A number of proteins function as CI~ channels in biological
membranes [19]. A few enzymes (for example, « amylase [20])
require CI™ for activity, and the haloperoxidases use Cl1~, Br™
and I™ as substrates along with H,O; to halogenate aromatic
amino acids or to produce reactive species that are bactericidal
[21]. Chloride has also been found to associate as a bridg-
ing ligand between heme a and Cup in the oxidized form of
cytochrome oxidase [22]. In this case, the binding kinetics of the
anion are too slow to play a role in the catalytic activity of the
enzyme.

2. The roles of Ca?* and CI~ in PSII-catalyzed H,O
oxidation

2.1. Photosystem I structure: proteins

Most of the biochemical and spectroscopic (EPR, ESEEM,
XAS, FTIR and time-resolved UV-vis absorption measure-
ments) characterizations of PSII have employed the enzyme
isolated from spinach [23]. This includes investigations of the
structure of the enzyme using electron microscopy [24,25].
Crystals of the enzyme [26-29] that diffract to 3.0 A [30] have
been obtained using PSII isolated from thermophilic cyanobac-
teria. The properties of the enzyme from both sources include
the presence of a number of amphipathic proteins that reside
in a lipid bilayer and ligate the inorganic and organic cofac-
tors of the enzyme (see the articles by Barber and Debus in this
issue). Also present in the isolated enzyme are a group of water
soluble proteins that bind to the membrane proteins with high
affinity (Kg=2-10nM). In plant and algal preparations, these
proteins are known as PsbO (also called the 33 kDa manganese
stabilizing protein), PsbP and PsbQ [31-33]. The cyanobacte-
rial enzyme also contains PsbO, but PsbP and PsbQ are replaced
by PsbU and PsbV (a cytochrome, c550) [33]. Extraction of
PsbP and PsbQ from spinach PSII exposes the Mn cluster in the
OEC to rapid reduction by exogenously added reagents (hydro-
quinone, hydroxylamines, p-phenylenediamines) [34,35]. The
Mn?* produced by this reaction is released from the enzyme,
with a corresponding loss of O, evolution activity. As will be
seen, dissociation of the extrinsic proteins from PSII also has
profound consequences for its activity and its ability to retain
the Ca>* and CI~ cofactors needed for activity.

2.2. Photosystem Il activity, Mn redox states and the
S-state cycle

Isolated PSII is capable of high rates of water oxida-
tion in the presence of a synthetic electron acceptor such
as 2,6-dichloro-p-benzoquinone or p-phenyl-p-benzoquinone.
This activity requires four Mn atoms per PSII [36]. In dark
adapted PSII, the oxidation states of these Mn atoms have been
established to be 2 Mn**/2 Mn3* [37-39]. Light-catalyzed Mn
oxidation initiates a cycling of PSII between the dark adapted,
resting state and its higher oxidation states, which reveals a pat-
tern of O release that peaks on the 3rd 7th apd 11th exposures to
a train of very short (<10 ws) flashes of light. This response was
modeled by Kok et al. [40] as a linear sequence of one-electron
oxidation reactions, where each oxidation state of the enzyme
was called an “S” state:

S, %8, Sy 4 2H,0-% 8, — O, + 4HT
—i—Soﬂ)Slﬂ)Sz... (1)

The advancement in the S-states is accompanied by Mn oxi-
dation (see Dau and Britt, this issue); other contributors to this
volume review the current status of models for the S3 — Sg tran-
sition, and Hillier and Wydrzynski review the evidence for H,O
exchange with, and binding to, the various S-states. As will be
seen, S-state cycling is profoundly affected by the Ca2* and C1~
status of the OEC.

2.3. The role of Ca** in the OEC

Extraction of the PsbP and PsbQ subunits from PSII using
high ionic strength (>1 M NaCl) produces an inhibition of steady
state O, evolution activity. This defect is repaired by addition
of Ca?* and CI~ to the assay reaction mixture [41,42]; addi-
tion of Sr** is also capable of restoring activity, but at a level
less than about 50% that of the rate obtained with added Ca®*
[41,43]. Subsequent investigations [41] correlated Ca?* reten-
tion by the OEC with the presence of PsbP and PsbQ, and it
was also shown that exposure of PSII preparations to acidic
conditions (pH 3) released Ca>* without perturbing binding of
the polypeptides [44]. In this PSII preparation, restoration of
activity required incubation of the enzyme with Ca2* for up to
50 min prior to assay in order to allow the metal to permeate the
barrier imposed by the extrinsic proteins. The two preparations
(minus or plus the PsbP and PsbQ subunits) present contrasting
behaviors with respect to the sensitivity of activity to the diva-
lent metal chelators EDTA or EGTA. In its native state, OEC
activity is unaffected by addition of a chelator. In the case of
the polypeptide-depleted enzyme, the activity restored by addi-
tion of CaZ* is sensitive to the chelator, which indicates that
rebinding of the metal must occur with low affinity, or that under
steady state illumination one or more S-states bind it with low-
ered affinity. For polypeptide reconstituted samples equilibrated
with Ca?*, activity is chelator insensitive [44]. This behavior is
consistent with current structural models of PSII that place the
Ca”* binding site in a position that is shielded from the external
medium by the extrinsic polypeptides of the enzyme [28-30].
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2.3.1. Ca** stoichiometry and binding affinity

