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Hydration Preferences for Mn,Ca Cluster Models of Photosystem II:
Location of Potential Substrate—Water Binding Sites
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Abstract: Density functional theory
calculations are reported on a set of
three model structures of the Mn,Ca
cluster in the water-oxidizing complex
of Photosystem II (PSII), which share
the structural formula
[CaMn,CoH N, O] *+(H0),, (¢=—1,
0,1, 2, 3; n=0-7). In these calculations
we have explored the preferred hydra-
tion sites of the Mn,Ca cluster across
five overall oxidation states (S, to S,)
and all feasible magnetic-coupling ar-
rangements to identify the most likely
substrate-water binding sites. We have
also explored charge-compensated
structures in which the overall charge
on the cluster is maintained at ¢=0 or
+1, which is consistent with the experi-
mental data on sequential proton loss
in the real system. The three model
structures have skeletal arrangements
that are strongly reminiscent, in their
relative metal-atom positions, of the
2.9-, 3.7-, and 3.5 A-resolution crystal

structures, respectively, whereas the
charge states encompassed in our study
correspond to an assignment of
(Mn™);Mn" for S, and up to
(Mn"™);Mn™ for S,. The three models
differ principally in terms of the spatial
relationship between one Mn (Mn(4))
and a generally robust Mn;Ca tetrahe-
dron that contains Mn(1), Mn(2), and
Mn(3). Oxidation-state distributions
across the four manganese atoms, in
most of the explored charge states, are
dependent on details of the cluster ge-
ometry, on the extent of assumed hy-
dration of the clusters, and in some in-
stances on the imposed magnetic-cou-
pling between adjacent Mn atoms. The
strongest water-binding sites are gener-
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ally those on Mn(4) and Ca. However,
one structure type displays a high-affin-
ity binding site between Ca and Mn(3),
the S-state-dependent binding-energy
pattern of which is most consistent
with the substrate water-exchange ki-
netics observed in functional PSII. This
structure type also permits another
water molecule to access the cluster in
a manner consistent with the sub-
strate-water interaction with the Mn
cluster, seen in electron spin-echo en-
velope modulation (ESEEM) studies
of the functional enzyme in the S, and
S, states. It also rationalizes the signifi-
cant differences in hydrogen-bonding
interactions of the substrate water ob-
served in the FTIR measurements of
the S; and S, states. We suggest that
these two water-binding sites, which
are molecularly close, model the actual
substrate-binding sites in the enzyme.

Introduction

Water is the substrate for production of molecular oxygen in
Photosystem II (PSII), a process for which the precise mech-
anistic details remain enigmatic. What is known is that,
during the cyclic four-electron process of water oxidation,
the Mn,Ca cluster in the water-oxidizing complex (WOC) of
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PSII moves through a series of four metastable, spectroscop-
ically accessible intermediate states and one intrinsically
shortlived unstable state, collectively known as the S states.
Electron transfer from the cluster takes place by means of a
redox-active tyrosine residue, Y,. The metastable states are
labeled S, S;, S,, and S;, and the shortlived ‘final’ state is S,,
for which the subscript refers to the number of stored oxi-
dizing equivalents in the catalytic center.'! However, the ge-
ometry of the Mn,Ca site of the WOC, and indeed the over-
all metal-center oxidation state at which water oxidation
occurs, are still the subject of vigorous debate.

A large component of the challenge in unraveling the
mechanism of water oxidation lies in the difficulty of unam-
biguous characterization of the active-site geometry. Several
medium-resolution crystal structures have been reported, at
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progressively 3.8, 3.7, 3.5, 3.2, 3.0,%% and very recently,
2.9 A resolution,”’ but although these structures bear
common features—notably a tight triangular arrangement of
three of the four manganese atoms in the WOC—there is
considerable disparity between the assigned positions of one
of the Mn atoms, and of the ligating protein residues, in the
various XRD-derived geometries. Further structural infor-
mation has been obtained from extended X-ray absorption
fine structure (EXAFS) and other techniques,® in some in-
stances drawing on the crystal-structure results; but it has
been argued that the PSII active site is highly susceptible to
X-ray-induced damage, and that this damage is the source
of apparent discrepancies between the crystal structures.’) It
is fair to say that there is still no universally accepted geom-
etry for the PSII active site, despite exhaustive investigation
by many research groups.

We have previously suggested®!"! that the various crys-
tal-structure geometries might be straightforwardly interre-
lated. This inference arises because calculations on a series
of isomeric oxo-bridged Mn,Ca-containing clusters,'*!" with
surrounding carboxylate ligands arranged in a manner con-
sistent with the most recent 3.0- and 2.9 A-resolution
(‘Berlin’) crystal structures,®” reveal that these isomers can
undergo interconversion between forms whose metal-atom
positions are strikingly reminiscent of the Mn, geometries of
the 3.7 A ‘Hyogo, ™ 3.5 A ‘London,™ and 2.9 A ‘Berlin’®”
crystal structures. Such interconversion, if real in the pro-
tein, might even occur prior to X-ray exposure, during the
chemical workup needed to extract and crystallize the PSII
complex.

Given the challenges that confront laboratory characteri-
zation of the atomic-level structure of the active site of
PSII, there is a strong need for complementary approaches
to PSII structure determination. Computational chemistry is
one such avenue, and has already been adopted to this end
by several research groups over the past few years. Siegbahn
and co-workers have performed an extensive set of density
functional theory (DFT) calculations on a PSII model>?"
derived principally from the 3.5 A resolution ‘London’
XRD structure.’! A further in-depth DFT computational in-
vestigation, including solvent corrections and an ONIOM
(our own n-layered integrated molecular orbital and molec-
ular mechanics) treatment of the surrounding protein envi-
ronment, has been undertaken by Batista et al.,?'?l whereas
Kusunoki®®” has reported the results of DFT calculations on
a model based on the 3.0 A ‘Berlin’® XRD structure.l’ Al-
though there are several differences between the various
PSII models in the aforementioned computational studies,
one important common starting point is the assignment of a
Mn™(Mn""); oxidation-state pattern to the S, state of PSII.

