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Abstract

At the request of the organizer of this special edition, we have attempted to do several things in this manuscript: (1) we
present a mini-review of recent, selected, works on the light-induced inorganic biogenesis (photoactivation), composition and
structure of the inorganic core responsible for photosynthetic water oxidation; (2) we summarize a new proposal for the
evolutionary origin of the water oxidation catalyst which postulates a key role for bicarbonate in formation of the inorganic
core; (3) we summarize published studies and present new results on what has been learned from studies of ‘inorganic
mutants’ in which the endogenous cofactors (Mn"*+, Ca >, C17) are substituted; (4) the first ApH changes measured during
the photoactivation process are reported and used to develop a model for the stepwise photo-assembly process; (5) a
comparative analysis is given of data in the literature on the kinetics of substrate water exchange and peroxide binding/
dismutation which support a mechanistic model for water oxidation in general; (6) we discuss alternative interpretations of
data in the literature with a view to forecast new avenues where progress is needed. © 2001 Elsevier Science B.V. All rights

reserved.

1. Evolutionary origin of photosynthetic water
oxidation

A major breakthrough in the evolution of life on
earth was the creation of oxygen-producing organ-
isms that used water as a reductant for photosyn-
thesis. This event is estimated to have taken place
circa 2.7-3.5 billion years ago and is believed to be
responsible for conversion of our atmosphere from
anaerobic to its present molecular oxygen (O;) rich
composition [1]. The availability of O, in the bio-
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sphere enabled a second major breakthrough in evo-
lution to occur, the creation of aerobic metabolism,
which produces 18 times greater energy (ATP) per
unit of substrate (glucose) than anaerobic metabo-
lism. This event led to the evolution of complex or-
ganisms, including mammals.

How did the first oxygenic photosynthetic organ-
ism ‘learn’ to oxidize water instead of reduced car-
bon or sulfur compounds employed by all of its bac-
terial precursors? O, production by water oxidation
is the most energetically demanding biological redox
reaction, in addition to requiring a complex five-step
mechanism for removal of four electrons and four
protons (S-state transitions). Evolutionary precursors
(transitional organisms), which perform water oxida-
tion/oxygen evolution by alternative chemistry than
contemporary organisms, have not been identified to
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date. Two evolutionary processes had to occur. The
creation of a stronger photo-oxidant than bacterio-
chlorophyll-a (BChl-a) in the reaction center, and the
formation of a catalyst to enable concerted multi-
electron oxidized intermediates to form.

BChl-a (0.55 V) was quite sufficient for the one-
electron oxidation of reduced carbon and sulfur com-
pounds utilized by non-oxygenic bacteria. A plausi-
ble case has been made for chlorophyll (Chl) pigment
evolution from the moderate potential of BChl-a to
the much stronger oxidant Chl-a (ca. 1.1 V) found in
oxygenic organisms. This is hypothesized to have
occurred via transitional organisms that first em-
ployed Chl-d [2]. Pigment evolution alone, however,
cannot account for water oxidation, as the one-elec-
tron potential for the oxidation of water is much too
high at 2.75 V. Hence, the acquisition of a catalyst is
essential to access lower potential oxidation process-
es, either two-electron or four-electron concerted ox-
idation of water to H,O; (1.35 V) or O, (0.82 V),
respectively. So what was the chemical composition
and structure of the first multi-electron catalyst and
was there a transitional electron donor before water
was adopted? Blankenship and Hartman have sug-
gested that hydrogen peroxide may have been the
transitional electron donor and that manganese
could have been incorporated into photosystem
(PS) II upon uptake of a dimanganese catalase en-
zyme via fusion with a non-photosynthetic bacterial
precursor [2]. However, the first part of this hypoth-
esis requires an abundant environmental source for
hydrogen peroxide, which is not known to have ex-
isted under the mildly reducing conditions of the
archaean period. The second hypothesis would sug-
gest the existence of sequence homology between the
catalase enzyme(s) and the manganese binding do-
main of the PSII D1 or D2 subunits. However, the
recently available catalase sequence data appear not
to support a similarity with PSII [3.4].

Baranov et al. have presented an alternative hy-
pothesis based on the biogeochemical cycle of carbon
dioxide and its hydrolysis products in water [5]. In
their view, bicarbonate ion (HCO5) could have had
a dominate role in altering the speciation of metal
ions, particularly, manganese and calcium, in the
archaean oceans owing to the enormously greater
concentration of bicarbonate in equilibrium with at-
mospheric CO, about 3-4 billion years ago (CO,

10-10* above current partial pressure). They argue
based on binding constant data that Mn(HCO;)"™
and [Mn(HCOs),], complexes would have existed
as the major aqueous forms under archaean condi-
tions ([Mn]=0.002 ppm in seawater today) [6]. Re-
cent unpublished EPR and electrochemical work has
also found evidence for formation of Mnx clusters
specifically in the presence of bicarbonate (> 0.1 M)
(Kozlov, Y.N., Klimov, V.V., Tyryshkin, A., Das-
gupta, J. and Dismukes, G.C., unpublished). Fur-
ther, since these species are considerably easier to
oxidize than aquo Mn?>* (1.2-1.4 V) at ~0.92 V
and 0.63 V, respectively, they could have been bound
and photo-oxidized even by purple bacterial reaction
centers to form the initial precursor to the inorganic
core of the water oxidizing complex (WOC). Bara-
nov et al. [5] presented evidence to support this hy-
pothesis from photoactivation studies of apo-WOC-
PSII in contemporary organisms such as spinach and
wheat. Low levels of bicarbonate (<25 uM) were
shown to accelerate the binding and photo-oxidation
of Mn?* in the first step of photoactivation by in-
creasing the binding affinity of the first Mn>*. Sev-
eral compatible models were discussed to account for
the data, including the possibility that bicarbonate
delivers hydroxide needed for binding of Mn(OH)™
to apo-WOC and for oxidation to Mn(OH)?* in the
first photolytic step of photoactivation (Scheme 1).
Calcium is known to competitively inhibit the
binding of Mn?* at the high-affinity site during pho-
toactivation [7]. Interestingly, bicarbonate was found
to stimulate photoactivation at a second site by com-
plexation of free Ca’*, thereby reducing its activity
in competing with Mn’* in the formation of the first
photoactivation intermediate (IM;, Scheme 1) [5].
The complexation of free Ca’>* by bicarbonate in
the photoactivation solution (Kp ~5-10 mM range)
had no effect on the rate of uptake of calcium at its
effector site — the site involving the dark step of pho-
toactivation (Ca’* binding to IM;, Scheme 1) and
for restoration of O, evolution. Thus, at the concen-
trations of bicarbonate (2 mM) and calcium (400
ppm) found in the contemporary ocean, one can ex-
pect both sites for bicarbonate action to contribute
importantly to acceleration of the photoactivation
process. On this basis, one can imagine that bicar-
bonate may have been adopted to suppress photo-
inactivation within marine cyanobacteria that are ex-
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Scheme 1. The sequence of kinetic intermediates formed during assembly of the inorganic core of the WOC by photoactivation, in-

cluding a role for bicarbonate. The pseudo-first-order rate constants are in units of s~

I and, in the case of ki, k_; and k», refer to

the initial conditions described by Zaltsman et al. [7] with concentrations [Ca]=8 mM, [Mn]=8 uM, [apo-WOC-PSII]=1 uM and
pH=6.5. The rate constant k3 was estimated by numerical modeling as described in the text. The structural model for the terminal
photoactivated state (Sy state) is not based on photoactivation data.

posed to both high levels of calcium and high solar
irradiance in the tropics.