Several groups have reported widely varying Ca>* contents
of PSII preparations before and after extraction treatments to
release the metal. The first experiments detected large amounts
of Ca®* in intact PSII preparations. Only minimal depletion of
the metal was observed after extraction of the extrinsic polypep-
tides [41]. Other experiments indicated that as many as three
Ca?* atoms were bound to the enzyme, two of which could be
removed by extraction of the PsbP and PsbQ subunits, which
resulted in the loss of Oy evolution activity as well [45]. Other
investigations reached a similar conclusion, namely that PSII
contained two populations of Ca>*, one of which was extractable
and one that was more tightly bound [46,47]. Some of these
results were also interpreted to indicate that there was only a
limited correlation between loss of the metal and inhibition of
activity. Other experiments monitoring Ca>* binding to PSII
with a sensitive ion selective electrode detected up to four sepa-
rate binding sites associated with the enzyme ([48], see below).
The issue of the stoichiometry of Ca2* in the active site of the
OEC was settled by experiments using ¥Ca”* [49]. Results
of these studies showed that about one extractable Ca** atom
is associated with the OEC; other high and low affinity bind-
ing sites for additional Ca’* atoms reside outside the OEC.
The 4 Mn:1 Ca* stoichiometry is consistent with models for
the MnyCa cluster derived from crystallographic studies of the
enzyme [28-30]; see Barber, this issue.

Initiatives to determine the binding affinity of the OEC for
Ca”* have produced a substantial literature that will be reviewed
very briefly here. Two methods have been employed. In the first,
the dissociation constant of the metal has been estimated from
plots of steady state activity versus Ca** concentration, which
are then transformed to double reciprocal Lineweaver—Burk
plots to obtain the Ky or Ky value for the binding site. Val-
ues obtained by this method range from about 50 uM to >1 mM
[5,7]. The disparity has been attributed to the existence of het-
erogeneity in the binding site, induced by the methods used to
extract Ca?* from the OEC [50]. The alternate methods deter-
mined the Ky value from assays of rebinding of **Ca”* to the
OEC [49], or by an analysis of Ca** binding using an ion-
selective electrode [48]. Some heterogeneity in binding was
observed in the 4°Ca%* experiments; Kg’s of 26 uM and 0.5 mM
were determined for preparations depleted of Ca?* by extrac-
tion of the extrinsic polypeptides. For samples that had been

Table 1
Metal ion activators and inhibitors of the OEC

Ca”* depleted by low pH treatment, K4’s of 60 uM and 1.7 mM
were reported. In the experiments employing a Ca®* selective
electrode, four sites external to the OEC with Ky values of
1.8 M were detected [48]. Exposure of the OEC by extrac-
tion of PsbP and Q revealed >2 binding sites with K4 values of
0.15 uM, and other sites of high affinity binding were uncov-
ered upon removal of PsbO and the Mn cluster. The origins
of the very substantial heterogeneity in Ca®* binding evident
in the literature will be difficult to resolve, given the almost
universal occurrence of the metal as a contaminant in H,O
and biochemical reagents, the presence of several nonspecific
binding sites for the metal in PSII, and the S-state dependence
of Ca?* binding, which is discussed in Section 2.3.4 below.
However, one useful observation emerges from the data that
are currently available. The lower limit of Ca>* affinities mea-
sured in those instances where activity was also monitored
is higher that one would expect for the EF-hand type sites
found in regulatory proteins, but the values are well within the
range expected for protein ligation by oxoanion and carbonyl
groups.

