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Abstract

The light-driven steps in the biogenesis and repair of the inorganic core comprising the O,-evolving center of oxygenic photosynthesis (pho-
tosystem II water-oxidation complex, PSII-WOC) are reviewed. These steps, known collectively as photoactivation, involve the photoassembly
of the free inorganic cofactors to the cofactor-depleted PSII-(apo-WOC) driven by light and produce the active O,-evolving core comprised of
Mn4CaO,Cl,. We focus on the functional role of the inorganic components as seen through the competition with non-native cofactors

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; CW, continuous wave; EPR, electron paramagnetic resonance; EDTA, ethylenediaminetetraacetic
acid; ESEEM, electron spin echo envelop modulation spectroscopy; EXAFS, extended X-ray absorption fine structure; MSP, manganese stabilizing protein; WOC,
water oxidizing complex
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(“inorganic mutants’) on water oxidation activity, the rate of the photoassembly reaction, and on structural insights gained from EPR spectroscopy
of trapped intermediates formed in the initial steps of the assembly reaction. A chemical mechanism for the initial steps in photoactivation is given
that is based on these data. Photoactivation experiments offer the powerful insights gained from replacement of the native cofactors, which together
with the recent X-ray structural data for the resting holoenzyme provide a deeper understanding of the chemistry of water oxidation. We also review
some 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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1. Introduction

The process of oxygenic photosynthesis is responsible for
producing nearly all atmospheric O, on Earth by the light-
driven oxidation of water [1]. However, oxidation of water to
O3 is a mechanistically complex and highly energy demanding
chemical reaction [2] driven by photooxidation of a chloro-
phyll with electrochemical reduction potential of ca. 1.2-1.3V
[3]. In nature, this reaction proceeds by using the visible light
energy that is trapped and made chemically available by chloro-
phyll photo-pigments, and it is ultimately carried out at the
inorganic active site (MnsO,Ca;Cly), the water-oxidizing com-
plex (WOC), of a membrane spanning protein complex known
as photosystem II (PSII) [4]. Although nature has devised a
very efficient way for oxidizing water, the coupling of the
water-splitting reaction to the PSII reaction center photochem-
istry (chlorophyll photooxidation) takes a heavy toll on the
protein matrix due to the generation of highly reactive chem-
ical intermediates under illumination. The damage done to the
D1 subunit requires its resynthesis and replacement within the
19-31 subunits of PSII, as well as the reassembly of the inor-
ganic catalyst. This process can occur as frequently as every
30min at full solar flux [5,6]. Reassembly of the inorganic
cluster (Mn4Ca;O,Cly) of the water-oxidizing complex (PSII-
WOC) is known as photoactivation; named by George Cheniae
and coworkers the discoverer of this phenomenon (reviewed in
(7D.

In this article we review the chemistry behind this com-
plex photoassembly process focusing on the inorganic principles
and the functional role of the cofactors in catalyzing the water
oxidation chemistry. This chemistry is responsible for the con-
certed four-electron oxidation of two water molecules to make
O, after injection of the fourth hole (electron vacancy) into
the WOC. The thermodynamic efficiency of this chemistry has
never been replicated in any abiotic catalyst of any kind. Unlike
the reasonably well understood principles of single-electron and
single-proton transfer chemistry, complex multi-electron/proton
reactions control the overall energetics and thus the allowed
pathway for catalysis [8—10]. Interested readers should also
consult other recent reviews that cover in vitro and in vivo
photoactivation of the WOC [11-13].

1.1. Photosystem II: a structural snapshot

The membrane-spanning PSII protein complex is assem-
bled in vivo as a functional dimer with 19-31 subunits [14,15]
in each monomer, depending on the organism in question.
Only within the last 3 years, has the structural arrangement

of each subunit, with respect to each other, been resolved by
X-ray crystallography to 3-3.5 A resolution with considerable
certainty (R-factor=24%) [16,17]. PSII isolated from Ther-
mosynechococcus sp. in its resting oxidation state has provided
a more detailed structural model than was previously available
from spectroscopic and mutagenesis studies alone. However,
there has been noticeable differences in the two recent struc-
tures one at 3.0 A [16] by Loll et al. and another at 3.5 A by
Ferriera et al. [17]. The structure of the active site of PSII along
with the molecular modeling of the architecture near the water
oxidation site from the 3.5 A structure is shown in Fig. 1. The
modeling of the exact position of the metal ions inside the elec-
tron density representing the MnyCa-cluster has been especially
debated. The Imperial College group has postulated an assign-
ment for all the elements in the WOC at 3.5 A, while the Berlin
group has left it as an open question by showing only the heavy
atom scatterers [16,17]. A recent Mn EXAFS study of single
crystals of these PSII core complexes has provided more evi-
dence to distinguish between these models [18]. Also questions
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
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Fig. 1. XRD structural model of the water oxidizing complex (WOC) in Pho-
tosystem 11 adapted from Ferriera et al. [17] at 3.5 A resolution. In the center
is the CaMny4O4-core surrounded by its direct ligands (purple = Ca, grey = Mn,
red = 0). All amino acids named in a yellow box belong to the D1 subunit, while
those in a green box come from subunit CP43. Dashed lines are shown for visual
guidance only.
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electron density map that can be found in this special issue. How-
ever, the modeling of the protein subunits remains very similar
from both groups. Importantly, it is now known how the extrinsic
proteins are located with respect to the cluster. This information
is valuable since it has been known that although an intact PSII
core complex is needed for sustained O; evolution in vivo, some
PSII subcore complexes lacking the extrinsic subunits can also
produce O; in vitro. The smallest isolated reaction center (RC)
complex that performs primary charge separation contains four
subunits: D1 (psbA gene), D2 (psbD gene), and the two subunits
of cytochrome 5559, a (psbE gene) and 3 (psbF gene) along
with another chloroplast encoded protein psbl [20,21]. These
four subunits along with two membrane spanning chlorophyll
binding proteins CP47 and CP43 comprise what is called the
PSII core. No complex without these six subunits had been iso-
lated that evolved oxygen [22]. However, a complex completely
devoid of CP43 was shown to be photoactivatable (i.e. showed
O, activity when the cluster was reconstituted), albeit with much
lower photochemical quantum yield and to a lower level of activ-
ity [23]. The D1 polypeptide provides most of the amino acid
residues comprising the active site surrounding the cluster, with
a notable contribution by residues Arg357 and Glu354 from
CP43 in the active site. The structures coupled with the numerous
mutational experiments and spectroscopic measurements have
provided a lot of constraints to the mechanism of water oxidation
which are briefly touched below. However, detailed discussion
of possible mechanisms is beyond the scope of this review (for
earlier reviews [24,25]).

1.2. Mechanistic questions on water oxidation

For the water oxidation reaction to take place, the cluster
cycles through five oxidation states (named, in order, as S;: i =0,
1,...,4) starting from the resting state S;, before it releases a
dioxygen molecule and total of four substrate protons (through
the S-state cycle). Stabilization of the higher oxidation states
(S»>- and Sj3-states) in the MngCa cluster is both due to the
delocalization of positive charge among metal centers and also
from a local electrostatic effect generated by the presence of
strong sigma donor ligands such as aspartate, glutamate and
histidine that surround the cluster in the active site. The role of
the inorganic cofactors (Mn2+, Ca?t, Cl7) in actual water oxida-
tion chemistry has been subject to immense scrutiny. Numerous
synthetically inspired and structure-based proposals have been
formulated. Proposals ranging from homolytic O—O bond for-
mation from two facial bridging electron-deficient oxo’s [25] to
heterolytic O—O bond formation via nucleophilic—electrophilic
oxo-coupling have been presented [26,27]. And although var-
ious spectroscopic and structural markers (such as EPR and
EXAFS) [28-30], mutagenesis [31] and water exchange rates of
the individual S-states have been considered [32], no commonly
agreed on mechanism of water oxidation has been convinc-
ingly proved. It is for these reasons that the photoassembly
reaction of the Mn4Ca cluster provides special insights as it
can dissect the roles of the individual cofactors and enables
examination by substitution, a topic we refer to as “inorganic
mutants”.