The prediction that [Mn(HCO3),], clusters could
have existed in the archaean oceans as a major form
of dissolved manganese leads to another important
condition for the evolution of aerobic life forms, in-
cluding oxygenic photosynthesis. Namely, the pres-
ence of an abiotic catalase system for the efficient
dismutation of hydrogen peroxide that would surely
have formed by reduction of dissolved O, under the
mildly reducing environment predicted to have ex-
isted in the archaean period [8]. [Mn(HCOs3);], clus-
ters are known to be efficient non-enzymatic cata-
lases that are orders of magnitude more reactive
than the corresponding concentration of free Mn”*
[9]. Hydrogen peroxide is a potent antibiotic owing
to its much higher reactivity than oxygen in genera-
tion of free radicals. Therefore, the [Mn(HCO3),],
clusters in the environment would have protected
all organisms, including the first O,-evolving organ-
isms from destructive oxidation from peroxide prior
to the evolution of an enzymatic catalase system.

There is a long and rich history concerning the
role of bicarbonate in PSII function (see Baranov
et al. [5] for a listing of some earlier works). Metzner,
Govindjee and Stemler first suggested a possible site
for bicarbonate on the donor side of PSII, which was
later refuted by Radmer and Ollinger based on iso-
topic studies. The subsequent discovery of strong
evidence for a bicarbonate binding site associated

with the non-heme iron on the acceptor side in
PSII shifted the attention of most researchers away
from the earlier hypothesis. More recently, Klimov’s
group and their collaborators followed up on these
earlier works and found compelling evidence show-
ing the involvement of bicarbonate in promoting
electron donation from free Mn>* to apo-WOC-
PSII, and also for enhancing light-induced charge
separation within holo-WOC-PSII [10-14]. Baranov
et al. provided the missing evidence linking bicarbon-
ate to assembly of the inorganic core required for O,
evolution. The Pushchino group has proposed a di-
rect role for bicarbonate as an intrinsic cofactor
within the WOC [12]. Direct spectroscopic evidence
identifying the location and characteristics of the
binding site for bicarbonate in the WOC (rather
than alternatively delivering OH™) is still lacking.
Further work in progress may clarify this picture.
Additional evidence in support of a special role for
bicarbonate in assembly of the tetra-manganese core
of the WOC comes from synthetic modeling studies.
It has been found that simple phosphinate anions
(RRPO;), which function much like non-hydrolyz-
able iso-structural ‘bicarbonate surrogates’, induce
spontaneous assembly of tetra-manganese—oxo clus-
ters, MngsO4(O,PPhy)s [15,16], having a cubane core
structure analogous to our conjectural proposal for
the S4-WOC core. Significantly, the cubanes have
been found to functionally mimic the overall process
of water oxidation and O; evolution by undergoing
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both 4e”/4H" reductive dehydration and photo-
chemically triggered release of O, Eq. 1 [17,18]

Mn4O, (OzPPh2)6+

H,0 Mny04(0,PPhy )s % MnyO2(0,PPhy ) -+

OzPPh; + O, (1)

2. Assembly of the inorganic core of the WOC by
photoactivation

According to present knowledge, all species so far
investigated that produce oxygen by photosynthesis
utilize the same inorganic core for catalysis. Inde-
pendent evidence from several sources indicates a
stoichiometry of four manganese ions (reviewed in
[19,20]), one calcium ion [21,22] and as few as one
chloride ion [23,24] are needed for activity. Oxygen
atoms in the form of oxide, hydroxide and/or water
molecules are also associated with the WOC in an
unknown stoichiometry and may originate from sol-
vent and possibly bicarbonate. The manganese clus-
ter is the redox-active site for charge accumulation
and is known to bind a small number of water mol-
ecules that are exchangeable with bulk water based
on ENDOR, ESEEM and nuclear magnetic reso-
nance (NMR) studies (see for example [25,26] and
Section 3). These inorganic cofactors along with the
redox-active tyrosine-Z (Yz) and other critical resi-
dues in the D1 subunit comprise what is called the
WOC of PSII (WOC-PSII) or oxygen-evolving com-
plex (OEC).

During biogenesis of the PSII-WOC complex, the
component proteins are synthesized and inserted into
the thylakoid membrane. The free inorganic cofac-
tors are subsequently taken up from the lumenal
space under the control of light to form a functional
WOC capable of stable O, production from water.
Chenaie and coworkers coined the phrase photoacti-
vation to denote this process and demonstrated it to
be a two-step light-driven process. In the past 30
years, many studies have provided insights into the
photoactivation process, particularly the pioneering
work by Cheniae and his coworkers. These works
include: (1) the role of Mn?*, Ca*", Cl~ and the
experimental conditions (light intensity, pH, type of

buffer and exogenous electron acceptor, method for
removal of Mn) [27-34]; (2) identification of essential
amino acid residues for assembly and possible Mn
ligands [35-41]; (3) the time-course for recovery of
O, evolution under continuous and intermittent light
has led to a widely accepted kinetic model for assem-
bly of the cluster, involving sequential light and dark
steps of Mn ligation and photo-oxidation leading to
formation of the tetra-Mn cluster [37,42,43]; (4) a
model for reassembly of the extrinsic polypeptides
of PSII and their role in enhancing the affinity or
stability of one or more of the inorganic cofactors
[44-48].

2.1. Proteins

No chaperone proteins have been found to be es-
sential for photoactivation, although conformational
roles for non-liganding domains of the PSII core
appear to be important [49,50]. Biichel et al. showed
that the minimal protein core that is needed for pho-
toactivation is comprised of the four PSII reaction
center subunits (D1, D2, Cyt 5-559 (a+f subunits)),
an inner antenna subunit CP47 and several smaller
hydrophobic subunits [51]. The additional inner an-
tenna core subunit CP43, which together with the
other subunits makes up what had traditionally
been thought to be the minimal PSII core, was found
not required for photoactivation. However, its pres-
ence in the core increases the rate of photoactivation
by stabilizing the light-induced intermediates from
decay and increases the cross section for light ab-
sorption. The quantum efficiency for photoactivation
at limiting light flux was found to increase in direct
proportion to the size of the Chl antenna size
(CP47RC < PSII core < PSII/LHC).

In higher plants, three extrinsic proteins cap the
PSII core polypeptides and play important roles in
the long-term stability against reductants (diffusional
barrier) and in the affinities for chloride and calcium
[19,52,53]. However, they are not essential for photo-
activation in vitro. The 33 kDa extrinsic protein
(MSP-33), present in all oxygenic cyanobacteria
and higher plants, when removed lowers the O, ac-
tivity to ca. 35% under steady-state turnover. This
appears to result from a thermodynamic stabilization
of the S, and S5 states and kinetic retardation of the
O,-evolving step (S4—Sp). Studies of deletion mu-
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tants show that the presence of the MSP-33 in algal
cells actually retards the kinetics of assembly by serv-
ing as a diffusional barrier against Mn>* binding, but
is critical for long-term stability of the WOC [46,54].

