
C

A

t
o
M

T

0
d

Available online at www.sciencedirect.com

Coordination Chemistry Reviews 252 (2008) 347–360

Review

Photoassembly of the water-oxidizing complex in photosystem II

Jyotishman Dasgupta a, Gennady M. Ananyev b, G. Charles Dismukes b,∗
a 306 Lewis Hall, Department of Chemistry, University of California, Berkeley, CA 94720, USA

b 7 Hoyt Laboratory, Department of Chemistry, Princeton University, Princeton, NJ 08544, USA

Received 17 May 2007; accepted 22 August 2007
Available online 26 August 2007

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
1.1. Photosystem II: a structural snapshot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
1.2. Mechanistic questions on water oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
1.3. PSII damage and repair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349

1.3.1. Protein assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
1.3.2. Intracellular cluster re-assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 350

1.4. Apo-WOC-PSII preparation and instrumentation for sensitive O2 detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 350
1.5. Metal ion cofactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

1.5.1. Manganese . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
1.5.2. Calcium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

1.6. Inorganic cofactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
1.6.1. Oxide bridges/proton release . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
1.6.2. Bicarbonate ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
1.6.3. Chloride ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354
1.6.4. Non-native cofactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

1.7. Role of protein subunits in assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
2. Mechanism of photoactivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355

2.1. Two-quantum model and extended models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
2.2. Trapping assembly intermediates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

2.2.1. Ca2+ bound intermediates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356
2.2.2. Bicarbonate effect on intermediates IM1 and IM1* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
2.2.3. Mechanism of photoactivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

3. Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

bstract
The light-driven steps in the biogenesis and repair of the inorganic core comprising the O2-evolving center of oxygenic photosynthesis (pho-
osystem II water-oxidation complex, PSII-WOC) are reviewed. These steps, known collectively as photoactivation, involve the photoassembly
f the free inorganic cofactors to the cofactor-depleted PSII-(apo-WOC) driven by light and produce the active O2-evolving core comprised of
n4CaOxCly. We focus on the functional role of the inorganic components as seen through the competition with non-native cofactors
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“inorganic mutants”) on water oxidation activity, the rate of the photoassembly reaction, and on structural insights gained from EPR spectroscopy
f trapped intermediates formed in the initial steps of the assembly reaction. A chemical mechanism for the initial steps in photoactivation is given
hat is based on these data. Photoactivation experiments offer the powerful insights gained from replacement of the native cofactors, which together
ith the recent X-ray structural data for the resting holoenzyme provide a deeper understanding of the chemistry of water oxidation. We also review

ome new directions in research that photoactivation studies have inspired that look at the evolutionary history of this remarkable catalyst.
2007 Elsevier B.V. All rights reserved.
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have arisen on the radiation damage to the cluster accrued by the
X-rays used for the diffraction studies [19]. The Imperial College
group has provided an alternative interpretation of the original

Fig. 1. XRD structural model of the water oxidizing complex (WOC) in Pho-
eywords: Bicarbonate; Calcium; Manganese; Photosynthesis; Water oxidation

. Introduction

The process of oxygenic photosynthesis is responsible for
roducing nearly all atmospheric O2 on Earth by the light-
riven oxidation of water [1]. However, oxidation of water to
2 is a mechanistically complex and highly energy demanding

hemical reaction [2] driven by photooxidation of a chloro-
hyll with electrochemical reduction potential of ca. 1.2–1.3 V
3]. In nature, this reaction proceeds by using the visible light
nergy that is trapped and made chemically available by chloro-
hyll photo-pigments, and it is ultimately carried out at the
norganic active site (Mn4OxCa1Cly), the water-oxidizing com-
lex (WOC), of a membrane spanning protein complex known
s photosystem II (PSII) [4]. Although nature has devised a
ery efficient way for oxidizing water, the coupling of the
ater-splitting reaction to the PSII reaction center photochem-

stry (chlorophyll photooxidation) takes a heavy toll on the
rotein matrix due to the generation of highly reactive chem-
cal intermediates under illumination. The damage done to the
1 subunit requires its resynthesis and replacement within the
9–31 subunits of PSII, as well as the reassembly of the inor-
anic catalyst. This process can occur as frequently as every
0 min at full solar flux [5,6]. Reassembly of the inorganic
luster (Mn4Ca1OxCly) of the water-oxidizing complex (PSII-
OC) is known as photoactivation; named by George Cheniae

nd coworkers the discoverer of this phenomenon (reviewed in
7]).

In this article we review the chemistry behind this com-
lex photoassembly process focusing on the inorganic principles
nd the functional role of the cofactors in catalyzing the water
xidation chemistry. This chemistry is responsible for the con-
erted four-electron oxidation of two water molecules to make
2 after injection of the fourth hole (electron vacancy) into

he WOC. The thermodynamic efficiency of this chemistry has
ever been replicated in any abiotic catalyst of any kind. Unlike
he reasonably well understood principles of single-electron and
ingle-proton transfer chemistry, complex multi-electron/proton
eactions control the overall energetics and thus the allowed
athway for catalysis [8–10]. Interested readers should also
onsult other recent reviews that cover in vitro and in vivo
hotoactivation of the WOC [11–13].

.1. Photosystem II: a structural snapshot
The membrane-spanning PSII protein complex is assem-
led in vivo as a functional dimer with 19–31 subunits [14,15]
n each monomer, depending on the organism in question.
nly within the last 3 years, has the structural arrangement

t
i
r
t
g

gen-evolution; Photosystem II

f each subunit, with respect to each other, been resolved by
-ray crystallography to 3–3.5 Å resolution with considerable

ertainty (R-factor = 24%) [16,17]. PSII isolated from Ther-
osynechococcus sp. in its resting oxidation state has provided
more detailed structural model than was previously available

rom spectroscopic and mutagenesis studies alone. However,
here has been noticeable differences in the two recent struc-
ures one at 3.0 Å [16] by Loll et al. and another at 3.5 Å by
erriera et al. [17]. The structure of the active site of PSII along
ith the molecular modeling of the architecture near the water
xidation site from the 3.5 Å structure is shown in Fig. 1. The
odeling of the exact position of the metal ions inside the elec-

ron density representing the Mn4Ca-cluster has been especially
ebated. The Imperial College group has postulated an assign-
ent for all the elements in the WOC at 3.5 Å, while the Berlin

roup has left it as an open question by showing only the heavy
tom scatterers [16,17]. A recent Mn EXAFS study of single
rystals of these PSII core complexes has provided more evi-
ence to distinguish between these models [18]. Also questions
osystem II adapted from Ferriera et al. [17] at 3.5 Å resolution. In the center
s the CaMn4O4-core surrounded by its direct ligands (purple = Ca, grey = Mn,
ed = O). All amino acids named in a yellow box belong to the D1 subunit, while
hose in a green box come from subunit CP43. Dashed lines are shown for visual
uidance only.
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lectron density map that can be found in this special issue. How-
ver, the modeling of the protein subunits remains very similar
rom both groups. Importantly, it is now known how the extrinsic
roteins are located with respect to the cluster. This information
s valuable since it has been known that although an intact PSII
ore complex is needed for sustained O2 evolution in vivo, some
SII subcore complexes lacking the extrinsic subunits can also
roduce O2 in vitro. The smallest isolated reaction center (RC)
omplex that performs primary charge separation contains four
ubunits: D1 (psbA gene), D2 (psbD gene), and the two subunits
f cytochrome b559, � (psbE gene) and � (psbF gene) along
ith another chloroplast encoded protein psbI [20,21]. These

our subunits along with two membrane spanning chlorophyll
inding proteins CP47 and CP43 comprise what is called the
SII core. No complex without these six subunits had been iso-

ated that evolved oxygen [22]. However, a complex completely
evoid of CP43 was shown to be photoactivatable (i.e. showed
2 activity when the cluster was reconstituted), albeit with much

ower photochemical quantum yield and to a lower level of activ-
ty [23]. The D1 polypeptide provides most of the amino acid
esidues comprising the active site surrounding the cluster, with

notable contribution by residues Arg357 and Glu354 from
P43 in the active site. The structures coupled with the numerous
utational experiments and spectroscopic measurements have

rovided a lot of constraints to the mechanism of water oxidation
hich are briefly touched below. However, detailed discussion
f possible mechanisms is beyond the scope of this review (for
arlier reviews [24,25]).

