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1. Introduction

The light-driven water-plastoquinone oxidoreductase photosystem
IT (PSII) catalyzes the reaction:

4hv(440—680 nm
2H,0 + 2PQ + 4y, 070800

02 + 2PQH2 + 4HlT1men- (1)

Reaction (1) is energetically uphill. It is driven by four light-induced
charge separations in the reaction center of PSII, a multipigment assembly
of four chlorophylls and two pheophytins. A cascade of fast electron
transfer reactions stabilizes the initial charge separation by increasing
the distance between the ‘hole’ and the electron, which as a consequence
reduces the energy difference between the acceptor/donor pair, i.e. the
driving force for charge recombination. These ‘wasteful’ secondary
electron transfer processes extend the lifetime of the charge separated
state such that the complex multi-electron and multi-proton chemistry
of plastoquinone reduction and water oxidation can take place with
greater than 90% quantum efficiency under optimal light conditions.

* This article is part of a Special Issue entitled: Metals in Bioenergetics and Biomimetics
Systems.
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in particular.

* Corresponding author. Tel.: 446 907865933.
E-mail address: Johannes.Messinger@chem.umu.se (J. Messinger).

0005-2728 © 2013 Elsevier B.V. Open access under CC BY -NC-ND license,
http://dx.doi.org/10.1016/j.bbabio.2013.01.013

Minimizing back reactions also reduces harmful singlet oxygen for-
mation and thereby increases the long term stability of PSII [1]. In ad-
dition to accumulating reducing equivalents (in the form of
plastoquinol) PSII also contributes significantly to the buildup of a
proton gradient across the thylakoid membrane that is employed
by the ATPase for the conversion of ADP to ATP.

The overall structure of PSII and the sequence of electron transfer
events constituting its primary function are already well understood
and are described in detail in many original papers and review articles
(see e.g.[2-11]). As such, this short account is limited to only one aspect
of research on PSII, substrate water binding to the water-oxidizing
complex (WOC). This functional unit harbors the water-splitting
cluster, an inorganic Mn4CaOs complex, which is ligated by one histidine,
six carboxylate ligands, and four water-derived terminal ligands
(W1-WH4 in Fig. 1). The WOC also comprises second sphere waters
that form a H-bonding network around the cluster extending up to
tyrosine Yz (D1-Y161) and histidine 190 of the D1 protein (D1-H190).
These structural waters are positioned by second sphere amino acids
of which some form H-bonds to oxo-bridges or water ligands of the
cluster, for example D1-H337, CP43-R357 and D1-D61 [8-10] (Fig. 1).
The main function of the WOC is to couple the ps one-electron
photochemical charge separations of the chlorophyll/pheophytin
reaction center with the four-electron, four-proton chemistry of
water-oxidation to molecular oxygen, which occurs in the ms time
domain. To do so, the WOC undergoes a cycle of five oxidation states
known as Sy, S1, So, S and S, states (Kok cycle; Fig. 2) [12,13], where
the index refers to the number of stored oxidizing equivalents. Since
the WOC is always oxidized by Y7, the redox potential steps between
the different S; states must be similar. This requires a strictly alter-
nating sequence of electron and proton removals from the WOC
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Fig. 1. Structure of the water-oxidizing complex based on X-ray crystallography [8]. For clarity of presentation only selected amino acids are shown in views A and B. Blue spheres,
water molecules; magenta spheres, manganese ions (the labels A4, B3, C2 and D1 combine the crystal structure and the EPR based notations for these ions); red spheres, p-oxo

bridges; yellow sphere, calcium.

[14-16] (Fig. 2). The oxidizing equivalents are accumulated on four
redox-active metal ions (manganese ions), with possible participa-
tion of ligands or oxo-bridges in the S3 state. Having several redox
active centers in the cluster reduces the reorganization energy for
any specific metal site, allowing a concerted 4-electron reaction to
occur in S4 that avoids high-energy one-electron water-oxidation
steps [13,17].

Information about water binding in the WOC has been obtained by
several different techniques: X-ray crystallography (XRD) [8], magnetic
resonance [4,18], FTIR difference spectroscopy [4,19], and membrane-
inlet mass spectrometry [4,20-22]. A general problem for the identifica-
tion of substrate water molecules is that water is not only the substrate,
but also the ‘solvent’ of PSIL Therefore, isotope labeling in combination

The Kok cycle

Fig. 2. Kinetic scheme (Kok cycle) describing the S; state advancement by electron and
proton removals from the WOC during water-splitting in photosystem II [12].
Water-binding within the cycle is based on FTIR data by Noguchi [64,86]. Both waters
likely represent waters that become substrates in the next cycle (‘next substrates’).

with suitable time-resolved experiments is necessary for discriminating
between substrate and structural water molecules. In mass spectrometry
and FTIR spectroscopy the mass difference between different oxygen iso-
topes (e.g. '°0 and '®0) can be employed to monitor (substrate) water
uptake/exchange by adding water in which the oxygen atom is labeled
with '80. Magnetic resonance spectroscopy uses a similar approach,
now introducing water where the oxygen is labeled with the '”0 isotope
as it has a magnetic moment (spin of I=5/2), while both '°0 and '¥0 do
not have a magnetic moment and are thus NMR/EPR silent. H,O/D,0
exchange can also be useful, but this approach is less direct since it
probes exchangeable protons rather than substrate oxygens.

The two substrate water molecules may each occur in three different
protonation states when ligated to the Mn,CaOs cluster, and their
protonation state is expected to vary within the S; state cycle. Despite
this they will collectively be referred to as substrate waters in this re-
view. Since the two substrate water molecules can be distinguished
by their exchange rates (see below), they are commonly described as
the fast (W) and slowly (W) exchanging substrate waters.