1.3. PSII damage and repair

1.3.1. Protein assembly

All the mechanisms of water oxidation proposed to date
involve highly reactive oxidized manganese ions. However,
under normal environmental conditions such as high light flux
and ambient atmospheric O, pressure these intermediates can
furnish radicals that are lethal and destroy the protein itself,
leading to photoinhibition [33]. Loss of PSII activity by photoin-
hibition occurs as often as every 15-30 min under normal solar
flux conditions. To cope with photoinhibition, oxygenic pho-
totrophs have evolved repair and photo-protective mechanisms
permitting a high rate of metabolic turnover of PSII polypep-
tides with the D1 protein exhibiting the highest rate of turnover.
Since D1 appears to supply most of the protein-derived ligands
to the MnyCa, the frequency of in vivo photoactivation must
follow the DI protein repair rate. The site of the light reac-
tions of oxygenic photosynthesis in cyanobacteria, green algae
and plants (in the chloroplast) is a specialized inner membrane
called the thylakoid membrane system. In higher plants, the ini-
tial dissociation of a damaged PSII dimer into monomers in the
stacked grana regions of the thylakoid membrane system and
further migration to the stromal region (outside the thylakoid
membrane), starts the process of repair. However, it is not clear
whether photoactivation of the inorganic cofactors of the WOC
occurs within PSII complexes bound to the stacked grana mem-
branes or within the stromal region. In the PSII repair process in
cyanobacteria, evidence for the initially assembled RC with D1,
D2 and cyt b559 subunits in the (non-photosynthetic) plasma
membrane has been established, but not with CP43 or CP47
subunits [6]. Also, these partially assembled reaction centers in
the plasma membrane can carry out charge separation and sin-
gle turnover electron transfer [34]. The absence of CP47 and
CP43 indicates that assembly of a functioning WOC is highly
unlikely in the plasma membrane. Recent claims have been
put forth by Chow and Aro that in the repair process CP47
is probably only partially disassembled. They also state that
CP43 is indisputably dissociated and re-attached along with
PsbH and PsbL, both subunits are important in supporting CP43
re-assembly for repair in higher plants [33,35]. This evidence
then gives credence to the proposal that MnsCa could be pho-
toassembled in the stromal region of the thylakoid membrane
[33]. Observations on isolated PSII sub-complexes from which
both CP43 and CP47 have been dissociated by detergents shows
that these do not assemble a functional inorganic core during
photoactivation, while the CP47RC sub-complex lacking only
CP43 can be photoactivated, although the O, evolution rate is
20% that of photoactivated PSII membranes and highly unstable
[23].

In the vast majority of organisms containing PSII, the D1
protein is synthesized as a precursor protein (pD1 with a short
peptide extension (8—16 amino acid residues) on the carboxy ter-
minus (C-terminus)) that is proteolytically removed during the
assembly process [12,36]. Experimental deletion of this seg-
ment still allows functional assembly of the WOC, provided
the native mature C-terminal a-carboxylate at position 344 is
available. The D1 C-terminal extension was shown not to be
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required for assembly of functional PSII complexes, nor for
growth under optimal conditions in both Synechocystis 6803
[37] and Chlamydomonas [38]. However, the carboxyl extension
must be cleaved beyond Ala 344 by a soluble protease, called
ctpA, prior to assembly of an active inorganic core [37,39]. This
cleavage is essential for the assembly of the MnyCa-core and,
hence, oxygen evolution. Alanine 344, which is at the terminus
of the mature D1, is proposed to ligate the Mn4Ca through its
backbone a-carboxyl moiety. While evidence is strong that the
carboxyl group of D1-Alanine 344 is in close proximity to the
MnyCa, it is not resolved whether it ligates Mn or Ca. In the X-
ray structure models based on crystals diffracting to 3.0 A and
3.5 A, the 3.0 A structure places the C-terminus as coordinating
Mn, whereas the 3.5 A structure model orients the C-terminal
carboxy moiety towards a calcium atom. Although the 3.0 A
structure shows possible Ca>* ligation, authors use results from
FTIR light-dark difference spectroscopy to argue against it [16].
They conclude that Ala344 is ligated to one of the Mn-atoms.
Controversially however, in Synechocystis 6803 cultures which
lack the carboxyl extension or have a genetically engineered
twofold longer extension exhibit no difference in growth rates
or O, evolution rates versus wild type. For further discussion
interested readers should consult the reviews by Burnap and by
Chow and Aro, respectively [12,33].

1.3.2. Intracellular cluster re-assembly

The rate of the Mn4Ca cluster assembly depends critically on
the local concentrations of free Mn2*, Ca?*, bicarbonate and the
pH. Recently, estimates have been provided of intracellular con-
centrations of these ions in a few cyanobacteria. The Mn content
of cyanobacterial cells is generally well in excess of that needed
to supply all PSII complexes. However intracellular distribution
and transport are not as well known. The capsular peptidogly-
can comprising the cyanobacterial envelope (cell wall) plays a
major role in concentrating free Mn>* from extracellular solu-
tion [40]. Mature cells of Synechocystis sp. PCC 6803 take up
or exchange free Mn* at a rate of about 2 x 10® Mn?*/cell in
a period of 30min [41]. There are two pools of intracellular
Mn?* that have been identified [42]. The largest pool, known
as pool A, comprises ~10% atoms/cell, is found closely asso-
ciated with the outer membrane possibly on either the outside
or the inner leaflet (periplasm). This pool can be removed by
EDTA, is electrogenically generated under light and can be pre-
vented by electron transport inhibitors (DCMU) or abolished by
proton uncouplers (like CCCP) that collapse the proton-motive
force across the membranes. It thus can be inferred that uptake
is energetically coupled to ATP hydrolysis. A tightly associated
second pool B comprises ~1.5 x 10° atoms/cell, is not affected
by EDTA, light or proton uncouplers and is found in the inner
membrane (cytoplasm). Under Mn?* starvation conditions, pool
B contains about 10° Mn/cell which is essential for photosyn-
thesis, of which the majority is targeted to PSII. By comparison,
the marine cyanobacterium Synechococcus sp. PCC7002 con-
tains 1.5 x 10® Mn/cell in pool B, while the non-oxygenic purple
bacterium Rhodobacter capsulatus contains 1% of this amount.
Also, two-component regulatory machinery for the sensing of
extracellular Mn?* concentrations and maintenance of intracel-