.2. Mechanistic questions on water oxidation

For the water oxidation reaction to take place, the cluster
ycles through five oxidation states (named, in order, as Si: i = 0,
, . . ., 4) starting from the resting state S1, before it releases a
ioxygen molecule and total of four substrate protons (through
he S-state cycle). Stabilization of the higher oxidation states
S2- and S3-states) in the Mn4Ca cluster is both due to the
elocalization of positive charge among metal centers and also
rom a local electrostatic effect generated by the presence of
trong sigma donor ligands such as aspartate, glutamate and
istidine that surround the cluster in the active site. The role of
he inorganic cofactors (Mn2+, Ca2+, Cl−) in actual water oxida-
ion chemistry has been subject to immense scrutiny. Numerous
ynthetically inspired and structure-based proposals have been
ormulated. Proposals ranging from homolytic O–O bond for-
ation from two facial bridging electron-deficient oxo’s [25] to

eterolytic O–O bond formation via nucleophilic–electrophilic
xo-coupling have been presented [26,27]. And although var-
ous spectroscopic and structural markers (such as EPR and
XAFS) [28–30], mutagenesis [31] and water exchange rates of

he individual S-states have been considered [32], no commonly
greed on mechanism of water oxidation has been convinc-
ngly proved. It is for these reasons that the photoassembly

eaction of the Mn4Ca cluster provides special insights as it
an dissect the roles of the individual cofactors and enables
xamination by substitution, a topic we refer to as “inorganic
utants”.

a
m
t
a
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.3. PSII damage and repair

.3.1. Protein assembly
All the mechanisms of water oxidation proposed to date

nvolve highly reactive oxidized manganese ions. However,
nder normal environmental conditions such as high light flux
nd ambient atmospheric O2 pressure these intermediates can
urnish radicals that are lethal and destroy the protein itself,
eading to photoinhibition [33]. Loss of PSII activity by photoin-
ibition occurs as often as every 15–30 min under normal solar
ux conditions. To cope with photoinhibition, oxygenic pho-

otrophs have evolved repair and photo-protective mechanisms
ermitting a high rate of metabolic turnover of PSII polypep-
ides with the D1 protein exhibiting the highest rate of turnover.
ince D1 appears to supply most of the protein-derived ligands

o the Mn4Ca, the frequency of in vivo photoactivation must
ollow the D1 protein repair rate. The site of the light reac-
ions of oxygenic photosynthesis in cyanobacteria, green algae
nd plants (in the chloroplast) is a specialized inner membrane
alled the thylakoid membrane system. In higher plants, the ini-
ial dissociation of a damaged PSII dimer into monomers in the
tacked grana regions of the thylakoid membrane system and
urther migration to the stromal region (outside the thylakoid
embrane), starts the process of repair. However, it is not clear
hether photoactivation of the inorganic cofactors of the WOC
ccurs within PSII complexes bound to the stacked grana mem-
ranes or within the stromal region. In the PSII repair process in
yanobacteria, evidence for the initially assembled RC with D1,
2 and cyt b559 subunits in the (non-photosynthetic) plasma
embrane has been established, but not with CP43 or CP47

ubunits [6]. Also, these partially assembled reaction centers in
he plasma membrane can carry out charge separation and sin-
le turnover electron transfer [34]. The absence of CP47 and
P43 indicates that assembly of a functioning WOC is highly
nlikely in the plasma membrane. Recent claims have been
ut forth by Chow and Aro that in the repair process CP47
s probably only partially disassembled. They also state that
P43 is indisputably dissociated and re-attached along with
sbH and PsbL, both subunits are important in supporting CP43
e-assembly for repair in higher plants [33,35]. This evidence
hen gives credence to the proposal that Mn4Ca could be pho-
oassembled in the stromal region of the thylakoid membrane
33]. Observations on isolated PSII sub-complexes from which
oth CP43 and CP47 have been dissociated by detergents shows
hat these do not assemble a functional inorganic core during
hotoactivation, while the CP47RC sub-complex lacking only
P43 can be photoactivated, although the O2 evolution rate is
0% that of photoactivated PSII membranes and highly unstable
23].

In the vast majority of organisms containing PSII, the D1
rotein is synthesized as a precursor protein (pD1 with a short
eptide extension (8–16 amino acid residues) on the carboxy ter-
inus (C-terminus)) that is proteolytically removed during the
ssembly process [12,36]. Experimental deletion of this seg-
ent still allows functional assembly of the WOC, provided

he native mature C-terminal �-carboxylate at position 344 is
vailable. The D1 C-terminal extension was shown not to be
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equired for assembly of functional PSII complexes, nor for
rowth under optimal conditions in both Synechocystis 6803
37] and Chlamydomonas [38]. However, the carboxyl extension
ust be cleaved beyond Ala 344 by a soluble protease, called

tpA, prior to assembly of an active inorganic core [37,39]. This
leavage is essential for the assembly of the Mn4Ca-core and,
ence, oxygen evolution. Alanine 344, which is at the terminus
f the mature D1, is proposed to ligate the Mn4Ca through its
ackbone �-carboxyl moiety. While evidence is strong that the
arboxyl group of D1-Alanine 344 is in close proximity to the
n4Ca, it is not resolved whether it ligates Mn or Ca. In the X-

ay structure models based on crystals diffracting to 3.0 Å and
.5 Å, the 3.0 Å structure places the C-terminus as coordinating
n, whereas the 3.5 Å structure model orients the C-terminal

arboxy moiety towards a calcium atom. Although the 3.0 Å
tructure shows possible Ca2+ ligation, authors use results from
TIR light-dark difference spectroscopy to argue against it [16].
hey conclude that Ala344 is ligated to one of the Mn-atoms.
ontroversially however, in Synechocystis 6803 cultures which

ack the carboxyl extension or have a genetically engineered
wofold longer extension exhibit no difference in growth rates
r O2 evolution rates versus wild type. For further discussion
nterested readers should consult the reviews by Burnap and by
how and Aro, respectively [12,33].

.3.2. Intracellular cluster re-assembly
The rate of the Mn4Ca cluster assembly depends critically on

he local concentrations of free Mn2+, Ca2+, bicarbonate and the
H. Recently, estimates have been provided of intracellular con-
entrations of these ions in a few cyanobacteria. The Mn content
f cyanobacterial cells is generally well in excess of that needed
o supply all PSII complexes. However intracellular distribution
nd transport are not as well known. The capsular peptidogly-
an comprising the cyanobacterial envelope (cell wall) plays a
ajor role in concentrating free Mn2+ from extracellular solu-

ion [40]. Mature cells of Synechocystis sp. PCC 6803 take up
r exchange free Mn2+ at a rate of about 2 × 106 Mn2+/cell in
period of 30 min [41]. There are two pools of intracellular
n2+ that have been identified [42]. The largest pool, known

s pool A, comprises ∼108 atoms/cell, is found closely asso-
iated with the outer membrane possibly on either the outside
r the inner leaflet (periplasm). This pool can be removed by
DTA, is electrogenically generated under light and can be pre-
ented by electron transport inhibitors (DCMU) or abolished by
roton uncouplers (like CCCP) that collapse the proton-motive
orce across the membranes. It thus can be inferred that uptake
s energetically coupled to ATP hydrolysis. A tightly associated
econd pool B comprises ∼1.5 × 106 atoms/cell, is not affected
y EDTA, light or proton uncouplers and is found in the inner
embrane (cytoplasm). Under Mn2+ starvation conditions, pool
contains about 105 Mn/cell which is essential for photosyn-

hesis, of which the majority is targeted to PSII. By comparison,
he marine cyanobacterium Synechococcus sp. PCC7002 con-

ains 1.5 × 106 Mn/cell in pool B, while the non-oxygenic purple
acterium Rhodobacter capsulatus contains 1% of this amount.
lso, two-component regulatory machinery for the sensing of

xtracellular Mn2+ concentrations and maintenance of intracel-

u
r
M
i

stry Reviews 252 (2008) 347–360

ular Mn homeostasis in cyanobacteria and non-photosynthetic
rokaryotes has been found recently [43].