2. Membrane-inlet mass spectrometry

Of the methods listed above, only time-resolved membrane inlet
mass spectrometry (TR-MIMS) in combination with fast Hi°0/H180
exchange is exclusively sensitive to substrate water. The reason for
this is that this experiment measures the level of isotopic enrichment
of the product, i.e. in the O, molecule released by PSII after a labeling
and illumination event (see below), as opposed to the reactant, i.e. the
large number of waters at or in the vicinity of the WOC (Fig. 1). However,
TR-MIMS yields ‘only’ kinetic and no structural information. Therefore,
on the basis of TR-MIMS data one can conclude whether or not a sub-
strate is bound in a particular S; state, and how fast it can exchange
against bulk water, but not directly derive where or how it is bound.
For a molecular understanding of substrate binding and exchange, kinetic
correlations need to be established between substrate water exchange
rates as measured by TR-MIMS and exchange rates observed by spectro-
scopic methods that are sensitive to specific oxygens (bound water mol-
ecules) within the WOC. While these correlations are in their infancy,
much has already been learnt about the likely binding sites of the WOC
by comparison to data collected in model systems [22] and by using
structural information about the WOC as a guide [8,11,15,23-26].
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In addition, S;-state dependent changes of the substrate water exchange
rates [27] can be related to S; state dependent changes of Mn oxidation
states and structural alterations (variation of Mn—Mn distances, see
below) [15,28-30].

TR-MIMS is basically a pump probe technique. Dark-adapted PSII
samples are flashed into the desired S; state and then H280 is injected
into the PSII suspension to induce a sudden jump in the H1%0 concen-
tration. The equilibration of the bulk H1%0 into the substrate binding
sites is then followed by analyzing the isotopic composition of the O,
release in response to one or more flashes given after various incubation
times (see Fig. 3C). In this way, the time course of exchange is probed
point wise, where each time point corresponds to a new aliquot of the
PSII sample. The time resolution is determined by the mixing time of
H120 into the PSII suspension, which currently takes no more than
8 ms. Further details of the method and corresponding data analysis
are described in recent reviews [31-34]. A typical result for substrate
water exchange in the Sz state of spinach thylakoids is shown in
Fig. 3A and B. The exchange is followed at two mass to charge ratios:
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Fig. 3. Substrate-water exchange kinetics measured by time-resolved membrane-inlet
mass spectrometry at '°0'°0 (m/z= 34, A) and '®0'80 (m/z= 36, B) in the S; state of
spinach thylakoids at 10 °C and pH 6.8. Black symbols are data points, while the blue
lines represent biexponential (**0,, A) and monoexponential (*°0,, B) fits, respectively.
The slow phase in the >*0, data is fit with the same rate as determined for the °0,
data. Substrate water exchange rates measured in this way are listed in Tables 1-3.
C: Flash-injection protocols for measuring substrate water-exchange in photosystem II
by time-resolved isotope-ratio membrane-inlet mass spectrometry. Black vertical lines in-
dicate excitations of the PSII sample with single turnover flashes, the blue arrow signifies
the time of rapid H1%0 injection into the sample. Variation of the delay between H1%0 in-
jection and the O, evolving flash sequence (incubation time) allows to point wise probe
the kinetics of the substrate water exchange reaction. A group of 0-3 flashes at 2 Hz is
used to excite the PSII sample into the desired S state. These preflashes are typically sep-
arated by 10 s from the subsequent 1-4 O,-producing flashes, which are given at 100 Hz
frequency. This frequency is a compromise between minimizing further water-exchange
in the subsequent S states and allowing complete sample turnover into the next S state.
The final group of four flashes is used to produce an O, signal employed for normalization.

m/z =34 represents the singly labeled (3*0,; Fig. 3A), and m/z=36
the doubly labeled product (*®0,; Fig. 3B). For 3#0,, only one of the
two substrates exchanged, i.e. either W; or W, whereas for 260, both
W; and W, exchanged. A biphasic rise is seen for the 340, signal as a
function of the H3%0 incubation time at moderate final enrichments,
suggesting that the two substrates have different exchange rates. As
the 30, signal requires both substrates to exchange, its rise is instead
mono exponential, matching the rate of the slow rise seen for the 340,
signal. The monoexponential increase of the 3°0, signal excludes sample
heterogeneity as cause for the biphasic kinetics of the 40, signal, proving
that both substrate waters are bound in the Ss state and that the two sub-
strates, Wrand W, are bound in chemically nonequivalent ways [21,35].
Removal of all extrinsic proteins at neutral pH has only a marginal ef-
fect on the substrate water exchange kinetics: a 2-3 fold decrease of
both exchange rates is reported [34,36]. This finding is very significant,
since it demonstrates that the exchange rates are not limited by diffu-
sion to the catalytic site, but rather by the energies of the transition
states for their exchange.

Substrate water exchange has been probed in all stable S; states [27].
Table 1 lists the rates of exchange for W, and W¢ for spinach thylakoids
at 10 °C. These rates are abbreviated as ks and kg, respectively. In this
context the ability to measure an exchange rate is proof for substrate
water binding in the WOC. The data show that Wy is bound in all four
stable S; states (So, S1, S2, S3), while Wris bound (or is at least associated
with the WOC) in the S, and Ss states [37]. In the lower S-states the rate
of exchange of W¢is faster than the time resolution of the experiment in
the Sp and S; states [13,22]. Although a rate cannot be measured it can
still be inferred that Wy exchanges (or binds from bulk in the next S
state transition), as the 340, signal kinetic is offset from zero (in excess
of 50% of the final signal), at the first time point (i.e. 8 ms).

Interesting variations in the exchange kinetics as a function of S;
state are observed. The most dramatic change is a 500-fold slowing of
the exchange rate of W, during the Sy to S transition [27,37]. This is
most easily rationalized in a model where W is bound to the Mn center
that is oxidized in this transition and in which W concomitantly loses a
proton [13,27,28,33,38]. Unexpectedly, the rate at which W, exchanges
with bulk water increases 100-fold in S, as compared to S;, and no
further change is induced by Ss state formation despite the known
structural changes of the MnyCaOs cluster in this latter transition
[27,39,40]. The exchange of Wy is about 3-fold slower in S; than in
S, [37]. In addition, since the fast exchange becomes kinetically resolved
for the first time in the S, state, there is likely a significant slowing of the
exchange of Wrbetween the S; and S states. If this is indeed the case, this
would be consistent with W¢ being a ligand of a Mn that is oxidized
during this transition.

