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Abstract

X-ray crystallography has provided details of the location, structure and protein environment of the MnyCa* cluster which catalyses the light
driven, water splitting reaction of photosystem II. However, because of the low resolutions of the crystal structures reported to date, and the
possibility of radiation damage at the catalytic centre, the precise position of each metal ion remains a matter of debate. To some extent these
problems have been overcome by applying spectroscopic techniques such as Extended X-ray Absorption Fine Structure (EXAFS). The present
state of knowledge is reviewed and used to construct two new models for water splitting site. These new models are discussed in terms of the

earlier structures.

Crown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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1. Introduction

The first hints that manganese is involved in the water
splitting-oxygen evolving reaction of photosystem II (PSII) stem
back to the work of Pirson [1] who showed that Mn deficiency
in the fresh water green alga, Ankistrodesmus, inhibited pho-
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tosynthesis. Following this, similar results were obtained for a
wide range of different algae and higher plants [2—4]. It was
also demonstrated that the inhibition of photosynthesis could
be restored by adding back Mn?* to a suspension of algal cells
depleted of this nutrient and that illumination was an absolute
requirement for this reactivation (reviewed in [5]). The reali-
sation that Mn was required specifically for the water splitting
reaction began with the work of Kessler et al. [6], who noted
that Mn deficiency in algae resulted in a reduction in the level
of luminescence and this effect coincided with the inhibition
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of photosynthesis. However they found under the same condi-
tions that the photoreduction of CO; using H» as an electron
source was not inhibited. The explanation of this result became
clear with the emergence of the concept of two photosystems
acting in series [7] indicating that Mn ions where needed for
the oxygen evolving activity of PSII but not for light-induced
electron transport through photosystem 1 (PSI) [3,4,8,9]. Work
of Blankenship and Sauer [10] showed that the Mn ions were
bound to the lumenal surface of PSII and a number of indepen-
dent studies pointed to a stoichiometry of four Mn ions per PSII
reaction centre (reviewed in [11]).

Since then physical techniques such as UV/vis difference
absorption spectroscopy [12—15], Electron Paramagnetic Reso-
nance (EPR) spectroscopy ([16] and reviewed in [17,18]) and
X-ray spectroscopy [19-21] have clearly indicated that Mn ions
play a crucial role in the catalyses of the water splitting reaction
leading to the release of protons and electrons and formation
of the O=0 bond of molecular oxygen. The structural organi-
sation of the Mn-cluster within PSII was however unclear and
relied on information derived from Extended X-ray Absorption
Fine Structure (EXAFS) spectroscopy [22-25], EPR techniques
[17,26-30], Fourier Transfer Infrared (FTIR) spectroscopy [31]
and related details derived from synthesis and study of model
compounds [32-34]. Although a wide selection of structures
were suggested, the most favoured was the “dimer-of-dimer”
model consisting of two Mn—di-p-oxo—Mn groups linked by
a Mn-mono-p-oxo—Mn bond derived from EXAFS [24]. This
model was in part based on measured Mn—-Mn distances of
about 2.7 A (typical of Mn—di-w-oxo—Mn bonds) and 3.3 A (typ-
ical of a Mn—-mono-p-oxo—Mn bond). Other structural models
were also suggested from EPR studies and comparison with
model compounds [30]. However, it was the analysis of Elec-
tron Nuclear Double Resonance (ENDOR) and EPR data by
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Peloquin et al. [17,29], and earlier by Hasegawa et al. [28], that
provided a model which seems to be closer to the truth. Based
on the strength of spin interactions, it was concluded that the
organisation involved three tightly interacting Mn ions with a
fourth being less electronically coupled. This 3+ 1 configura-
tion was termed the “dangler” model by Peloquin and Britt [17]
and was found to be consistent with that derived from X-ray
crystallography (see below).

Although it was well established that Ca®* is a cofactor for
the water splitting reaction [35] there were few attempt to spec-
ulate how this metal ion may be located in the catalytic centre
relative to the Mn-cluster even though EXAFS analyses had pro-
vided evidence that it is located at a fixed distance from one or
two Mn ions, estimated to be about 3.4A [20,24,36-38]. The
application of X-ray crystallography not only rectified this and
provided evidence for the 3 + 1 organisation of four Mn ions in
PSII but also revealed details about the protein environment of
these metal ions, information critically important for elucidating
the chemistry of the water splitting reaction.

2. The structure of the Mny4Ca-cluster derived from
X-ray crystallography

2.1. Zounietal. [52]

Although there had been considerable progress in deter-
mining the three-dimensional structure of PSII using electron
microscopy, both electron crystallography [39—44] and single
particle analyses [45-51], the spatial resolutions obtained were
not sufficient to identify the electron density of the Mny4Ca-
cluster. This situation was rectified by subjecting 3D crystals
of PSII, isolated from the cyanobacterium Thermosynechococ-
cus elongatus, to X-ray diffraction analysis [52]. This analysis