In vivo photoactivation studies in the deletion mu-
tant (FUD 39) of the green alga Chlamydomonas
reinhardtii which lacks the psbP gene encoding the
23 kDa extrinsic protein has shown that this protein
plays a role in suppressing photoinactivation in high
light intensity [55]. Considering earlier data, this re-
sult probably indicates the role of the 23 kDa sub-
unit in enhancing the affinity of the inorganic co-
factors, particularly chloride and calcium [19,52].
Similar studies of in vivo photoactivation have indi-
cated an electron donor role for Yp and Cyt -559 in
reducing the effects of photoinactivation prior to as-
sembly of the functional WOC cluster [56].

2.2. Manganese

Kinetic resolution of the photoactivation process
has enabled identification of the cofactor require-
ments in each of the first two steps. Previous esti-
mates indicate that 3-5 Mn>* ions bind to the apo-
WOC-PSII protein complex during photoactivation
[42] or four Mn?* per PSII RC at sites that interact
cooperatively [20]. One manganese ion binds first in
the dark to a high-affinity site whose affinity is tuned
to recognize Mn(OH)* specifically over Mn>*.

A compelling kinetic proof showing that a stoichi-
ometry of exactly 4.0 Mn/PSII is needed for photo-
activation is shown in Fig. 1. This figure presents a
titration, as a function of the added Mn?" concen-
tration, of the transit time for formation of the first
intermediate IM; from apo-WOC-PSII (r-lag). Since
only PSII centers that produce O, are detected, the
X-intercept should indicate the amount of Mn/PSII
required to ‘turn on’ the detector, while the slope
gives the molecularity required to advance to IM;.
One can see that the initial slope (I) is first-order in
Mn?*, while the X-intercept (I-II) gives a stoichiom-
etry of 4.0 Mn/PSII for O, production, after removal
of the weak interference (slope II) arising from the
effect of excess Mn?*. What is significant about this
kinetic approach is that in principle the sample could
be loaded with lots of other centers or ligands that
bind Mn?*, but otherwise does not interfere with the
kinetic determination of the amount of Mn required

500
4004 \

300"

t'ag, S

200

100+

O'I'\l"‘l'l‘l'
o 2 4 6 8 10 12

atoms of Mnll/RC PSII

Fig. 1. Titration of the photoactivation lag-time as a function
of the concentration of added Mn?* (in units of PSII stoichi-
ometry). Assay conditions [7]: apo-WOC-PSII membranes at
0.25 mg of Chl, 25 mM MES-NaCl buffer (pH 6.0), 35 mM
NacCl, 300 mM sucrose, 0.8 mM ferricyanide. PSII membranes
were extracted with chelator TPDBA. Photoactivation condi-
tions: duration of light pulse 40 ms, dark time 2 s, total time
of pulse-light photoactivation 15 min, light intensity 80 mW/
cm?.

for photoactivation. The same is not true of data
based on the yield of active centers. The kinetic
method requires complete removal of labile Mn
from the WOC, which is possible via proper use of
chelators or reducing agents plus MgCl, [57].

The pH dependence of photoactivation is consis-
tent with the release of protons or equivalently the
uptake of hydroxide in the initial steps of assembly
[20]. This selection of the singly charged Mn(OH)™*
complex is seen also in the inhibition by both diva-
lent and monovalent metal cations and oxo-metal
cations (vanadyl, VO?>* and uranyl, OUO?**) [58].
Binding to this site is strongest for divalent ions
that have the highest binding constant for hydroxide
(Zn** > Mn?* > Ca’"). Inhibition at this site by the
alkali metal ions follows the reverse sequence
(Cs™>Rb"™ >K" >Na" >Li") with the larger size
ions binding more strongly and surprisingly slightly
stronger binding by Cs* than Mn(OH)™" (at pH 6.0).
The alkali ions do not undergo hydrolysis and so
bind as the mono-charged ions, hence the reason
for the greater affinity for Cs™ which is closest in
size to Mn(OH)*. Because addition of HCO5 accel-
erates the uptake of the first Mn**, the current mod-
el we favor employs HCOj to deliver hydroxide in
forming Mn(OH)"-apo-WOC, although HCO; itself
may actually bind. The higher binding affinity of
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Mn(OH)* over Mn>* may represent a selection fea-
ture adopted in vivo to enable greater discrimination
against more abundant cellular ions like Ca’>" and
Mg?* which straddle Mn?* in ionic radius.

We have examined several metal ions as potential
replacements for Mn>* during photoactivation [57].
In these trials, the concentrations of Ca?t, CI~ and
protons (pH 6) were not varied but fixed at the opti-
mum values observed with Mn”>*. So far we have not
found evidence for functional replacement of manga-
nese in oxygen evolution by any other metal ion. In
all cases studied to date, no photoactivation was ob-
served with any of the following species: V3*, VO?*,
Cr3t, Fe?*, Fe’*, Co?", Co(salen), Ni**, Cu?t,
MoO;, Ru**, Rh*" and Re**. Some combinations
were tried (Mn/Cr, Mn/Fe and Mn/Co) and also
showed no additional photoactivation. In the major-
ity of these cases, the alternative metals do bind as
competitive inhibitors of Mn>* photoactivation. The
strongest inhibitors of Mn-dependent photoactiva-
tion were either large alkali metal ions like Cs™, or
oxo-metal cations like UO2*, and these targeted the
high-affinity Mn(OH)™ site [58]. These data suggest
that under the restricted conditions examined to
date, manganese appears to be truly unique in its
capacity to assemble into a functional catalyst for

Table 1

water oxidation. Other pH conditions need to be
examined to have confidence in this generalization.
The reason for the unique role of Mn in water split-
ting is not clear at present. It could be that the cor-
rect structure was not assembled or that these other
metals do not have the correct thermodynamic prop-
erties for water splitting. We note that achieving a
sufficient thermodynamic potential for water oxida-
tion (115 kcal/mol per H-OH bond), combined with
the need for low O, affinity for the reduced Mn"* are
features that are found in the Mn**/Mn’>* couple
[59].

In the case of the vanadyl ion (VO?>*) which does
not photoactivate in the absence of Mn>*, we ob-
serve weak stimulation of Mn-dependent photoacti-
vation at low concentrations (<15 uM) versus inhi-
bition at higher concentrations (50% loss at 210-240
uM). This two-phase stimulation/inhibition behavior
is seen in both the yield of photoactivated centers
and the initial lag-time (transit time through the first
intermediate IM;). This two-phase behavior is also
observed with other examples of weakly basic elec-
tron donors like phenothiazine (pzH) and N-hy-
droxy-L-arginine, as illustrated in Fig. 2 for the latter
case and summarized in Table 1 for all examples
studied so far. Many weak bases (including also bo-

The effect of weak bases and electron donors on the yield of photoactivated centers and initial lag-time of photoactivation (transition

time to form IM;)

Additive 50% effect Effect on Class Site?*
on yield lag-time/O; yield
CO,(OH)™ (bicarbonate) <25 uM shorter/stimulates aids Mn”* oxidation M,
weak base stimulator
B(OH), (borate) 1-2 mM shorter/stimulates weak base stimulator M,
DPCP 50 uM longer/inhibits electron donor inhibitor Yz and IM;
NH,OH 5 uM longer/inhibits electron donor inhibitor irreversible Yz and 1M,
in light
Formate 300 uM longer/inhibits electron donor inhibitor Yz and IM;
1™ (iodide) 340 uM no effect/inhibits electron donor, Y7 radical iodination Yy
Trifluoperazine 450 uM longer/inhibits electron donor inhibitor M,
known calmodulin inhibitor D1 protein?
pzH 10-15 uM shorter/stimulates weak base stimulator M,
40-45 uM increases/inhibits electron donor inhibitor M,
N-Hydroxyl-L-arginine 15 uM shorter/stimulates weak base stimulator M,
100-120 uM no effect/inhibits electron donor inhibitor Yz
vO** <15 uM shorter/stimulates weak base stimulator IM;
200 uM longer/inhibits electron donor inhibitor Ca effector site?