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

Intracellular transport of transition metal ions used in enzy-
matic machinery is typically under tight control by proteins or
small molecule chelators that ensure proper targeting of the
metal to its final destination and also protect the nascent sys-
tem from unwanted reactions. These ‘chaperone’ proteins are
widely distributed in the case of iron and copper regulatory sys-
tems. The thermodynamic potentials for aqueous Fe>*/Fe3* and
Cu*/Cu?* metals indicate that these metals are susceptible to
redox changes within cells and thus will undergo major changes
in speciation if not coordinated during transport. Thus, it may
seem curious that no essential chaperone protein has yet been
identified for delivery of Mn?* to the apo-WOC-PSII complex
during biogenesis. The explanation is likely due to the inaccessi-
bility of the Mn3* oxidation state in aqueous media at neutral pH
owing to the large thermodynamic barrier which prevents Mn2*
oxidation (standard reduction potential for Mn* 1.2 V at pH 7
vs. NHE). Moreover, divalent Mn?* with its spherical electronic
distribution and half-filled 3d> electronic configuration forms
relatively weak coordination complexes with all monodentate
O, N, and S ligands [44]. Thus, free Mn?* does not generally
associate tightly with the internal machinery of the cell unless
there are pre-organized chelation sites present with multiple lig-
and donors. Generally, the latter sites are specific for ions of a
particular size, charge and dehydration energy so that biosyn-
thetic discrimination is almost always ensured. A remarkable
example of these rules is illustrated later in the example of the
competition between Mn”* and Cs*. Surface electrostatics also
play a major role in guiding metal ions to their functional bind-
ing sites and this mechanism is important for steering Mn?* to
the apo-WOC-PSII site [45]. Binding of aquo-Mn>" to the high
affinity site in apo-WOC-PSII has been shown to be influenced
by three factors: pH, bicarbonate ions and Ca>*, which are each
discussed in the following sections. Although no known chap-
erones for Mn?* insertion appear to exist as discussed above,
repair of the PSII protein complex caused by light absorption
does involve chaperone-like proteins [46,47].

1.4. Apo-WOC-PSII preparation and instrumentation for
sensitive O, detection

In order to carry out in vitro studies of the photodamage and
photorepair processes, numerous approaches have been reported
to extract the Mn4Ca cluster from the native PSII. Here, we
briefly summarize our most recently improved approach as com-
pared to previous methods which have been found to either
damage the protein as they cause low photoactivation yields,
or cannot fully remove all Mn?* bound to the protein complex.
For a representative schematic of the process see Fig. 2. An early
reported method using TRIS buffer has been used extensively in
this field, but has been found to be incapable of achieving even
moderate photoactivation yield (supposedly, because of denat-
uration of the protein and also the generation of in situ TRIS
radicals) [48] Also, hydroxylamine has been used to reduce the
Mn ions and thus make the Mn4Ca cluster labile. In this method
it is argued that only the 17 and 12 kDa proteins are removed
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Fig. 2. Scheme summarizing the methodology for removal of Mn4Ca cluster by high pH treatment, e.g., isolation of apo-WOC-PSII particles from isolated spinach

PSII membranes, and reconstitution by photoactivation.

similar to TRIS treatment. However, hydroxylamine has been
found to be difficult to wash away and thus interferes with
the re-assembly process. We and others have developed milder
methods for removal of the inorganic cofactors and extrinsic pro-
teins from PSII complexes (apo-WOC-PSII) which is essential
for quantitative work leading to high photoactivation yields and
reproducible kinetics [45,49,50]. The preferred method relies on
short duration incubation of PSII particles at high pH and wash-
ing with excess Mg?* to remove both manganese and calcium.
When excess Mg2+ is used, it results in removal of all three
extrinsic proteins. SDS gel chromatography has shown quanti-
tative loss of the extrinsic polypeptides psbQ, psbO and psbP
from spinach PSII [51].

Our own studies of photoactivation were performed using
a modified Clark-type electrochemical cell for the detection of
dissolved O, gas in photosynthetic samples [45,52]. It enabled
measurements of O, concentration with exceptional sensitivity
(50 femtomoles O3), micro-volume sample (5 L), and 10-fold
higher time-resolution than the commercially available Clark
electrodes. The electronic layout and novel material used have
been described and circuit diagrams are available upon request.
Using this photoactivation instrument has enabled kinetic res-
olution of the first two steps prior to the rate-limiting step
in the assembly of the inorganic cofactors [45,52]. The steps
that follow the rate-limiting step are not individually resolved,
but their Mn stoichiometry needed to restore O, evolution has
been accurately determined. Photoactivation follows a two-step
sequence, as originally postulated by Cheniae and Tamura on
the basis of steady-state O; yield measurements [53] and con-
firmed by Miller and Brudvig [54]. The O, recovery kinetics is
fitted to a two exponent fitting function that is a general solu-
tion to the model in Scheme 1 with rate constants k1, k_; and
k>. Kinetic resolution of these steps has revealed a reversible,
light-dependent lag phase where no O; is produced, followed
by a single exponential recovery phase [55]. The kinetic resolu-

hv, k
A % .
k 4 Slow, dark

tion provides values of the three rate constants (kj, k_1 and k»).
The sensitivity of the cell has permitted measurement of these
rate parameters using sub-stoichiometric (up to hundreds of fold
higher concentrations) of Mn**/PSII.

1.5. Metal ion cofactor

1.5.1. Manganese

Mn appears to be unique in catalyzing O, evolution in all
oxygenic phototrophs. No other metal ions have been found to
date that can replace it. We have examined several metal ions as
potential surrogates for Mn* in the assembly process of spinach
apo-WOC-PSII [11]. These studies were conducted by replacing
Mn?*, while keeping all other components fixed at the optimal
concentrations for Mn-dependent photoactivation (C1~, Ca**
and the electron acceptor ferricyanide). The following metal
ions were found to inhibit Mn-dependent photoactivation with
varying affinities and none were found capable of supporting
0, evolution in the absence of Mn2* (Cs*, Ba?*, VO**, V3,
Cr3*, FeX*, Co®*, NiZ*, Cu?*, Zn2*, MoO42~, Ru*, Rh3* Re3*,
UO,>"). However, only a very limited range of conditions were
studied: fixed pH 6 (optimal photoactivation yield using native
cofactors) and concentrations of Ca?*, C1™ and electron accep-
tor. Other pH and concentration conditions ought to be examined
before it is known for sure whether Mn can be replaced. The pho-
toactivation process has been studied over a 250-fold range of
Mn?* concentrations and it was found that a Mn®*/Ca2* ratio
about 1:500 achieves optimal photoactivation yield, extending
over the physiological range of concentrations [49]. At higher
ratios an aberrant pathway is followed that photooxidizes too
much Mn?*, while at lower ratio insufficient Mn?* results in
photodamage.

To date, manganese has been found invariably in all PSII-
WOCs in vivo and is a required cofactor for photoactivation in
vitro. Several factors may have conspired to make manganese
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Scheme 1.
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the universal metal for catalyzing water splitting in all oxygenic
phototrophs. Open shell transition metals are the clear winners
versus main group atoms at storing/delivering large units of
energy in the form of redox reactions, e.g., atom transfer reac-
tions, in contrast to acid—base or electrostatic-induced chemistry
(e.g., Mg?*, Ca?*, Zn**, C1~, etc.) and ion concentration gra-
dients (Na*, K*, H"). This preference arises because transition
metals store and deliver energy in the form of both charge (the
number of electrons) and bond strengths (potential and kinetic
energy of electrons and nuclei). Their versatility originates from
the greater number and smaller energy spacing of their valence
d-orbitals which facilitates matching with substrate orbitals for
maximal bond strength and accommodates a wider range of
geometries [56]. A direct consequence is that the geometrical
constraints can be relaxed in cases where the redox changes
involve non-bonding d-orbitals. For the same reasons, the acti-
vation barriers between redox states in multi-step catalysis are
usually lower.