Intracellular transport of transition metal ions used in enzy-
atic machinery is typically under tight control by proteins or

mall molecule chelators that ensure proper targeting of the
etal to its final destination and also protect the nascent sys-

em from unwanted reactions. These ‘chaperone’ proteins are
idely distributed in the case of iron and copper regulatory sys-

ems. The thermodynamic potentials for aqueous Fe2+/Fe3+ and
u+/Cu2+ metals indicate that these metals are susceptible to

edox changes within cells and thus will undergo major changes
n speciation if not coordinated during transport. Thus, it may
eem curious that no essential chaperone protein has yet been
dentified for delivery of Mn2+ to the apo-WOC-PSII complex
uring biogenesis. The explanation is likely due to the inaccessi-
ility of the Mn3+ oxidation state in aqueous media at neutral pH
wing to the large thermodynamic barrier which prevents Mn2+

xidation (standard reduction potential for Mn3+ 1.2 V at pH 7
s. NHE). Moreover, divalent Mn2+ with its spherical electronic
istribution and half-filled 3d5 electronic configuration forms
elatively weak coordination complexes with all monodentate
, N, and S ligands [44]. Thus, free Mn2+ does not generally

ssociate tightly with the internal machinery of the cell unless
here are pre-organized chelation sites present with multiple lig-
nd donors. Generally, the latter sites are specific for ions of a
articular size, charge and dehydration energy so that biosyn-
hetic discrimination is almost always ensured. A remarkable
xample of these rules is illustrated later in the example of the
ompetition between Mn2+ and Cs+. Surface electrostatics also
lay a major role in guiding metal ions to their functional bind-
ng sites and this mechanism is important for steering Mn2+ to
he apo-WOC-PSII site [45]. Binding of aquo-Mn2+ to the high
ffinity site in apo-WOC-PSII has been shown to be influenced
y three factors: pH, bicarbonate ions and Ca2+, which are each
iscussed in the following sections. Although no known chap-
rones for Mn2+ insertion appear to exist as discussed above,
epair of the PSII protein complex caused by light absorption
oes involve chaperone-like proteins [46,47].

.4. Apo-WOC-PSII preparation and instrumentation for
ensitive O2 detection

In order to carry out in vitro studies of the photodamage and
hotorepair processes, numerous approaches have been reported
o extract the Mn4Ca cluster from the native PSII. Here, we
riefly summarize our most recently improved approach as com-
ared to previous methods which have been found to either
amage the protein as they cause low photoactivation yields,
r cannot fully remove all Mn2+ bound to the protein complex.
or a representative schematic of the process see Fig. 2. An early
eported method using TRIS buffer has been used extensively in
his field, but has been found to be incapable of achieving even

oderate photoactivation yield (supposedly, because of denat-

ration of the protein and also the generation of in situ TRIS
adicals) [48] Also, hydroxylamine has been used to reduce the

n ions and thus make the Mn4Ca cluster labile. In this method
t is argued that only the 17 and 12 kDa proteins are removed
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ig. 2. Scheme summarizing the methodology for removal of Mn4Ca cluster by
SII membranes, and reconstitution by photoactivation.

imilar to TRIS treatment. However, hydroxylamine has been
ound to be difficult to wash away and thus interferes with
he re-assembly process. We and others have developed milder
ethods for removal of the inorganic cofactors and extrinsic pro-

eins from PSII complexes (apo-WOC-PSII) which is essential
or quantitative work leading to high photoactivation yields and
eproducible kinetics [45,49,50]. The preferred method relies on
hort duration incubation of PSII particles at high pH and wash-
ng with excess Mg2+ to remove both manganese and calcium.

hen excess Mg2+ is used, it results in removal of all three
xtrinsic proteins. SDS gel chromatography has shown quanti-
ative loss of the extrinsic polypeptides psbQ, psbO and psbP
rom spinach PSII [51].

Our own studies of photoactivation were performed using
modified Clark-type electrochemical cell for the detection of
issolved O2 gas in photosynthetic samples [45,52]. It enabled
easurements of O2 concentration with exceptional sensitivity

50 femtomoles O2), micro-volume sample (5 �L), and 10-fold
igher time-resolution than the commercially available Clark
lectrodes. The electronic layout and novel material used have
een described and circuit diagrams are available upon request.
sing this photoactivation instrument has enabled kinetic res-
lution of the first two steps prior to the rate-limiting step
n the assembly of the inorganic cofactors [45,52]. The steps
hat follow the rate-limiting step are not individually resolved,
ut their Mn stoichiometry needed to restore O2 evolution has
een accurately determined. Photoactivation follows a two-step
equence, as originally postulated by Cheniae and Tamura on
he basis of steady-state O2 yield measurements [53] and con-
rmed by Miller and Brudvig [54]. The O2 recovery kinetics is
tted to a two exponent fitting function that is a general solu-
ion to the model in Scheme 1 with rate constants k1, k−1 and
2. Kinetic resolution of these steps has revealed a reversible,
ight-dependent lag phase where no O2 is produced, followed
y a single exponential recovery phase [55]. The kinetic resolu-

p

W
v

Scheme 1
pH treatment, e.g., isolation of apo-WOC-PSII particles from isolated spinach

ion provides values of the three rate constants (k1, k−1 and k2).
he sensitivity of the cell has permitted measurement of these

ate parameters using sub-stoichiometric (up to hundreds of fold
igher concentrations) of Mn2+/PSII.

.5. Metal ion cofactor

.5.1. Manganese
Mn appears to be unique in catalyzing O2 evolution in all

xygenic phototrophs. No other metal ions have been found to
ate that can replace it. We have examined several metal ions as
otential surrogates for Mn2+ in the assembly process of spinach
po-WOC-PSII [11]. These studies were conducted by replacing
n2+, while keeping all other components fixed at the optimal

oncentrations for Mn-dependent photoactivation (Cl−, Ca2+

nd the electron acceptor ferricyanide). The following metal
ons were found to inhibit Mn-dependent photoactivation with
arying affinities and none were found capable of supporting
2 evolution in the absence of Mn2+ (Cs+, Ba2+, VO2+, V3+,
r3+, Fe2+, Co3+, Ni2+, Cu2+, Zn2+, MoO4

2−, Ru3+, Rh3+, Re3+,
O2

2+). However, only a very limited range of conditions were
tudied: fixed pH 6 (optimal photoactivation yield using native
ofactors) and concentrations of Ca2+, Cl− and electron accep-
or. Other pH and concentration conditions ought to be examined
efore it is known for sure whether Mn can be replaced. The pho-
oactivation process has been studied over a 250-fold range of

n2+ concentrations and it was found that a Mn2+/Ca2+ ratio
bout 1:500 achieves optimal photoactivation yield, extending
ver the physiological range of concentrations [49]. At higher
atios an aberrant pathway is followed that photooxidizes too
uch Mn2+, while at lower ratio insufficient Mn2+ results in
hotodamage.
To date, manganese has been found invariably in all PSII-

OCs in vivo and is a required cofactor for photoactivation in
itro. Several factors may have conspired to make manganese

.
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he universal metal for catalyzing water splitting in all oxygenic
hototrophs. Open shell transition metals are the clear winners
ersus main group atoms at storing/delivering large units of
nergy in the form of redox reactions, e.g., atom transfer reac-
ions, in contrast to acid–base or electrostatic-induced chemistry
e.g., Mg2+, Ca2+, Zn2+, Cl−, etc.) and ion concentration gra-
ients (Na+, K+, H+). This preference arises because transition
etals store and deliver energy in the form of both charge (the

umber of electrons) and bond strengths (potential and kinetic
nergy of electrons and nuclei). Their versatility originates from
he greater number and smaller energy spacing of their valence
-orbitals which facilitates matching with substrate orbitals for
aximal bond strength and accommodates a wider range of

eometries [56]. A direct consequence is that the geometrical
onstraints can be relaxed in cases where the redox changes
nvolve non-bonding d-orbitals. For the same reasons, the acti-
ation barriers between redox states in multi-step catalysis are
sually lower.

