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A density functional study of the Sr-substituted Photosystem
II water oxidising complex demonstrates that its recent X-ray
crystal structure is consistent with a (Mn'), oxidation state
pattern, and with a Sr-bound hydroxide ion. The Sr-
water/hydroxide interactions rationalize differences in the
exchange rates of substrate water and Kinetics of dioxygen
bond formation relative to the Ca-containing structure.

Photosystem II in green plants and algae, is responsible for oxidising
water to molecular oxygen. This occurs within a Mn,Ca catalytic
metal cluster known as the water oxidising complex (WOC). During
the four-electron oxidation process, the WOC cycles through several
intermediate states, Sy... Sy, of increasingly higher mean oxidation
level.! However, both the mechanism of water oxidation and the
metal oxidation levels throughout the S states, remain contentious.

Over the past decade, X-ray crystal structures of Photosystem II (PS
II) have appeared at progressively improved resolution, from 3.5 to
2.9 A% These structures, presumed to represent the photosystem in
the dark stable S, state, have revealed considerable detail concerning
the Water Oxidising Complex (WOC) in PS 1I, in particular, the
positions of the metal atoms and their coordination. In 2011, Umena
et al.’ published an X-ray structure of PS Il at 1.9 A, the first at
atomic resolution, which clearly resolved the positions of the Mn
and Ca atoms in the WOC, the oxo-bridges connecting the metal
atoms and a number of coordinated waters (Figure 1).

Nevertheless, certain aspects of the the 1.9 A structure have been
controversial.* The long Mnl-Mn2 and Mn2-Mn3 distances (2.8
and 2.9 A, respectively) conflict with those derived from high-
precision EXAFS measurements® and earlier lower-resolution X-ray
structures” of PS II. The Mn EXAFS data for the functional WOC
in the S; and S, states indicate the presence of two Mn—Mn vectors
of ~2.70 A and these are consistent with values of 2.65 and 2.70 A
reported for the Mnl-Mn2 and Mn2-Mn3 distances in the earlier
3.02.9 A resolution XRD structures.”*® This discrepancy has
prompted suggestions that the 1.9 A structure is compromised by
photo-reduction of the Mn centres during the data collection,**®
possibly reduced to the S 5 state.*™* However, the dosage levels used
were at least 10 times less than those employed previously in XRD
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studies of PS II, resulting in no more than ~25% reduction to Mn".’

Even more disconcerting is that the 2.9 A structure, which was
subject to much higher X-ray dosages, shows no significant
perturbation of the Mn centres on the basis of the reported Mn—Mn
distances. The other major concern in the 1.9 A structure is the
identity and position of the unusual OS5 species (Figure 1) which
weakly binds to four metals of the WOC, Mn1, Mn3, Mn4 and Ca, at
distances between 2.4 and 2.7 A. If OS5 is an oxo or a hydroxide
group, it is unlikely to be at such long distances from the metal
centres, particularly if one or more Mn are in the IV oxidation state.

Figure 1. Diagram detailing the close correspondence between the WOC
geometries of (a) Ca-containing and (b) Sr-containing PSIl, as determined
from the respective 1.9 A resolution® and 2.1 A resolution® XRD studies on
these structures.

Recent computational studies® have addressed these anomalous
features of the WOC in the 1.9 A crystal structure, but were unable
to reproduce the long Mn—Mn distances nor the unusual position of
0O5. Generally, these calculations assumed a mean oxidation level of
+3.5 for the Mn centres in the S, state of the WOC. However,
spectroscopic studies on the WOC do not preclude a mean Mn
oxidation level of +3.0.% In particular, on the basis of the ‘multiline’
signal observed in the EPR spectrum of the S2 state of PS I, either a
™M™YMn™); or (Mn™);(Mn"™) oxidation state assignment is
possible. We have labelled these alternatives as the ‘Low Oxidation
State’ (LOS) and ‘High Oxidation State’ (HOS) paradigms,
respectively. The HOS paradigm, with a (Mn"),(Mn™), oxidation
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pattern for S;, is favoured by most groups, largely on the basis of
XANES and EPR evidence.®® However, we recently showed that
when the metal ligand environments are properly accounted for, the
XANES data are more consistent with the LOS paradigm for S,
namely (Mn™)(Mn™)(Mn"™)(Mn").° Further analysis of other
spectroscopic data (X-ray, UV-Vis, NIR) also support this
conclusion.®®® Finally, recent experimental studies by Dismukes et
al.,' counting electrons removed from Mn" ions during functional
photo-assembly of PS II, validates the LOS paradigm for the WOC.