2.3.2. Competition by alternate metals for the OEC Ca’*
site

A number of metals have been tested for their ability to dis-
place Ca®* from PSII, or to interfere with its rebinding to the
OEC of Ca**-depleted PSII preparations. The results are sum-
marized in Table 1, which is adapted from [5]. While there is
general agreement that ions such as Ln** and Cd** are capable
of competing for the Ca>* ligand environment, the situation with
respect to monovalent metals is less clear. Assays of steady state
activity in PSII preparations depleted of Ca>* show that K*, Cs*
and Rb™ are able to block Ca?* activation of the OEC [51,52]
as long as the inhibitory metal is added to the reaction mixture
along with Ca?*. In addition, it has been shown that K* will
extract the extrinsic polypeptides and displace Ca®* from the
OEC [53]. An alternate method of examining PSII-Ca2* inter-
actions employs preincubation of the Ca>* depleted sample with
an alternate metal, and under these conditions, the subsequent
assay of activity fails to detect any interference with Ca>* activa-
tion of the OEC by either Na* or K* [54]. The overall picture that
emerges from metal substitution studies is that the OEC Ca>*
site exhibits a preference for di- and trivalent metals whose ionic
radii are close to that of Ca?* (~1 A).

Metal Tonic radius (A) Coordination number Effect on O; evolution activity K4 (estimated) (mM)
Ca? 0.99 6-8 Activator 0.01-1.0

Sr2* 1.13 6-8 Activator -

Ba?* 1.35 6-8 Weak inhibitor -

Mg?* 0.65 6 No effect 2.84

Mn?* 0.80 6 Weak inhibitor -

Cd>* 1.03 6-8 Competitive inhibitor 0.14-0.30

La%* 1.04 7-9 Competitive inhibitor 0.05

K* 1.33 6-8 Competitive inhibitor 3-8

Cs* 1.65 6-8 Competitive inhibitor 8-10




300 C.F. Yocum / Coordination Chemistry Reviews 252 (2008) 296-305

2.3.3. The Ca’*—Mn interaction in the OEC

Prior to the appearance of crystal structures of the OEC,
spectroscopic and biochemical probes established a close inter-
action between Ca>* and the Mn cluster. The first indication of a
Ca*—Mn interaction came from experiments to define the con-
ditions for assembly of the OEC metal cluster [55,56]. In these
experiments, Mn-depleted PSII is incubated with Mn>* under
weak illumination; only if Ca?* is also included in the reaction
mixture is a functional OEC reconstituted. It has also been shown
that the OEC metal cluster will assemble in vivo in a cyanobac-
terium if Sr** replaces Ca”* in the growth medium [57]. An
exploration of the Ca®* binding capacity of Mn-depleted PSII
found a corresponding result, namely that in the absence of a
functional Mn cluster, Ca?* binding could not be observed (see
[49] and the paper of Dismukes and Dasgupta in this issue). The
mutual dependency of Ca** and Mn in assembly of the OEC
is reminiscent of the Ca*~Mn?* interaction in the lectin con-
canavalin A (Section 1.1), where the two metals share bidentate
bridging carboxyl ligands from aspartyl and glutamyl residues
[8].

Results of Mn EXAFS experiments on Ca®* depleted/Sr2*
reconstituted PSII samples, and of Sr>* and Ca®>* EXAFS exper-
iments as well, were interpreted to indicate that Ca>* could be a
scatterer at a distance of ca. 3.4 A from the Mn cluster [58,59].
Solid state magic angle spinning NMR characterization of PSII
samples containing '3Cd concluded that Ca2* binding occurred
in a site that was probably octahedral; the behavior of the !'3Cd
signal with respect to temperature was rationalized in terms of
proximity of the metal to a nearby paramagnet, presumably a
Mn atom [60]. The advent of crystals of cyanobacterial PSII has
provided the potential for an improved view of the Mn—Ca®*
arrangement in the OEC. The first models for the cluster [26-28]
were compromised by damage to the metal cluster caused by
exposure to the high X-ray fluxes used to obtain diffraction data.
On the basis of XANES and EXAFS data from these crystals
[61], it can be concluded that little, if any, of the native structure
isretained in after exposure to X-rays at the intensities needed for
structure determination. For example, the Mn XANES edges are
shifted to lower energies, consistent with the presence of large
amounts of Mn?*, and the EXAFS spectra show that the Mn
cluster is completely disrupted, as evidenced by the presence
of a lone first shell scatterer at ~1.9 A [61]. Polarized EXAFS
using undamaged PSII crystals has provided structural models
of the metal cluster that represent the most reliable picture of this
site that is currently available [62]. A representative structure is
shown in Fig. 1. A notable feature of this model is the pres-
ence of amino acid side chain ligands to the Ca>* atom, which
were not included in the first detailed structural model of the
cluster [28].