Fig. 1. Structure of the water splitting site from (a) Zouni et al. [52] and (b) Kamiya and Shen [56]. (A) A view of the water splitting site from the lumenal side onto
the membrane plane, showing the electron density of the Mn-cluster contoured at 5o. Also shown are the transmembrane helices, B-E of the D1 protein and the CD
surface helices of the D1 and D2 proteins, side views of the P680 chlorophylls, Pp; and Pp proteins, side views of the approximate position of D1Tyr161 (Tyrz).
Reprinted by permission from Macmillan Publishers Ltd.: Zouni et al. [52]. (B) Enlargement of the electron density assigned to the Mn-cluster. (i) Viewed from the
lumenal side onto the membrane plane, (ii) 90° rotated around the horizontal axis viewed along the membrane with the lumenal side on top. (iii) Orientation of the
short and long axes of orientation (ii) showing that the cluster is tilted at 25° against the lumenal side of the membrane plane (broken line). Reprinted by permission
from Macmillan Publishers Ltd.: Zouni et al. [52]. (C) View of the Mn-cluster and electron density surrounding it together with the assignment of the polypeptide
chains. Some of the residues as possible ligands for the Mn-cluster are shown. Electron density of 5.00 (red) and at 1.0o (green). Copyright 2003 National Academy

of Sciences, U.S.A.
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generated an incomplete model of PSII at a resolution of 3.8 A
resolution: the tracing of C-alpha backbones of some subunits
was not completed and there was no assignment of amino acids
other than D1Tyr161 (Tyrz) and D2Tyr160 (Tyrp). However
the model confirmed the dimeric organisation of the isolated
complex and the relative positioning of the major subunits and
their transmembrane helices within each monomer previously
derived from electron crystallography [53-55]. It also provided
new information on the positioning of cofactors involved in exci-
tation energy transfer and charge separation. Most importantly
the analysis of the diffraction data revealed the first direct struc-
tural hints of the Mn-cluster (Fig. 1A). The electron density
assigned to four Mn ions was checked by collecting anomalous
diffraction data close to the Mn-absorption edge at 1.894 A and
was found to be towards the lumenal surface of PSII and to one
side of the pseudo-two-fold axis which relates the transmem-
brane helices of the D1- and D2-reaction centre proteins and the
cofactors they bind. In this way the location of the Mn-cluster
breaks the pseudo-two-fold symmetry of the PSII reaction cen-
tre being located in the vicinity of the redox active Tyr161 of
the D1 protein (Yz) and close to the surface helix located in the
loop joining the lumenal ends of the C- and D-transmembrane
helix of the D1 protein (CD-helix). The electron density had
a “pear-shape” when contoured at 5S¢ having dimensions of
6.8 A x 4.9 A x 3.3 A with the long axis approximately parallel
to the CD-helix and tilted at about 23° to the membrane plane
(see Fig. 1B). Because of the low resolution and incompleteness
of the model, including the absence of side chain positioning, the
assignment of Mn ions within the density was rather arbitrary.
A Mn ion was positioned in the three bulges of the “pear-
shaped” density to form an isosceles triangle with a fourth Mn
ion placed in the centre of the triangle. The distance between the
Mn ions was about 3 A and therefore approximately consistent
with EXAFS analyses [24]. However these workers did not pro-
pose a position for Ca>* or model bridging ligands. Although the
coordinates for the model were deposited (PDB 1FE1), no struc-
tural factors were supplied and therefore it has not been possible
to reconstruct the electron density map derived from the analyses
of Zouni et al. [52] and thus independently create a model.

2.2. Kamiya and Shen [56]

The 3+ 1 organisation of the four Mn ions modelled by
Zouni et al. [52] gave support to the arrangement suggested by
EPR studies [17,28,29] and was also a feature of the crystallo-
graphic model of the Mn-cluster derived by Kamiya and Shen
[56]. Using PSII isolated from Thermosynechococcus vulcanus,
a cyanobacterium closely related to 7. elongatus, these work-
ers obtained a crystal structure at 3.7 A and provided additional
information to that revealed by Zouni et al. [52]. The tracing of
main chains was more complete and there was some effort made
to assign amino acids, particularly those of the D1 and D2 pro-
teins, based in part on analogy with the structure of the L- and
M-subunits of the reaction centre of purple bacteria, as well as
to some regions of the chlorophyll-binding proteins, CP43 and
CP47. With the exception of one additional chlorophyll bound

to CP47, the positioning of cofactors was essentially the same
as that reported by Zouni et al. [52] but Kamiya and Shen also
assigned density for two closely located carotenoid molecules
on the D2 side of the reaction centre. As found by Zouni et
al. [52], the shape of the electron density for the Mn-cluster
was “pear-shaped” when contoured at So indicative of the 3 + 1
organisation (see Fig. 1C). However, Kamiya and Shen modelled
the four Mn ions so that they were approximately in the same
plane whereas Zouni et al. [52] had placed the central Mn ion
protruding towards the lumenal surface. Importantly, Kamiya
and Shen’s map contained electron density connecting to that of
the Mn-cluster (see Fig. 1C) that could be tentatively assigned
to side chains of the D1 protein, including Ala344, Aspl170,
Glu333 (or His332). Mutagenesis studies already supported the
idea that these residues could be ligands for the Mn ions [57,58]
and the X-ray diffraction derived model confirmed the concept
that the C-terminus of the D1 protein was intimately associated
with the Mn-cluster [59]. Kamiya and Shen [52] also suggested
that, based on weak electron density, D1His337, D1Asp189 (or
D1His190) and D1Tyr73 may also be coordinated to Mn ions of
the cluster.

As in the case of the earlier crystal structure [52], the model
of Kamiya and Shen did not include a Ca* bound close to the
Mn-cluster and was only partially refined. Also these workers
did not report their structure factors when depositing the coor-
dinates (PDB 1IZL) making it impossible for others to access
the electron density map used to construct their model.