Phototrophs take up Mn>* but use it in the Mn>* and Mn**
oxidation states in the WOC. Mn2* is highly soluble, has weak or
modest affinity for simple ligands, speciates as the simple aqua
cation in water over a wide pH range and is readily transported
into cells by a variety of transport systems. Mn>* is chemi-
cally stable in neutral solutions. It auto-oxidizes in O;-saturated
solutions only above pH 9.5 where most phototrophs do not func-
tion, or at ambient pH only if exceptionally strong chelaters are
accessible to stabilize the resulting Mn>* (e.g., pyrophosphate).
Hence, there is usually no need for chaperone proteins in the
cell to deliver Mn?* or to protect the cellular matrix from auto-
oxidation. Chaperones for manganese have not been identified
(yet) for assembly of the WOC during the PSII repair process.
This simplification led to a great savings in energy and complex-
ity for the primitive phototroph that first used Mn?* over other
more abundant redox metals (FeZ*) in the anaerobic world when
oxygenic photosynthesis was invented. The redox potential for
oxidizing Mn?*(aq) — Mn>*(aq) E° = 1.2 V closely matches the
redox potential of Chl-a containing reaction center (>1.2V),
unlike the majority of other soluble transition ions. Thus, the
emergence of Chl-a containing phototrophs enabled the pho-
tooxidation of Mn?* to occur on the surface of Chl-a proteins.
The resulting Mn** binds more tightly by ca. 10'> to 101
and thus would be longer lived at the protein site. Moreover,
loss of the redox energy by charge recombination is greatly
slowed owing to the energy released upon dissociation of a
proton to form [Mn**(OH™)]** (pK, ~ 0). Energetically down-
hill direct electron—hole recombination without reprotonation is
also greatly slowed owing to the unusually large vibronic distor-
tion that Mn3* produces with its ligand environment (e.g., 1 eV
activation barrier for pseudo-rotation of the Jahn—Teller axes in
MnFg37) [56]. Importantly, the photooxidation of the next MnZ*
is catalyzed by formation of the first [Mn>*(OH™)]** photo-
product, as the resulting OH™ can serve as a better ligand than
water to template the binding of the next Mn2*. The efficiency
of this assembly process increases in the presence of bicarbon-
ate which is a surrogate for hydroxide and can exist in neutral
pH solutions at concentrations many orders of magnitude higher
than hydroxide [13,57].

1.5.2. Calcium

Ca”* is an essential ion in the photoassembly reaction in all
native PSII-WOCs examined to date. If Ca®* is left out of the
solution, binding and photooxidation of many more Mn2* occurs
(up to 20) to the apo-WOC-PSII protein and no O, evolution
activity is observable [45,58]. The relative binding affinities of
various divalent metals (Mg?*, Ca>*, Mn?*, Sr**), and the oxo-
cation U022+ have been characterized [11,59,60]. Atlow Ca/RC
concentrations measurements of the kinetics of photoactivation
reveal that the Ca®* binding affinity increases following pho-
tooxidation of the first Mn?* — Mn>*, during which 1 Ca®*
binds per PSII [55]. This photooxidation step and Ca** bind-
ing leads to a slow dark process that is uncharacterized but has
been postulated to represent a protein conformational change. At
high Ca/RC concentrations however, Ca®* is already bound to
its effector site and the protein conformation change is induced
upon Mn?* photooxidation. This process leads to more rapid
uptake and photooxidation of the remaining 3 Mn?* in kineti-
cally unresolved steps [55]. Photoactivation kinetics and EPR
spectroscopy reveal that when Ca®* binds in the dark to its
specific site it induces the formation of a new intermediate con-
sistent with the bridged species [Mn**—OH-Ca>*]. Illumination
of this species gives rise to loss of a proton, consistent with
a [Mn3*—0—Ca?*] intermediate, the existence of which was
shown by a freeze-trap experiment and characterized by EPR
(see below) [61]. Binding of CaZ* to its effector site, eliminates
the pH dependence and locks both gefr and Az of the photo-
oxidized Mn>* EPR signal at values observed in the absence of
Ca’* at alkaline pH. Thus, Ca** directly controls the coordi-
nation environment and binds close to the high-affinity Mn>*,
probably sharing a bridging ligand. This Ca2* effect and the
pH-induced changes are consistent with ionization of a bridg-
ing water molecule, predicting that [Mn** — (u-0%") — Ca?*]
or [Mn** — (u-OH™), — Ca*] are the first light intermediates
in the presence of Ca?*. Formation of this intermediate templates
the apo-WOC-PSII for the subsequent rapid cooperative bind-
ing and photooxidation of three additional Mn>* ions, forming
the active water oxidase. The photoactivation and spectroscopic
data noted above provide a self-consistent picture locating the
Ca effector site as an integral part of the Mny core, in direct
association with Mn probably via shared bridging ligands to Mn
[28,61].

Boussac discovered that Sr>* can functionally replace Ca®* in
the intact holo-enzyme of PSII membranes and thus, restore O»
evolution activity [62]. Later it was found that there is a kinetic
advantage for uptake of Sr>* versus Ca®* at the Ca-effector site
during assembly of the apo-WOC enzyme and it was determined
how each of the three rate constants measured by photoactivation
are affected [11]. Sr2* was shown to be five times more effec-
tive than Ca®* in accelerating the rate of the first two assembly
steps (k1 and k>) and two times better in retarding the deactiva-
tion step (k_1). Sr>* competes with Ca** and thus occupies the
Ca-effector site of the photoassembled PSII. A 65% lower O,
evolution yield per flash is obtained for the Sr-photoactivated
enzyme, which is very close to the decreased steady-state Oy
evolution rate in the Sr-exchanged holo-enzyme. This decrease
in O, flash yield is known to reflect a retardation of the rate of the
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final step, S3 — So + O3 [63]. Thus, the data taken together indi-
cate that Ca>* is clearly involved in accelerating the final step
in the S-state catalytic cycle, involving the O—O bond forma-
tion reaction. No other metal ion other than Sr>* has been found
to functionally replace Ca®* in water splitting. On this basis, it
has been proposed that the non-directional bonding properties
of these alkaline Earth ions and the ionic charge density of Ca>*
are critical for allowing formation of a peroxide intermediate,
Ca%*(0,%7), between oxo bridges in the step leading to O, evo-
lution from the S4 state of the Mn4O4Ca cluster [25,28]. A role
for Ca®* as Lewis acid catalyst for proton ionization of substrate
water and generation of a nucleophilic hydroxide has also been
considered [24,25], although this ignores the direct effect that
Ca”* has on the electronic energy of the Mn ions [28].

1.6. Inorganic cofactors

1.6.1. Oxide bridges/proton release

In order to build the Mn4Ca cluster from its free metal ions it
is necessary to deprotonate four or more aqua ligands attached to
the initially bound Mn>*. Photoactivation has provided impor-
tant clues about how this process occurs. Alkaline pH accelerates
the rate of Mn-dependent photoactivation by 10-fold between pH
5.5 and 7.5, while the final yield of O, per flash follows closely
the known pH dependence of the holo-enzyme (peaks at pH 6).
The data indicate that protons are released during the first two
steps of assembly [11,45]. Direct measurements of proton stoi-
chiometry released during photoactivation have been described
using a commercial ISFET (ion-selective field-effect transistor)
detector [11]. These measurements reveal that a single proton
is released upon photooxidation of the high affinity Mn2* to
Mn?* in the presence of Ca®*. The first light-induced assembly
intermediate therefore contains one fewer proton than the dark
precursor and, if this proton is assumed to originate from ioniza-
tion of a water ligand, it can be formulated as, [Mn>*(0?~)Ca?*]
or [Mn**(OH™),Ca%*] [61].