4References cited in text.
"DPC = diphenylcarbazide.
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Fig. 2. Effect of N-hydroxy-L-arginine on the yield and lag-time
for photoactivation of apo-WOC-PSII centers. The data were
obtained at a fixed concentration of Mn?>* and Ca’" equal to
8 uM and 10 mM, respectively. Yield data are calculated after
attaining the steady-state level Yss from the integrated ampli-
tude of O, produced by pulsed-light excitation. Other condi-
tions as in Fig. 1.

rate, bicarbonate) accelerate Mn-dependent photoac-
tivation without the subsequent inhibition phase by
serving solely as proton acceptors (or hydroxide do-
nors). A subset of these like pzH, N-hydroxy-L-argi-
nine and VO?* also inhibit Mn-dependent photoac-
tivation at higher concentrations by serving as
competitive electron donors. Other molecules such
as diphenylcarbazide (DPC), hydroxylamine and for-
mate only inhibit by serving as pure electron donors
and do not stimulate photoactivation like weak
bases. The DPC class of inhibitors has been exten-
sively documented by Ghirardi et al. [60].

A different class of inhibitors of Mn-dependent
photoactivation is illustrated by iodide and trifluo-
perazine (Table 1). Both inhibit by suppression of
the yield of photoactivated centers but exert no in-
fluence whatsoever on the lag-time for photoactiva-
tion. Iodide is a known electron donor directly to Yz

[61], that bypasses all assembly intermediates, which
explains why it has no effect on an intensive quantity
such as the lag-time. Trifluoperazine is a potential
electron donor and known inhibitor of calcium-de-
pendent signal transduction proteins belonging to the
class of ‘EF hand’ calcium binding proteins [62]. Its
mechanism of inhibition in PSII may also involve
either electron donation to oxidized Yz, or possibly
a more interesting effect such as blocking of a Ca-
dependent conformational change. We have not at-
tempted to resolve these possible mechanisms.

The weak stimulation of Mn-dependent photoacti-
vation by VO?*, noted above, disappears at higher
calcium concentrations (80 mM) than are needed for
saturation of activity (8§ mM). We find no evidence
that vanadyl alone in the absence of calcium can
support Mn-dependent photoactivation, in contrast
to a previous report in which vanadyl was able to
partially restore activity to the calcium-depleted PSII
membrane sample [63]. Our interpretation of the va-
nadyl stimulation effect is that it interacts with Mn”*
at the high-affinity site in two ways. It binds to a
high-affinity site where it serves as a weak base at
pH 6 (pK; =4.3, pK,=11.5) to facilitate deprotona-
tion upon forming Mn(OH)" or possibly Mn(OH);
following illumination. Functional replacement of
some Mn>* by VO>* cannot be excluded as a possi-
ble interpretation of the stimulation effect, but seems
unlikely considering the noted examples of stimula-
tion by weak bases and the complete absence of pho-
toactivation by vanadyl and calcium without manga-
nese. At higher vanadyl concentrations (> 20 uM), it
inhibits photoactivation by serving as an electron
donor (E, =+0.42 V, VO>**/VO3**) to a lower affinity
site. Suppression of inhibition from this site occurs at
higher concentrations of Ca’*, but specific competi-
tion vs. non-specific screening was not distinguished.
Hence, inhibition may involve either the initial Mn>*
site or the calcium effector site.

The high-affinity binding sites for the initial Mn?*
and its Mn?* photo-oxidized form have been char-
acterized by EPR. In the reduced Mn>* form, it ex-
hibits a surprisingly homogeneous, low-cubic symme-
try, ligand field that produces well-resolved zero-field
splitting at an effective g =8.3 value (at 9.3 GHz) and
S>Mn hyperfine structure. These features are consis-
tent with an axial ligand field such as would be ex-
pected for Mn(OH)*, although not uniquely attrib-
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utable to hydroxide coordination [64]. Campbell et
al. identified the EPR signal for the photo-oxidized
Mn3* using parallel-mode EPR detection [65]. It has
been found to exhibit an axially symmetric ligand
field with weak rhombicity (~ 10%), suggested to
arise from a square pyramidal or tetragonally dis-
torted octahedral Mn(IlI) site. Compelling evidence
for the involvement of amino acid residue DI1-Asp-
170 in binding of the Mn ion was given.

2.3. Protons

The first photolytic step in photoactivation in-
volves the removal of an electron from the dark
Mn(OH)* precursor to yield initially Mn(OH)** fol-
lowed by proton ionization to yield the first stable
intermediate Mn(OH); (Scheme 1). In a previous
study, we found that the halftime for photoactivation
decreases monotonically with increasing pH between
5.5 and 6.8, indicating that one of the early steps
involves release of a proton. From a study of the
yield and halftime of photoactivation on buffer con-
centration, we were able to determine that formation
of IM; or IM,* involves release of =1 H' into so-
lution [66]. In order to make direct measurements of
ApH in the sample, we have now introduced an ion-
selective field effect transistor (Sentron Corp.) within
the 5 ul sample chamber used for pulsed-light photo-
activation. Calibration of the proton stoichiometry
was performed as shown in Fig. 3, using intact
PSII membranes in the presence of ferricyanide as
electron acceptor and adoption of the overall stoichi-
ometry: 2 H,O+4 ferricyanide = O,+4 Ht+4 ferro-
cyanide. The slope of this plot remains constant for
at least 50 flashes provided there is no depletion of
electron acceptor. Since ferricyanide does not con-
sume or produce protons upon reduction, the only
reaction which produces protons is water oxidation.
Accordingly, the slope was set equal to the stoichi-
ometry of one H/e™ transferred or four H*/O, mol-
ecules evolved. In Fig. 3, we show the response from
an identical concentration of apo-WOC-PSII sample
including all of the inorganic cofactors needed for
photoactivation and under identical illumination
and buffer capacity conditions. Here we see that
the steady-state slope is about three times smaller
than native PSII, as would be expected since the
rate of proton evolution is limited by the slow step

number of HY/RC

number of flashes

Fig. 3. ApH changes caused by blue light flashes applied to (a)
intact O,-evolving PSII membranes, (b) apo-WOC-PSII under
photoactivation conditions (+Mn>**, Ca?*, CI~, K3FeCNg as in
Fig. 1), and (c¢) apo-WOC-PSII under photoactivation condi-
tions but in the absence of Mn?>* and Ca?t in assay medium.
pH changes were detected using an pH-sensitive field effect
transistor (Sentron Corp.) with active area ~1 mm?. Calibra-
tion using intact PSII (0.5 uM of P680) yields a slope of 0.21
H*/pulse using saturating light intensity at 472 nm. Blue excita-
tion flashes provided by LED NSPB500A (Nichia, Japan), at
30 ms duration and 3 s dark interval.

in photoactivation which is a low quantum yield pro-
cess [42]. Importantly, the first flash produces one
H*/e™ transferred, corresponding to a stoichiometry
of one proton released upon formation of IM; im-
mediately after the flash, or possibly following sub-
sequent binding of Ca’" in the dark to give IM..
Control experiments with apo-WOC-PSII centers
with Mn?* omitted from the medium yield zero net
protons on the first flash and zero or weak proton
evolution on all subsequent flashes.