Our own computational explorations of the PSII active
site have taken a different tack. Based on comparison with
S-state-dependent EXAFS distances, we favor an oxidation-
state assignment of (Mn""),Mn'" as the S, state.'! Further,
we have sought to canvas a wider distribution of possible
structures, by investigating various Mn,Ca geometries—rem-
iniscent, as noted above, of each of the Berlin, London,
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and Hyogo® crystal structures in terms of their respective
metal-atom positions—across a range of five charge states,
and investigating all feasible single-determinant magnetic-
coupling configurations of the four Mn atoms for each struc-
ture typel (‘Berlin-like’), II (‘Hyogo-like’), and III
(‘London-like’). Our initial DFT study on three
[CaMn,C,H(N,O ] t-3H,O isomers indicated that these
three structure types displayed comparatively facile inter-
conversion.") A subsequent investigation of trihydrated
[CaMn,CoH;(N,O]"+ (g=—1 to +3)" revealed generally
dissimilar oxidation-state patterns between I, II, and III for
any given charge state (although the assumed S, structures,
with ¢ =0, all adopted a Mn™Mn"VMn™Mn" (‘3432’) oxida-
tion-state pattern), and a propensity towards antiferromag-
netic interactions between neighboring Mn atoms, particu-
larly in the assigned lower S-state structures.

The optimized arrangement of ligands that model the pro-
tein groups in the Berlin-like I structure is close to that re-
solved in the actual 3.0 and 2.9 A Berlin XRD structures.>”
For Hyogo-like II, the calculated ligand orientation is broad-
ly consistent with the reported Hyogo XRD structure,”
within the limits of the 3.7 A resolution obtained in the
latter study. For the London-like III cluster, the relative
metal positions closely match those seen in the London
XRD structure,” but the ligand positions seen both experi-
mentally®! and by quantum mechanics/molecular mechanics
(QM/MM) simulations®! are somewhat different from our
model arrangement in which all the carboxylate groups bind
and/or bridge in a generally equivalent manner in the three
computational clusters studied here. As a consequence, QM/
MM modeling of the London structure®! suggests that
water molecules are present in places excluded in our cur-
rent studies, particularly for Mn(2), whereas other sites pos-
sible in our model structures (e.g., on Mn(1)) are excluded
(see Figure 1 and ref. [6] for Mn numbering).

Within our set of model structures, hydration at Mn(4)
and Ca—which are left coordinatively unsaturated by liga-
tion of the surrounding protein environment—is possible,
whereas the opportunity for hydration at Mn(1) or Mn(3) is
dependent upon the geometry of the metal-atom cluster.
Hydration at Mn(2) cannot occur due to the local octahe-
dral coordination of protein-based donor atoms and O
bridges at this atom. Our calculations on trihydrated
models'!! uncovered many examples of Mn(4)- and Ca-hy-
drated structures, and some instances of hydration at Mn(1)
or Mn(3) (as well as a surprising tendency for water mole-
cules to occupy the second solvation layer in apparent pref-
erence over primary coordination to a metal atom), but left
unanswered the points of attachment for the substrate water
molecules central to the mechanism of PSII water oxidation.

In the calculations reported here, we have explored the
consequences of sequential hydration (up to 7 water ligands)
on our series of Mn,Ca structure types across charge states
from g=—1 to g=+43. This affords considerable detail on
the influence of hydration on our PSII models. In addition,
we have also performed calculations on relevant charge-
compensated structures with g=0 or 41 so that the overall
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Figure 1. Structures of the lowest-energy heptahydrated complexes of clusters I, II, and III, each in the dicat-
ionic charge state. Structures are viewed along a line-of-sight nearly coincident with the axis passing down
through Ca to the tri-p-oxo bridge that links Mn(1), Mn(2), and Mn(3), with Mn(1) oriented approximately
north, and Mn(2) due west, of the projected Ca atom. The diagrams are annotated with the hierarchies of
water-ligand attachment, with ‘1’ indicating the strongest-bound water ligand.

charge on the cluster remains consistent with the proton-
loss sequence observed in experimental studies. When as-
sessed against recent experimental data that relates to sub-
strate—water interaction with the WOC, the calculations pro-
vide valuable information on the relevance of these struc-
ture types for the cluster geometry in catalytically active
PSII and, importantly, the location of potential substrate—
water binding sites.
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Results and Discussion

First, we summarize the results
of our calculations on the vari-
ously hydrated Mn,Ca cluster
models I, II, and III (see
Figure 1) across the —1 to +3
charge states that correspond,
in formal Mn oxidation levels,
to our S, to S, states. Subse-
quent sections of the discussion
address results from these and
related charge-compensated
species, with reference to exper-
imental data on substrate-water
binding and interaction with
the water-oxidizing complex of
PSIL.

Influence of hydration on
metal-oxidation states and mag-
netic-coupling modes: An ex-
tensive survey of the Mn,Ca
cluster model structures as a
function of charge state, hydra-
tion level, and magnetic cou-
pling mode has been made.
These data are summarized in
two series of tables within the
Supporting Information that ac-
companies this work. Tables S1
to S15 detail the crucial metal-
metal distances as a stepwise
function of hydration level for
each structure of type I, II, and
III across the charge states g=
—1 to +3. The magnetic charac-
ter of the heptahydrated
models is summarized in
Tables1 to 5 below, with a
more exhaustive overview (ex-
plored at the n=0, 3, and 7 hy-
dration levels) provided in Ta-
bles S16 to S30, again within
the Supporting Information. In
the discussion below, we focus on the results from Tables 1
to 5, with some references as appropriate to the Supporting
Information.

The —1 charge state: The —1 charge state (see Table 1),
which corresponds to (Mn,)"'*+Ca?*(0*),(OCHO )4(c-
C;H,N,)(H,0),, models the WOC S, state, effectively Mn"-
(Mn"™); or its formal equivalent. For this charge state, three
competing oxidation-state patterns are manifested in the
various models: Mn"Mn™Mn"Mn" (henceforth 3332’),
Mn"™n"Mn"™™Mn"  (‘2432’), and Mn™Mn"Mn"Mn"
(‘3422’). Of the three overall Mn,Ca cluster structure types
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Table 1. Trends in total and relative energies, and Mn-atom spin densities, of ferromagnetically coupled and low-lying antiferromagnetically coupled con-
figurations of the structures I"'-(H,0),, II""(H,0),, and II"'-(H,0); as a function of magnetic coupling.