Biochemical Ca/Sr exchange leads to an almost 4-fold increase of ks,
while k¢ is only marginally affected [41]. This finding is very important
since it demonstrates that W is connected to Ca in the S; state. A similar
increase of ks is also found for the S, and S; states, implying that W is
bound to Ca/Sr throughout the Kok cycle. The D1-D61N mutant de-
creases the rate of Wy exchange by a factor of 6.5, while slowing ks by
a factor of 3 [42]. In contrast, the D1-D170H mutation has only small ef-
fects on Wy and W [42]. It is interesting that the second sphere ligand
D1-D61 has a larger effect on the water exchange rates than D1-D170,
which is a direct ligand of the Mn4CaOs cluster (Fig. 1). An 8.5 times

Table 1
S; state dependence of substrate water exchange rates measured by TR-MIMS in spinach
thylakoids [21,27,34,35,37] and Sr-substituted BBY [41].

S; state Ca (thylakoids) Sr (BBY)

ke, 5! ke s ! ke, 57! ke s !
So ~10 >120 - -
S ~0.02 >120 ~0.08 >120
S, ~2.0 ~120 ~9.0 >120
S3 ~2.0 ~40 ~6.0 ~23
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Table 2
Treatments affecting S; state substrate water exchange rates as measured by TR-MIMS
in spinach samples at 10 °C.

condition Sample type ke, 57! ki, s~' Ref
H,0, pH 6.8 Thylakoids 1.83+0.17 38+2 [34]
D,0, pD 6.8  Thylakoids 1944012 52+2 [34]
H,0, pH 5.0 Thylakoids ~1.8 ~38 [34]
H,0, pH 8.0  Thylakoids ~2.0 ~43 [34]
H,0, pH 6.8  BBY 25402 3042 [41]
H,0, pH 6.8  BBY, Ca-depl. + CaCl, 14401 2742 [41]
H,0, pH 6.8  BBY, Ca-depl. + SrCl, 58403 2345 [41]
H,0, pH 6.8 BBY, —16, 23 and 33 kDa, plus CaCl, 1.6+0.7 10+3  [36]

acceleration of the fast exchange was found in the CP43-E354Q mutant,
which is also a direct ligand to the cluster [43]. The only mutation that
affects W, and W¢ in opposite way is D1-H332Q: while W, exchange
is slowed 3-fold, the exchange rate of W is twice as large as compared
to the wild type [44].

The strong effect of the second sphere mutation (D1-D61N) suggests
that H-bonding is likely to be very important for the exchange of the fast
substrate. This notion is strongly supported by H/D exchange measure-
ments which show a negative H/D isotope effect of 0.63 (if extrapolated
to 100%) for W¢, while kg is unaffected by H/D exchange [34]. In contrast,
the substrate water exchange rates vary little with pH in the range of
pH 5.0 to pH 8.0 [34]. This striking discrepancy indicates that the internal
pH (protonation state of the H-bonding network directly surrounding the
Mn4CaOs cluster) is very little affected by the outside pH in this
range, a property potentially imparted by the three capping extrinsic
proteins. Activation energies of 75 k] mol ! and 40 k] mol ! have been
determined for the slow and fast exchange in the Ss state of spinach
thylakoids, respectively (Table 4) [21,34,35].

On a qualitative level these data have been interpreted by Hillier,
Wydrzynski and Messinger to show that Wi is an oxo-bridge between
Ca and Mn, while W¢ is likely a terminal ligand to Mn [13,28,34,41].
The rational for this is that the exchange of Wy depends on Ca/Sr ex-
change, yet water exchange on Ca is known from model complexes to
be orders of magnitude faster than k, [21,22,33]. In addition, the strong
S state dependence of W, especially during the So— S; transition,
seems difficult to explain if Wy has no direct connection to Mn. In
contrast, W is almost invariant to Ca/Sr exchange. On that basis terminal
ligation to Mn is preferred over a Ca-ligand. Several alternative interpre-
tations have been put forward by other authors, which will be addressed
in part in the following sections in the context of new structural con-
straints [26,45-49].

3. Structure and S; state dependent changes of the WOC

The recent 1.9 A crystal structure of PSII includes more than 1300
water molecules per PSIl monomer [8]. Most of these water molecules
are located in the extrinsic luminal cap that is formed by luminal exten-
sions of the psbB (CP47) and psbC (CP43) proteins, and by three extrinsic
proteins: psbO (extr. 33 kDa), psbV (CytC550) and psbU (extr. 12 kDa).
This arrangement protects and stabilizes the water-splitting Mn4CaOs
cluster and its two Cl~ cofactors [8,9,50]. Several water-filled channels

Table 3
Mutations affecting S; state substrate water exchange rates as measured by TR-MIMS
in thylakoids of Synechocystis sp. PCC6803 at 10 °C.

Mutation ke, 57! ke, s™! Ref
Synechocystis wt 0.47 4+ 0.04 19.7+13 [42]
D1-D61N 0.16 +£0.02 3.0+03 [42]
D1-D170H 0.70+0.16 2445 [42]
D1-E189Q 09+0.2 3245 [88]
CP43-E354Q 09404 170+40 [43]
T. elongatus wt 0.40+0.02 1894+1.0 [44]
D1-H332Q 0.0154+0.01 37+5 [44]

Table 4

Activation energies for substrate water exchange in spinach thylakoids [21,34,35].
S; state Eps kJ mol™! Enyp k] mol ™!
So - -
S 83+4 -
Sz 7149 _
S3 78+9 40+5

have been identified within this luminal cap and variously assigned to
support proton or O, release, and water access to the catalytic site
[9,51-53]. Surprisingly many water molecules were found in the vicinity
of the Mn4CaOs cluster. These structural waters appear to form an or-
dered H-bonding network that shuttles protons away from the cluster
[8,54]. They may also provide structural flexibility to the Mn4CaOs cluster.
Interestingly, one side of the cluster, the side along the Mnas—Os—Mnp;
axis, appears to be ‘dry’ [8]. In addition to these protein-ligated waters
and the five p-oxo-bridges of the Mn,CaOs cluster, the 1.9 A crystal
structure revealed that the MnyCaOs cluster has four terminal
water ligands: W1 and W2 are bound to Mna4, while W3 and W4 are
ligated to Ca.