2.4. Calcium

Calcium is invariably found in all PSII centers and
is essential for water oxidation [67]. A stoichiometry
of 1-2 calcium has been determined for water oxida-
tion in intact WOC by extraction/reconstitution stud-
ies, with more recent works suggesting one Ca/PSII
[22]. Removal of calcium from the intact WOC
causes a structural change of the Mny cluster detect-
able by EPR [68-70], and by a decrease in the bind-
ing energy of the Mn core electrons as seen by Mn
XANES [71]. Ca?* removal results in thermodynam-
ic stabilization of the Mny core in the modified S,
and S; states versus the S; state as seen by thermo-
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luminescence [72], and also an increased lability for
release of Mn”>* into solution. Extraction/reconstitu-
tion studies showed that calcium removal increases
access of water molecules and small reductants to the
Mny cluster, supporting a role as ‘gatekeeper’ in re-
stricting small molecule access to the Mny core [73].
The protein subunits involved in binding of calcium
within PSII are not known, but some evidence based
on amino acid sequence analysis [74] and also point
mutants [75] suggests a role for the A-B loop of the
D1 subunit as a potential binding site.

The binding of one calcium ion has been Kkineti-
cally resolved during assembly of the Mny core and
found to be essential for expression of O, evolution
activity upon photoactivation [7]. Ca’>* binding oc-
curs slowly in the dark following the formation of
the first light-induced intermediate Mn(OH); (IM;,
Scheme 1). The dark calcium-dependent step has a
pseudo-first-order rate constant of 0.0038 s~! (at 10
mM Ca’") and is the rate-limiting step overall in
assembly at the low concentration of Mn?* that is
sufficient for saturation of the yield of photoactiva-
tion (<10 uM). At low concentration of Mn?*, cal-
cium binding to its effector site precedes uptake of
the remaining three Mn>*. Other data indicate that
the sequence of calcium binding may come later in
the mechanism if higher Mn”>* concentrations are
used (see later). The calcium requirement appeared
to contradict earlier work that found no calcium re-
quirement for assembly, but was restricted to mea-
surements of the yield of photoactivated centers (no
kinetic resolution of intermediates) [76]. Resolution
of this discrepancy can be reached by considering the
molecularity on calcium of each of the first two steps
(refer to Scheme 1). In the range of concentrations
studied, Ca%" accelerates both the second formation
step (k») and the first deactivation step involving IM;
(k—1). Since the binding constants for Ca’>* at these
two sites are almost the same [7], any measurement
based solely on yield that is incapable of kinetically
resolving these steps will find no calcium requirement
in the assembly process.

Without Ca”* present, the apo-WOC-PSII protein
binds and photo-oxidizes many more than four
Mn?* during photoactivation (>10 Mn) and fails
to express oxygen evolution activity [7,66,76]. Subse-
quent addition of Ca®* in the dark results in rapid
recovery of O, activity with no evidence yet for ki-

netically resolved intermediates that precede O, evo-
lution [37,66]. The loss of the slow calcium-depen-
dent step in the presence of the multiply photo-
oxidized Mn”* ions indicates that there is positive
cooperativity between these Mn ions and the uptake
of Ca”" at its effector site. The origin of the cooper-
ativity is unknown and could indicate either direct
bonding through shared ligands or possibly ex-
pressed through conformational coupling via the
protein.

EPR evidence on the interaction between the Mny
core in Ca-depleted PSII and added Mn?*, purported
to bind to the Ca>" site, has been interpreted in favor
of distinct (non-overlapping) binding sites for these
endogenous cofactors [77]. These studies did not in-
clude competition studies showing that added Mn>*
was bound exclusively at the Ca effector site. The
addition of Ca’* to a sample of apo-WOC-PSII in
the dark was found to induce the binding of more
Mn?* from solution than to controls having Ca**
replaced by Mg>* or Na* [64]. The Mn?" ions that
were induced to bind by the presence of Ca’>" were
identified by EPR to be interacting via spin-exchange
coupling and thus bound to a binuclear site in close
proximity to each other (ca. 4 A). This calcium-in-
duced binuclear Mn,(IL,II) center was capable of ef-
ficient electron donation to photo-oxidized Yz and
also photoactivated immediately without a kinetic
lag-time. These data suggest that calcium can partic-
ipate in forming the binding site for at least two of
the four Mn ions. These results differ from the con-
clusions derived from equilibrium binding studies by
Ono and Mino showing that Ca®t or Mg>* pre-
vented excess Mn?t from binding to apo-WOC
with the exception of one Mn/RC [78]. These studies
did not determine whether the bound Mn>* was uni-
formly distributed or in the form of spin-coupled
clusters of two or more Mn ions. These results are
related to earlier work by Kulikov et al. on the mag-
netic dipolar interaction of reconstituted Mn(II) ions
bound to apo-WOC-PSII with the pheophytin anion
radical. The authors proposed the existence of inter-
manganese spin-coupling in the initial two pairs of
Mn(II) ions to account for reduced magnetic inter-
action with the pheophytin anion radical in the pres-
ence of two and four but not one and three Mn/RC
[79].

Ca’* is the only metal ion that binds to the cal-



G.M. Ananyev et al. | Biochimica et Biophysica Acta 1503 (2001) 52-68 61

cium effector site in vivo in all native O,-evolving
organisms studied to date. Boussac and Rutherford
established the conditions for exchanging Ca’* for
strontium in intact PSII membranes without prior
removal of manganese [80]. Sr’* replacement was
shown to support a maximum steady-state O, evolu-
tion rate that is 30% of the calcium-dependent rate.
All PSII centers are reconstituted by Sr>* and the
lower rate reflects a decrease in the rate of the final
S-state transition (S;— Sp+0,). Cadmium was also
reported to bind, as seen by restoration of normal
thermoluminescence, but did neither restore O, evo-
lution nor the normal EPR signatures for the S, state
[68].

We have examined the possibility of Sr’* replacing
Ca’t during photoactivation of apo-WOC-PSII
where competition between the Mn and Ca’* sites
can be assessed directly by kinetic measurements of
the three pseudo-first-order rate constants (k;, k—;
and k;) (Scheme 1). Rate constant measurements
were performed as described in Zaltsman et al. [7].
Previous work showed that the k; step of photoacti-
vation is independent of the Ca?* concentration in
the medium, first-order in Mn2?* concentration and
first-order in OH™ concentration [20]. Thus we did
not expect to see a dependence on Sr>* and this was
indeed confirmed. The data for the inactivation of
the first intermediate, k_;, are shown in Fig. 4A,
where it is seen that both Sr’>* and Ca®* accelerate
the rate of decay of IM; with a first-order depen-
dence, ie. k_| =kons[AE**]!, AE (alkaline earth)=
Ca or Sr. This behavior was previously attributed
to the bimolecular deactivation of IM; by AE*"
[7]. Eq. 2 presents the net reaction including the
new proton stoichiometry given herein and the ther-
modynamic data showing that binding of AE(OH)*
(rather than AE?*") occurs in competition with
Mn(OH)™ [58].