2.3. Ferreira et al. [60]

The first complete and refined structure of PSII came from
the work of Ferreira et al. [60]. This 3.5 A model not only gave
the structures of the 19 different subunits of the 7. elongatus PSII
complex (except for one low molecular weight intrinsic subunit
tentatively assigned to PsbN) but provided the first reliable infor-
mation about the protein environments of all the major cofactors
of PSII, particularly that of the MnyCa**-cluster. Anomalous
diffraction was collected at a wavelength of 1.89 A to obtain
an electron density profile for the Mn ions and at 2.25A to
locate Ca®* (at 2.25 A calcium has an anomalous difference of
almost four times stronger than Mn) (Fig. 2A). The anomalous
difference diffraction data were made available in the database
at the time of depositing the coordinates and structure factors
(PDB 1S5L). Again the electron density attributed to the four
Mn ions was “pear-shaped” indicative of the 3 + 1 organisation.
However it is difficult to make a direct comparison with the
corresponding density reported in the earlier crystal structures
due to the unavailability of primary data. The Mn-anomalous
difference map of Ferreira et al. correlated with one metal
in the small domain and three in the large globular domain,
whereas the 2.25 A wavelength map covers one metal ion in the
large domain. In this way three Mn ions and the Ca®* where
modelled as a trigonal pyramid with the Ca®* at its apex, all
located in the large domain. The fourth Mn was placed in the
small domain.

The much improved quality of the electron density map
led to the assignment of virtually all the amino acids in the
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Fig. 2. Structure of the water splitting site from Ferreira et al. [60]. (A) View
of the metal cluster with side chain ligands and (B) with possible catalytically
important side chain residues. Mn ions, Ca?* and oxygen atoms are shown
in magenta, cyan and red, respectively. One unidentified non-protein ligand to
the OEC and modelled as carbonate is coloured in blue. Protein main chain
is depicted in light grey while the side chain bonds and carbon atoms follow
the colouring of the protein subunits (D1: yellow, CP43: green). In (A), oa
weighted 2|F,| — |F| density is shown as a light blue wire mesh contoured at
1.50. Anomalous difference Fourier maps at 1.89340 A (Mn edge, contoured at
100) and 2.25430 A (highlights Ca®*, contoured at 75), wavelengths are shown
in magenta and blue-green, respectively. From Ferreira et al. [60]. Reprinted
with permission from AAAS.

PSII complex and in particular those in close proximity to
the MnyCa”*-cluster. The positioning of side chains, the anal-
yses of the anomalous diffraction data and recognition that
the metal ions were likely to be bridged by oxo-bonds at dis-
tances suggested by EXAFS resulted in a detailed model for
the MnyCa®*-cluster. The working model proposed by Ferreira
et al. [60-62] consisted of the three Mn ions (Mnl, Mn2 and
Mn3) forming a cubane-like arrangement with the Ca”* linked
by oxo-bonds. The fourth Mn (Mn4, the “dangler” of Peloquin
etal. [29]) was suggested to be linked to the Mn3Ca%tQy4-cubane
via the oxygen of one its oxo-bonds (see Fig. 2A). At the resolu-
tion of data, the precise positioning of the metal ions could not
be determined. Therefore for simplicity the distances between
the Mn ions in the cubane were taken as 2.7 A with the Mn—Ca*

distance in the cubane modelled at 3.4 A. The dangler Mn was
positioned 3.3 A from the closest Mn ions of the cubane and
about 4 A from the Ca®*. As a consequence the model would
predict three Mn—di-p.-oxo—Mn bonds at 2.7 A, three Mn—di-p.-
oxo—Ca®* bonds at 3.4 A and two Mn—mono-u.-oxo—Mn bonds
at 3.3 A. Although the distances chosen were compatible with
distances derived from EXAFS for the PSII metal cluster [20,24]
the predicted numbers of each type of bond was not. Nev-
ertheless, density function calculations [63,64] and chemical
synthesis of a mixed Mn/Ca complex [65] suggested that such
an organisation was chemically feasible despite there being no
known similar structure in biology. Moreover the arrangement
of the Mn ions was consistent with one of the possible models
suggested from EXAFS [20] but their positioning differed to
that proposed by Zouni et al. [52] and Kamiya and Shen [56].
A regular cubane structure for all four Mn ions had been pro-
posed some time ago [66] and in more recent times Dismukes
and colleagues [30] had suggested that a distorted form of a
Mn4O4-cubane formed during the latter stages of the catalytic
cycle leading to dioxygen formation.