Many of the Mn- 0 and Mn- Mn distances in this 1.9 A XRD model
of the WOC are longer than those obtained by extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy (Table 5) [8,11,40]. This has
been attributed to radiation-induced reduction of the cluster during
X-ray crystallography [25,55-57], suggesting a Mn"" content of 25%;
on average one Mn" and likely 3 Mn™ per WOC [55]. According to the
largely accepted high-valent oxidation state model, the dark-stable S;
state contains two Mn" and two Mn'Y ions per WOC, while four Mn'!
ions (or Mn"Mn"Mn"Mn'V) are suggested for the S; in the low valent
oxidation state model, which is supported by only a few groups
[4,38,46,58-60]. All S;—S;, 1 state transitions may involve Mn'" to
Mn"" oxidations [38,40]. However, for So—S; a Mn"" to Mn™ oxidation
is discussed also. In addition, there is a substantial set of experiments
that have been interpreted to show that the oxo-bridges of the cluster
take part in storing the redox equivalent accumulated during the
S, — Ss transition [30,61].

Several attempts have been made to optimize the reduced crystallo-
graphic structure of the PSII complex to obtain structures for the S; and
S, states. The models derived by the Siegbahn, Neese, Kusunoki and
Batista groups that used the 1.9 A crystal structure as starting point
are all very similar, in contrast to earlier models [62]. Using the high
valent option they all find that the central 05 moves to a normal bridging
position between Mna4 and Mngz and that all Mn-Mn and Mn-0
distances are now in good agreement with EXAFS data. Such a
model is schematically depicted in Fig. 4 (S;, model A). Importantly,
these models provide an excellent basis for explaining the EPR and
ENDOR signals of the S, state. In contrast, Pace and Stranger find good
agreement with the unusually long crystallographic Mn— O distances
using the low valent option [23,25,26,54,58,62,63].

On the basis of EXAFS spectroscopy, S state-dependent structural
changes within the cluster are known to occur during the So— S; and
S, — Ss transitions. The So — Sy transition is consistently described as in-
volving a contraction of one Mn - Mn bond from 2.85 A to about 2.7 A
[29,40], while no agreement has been reached for the S, — S5 transition.
Both the formation of an extra 2.7 A distance and the lengthening of

Table 5
Comparison of Mn— Mn and Mn - O/N distances in the dark-adapted WOC as determined by
X-ray crystallography [8] and EXAFS [11,29,79,95-97] (for comparison see also [40,98,99]).

Number of distances XRD, A EXAFS, A
Mn-0/N 2.2 1.87

3 Mn-Mn 2.8-3.0 2.7-2.8

1 Mn-Mn 33 33

3 Mn-Ca 3.3-35 34

1 Mn-Ca 3.8 3.9
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Fig. 4. Molecular interpretation of S; state advancements and suggested mechanism for O— 0 bond formation in photosystem II. In line with evidence described in the text it is
suggested that the Mn4CaOs cluster can attain various almost isoenergetic structures in the S; to Sz states. O— O bond formation mechanism A is a schematic representation of
Siegbahn's proposal that is based on the ‘S, MLS’ configuration of the WOC [24,38,54], while mechanism B employs the ‘g =4.1" configuration and is an update of an earlier proposal
by Messinger [28,83]. S,X" represents the possibility of an S state in which the Mn ions attain the same oxidation states as in the S, state and the oxidizing equivalent is stored as a
radical (X=oxo bridge, histidine or Yz; see text). S3Yz is a kinetic intermediate prior to O, evolution that has been identified from a lag phase in UV and EPR transients following Yz
reduction, O, release kinetics, transient X-ray absorption measurements and by time-resolved FTIR spectroscopy. The consensus interpretation of these experiments is that the
Mny4CaOs cluster is only oxidized from S; to S4 by Y7 after a proton has been released from the water-oxidizing complex [100-105]. Similar intermediates exist between the
other S state transitions, but are not shown because they are too short lived. Details about the suggested mechanisms are described in the text.

Mn - Mn distances have been reported [39,40]. FTIR measurements in-
dicate changes in the ligands during the S; — S, transition [64,65], but
no substantial structural changes within the cluster were detected by
EXAFS. This discrepancy maybe explained by the fact that in this transi-
tion no proton is released from the WOC. The changes observed by FTIR
may therefore reflect the response of the protein pocket to this extra
positive charge.

4. Structural flexibility of the Mn,Ca0s cluster

S1, S and S5 states may exist at room temperature in various
sub-states, which differ in protonation pattern, oxidation state distribu-
tion and/or their overall structural conformation [17,26,45,58,63,66,67].
Gernot Renger was likely the first to propose a multi-state model,
specifically for the S; state. He suggested that a redox equilibrium
exists between Mn ions and substrate water leading to the formation
of a peroxidic intermediate in a certain fraction of centers, and that

this fraction may exist in two tautomeric forms [17,67]. Later,
Kusunoki proposed on the basis of DFT calculations various tautomers
of the S; state that differ in structure. A subset of these resembles the
1.9 A crystal structure [26,45]. A similar idea was advanced by Pace
and Stranger, as a means of rationalizing differences between various
low resolution models derived from X-ray crystallography [58,63].
Perhaps the best suggestion that structural heterogeneity is an in-
trinsic feature of the WOC is the recent study of Pantazis and coworkers.
This study ties structural variation with the well-known variation in
magnetism seen for the WOC in the S, state. Specifically, it was shown
that the S, EPR multiline (MLS) and the S, g=4.1 signals derive from
two different structures, which differ in terms of the position of the cen-
tral O5. At the experimental temperatures of about 10 K O5 can occupy
either a bridging position between Mna4 and Mngs (MLS) or complete
the Mn3CaO,4 cube, leaving the Mna4 connected to Mngs via a mono
p-oxo bridge (S,, Fig. 4), with the g=4.1 configuration resembling
closely an earlier structural suggestion [28]. This structural difference
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is coupled to a redox isomerism between MnA4MnY; and MniyMnp;

and the energy difference between the two conformations was calculated
to be small (about 1 kcal mol~" in favor of the MLS state) [66]. As
discussed below, at room temperature a dynamic equilibrium between
these two states may exist that also contributes to the unusually fast
isotopic exchange of 05, and the 100 times increase in exchange rate
in S, as compared to the S; state [66]. Pantazis et al. also suggest that
the g=4.1 state configuration may be able to advance to the S; state
[66]. This possibility is explored in Fig. 4.