Apo — WOC — Mn(OH); +

AEX “lapo — WOC — AE(OH)* + Mn(OH)2
(2)

The slopes of the rates in Fig. 4 also demonstrate
that this deactivation process is 5-fold slower for
Sr?* than for Ca?*. This slower rate may be partially
rationalized on the basis of the higher binding affin-
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Fig. 4. Rate constants: (A) k—; for decay of the first light-in-
duced intermediate IM; formed during photoactivation of apo-
WOC-PSII in the presence of Ca’>* or Sr’* in the medium; and
(B) k; for formation of the dark intermediate IM, during pho-
toactivation of apo-WOC-PSII in the presence of Ca’* or Sr2*
in the medium.

ity for hydroxide observed for Cafu‘{ Vs. Srfu‘{, log
K(hydrolysis) = 1.4 vs. 0.6.

Fig. 4B compares the dependence of the (overall
rate-limiting) step k; on Ca’* and Sr’* concentra-
tions. A first-order stimulation of the rate by calcium
occurs below 8 mM, which was the basis for assign-
ing a single Ca* in the slow step of photoactivation
[7]. Above this concentration, excess Ca’* weakly
inhibits photoactivation, as do many other ions in-
cluding Na*, Mg>*, Ba®* and Sr>*. Accordingly, this
inhibition was attributed to general electrostatic
screening. By varying the length of the dark period
between flashes, the k, step was shown to be a dark
process (no photons needed) and was much slower
than the longest dark interval tested (10 s).

Photoactivation of apo-WOC-PSII is indeed ob-
served with Sr’* replacing Ca**. The final O, yield
per single turnover flash was found to be 30% at the
optimum concentration (50 mM) relative to 100% for
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the Ca’* control at its optimum concentration (8
mM) (not shown). These results are essentially iden-
tical to the earlier works using Ca-extracted/Sr-sub-
stituted intact PSII samples. The same weak inhibi-
tion of the Sr’*-dependent k- rate is also seen at high
Sr?* concentrations (Fig. 4B). It is more difficult to
examine the kinetics with Sr** owing to the lower O
activity, hence the data set could not be extended
below 8 mM. Nevertheless, Fig. 4B shows that at
all Sr>* concentrations the rate of formation of
IM, is faster with Sr?* vs. Ca®*. It is two times faster
at 8 mM and may be even faster at lower concen-
trations as suggested by the trend. The faster rate-
limiting k, step with Sr>* may be interpreted in terms
of either a faster protein conformational step or, al-
ternatively, a faster binding rate for Sr’* to the
Mn(OH); precursor in IM; via a mechanism involv-
ing bridge formation, Eq. 3

Apo — WOC — Mn(OH)3 +

AEZ £apo — WOC — MnOH (i — O)AE* + 1 HY
(3)

In Eq. 3, we suggest the possibility that a p-oxide
or p-hydroxide bridge forms between Mn** and
AE”" involving one or both of the hydroxo ligands
in IM;, possibly accompanied by proton release into
solution. This step would produce the oxide bridges
considered essential for high-affinity binding of the
remaining three Mn>* in subsequent photoactivation
steps leading to the functional Mny cluster. At
present, we do not have definitive evidence distin-
guishing these two possibilities (or others) for the
mechanism of the rate-limiting k, step. However, it
seems unlikely that protein conformational change
would be slower with Ca?* than Sr?* since the metal
charge density favors higher affinity for the smaller
Ca. Desolvation of AE** also could not be rate-lim-
iting as it is many orders of magnitude faster than k,
[81]. On the other hand, Eq. 3 predicts that the k»
step in assembly should accelerate under alkaline
conditions. No studies are available yet of the pH
dependence of k, which could test this hypothesis.
The proton evolution studies reported above showed
that one proton is evolved immediately following the
first flash in forming IM;, but did not examine the
extent of additional proton release in the following

slow dark process or its dependence on Ca®* concen-
tration.

We also performed photoactivation studies at-
tempting to replace Ca®* with other alkaline earth
ions, including Mg?>* and Ba?*. Neither ion was
found capable of supporting photoactivation in place
of Ca?*. As noted above, Mg weakly inhibits pho-
toactivation at a low-affinity (non-specific) site. By
contrast, Ba?* proved to be an inhibitor, not at the
calcium site, but rather by competition with Mn>* in
the formation of the first intermediate (IMy).

In summary, Sr’* is much better for photoactiva-
tion kinetics than is Ca’", both by accelerating the
rate-limiting step in assembly (k;) and retarding the
deactivation of the first intermediate (k—;). This re-
sult suggests that there is no reason why plants and
algae that utilize Sr** instead of Ca’* could not exist
in vivo. The uptake of Sr>* by marine plants is quite
high and even greater than Ca’>" when expressed as
the fractional enrichment relative to the sea concen-
tration (32-173-fold increase for Sr (8 ppm secawater)
vs. 25-fold for Ca (400 ppm seawater) [6]). Perhaps
by looking in areas where the local natural abun-
dance of these elements favors Sr**, one might find
a ‘strontium mutant’. The kinetic preference of the
calcium effector site for Sr** vs. Ca’* makes sense
biologically too, if one considers that in vivo this site
must selectively bind Ca’* in the presence of divalent
cations like Mn?>*, Mg>* and Zn>*. Mn>* has the
same charge, spherically symmetrical electronic con-
figuration and is only 20% smaller in ionic radius vs.
Ca?* (1.0 A). Mg?" is considerably smaller (0.65 A
radius) but is relatively abundant in vivo. Conse-
quently, nature may have tuned the calcium effector
site so that thermodynamically it prefers to bind the
larger Sr>* ion (1.13 A radius) with higher affinity
than Ca?". This selectivity would suppress competi-
tion from smaller more abundant ions like Zn>* and
Mg?*, as well as Mn?*. Discrimination against Mn>*
binding to the calcium effector site is critical as oth-
erwise it short-circuits functional assembly by induc-
ing photo-ligation/oxidation of large amounts of
Mn>** [7,76].

Following the uptake of calcium at its effector site
in the dark k, step of photoactivation, there is a
large increase in the quantum yield for stable pho-
to-oxidation of Mn?* in the next photoactivation
step [7]. Although this step and subsequent steps
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are faster and have not been kinetically resolved yet,
it is clear that calcium contributes importantly to
enhancing the probability of stable photo-oxidation
of the second Mn?* in forming IM,. The enhanced
stability of the second intermediate was originally
noted by Cheniae’s group, although calcium was
not known to be involved then [37,42]. We estimate
that, at the concentrations stated in the legend to
Scheme 1, the slowest of these steps must occur at
least two times faster than the rate-limiting dark k»
step, based on numerical modeling results of the
overall process of O, recovery using a standard,
mass-action, three-step, Kkinetic model (Gepasi
WEB-based software; P. Mendes). Based on the
above evidence, we have previously proposed a struc-
tural model for IM, as a calcium-induced spin-
coupled dimanganese(III,III) species, possibly con-
taining bridging oxos or hydroxos (Scheme 1). This
proposal would be compatible with EPR studies
showing that calcium induces binding of two
Mn(II) ions to apo-WOC-PSII in the dark which
form a spin-coupled dimanganese(II,II) center (see
Section 2.2) [64]. Subsequently, IM, binds two addi-
tional Mn?* ions and an unknown number of CI~
ions and possibly absorbs additional photons to
complete formation of the functional Mny4Ca;Cly
cluster. Since only one Ca’* site has been identified
for loss of O, evolution activity and only one Ca’*
ion is kinetically revealed in reconstitution of activity
during photoactivation, there is no evidence to sug-
gest that another Ca’* is taken up following binding
to the calcium effector site.