Phototrophs take up Mn2+ but use it in the Mn3+ and Mn4+

xidation states in the WOC. Mn2+ is highly soluble, has weak or
odest affinity for simple ligands, speciates as the simple aqua

ation in water over a wide pH range and is readily transported
nto cells by a variety of transport systems. Mn2+ is chemi-
ally stable in neutral solutions. It auto-oxidizes in O2-saturated
olutions only above pH 9.5 where most phototrophs do not func-
ion, or at ambient pH only if exceptionally strong chelaters are
ccessible to stabilize the resulting Mn3+ (e.g., pyrophosphate).
ence, there is usually no need for chaperone proteins in the

ell to deliver Mn2+ or to protect the cellular matrix from auto-
xidation. Chaperones for manganese have not been identified
yet) for assembly of the WOC during the PSII repair process.
his simplification led to a great savings in energy and complex-

ty for the primitive phototroph that first used Mn2+ over other
ore abundant redox metals (Fe2+) in the anaerobic world when

xygenic photosynthesis was invented. The redox potential for
xidizing Mn2+(aq) → Mn3+(aq) E0 = 1.2 V closely matches the
edox potential of Chl-a containing reaction center (>1.2 V),
nlike the majority of other soluble transition ions. Thus, the
mergence of Chl-a containing phototrophs enabled the pho-
ooxidation of Mn2+ to occur on the surface of Chl-a proteins.
he resulting Mn3+ binds more tightly by ca. 1012 to 1015

nd thus would be longer lived at the protein site. Moreover,
oss of the redox energy by charge recombination is greatly
lowed owing to the energy released upon dissociation of a
roton to form [Mn3+(OH−)]2+ (pKa ∼ 0). Energetically down-
ill direct electron–hole recombination without reprotonation is
lso greatly slowed owing to the unusually large vibronic distor-
ion that Mn3+ produces with its ligand environment (e.g., 1 eV
ctivation barrier for pseudo-rotation of the Jahn–Teller axes in
nF6

3−) [56]. Importantly, the photooxidation of the next Mn2+

s catalyzed by formation of the first [Mn3+(OH−)]2+ photo-
roduct, as the resulting OH− can serve as a better ligand than
ater to template the binding of the next Mn2+. The efficiency

f this assembly process increases in the presence of bicarbon-
te which is a surrogate for hydroxide and can exist in neutral
H solutions at concentrations many orders of magnitude higher
han hydroxide [13,57].

e
e
e
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.5.2. Calcium
Ca2+ is an essential ion in the photoassembly reaction in all

ative PSII-WOCs examined to date. If Ca2+ is left out of the
olution, binding and photooxidation of many more Mn2+ occurs
up to 20) to the apo-WOC-PSII protein and no O2 evolution
ctivity is observable [45,58]. The relative binding affinities of
arious divalent metals (Mg2+, Ca2+, Mn2+, Sr2+), and the oxo-
ation UO2

2+ have been characterized [11,59,60]. At low Ca/RC
oncentrations measurements of the kinetics of photoactivation
eveal that the Ca2+ binding affinity increases following pho-
ooxidation of the first Mn2+ → Mn3+, during which 1 Ca2+

inds per PSII [55]. This photooxidation step and Ca2+ bind-
ng leads to a slow dark process that is uncharacterized but has
een postulated to represent a protein conformational change. At
igh Ca/RC concentrations however, Ca2+ is already bound to
ts effector site and the protein conformation change is induced
pon Mn2+ photooxidation. This process leads to more rapid
ptake and photooxidation of the remaining 3 Mn2+ in kineti-
ally unresolved steps [55]. Photoactivation kinetics and EPR
pectroscopy reveal that when Ca2+ binds in the dark to its
pecific site it induces the formation of a new intermediate con-
istent with the bridged species [Mn2+–OH–Ca2+]. Illumination
f this species gives rise to loss of a proton, consistent with
[Mn3+–O–Ca2+] intermediate, the existence of which was

hown by a freeze-trap experiment and characterized by EPR
see below) [61]. Binding of Ca2+ to its effector site, eliminates
he pH dependence and locks both geff and AZ of the photo-
xidized Mn3+ EPR signal at values observed in the absence of
a2+ at alkaline pH. Thus, Ca2+ directly controls the coordi-
ation environment and binds close to the high-affinity Mn3+,
robably sharing a bridging ligand. This Ca2+ effect and the
H-induced changes are consistent with ionization of a bridg-
ng water molecule, predicting that [Mn3+ − (�-O2−) − Ca2+]
r [Mn3+ − (�-OH−)2 − Ca2+] are the first light intermediates
n the presence of Ca2+. Formation of this intermediate templates
he apo-WOC-PSII for the subsequent rapid cooperative bind-
ng and photooxidation of three additional Mn2+ ions, forming
he active water oxidase. The photoactivation and spectroscopic
ata noted above provide a self-consistent picture locating the
a effector site as an integral part of the Mn4 core, in direct
ssociation with Mn probably via shared bridging ligands to Mn
28,61].

Boussac discovered that Sr2+ can functionally replace Ca2+ in
he intact holo-enzyme of PSII membranes and thus, restore O2
volution activity [62]. Later it was found that there is a kinetic
dvantage for uptake of Sr2+ versus Ca2+ at the Ca-effector site
uring assembly of the apo-WOC enzyme and it was determined
ow each of the three rate constants measured by photoactivation
re affected [11]. Sr2+ was shown to be five times more effec-
ive than Ca2+ in accelerating the rate of the first two assembly
teps (k1 and k2) and two times better in retarding the deactiva-
ion step (k−1). Sr2+ competes with Ca2+ and thus occupies the
a-effector site of the photoassembled PSII. A 65% lower O2

volution yield per flash is obtained for the Sr-photoactivated
nzyme, which is very close to the decreased steady-state O2
volution rate in the Sr-exchanged holo-enzyme. This decrease
n O2 flash yield is known to reflect a retardation of the rate of the
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nal step, S3 → S0 + O2 [63]. Thus, the data taken together indi-
ate that Ca2+ is clearly involved in accelerating the final step
n the S-state catalytic cycle, involving the O–O bond forma-
ion reaction. No other metal ion other than Sr2+ has been found
o functionally replace Ca2+ in water splitting. On this basis, it
as been proposed that the non-directional bonding properties
f these alkaline Earth ions and the ionic charge density of Ca2+

re critical for allowing formation of a peroxide intermediate,
a2+(O2

2−), between oxo bridges in the step leading to O2 evo-
ution from the S4 state of the Mn4O4Ca cluster [25,28]. A role
or Ca2+ as Lewis acid catalyst for proton ionization of substrate
ater and generation of a nucleophilic hydroxide has also been

onsidered [24,25], although this ignores the direct effect that
a2+ has on the electronic energy of the Mn ions [28].

.6. Inorganic cofactors

.6.1. Oxide bridges/proton release
In order to build the Mn4Ca cluster from its free metal ions it

s necessary to deprotonate four or more aqua ligands attached to
he initially bound Mn2+. Photoactivation has provided impor-
ant clues about how this process occurs. Alkaline pH accelerates
he rate of Mn-dependent photoactivation by 10-fold between pH
.5 and 7.5, while the final yield of O2 per flash follows closely
he known pH dependence of the holo-enzyme (peaks at pH 6).
he data indicate that protons are released during the first two
teps of assembly [11,45]. Direct measurements of proton stoi-
hiometry released during photoactivation have been described
sing a commercial ISFET (ion-selective field-effect transistor)
etector [11]. These measurements reveal that a single proton
s released upon photooxidation of the high affinity Mn2+ to

n3+ in the presence of Ca2+. The first light-induced assembly
ntermediate therefore contains one fewer proton than the dark
recursor and, if this proton is assumed to originate from ioniza-
ion of a water ligand, it can be formulated as, [Mn3+(O2−)Ca2+]
r [Mn3+(OH−)2Ca2+] [61].