5. S3 state water-exchange

Assuming the high-valent Mn oxidation state model and Mn-centered
oxidations during all Si-state oxidations, all four Mn ions in the S; state are
in oxidation state Mn". No experimental exchange rates for terminal
water or hydroxo ligands to Mn" have been reported in the literature.
Exchange of terminal waters or hydroxo groups has been suggested to
be significantly slower for Mn' as compared to Mn" on the basis of a
qualitative comparison with exchange data on other metals [33].
However, a recent theoretical study finds that if the total charge of the
complex is kept neutral by adding appropriate ligands, the activation
energies for water exchange and therefore the exchange rates for
terminal waters on Mn™ and Mn'" are both in the range of those for the
fast exchanging substrate water in the S, and Ss states [48]. Two experi-
mental studies indirectly agree with this conclusion. Tagore et al. reported
for both a bis-p-oxo bridged Mn"™Mn"™ complex and its corresponding
Mn™YMn" complex only the exchange rates of the oxo-bridges. In con-
trast, for both complexes the two terminal waters were lost from the par-
ent ions during ionization in the ESI-TOF experiments, indicating a rather
weak binding (good exchangeability) as compared to the bridges [68,69].

The activation energy for the exchange of oxo-bridges in bis-p-oxo
bridged Mn'VMn'V dimers was calculated to be very close to that mea-
sured for the exchange of Wi in PSII [48]. However, measurements on
Mn""Mn" dimers and Mn"VMn!V dimers report exchange rates that
are 10%-10° times, respectively, slower than in PSII [68,69]. It is im-
portant to note that these rates are measured with very low water
concentrations in organic solvents and therefore likely significantly
underestimate the absolute magnitude of the exchange rate as compared
to PSIL. However, also the difference in relative rates between the
synthetic Mn'"Mn' and Mn'VMn'Y complexes appears to be in contrast
to the finding in photosystem Il where the slow substrate is exchanging
with almost exactly the same rate and activation energy in Ss (often
depicted as (Mn"),) asin S, (Mn"(Mn'V)5; Tables 1 and 4).

An easy way out would be to assume that the high-valent oxidation
states are incorrect, and that the oxidation states of S; are rather
(Mn"™),(MnlV), [58,59]. However, as pointed out above, there appears
to be too much evidence against the low oxidation state option to further
consider this idea here.

Two other possibilities are suggested to explain the invariance and
magnitude of the slow water exchange rates in the S, and Ss states
(the fast water is not further discussed since exchange rates ap-
pear to be in the right order of magnitude for Mn"" and Mn", see
above). i) The slow substrate is coordinated to Mn" ion(s) in
both S, and Ss, which via structural isomerism (described above;
Fig. 4) allows it to interchange with another, more fast exchanging
ligand site(s) within the complex, i.e. the bridge interchanges with
a terminal ligand. Such an equilibrium is shown for the S; state in
Fig. 4, but can also occur starting from the g=4.1 state in S,. To ra-
tionalize the similar rates in S, and S3 one simply needs to assume
that these equilibria have low barriers and therefore occur at rates
that are fast as compared to the Wy exchange. ii) Similarly, these
findings may indicate that in both S states basically the same tran-
sition state for W, exchange can be reached, which would mean
that the Mn4CaOs cluster can attain in the S3 state at room temperature
a state that resembles in both Mn-oxidation state and dynamics the S,
state. For this to happen the (Mn'v), state would need to be in

equilibrium with one or more other states in which one oxidizing
equivalent is stored in form of a radical. In that case the exchange may
occur in the fraction of centers that are in this radical state in a similar
way as in the S, state. In order not to alter the overall exchange rate,
this alternative requires a fast redox equilibrium between Mn'VX and
Mn"X". Options for X discussed previously in the literature include
the formation of an oxo bridge radical or the oxidation of a histidine
ligand (e.g. D1-H332) [28,30,70]. One additional attractive possibili-
ty is a redox equilibrium with Yz, which was suggested for example
to explain the high miss parameter of the S3— S, transitions [71-73]
(see however [74]).

6. Deduction of possible substrate binding sites

As the 1.9 A crystal structure exhibits four terminal water-derived
ligands with suitable geometry for O— 0O bond formation, the crystal
structure on its own does not allow the identification of the two sub-
strate molecules and of the mechanism of water oxidation. The situation
is further complicated by the fact that oxo-bridges may also be involved
in O- 0 bond formation. As such, several different, structurally consis-
tent mechanisms are still discussed including: the coupling of the two
terminal water-derived ligands on the outer Mnaq4 [26,45], nucleophilic
attack of the Ca-bound W3 onto a terminal oxo formed during the S
state cycle from W, [8,75,76], nucleophilic attack of the Ca-bound W3
(water or HO™) onto 05 [8,77-79], radical coupling of W2 with 05
[75], and radical coupling between O5 and a terminal oxyl-radical
formed in the S, state on Mnp; from a non-crystallographic water W,
which is suggested to first bind to Mnp; as terminal hydroxo ligand
during the S, — Ss transition [24,54].

Below the structure of the WOC will be used together with the
TR-MIMS data and spectroscopic information for the assignment of the
two substrate binding sites. The deduction begins with the assignment
of W, since the slow water is involved in the largest S; state dependent
change observed in the TR-MIMS measurements: its exchange rate is
slowed by a factor of 500 during the Sq— S; transition. In addition, its ex-
change rate is altered significantly by Ca/Sr substitution. Subsequently,
possible sites for W will be analyzed.

6.1. The slowly exchanging W

Ca/Sr substitution increases the slow rate of exchange in all S;
states, but preserves the pattern of the unusual S; state dependence
(Tables 1,2 and [41]). As discussed above, this provides strong evidence
for the direct ligation of W, to Ca and Mn. Thus, from comparison to the
crystal structure, three candidates exist for Wg: 01, 02 and 05, i.e. all
bridges between Ca and Mn ions. Recently, electron nuclear double res-
onance detected NMR (EDNMR) spectroscopy experiments at W-band
frequency have demonstrated that there is only one exchangeable
bridge at up to 1 hour incubation time with H170 buffer, and that this
bridge is either 04 or O5 [77] (see also [80,81]). Therefore, 01, 02 and
03 can be excluded as substrates based on EDNMR, and 04 since it is
not ligated to Ca. This analysis thereby identifies O5 as the slowly ex-
changing substrate water. A structurally equivalent position for Wy
was suggested previously on the basis of analogous arguments using
earlier structural models for the WOC [13,28,38], and on the basis of
DFT calculations [24,82,83]. An alternative explanation for the unusual
S-state dependence of ks is indirect modulation via H-bonding. This
would increase the number of candidates for W, for instance W3 and
W2 would become options. However, this scenario appears unlikely
because of the absence of an H/D isotope effect for ks, in contrast to
the H/D effect on the exchange of Wy.