Despite the uncertainty of the precise positioning of Mn ions
and Ca?*, due to the limited resolution of the X-ray diffrac-
tion data, omit map calculations using simulated annealing and
a slow cooling procedure carried out by Ferreira et al. were
consistent with their proposed positioning of the cations within
the structure, thus allowing a detailed discussion of the role of
the protein environment in the overall coordination of the metal
cluster (see Fig. 2). Based on this, the Mn3CaQOg4-cubane had
four side chains as ligands: D1Asp342 to Mnl, D1Glul89 and
D1His332 for Mn2 and CP43Glu354 for Mn3 (possibly biden-
tate). The identification of the glutamate of CP43 as a Mn-ligand
was a surprise and is a residue of a conserved motif Gly-Gly-
Glu-Thr-Met-Arg-Phe-Trp-Asp which forms a 319 helix in the
large extrinsic loop joining the lumenal ends of transmembrane
helices V and VI of this protein. In addition to these four apparent
protein ligands it was noted that the C-terminal residue of the D1
protein, D1Ala344 is located close to Ca?* and that D1His337
could be hydrogen bonded to one of the bridging oxo-bonds of
the cubane. Two side chain densities were available as ligands
for the “dangler” Mn4 outside the cubane cluster. These were
identified as D1Asp170 and D1Glu333 and also noted was that
D1Asp61 might also function as a ligand via a bridging water
molecule. Because the coordination number is usually six or
seven for Ca’* and five or six for Mn, then according to the
Ferreira et al. model there must be additional non-protein lig-
ands such as water molecules or hydroxides. However a higher
resolution structure (2.5 A or better) will be required to assign
these. Nevertheless Ferreira et al. [60] did emphasise that there
was non-protein electron density in the vicinity of Mn(4) and
Ca®* which they tentatively assigned to a bicarbonate ion that
formed bridging ligands between the two metals (see Fig. 2).
Moreover the positioning of this carbonate ion adjacent to the
redox active D1Tyrl61 (Tyrz) suggested that this could be
the site for the binding of two substrate water molecules dur-
ing the catalytic cycle leading to the formation of dioxygen.
Also located in this potential catalytic site are D1GIn165 and
CP43Arg357 (Fig. 2B) which may provide a hydrogen bond-
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ing network for deprotonation of the substrate water molecules,
while D1Asp61 is strategically located at the mouth of a polar
channel which probably functions to facilitate the exit of pro-
tons to the lumenal surface. This channel is about 30 A long
and composed of side chains of the D1 protein (Asp61, Glu65),
D2 protein (Lys317, Glu312) and the extrinsic PsbO protein
(Aspl58, Asp222, Asp223, Asp224, His228 and Glull4). As
well as acting as a pathway for removing protons, it probably
also provides a route for supplying water molecules to the active
site where both functions are aided by a Ca2* bound at the lume-
nal end of the channel ligated by PsbO residues, Glu114, His231
and Glu54 [67,68]. The work of Ferreira et al. also established
that D1His190 was in hydrogen bonding distance to D1Tyr161
as required, and predicted, for the oxidation of the latter by the
primary electron donor of PSII, P680, to generate the neutral
tyrosine radical [69,70].

The model proposed by Ferreira et al. [60] has recently been
analysed in considerable depth using density function QM/MM
analysis [64]. The calculations assumed that the tentatively iden-
tified carbonate in the X-ray structure is replaced by a chloride
ion in the active S1 state of the water splitting catalytic cycle
and that the assigned protein ligands were complemented by
water and hydroxyl ligands to satisfy the coordination require-
ments of the five metal ions. Despite these adjustments the
calculated model for the metal cluster was remarkably simi-
lar to that proposed by Ferreira et al. and confirmed that it is a
chemically stable structure even in the absence of protein lig-
ands. Simulation of EXAFS spectra from the QM/MM model
was also consistent with experimental spectra obtained from
non-orientated samples.

3. Extending the model
3.1. Loll etal. [93]

The Mn3CaQO4-cubane linked to a fourth Mn ion by a mono-
p-oxo bridge proposed by Ferreira et al., published in February
2004, provided a model which has been shown to be chemically
realistic based on synthesis [65] and quantum mechanical cal-
culations [63,64]. The assignment of the metal ligands was also
consistent with a wide range of mutational studies mainly made
in the cyanobacterium, Synechocystis sp. PCC 6803 [57,58]. For
example, the involvement of the C-terminal domain of D1 pro-
tein in the assembly and stabilization of the Mn-cluster was first
emphasised by Diner et al. [59,71] followed by several studies
suggesting that D1 Asp342 and Ala344 could be metal ligands.
Site directed mutagenesis of D1Glul189, D1His332, D1Glu333
and D1His337 had all indicated that these residues were likely
to be involved directly or indirectly in stabilizing the catalytic
centre [57,58]. Moreover there had been several studies indicat-
ing that D1Asp170 provided a ligand for a high affinity binding
site for Mn and was important for the assembly of the metal
cluster [72]. A similar function has also recently been impli-
cated to a lesser degree for D1Glu333 [73]. Thus the structural
model provided by Ferreira et al. [60] has been used for in-depth
discussions of the mechanisms of water splitting and dioxygen
formation [74-78] as well as many other facets of PSII func-

tioning [67,68,79-85]. However since the publication of the
Ferreira et al. crystal structure in early 2004, new information
has become available which should help to improve and refine
our understanding of the organisation of water splitting site.

The FTIR studies of Debus and colleagues have questioned
the assignment of some of the protein ligands [86,87]. Their
detailed analysis of the vibrational properties of the carboxyl
group of D1Ala344 on progressing from S1 to S2 suggested
that this side chain forms a direct ligand to Mn ion of the cluster
and not to Ca?*, a conclusion also arrived at by others [88,89].
On the other hand no evidence was found for D1Asp170 [90]
or D1GIul89 [91] being ligated to a Mn ion that underwent
oxidation changes during the transitions from SO to S1, S1 to S2
or from S2 to S3. In the case of D1Asp170 the FTIR result, of
course, does not imply that D1Asp170 is not a Mn-ligand but is
inconsistent with the notion that Mn4 is a key site for oxidation
during S-state cycling [74,75,92].