.6.2. Bicarbonate ion
Bicarbonate ion is important not only as a substrate for car-

on fixation in the Calvin cycle but also for its role in PSII
lectron transport efficiency and photoassembly of the WOC
luster in PSII. In recent years the requirement for bicarbon-
te to observe efficient in vitro photoassembly has been shown
onvincingly [49,50]. In cyanobacteria, either bicarbonate or
aHCO3 is actively taken into the cell via ATP-dependent
embrane pumps that control either intake or the expulsion

f Na+. Consequently, bicarbonate uptake is tightly controlled
nd coupled to the light reactions via photophosphorylation.
hree distinct transport systems known as carbon concentra-

ion mechanisms (CCM) are involved, including one for CO2
ptake [64]. The photosynthetic activity of the cyanobacte-
ial CCM is modulated in response to inorganic carbon (Ci),
ith 50% stimulation at concentrations between a low-affinity,
onstitutive state (approximately 200 �M) and a high-affinity,
nduced state (10–15 �M). Ci is stored intracellularly in the
orm of HCO3

− and converted back to CO2 in structures called
arboxysomes for fixation by the Calvin–Benson–Bassham

a
i
n
S
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eactions. This conversion uses enzymes known as carbonic
nhydrase which exist in multiple subclasses, including a thy-
akoid membrane-associated carbonic anhydrase [65]. Some
lkalophilic cyanobacteria (Arthrospira genus) that originate
rom volcanic soda lakes prefer very high extracellular carbon-
te concentrations reaching 0.4–1.2 M NaCO3. These organisms
ack carbonic anhydrases all together [66] and possess a
eversible bicarbonate site within the WOC that is required for

2 evolution [67]. This site may be the same as the bicarbonate
ite associated with the Arg 357 residue of subunit CP43 which
hen mutated, gives rises to lowered O2 evolution activity,
ypothesized as due to a more energetic two-electron oxidation
athway that forms H2O2 [68].

PSII appears to possess its own biochemical machinery
or regulating the bicarbonate concentration within the lume-
al space near the WOC. A low level of carbonic anhydrase
CA) activity, more than 103 slower than typical Zn2+-CA, has
een found to be intrinsic to oxygen-evolving PSII membranes
69,70]. A soluble CA activity was found associated with the
3 kDa extrinsic protein of PSII (PsbO) and depends on the
oncentration of Mn2+ and Cl−. However the latter results are
t contradiction with earlier work showing that neither Mn2+

or Ca2+ have specific binding sites on the spinach 33-MSP
hen studied as a free protein [71]. Given the low activity and

equirement for Mn2+ there appears to be no clear physiological
ignificance for this site of bicarbonate activity in PSII in vivo
65,72].

Bicarbonate ions efficiently replace alkaline pH buffers by
ccelerating the rate of photoactivation, while increasing the
ield of reactivated centers. This is contrary to the lower yield
bserved upon increasing the buffer pH above 6. This can be
nderstood as follows: bicarbonate binds to two sites within
po-WOC complex as depicted in Fig. 3 and described next.

high affinity bicarbonate site operates at concentrations as
ow as 10 �M in the presence of stoichiometric Mn2+/PSII con-
entrations, where it accelerates the first step of Mn2+ binding
nd/or photooxidation [50]. The high affinity bicarbonate site
as been attributed to the ionization of protons from carboxy-
ate residues or ion-pairing of cationic residues on the surface of
he WOC protein complex. These accelerate the rate of photoac-
ivation by electrostatically attracting Mn2+ from solution close
o the WOC [49]. The rate stimulation is much like that seen
ith lipid soluble anions like tetraphenylboron which elevate

he water soluble cation concentration at the membrane inter-
ace [11]. In more extensive studies covering 10- and 100-fold
igher concentrations of Mn2+ and Ca2+, respectively, a second,
ower affinity, bicarbonate binding site on apo-WOC-PSII has
een identified that responds to changes in the concentrations of
n2+, PSII and bicarbonate. This ternary site produces threefold

arger rate acceleration of photoactivation versus “bicarbonate
ree” samples containing only residual bicarbonate arising from
tmospheric equilibration (6 �M). Recent EPR measurements
n the trapped intermediates have shown that bicarbonate serves

s an integral native cofactor for the initial steps (as described
n detail later in this review). It was speculated that it could fur-
ish an oxo/hydroxo bridge for the formation of the WOC [49].
ince its conjugate acid CO2 is highly soluble in the membrane
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Fig. 3. (Left side) Kinetics of reconstitution of O2 evolution capacity by photoactivation of the apo-WOC-PSII membranes in the presence of (1) 0 mM and (2)
1.2 mM, added bicarbonate. Assay conditions are pH 6.0, 1 �M apo-WOC-PSII, 100 �M MnCl2, 100 mM CaCl2, and 1.8 mM K3Fe(CN)6. The insert expands the
first 40 flashes (3 s repetition rate). The vertical dashed lines represent the lag time tlag for each experiment, as derived from fitting the entire kinetics [49]. (Right side)
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wo-site model for bicarbonate acceleration of the rate of the first step of phot
s unoccupied at low Mn2+ concentrations ([Mn2+] < 30 �M = KD [61]). (B) Th
icarbonate binds directly to the high-affinity Mn2+ binding site (Baranov et al.

hase, there will be higher concentration of bicarbonate near
he thylakoid membrane than in bulk solution at equilibrium in
ny system which gets all of its inorganic carbon from CO2. At
till higher (2–8 mM) concentrations of bicarbonate and Mn2+,
he formation of free Mn2+-bicarbonate complexes occurs in
olution [73]. The formation of these species coincides with
reduction in the rate of photoactivation (lower reconstitution
f O2 yield). These free [Mn2+(CO3)n](2−n)+ complexes appear
o serve as competitive electron donors to the reaction center.
his competitive electron donation is eliminated if the extrinsic
ubunits are present in the native PSII-WOC, suggesting that a
ative role of these subunits is to protect the Mn4Ca core from
xternal attack by cellular reductants.

The clear involvement of bicarbonate in the photoassembly
rocess has been interpreted in terms of a possible evolutionary
ole for bicarbonate in promoting selectivity for Mn2+ binding
nd photooxidation over other divalent metals in the Archean
on when this chemistry was invented. This work is summarized
lsewhere [13,74,75].

.6.3. Chloride ion
The role of chloride ion in photoactivation is not clearly

evealed, as its influence occurs only following the rate-limiting
tep and thus affects only the O2 evolution activity of the fully
ssembled cluster [45]. However, it should be stated that it is an
ssential cofactor, both for the O2 activity of the native enzyme,
nd for photoactivation yield, as substitution with nitrate and
ther surrogate ions inhibits the recovery of O2 activity of the
ative enzyme. A chloride-binding site directly on the Mn4 clus-
er has been inferred by 14N ESEEM studies of competitive azide

inding to the chloride site within intact PSII centers [76].

Evidence against a direct ligation to Mn4Ca cluster has also
een put forth by FTIR on chloride depleted nitrate substituted
SII samples [77]. It has been speculated that the role of chlo-

p
s
p
v

ation. (A) The high-affinity bicarbonate site: when the high affinity Mn2+ site
affinity bicarbonate site: at high Mn2+ concentrations ([Mn2+] > 30 �M = KD),

sgupta et al., submitted for publication).

ide in the water-splitting mechanism is to participate together
ith charged amino acid side chains in a proton-relay network,
hich facilitates proton transfer from the manganese cluster to

he medium [78].