In conclusion, these data and the literature sum-
marized above indicate the following roles for calci-
um in both assembly and water oxidation: (1) crea-
tion of the second (and subsequent?) Mn”>* binding
sites while also increasing the quantum yield for their
stable photo-oxidation, (2) eliminating the coordina-
tion of excess Mn’>* (beyond four Mn/RC), (3) limit-
ing the accessibility of substrate molecules and small
reductant molecules to the Mny core, and (4) activa-
tion of the substrate during the O, evolution step
(S3—=Sp). The majority of kinetic and spectroscopic
studies indicate a cooperativity in physico-chemical
properties and also a close physical proximity be-
tween the Mny cluster and calcium in the WOC.
This conclusion is not universal, but it is also con-
sistent with the interpretation of Sr EXAFS data on

Ca’*-depleted/Sr>*-reconstituted PSII membranes
suggesting an Mn-Sr distance of 3.5 A [71]. Recent
3Cd solid-state NMR studies of Ca’"-depleted/
Cd**-exchanged PSII membranes gave evidence for
efficient magnetic dipolar relaxation of the Cd nu-
cleus that was attributed to coupling with the Mny
cluster (dark S; state) [82]. These data were also in-
terpreted in favor of a close association of these two
centers. Clearly, more work needs to be done to pin-
point the location of the calcium site in PSII and the
mechanistic details of how it activates the substrate
for O, evolution.

Lastly, Scheme 1 depicts a possible structure for
the functional WOC in the S, state, which we have
previously formulated as containing Mn oxidation
states of ILIII; based on extrapolation of the EPR
data for the S, state [83]. The structure of the core
geometry is under extensive debate by several groups.
We have presented evidence for an incomplete cu-
bane type core structure MnsO,X,; (X=Cl~, OH™,
OH,) analogous to that suggested in Scheme 1, based
on a model Mns—cubane core complex [84]. Further
discussion of the evidence for this core type in PSII is
summarized in Section 3.

2.5. Chloride

Based on a variety of indirect lines of evidence on
reconstituted systems, the location of the functional
chloride binding site(s) within the WOC is conjec-
tured to be on Mn. However, unambiguous spectro-
scopic localization to Mn"*, Ca®>* or any other Lewis
acid site has not yet been proven by compelling data.
The mean binding affinity is weak when assayed by
steady-state O, evolution rates (Kpy~1 mM) and
found to be S-state-dependent when monitored by
dynamic »Cl~ NMR lineshape changes [85]. The
latter NMR binding data and also UV-Vis absorp-
tion changes monitoring S-state transitions attrib-
uted to Mn absorption were found to indicate func-
tional binding of CI™ in the S, and S; states that was
essential for the photo-conversion to the S; and Sy
states, respectively. By contrast, no functional Cl™
binding nor requirement for S-state transitions was
seen in Sy or S; [86,87]. The interpretation of the
NMR studies showing no CI™ binding in the lower
S-states is not supported by equilibrium binding
data, including radioactive 3°Cl~ studies on the
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dark S; state showing a high-affinity site (Kp~ 20
uM) [23]. EPR data also indicate a requirement for
Cl™ for enabling charge transfer to produce the nor-
mal S3 state (Mn oxidation?) from S,Y5 in Cl™ -de-
pleted samples [88] or F~-substituted samples [89]. A
small number of anions appear to be able to replace
chloride in water oxidation/oxygen evolution, albeit
with lower specific activity (CI~ > Br~ > NOy, etc.).
Certain inhibitory treatments of PSII like Ca** de-
pletion or removal of CI™ or replacement by F~ or
by acetate lead to a structural change of the Mny
cluster (detected in S;), with complete loss of O,
evolution activity. Force et al. estimated by pulsed
EPR methods that acetate binds close to the WOC
(ca. 3.5 A) in the inhibited S,Y? state formed at high
acetate concentrations (0.3 M). Since acetate binds
competitively with CI™, this was interpreted in terms
of a model in which Cl™ is located close to both Yz
and Mn [90]. However, determination of competition
between ions that bind to a membrane protein site is
subject to strong interference effects from the
Donnan potential at such high acetate concentra-
tions, and this complication was not considered in
the interpretation of the apparent competition.

Loss of O, evolution upon removal of CI™ or re-
placement by F~ or by Ca’" depletion leads to an
aborted reaction, the photo-production of hydrogen
peroxide from water. The normal S,—S; and
S;— Sy steps are completely blocked and substrate
oxidation (and therefore water binding) proceeds in
these inhibited samples in the S, state. Production of
H,0; from water is thermodynamically much more
difficult than O, evolution (by 0.5 V per electron),
but involves only a two-electron oxidation process.
The accumulated evidence can be interpreted to in-
dicate that binding of the functional chloride enables
hole transfer within the Mny cluster to the Mn 1ons
that are least involved in substrate water activation,
thus blocking premature substrate oxidation in the
native S, and S; states. The data are consistent
with an earlier hypothesis in which chloride serves
to promote electron transfer between the Mn ions
[91,92]. In one expression of this model that was
described previously [93], CI™ induces intra-manga-
nese electron transfer, in contrast to F~- or OH™ -
exchanged WOC, by increasing the reduction poten-
tial of the gateway Mn(IV) ion (closest Mn to Y7)
relative to the distal Mn(III) ions, specifically in the

S, and S; states. The higher reduction potential en-
sures transfer of the hole from the gateway Mn(IV)
site to one of the distal Mn(III) ions in normal cen-
ters, rather than performs the aborted two-electron
oxidation of water. In support of this view, the elec-
trochemical studies of Mn(II1,IV) model complexes
having CI™ ligands vs. OH™ ligands do show appre-
ciably higher reduction potentials [94]. This model
argues in favor of a central role for the gateway
Mn ion in substrate activation.

3. Substrate (water) and ligand sites

Various lines of evidence, recently summarized by
Debus [50], have accumulated indicating that the ter-
minal ligands to the Mn ions include at least one
histidine ligand [35,36,38,95-97] with a majority of
oxygen donor ligands such as protein carboxylate.
Either the oxo-bridges or more labile (terminal?)
sites on Mn, possibly as hydroxide ions or water
molecules, must be the penultimate substrates. But
compelling evidence implicating one type of site
over another as the substrate site is still lacking. Ox-
ide bridges (O?~) bound between Mn ions compris-
ing two weakly interaction pairs of rhombohedral
Mn,0; cores (the dimer-of-dimers structural mode)
have been proposed in the S; and S, states on the
basis of comparison of intermanganese scattering dis-
tances in Mn, O, model complexes as determined by
Mn EXAFS [98]. However, direct evidence for the
putative oxo-bridges is weak. Indirect evidence for
oxygen donor ligands to Mn also includes the ab-
sence of appreciable Mn-ligand hyperfine couplings
in the S, state (reviewed in [25]).