1.6.2. Bicarbonate ion

Bicarbonate ion is important not only as a substrate for car-
bon fixation in the Calvin cycle but also for its role in PSII
electron transport efficiency and photoassembly of the WOC
cluster in PSIIL. In recent years the requirement for bicarbon-
ate to observe efficient in vitro photoassembly has been shown
convincingly [49,50]. In cyanobacteria, either bicarbonate or
NaHCOs is actively taken into the cell via ATP-dependent
membrane pumps that control either intake or the expulsion
of Na*. Consequently, bicarbonate uptake is tightly controlled
and coupled to the light reactions via photophosphorylation.
Three distinct transport systems known as carbon concentra-
tion mechanisms (CCM) are involved, including one for CO,
uptake [64]. The photosynthetic activity of the cyanobacte-
rial CCM is modulated in response to inorganic carbon (C;),
with 50% stimulation at concentrations between a low-affinity,
constitutive state (approximately 200 wM) and a high-affinity,
induced state (10-15 uM). C; is stored intracellularly in the
form of HCO3™ and converted back to CO» in structures called
carboxysomes for fixation by the Calvin—-Benson-Bassham

reactions. This conversion uses enzymes known as carbonic
anhydrase which exist in multiple subclasses, including a thy-
lakoid membrane-associated carbonic anhydrase [65]. Some
alkalophilic cyanobacteria (Arthrospira genus) that originate
from volcanic soda lakes prefer very high extracellular carbon-
ate concentrations reaching 0.4—1.2 M NaCO3. These organisms
lack carbonic anhydrases all together [66] and possess a
reversible bicarbonate site within the WOC that is required for
O, evolution [67]. This site may be the same as the bicarbonate
site associated with the Arg 357 residue of subunit CP43 which
when mutated, gives rises to lowered O, evolution activity,
hypothesized as due to a more energetic two-electron oxidation
pathway that forms H>O; [68].

PSII appears to possess its own biochemical machinery
for regulating the bicarbonate concentration within the lume-
nal space near the WOC. A low level of carbonic anhydrase
(CA) activity, more than 10° slower than typical Zn**-CA, has
been found to be intrinsic to oxygen-evolving PSII membranes
[69,70]. A soluble CA activity was found associated with the
33kDa extrinsic protein of PSII (PsbO) and depends on the
concentration of Mn?* and C1~. However the latter results are
at contradiction with earlier work showing that neither Mn>*
nor Ca®* have specific binding sites on the spinach 33-MSP
when studied as a free protein [71]. Given the low activity and
requirement for Mn?* there appears to be no clear physiological
significance for this site of bicarbonate activity in PSII in vivo
[65,72].

Bicarbonate ions efficiently replace alkaline pH buffers by
accelerating the rate of photoactivation, while increasing the
yield of reactivated centers. This is contrary to the lower yield
observed upon increasing the buffer pH above 6. This can be
understood as follows: bicarbonate binds to two sites within
apo-WOC complex as depicted in Fig. 3 and described next.
A high affinity bicarbonate site operates at concentrations as
low as 10 uM in the presence of stoichiometric Mn?*/PSII con-
centrations, where it accelerates the first step of Mn?* binding
and/or photooxidation [50]. The high affinity bicarbonate site
has been attributed to the ionization of protons from carboxy-
late residues or ion-pairing of cationic residues on the surface of
the WOC protein complex. These accelerate the rate of photoac-
tivation by electrostatically attracting Mn* from solution close
to the WOC [49]. The rate stimulation is much like that seen
with lipid soluble anions like tetraphenylboron which elevate
the water soluble cation concentration at the membrane inter-
face [11]. In more extensive studies covering 10- and 100-fold
higher concentrations of Mn?* and Ca?*, respectively, a second,
lower affinity, bicarbonate binding site on apo-WOC-PSII has
been identified that responds to changes in the concentrations of
Mn?*, PSTI and bicarbonate. This ternary site produces threefold
larger rate acceleration of photoactivation versus “bicarbonate
free” samples containing only residual bicarbonate arising from
atmospheric equilibration (6 uM). Recent EPR measurements
on the trapped intermediates have shown that bicarbonate serves
as an integral native cofactor for the initial steps (as described
in detail later in this review). It was speculated that it could fur-
nish an oxo/hydroxo bridge for the formation of the WOC [49].
Since its conjugate acid CO> is highly soluble in the membrane
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Fig. 3. (Left side) Kinetics of reconstitution of O, evolution capacity by photoactivation of the apo-WOC-PSII membranes in the presence of (1) 0mM and (2)
1.2 mM, added bicarbonate. Assay conditions are pH 6.0, 1 uM apo-WOC-PSII, 100 uM MnCl,, 100 mM CaCl,, and 1.8 mM K3Fe(CN)g. The insert expands the
first 40 flashes (3 s repetition rate). The vertical dashed lines represent the lag time 11, for each experiment, as derived from fitting the entire kinetics [49]. (Right side)
Two-site model for bicarbonate acceleration of the rate of the first step of photoactivation. (A) The high-affinity bicarbonate site: when the high affinity Mn2* site
is unoccupied at low Mn?* concentrations ([Mn2*]<30 uM=Kp [61]). (B) The low affinity bicarbonate site: at high Mn?* concentrations ([Mn?*]>30 uM=Kp),
bicarbonate binds directly to the high-affinity Mn?* binding site (Baranov et al.) (Dasgupta et al., submitted for publication).

phase, there will be higher concentration of bicarbonate near
the thylakoid membrane than in bulk solution at equilibrium in
any system which gets all of its inorganic carbon from CO;. At
still higher (2-8 mM) concentrations of bicarbonate and Mn?+,
the formation of free Mn**-bicarbonate complexes occurs in
solution [73]. The formation of these species coincides with
a reduction in the rate of photoactivation (lower reconstitution
of O, yield). These free [Mn**(CO3),]>~™* complexes appear
to serve as competitive electron donors to the reaction center.
This competitive electron donation is eliminated if the extrinsic
subunits are present in the native PSII-WOC, suggesting that a
native role of these subunits is to protect the Mn4Ca core from
external attack by cellular reductants.

The clear involvement of bicarbonate in the photoassembly
process has been interpreted in terms of a possible evolutionary
role for bicarbonate in promoting selectivity for Mn?* binding
and photooxidation over other divalent metals in the Archean
eon when this chemistry was invented. This work is summarized
elsewhere [13,74,75].

1.6.3. Chloride ion

The role of chloride ion in photoactivation is not clearly
revealed, as its influence occurs only following the rate-limiting
step and thus affects only the O, evolution activity of the fully
assembled cluster [45]. However, it should be stated that it is an
essential cofactor, both for the O, activity of the native enzyme,
and for photoactivation yield, as substitution with nitrate and
other surrogate ions inhibits the recovery of O, activity of the
native enzyme. A chloride-binding site directly on the Mny clus-
ter has been inferred by '“N ESEEM studies of competitive azide
binding to the chloride site within intact PSII centers [76].

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

ride in the water-splitting mechanism is to participate together
with charged amino acid side chains in a proton-relay network,
which facilitates proton transfer from the manganese cluster to
the medium [78].