Coupling schemel®! M E [hartree] E.Y [kImol™] Hepin(1)! Uepin(2)! Uepin(3)! Upin(@)!
I'(H,0);: Mn"/Mn"/Mn"/Mn")
AAAA FFF +17/2 —14.42970 28 (29) 3.8532 3.8698 3.7847 4.8081
AABA FAA +9/2 —14.43681 9 (10) 3.6570 3.8432 —3.4751 4.6656
ABBA AFA +3/2 —14.43701 8(9) 3.7359 —2.1396 —3.4141 4.6368
ABBA AFA +1/2 —14.43895 3 (4) 3.6387 —3.8023 —3.4947 4.6546
ABAB AAA —1/2 —14.44019 0(1) 3.8015 —3.7382 3.5576 —4.6481
I '-(H,0),: (Mn"/Mn""/Mn""/Mn"")
AAAA FFF +17/2 —14.42343 45 4.7732 2.8517 3.8969 4.8394
ABBB AFF -9/2 —14.43681 10 3.6628 —3.8135 —3.7546 —4.8385
ABAB AAA +1/2 —14.43874 5 4.5394 —2.6078 3.7692 —4.7534
AABA FAA +9/2 —14.44060 0 4.7855 2.7575 —3.6064 4.7314
1 (H,0),: (Mn"/Mn"/Mn"/Mn")
AAAA FFF +17/2 —14.41612 54 (64) 3.8269 2.8615 4.7981 4.8390
ABAB AAA +1/2 —14.43186 13 (23) 3.7269 —2.5699 4.6264 —4.7457
ABAA AAF +9/2 —14.43676 0 (10) 2.7387 —3.6716 4.7805 4.7882

[a] The four-character identifier shows the constrained preference of each of the four Mn atoms for alpha- (A) or beta- (B) spin valence d-electron densi-
ty. Thus, ‘AABA’ indicates the coupling pattern in which Mn atoms 1, 2, and 4 have a-spin electron-density excess, whereas Mn-atom 3 has B-spin
excess. The three-character identifier denotes the mode of coupling between sequential Mn atoms (treating the complex as a linear Mn chain, which may
not be strictly valid), as either antiferromagnetic (A) or ferromagnetic (F). Thus, ‘FAA’ shows that the coupling between Mn atoms 1 and 2 is ferromag-
netic, whereas the coupling between 2 and 3, as well as between 3 and 4, is antiferromagnetic. Identifiers shown in italics indicate a pattern of Mn oxida-
tion states noticeably at variance with that delivered by calculation on the fully ferromagnetic ‘AAAA’ configuration for the same structure. [b] Spin
quantum number of the overall complex. [c] Calculated total (‘bond’) energy of the optimized complex in the indicated spin configuration. [d] Calculated
energy of the optimized complex in the indicated spin configuration, expressed relative to the lowest-energy configuration for this model at this overall
oxidation state. Values in parentheses are expressed relative to the lowest-energy configuration of the lowest-energy structure (here, II'"). [e] Calculated
spin density on the identified individual Mn atom. Values in italics indicate a pattern of Mn oxidation states noticeably at variance with that delivered by
calculation on the fully ferromagnetic ‘AAAA’ configuration for the same structure.

that we have previously identified, the ‘Berlin-like’ geome-
try type I (characterized by an Mn(1)-Mn(4) distance of
around 5.0 to 5.6 A) is the lowest-energy structure, irrespec-
tive of the degree of hydration. It consistently exhibits a
preference for the ‘3332’ oxidation-state pattern and shows
a preference for antiferromagnetic coupling, particularly the
afpa (hereafter ‘ABBA’) Ms=1/2, aofa (hereafter
‘AABA’) M;=9/2, and ofaf (hereafter ‘ABAB’) M¢=—1/2
coupling motifs.

Geometrically, the influence of hydration is consistent, re-
gardless of the coupling pattern: addition of the first three
water ligands results in a lengthening of the Mn(1)—Mn(4)
distance by around 0.3-0.4 A, whereas a further four hydra-
tion steps yield additional lengthening of this distance by a
smaller increment, typically 0.1 A or less.

The ‘Hyogo-like’ geometry II, typified by an Mn(1)—
Mn(4) distance of 6.0 A or greater, is more ambiguous than
I with regards to its oxidation-state pattern preference. In
the heptahydrate structure, the ferromagnetic configuration
(‘AAAA’, S=17/2) is clearly 2432,” and all of the expected
antiferromagnetic-coupling variants deliver unpaired Mn
spin densities consistent with this oxidation-state pattern.

For lower hydration levels, the 3332 oxidation pattern is
generally preferred, with the lowest energy states (Mg=1/2)
similar in coupling to those of structure I (see Table S16 in
the Supporting Information). For the ferromagnetically pre-
ferred ‘2432’ oxidation-state pattern, hydration of II has a
much smaller impact on the key Mn(1)-Mn(4) distance
than is the case for geometry type L.
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The ‘London-like” geometry III, characterized by Mn(1)—
Mn(4) separation of approximately 4.0 A, also exhibits some
oxidation-state pattern ambiguity. For the heptahydrate
structure, the ferromagnetic ‘AAAA’ S=17/2 configuration
is clearly ‘3422, with a full complement of antiferromagnet-
ic variants that also exhibit this oxidation-state pattern. For
hydration levels n=0 and 3, the lowest-energy antiferromag-
netic structures are both ‘3332° (ABAB M =-1/2 and
AABA My=9/2, respectively) in preference to 3422’
ABAB Mg=1/2. The geometric influence of hydration in III
is largely to shorten the Mn(1)-Mn(4) distance, and it ap-
pears that hydration stabilizes this structure against sponta-
neous rearrangement to the generally lower-energy structure
L

The neutral charge state: The zero-charge state (see Table 2),
which corresponds to (Mn,)**Ca®*(0*),(OCHO )4(c-
C;H,N,)(H,0),, models the WOC S, state, effectively
(Mn™),. In practice, however, although efforts were made to
characterize structures with an Mn™Mn"™Mn™Mn™ oxida-
tion-state pattern (hereafter ‘3333’), no configurations of
this type could be satisfactorily isolated. Instead, the type I,
II, and I geometries all unambiguously adopted an
Mn"™"Mn"VMn™Mn" (‘3432’) oxidation-state pattern.

Perhaps because they arise from this oxidation-state com-
monality across structures, the various geometries exhibit
magnetic consistency in the sense that I prefers ABBA Mg=
1 coupling, II favors ABAB Ms=0 and ABBA Ms=1, and
III also opts for ABBA Ms=1; this is combined with a
greater degree of structural fluidity than is seen in the —1

www.chemeurj.org
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Table 2. Trends in total and relative energies, and Mn-atom spin densities, of ferromagnetically coupled and low-lying antiferromagnetically coupled con-
figurations of the structures I°-(H,0),, II*-(H,0),, and III’-(H,0), as a function of magnetic coupling.