.6.4. Non-native cofactors
Previous studies on photoactivation have also encompassed

sage of additional non-native cofactors like tetraphenylboron,
istidine and imidazole to accentuate or inhibit the in vitro
ssembly process [11]. Recently borate, B(OH)4

−, a chemical
nalogue of bicarbonate, has been shown to affect the kinetics
f photoassembly of the CaMn4Ox core at only one of the two
forementioned bicarbonate sites during photoactivation [75].
orate addition in place of bicarbonate causes a fourfold stimu-

ation of the rate of photoactivation and a 50% increase in yield
f photoassembled PSII centers when using the lowest concen-
rations of Mn2+ (≤10 �M Mn2+), at which the high affinity

n2+ site is not occupied. However, unlike bicarbonate ion,
hen this latter site is occupied at 50–100-fold larger concen-

rations of Mn2+ (and sufficient Ca2+), borate addition shows
o effect on the rate of the first Mn2+ photooxidation step or the
ield of photoassembly. Borate, like bicarbonate, does not affect
he second (rate-limiting) dark step of photoactivation which is
ttributed to a protein conformational change [79]. This indi-
ates that borate acts only at the high affinity bicarbonate site
which is not involved in binding of Mn2+). The borate acceler-
tion of photoactivation seen at the high affinity bicarbonate site
s stronger than bicarbonate, which is consistent with its stronger
asicity (pKa = 9.3) versus bicarbonate (pKa = 6.3). At this site,
orate serves as a base to promote proton ionization or ion-

airing with residues of PSII that are responsible for electrostatic
teering of Mn2+ to the interface of the unfolded apo-WOC-PSII
recursor. In this way, PSII utilizes borate and bicarbonate to ele-
ate the local Mn2+ concentration well above the bulk solution



hemi

c
a
b
M
t
b
a
m
b
b
l

O
R
t
s
b
I
t
P
l
t
d
t
o
5
s
c
r
w
t
e

1

b
o
t
s
c
C
i
d
c
w
M
t
t
i
O
o
t
a
i
d
t

C
f

b
i
a
6
M
i
t
(
I
s
p
n
c
s
t
t
i
i
a
s
m
s
d

2

2

i
a
r
s
o
m
s
a
o
q
v
i
c
m
e
t
o
w
t
n
s

J. Dasgupta et al. / Coordination C

oncentration. This feature offers a clear advantage for building
multinuclear Mn cluster in which incompletely photoassem-

led intermediates deactivate by autoreduction unless sufficient
n2+ is available for building the next stable intermediate of

he cluster. The absence of a borate effect on the low affinity
icarbonate site indicates selectivity for bicarbonate at the high
ffinity Mn2+ binding site. This is fully consistent with the poor
etal coordinating properties of the borate anion compared to

icarbonate anion in solution. The dissociation constant of the
orate ion with Mn2+ at pH 6.0 is KD > 0.5 M [75], which is at
east 10-fold weaker affinity than bicarbonate [73].

Cadmium ions (Cd2+) are known to inhibit reconstitution of
2 evolution in spinach PSII in competition with Ca2+ [80].
ecently it was shown that Cd2+ and Gd3+ also inhibit the pho-

oactivation process by binding selectively to the Ca2+ effector
ite, but do not bind to the high affinity Mn2+ site [81]. This
inding was shown to be competitive and reversible with Ca2+.
n the presence of Cd2+ a new kinetic pathway of photoactiva-
ion occurs in competition with the normal two-step pathway.
aradoxically, this inhibition of O2 yield is accompanied by a

arge acceleration of the rate of recovery of O2 evolution, equal
o a 5–10× faster dark step (k2, Fig. 5) and by a slightly slower
eactivation rate of the first light-induced intermediate (reduc-
ion of photooxidized Mn3+). The data suggest that the binding
f the first Mn2+ (e.g., the high affinity Mn site) increases by
–10-fold in the presence of Cd2+ bound to the Ca2+ effector
ite, attributable to acceleration of the protein conformational
hange that limits the overall rate of photoassembly. These data
eveal that metal ions that bind to the Ca2+ effector site interact
ith the high affinity Mn2+ through mutual positive coopera-

ive binding, yielding greater thermodynamic stability and more
fficient binding/photooxidation of the high affinity Mn2+.

.7. Role of protein subunits in assembly

As noted above, the D1, D2, CP47, CP43 and cytochrome
559 subunits comprise the minimal oxygen-producing core
f native PSII (a number of small subunits that lack cofac-
ors are also generally present in cores) [22]. A stable CP47RC
ubcore complex assembles within the thylakoid membrane of
yanobacteria in the deletion mutant lacking the psbC gene for
P43 [82]. These complexes can be isolated and are active

n electron transport but inactive in O2 evolution, presumably
ue to an incomplete Mn cluster. A stable CP47RC subcore
omplex has been prepared from spinach by removal of CP43
ith detergents. Although the CP47RC subcore is devoid of
n and inactive in O2 evolution, it is capable of substan-

ial activity (20% vs. native control) after reconstitution of
he Mn cluster by photoactivation in the presence of the free
norganic cofactors [23]. The aforementioned high sensitivity

2 electrode/photoactivation cell was absolutely essential for
bserving this reconstitution. The successful reconstitution of
he CP47RC subcore together with the subunit positioning data

nd XRD of the Mn binding site suggest that a RC subcore lack-
ng CP47, might also be capable of O2 evolution. However, to
ate no stable subcore complex lacking CP47 has been isolated
o test this hypothesis. The implication is that both CP43 and
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P47 play an essential role in creating the conditions needed
or efficient photoassembly of a stable Mn4Ca cluster.

The peripheral protein subunits including the manganese sta-
ilizing protein (MSP) have been shown to play an important role
n the rate and quantum yield of photoactivation in vivo. Burnap
nd coworkers have identified that in Synechocystis sp. PCC
803 MSP deletion or mutant altering the binding affinity of
SP responds with higher photoactivation quantum efficiency

n whole cells. They argue that absence of MSP [83,84] or, in
his case, the altered binding of MSP renders the active site
Mn2+ high affinity site) more accessible to incoming Mn2+.
ncreased accessibility of the active site of H2O oxidation is
hown by a variety of studies showing that the extrinsic PSII
olypeptides shield the Mn4Ca catalyst from attack by exoge-
ous reductants, and the carboxyl ligands to the Mn4Ca from
hemical modification. The increased accessibility of the active
ite was hypothesized to result in a higher probability usage of
he oxidizing equivalents generated by the reaction center for
he photooxidation and ligation of Mn atoms rather than becom-
ng dissipated via charge recombination. Another reason for
ncreased quantum yield that they provide was that MSP binding
ffects protonation/deprotonation of the critical protons neces-
ary for photoassembly. Hence, the absence of MSP may permit
ore facile deprotonation of the critical ionizable groups and/or

hift their pKa of the ionized/un-ionized equilibrium toward the
eprotonated state [84].

. Mechanism of photoactivation

.1. Two-quantum model and extended models

Through the pioneering work of Cheniae and his coworkers,
t was shown that photoactivation is a multi-quantum process
nd the basic kinetic scheme derived from these original studies
emains intact [12], although the molecular details have been
ignificantly extended. Photoactivation involves the formation
f two unstable intermediates separated by a dark rearrange-
ent step. The basic features of this model were developed by

tudying the yield of photoactivation in Mn-depleted samples
s a function of both light intensity and flash interval in a train
f single-turnover flashes. Cheniae’s observation was that the
uantum yield for producing O2-evolving centers was low at
ery low light intensities, reached a maximum at intermediate
ntensities, and was again low at high light intensities. In all
ases, the quantum yield of photoactivation was observed to be
uch lower than the quantum yield of photosynthetic oxygen

volution. They reasoned that photoactivation required at least
wo quanta of light per reaction center with one of the steps
ccurring with very low quantum yield. When photon fluxes
ere low, labile photoproducts decayed before the next quan-

um of light could advance the photoactivation reaction to the
ext intermediate. On the other hand, intermediate light inten-
ities suppressed the decay due to photooxidation to the next

ntermediate in the sequence. The fact that high light intensi-
ies also gave low quantum yields led them to postulate that a
ark relaxation process occurs after the absorption of the first
uantum and must take place before the next quantum can be
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roductively utilized. This interpretation was secured by the out-
ome of paired flash experiments, which demonstrated that two
uanta were sufficient to advance the assembling centers through
he low quantum yield phase and required the prediction of both
he forward dark rearrangement and the decay process. Experi-

ents from Burnap’s lab have used paired flash experiments to
eveal a third kinetic phase of photoactivation, presumably rep-
esenting an alternate pathway to the second intermediate, IM2
85]. The new rate is 5–10 times faster than the rate-limiting
ark rearrangement step that is normally observed. Assuming
hat the dark rearrangement step is a protein conformational
hange, Burnap asserts the possibility that a fraction of the cen-
ers may already exist in the rearranged state during or shortly
fter the first light-induced step. These centers are thus able to
rocess the second quantum without the prior delay required by
he conformational change.