The assignment of W, to an oxo-bridge has been challenged on the
basis of water exchange rates of oxo bridges in model systems [68,69].
Such oxo-bridge exchange rates are in models typically several orders
of magnitude slower than found for W and Wr. It is therefore highly
important that the above described EDNMR experiments were also
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performed using a rapid mix-freeze approach. These data show that
the oxo-bridge (05) exchanges rapidly: complete exchange was ob-
served in the S; state within 10-15s (the shortest mixing time
achieved). This strongly supports the suggestion that 05 is indeed a
substrate water. However, improved time resolution and experiments
in at least the S; and S, states or Ca- vs. Sr-PSII will be required to
demonstrate that O5 is indeed W;.

The trends in the S; state dependence of the exchange rates further
strengthen the assignment of 05 to W, as EPR, EXAFS and XRD data
provide a simple rationale for the 500-fold slowing of the exchange
rate during the Sp— S; transition [13,17,28,38]. If one assumes that 05
is protonated in the Sy state, i.e. Ws=05(H) (Sp state in Fig. 4), and
that both Mna4 and Mngs are in oxidation state III in Sy such that
05(H) is bound at the Jahn-Teller axes of the two Mn'" ions, then
from comparison to model Mn complexes oxidation of Mn}} will slow
the exchange of W, due to a large decrease in the pKj, of the bridging
oxygen, such that it is fully deprotonated in S; (i.e. an oxo-bridge).
Concomitantly a bond length contraction of the Mnk5—05 bond is
also expected and indeed observed by EXAFS for PSII; the Mn-Mn
vector, likely Mnas—Mngs, shortens from 2.85 A in S to 2.7 Ain S;
[29,40]. As demonstrated earlier, such a structural change is also
consistent with EPR and >>Mn-ENDOR data of the Sy and S, multiline
states [38].

During the S; — S, transition another Mn™ to Mn'Y oxidation occurs,
but no proton is ejected into the lumen (Figs. 2 and 4). A further slowing
of the exchange of W5 may be expected if now Mnyy is oxidized, or no
change at all if Mnp, is oxidized. Instead, an increase of the exchange
rate of Wi by a factor close to 100 is observed. This would be best
explained by a significant structural change within the Mn4CaOs cluster
between the S; and S, states; however, such a change is not observed by
EXAFS spectroscopy at 10 K. While a detailed exchange mechanism still
needs to be worked out, one may speculate that the unusually fast
exchange of O5 is due to its ability to interchange with another oxygen
site within the complex such as the two terminal waters on Mna4 or the
two terminal waters on Ca, via structural isomerism as discussed above,
i.e. S, MLS and g =4.1 states (Fig. 4) [13,28,66]. This same pathway for
exchange must not be present in S;.

Another challenge is to explain as to why the exchange rate of W
remains unaffected by the structural and oxidation state changes during
the S, — Ss transition. As discussed above, the presently best suggestion
is that the exchange mechanism involves a structural and/or redox
equilibrium that may also include a Mn"Mn"VMn'VMn'" radical state
that allows water exchange to occur like in the S, state (Fig. 4; see
also [17,84,85]).

6.2. The fast exchanging Wy

Accepting for now that Ws= 05, what are then the options for
W¢? Assuming no major structural rearrangements upon going from
the S, to the S, state, then of the two Ca-bound waters, only W3 is
in a suitable position for O—0 bond formation with O5 (Fig. 1) [8].
However, this assignment is unlikely, because of the very small effect
of Ca/Sr substitution on W¢. Furthermore, the strong S; state depen-
dence of k¢ that changes from a rate being unresolvable in Sg and S,
to one that is only 20 times faster than ks, does not favor Ca as binding
site of Wy. Therefore, W¢ must be either W1 or W2, of which W2 ap-
pears to be in a much better geometric position for O— 0 bond forma-
tion with 05 (Fig. 1) [8]. This assignment is also consistent with W¢
becoming detectable in the S, state for the first time, as Mnag4 is likely
oxidized during the S; — S, transition [54]. The marginal subsequent
slowing (factor ~3) of W¢exchange upon S formation is also consistent
with this assignment, since in S3 the last Mn™, Mnp, distal to W2, is
expected to be oxidized (in the static low temperature picture; see
Fig. 4) [54]. Therefore, the assignment of W2 as W¢ appears to be fully
consistent with such a qualitative analysis of the experimental data.

One alternative to this assignment was suggested by Siegbahn on the
basis of DFT calculations. Siegbahn proposed that a non-crystallographic
water (here termed W) binds very weakly near Mnp, in the S, state,
which becomes a ligand to Mnp, in form of a hydroxo in the S; state
[54].Inthe Sp and S, states Wy is suggested to be part of the ‘sea’ of waters
around the cluster, thereby escaping its crystallographic detection near
Mnp;. This theoretical option is interesting, since it leads to an elegant
suggestion for O— O bond formation with to date the lowest energy
barrier. It is remarked though that in this model the exchange rate
of Wy should strongly decrease between S, and Ss, i.e. more than
by a factor of 3, and that Wy would need to bind in an area of the
Mny4CaOs cluster that contains, for reasons to be explored, no water
molecules in the crystal structure.