Coupling schemel” M B harree] B ImOl] DY ae®Y age® @
I°-(H,0);: (Mn"/Mn"/Mn"/Mn"")

AAAA FFF +8 14.34884 7 (12) 3.8566 2.8768 3.8270 4.8277

AABA FAA +4 14.34730 11 (16) 3.7693 2.8594 —3.6423 4.7441

ABAB AAA 0 14.34900 6 (11) 3.7959 —2.7470 3.6698 —4.7387

ABBA AFA +1 14.35138 0(5) 3.7341 —2.7759 —3.6893 4.7452
I°(H,0),: (Mn"Y/Mn"/Mn"/Mn"")

AAAA FFF +38 —14.32774 34 (67) 3.8235 2.9004 3.8735 4.8123

ABBA AFA +1 —14.33989 2 (35) 3.7484 —2.8067 —3.6158 4.6852

ABAB AAA 0 —14.34057 0(33) 3.7674 —2.7701 3.5983 —4.6746
- (H,0),: (Mn"/Mn"/Mn"//Mn'")

AAAA FFF +8 —14.34164 30 3.8376 2.8750 3.8786 4.7980

ABBB AFF —4 —14.34946 10 3.6870 —2.7317 —3.8291 —4.7736

ABAB AAA 0 —14.35100 6 3.7778 —2.7128 3.6065 —4.7266

ABBA AFA +1 14.35324 0 3.7240 —2.7431 —3.6577 4.7329

[a] For explanations of these parameters, refer to footnotes [a]-[e] of Table 1 .

figuration of the lowest-energy structure (here, IIT°).

charge-state structures. Hydration has the contrasting effect
of contracting the Mn(1)—Mn(4) separation in III while sub-
stantially increasing Mn(1)~Mn(4) in II and, to a lesser
extent, in L

The +1 charge state: The +1 charge state (see Table 3),
which corresponds to (Mn,)"*Ca**(0*"),(OCHO")4(c-
C;H,N,)(H,0),, models the WOC S, state, effectively
(Mn"™),Mn" or its formal equivalent. Although all the
monocationic structures correspond to (Mn™);Mn", only
Mn(2) is seen to be fixed in oxidation state—at Mn" —
across all structure types and hydration levels, with Mn(1)
and Mn(3) toggling between Mn™ and Mn", and Mn(4)
varying between Mn" and Mn™. In structure type I, hydra-
tion has the effect of contracting the Mn(1)~Mn(4) dis-

[b] Values in parentheses are expressed relative to the lowest-energy con-

tance—the opposite effect to that seen for I’ as discussed
above—while also influencing the preferred oxidation-state
pattern. Among ‘genuine’ anhydrous Berlin-like geometries,
the lowest-energy configuration is ABBA Mg=1/2
(Mn"™Mn"Mn"Mn™, <3433’), which is also the preferred
mode of magnetic coupling in the trihydrated condition.
Further hydration to the heptahydrate changes the oxida-
tion-state pattern preference to Mn™™Mn"™VMn"™VMn" (3442’),
for which three magnetic-coupling options, ABBA M;=3/2,
ABAB M¢=-1/2, and AAAB My=>5/2 are almost isoener-
getic.

For Hyogo-like II*, hydration has a negligible effect on
the key Mn(1)-Mn(4) distance, with the preferred oxida-
tion-state pattern, ‘3433, also being essentially invariant.
The magnetic coupling for this species, however, is less

Table 3. Trends in total and relative energies, and Mn-atom spin densities, of ferromagnetically coupled and low-lying antiferromagnetically coupled con-
figurations of the structures I''-(H,0),, II*"'-(H,0),, and IIT*"-(H,0); as a function of magnetic coupling.

Coupling scheme!” Ml E " [hartree] E*" [kImol ] Hspin(1D! Hspin(2)™ Hapin(3)! Hapin(4)™
I*-(H,0),: (Mn"/Mn"/Mn"/Mn"")
AAAA FFF +15/2 14.12843 26 (46) 3.8513 2.8716 2.9386 4.7882
AABA FAA +9/2 14.13490 9(29) 3.8153 2.8622 2.5256 4.6132
AAAB FFA +5/2 14.13757 2(22) 3.8343 2.8537 2.6316 4.6230
ABAB AAA —1/2 —4.13813 0.03 (21) 3.8077 2.7794 2.6109 4.6272
ABBA AFA +3/2 14.13819 0(21) 3.7878 2.7816 2.5539 4.6219
*'-(H,0);: (Mn"/Mn"Y/Mn"/Mn'")
AAAA FFF +15/2 14.12639 35(52) 3.8567 2.9130 3.8250 3.8940
ABBB AFF =712 —4.13968 0.4 (17) 3.7670 2.8282 3.7859 3.8877
AABB FAF —-1/2 —4.13985 0 (16) 3.8121 2.8303 3.7358 3.8849
m+'-(H,0),: (Mn"/Mn'/Mn"/Mn")
AAAA FFF +15/2 14.13980 17 2.9493 2.8576 3.8982 4.7832
AABA FAA +712 14.14153 12 2.9261 2.7380 3.6816 4.7295
AABA FAA +9/2 14.14189 11 3.7602 2.8826 2.4981 4.6135
AAAB FFA +52 14.14231 10 2.7103 2.8512 3.8487 4.6943
ABAB AAA —-1/2 —4.14303 8 2.7059 2.7566 3.7894 4.6994
ABBA AFA +12 —14.14304 8 2.8173 2.8330 3.7451 4.7242
AABB FAF —3/2 —14.14319 8 2.5978 2.7543 3.7508 4.7010
ABBA AFA +3/2 14.14611 0 3.7099 2.7321 2.5363 4.6320

[a] For explanations of these parameters, refer to footnotes [a]-[e] of Table 1. [b] Values in parentheses are expressed relative to the lowest-energy con-

figuration of the lowest-energy structure (here, IIT*Y).
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Table 4. Trends in total and relative energies, and Mn-atom spin densities, of ferromagnetically coupled and low-lying antiferromagnetically coupled con-
figurations of the structures I**(H,0),, II**(H,0),, and IIT**(H,0); as a function of magnetic coupling.