In light of the above, we recently undertook a computational study of
the WOC in the 1.9 A crystal structure assuming that the Mn
oxidation levels conformed to the LOS paradigm.'’ Importantly, in
the 1.9 A structure, His337 is directly orientated towards the p3-0xo
bridge (03) and, as our earlier calculations revealed,'® is close
enough to engage in H-bonding (Figure 1). Our modelling revealed
a remarkable geometric change in the MnyCa cluster, triggered by a
proton transfer from a terminal water on Mn4 to the Nt of His337.
This allows His337 to engage in H-bonding with O3 which converts
Mn2 from the IV to III oxidation state, thus lengthening the Mnl—
Mn2 and Mn2-Mn3 bonds to around 2.9 A, in good agreement with
the crystal structure values. Deprotonation of a water on Mn4
favours the III oxidation state on this metal rather than II found in
our earlier modelling of the 2.9 A structure.'” As a result, the
sequence of Mn oxidation states change from (III)(IV)(III)(II) in the
2.9 A structure to (III), in the 1.9 A structure. This change also
resolved the identity of the O5 species which was found to be a
water ligand, balanced at the intersection of the Jahn-Teller axes on
Mnl, Mn3 and Mn4 and H-bonded to the now terminal hydroxide on
Mn4 (Figure 2a). It successfully reproduced the long bonds between
05 and Mn1, Mn3, Mn4 and Ca in the 1.9 A crystal structure.

N
N

Nx
His337
\N

Figure 2. A comparison of our best-fit models to (a) the 1.9 A resolution PSII
WOC? and (b) the 2.1 A resolution Sr-substituted WOC.™ For simplicity, only
the metal atoms, oxo bridges, metal-coordinated water ligands, and the
His337 residue are shown. The Ca- and Sr-containing models are very
similar, except for the identification of ligand W4 (highlighted in red) in the
two structures.

Attempts by others* to rationalize O5 as either an oxo or hydroxo
group in the HOS paradigm resulted in its strong binding to a Mn
centre in the IV oxidation state, either Mnl or Mn4. To resolve this,
it was suggested”™ that the unusual position of O35 results from a
resonance process, with O5 inter-converting between an oxo group
bound to Mnl or Mn4. The Mn centre binding OS5 is always in the
IV state and the other Mn in the III state. If this resonance occurs in
the OEC, then it should reflect in the electron density associated with
05. However, the WOC electron density in the 1.9 A Ca structure
shows that OS5 is similar to the other oxo bridges, O1 to O4, in the
metal cluster, suggesting that the resonance mechanism described
above is unlikely.

Given that the low oxidation paradigm successfully rationalises the
WOC geometries inferred by EXAFS and seen in the 2.9 and 1.9 A
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crystal structures, without invoking radiation induced changes, we
now consider the recent Sr-substituted 2.1 A resolution crystal
structure of PS I1."* This structure exhibits a number of parallels with
its Ca analogue - long Mnl-Mn2 and Mn2-Mn3 distances of 2.8
and 2.9 A, respectively, and an anomalous O5 group weakly bound
(2.4 to 2.7 A) to four metals in the cluster (Figure 1). The His337
orientation and Nt—-O3 distance of approximately 3.0 A suggests
again that, analogous to the 1.9 A Ca structure, His337 is undergoing
H-bonding with the ps-oxo bridge. The fact that these features
closely mimic those seen in the Ca structure would suggest that they
are not an artefact of Mn photo-reduction.

To compare the two structures, we have undertaken DFT
calculations,'* assuming the LOS paradigm, on a model of the 2.1 A
Sr-substituted structure incorporating the Mn,SrOs core, all
coordinating amino acids (Aspl170, Glul89, His332, Glu333,
Asp342, Ala344, Glu354) constrained at their f-carbon positions
using the X-ray structure coordinates, and bound water groups
(W1...W4). Our model also included His337, Tyrl61, His190,
GIn165 and Arg357 as these residues H bond with W3, W4, O2 or
03. In addition, several non-coordinating crystallographic waters, in
the vicinity of Sr, Tyr161 and His190, were incorporated due to their
importance in the H-bonding network involving the WOC. Details of
the computational model are elaborated upon in the Supporting
Information.

The calculated metal-metal and selected metal-ligand distances for
the antiferromagnetic (ABAB) coupling arrangement are listed in
Table 1 along with the reported values from the 2.1 A crystal
structure (averaged over monomers A and B). For comparison, the
corresponding calculated and crystallographic values for the 1.9 A
Ca structure are also given. While the overall geometry of the WOC
in the Sr-containing structure is very similar to the Ca structure,
there are obvious differences. Firstly, the Sr atom has clearly moved
outwards, away from the other three Mn ions in the Mn;SrO,
cubane, resulting in lengthening of all the Sr—Mn vectors relative to
the Ca analogue by ~0.2 A. This outward displacement of the Sr
atom is also reproduced in the calculated structure with a similar
increase of ~0.25 A in the Sr—Mn vectors.