7. Water-binding to the WOC during the S, — S3 transition

TR-MIMS data show that both substrate water molecules are
bound already latest in the S, state [37]. This result appears to contradict
data which comes from FTIR difference spectroscopy. Noguchi and
coworkers have two strong lines of evidence suggesting water binding
to the WOC during the S, —S3; and S3— S, transitions. The first is
based on the observation that the miss parameters for the S, — S3 and
for S3— Sp transitions increase strongly upon partial dehydration [19];
the other on the observation of negative bands at about 1240 cm ™! in
D160-minus-D180 double difference spectra for the S,—S; and
S3— Sp transitions that have no clear counter parts in other transitions
[86]. When comparing these spectroscopic results to TR-MIMS data it
is important to remember that spectroscopy is sensitive to the total hy-
dration of the complex, whereas TR-MIMS only monitors the two sub-
strate waters. Thus, the most straight forward interpretation is that
the water bound upon S, — S is not a substrate, but rather a structural
water, which likely becomes the substrate in the next cycle (next sub-
strate, NS in Fig. 4). However, fast internal isotopic equilibration in the
S state between this newly bound water and Wy may lead to a situ-
ation in which it is impossible to make such a clear distinction. The
critical point from these FTIR studies is that a change in the total solva-
tion of the Mn4Ca0s complex upon the S, — S3 transition is required for
water splitting catalysis to occur. Thus far, only the Siegbahn model has
explicitly included a change in the complex's solvation during the
S, — S3 transition.

This increase in the net solvation, in which the next substrate is
already preloaded into the complex, is suggested to be important for
the proton release during the S, — Ss transition and for the O, release
step in the S;— So transition. It is expected that the release of O, and
the refilling of the vacant substrate sites occur as a concerted process
[20], which is facilitated by having the next substrate(s) already
bound to metal ions of the Mn4CaOs cluster (Fig. 4, S4 state) [13].

8. Effects of mutations

One promising way of probing the substrate binding sites at the
Mn4CaOs cluster is studying how site directed mutants affect the sub-
strate water exchange rates. Such experiments were performed either
using Synechocystis sp. PCC6803 (D1-D61N, D1-D170H, D1-E189Q
and CP43-E354) or Thermosynechococcus elongatus (D1-H332Q) as
the model organism [42-44,87,88]. The results (Table 3) will be
discussed below in relation to the structural models in Figs. 1 and 4,
and with regard to the assignments made above for W and Wr. A caveat
is that these models do not represent the Ss state for which most of the
experimental data in Tables 1-4 were obtained. Similarly, crystal struc-
tures for these mutants are not yet available. For clarity of presentation
the effects of mutations will be discussed first employing the assump-
tion that Wy=W,. This is followed by a briefer discussion of the option
We=W,, to which the same principles apply.

The D1-D61 side chain is not a ligand of the Mn4CaOs cluster, but
is often discussed to be crucial for proton release from the WOC
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[8-10,54,89]. It is therefore somewhat surprising that its mutation to
asparagine (D1-D61N mutant) clearly affects both the fast and the
slow exchange rates: the exchange of Wr and W is slowed by factors
of 6.5 and 3, respectively [42]. The 1.9 A crystal structure shows that
D1-D61 and W1 form a H-bridge. D1-D61 is also connected to 04 via
another water molecule (Fig. 1) [8]. The latter point is interesting
since O4 is in trans position to W2 and may thereby affect its exchange.
The D1-D61N mutation can be expected to strongly alter the H-bonding
network around Mna4 and may also lead to a situation that fewer
waters are held in a favorable position for exchange with W1 or
W?2. The clear decrease of the fast exchange rate k¢ in the D61N mutant
is therefore consistent with the assignment of W¢to W2 or W1, of which
W2 is favored for geometrical reasons (see above). The sensitivity of W¢
exchange to mutations affecting the H-bonding network is unsurprising
since k¢ is sensitive to H/D exchange (Table 2). The effect of the
D1-D61N mutation on Ws is likely transduced to 05 (Ws) via W1,
which binds in the S, MLS configuration trans to O5 (Figs. 1 and 4).
Changes around Mna4 may also affect redox and structural equilibria
mentioned above and thereby affect the exchange rate of O5.

D1-D170 bridges Mna4 and Ca, and thereby is a direct ligand to
Mngg [8,9]. Surprisingly, its mutation to histidine has almost no effect
on the fast exchange, and speeds up the slow exchange only by a factor
of 1.5 [42]. The structural alterations induced by this mutation are not
easy to predict. His ligation to Mn instead of aspartate should lead to
an increased charge at the cluster. This would certainly block the S;
state transitions and change water exchange rates; both are not
observed. Alternatively, one may suggest that in place of D1-D170 a
hydroxide ion binds between Mna4 and Ca. Such an arrangement
conserves the overall charge and the structure of the cluster [90].
D1-H170 would in that case not be a ligand to Mn or Ca. The surprising
invariance of both exchange rates can then be understood, since basically
identical Mn—Mn and Mn- Ca distances were calculated. If D1-H170
does not get in the way, also the H-bonding network around Mna4 re-
mains likely intact, so that also the fast exchange of W, (Wy) stays the
same, as observed. The fact that the D170/HO ™ ligation is perpendicular
to the plain in which W1, W2 and O5 bind (cis position) is a further argu-
ment as to why the changes can be expected to be small [48].

CP43-E354 bridges Mngs and Mnc,, and as a consequence is a
trans ligand of O5. Its mutation to Q may therefore be expected to
lead to a strong slowing of the exchange of W, since a negatively
charged amino acid is exchanged against a neutral one. However, k
is two times faster in this mutant [43,87]. This does not favor O5 as
W, but on the other hand does not exclude it either, since the precise
structure of this mutant in the S; state is unknown. As discussed for
the D1-D170N mutant, there may be a compensating effect such as
hydroxide binding. In addition, O5 is not only ligated by Mngs, but
also by Ca, Mna4 and/or Mnp,. Therefore, the effect of this mutation
on the energy of the transition state for water exchange is complicated
to predict. More surprising is the finding that the exchange of W¢ s in-
creased by 8.5 times [43,87]. According to the crystal structure and the
theoretical models no terminal water-ligand is bound to Mng3 and Mnc,
(however, water-binding to one of these ions is consistent with FTIR
data of this mutant) [8,23,24,91]. Therefore, there are three possible ex-
planations: i) O5 is indeed the fast and not the slow substrate, but this
seems unlikely on the basis of the above considerations; ii) the mu-
tation restructures the H-bonding network in a way that W1 or W2
can be exchanged faster. This is possible, but only a rather indirect
H-bonding network is seen in the 1.9 A crystal structure between
these two sites of the Mn4CaOs cluster [8,54]; iii) the O4 bridge is
modified, for example by breaking its H-bond to CP43-R357. This
may strengthen the Mna4—04 bond and thereby weaken the bond
to W2 (Wg).