1.6.4. Non-native cofactors

Previous studies on photoactivation have also encompassed
usage of additional non-native cofactors like tetraphenylboron,
histidine and imidazole to accentuate or inhibit the in vitro
assembly process [11]. Recently borate, B(OH)4~, a chemical
analogue of bicarbonate, has been shown to affect the kinetics
of photoassembly of the CaMn4O, core at only one of the two
aforementioned bicarbonate sites during photoactivation [75].
Borate addition in place of bicarbonate causes a fourfold stimu-
lation of the rate of photoactivation and a 50% increase in yield
of photoassembled PSII centers when using the lowest concen-
trations of Mn?* (<10 uM Mn?*), at which the high affinity
Mn?* site is not occupied. However, unlike bicarbonate ion,
when this latter site is occupied at 50-100-fold larger concen-
trations of Mn%* (and sufficient Ca2*), borate addition shows
no effect on the rate of the first Mn>* photooxidation step or the
yield of photoassembly. Borate, like bicarbonate, does not affect
the second (rate-limiting) dark step of photoactivation which is
attributed to a protein conformational change [79]. This indi-
cates that borate acts only at the high affinity bicarbonate site
(which is not involved in binding of Mn?*). The borate acceler-
ation of photoactivation seen at the high affinity bicarbonate site
is stronger than bicarbonate, which is consistent with its stronger
basicity (pK, =9.3) versus bicarbonate (pK, =6.3). At this site,
borate serves as a base to promote proton ionization or ion-
pairing with residues of PSII that are responsible for electrostatic
steering of Mn?* to the interface of the unfolded apo-WOC-PSII
precursor. In this way, PSII utilizes borate and bicarbonate to ele-
vate the local Mn?* concentration well above the bulk solution
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concentration. This feature offers a clear advantage for building
a multinuclear Mn cluster in which incompletely photoassem-
bled intermediates deactivate by autoreduction unless sufficient
Mn?* is available for building the next stable intermediate of
the cluster. The absence of a borate effect on the low affinity
bicarbonate site indicates selectivity for bicarbonate at the high
affinity Mn?* binding site. This is fully consistent with the poor
metal coordinating properties of the borate anion compared to
bicarbonate anion in solution. The dissociation constant of the
borate ion with Mn?* at pH 6.0 is Kp>0.5M [75], which is at
least 10-fold weaker affinity than bicarbonate [73].

Cadmium ions (Cd?*) are known to inhibit reconstitution of
O, evolution in spinach PSII in competition with Ca** [80].
Recently it was shown that Cd>* and Gd>* also inhibit the pho-
toactivation process by binding selectively to the Ca®* effector
site, but do not bind to the high affinity Mn?* site [81]. This
binding was shown to be competitive and reversible with Ca*.
In the presence of Cd>* a new kinetic pathway of photoactiva-
tion occurs in competition with the normal two-step pathway.
Paradoxically, this inhibition of O, yield is accompanied by a
large acceleration of the rate of recovery of O, evolution, equal
to a 5-10x faster dark step (k2, Fig. 5) and by a slightly slower
deactivation rate of the first light-induced intermediate (reduc-
tion of photooxidized Mn>*). The data suggest that the binding
of the first Mn?* (e.g., the high affinity Mn site) increases by
5-10-fold in the presence of Cd** bound to the Ca®* effector
site, attributable to acceleration of the protein conformational
change that limits the overall rate of photoassembly. These data
reveal that metal ions that bind to the Ca”* effector site interact
with the high affinity Mn>* through mutual positive coopera-
tive binding, yielding greater thermodynamic stability and more
efficient binding/photooxidation of the high affinity Mn>*.

1.7. Role of protein subunits in assembly

As noted above, the D1, D2, CP47, CP43 and cytochrome
b559 subunits comprise the minimal oxygen-producing core
of native PSII (a number of small subunits that lack cofac-
tors are also generally present in cores) [22]. A stable CP47RC
subcore complex assembles within the thylakoid membrane of
cyanobacteria in the deletion mutant lacking the psbC gene for
CP43 [82]. These complexes can be isolated and are active
in electron transport but inactive in O, evolution, presumably
due to an incomplete Mn cluster. A stable CP47RC subcore
complex has been prepared from spinach by removal of CP43
with detergents. Although the CP47RC subcore is devoid of
Mn and inactive in O, evolution, it is capable of substan-
tial activity (20% vs. native control) after reconstitution of
the Mn cluster by photoactivation in the presence of the free
inorganic cofactors [23]. The aforementioned high sensitivity
O; electrode/photoactivation cell was absolutely essential for
observing this reconstitution. The successful reconstitution of
the CP47RC subcore together with the subunit positioning data
and XRD of the Mn binding site suggest that a RC subcore lack-
ing CP47, might also be capable of O; evolution. However, to
date no stable subcore complex lacking CP47 has been isolated
to test this hypothesis. The implication is that both CP43 and

CP47 play an essential role in creating the conditions needed
for efficient photoassembly of a stable MnyCa cluster.

The peripheral protein subunits including the manganese sta-
bilizing protein (MSP) have been shown to play an important role
in the rate and quantum yield of photoactivation in vivo. Burnap
and coworkers have identified that in Synechocystis sp. PCC
6803 MSP deletion or mutant altering the binding affinity of
MSP responds with higher photoactivation quantum efficiency
in whole cells. They argue that absence of MSP [83,84] or, in
this case, the altered binding of MSP renders the active site
(Mn?* high affinity site) more accessible to incoming Mn>*.
Increased accessibility of the active site of HpO oxidation is
shown by a variety of studies showing that the extrinsic PSII
polypeptides shield the Mn4Ca catalyst from attack by exoge-
nous reductants, and the carboxyl ligands to the MnsCa from
chemical modification. The increased accessibility of the active
site was hypothesized to result in a higher probability usage of
the oxidizing equivalents generated by the reaction center for
the photooxidation and ligation of Mn atoms rather than becom-
ing dissipated via charge recombination. Another reason for
increased quantum yield that they provide was that MSP binding
affects protonation/deprotonation of the critical protons neces-
sary for photoassembly. Hence, the absence of MSP may permit
more facile deprotonation of the critical ionizable groups and/or
shift their pKj, of the ionized/un-ionized equilibrium toward the
deprotonated state [84].

2. Mechanism of photoactivation
2.1. Two-quantum model and extended models

Through the pioneering work of Cheniae and his coworkers,
it was shown that photoactivation is a multi-quantum process
and the basic kinetic scheme derived from these original studies
remains intact [12], although the molecular details have been
significantly extended. Photoactivation involves the formation
of two unstable intermediates separated by a dark rearrange-
ment step. The basic features of this model were developed by
studying the yield of photoactivation in Mn-depleted samples
as a function of both light intensity and flash interval in a train
of single-turnover flashes. Cheniae’s observation was that the
quantum yield for producing O;-evolving centers was low at
very low light intensities, reached a maximum at intermediate
intensities, and was again low at high light intensities. In all
cases, the quantum yield of photoactivation was observed to be
much lower than the quantum yield of photosynthetic oxygen
evolution. They reasoned that photoactivation required at least
two quanta of light per reaction center with one of the steps
occurring with very low quantum yield. When photon fluxes
were low, labile photoproducts decayed before the next quan-
tum of light could advance the photoactivation reaction to the
next intermediate. On the other hand, intermediate light inten-
sities suppressed the decay due to photooxidation to the next
intermediate in the sequence. The fact that high light intensi-
ties also gave low quantum yields led them to postulate that a
dark relaxation process occurs after the absorption of the first
quantum and must take place before the next quantum can be
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productively utilized. This interpretation was secured by the out-
come of paired flash experiments, which demonstrated that two
quanta were sufficient to advance the assembling centers through
the low quantum yield phase and required the prediction of both
the forward dark rearrangement and the decay process. Experi-
ments from Burnap’s lab have used paired flash experiments to
reveal a third kinetic phase of photoactivation, presumably rep-
resenting an alternate pathway to the second intermediate, IM»
[85]. The new rate is 5-10 times faster than the rate-limiting
dark rearrangement step that is normally observed. Assuming
that the dark rearrangement step is a protein conformational
change, Burnap asserts the possibility that a fraction of the cen-
ters may already exist in the rearranged state during or shortly
after the first light-induced step. These centers are thus able to
process the second quantum without the prior delay required by
the conformational change.