In contrast to the Ca/Sr-Mn distances, the differences between the
reported Mn-Mn distances in the two crystal structures is much
smaller, around 0.05 A, and this is mostly consistent with the
calculated values where an average difference of ~0.1 A is seen.
Similar to the Ca structure, the Sr structure exhibits long Mn1-Mn2
and Mn2-Mn3 distances of 2.78 and 2.93 A. We were only able to
reproduce these distances if H-bonding between His337 and O3 was
invoked which ensured that the Mn oxidation pattern was (III),.
Indeed, our calculations indicate that there is a propensity for His337
to transfer a proton to the O3 bridge. However, since the O3
protonated structures led to excessive expansion of the Mnl-Mn2
and Mn2-Mn3 distances to around 2.95 A, subsequent calculations
limited this interaction by constraining the Ny;i33—H distance to ~1.1
A. As found in our modelling of the 1.9 A Ca structure, in the
absence of this H-bonding interaction, the Mn oxidation states adopt
a (IIH(IV)I)(IT) pattern and much shorter Mn1-Mn2 and Mn2—
Mn3 distances are obtained.

Like the 1.9 A Ca structure, the Sr structure possesses a weakly
bound oxo group (O5) with long bonds, between 2.4 and 2.7 A, to
Mnl, Mn3, Mn4 and Sr. Our calculations show that this is only
possible if two conditions are met. Firstly, O5 must be a water ligand
and secondly, all the Mn centres must be in the III oxidation state
which is only possible for the S; state of PS II in the LOS paradigm.
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For the (III); oxidation pattern, OS5 sits approximately at the
intersection of the Jahn-Teller axes on Mnl, Mn3 and Mn4,
accounting for the long bonds to these metals between 2.8 and 3.4 A.

Table 1. Comparison of key crystallographic and computed metal—metal
and metal—ligand distances for the Sr-substituted WOC and the Ca-
containing WOC.

Distance/A 2.1 A Sr Structure 1.9 A Ca Structure
Expt’  Calc Expt’  Calc
Mnl1-Mn2 2.78 2.82 2.80 2.79
Mn2-Mn3 2.93 291 2.90 2.92
Mn3-Mn4 2.88 3.09 2.94 2.93
Mn1-Mn3 3.34 3.40 3.29 3.55
Mn1-Mn4 5.06 5.30 4.98 5.19
Sr/Ca-Mnl 3.56 3.77 3.48 3.56
Sr/Ca-Mn2 3.50 3.53 3.32 3.25
Sr/Ca-Mn3 3.64 3.86 343 3.62
Sr/Ca-Mn4 4.00 4.10 3.79 4.32
Sr/Ca-W3 2.64 2.62 2.40 2.54
Sr/Ca-W4 2.30 2.30 2.44 2.63
Mn1-0O5 2.66 3.00 2.60 2.56
Mn3-0O5 242 3.46 2.39 3.25
Mn4-05 2.56 3.15 248 3.30
Sr/Ca-05 2.59 2.90 2.64 2.50
aref13
bref3

In addition to the longer Sr—Mn distances relative to the Ca structure,
the other noticeable difference concerns the water groups (W3, W4)
bound to Sr. Whereas the Ca-W3 and Ca—W4 bonds in the 1.9 A
structure are similar, averaging 2.42 A over monomers A and B, the
corresponding distances in the Sr structure are significantly different,
2.64 and 2.30 A, respectively (Table 1). On the basis of the long Sr—
W3 bond, it was suggested that this water is activated in the structure
and thus a likely candidate for one of the substrate waters in PS IL."
Conversely, since the Sr—W4 bond was only 0.1 A shorter than the
Ca—W4 bond, it was presumed to be in a non-activated form.