Structural models of the OEC derived from X-ray data may
eventually provide useful insights into the active site of water
oxidation, if radiation damage can be contained. In the mean-
time, another approach to obtaining information on the OEC has
been to employ FTIR to probe the identity of amino acids that
might function as ligands to the redox active subset of Mn atoms
that bind substrate and oxidize to O,. This method exploits the
ability to use cyanobacteria to label amino acid residues with

Asp 170

L
.-’.l"". .: Ga
Glu 333 o B r N OISO
~ s 2
O—%_»
\ e o
CP43 '—.\l "
Glu 354 1
Ala 344
His 332

Asp 342
His 337

Fig. 1. A model of the OEC MnyCa cluster derived from polarized EXAFS
measurements on PSII crystals from Thermosynechococcus elongatus [63]. The
experimental conditions used to obtain the data minimize the radiation damage
to the Mn cluster that occurs in crystallographic studies [62]. The four Mn atoms
are indicated by A-D, with p-oxo bridges between the metals. The predicted
ligating amino acids are alanyl (Ala), aspartyl (Asp) and glutamyl (Glu) residues
(oxoanion ligand donors) along with N ligands contributed by the imidazole side
chains of histidine (His).

13C to provide a marker for the FTIR experiments. One such
investigation [63] concluded that the prediction that Ala344 at
the C-terminus of the PSII D1 polypeptide was a Ca>* ligand was
incorrect; effects of Sr** substitution and light induced changes
in carboxylate stretching frequencies support this residue’s func-
tion as a Mn ligand instead. Other results (see R.J. Debus in this
issue) have made use of the ability to selectively alter amino
acid residues that are putative Mn or Ca”* ligands, using the
technique of site-directed mutagenesis. Results obtained from
PSII preparations carrying such mutations have been interpreted
to suggest that Asp 170 and Glu 189 function as Mn ligands in
the OEC, but the results of FTIR experiments comparing the
differences between native and mutated preparations in the var-
ious S-states are interpreted to suggest that the side chains of
these amino acids do not ligate Mn atoms that undergo oxi-
dation on the Sg — S; — S — S3 transitions [64,65]. Another
FTIR study using Ca?*/Sr>* exchanged samples has identified
carboxylate stretching modes that are assigned to ligation of Mn
atoms that are strongly coupled to the Ca?* atom [66], and yet
other FTIR characterizations of Sr>*-exchanged PSII samples
are interpreted to indicate that this metal in the Ca®* site produces
structural changes and perturbations to a H-bonding network
containing H>O and peptide carbonyl groups [67]. These data
and those from future characterizations of undamaged crystals
will no doubt provide a clearer picture of the nature of Ca®*
ligation by PSII.

An alternate method for probing the Mn—Ca>* interaction has
employed Mn reductants (hydroxylamines, H,Q, TMPD). Addi-
tion of NH,OH to untreated or polypeptide depleted PSII causes
a loss of enzymatic activity coincident with the appearance of
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Mn?*(H,0)g that is detectable by EPR at room temperature
[36], or by NMR (measurements of H>O proton relaxation rate
enhancements [68]). In the presence of Ca?*, release of Mn?* is
delayed [69]. Supplementation of PSII samples with Ca>* prior
to reductant addition produces one of two effects: stabilization
of the reduced Mn cluster (H,Q), or a blockage of Mn reduction
(CH3NHOH; (CH3);NOH; TMPD) [70,35]. Characterization
of these samples by XAS and EPR showed that H,Q reduced,
Ca”*-supplemented samples, which possessed high rates of O,
evolution activity, contained a reduced Mn cluster (2 Mn*/2
Mn?*) containing Mn?*(H»O)g that was EPR detectable at room
temperature [70]. In these samples, the scatterer at 3.3 A was
lost, as was one of the 2.7 A scatterers assigned to a Mn—Mn
interaction. These features were restored upon illumination of
the reduced sample [70,71]. In the case of methylated reduc-
tants, steric factors appear to impede access to the Mn cluster in
the presence of Ca?*, and the reductant with the highest redox
potential ((CH3)>2NOH; E;;, 7 =+0.550 V) is unable to attack the
Mn cluster when Ca2* is present [35]. A couple of tentative
conclusions from these results are that (1) Ca2* is situated in an
access site (or channel) such that it can block access of bulky
methylated reductants to the Mn cluster and (2) the ability of
Ca2* to interfere with the reaction between (CH3),NOH and the
Mn cluster could indicate that the target of this reductant is high
potential Mn atoms that might be sites of H>O oxidation. Taken
together, these results would be consistent with a model of the
active site of H,O oxidation in S; composed of a 2Mn3*—Ca2*
cluster. One interpretation of these observations, in terms of cur-
rent structural models, would be that the “C” and “D” atoms in
the model shown in Fig. 1 are the sites of HO oxidation by
PSII.