Coupling schemel” M B harree] B ImOl] DY ae®@Y @ @
17%(H,0);: (Mn"/Mn"/Mn"/Mn"")
AAAA FFF +7 —13.81876 13 (19) 3.8237 2.8706 2.9410 3.8570
ABAA AAF +4 —13.81990 10 (16) 3.7847 —2.7815 2.9219 3.8461
AABA FAA +4 —13.82083 7 (14) 3.7929 2.8698 —3.6748 3.7990
ABBB AFF -3 —13.82095 7 (13) 3.7521 —2.7971 —2.7941 —3.8308
AAAB FFA +3 —13.82140 6 (12) 3.8312 2.8693 2.8214 —3.7816
ABBA AFA +1 —13.82356 0 (6) 3.7502 —2.7894 —2.6849 3.8059
I+ (H,0),: (Mn"/Mn"/Mn"V/Mn'")
AAAA FFF +7 —13.80451 22 (56) 3.8192 2.8718 2.8702 3.8979
ABAB AAA 0 —13.81015 7 (42) 3.7602 —2.7695 2.6979 —3.7970
AABB FAF -1 —13.81052 6 (41) 2.7331 2.7865 —3.7442 —-3.9114
ABBA AFA +1 —13.81092 5 (40) 3.7534 —2.7903 —2.5777 3.8084
AABA FAA +4 —13.81110 4(39) 3.7876 2.8562 —2.5338 3.8109
AABA FAA +3 —13.81275 0(35) 2.7416 2.7891 —3.6474 3.8182
I+ (H,0),: (Mn"/Mn"/Mn"/Mn")
AAAA FFF +7 —13.81477 30 3.0456 2.8404 2.9852 4.6658
ABAA AAF +4 —13.82213 10 3.1197 —2.8204 3.0157 4.5548
ABBB AFF —4 —13.82261 9 2.6722 —2.8290 —2.9307 —4.7033
AABB FAF -1 —13.82290 8 2.6699 2.8400 —2.9112 —4.7180
ABBA AFA +1 —13.82530 2 2.9646 —2.8329 —-2.7171 4.6362
AABA FAA +4 —13.82553 1 2.9607 2.8428 —2.6936 4.6470
AAAB FFA +2 —13.82601 0 2.7417 2.8255 2.7362 —4.6303

[a] For explanations of these parameters, refer to footnotes [a]-[e] of Table 1. [b] Values in parentheses are expressed relative to the lowest-energy con-

figuration of the lowest-energy structure (here, III*?).

clear. In the anhydrous form, four low-lying coupling
modes—AABA Ms=7/2, ABBA Ms=1/2, AABB Mg=-1/
2, and ABAB M¢=1/2—are too close energetically to unam-
biguously assign a preferred configuration. Addition of
three water molecules resolves the picture somewhat, with
only two coupling modes—AABA Mg=7/2 and ABBA
Ms=1/2—competing for the lowest-energy configuration,
whereas in the heptahydrated system the preferred coupling
modes are AABB Mg=—-1/2 and ABBB My=-7/2.

For London-like I, the oxidation-state preference is
primarily towards ‘4432’ (with AABA M =7/2 and ABBA
Ms=1/2 coupling the lowest-energy modes in the anhydrous
state, and AABA Mg="7/2 on trihydration). In the heptahy-
drate, the lowest-energy configuration is ABBA My=3/2
(‘3442’). One unusual aspect of the results for IIIT is that
there are three distinct plausible oxidation-state patterns for
which single-determinant magnetic-coupling configurations
can be satisfactorily characterized, namely, 4432, 3442, and
3433, with representatives of each oxidation-state pattern
lying within 30 kJmol™' of the lowest-energy coupling mode
at each of the anhydrous, trihydrated, and heptahydrated
conditions.

In this charge state, interconversion between structure
types is more effectively impeded than is the case for the
charge-neutral structures discussed above. Interconversion
between I and III'* is seen in only a few instances, and gen-
erally only for the anhydrous (or, occasionally, trihydrated)
cases. The ‘Hyogo-like’ structure II* is particularly resistant
to structural rearrangement, in contrast with the charge-neu-
tral system in which anhydrous II adopts a structure quite
similar to ‘Berlin-like’ L.

Chem. Eur. J. 2010, 16, 14026 - 14042
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The +2 charge state: The +2 charge state (see Table 4),
which corresponds to (Mny)"**Ca’>*(0*"),(OCHO)4(c-
C;H,N,)(H,0),, models the WOC S, state, effectively
(Mn"),(Mn"), or its formal equivalent. Whereas the dicat-
ionic models (see Table 4) generally correspond to a tetra-
manganese combination of (Mn™),(Mn"),, other patterns of
oxidation states also occur among the structures explored
here. Berlin-like I’* has ABAB Mg=0 as its lowest-energy
coupling mode in the anhydrous structure. This can be as-
signed as the Mn™Mn"™YMn™Mn™ oxidation-state pattern
(‘3443’), which is also the oxidation-state pattern preferred
among the trihydrated and heptahydrated species. The
effect of hydration is to constrain the preferred oxidation-
state pattern as 3443. Concomitant with this adjustment, the
geometry transforms itself through a considerable shorten-
ing of the Mn(1)-Mn(4) distance, from typically around
5.3 A in the anhydrous case to around 4.3 A in the heptahy-
drated case.

The same oxidation-state ambivalence seen in anhydrous
I’* can be discerned across the anhydrous and trihydrated
versions of IPP*. The fully ferromagnetically coupled
AAAA S=7 has manganese spin densities indicative of an
oxidation-state pattern intermediate between 3443 and 4433,
though leaning more towards 3443. In the heptahydrated
version, the ferromagnetically coupled AAAA S=7 adopts
an oxidation-state pattern that is unambiguously 3443. In
both the anhydrous and heptahydrated cases, the lowest-
energy coupling patterns are representative of ‘4433
namely, ABBB M;=—4 in the anhydrous case, and heptahy-
drated AABA M=3, whereas in the trihydrated case the
preferred coupling mode is ABAB Ms=0, which has a spin-
density distribution intermediate between 3443 and 4433.
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For London-like III**, the fully ferromagnetic configura-
tion AAAA S=7 consistently leans towards a ‘4442’ oxida-
tion pattern, and for both the anyhdrous and heptahydrated
cases, the lowest antiferromagnetically coupled configura-
tions (ABBA M;=1, AAAB M =2, and AABA M =4) all
have unambiguous ‘4442’ oxidation states. However, the tri-
hydrated species displays a preference for the 3443’ oxida-
tion state, with the three lowest antiferromagnetic coupling
schemes, AAAB M;=3, AABB M;=0, and ABAB M;=0
all showing this oxidation-state pattern. There is also an in-
creased tendency towards structural interconversion of III**
to I** on moderate hydration, since the Mn(1)~-Mn(4) dis-
tance for the lowest-energy trihydrated coupling modes is
consistently considerably larger than for the other configura-
tions of II*™.