Initial calculations on our model system with two waters bound to Sr
revealed that the calculated Sr—W3 bond was in good agreement
with the observed crystallographic distance of 2.69 A but the
calculated Sr-W4 bond of 2.76 A was almost 0.5 A too long.
Inclusion of hydrogen bonding partners Tyr161 and GIn165 reduces
this distance to 2.49 A. This prompted additional calculations where
W4 was modelled as a hydroxide group rather than water (Figure
2b), and returned Sr—W3 and Sr—-W4 bond lengths of 2.62 and 2.30
A, respectively, in excellent agreement with the crystal structure
values (Figure 3). These distances, particularly Sr—W4, are quite
dependent on the H-bonding network seen in Figure 3 involving W3,
W4, Tyrl6l, Hisl190, GInl65 and the nearby non-coordinating
waters. When these additional residues are removed from the model,
longer Sr—W3 and Sr—W4 distances are obtained. We find plausible
stabilisation of the short Sr—W4 bond by coordination of W4 to
either the phenolic oxygen of Tyr161 or the terminal amide oxygen
of GInl165. Both orientations appear energetically competitive and
elicit similarly good agreement of the Sr—W3 and —W4 distances
with crystallographic data. The results strongly argue that W4
corresponds to a hydroxide and not a water ligand in the 2.1 A Sr-
substituted structure. Further, since our calculated Sr—W?3 distance of
2.62 A is very close to the reported crystal structure value, we
conclude that this water is not in an activated form. However, on the
basis of our earlier modelling,'"'?*¢ we consider that this ligand, and
the OS5 species, are likely to be the two substrate waters in PS II.

This journal is © The Royal Society of Chemistry 2012

ChemComm

Isotope-exchange experiments using 'O labelled water,'® show that
in Sr-substituted PS II, the exchange rate for the slowly exchanging
water increases by a factor of ~4 (in all S states). This increase is
totally consistent with the Sr—W3 bond being approx. 0.2 A longer,
and thus more weakly bound, than in the Ca structure. Furthermore,
while our modelling strongly suggests that W4 is deprotonated and
bound to Sr in the form of a hydroxide, it also reveals that W4
undergoes H-bonding with W3 and Tyrl61. This H-bonding
interaction may provide insight to understanding the reduction, by a
factor of 3 — 10, in the oxygen-evolving activity of Sr-substituted PS
IT compared to Ca-based PS II,'® as it is likely to impact on the
ability of W3 to form an O—O bond with the other substrate water,
05, in the higher S states, and consequently, the oxygen-evolving
activity of the WOC.

Figure 3. Calculated WOC structure showing H-bonding network connecting
Sr with Tyr161, His190 and GIn165. Inclusion of these residues, and the
associated H-bonding network, vyields good agreement with the
crystallographic Sr-W3 and Sr—W4 distances (see Table 1). For clarity, only
metal atoms, oxo bridges, and water-ligand O atoms are shown explicitly."”

In conclusion, the recent 2.1 A resolution Sr-substituted crystal
structure of PS II reveals the same unusual features found in the
1.9 A Ca structure, namely long Mnl-Mn2 and Mn2-Mn3
distances and the anomalous OS5 group weakly bound to four
metals, Mnl, Mn3, Mn4 and Sr, in the WOC. Our calculations
show that these features can only be rationalized in the LOS
paradigm in which the Mn centres adopt a (III); oxidation
pattern as a result of His337 undergoing H-bonding with the p;-
oxo bridge, O3. The key structural difference between the Ca
and Sr systems involves the W3 and W4 groups bound to the
alkaline earth metal. On the basis of our calculations, the short
Sr—W4 bond of approximately 2.3 A is consistent with a
hydroxide group and not a water as previously proposed.'®> The
reported Sr—W3 bond of 2.62 A is ~0.2 A longer than the Ca—
W3 bond. The weaker binding of W3 provides an obvious
explanation for the observed faster exchange rate of the slow
water in Sr-substituted PS II. Furthermore, the deprotonation of
W4 in the Sr structure, and consequently its propensity to
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undergo H-bonding with W3 and Tyrl61l, may also be
responsible for the reduced oxygen-evolving activity observed
for Sr-substituted PS II. This suggests that the deprotonation of
W4 to a hydroxide is not just an artefact of the 2.1 A Sr-
substituted crystal structure but the preferred form of W4 in Sr-
substituted PS II.

Considering the above points, an interesting picture emerges
which highlights structural factors largely ignored in
mechanistic considerations to date. These have focussed closely
on the Mn cluster itself and oxygen groups directly ligating it,
which are presumed to include the substrate moieties
themselves.® The fact that the principal geometric differences
between the Ca and Sr crystal structures occur in the region
containing the alkaline earth metal and its associated H bonding
network to Tyr161 (rather than the Mn cluster per se), suggests
the intimate involvement of this region with substrate water
binding and O-O bond formation. In particular, it is strongly
implied, consistent with our earlier proposals,'? that at least one
substrate water (slow exchanging) is directly bound to the
alkaline earth metal throughout the S state cycle. Further, the
rate limiting events in the O-O bond forming step, are likely to
be directly influenced by the precise interaction of this water
within a H-bonded chain proceeding to Tyr 161. This focus is
quite different from other current mechanistic proposals.*
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