2.3.4. The role of Ca** in S-state advancement and H>O
oxidation

Calcium release from the OEC is accelerated by illumina-
tion. Photosystem II samples exposed to high ionic strength
to release the polypeptides retain the ability to cycle through
the S-states, and this is lost by exposure of the samples to an
extended (>100) series of short single turnover flashes [72].
Inactivation of steady state activity is also accelerated by illumi-
nating PSII samples during the polypeptide extraction reaction
at high ionic strength [73]. Experiments to further characterize
the relationship between illumination and Ca** release from the
OEC showed that the S3 state, and to a lesser extent S;, bind
the metal with a much lower affinity than either S; or Sg [74].
Taken together, these results indicate that polypeptide depleted
PSII samples that are inactive under steady state assay condi-
tions probably lose functional Ca>* from OEC sites during the
initial period of illumination. This process is reversed if adequate
Ca?* is added to the assay buffer system. The same results also
suggest that for single turnover experiments, Ca>* is probably
retained in the OEC even after treatments that release the PsbP
and PsbQ extrinsic subunits.

Substantial attention has focused on the question of whether
Ca%* is necessary for the S1—S, transition. Long term illumina-
tion of samples in the presence of high ionic strength and EGTA
are conditions which should release the PsbP and PsbQ subunits

along with Ca®*. Subsequent dialysis to lower the ionic strength
and rebind the polypeptides generates samples containing an
abnormally stable S, state [75]; the modified form of the g=2,
S =1/2 multiline EPR signal in these samples has a lifetime of
about 40 min. after addition of Ca?* or Sr?*. Illumination of
the stable S, state created by Ca®* depletion in the light results
in photoaccumulation of a tyrosine radical called Yz* [76], an
electron carrier between the Mn cluster and the PSII reaction
center chlorophyll(s) termed P680. From this result, it is appar-
ent that S-state advancement beyond S, is blocked when Ca?* is
removed. The same is probably true for the S| — S; transition
after extraction of Ca®*; the diminished ability to form the S,
multiline signal under continuous illumination at 200 K corre-
lates with the increase in the detection of a slow-decaying form
of Yz* [77], and the OEC depleted of Ca®* by pH 3 treatment
also exhibits a slow decaying Yz* signal, and no evidence of S,
formation [78].

A pair of models for the behavior of the Ca®* binding site in
the presence of a Ca2* chelator (EGTA) to facilitate removal of
the metal would be as follows:

Y2zS1(Ca**) + EGTA — YzS;()EGTA(Ca*)

0 v,*81() + EGTA(Ca") — YzS,() + EGTA(Ca2t)

(1)
Y81 (Ca%") + EGTA Y,*S (Ca>* )EGTA — Y2S)(Ca®*)
+EGTA — S3() + EGTA(Ca*) )

The data currently available in the literature are consistent
with the reaction sequence given in (2) above, where Ca®* is
required for advancement from S; to S», although some recent
data support the model in Eq. (1). Samples in which Ca®* has
been exchanged for either Cd** or Dy>* in the dark, in the
absence of the PsbP and PsbQ subunits, will produce a mul-
tiline signal of lower amplitude than that detected in a native
sample [79]. The same substitution protocols applied to sam-
ples incubated with Cu* inhibit steady state activity, but these
samples fail to form S;. This is a somewhat unusual result in
that it has previously been shown that Cu>* does not compete
effectively with Ca®* for the OEC binding site [54], and its ionic
radius (0.72 A) should exclude it from ligation in the CaZ* site.
It is possible that Cd** and Cu?* are capable of inhibiting PSII
electron transfer by binding to sites outside the OEC; this is the
conclusion already reached for Cd**, where inhibition of PSII
electron transfer at several sites has been detected [80]. It is also
possible that S| — S, transitions can occur in Dy3* or Cd** sub-
stituted samples, but with a low quantum yield that necessitates
long term illumination protocols, such as those used to advance
EPR samples from S; to the S, state.

The data that currently available support two proposals for
the function of Ca?* in the OEC. One of these is structural. As
noted above, a number of experiments demonstrate a require-
ment for Ca>* for the functional assembly and stability of the
OEC Mn cluster. This is not surprising in view of the large num-
ber of biological systems in which the metal plays a role as a
structural element. That Ca** plays more than a structural role
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in the OEC is demonstrated by the inhibitory effects of depletion
of the metal, but also by the inhibitory effects of Ln>* substitu-
tions on activity. As noted above, this phenomenon is associated
with those Ca* binding proteins in which the metal has a func-
tion in the active site of the enzyme [13]. There are numerous
models for water oxidation, and a number of these depict Ca?t
as a binding site for substrate HyO. The first such model [81]
proposed that a H,O ligated to Ca>* carried out a nucleophilic
attack on a Mn>*=0 species in Sy to form the initial O—O bond,
which leads to release of O, and reduction of the cluster to Sg.
Later models have elaborated on this proposal [82], replacing
the H,O with a Ca>*-bound hydroxyl group [54], based on the
observation that the strongest Lewis acids (Ca%*, Sr2*) are the
only metals effective in catalysis of HyO oxidation. Later ver-
sions have been altered in light of one of the early structures of
the OEC derived from PSII crystals [83], and further alterations
will be necessary in light of the compelling evidence that the
cluster has been disrupted by radiation damage. Essential fea-
tures and predictions from these models about the role of Ca**
as a substrate binding site and as a site for C1~ binding (bridging
to a Mn [82] or ligated only to Ca?t [4]) need to be explored
in more detail, hopefully with structural data from undamaged
OEC preparations.