The +3 charge state: The +3 charge state (see Table5),
which corresponds to (Mn,)"*Ca**(0*"),(OCHO")4(c-
C;H,N,)(H,0),, models the WOC S, state, effectively Mn"-
(Mn"), or its formal equivalent. The trihydrated models
(see Table 5) are representative of Mn™(Mn'), complexes,
and all of the structures surveyed conform generally to this
oxidation-state pattern. For I’*, the only oxidation-state pat-
tern isolable with any reliability is Mn"Mn"Mn"VMn"
(‘4443”). The AABA M;=7/2 and ABBA M;=1/2 modes
are consistently among the lowest-energy coupling modes
across the range of hydration levels, although in the trihy-
drated state the lowest-energy coupling configuration is
ABAB Mg=-1/2. Systematic contraction of the Mn(1)—
Mn(4) distance is evident on hydration, although none of
the species characterized from an initial I’* geometry
showed any tendency to undergo conversion to IIFP*.

The preferred oxidation-state pattern in the hydrated
form of IF* is Mn""Mn"™Mn™Mn"" (‘4434"), consistent with
the AABA My=7/2 mode, which is lowest-energy for both
the trihydrated and heptahydrated cases, although for the
anhydrous structure the lowest in energy antiferromagnetic

coupling mode (ABAB Mg=—1/2) and the ferromagnetical-
ly coupled AAAA S=13/2 state are both identifiably ‘4443°.
Mn(1)-Mn(4) distances for this structure type are not great-
ly influenced by hydration.

The heptahydrated form of II**, which throughout its hy-
dration levels manifests a preference for the ‘4443’ oxida-
tion-state pattern, has a markedly broader spin ladder than
do the anhydrous and trihydrated versions. In heptahydrated
I+, the AAAA S=13/2 configuration is substantially
higher in energy than the AABB Mg=-1/2, ABBA Ms=1/
2 and ABBB M= —7/2 modes. As with IPT, there is very
little influence of hydration on the key Mn(1)—Mn(4) dis-
tance.

Summary of trends: Overall, the models that we have ex-
plored can be described as weakly valence-trapped (with the
charge-neutral system being the most notable example of
relatively strong valence trapping, in the Mn"™™Mn'"YMn""Mn"
oxidation-state pattern). For the anionic and cationic charge
states, the preferred oxidation-state pattern is subject to
structural considerations and additionally influenced by hy-
dration (and, sometimes, also by the mode of magnetic cou-
pling). Mn(2), which is coordinatively saturated in the ab-
sence of any water ligation, has a propensity to exist as
Mn" (and does so across at least four overall charge states,
from zero to +3, regardless of structure type), whereas
Mn(4), consistent with its relatively low anhydrous coordi-
nation number (3 in I and III, generally 4 in II), tends to
persist as Mn" into at least the neutral charge state (and to
q=+1 for III). With coordinatively saturated Mn(2) adopt-
ing such a clear-cut stance on oxidation state, it is interesting
to note that all the hydration-induced or structurally-influ-
enced variation in manganese oxidation states occurs among
just those Mn atoms—Mn(1), Mn(3), and Mn(4)—that do
have the ability to coordinate water ligands, and which
therefore encompass all the opportunities for Mn-centered
water oxidation. With this in mind, it is obviously highly per-

Table 5. Trends in total and relative energies, and Mn-atom spin densities, of ferromagnetically coupled and low-lying antiferromagnetically coupled con-
figurations of the structures I'*(H,0),, II**-(H,0),, and IIT**-(H,0); as a function of magnetic coupling.

Coupling scheme!” M E"! [hartree] E*" [kJmol '] Hspin( 1D Hapin(2)! Hapin(3) Hapin($)
1*3-(H,0),: (Mn"Y/Mn"/Mn'""/Mn")
AAAA FFF +13/2 —13.37354 32 (66) 2.8820 2.8243 2.8772 3.8725
ABAA AAF +7/2 —13.38241 9 (43) 2.8502 —2.7666 2.8555 3.8603
AABA FAA +712 —13.38545 1(35) 2.8491 2.7989 —2.6454 3.7864
ABBA AFA +1/2 —13.38584 0 (34) 2.7741 —2.7995 —2.6759 3.7810
II*-(H,0);: (Mn"Y/Mn"Y/Mn"/Mn'")
AAAA FFF +13/2 —13.37003 25 (76) 2.8670 2.8765 3.8012 2.7835
AAAB FFA +5/2 —13.37670 7 (58) 2.8101 2.8370 2.6183 —3.8135
AAAB FFA +7/2 —13.37689 7 (58) 2.8680 2.8726 3.5926 —2.5574
AABA FAA +52 —13.37954 0 (51) 2.7578 2.8047 —3.5469 2.5764
m+(H,0),: (Mn"/Mn"/Mn"/Mn"")
AAAA FFF +13/2 —13.39001 23 2.8986 2.8137 2.8430 3.8877
ABAA AAF +712 —13.39593 8 2.8754 —2.8109 2.8331 3.8741
ABBB AFF =712 —13.39813 2 2.7746 —2.8178 —2.8064 —3.8767
AABB FAF —12 —13.39816 2 2.7928 2.8185 —2.7971 —3.8655
ABBA AFA +172 —13.39883 0 2.8446 —2.8164 —2.7505 3.8566

[a] For explanations of these parameters, refer to footnotes [a]-[e] of Table 1. [b] Values in parentheses are expressed relative to the lowest-energy con-

figuration of the lowest-energy structure (here, III*?).
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tinent to explore the preferred water-binding sites for each
structure at the various charge states, and this is discussed in
the following section.