Recent Mn EXAFS data have indicated that the
intermanganese separations increase by 0.1-0.3 Ain
the S; state [99]. The longer of the two distances (2.8
A and 3.0 A) is considerably longer than observed in
any of the numerous dimanganese model complexes
having the Mn,O5" core [100], but is very close to
the distance found in the symmetrical Mn4Of{+ ‘cu-
bane’ core compounds (2.95 A) [16]. The EXAFS
data were interpreted in favor of oxidation of an
oxide bridge to an oxyl radical in one of the Mn,0O,
cores in Sz, a process not yet shown to occur in any
of the dimanganese model complexes to date. The
dimer-of-dimers structural model for the Mny core
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has been challenged as incapable of accounting for
the basic magnetic properties of the S, state
[83,101,102]. An alternative structural model that is
consistent with both the magnetic data and some of
the Mn EXAFS data for the S5 state is an, incom-
plete, cubane core such as MnyO,(OH)C®* or
Mn402(OH)§+, which have two bridges different
from oxides resulting in local C, symmetry. We
also note that the trigonal symmetry in complete
cubanes of core type MnsO3;X°" has intermediate-
spin ground states (S=9/2) that are not consistent
with the low-spin ground state for the Sy and S,
states of OEC [103]. The latter core type has been
implicated as an intermediate in the reductive dehy-
dration of the Mn4yO4—cubane core complexes that
form the Mn4O,—pinned butterfly’ core complexes
as summarized in Eq. 1 [18]. A structural representa-
tion of a reduced precursor to this core type for the
Sy state is depicted in Scheme 1. Stoichiometric O,
release has also been reported from Mn402+ cubane
core compound that rearranges to MmOEJr ‘butter-
fly’ [17]. A proposal for how calcium might facilitate
an analogous rearrangement in the WOC has been
presented [84]. The relationship of this model chem-
istry to the enzyme remains to be examined in more
detail. Many other proposals have been advanced for
the mechanism of water oxidation in PSII (see this
volume).

A new perspective on water oxidation chemistry
has come from studies of the dynamics of substrate
water exchange rates measured by time-resolved
mass spectrometry. Wydrzynski’s group has pio-
neered these measurements [104-106]. Their data
for the Sy through S; states in PSII membranes are
given in Table 2, and the same basic behavior was

Table 2
PSII WOC water exchange rate constants® and hydrogen perox-
ide dismutation rate constant (catalase)®

S-state H,O exchange rates?® Catalase rate constant®
o) o)
slow fast

So 8-18 >100 <0.007

Sy 0.02 > 100 0.4

S, 2 > 175

S3 2 37

410°C, pH 6.8 [104-106].
®25°C, pH 6.5 [108].

also observed in intact thylakoids and PSII core par-
ticles. Their kinetic data could be fitted to two pop-
ulations having different exponential exchange rates
in each S-state, with both the fast and slow sites
involving comparable fractions approaching 50%
each. These data have been interpreted to indicate
the presence of only two binding sites, one for each
of the two substrate molecules, and that there is no
irreversible step in water splitting prior to S4. Thus
the irreversible step in catalysis — presumed to in-
volve the initial O-O bond formation step — occurs
on the final step (S4—Sp). There data confirm the
original hypothesis by Kok and coworkers that water
oxidation appears to involve an ‘all-or-nothing’ (con-
certed) four-electron oxidation process that commen-
ces in Sy [107].

The mass spectrometry data show that the lability
of the two substrate sites is clearly very different in
all S-states with one site in rapid exchange with bulk
water (essentially kinetically irresolvable) and the
other site being 100—-10* slower. The authors suggest
an interpretation of the data in terms of a model in
which water binds to two independent Mn(Ill) ions
that are also the catalytic Mn sites, but separate from
the Mn ions involved in storage of oxidizing equiv-
alents. They argue that the oxidation states of both
of these Mn(IIl) ions never change during S-state
advancement from Sy to S3, to account for the rela-
tively small dependence of rate on S-states (ignoring
the 100 times slower S; rate). Reasonable but non-
unique alternative interpretations for the exchange
rates can be offered based on water exchange data
for model complexes [81]. The slow exchanging water
molecule might also be consistent with binding to a
bridging position between two or more metal ions,
Mn—(OH)-Mn or Mn—(OH)-Ca. The faster exchang-
ing water molecule might instead be bound termi-
nally as Ca?>*(OH,).X or Mn"*(OH,).X in which
additional kinetic retardation is imposed through hy-
drogen bonding to a protein residue (X).

The 100-1000-fold slower exchange rate in S; vs.
the Sy and S, states is remarkable. Its significance
remains unexplained. One hypothesis to consider is
that it may play a physiological role in protecting
PSII against disassembly of the WOC and release
of Mn?* initiated by reaction of the S; state Mny
core with diffusible reductants that are present in
the chloroplast (H,O,, ascorbate, glutathione).
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Exogenous hydrogen peroxide (H,O;) also binds
to the WOC and produces O, and H,O in the dark
via a dismutation reaction (so-called catalase activ-
ity) [108—112]. The reaction involves two distinct cat-
alytic cycles between S, and Sy and also between S;
and S_;. The rate constant for the S,/Sy cycle (0.4
s~!) can easily be measured after producing S, by a
single turnover flash from dark S;, while only an
upper limit for the rate constant for the dark S;/
S_; cycle (<0.007 s™!) could be determined [113].
It is interesting to note that the 100-fold decrease
in the catalase rate constant observed for the S; vs.
S, states exactly mirrors the change in the slower rate
constant for the substrate water exchange reaction in
these S-states observed by Hillier et al. (Table 2). On
this basis, we postulate that the exogenous peroxide
binding site (catalase site) may be equivalent to (or in
equilibrium with) the slowly exchanging substrate
water binding site. Mano et al. reported the Michae-
lis constant for H,O, dismutation by the S,/S, states
to be 10-15 mM at pH 6.5, and that inhibition oc-
curred by small neutral acids with stronger inhibition
by the weaker acids at fixed pH [108]. The reported
trend in inhibitor effectiveness, HCN > HF > HCI,
correlates the strongest inhibition with the unique
conjugate anion (CN7). Cyanide binds to terminal
sites on metal ions almost exclusively via its single
lone-pair of electrons on carbon, while CI~ and F~
can bind at both terminal and bridging metal sites.
This correlation suggests that the peroxide binding
site and, by this postulate, also the slowly exchanging
substrate site in S,/Sy have the characteristics of a
terminal (i.e. non-bridging) manganese coordination
site. Catalase activity is invariably associated with
direct coordination of peroxide to manganese in
both the authentic catalases and their dimanganese
model complexes [114].

Mano et al. [113] also found that the inhibition
activity of the S,/S) catalase site is very different
than inhibition at the functional chloride site(s)
that is essential for water oxidation/O, evolution.
Thus, if the catalase site and the slow substrate site
are indeed the same site as suggested above, than the
slow substrate site must also be distinct from the
functional chloride site. The possibility that the fast
exchanging substrate site may exchange with the
functional Cl™ site is not precluded nor required by
this model.
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