Towards the end of 2005 a new crystal structure of PSII
isolated from 7. elongatus was published by Loll et al. [93]
following on from an earlier study [94]. The resolution of the
structure was reported to be 3.0 A. In most part this new model
confirmed the subunit and amino acid assignment and side chain
positioning reported by Ferreira et al. [60] with most differences
within the limitation imposed by the intermediate resolution of
both structures. Nevertheless the improved electron density map
allowed Loll et al. to extend and correct the original assignment
of carotenoid molecules by Ferreira et al. and to locate several
bound lipid molecules. As in the earlier papers from this group
[52], the pear-shaped electron density attributed to the metal
cluster of the water splitting site was interpreted as four Mn
cations organised in a Y-shape or 3 + 1 arrangement (Fig. 3).
Based on anomalous diffraction, the Ca>* was placed in a posi-
tion similar to that proposed by Ferreira et al. [60] whereas the
positioning of three of the Mn ions was different to that of Fer-
reira et al. [60] but less so to that suggested by Zouni et al. [52]
model. The fourth Mn ion was assigned to the narrow end of
the pear-shaped density in a slightly different position to that of
Ferreira et al. [60] or Zouni et al. [52]. The Loll et al. model
for the metal cluster, like that of Ferreira et al. [60], had dis-
tances between the metal ions which were in line with those
derived from EXAFS measurements [24]. They assumed di-p.-
oxo bridges of 2.7 A between Mn1 and Mn2 and between Mn2
and Mn3, while Mn1-Mn3 and Mn3-Mn4 were modelled at
3.3 A as expected for mono-p.-oxo bridging (see Fig. 3).

The electron density surrounding the metals cluster was
assigned to the same amino acids first identified by Ferreira et
al. [60] although there were differences in the precise location
in some cases (Fig. 3A). Loll et al., however, did not identify the
electron density modelled as carbonate by Ferreira et al. [60].
Within the errors of the two models, Loll et al. confirmed the
Ferreira et al. assignment of most of the key residues in the
water splitting site such as D1Tyr161, D1His190, D1Glul65,
D1Asp62, D1His337, CP43Arg357 and the likely metal ligands
D1His332, D1Glu333, D1Glul89 and CP43Glu354. The most
striking difference was the position of D1Asp170 and to a lesser
extent D1Asp342 and D1Ala344. With these differences, Loll et
al. proposed a coordination arrangement somewhat different to
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Fig. 3. Structure of the water splitting site from Loll et al. [93]. (A) Electron density of the MnyCa>*-cluster viewed along the membrane plane. The 2|F,| — |F.|
map is contoured at 1.2¢ and the colour coding is Mn (red), Ca?* (orange), D1 side chains (yellow) and CP43 side chains (magenta). (B) Schematic view of the
Mn4CaZ*-cluster with inter-connecting distances shown as lines; grey 2.7 A, blue 3.3 A and green 3.4 A. Amino acids within the first coordination sphere of the
metals and therefore proposed to be ligands are shown in black while those in the second coordination sphere are shown in grey. Distances are shown in A. Reprinted

by permission from Macmillan Publishers Ltd.: Loll et al. [93].

that provided earlier by Ferreira et al. The FTIR studies of Debus
and colleagues [86,90] had indicated that D1Ala344 formed a
ligand with a Mn ion which underwent an oxidation during the
S1 to S2 transition and Loll et al. suggested that the carbonyl
oxygens of this D1 terminal residue formed a bidentate bridge
between Ca®* and Mn2 which may convert to a monodentate
Mn-ligand in higher S-states as suggested by Noguchi et al.
[95]. They also proposed that D1Glu189 provided a ligand for
Ca”* as well as for Mn1. D1Asp342 was modelled as a biden-
tate bridging ligand to Mn1 and Mn2 while bidentate bridging
between Mn3 and Mn4 was provided by D1Glu333. The car-
boxylate of CP43Glu354 was modelled with bidentate bridging
between Mn2 and Mn3 while D1His332 provided a ligand to
Mnl. However, Loll et al. emphasised that their model for the
water splitting site schematically shown in Fig. 3B, was tenta-
tive, in part because of the low resolution of the electron density

(A) Tyr 161

Glu 333 }

His 337

map and in part because of radiation damage. Working with
the EXAFS group at Berkeley, and prior to the Loll et al. crystal
structure, the same group had shown that doses of X-rays typical
of those used for diffraction analyses caused the reduction of the
Mn-cluster and associated structural changes [96]. This problem
of radiation damage occurring at the Mn-cluster had also been
highlighted by Dau et al. [97,98] and investigated further by
Grabolle et al. [99]. Indeed, Loll et al. concluded that low Mn-
anomalous difference density for Mn4 in their map was due to
low occupancy brought about by radiation damage. This could
account for the clear difference in positioning of D1Asp170,
between the two structures.