2.4. The role of CI™ in the OEC

Early research on the role of C1™ in the OEC produced equiv-
ocal results, owing to a lack of high purity distilled H,O. Plants
grown on the purest water available at the time appeared to
be normal, but when isolated photosynthetic membranes were
examined, they required addition of C1=, Br—, NO3~ or I to
the assay medium in order to produce O, [83]. Later research
identified C1~ as the native anion that was required for electron
donor reactions in the OEC [84,85].

2.4.1. Chloride stoichiometry and binding affinity

The OEC-CI~ stoichiometry has been determined using PSII
preparations isolated from plants grown on 3°CI~. Analyses of
this material gave an estimate of about one atom of the anion
per OEC [86]. As in the case of Ca>*, Cl~ binding is regulated
by the presence of the PsbP and PsbQ subunits. The intact OEC
exhibits a high affinity for C1~ in the light (Kg =20 uM [87]).
Binding of 3°Cl~ cannot be detected in dark adapted samples
lacking PsbP and PsbQ [86] and steady state assays of these
preparations give Kq estimates of 1-2mM [88]. These results
emphasize again the importance extrinsic subunits of PSII in
facilitating cofactor retention in the OEC. Similar results have
been reported in cyanobacteria. Site directed mutations of PSII
membrane proteins in domains that are involved in the binding of
the PsbO subunit [89] alter the growth of the bacteria; increased
CI™ concentrations are required for the mutants to grow at near
normal rates. These data, and a number of similar observations
in other mutants, would seem to contradict the claim that bio-
chemical manipulations of PSIIin vitro create a Cl~ requirement
for O, evolution activity [90]. An alternate strategy for remov-
ing CI™ from the OEC, dialysis [87], removes C1~ but the PsbP
and PsbQ subunits remain bound to PSII. Examination of C1™

Table 2
Effects of Lewis bases on OEC activity

Activators ClI”>Br >NO3™ >I~
Inhibitors

Anions ~OH, F~, CH3COO —, N3~

1° amines (CHz OH)3 —C—NH2 N NH3 . CH3 NHz N CH3 CH2CH2NH2
No effect PO4%~, S04%~

binding affinity after dialysis gave a Kgq of ~500 uM. By incu-
bation of dialyzed samples with added C1™ in darkness, stable
high-affinity binding (K4 =20 uM) was restored. A model has
been proposed, based on these results, for a single C1~ bind-
ing site in PSII that exists in both low and high affinity states.
The low affinity site (Kq =500 M) binds C1~ somewhat more
avidly than do preparations lacking the PsbP and PsbQ subunits,
but the differences are not dramatic (added C1™ is rapidly lost
from dialyzed samples), and this suggests that dialysis may have
produced some structural changes, perhaps to extrinsic subunits,
in the vicinity of the OEC CI™ binding site.

2.4.2. Alternate ligands and the CI”—Mn interaction

As noted above, a small group of anions (Br—, NO3 ~,I7) will
substitute for C1™ as activators of the OEC, although the activ-
ity produced by these anions is lower than that observed with
Cl™ [91-94]. The mechanism of action of inhibitors at the C1~
site is linked to the observation that NH3 inhibits the S, — S3
transition [95]. A characterization of this phenomenon led to
the discovery that in the steady state, Lewis bases interfered
with CI™ binding to a site in the OEC [96,97]; primary amines
compete with C1~ for its site of action. For NH3, a second C1~
insensitive site was also detected [97]. Results of a number of
investigations have produced a list of Lewis bases that affect the
activity of the OEC by interference with CI™ [96-99]. Represen-
tative results are summarized in Table 2. For primary amines,
a linear relationship between their apparent binding constants
for the OEC site, and their pK,’s was discovered [96,100]. This
is the typical behavior of a Lewis acid—Lewis base interaction,
and it was proposed that CI™, functioning as a Lewis base, was
a ligand to Mn [96].