Since the development of the fast oxygen electrode [52], O,
evolution measurements have enabled kinetic resolution of these
intermediates, as described in a series of publications that have
been reviewed [11,13]. Next we review more recent work aimed
at trapping these intermediates for spectroscopic characteriza-
tion.

2.2. Trapping assembly intermediates

Initial attempts to trap the intermediates for spectroscopic
characterization have been carried out mainly in three labs
(Cheniae, Brudvig, and Dismukes). Apo-WOC-PSII samples
prepared by TRIS washing, NH,OH treatment or chelator treat-
ment all suggested the presence of a dimanganese intermediate
that was claimed to be a true kinetic intermediate in overall
photoactivation (IM,) and thus productive in formation of the
final Mn4Ca cluster. However, all these trapping experiments
disagreed on one major criterion: the preparation of the ini-
tial apo-WOC-PSII sample could not support full reconstitution
upon photoactivation. Britt and coworkers later showed that
photooxidation of Mn?* by apo-WOC-PSII isolated from Syne-
chocystis sp. PCC 6803 leads to a trappable Mn>* intermediate
characterized by EPR which was assigned to the first light inter-
mediate (IM7) [86]. Again however, systematic measurements of

the fate of this detectable Mn>* intermediate in photoactivation
were not reported.

In more recent studies, we have used pulsed-EPR of the
Mn?*-apo-WOC-PSII dark intermediate and parallel-mode EPR
of the photoconverted Mn** form to characterize the high
affinity Mn intermediate at low temperature. We have used
spinach apo-WOC-PSII samples that reconstitute 60% or more
of O, evolution activity in the photoactivation reaction [49].
The EPR method measured the reversible binding of the pho-
tooxidizable Mn?* in the dark—e. g., without interference from
light-dependent reactions at this site and thus it gives a true
measure of the equilibrium dissociation constant for this Mn*
(Kp =40-50 uM at pH 7.5). This Mn>* site possesses the high-
est affinity of apo-WOC-PSII and therefore, we associate this
photooxidizable site with the previously described “high-affinity
Mn?* site” involved in electron donation [87,88] and photoac-
tivation [54,89]. It is noteworthy that all methods that report a
considerably higher affinity (Kp ~ 0.1-3 wM) rely on photoox-
idation/illumination and thus are not reversible by definition.

2.2.1. Ca** bound intermediates

We used EPR spectroscopy to characterize the ligand coor-
dination environment of the first photoactivation intermediate
(IM; and IM;" in Fig. 5), corresponding to a photooxidized
Mn>* species bound to apo-WOC-PSII [61]. The interconver-
sion of the intermediates detected by EPR are schematically
shown in Fig. 4. In the absence of any added Ca”*, this species
was shown to exist in two pH-dependent forms differing in
terms of strength and symmetry of their ligand fields and whose
populations are in equilibrium via a pH-dependent process.
Transition from an EPR-invisible low-pH form to an EPR-
active high-pH form occurs by deprotonation of an ionizable
ligand bound to Mn3*, postulated to be a water molecule:
[Mn?**(OH,)] <> [Mn3*(OH™)]. The EPR-active Mn>* exhibits
a strong pH dependence (pH ~ 6.5-9) of its ligand field sym-
metry deduced from changes to both gef of the Mn>* EPR
signal and independently the 3>Mn magnetic hyperfine split-
ting (AAz=22%) and attributed to a protein conformational
change. The application of ligand field theory to the change
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Fig. 4. Schematic representation of the trapped intermediates in the first steps of photoactivation in presence of Ca®*. Protein-derived and non-changing water
ligands to Mn?*/Mn>* are not shown. Brackets [ ] represent the high-affinity Mn?* site of apo-WOC-PSIIL. The CW EPR signals from [Mn>*-0?~—Ca?*] in red and

[Mn%*—0?~—Ca2*] in blue is shown. See text for details.
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in gefr indicates the rhombicity changes by Aé=10%, where §
is the mixing coefficient of the 5B1g ground state (d* hole in
the d(x*> — y?) orbital) with the excited >Aj, state (d* hole in
the d(z2) orbital) caused by orthorhombic distortions of a pre-
dominantly tetragonal ligand field). The binding of Ca* at its
effector site nearly eliminates this pH-dependence of the Mn3*
spectral parameters, with § becoming constant (4.05 £ 0.05)
and Az smaller and with greatly reduced variation (4%) in the
pH range 6.5-9.0. Importantly, both § and Az approximate to
those observed at high pH ~ 9 in the absence of Ca>*, and were
assigned to ionization of a water ligand, [Mn3*(OH™)]. It was
implicated thus that Ca>* binding induces proton ionization from
a water ligand in the coordination shell of Mn?* and also orga-
nizes the coordination shell to make it more uniform and less
susceptible to global protein conformational changes induced
by pH. The data are consistent with the formation of an oxide
(or di-pa-hydroxide) bridge, [Mn**(0?~)Ca*]. Here, Ca®* is
proposed to induce ionization of a second water ligand bound
to Mn3*, or more plausibly, a second ionization of the bridging
hydroxo ligand resulting in a bridging oxide ion. Ionization of
the water ligand is coupled to the availability of a local base, B™,
with pK, ~ 6.7 as can be estimated from the pH titration curve.
Finally, formation of this intermediate [Mn>*(0?>~)Ca®*], tem-
plates the apo-WOC-PSII for the subsequent rapid cooperative
binding and photooxidation of three additional Mn?* ions, form-
ing the active water oxidase. However, no experimental evidence
characterizing these subsequent intermediates is yet available.

2.2.2. Bicarbonate effect on intermediates IM; and IM | *
Bicarbonate coordination of free Mn?* in water lowers the
oxidation potential for photoconversion to Mn3* by a large
amount (0.5-0.6 V vs. NHE) [90]. This thermodynamic stabi-
lization is thought to be responsible for the increased stability
of the Mn3* photoactivation intermediate that forms in the pres-
ence of bicarbonate, as seen by slowing of the recombination
reaction that causes its decay [49]. However, evidence for direct
interaction between the high affinity Mn®>*/Mn** forms and
bicarbonate has been lacking until recently [75]. Two lines of
evidence have shown that bicarbonate forms a ternary complex
by coordinating directly to Mn?* at the high affinity site in apo-
WOC-PSII and increasing the yield of photooxidation to form
Mn?*. Parallel-mode CW-EPR spectroscopy has shown that
bicarbonate controls the ligand field strength of the high affin-
ity Mn3* ion [91]. In the absence of bicarbonate, gefr decreases
monotonously by 0.8% with increasing pH between 6 and 9.
This correlation means that the thombicity of the ligand field of
Mn?* decreases with increasing pH. The shallow slope and lin-
earity over three pH units suggests a continuous range of protein
conformational changes within PSII that gradually transform the
local ligand field symmetry at the high-affinity Mn>* site to a
more axially symmetric environment as the pH increases. Upon
addition of 2—-10 mM bicarbonate this pH dependence of gefr
disappears and is locked into a more rhombic ligand field envi-
ronment that is no longer in equilibrium with the bulk pH. A
similar conclusion can be drawn from the pH dependence of the
>3Mn hyperfine splitting, Azz. In the absence of added bicarbon-
ate, Azz decreases monotonically by 16-22% as pH increases

from 6 to 9. Addition of 2-10 mM bicarbonate eliminates this
pronounced pH dependence, and locks Azz within a narrow
range, which is equal to the maximum A7z observed at acidic pH
in the absence of bicarbonate. Comparison to ligand field calcu-
lations and experimental data available for other transition metal
complexes indicates that the decrease of Azz can be attributed to
either expansion of the Mn>* d-orbitals bearing unpaired spins,
arising from weakening of electron repulsion with its ligands
(lower dipolar hyperfine), or alternatively, to an increase of the
ligand—metal covalency at higher pH (lower isotropic hyperfine).
To summarize, addition of bicarbonate causes both ges and Azz
of Mn3* to confine to a narrow range that is independent of solu-
tion pH between 6 and 8. This binding produces a fixed inner
coordination environment at the high affinity Mn>* site that is
considerably more resistant to environmental pH variations. This
effect is specific for bicarbonate as other anions including borate
do not affect the Mn site. These data provide compelling evi-
dence that bicarbonate is a native cofactor for the assembly of
the MnyCa-core.