Since the development of the fast oxygen electrode [52], O2
volution measurements have enabled kinetic resolution of these
ntermediates, as described in a series of publications that have
een reviewed [11,13]. Next we review more recent work aimed
t trapping these intermediates for spectroscopic characteriza-
ion.

.2. Trapping assembly intermediates

Initial attempts to trap the intermediates for spectroscopic
haracterization have been carried out mainly in three labs
Cheniae, Brudvig, and Dismukes). Apo-WOC-PSII samples
repared by TRIS washing, NH2OH treatment or chelator treat-
ent all suggested the presence of a dimanganese intermediate

hat was claimed to be a true kinetic intermediate in overall
hotoactivation (IM2) and thus productive in formation of the
nal Mn4Ca cluster. However, all these trapping experiments
isagreed on one major criterion: the preparation of the ini-
ial apo-WOC-PSII sample could not support full reconstitution
pon photoactivation. Britt and coworkers later showed that

hotooxidation of Mn2+ by apo-WOC-PSII isolated from Syne-
hocystis sp. PCC 6803 leads to a trappable Mn3+ intermediate
haracterized by EPR which was assigned to the first light inter-
ediate (IM1) [86]. Again however, systematic measurements of

m
s
t
c

ig. 4. Schematic representation of the trapped intermediates in the first steps of p
igands to Mn2+/Mn3+ are not shown. Brackets [ ] represent the high-affinity Mn2+ sit
Mn2+–O2−–Ca2+] in blue is shown. See text for details.
stry Reviews 252 (2008) 347–360

he fate of this detectable Mn3+ intermediate in photoactivation
ere not reported.
In more recent studies, we have used pulsed-EPR of the

n2+-apo-WOC-PSII dark intermediate and parallel-mode EPR
f the photoconverted Mn3+ form to characterize the high
ffinity Mn intermediate at low temperature. We have used
pinach apo-WOC-PSII samples that reconstitute 60% or more
f O2 evolution activity in the photoactivation reaction [49].
he EPR method measured the reversible binding of the pho-

ooxidizable Mn2+ in the dark—e.g., without interference from
ight-dependent reactions at this site and thus it gives a true

easure of the equilibrium dissociation constant for this Mn2+

KD = 40–50 �M at pH 7.5). This Mn2+ site possesses the high-
st affinity of apo-WOC-PSII and therefore, we associate this
hotooxidizable site with the previously described “high-affinity
n2+ site” involved in electron donation [87,88] and photoac-

ivation [54,89]. It is noteworthy that all methods that report a
onsiderably higher affinity (KD ∼ 0.1–3 �M) rely on photoox-
dation/illumination and thus are not reversible by definition.

.2.1. Ca2+ bound intermediates
We used EPR spectroscopy to characterize the ligand coor-

ination environment of the first photoactivation intermediate
IM1 and IM1

* in Fig. 5), corresponding to a photooxidized
n3+ species bound to apo-WOC-PSII [61]. The interconver-

ion of the intermediates detected by EPR are schematically
hown in Fig. 4. In the absence of any added Ca2+, this species
as shown to exist in two pH-dependent forms differing in

erms of strength and symmetry of their ligand fields and whose
opulations are in equilibrium via a pH-dependent process.
ransition from an EPR-invisible low-pH form to an EPR-
ctive high-pH form occurs by deprotonation of an ionizable
igand bound to Mn3+, postulated to be a water molecule:
Mn3+(OH2)] ↔ [Mn3+(OH−)]. The EPR-active Mn3+ exhibits
strong pH dependence (pH ∼ 6.5–9) of its ligand field sym-

etry deduced from changes to both geff of the Mn3+ EPR

ignal and independently the 55Mn magnetic hyperfine split-
ing (�AZ = 22%) and attributed to a protein conformational
hange. The application of ligand field theory to the change

hotoactivation in presence of Ca2+. Protein-derived and non-changing water
e of apo-WOC-PSII. The CW EPR signals from [Mn3+–O2−–Ca2+] in red and
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n geff indicates the rhombicity changes by �δ = 10%, where δ

s the mixing coefficient of the 5B1g ground state (d4 hole in
he d(x2 − y2) orbital) with the excited 5A1g state (d4 hole in
he d(z2) orbital) caused by orthorhombic distortions of a pre-
ominantly tetragonal ligand field). The binding of Ca2+ at its
ffector site nearly eliminates this pH-dependence of the Mn3+

pectral parameters, with δ becoming constant (4.05 ± 0.05)
nd AZ smaller and with greatly reduced variation (4%) in the
H range 6.5–9.0. Importantly, both δ and AZ approximate to
hose observed at high pH ∼ 9 in the absence of Ca2+, and were
ssigned to ionization of a water ligand, [Mn3+(OH−)]. It was
mplicated thus that Ca2+ binding induces proton ionization from
water ligand in the coordination shell of Mn3+ and also orga-
izes the coordination shell to make it more uniform and less
usceptible to global protein conformational changes induced
y pH. The data are consistent with the formation of an oxide
or di-�2-hydroxide) bridge, [Mn3+(O2−)Ca2+]. Here, Ca2+ is
roposed to induce ionization of a second water ligand bound
o Mn3+, or more plausibly, a second ionization of the bridging
ydroxo ligand resulting in a bridging oxide ion. Ionization of
he water ligand is coupled to the availability of a local base, B−,
ith pKa ∼ 6.7 as can be estimated from the pH titration curve.
inally, formation of this intermediate [Mn3+(O2−)Ca2+], tem-
lates the apo-WOC-PSII for the subsequent rapid cooperative
inding and photooxidation of three additional Mn2+ ions, form-
ng the active water oxidase. However, no experimental evidence
haracterizing these subsequent intermediates is yet available.

.2.2. Bicarbonate effect on intermediates IM1 and IM1*
Bicarbonate coordination of free Mn2+ in water lowers the

xidation potential for photoconversion to Mn3+ by a large
mount (0.5–0.6 V vs. NHE) [90]. This thermodynamic stabi-
ization is thought to be responsible for the increased stability
f the Mn3+ photoactivation intermediate that forms in the pres-
nce of bicarbonate, as seen by slowing of the recombination
eaction that causes its decay [49]. However, evidence for direct
nteraction between the high affinity Mn2+/Mn3+ forms and
icarbonate has been lacking until recently [75]. Two lines of
vidence have shown that bicarbonate forms a ternary complex
y coordinating directly to Mn2+ at the high affinity site in apo-
OC-PSII and increasing the yield of photooxidation to form
n3+. Parallel-mode CW-EPR spectroscopy has shown that

icarbonate controls the ligand field strength of the high affin-
ty Mn3+ ion [91]. In the absence of bicarbonate, geff decreases

onotonously by 0.8% with increasing pH between 6 and 9.
his correlation means that the rhombicity of the ligand field of
n3+ decreases with increasing pH. The shallow slope and lin-

arity over three pH units suggests a continuous range of protein
onformational changes within PSII that gradually transform the
ocal ligand field symmetry at the high-affinity Mn3+ site to a

ore axially symmetric environment as the pH increases. Upon
ddition of 2–10 mM bicarbonate this pH dependence of geff
isappears and is locked into a more rhombic ligand field envi-

onment that is no longer in equilibrium with the bulk pH. A
imilar conclusion can be drawn from the pH dependence of the
5Mn hyperfine splitting, AZZ. In the absence of added bicarbon-
te, AZZ decreases monotonically by 16–22% as pH increases

i
b
t
f
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rom 6 to 9. Addition of 2–10 mM bicarbonate eliminates this
ronounced pH dependence, and locks AZZ within a narrow
ange, which is equal to the maximum AZZ observed at acidic pH
n the absence of bicarbonate. Comparison to ligand field calcu-
ations and experimental data available for other transition metal
omplexes indicates that the decrease of AZZ can be attributed to
ither expansion of the Mn3+ d-orbitals bearing unpaired spins,
rising from weakening of electron repulsion with its ligands
lower dipolar hyperfine), or alternatively, to an increase of the
igand–metal covalency at higher pH (lower isotropic hyperfine).
o summarize, addition of bicarbonate causes both geff and AZZ
f Mn3+ to confine to a narrow range that is independent of solu-
ion pH between 6 and 8. This binding produces a fixed inner
oordination environment at the high affinity Mn3+ site that is
onsiderably more resistant to environmental pH variations. This
ffect is specific for bicarbonate as other anions including borate
o not affect the Mn site. These data provide compelling evi-
ence that bicarbonate is a native cofactor for the assembly of
he Mn4Ca-core.