Despite the uncertainties of the Ferreira et al. and Loll et
al. models of the Mn-cluster due to radiation damage and differ-
ences in interpretation, the concept of bidentate bridging ligands
proposed in the latter is worthy of serious consideration given

(8)

:Asp 170

CP43 /k'—.
G093 AP0 e Alad4d
His 332 "O "(

Asp 342
His 337

Fig. 4. Structure of the water splitting site from Yano et al. [104]. The organisation of the four Mn ions was derived from polarised EXAFS and 3D crystals of PSII
from 7. elongatus and is one of three possible arrangements (Model II). The protein environment was taken from the crystal structure of Loll et al. [93]. From Yano

et al. [104]. Reprinted with permission from AAAS.
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that this type of ligation is common in Mn-containing enzymes
such as Arginase [100], Escherichia coli ribonucleotide reduc-
tase (for example Ref. [101]) and others (see Ref. [102]) and
also in Mn-containing model compounds [103]. The presence
of bridging carboxylate ligands may explain mutational studies
where the replacement of some of the proposed ligands with
non-ligating side chains does not disrupt the cluster and inhibit
water oxidation [57,58].

3.2. Yano et al. [104]

To date the X-ray diffraction studies have made an enormous
contribution to our understanding of PSII and, although limited
by spatial resolution, has told us a great deal about the nature
of the water splitting site and provided a structural basis for
revealing the elusive and intriguing chemistry by which two
substrate water molecules are oxidised to dioxygen. Of course
the challenge is to improve the resolution of the X-ray diffraction
data so as toidentify the individual metal ions, disclose the nature
of the low molecular weight species in their vicinity, including
the substrate water molecules, and to obtain this information for
different stages of the S-state cycle. At present the models for the
Mn4Ca?*-clusters have relied heavily on metal-metal distances
measured by EXAFS. Interestingly it is this technique which has
emphasised the uncertainties of the models derived to date from
X-ray crystallography.

As pointed out in a recent paper by Yano et al. [96] and Dau
and colleagues [97-99], EXAFS can be employed using low
doses of X-rays and therefore minimizes the type of radiation
damage generated while collecting X-ray diffraction data. With
this in mind Yano et al. [104] have used polarised X-ray spec-
troscopy to investigate the organisation of the MnyCa”*-cluster
in crystals of PSII isolated from T. elongatus using levels of
radiation where little or no reduction of Mn ions occurs. From
this study, four different models for the MnyCa%*-cluster were
derived (I, II, Ila and III). In themselves these models have
limited value for elucidating the precise details of the water
splitting reaction, unless they are introduced into the protein
environment which constitutes the catalytic site, a procedure
which is not straightforward because there are four possible
symmetry-related orientations of each model and because of the
possible radiation induced modification of the crystal structures
of the metal-binding site. Nevertheless, Yano et al. proceeded to
combine the EXAFS modelling with structural details derived
from X-ray crystallography [104]. They therefore accepted that
the electron density of the Mny-cluster was “pear-shaped” that
the Ca-binding site was located in the approximate position
as proposed by Ferriera et al. [60] and confirmed by Loll et
al. [93] and that the assignment of the side chains were as in
Loll et al. [93]. This resulted in four different models for the
catalytic site which were different to those modelled from X-
ray crystallography [60,93] with Model II chosen for a more
detailed description in the main paper (see Fig. 4). Bearing
in mind the tentative nature of the fitting and possible modi-
fications in side chain positions due to radiation damage, the
ligation pattern is very different to that proposed by Ferreira
et al. [60] and Loll et al. [93]. For example D1Asp170 is

no longer a direct ligand to MnA (equivalent to Mn4) and
D1Glu189 becomes a bidentate ligand to Ca>*. D1Ala344 seem
to form bidentate ligand for MnD while D1Asp342 may pro-
vide a monodentate ligand to MnC. According to this model,
neither D1His332 nor D1His337 are in ligating distance to a
Mn ion. Only D1GIu333 and CP43Glu354 were positioned so
as to possibly form bidentate bridging ligands, the former for
MnB (equivalent to Mn3) and MnA and the latter between MnB
and MnC.

Details of the introduction of the other EXAFS Models I and
IIT into the crystal structure of Loll et al. were presented in the
supporting online material for Yano et al. [104] but as expected
this led to tentative ligation patterns different to Model Il empha-
sising the lack of a unique EXAFS model and the uncertainty
of combining data derived from EXAFS and X-ray diffraction
at present.

3.3. Alternative interpretations

Clearly the structures of the water splitting site involving the
introduction of the EXAFS models of Yano et al. [104] into X-
ray diffraction derived electron density maps must be treated
with caution, not only because there are four different EXAFS
models to choose from but because of the limited resolution of
the crystallographic data and its possible distortion by radiation
damage. Nevertheless, we have undertaken alternative interpre-
tations of the structure of the MnaCa?*Oy4-cluster and its protein
environment using currently available information and in par-
ticular the Mn-anomalous diffraction data of Ferreira et al. [60]
which seems to be the most reliable at present and is available
via the pdb database. Although this anomalous diffraction data
is at 3.8 A it has the advantage of not being biased to the model
phases. The two models presented below have been fitted by
real-space refinement against the anomalous diffraction using
the molecular graphics programme, Coot [105]. Their validity
will ultimately have to be reconciled with native electron density
maps and higher resolution data.