The complementary pulsed EPR approach electron spin echo
envelop modulation (ESEEM) spectroscopy has been applied
to answer whether bicarbonate binds directly to the high affin-
ity Mn?* located in apo-WOC-PSII [75,92]. By comparison of
ESEEM data for isotopically labeled '*C- and !>C-bicarbonate,
aweak (~1.45 MHz) electron-nuclear hyperfine interaction was
clearly resolved at the '3C Larmor frequency. Good simulation
of the line-shape and intensity profile was achieved and together
with comparison to model transition metal-bicarbonate com-
plexes [73] resulted in the following description of this site:
(bi)carbonate is bound as a direct ligand in the first coordination
sphere of Mn?* in a bi-dentate mode and thus likely speciating
as the carbonate form.

2.2.3. Mechanism of photoactivation

Fig. 5 shows the current molecular mechanism of photoac-
tivation, culminating in formation of the active MnyCaO, core,
based on the evidence accumulated from both O; recovery
kinetics and EPR spectroscopy on the trapped intermediates.
Formation of the first Mn3* intermediate involves: (1) diffu-
sion of Mn?* to PSII enhanced by electrostatic attraction from
anionic amino acid residues and bound bicarbonate ions; (2)
Mn?* binding to the “high affinity” site in the D1 protein likely
as [Mn2+(OH2)]. This intermediate is denoted IMg and may
consist of three dark equilibrated species, including bicarbon-
ate bound, water bound and Ca** bound forms; (3) a single
turnover flash (that starts the assembly process) or photoaccumu-
lation at —20 °C leads to the formation by photooxidation of this
bound Mn?* precursor to Mn* with concomitant loss of a proton
(IMy). This intermediate is unstable until a protein conforma-
tional change that occurs in the dark takes place and forms the
kinetically more stable intermediate IM;* [Mn3*-0—Ca”*]; (4)
binding of Ca2* in the dark to its own specific site occurs either
before or after this step, albeit with higher affinity after photoox-
idation forms Mn3*. This increased affinity reflects cooperative
binding energy between Mn>* and Ca?*. Since bicarbonate addi-
tion does not affect the k> step and also there is no evidence yet
for a bicarbonate bound form in this state, the bound bicarbon-
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Fig. 5. The sequence of kinetic intermediates (top) formed during assembly of the inorganic core of the WOC by photoactivation (A—C). (Bottom) Proposed chemical

formulation for intermediates.

ate from the first photooxidation process may dissociate or be
released as CO;. Ultimately the active site is primed for uptake of
another Mn?* which forms a spin-coupled cluster (composition
Mn?*Mn3*Ca®*) that has not yet been detected by EPR. More
detailed spectroscopy has to be carried out in order to trap and
characterize the second photooxidation intermediate, IM, and
those that follow. However, to date no kinetic resolution has been
observed in the final photoassembly steps forming IM> or later
intermediates nor the protein conformational change. Titrations
of the four Mn?* ions required for photoassembly has previously
shown that they bind irreversibly once the active Mn4Ca core is
assembled [45], implying that the “fast” assembly of the remain-
ing three Mn?* reflects favorable interaction energy between Mn
ions (cooperative binding). Some evidence has been provided by
Dau and coworkers using EXAFS of another trapped intermedi-
ate. They have investigated a thermal disassembly pathway of the
native PSII complex which retains a Mn—Mn interaction (~2.7 A
separation) in the active site [93]. Activity in photoactivation was
not examined in this case.

3. Future directions

The complexity of the assembly process has inspired two
new approaches in order to sort out questions regarding the
inorganic chemistry involved. Use of synthetic Mn-complexes
as sources of Mn?* for the photoactivation of apo-WOC-PSII is
becoming popular. All of the organic ligands that constitute these
complexes are more lipophilic and tend to give complexes that
have poor solubility in aqueous buffer. Recently, Klimov and co-
workers reported multiple classes of N-donor (bipy-, picolinate-
and pyrazine-class) and O-donor (acetates) ligands which can
be used to deliver Mn and found that dimeric complexes lead to
higher yields of photoactivation [94,95]. Also Liu and cowork-
ers reported 79% photoactivation yield of apo-WOC-PSII with
aMn?* complex prepared with imidazolyl and phenolic ligands
[96]. Although these numbers are impressive, the mechanisms
of photoactivation by such complexes have not been studied, so

there is no information yet on what sort of intermediate forms
during assembly, how many Mn are ultimately bound and the
chemical speciation of Mn (Mn?* is a labile ion) in the sys-
tem. Systematic studies have to carried out on such systems in
order to learn ultimately how to assemble complexes on protein
scaffolds directly from inorganic complexes.

Another emerging topic is designing artificial photoactivati-
ble systems with specific Mn-binding sites within photosystems
that possess an intrinsic chromophore. These permit light
induced redox chemistry that drives the binding and photooxida-
tion of Mn?*. This method has not yet been explored fully with
artificial peptides. However, Allen and co-workers have demon-
strated that a modified bacterial reaction center complex from
Rhodobacter sphaeroides can be produced that photooxidizes
Mn?*, but only in the presence of bicarbonate [74,97]. Their
results provide the first evidence that a stable Mn>* binding site
can be formed in a bacterial reaction center. This suggests a feasi-
ble route for evolution of a primitive precursor to the MngCa core
found universally in contemporary oxygenic reaction centers
[13,57]. Construction of biological-inspired completely abiotic
synthetic representations of the PSII protein scaffolding and
catalytic WOC site are underway in some laboratories [98].

4. Conclusions

This review highlights some of the considerable progress that
has been made in understanding the molecular events leading to
the biogenesis and repair of the Mn4Ca-cluster and clarification
of the role of the inorganic cofactors including bicarbonate. It
alsoraises several important unanswered questions regarding the
kinetic and molecular aspects of the steps in this process. In par-
ticular unresolved questions remain that are well suited for future
investigation by photoactivation: Why is the quantum yield for
photoactivation so low (in plant PSII) and do more efficient
photoassemblers exist among other oxygenic phototrophs? Can
we engineer organisms for higher quantum efficiency of pho-
toassembly? What is the nature of the protein rearrangement that
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takes place during the slow dark step? What is the minimal num-
ber of single turnover photooxidation steps needed to make an
0, molecule during photoactivation starting from Mn”*? What
types of aborted chemical reactions occur instead of O, produc-
tion in partially assembled clusters or inorganic mutants—e.g.,
does H,O; form? In light of the recent EPR data on early trapped
intermediates, it is clear that significant structural insight can be
mined that could be applied to characterizing the nature of the
final steps of the photoassembly process. This should encourage
a more systematic attempt to explore the landscape of alterna-
tive metal ions as substitutes for Mn and Ca, consideration of a
wider pH range to overcome chemical speciation limitations of
the non-native cofactors, and extension to higher temperatures
using thermophiles to overcome activation barriers (<73 °C is
conceivably possible).
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