Hydration preferences as a function of structure type and
charge state: Optimized geometries of the P-(H,0),, IF*
«(H,0),, and III**-(H,0O), heptahydrate structures, in the
consistently antiferromagnetic ‘ABAB’ coupling pattern, are
shown in Figure 1. Analogous geometries for the other
charge states are presented in the Supporting Information.
Within these structures, the water ligands are identified by a
numerical hydration ranking, from 1 to 7, with 1 represent-
ing the strongest-bound, and 7 the weakest-bound, of the
seven water ligands around each cluster. Note that the dif-
ferences in optimized geometry and in hydration energy for
different magnetic-coupling patterns have been found to be
minimal. It should also be noted that in the ‘London-like’
structure type III, the presence of an additional tri-p-oxo
bridge that links Mn(1) to Mn(3) and Mn(4) renders Mn(1)
coordinatively saturated in the absence of hydration, where-
as in structures type I (‘Berlin-like’) and II (‘Hyogo-like’)
there is a vacant hydration site on Mn(1).

Structure type I': In structure I", the addition of seven H,O
ligands does not saturate any of the ‘available’ metals
Mn(1), Mn(3), Mn(4), or Ca. Mn(1) and Mn(3) are not hy-
drated at all, whereas Mn(4) and Ca each pick up only one
water ligand. Instead, the majority of the added water mole-
cules coordinate through hydrogen bonding with each other,
with the skeletal carboxylate bridges between metal atoms,
or with the two metal-coordinated water ligands. This pauci-
ty of metal-based water-ligand coordination can be rational-
ized by the overall low charge state of the cluster, with an
oxidation state pattern of Mn™™Mn™Mn™Mn". Aside from
the enforced near-octahedral coordination of Mn(2), it ap-
pears that the Mn atoms prefer four- or five-coordinate geo-
metries in this charge state. It is, however, notable that the
water bound to Mn(4) is the strongest-bound of any within
the complex.

In I with an oxidation-state  pattern  of
Mn"Mn"™"Mn"Mn", Mn(4) and Ca are once more the only
metal atoms to ‘pick up’ water ligands, with Mn(4) again
possessing the preferred water-ligand binding site. In fact,
Mn(4) has two of the three strongest H,O-binding sites
within the model, and addition of the seventh water renders
Mn(4) nominally six-coordinate with three associated water
ligands. In contrast to Mn(4), Ca constitutes a relatively
weak hydration site, with several carboxylate O atoms iden-
tifiable as stronger anchorage points for water ligands.

In I, Mn(4) is still identified as Mn" (the observed oxida-
tion-state pattern is Mn""Mn"YMn'VMn") and is still the pre-
ferred primary position of water-ligand attachment, with the
two most strongly bound water ligands within the heptahy-
drated model. Ca again shows a moderate tendency towards
hydration, with two water ligands attached, whereas for the
first time Mn(3) also accepts a water ligand to achieve octa-
hedral coordination.

Chem. Eur. J. 2010, 16, 14026 - 14042
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In I**, the overall oxidation-state pattern is now
Mn"Mn"VMn"Mn™. Mn(4) again has the two strongest
water-ligand binding sites, whereas the site on Mn(3) is now
ranked third. A relatively weak binding site on Ca is also
evident, with other water molecules within the heptahydrat-
ed structure essentially occupying the second hydration
sphere.

I’* has an oxidation-state pattern of Mn"™"Mn"Mn"VMn'".
Again, the strongest water-ligand binding site is on Mn(4); a
second site on Mn(4) is ranked fourth. The second-strongest
site is that on Mn(3), whereas Ca again has a relatively
weak binding site.

Structure type II: The situation in structure type II is rather
different to I because the distance between Mn(1) and the
Mn(3)/Mn(4) p-oxo bridge is generally larger. As a conse-
quence, although Mn(1) is hydrated in certain charge states
of structure type II, it does not become hydrated in any of
the explored charge states for I. Although there is a ‘pocket’
between Mn(1) and the p-oxo bridge that links Mn(3) to
Mn(4) in both structure types I and II, this ‘pocket’ is insuf-
ficiently large in I to readily accommodate a water ligand. A
second important structural difference between I and II is
that in II the Mn(4) atom is too far removed from Ca to sus-
tain a carboxylate bridge between these two metal atoms
(such a bridge is a feature of both I and III): the carboxylate
in question, which represents Asp170 of the WOC, tends to
adopt a chelating motif in II, thereby occupying two coordi-
nation sites on Mn(4) rather than only one site as in I or IIL

II" has an oxidation-state pattern in the heptahydrate of
Mn"Mn""Mn™Mn". The three most strongly bound H,O li-
gands are all metal-coordinated: the strongest and the third-
ranked attached to Ca, and the second-rank coordinated to
Mn(4). A further, more weakly attached water ligand
(ranked fifth) is also associated with the Ca, with the other
water molecules hydrogen-bonded to carboxylate or oxo
bridges. Despite the relative accessibility of both Mn(1) and
Mn(3) in this structure type, these manganese atoms remain
free of water ligands, thereby possibly reflecting their com-
paratively low oxidation states in this charge state.

I’ is unique in our study, with two quite distinct hydration
patterns that exist with similar energy corresponding to II°
and IIa’ in Figure 2. The overall oxidation-state pattern is
Mn""Mn"VMn™Mn". The ligation pattern is broadly similar
to that for II"; the most strongly bound water is anchored to
Ca, that to Mn(4) is fourth. The seventh water provokes an
unexpected structural change, as a spontaneous proton
transfer from the water strongly bound to Ca/Mn(3) con-
verts the p-O bridge between Mn(3) and Mn(4) to a p-OH
bridge. The free hydroxide ligand created through this
proton transfer is hydrogen-bonded both to the nascent p-
OH bridge and to a water molecule now bound to Mn(1).
The w-OH-bridged structure is approximately 10 kJmol™
lower in energy than its u-O-bridged tautomer.