3.3.1. Model 1

Our first approach was to modify the model of Ferriera et al.
[60] by recognising that although EXAFS spectroscopy con-
ducted by the Berkeley group! indicates that there are three
Mn—di-p-oxo bridges, there is likely to be only one mono-p.-
oxo bridge [24,104]. Therefore one possibility that we consider
here is that Mn4 is linked to Mn3Ca?*Oy-cluster via one of the
Mn ions of the cubane (e.g. Mn3). Keeping the approximate
positioning of Ca®* proposed by Ferreira et al. [60], confirmed
by Loll et al. [93] and recent work of Kargul et al. [106], then the
new bonding state for Mn4 leads to a repositioning of the other
three Mn ions as compared to those in the model of Ferreira
et al. [60]. This repositioning of the Mn ions therefore changes

! There remains controversy in the literature regarding the numbers of
Mn-mono-p-0xo—Mn and Mn—di-p-0x0—Mn bonds based on EXAFS measure-
ments. For example, Dau and colleagues provide evidence for two, not three,
Mn—di-p-oxo—Mn bonds [97,98].
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Fig. 5. Model 1. A refinement of the water splitting site using the electron density maps of Ferreira et al. [60] and Loll et al. [93] and Mn-anomalous difference map
of Ferreira et al. [60], keeping the Mn3Ca®*Qy4-cubane of Ferreira et al. but with Mny linked to it via a single 3.3 A mono-p.-oxo bridge. The model was constructed
using the molecular graphics program Coot [105]. (A) Structure of the water splitting site assuming a single mono-p-oxo bridge between Mny (dangler Mn) and
Mn; of the Mn3Ca>*O4-cubane fitted with the Mn-anomalous difference map shown in red and contoured at 5.00. The amino acid assignments and the positioning
of their side chains are based on the native electron density maps of Ferreira et al. [60] and Loll et al. [93] (see text). The arrow is in the direction of the normal of
the membrane. (B) Schematic model shown in (A) with distance less than 2.8 A shown as lines is indicative of the ligation pattern for this model. The CP43Arg 357
however, is about 4.5 A away from Mn4. The inclusion of oxo bridging is in line with Mn chemistry and EXAFS measurements although other bridging ligands,
such as OH should not be ruled out. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

the protein ligation pattern as shown in Fig. 5. The position-
ing of the amino acids has taken into account the possibility of
bidentate bridging coupled with slight changes in the side chain
positioning within the native electron density maps derived by
Ferreira et al. [60] and Loll et al. [93]. In this model the same
amino acids identified by Ferreira et al. remain as metal ligands
but the pattern is different: D1His332 is a ligand to Mnl and
D1Asp342 could now form a bidendate bridging ligation with
Mnl and Mn2. CP43Glu354 also seems to be positioned so as
to form a bidentate bridge between Mn2 and Mn3. A reposi-
tioning of the side chain of D1Glu333, in agreement with Loll
et al. [93], suggests that D1Glu333 could form a ligating bridge
between Mn4 and Mn3. As mentioned above, the positioning of
D1Aspl170 is different in the Loll et al. structure compared with
that of Ferreira et al. Assuming the Ferreira et al. positioning for
D1Aspl170 clearly makes this amino acid a ligand for Mn4 and
with a slight rotation of the carboxylate bonds within the elec-
tron density suggests that both oxygens could ligate to Mn4. The
positioning of the side chain of D1Glu189 suggests a monoden-
tate ligation to Mnl while re-interpreting the electron density
of the C-terminal region of either the map of Ferreira et al. or
Loll et al. is more difficult. It is clear that both D1Ala344 and
D1Asp342 are located close to Mn2 and with slight adjustment
of their side chains in either map could mean that the oxygens of
the carboxyl groups of D1Ala344 form a bridge between Mn2
and Ca®* while D1Asp342 forms a bidentate bridging ligand
between Mn1 and Mn2. Fig. 5B shows a schematic representa-
tion of the ligation pattern for this model. Mn ions usually have
coordination numbers of five or six and according to the model
shown in Fig. 5 this requirement is better satisfied than in the
Ferreira et al. [60] model due to introduction of bidentate liga-
tion; six for Mnl1, six for Mn2, six for Mn3 and four for Mn4.
Any deficit in coordinating species is probably satisfied by low
molecular weight species such as water and hydroxyl ions. The

overall positioning of the Mn ions in this model and the pattern
of amino acid ligation is similar to that proposed by Loll et al.
[93] (see Fig. 3) with some exceptions. However the average ori-
entation to the membrane normal of the three Mn—di-.-oxo—Mn
bonds (81°) and the Mn—mono-p.-oxo—Mn bond (47°) are not
consistent with those recently derived from polarised EXAFS
[96,104] which indicate 40-60° and 90°, respectively.

Although the major difference between the model shown in
Fig. 5 and that of Ferreira et al. (Fig. 2) is the relocation of the
Mn ions so as to accommodate only one Mn—mono-p-oxo—Mn
bond, the slight changes in the orientation of some side chains
also makes some differences to the original Ferreira et al. model
(Fig. 2): D1Ala344 is now in ligating distance to Mn2 as well as
Ca”* and bridging ligands are also proposed between Mn1 and
Mn2 (D1Asp342), Mn2 and Mn3 (CP43Glu354) and between
Mn3 and Mn4 (D1Glu333).