The D1-H332Q mutant is interesting for two reasons. Firstly, it is so
far the only mutant that alters the fast and slow exchange in opposite
ways: Kris increased 2-fold, while ks is slowed by a factor of 3 [44].
Secondly it targets the Mnp, site of the cluster. Mnp, is on the one

hand a possible ligand to 05 (g=4.1 structure, Fig. 4) [8,66], and
on the other hand the proposed binding site of Wy (in the S, MLS
configuration) [24,54,82]. The slowing of ks is of similar magnitude
(factors 2-4) as the increase of exchange rate in the D1-D170H (ligand
of Mna4) and CP43-E354Q (ligand of Mng3) mutants, and after Ca/Sr
exchange. It is interesting to note that O5 is the only oxygen
surrounded by all these atoms. This leads to the suggestion that O5
(Ws) is in the Ss state either directly or indirectly, e.g. via dynamic
equilibria, connected to all the four metals (3Mn and the Ca), so
that all four metals are able to affect the transition state energy of
W exchange to a similar extent (positively or negatively). The in-
crease in the fast water exchange rate as compared to the wild type
(wt) may then be an indirect effect (if Wg=W,).

Similar arguments can be made for Wy=W,. While it is easier to
understand the effects of the D1-H332Q and the D1-D170H mutations
on Wy as compared to W2, the opposite is true for the D1-D61N mutant.
No obvious H-bonding network is found in the 1.9 A structure between
D1-D61 and MnD1. However, the computational model of Siegbahn
does have such a connection via D1-K317, CI™ and two waters (Figure
2 in ref [54]). The strong effect of the CP43-E354Q mutant on Wy is
also in case of Wy=W, very difficult to understand without further
structural information about the mutant.

The uncertainty about the molecular interpretation of the mutant
data is reminiscent to problems encountered when trying to localize
Mn oxidation state changes during S state transitions within the
Mn,4CaOs cluster by a combination of mutagenesis and FTIR spectroscopy
[92,93]. The complex appears to be too coupled to allow simple and
straight forward conclusions without detailed structural information on
the mutants. However, two observations are of general importance: 1)
in most cases the exchange rate of Wris equally or more strongly affected
than the exchange rate of W, and 2) the change in rate is—with one ex-
ception—for both substrate waters always in the same direction, i.e. if k¢
increases, so does kg, and if ke decreases, so does k. The latter finding sup-
ports the notion of Kusunoki that W cannot only exchange directly with
bulk water, but also via exchange with W¢. On that basis Kusunoki
proposed the mono Mn mechanism, in which Wy =W¢ and W, =W
[26,45]. This analysis is highly important, since it can, if correct, demon-
strate that: i) Wris already bound in the S; state; and ii) show that W¢is
likely bound to the same metal as Wj; this would also be the case for W2
and O5 assuming the S, MLS configuration (Fig. 4).

In summary, of the waters and oxo-bridges resolved in the 1.9 A
crystal structure W2 and O5 emerge as the most likely candidates
for Wr and W4, respectively. A further possibility for Wy is a non-
crystallographic water molecule that may bind in the vicinity of
Mnp; weakly in the S, state, and directly to Mnp, in the Ss state. Further
work is required to firmly distinguish between these two options ex-
perimentally and to understand how the O- 0O bond is formed. A view
is emerging that structural flexibility may be a key factor in these
processes [17,26,45,58,63,66,67].

9. Evaluation of current mechanistic proposals

The reflections presented in this paper appear to exclude the nu-
cleophile attack mechanisms in which Ca bound water attacks a ter-
minal oxo or a p-oxo bridge. Similarly, mechanisms involving two
oxo-bridges, or two terminal waters are highly unlikely. What remains
are two options involving 05 as Wy. In option A (Fig. 4) W¢is a water
proposed on the basis of DFT calculations (W¢=Wy), while in option
B Wt is Wy, i.e. a terminal hydroxo ligand to Mnag. Very interestingly,
option B is based on the g=4.1-like form of the cluster in the S; state
so that the chemistry occurs near Mnag. In contrast, option A is based
on an MLS-type configuration so that the chemistry occurs on the
more secluded site near Mnp;. Possible reaction mechanisms based on
these two options are presented in Fig. 4 (S, state).

Option B is in line with suggestions based on the 1.9 A crystal
structure that the O— 0O bond formation may involve W2, W3 and/or
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05 [8]. Similarly, Barber, Brudvig and Batista suggested O—0O bond
formation in that ‘corner’ of their somewhat different cluster. Their
proposals were based, however, on the nucleophilic attack mechanism
between a Ca bound water and a terminal oxo on Mnu4 [10,76,94],
which is strongly disfavored by the analysis presented in this review.
Messinger used a modified model of the Barber structure, which strongly
resembles the recently suggested g=4.1 configuration, and proposed
using similar arguments as in this paper that O—0O bond formation
may occur between a hydroxo bound to Mna4 and the Ji3-oxo bridge be-
tween Ca and two Mn ions in the cube (equivalent to O5 between Mng;
and Mnp,) [28]. Subsequently, Siegbahn proposed the principle of his
current O—0 bond formation mechanism (which involves the S, MLS
configuration) using a g=4.1-type DFT model. A key aspect of
Siegbahn's proposal is that a o,3,o,3 spin configuration between the
two Mn ions and the two substrate oxygen's reduces the activation
energy for O-0 bond formation significantly [82].

The advantage of side B is the good accessibility of water and of
groups that can accept and shuttle away protons during the S state
cycle, while an attractive feature of mechanism A is that the oxygen
radical can be formed in a more hydrophobic environment. For mech-
anism A Siegbahn found a transition state for O—0O bond formation
that is clearly lower in energy than for a mechanism similar to option B
that he studied previously [54,83]. Nevertheless, the evidence collected
in this review calls for a further careful evaluation of both options
by experiments and large scale theoretical studies. If indeed the
barrier for interconversion between MLS-type and g=4.1 type
configurations in S3/S4 is also small, then the g =4.1 state configuration
may facilitate substrate binding during the S, — S3 transition, which
upon rearrangements returns in S, to a Siegbahn like transition state
allowing low energy barrier O—O bond formation—the best of both
worlds.
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