Extensive spectroscopic probing of PSII has produced a body
of data that places CI™ in the vicinity of the OEC Mn cluster,
but evidence for direct ligation of the anion to Mn is lacking.
None of the crystal structures include C17, but this is not sur-
prising given the extent of radiation damage to the OEC in these
samples. Results of EXAFS experiments on cyanobacterial PSII
taken from cells grown on Br~ [101] can be interpreted to indi-
cate the presence of C1™ near the Mn cluster, but these results are
not conclusive. In PSII samples where Br™ has partially replaced
CI™, Br~ EXAFS data are interpreted to indicate that the C1™
site can be no closer than about 5 A from a metal (Ca* or Mn)
[102]. Other experiments have utilized CW [103] and pulsed
EPR (ESEEM) [104] to probe interactions between acetate and
the OEC in the S; state (the EPR multiline signal). In the EPR
experiments, two acetate binding sites were detected, only one
of which is associated with the OEC (the second site is a non-
heme iron atom located on the reducing side of the photosystem).
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The CW EPR experiments were interpreted to indicate a close
spatial relationship between Cl~ and Y7z°®, but no conclusions
concerning C1™—-Mn interactions were presented. In the case
of the ESEEM experiments that detected binding of deuterated
acetate in the OEC, analyses of the pulsed data were interpreted
to indicate that the deuterons could be at a distance ranging
from about 3 to 5 A from Mn, and models were presented for
acetate binding as a bridging or monodentate ligand [104]. Prob-
ing of "N3~ inhibited PSII by ESEEM also gave results that
were interpreted to indicate binding of this anion in the vicinity
of, or directly to the Mn cluster [105]. A series of FTIR experi-
ments have also been carried out using '>NO3 ~-substituted PSII
samples [106,107]. The authors of these studies conclude that
although the substituting anion may bind in the vicinity of the Mn
cluster, they find no evidence for direct ligation to Mn. Lastly, the
CI™ binding affinity for the OEC has been examined as a func-
tion of the S-states; binding affinity decreases with increasing
Mn oxidation [108].

2.4.3. The role of CI~ in S-state advancement

Depletion of C1~ from PSII followed by illumination to gen-
erate the Sy state prevents formation of the EPR multiline signal
that is the spectroscopic signature for Mn oxidation on advance-
ment from Sp; instead, a species centered at about g=4.1 is
detected [109]. Upon addition of Cl~, this state is converted
to the multiline signal. The ca. g=4.1 species formed in C1~
depleted samples decays very slowly back to Sy, with a halftime
of about 10 min, as opposed to the multiline signal decay under
the same conditions with CI™ (<1 min). In the presence of ade-
quate CI™ to permit normal S-state advancement, illumination of
PSII with added NH3 produces an altered multiline signal (nar-
rowed linewidths) that was proposed to arise from direct binding
of the amine to a site normally occupied by H,O [110]. Applica-
tion of ESEEM spectroscopy to PSII samples illuminated with
added C1™ and NH3 provided direct evidence for binding of the
amine to the Mn cluster [111]. For technical reasons, it has been
difficult or impossible to carry out experiments to characterize
the consequences of amine binding to the site normally occu-
pied by CI™. Other EPR experiments to characterize the effects
of C1™ on S-state advancement have made use of the inhibitory
anion F~ [112,113]. In this case, formation of the S, multiline
signal is blocked, and instead the broad lower-field g =4.1 sig-
nal is obtained upon illumination. Variations on this treatment,
including C1™ depletion at high pH (10) induce modifications to
the S, multiline signals [114,115].

An alternate approach to characterization of the role of C1™ in
the S-state cycle employed kinetic studies of UV-vis absorption
changes in the OEC Mn cluster in the region around 295 nm [72].
These changes are proposed to arise from ligand-to-metal charge
transfer bands [116] and display positive absorbance changes
onthe Sg — S1,S; — S» and S» — S3 oxidation state advances,
and a decrease on the Sq4 — Sy transition; plots of absorbance
change versus flash number generate the period-four oscilla-
tion expected for a component of the S-state cycle [72,116]. In
the Cl™-depleted OEC, the first flash produced an absorbance
change consistent with the Mn>* — Mn** transition that occurs
on S; — Sy [94]. Subsequent flashes produced signals consis-

tent with formation of Yz* and its decay by recombination with
an electron from the reducing side of the photoreaction. By rapid
depletion/reconstitution of C17, it was shown that the anion was
required only for the S» — S3 and S3 — S4 — Sy transitions of
the OEC. Other absorbance experiments revealed that the affinity
of CI™ binding to the OEC decreased with increasing oxidation
states, and that alternate ions (Br—, NO3~, I7) decreased the
stability of the advanced S-states [117]. These data are, like
other spectroscopic results, consistent with a close interaction
between CI~ and the Mn cluster.