The complementary pulsed EPR approach electron spin echo
nvelop modulation (ESEEM) spectroscopy has been applied
o answer whether bicarbonate binds directly to the high affin-
ty Mn2+ located in apo-WOC-PSII [75,92]. By comparison of
SEEM data for isotopically labeled 13C- and 12C-bicarbonate,
weak (∼1.45 MHz) electron-nuclear hyperfine interaction was
learly resolved at the 13C Larmor frequency. Good simulation
f the line-shape and intensity profile was achieved and together
ith comparison to model transition metal–bicarbonate com-
lexes [73] resulted in the following description of this site:
bi)carbonate is bound as a direct ligand in the first coordination
phere of Mn2+ in a bi-dentate mode and thus likely speciating
s the carbonate form.

.2.3. Mechanism of photoactivation
Fig. 5 shows the current molecular mechanism of photoac-

ivation, culminating in formation of the active Mn4CaOx core,
ased on the evidence accumulated from both O2 recovery
inetics and EPR spectroscopy on the trapped intermediates.
ormation of the first Mn3+ intermediate involves: (1) diffu-
ion of Mn2+ to PSII enhanced by electrostatic attraction from
nionic amino acid residues and bound bicarbonate ions; (2)
n2+ binding to the “high affinity” site in the D1 protein likely

s [Mn2+(OH2)]. This intermediate is denoted IM0 and may
onsist of three dark equilibrated species, including bicarbon-
te bound, water bound and Ca2+ bound forms; (3) a single
urnover flash (that starts the assembly process) or photoaccumu-
ation at −20 ◦C leads to the formation by photooxidation of this
ound Mn2+ precursor to Mn3+ with concomitant loss of a proton
IM1). This intermediate is unstable until a protein conforma-
ional change that occurs in the dark takes place and forms the
inetically more stable intermediate IM1

* [Mn3+–O–Ca2+]; (4)
inding of Ca2+ in the dark to its own specific site occurs either
efore or after this step, albeit with higher affinity after photoox-

dation forms Mn3+. This increased affinity reflects cooperative
inding energy between Mn3+ and Ca2+. Since bicarbonate addi-
ion does not affect the k2 step and also there is no evidence yet
or a bicarbonate bound form in this state, the bound bicarbon-
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ig. 5. The sequence of kinetic intermediates (top) formed during assembly of th
ormulation for intermediates.

te from the first photooxidation process may dissociate or be
eleased as CO2. Ultimately the active site is primed for uptake of
nother Mn2+ which forms a spin-coupled cluster (composition
n2+Mn3+Ca2+) that has not yet been detected by EPR. More

etailed spectroscopy has to be carried out in order to trap and
haracterize the second photooxidation intermediate, IM2 and
hose that follow. However, to date no kinetic resolution has been
bserved in the final photoassembly steps forming IM2 or later
ntermediates nor the protein conformational change. Titrations
f the four Mn2+ ions required for photoassembly has previously
hown that they bind irreversibly once the active Mn4Ca core is
ssembled [45], implying that the “fast” assembly of the remain-
ng three Mn2+ reflects favorable interaction energy between Mn
ons (cooperative binding). Some evidence has been provided by
au and coworkers using EXAFS of another trapped intermedi-

te. They have investigated a thermal disassembly pathway of the
ative PSII complex which retains a Mn–Mn interaction (∼2.7 Å
eparation) in the active site [93]. Activity in photoactivation was
ot examined in this case.

. Future directions

The complexity of the assembly process has inspired two
ew approaches in order to sort out questions regarding the
norganic chemistry involved. Use of synthetic Mn-complexes
s sources of Mn2+ for the photoactivation of apo-WOC-PSII is
ecoming popular. All of the organic ligands that constitute these
omplexes are more lipophilic and tend to give complexes that
ave poor solubility in aqueous buffer. Recently, Klimov and co-
orkers reported multiple classes of N-donor (bipy-, picolinate-

nd pyrazine-class) and O-donor (acetates) ligands which can
e used to deliver Mn and found that dimeric complexes lead to
igher yields of photoactivation [94,95]. Also Liu and cowork-

rs reported 79% photoactivation yield of apo-WOC-PSII with
Mn2+ complex prepared with imidazolyl and phenolic ligands

96]. Although these numbers are impressive, the mechanisms
f photoactivation by such complexes have not been studied, so

p
p
w
t

ganic core of the WOC by photoactivation (A–C). (Bottom) Proposed chemical

here is no information yet on what sort of intermediate forms
uring assembly, how many Mn are ultimately bound and the
hemical speciation of Mn (Mn2+ is a labile ion) in the sys-
em. Systematic studies have to carried out on such systems in
rder to learn ultimately how to assemble complexes on protein
caffolds directly from inorganic complexes.

Another emerging topic is designing artificial photoactivati-
le systems with specific Mn-binding sites within photosystems
hat possess an intrinsic chromophore. These permit light
nduced redox chemistry that drives the binding and photooxida-
ion of Mn2+. This method has not yet been explored fully with
rtificial peptides. However, Allen and co-workers have demon-
trated that a modified bacterial reaction center complex from
hodobacter sphaeroides can be produced that photooxidizes
n2+, but only in the presence of bicarbonate [74,97]. Their

esults provide the first evidence that a stable Mn3+ binding site
an be formed in a bacterial reaction center. This suggests a feasi-
le route for evolution of a primitive precursor to the Mn4Ca core
ound universally in contemporary oxygenic reaction centers
13,57]. Construction of biological-inspired completely abiotic
ynthetic representations of the PSII protein scaffolding and
atalytic WOC site are underway in some laboratories [98].

. Conclusions

This review highlights some of the considerable progress that
as been made in understanding the molecular events leading to
he biogenesis and repair of the Mn4Ca-cluster and clarification
f the role of the inorganic cofactors including bicarbonate. It
lso raises several important unanswered questions regarding the
inetic and molecular aspects of the steps in this process. In par-
icular unresolved questions remain that are well suited for future
nvestigation by photoactivation: Why is the quantum yield for

hotoactivation so low (in plant PSII) and do more efficient
hotoassemblers exist among other oxygenic phototrophs? Can
e engineer organisms for higher quantum efficiency of pho-

oassembly? What is the nature of the protein rearrangement that
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akes place during the slow dark step? What is the minimal num-
er of single turnover photooxidation steps needed to make an
2 molecule during photoactivation starting from Mn2+? What

ypes of aborted chemical reactions occur instead of O2 produc-
ion in partially assembled clusters or inorganic mutants—e.g.,
oes H2O2 form? In light of the recent EPR data on early trapped
ntermediates, it is clear that significant structural insight can be

ined that could be applied to characterizing the nature of the
nal steps of the photoassembly process. This should encourage
more systematic attempt to explore the landscape of alterna-

ive metal ions as substitutes for Mn and Ca, consideration of a
ider pH range to overcome chemical speciation limitations of

he non-native cofactors, and extension to higher temperatures
sing thermophiles to overcome activation barriers (<73 ◦C is
onceivably possible).
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