3.3.2. Model 2

The cubane model proposed by Ferreira et al. or its modified
form proposed above (Fig. 5), or the Loll et al. model (Fig. 4),
are not consistent with any of the four models recently pro-
posed from polarised EXAFS spectroscopy as applied to single
crystals [104]. We therefore have investigated the EXAFS mod-
els using the Mn-anomalous diffraction difference map derived
by Ferreira et al. [60]. We found that none of the recently pro-
posed EXAFS models fitted comfortably into the Mn-anomalous
diffraction data using the coordinates provided [104]. However,
in line with Yano et al. [104] we decided to focus on Model II
and use real-space refinement against the anomalous Mn differ-
ence density to obtain a revised fitting. Recognising that there
are discrepancies in the determination of the bond angles as
emphasised by comparison of Yano et al. [104] with Pushkar
et al. [107] as well as with earlier work [107-109], we slightly
re-orientated the model so as to improve its fit within the Mn-
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Fig. 6. Model 2. A refinement, using Coot [105], of the positioning of the EXAFS models (Model II) into the Mn-anomalous diffraction data of Ferreira et al. [60],
maintaining the side chain positioning given in Fig. 4. (A) Model II of Yano et al. [104] was positioned into the Mn-anomalous difference map of Ferreira et al. [60]
by adjusting the coordinates relative to the Loll et al. structure by lateral translation and rotation but maintaining the approximate orientation restraints provided by
the recent EXAFS studies [104,107]. The arrow is in the direction of the normal of the membrane. (B) Schematic model shown in (A) with distance less than 2.8 A

shown as lines are indicative of the ligation pattern for this model.

anomalous difference map (see Fig. 6). This new fitting within
the crystal structure gives an average orientation of the three
Mn—di-p-oxo—Mn to the membrane normal of about 55° and
for the Mn—mono-p-oxo—Mn bond of 87°, which are consis-
tent with the corresponding EXAFS values determined with
orientated thylakoid membranes [ 106] and with earlier estimates
[108-110]. This new fitting of Model II into the Mn-anomalous
diffraction data and the modified amino acid side chain position-
ing used in Fig. 5 gives a pattern of ligation shown in Fig. 6B.
The pattern has some similarities to that proposed by Yano et
al. [104] but there are some important differences; D1Asp170
now remains a ligand to Mn4 (MnA in Ref. [103])), D1Glu189
provides a bridge between Ca and Mn2 (MnC), D1Asp342 is a
ligand for Mn1 (MnD) not Mn2 (MnC) and D1His332 is now
in ligating distance to Mn2 (MnC).

4. Conclusion

In less than a decade, electron microscopy and X-ray crystal-
lography have provided detailed information about the structure
of PSII. The location and arrangement of the majority of the
protein subunits of PSII have been revealed including the organ-
isation of its transmembrane helices. X-ray crystallography of
PSII isolated from cyanobacteria has provided the assignment
of amino acids in these proteins as well as revealing the organ-
isation of cofactors. Although the resolution has to date been
restricted to 3.5-3.0 A, the modelling of side chain positions
suggests that, for the majority of the structure, there will only
be slight modifications made to their position as the resolution
of the X-ray data improves. Similarly this will be true for most
of the cofactors. For this reason the current description of the
protein environments around the various cofactors involved in
energy transfer and charge separation is reliable. The main major
uncertainties are the precise structure of the MnyCa”*-cluster
and the exact details of its ligation, information paramount for
fully elucidating the chemistry of the water splitting reaction.

However at present the crystal structures of PSII are not at
a sufficient resolution to resolve the individual metal cations

or the presence of low molecular weight ligands. The situa-
tion appears to be further complicated by the possibility that
radiation damage occurs at the metal cluster during the collec-
tion of X-ray diffraction data. On the other hand information
about the structure of the MnyCa%*-cluster can be obtained at
high spatial resolution and with much reduced radiation dam-
age by EXAFS spectroscopy. Recent EXAFS studies have not
only confirmed earlier determinations on Mn—-Mn and Mn—Ca>*
distances but imposed angular constraints for the metal-metal
bonds relative to the membrane normal. Taken at face value these
angular constraints invalidate the “cubane” models proposed by
Ferreira et al. (Fig. 2 with two mono-p.-oxo bonds) and Model
1 presented in this paper (Fig. 5 with one mono-p-oxo bond).
Therefore, one of the four models derived from EXAFS studies
of Yano et al. [104] could be considered to give a more real-
istic arrangement of the metal ions in the cluster and perhaps
the proposed positioning within the crystal structure reported
here (Fig. 6) provides an overall better working arrangement for
EXAFS Model II. However, this modelling is only for one of
four alternatives and is also open to criticism in terms of reveal-
ing the chemistry of the water splitting reaction, since it relies
on X-ray diffraction data which may not be reliable because
of radiation damage [96]. Moreover, the recent EXAFS work
of Pushkar et al. [107] and earlier EXAFS studies [108-110]
emphasise that there are significant discrepancies with the value
determined by Yano et al. [104] for the average angle of the
two 2.7 A Mn—Mn bonds relative to the membrane normal. The
new models discussed above (Figs. 5 and 6) and that of Loll
et al. (Fig. 3) have introduced bidentate bridging and although
this type of ligation is attractive, it is not favoured for metals in
their high valency states. The coordinates for the two new models
presented here in Figs. 5 and 6 are given in Ref. [111] where addi-
tional models based on the recent EXAFS work [104] are also
considered.

The up-shot, therefore, is that although spectacular progress
has been made towards elucidating the structure of the water
splitting site of PSII by the application of X-ray crystallogra-
phy, there remains a need to obtain higher resolution diffraction
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data collected in such a way as to reduce radiation damage. The
resolution must clearly identify water molecules with the view
to identify those which act as the substrate during the catalytic
cycle. This challenge, coupled with information derived from
EXAFS, FTIR, EPR and other techniques, will ultimately pro-
vide the details required for understanding how photosynthetic
organisms use sunlight to split water.
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