A variety of proposals have been advanced to explain the CI1™~
requirement for OEC redox activity. An early idea was that the
anion functioned as a bridging ligand between Mn atoms [96].
It has also been proposed that the role of Cl1™ is to regulate the
redox properties of the Mn cluster [118]. One model proposed
to account for the block in electron transfer hypothesized that
CI~ ligation to a Mn3* atom proximal to Yz altered its redox
properties so that it could function as the oxidant of a second
Mn3* distal to Yz, i.e., Mn** — Mn?*(Cl~) — Yz [94]. Other
models for the function of C1~, noted earlier, suggest that it is
either a bridging ligand between Ca** and one of the Mn atoms
involved in H>O oxidation [96] or, more recently, that C1~ is
ligated solely to Ca®* [4]. It has also been suggested that C1™~ is
a component of a proton transfer network from the site of H,O
oxidation to the external medium, and it has been proposed that
Cl1~ is not an essential cofactor for H,O oxidation [93], but this
claim has not been investigated further. If this were to be so,
then an alternate role for CI™ in the OEC might be to exclude
the binding of small, hard inhibitory ligands (most notably ~OH)
to the Mn cluster [119].

3. Concluding remarks

The ambiguities associated with the functions of Ca** and
CI™ in their roles as cofactors that promote Mn redox chemistry
in PSII arise from a number of factors. One of these is that the
redox chemistry catalyzed by the OEC has no analog among
other metalloenzymes: this is the only enzyme-catalyzed reac-
tion in the biosphere that oxidizes water. A second is the fairly
strict correlation between structural integrity of the OEC and
the affinity of cofactor binding, and a third is the sensitivity of
cofactor binding affinity to changes in Mn oxidation states. On
account of the lack of other well-characterized biological sys-
tems that can serve as points of comparison, PSII researchers
have had to develop techniques and models in a vacuum. The
second and third complications listed above have added a layer
of difficulty to the efforts to unravel the mechanisms of action
of the cofactors by complicating efforts to assess the extent to
which a given ion has or has not been released from the OEC. In
spite of these complexities, there has been substantial progress
in understanding why Ca®* and CI~ are essential cofactors for
the O, evolving reaction.

In the case of Ca2*, the combined biochemical and biophysi-
cal characterizations of the effects of depletion of the ion on the
OEC have yielded tentative, yet reasonable models for its loca-
tion in the OEC and its role in H»O oxidation. The model for
the Ca?*—Mn cluster structure, shown in Fig. 1, will certainly be
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subjected to modifications in the future, as more refined struc-
tural data become available. For the present time, however, it
is consistent with the observation that Ca** extraction, or sub-
stitutions of either Sr2* or Ln>* after extraction of Ca2*, have
no effect on the XANES and EXAFS features of the OEC that
arise from Mn—Mn interactions [ 120]. The model also positions
Ca”* so that it can function as site for ligation of HyO or ~“OH,
consistent with its proposed role as a direct participant in the
mechanism of H>O oxidation [54,4]. What must be kept in mind
is that any model for PSIT in the S state provides at a best a frag-
mentary view of the OEC. Enzymes are not immobile structures,
and ligand exchange probably occurs in the course of the S-state
cycle. It will be interesting to see whether the results now being
obtained with FTIR spectroscopy may be due in part to shifts
of carboxyl ligands and substrate H>O to and from Ca*, and
perhaps Mn atoms as well, in the course of substrate binding
and O-O bond formation in the OEC.

Chloride’s role in H>O oxidation remains elusive. The fact
that it is not resolved in the current crystal structures is not
particularly worrisome given the radiation damage issue and the
long times required for crystal formation, which would allow for
loss of the anion. The weight of experimental evidence favors a
role for C1™ as an essential cofactor in the S-state cycle, at least
for S-state advancements from Sy — S4. The physical probes to
locate the anion in the OEC have produced data that at first
glance seem to be contradictory. This is not necessarily the
case. The XAS experiments with Br~ [102] provide data on
the S; state, where Cl1™ is not required for the transition to Sp
[108,109], and is predicted to be at least 5 A from the nearest
metal atom. The results of EPR and ESEEM experiments rely
on the paramagnetic S, state to generate a point of reference for
determining distances, and in this case, the probes (CH3COO™,
N37) seem to be located in closer proximity to the Mn clus-
ter than would be predicted from the XAS results. This may
simply be a reflection of a ligand shift by CI™ that occurs on
the S| — S transition. The functional significance of C1~ bind-
ing to the OEC remains open to speculation. Neutralization of
charge on the Mn cluster is a possibility. However, any num-
ber of anions could function in this role, but the OEC has a
very selective preference for C1™ and a very small number of
other ions. The correlation of the presence of C1™ in the OEC
with formation of the S, multiline signal, and the dependence
on CI™ for S-state advancement points to a role in modulation
of Mn redox activity or of metal-metal couplings within the Mn
cluster.
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