I (Mn"™Mn"VMn"™Mn™) shows an unusually high degree
of metal-centered water-ligand coordination, with three
water molecules coordinated to Ca (ranked first, fourth and
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Figure 2. Structures of the lowest-energy heptahydrated complexes of
two clusters IT and Ila, each in the neutral charge state. Cluster II is the
‘conventional’ ‘Hyogo-like’ cluster analogous to that obtained at the
other charge states surveyed, whereas Ila is a tautomer of II that is mar-
ginally lower in energy at higher hydration levels. The transferred proton
in Ia converts the p-O bridge between Mn(3) and Mn(4) to p-OH (indi-
cated by an asterisk). Cluster orientation is analogous to that already de-
scribed for the anionic complexes in Figure 1. The diagrams are annotat-
ed with the hierarchies of water-ligand attachment, with ‘1’ indicating the
strongest-bound water ligand (or, for IIa, the hydroxide/proton pair that
results from tautomerization).

fifth), two to Mn(4) (ranked second and fourth), and one
(ranked sixth) that is nominally attached to Mn(1) (r(Mn—
0)=2.59 A) but that is also reasonably proximate to Mn(3)
(r0Mn—0)=2.91 A). This trend is largely repeated in IE*
(for which the oxidation-state pattern is
Mn""Mn"YMn'YMn'", but with some character attributable to
Mn"™Mn™VMn™Mn™), with first-, second-, and sixth-ranked
water ligands attached to Ca, third- and seventh-ranked
water ligands anchored to Mn(4), and the fourth-ranked
water ligand again shared between Mn(1) and Mn(3), but
closer to Mn(3) ((Mn—0)=2.12 A) than to Mn(1) (r(Mn—
0)=2.76 A). Similarly, in IF* (Mn"YMn'"YMn"Mn") there
are three water molecules attached to Ca (ranked first,
fourth, and sixth), two to Mn(4) (second- and third-ranked),
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and one shared between Mn(1) (r(Mn—0)=2.12A) and
Mn(3) ((Mn—0)=2.71 A).

In the cationic charge states for structure type I, it is no-
table that, although there is never formal water-ligand coor-
dination to both Mn(1) and Mn(3), there is consistently one
water molecule shared between these two Mn atoms. Fur-
ther, throughout all of the charge states explored, one of the
water ligands associated with Ca is always between 3.3 and
3.5 A away from Mn(3). This contrasts with the situation ob-
served for structure typeI, in which Ca coordination of
water ligands does not occur in an orientation that confers
reasonable proximity to Mn(3). As shown in the discussion
to follow, the more accessible ‘cleft’ region between the Ca,
Mn(1), and Mn(3) atoms unique to structure type II, has im-
portant ramifications for substrate water binding.

Structure typeIII: In TII" (oxidation-state pattern
Mn"™Mn"Mn"™Mn" but with some Mn"Mn™Mn"™Mn" char-
acter), metal-centered hydration occurs at Ca (second- and
fourth-ranked H,O ligands), Mn(4) (third-ranked), and
Mn(3) (seventh-ranked). Hydration of Mn(4) (strongest-
bound) and Ca (second- and fourth-ranked) persists in III°
(Mn""Mn"YMn"Mn"), but there is no water attachment evi-
dent to Mn(3) in this charge state. A greater propensity for
metal-based coordination is evident for III"", with all of the
top five water-ligation sites being metal-centered: Mn(4)
(first, fifth), Ca (second, third), and Mn(3) (fourth). This
pattern is repeated almost exactly the same for III**, which
again has two water ligands attached to Mn(4), two to Ca,
and one to Mn(3) within the top-six-ranked water mole-
cules. Finally, in II’* the metal-based water-binding site
preferences are to Mn(3) (first), Mn(4) (second), and then
Ca (fourth, seventh).

Quantitative estimation of water-ligand binding energies: If
the active water ligands are metal-centered, then there
exists no more than six feasible binding-site pairs among the
range of structures surveyed here: Mn(4)/Mn(4), Mn(4)/Ca,
Ca/Ca, Mn(3)/Ca, Mn(1)/Ca, or Mn(1)/Mn(3). Of these pos-
sibilities, the strongest-binding pairs are typically Mn(4)/
Mn(4), Mn(4)/Ca, and Ca/Ca. However, it is not at all clear
that the active water binding sites are necessarily the stron-
gest-binding sites within the complex.

In Table 6, we report the ranked hydration bond-dissocia-
tion energies across the ranges of structure type and charge
state examined. Identification is also reported, where appro-
priate, of the metal-centered water-ligand bond strengths.
Note that the reported bond strengths are for the attach-
ment of isolated water ligands to minimal-size models of the
presumed PSII active site,™ for which the bond strength of
the nth water molecule to cluster It is determined as
shown in Equation (1):

D(I** - [H,0],_, - - - H,0) = E(I"* - [H,0],_,) + E(H,0)
—E(1** - [H,0],)
(1)
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Table 6. Cluster-model hydration bond-dissociation energies (in kJmol™') as a function of charge state g, hy-
dration number #, and structure type. Figures in brackets are for II* charge-compensated structures (see text).
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state  pattern  for 1%,
Mn"™™Mn"Mn"™Mn", is also one

¢ A" D[(H0),]! MY D[I-~(H,0),]) MY D[II-(H,0),] MY of the dominant oxidation-state

-1 1 78 Mn(4) 108 (82) (s)'! Ca 45 patterns found for (nonproto-
2 63 45 (38) Mn(4) 65 Ca nated) II". Also, a water mole-
i zi Zg E?é; Ca 4312 1(\:/1;(4) cule is now weakly associated
p 45 Ca 39 (50) Ca 16 with Mn(1), as is found for I1a"
6 30 38 (21) 43 (see Figure 4).
7 38 29 (8) (f) 35 Mn(3) Analogous to II’, we have

0 1 60 Mn(4) ~ 186" (s) Mn(1,3) 50 Mn(4)  also undertaken calculations on
2 51 65 Ca 43 Ca e . .
3 56 Mn(4) s 49 a II"* species (see Figure 5),
4 33 51 Mn(4) 44 Ca which is a charge-compensated
5 44 53 Ca 48 (deprotonated) version of II**,
g ij Ca s 3f1 ﬁn(‘l‘) ;g to addresses the known charge

1 1 87 Mn(4) 89 8 Can o 72 Mn(4) n.eut[r;l:ot]y of the 5,5, trans;'
2 30 Mn(4) 34 Mn(4) sg Ca tion.””?"! Deprotonation of II**
3 50 60 53 Ca is most readily effected by re-
4 50 Ca 55 Ca 47 Mn(3) moval of a proton from the
5 32 39 Ca 59 Mn(4)  water strongly bound to Mn(4),
6 45 Mn(3) 20 Mn(1)' 3 thereby resulting in an oxida-
7 33 Ca 29 Mn(4) 35

2 1 126 Mn(4) 98 (65) Ca %73 Mn(4) tion-state pattern for the II**
2 88 Mn(4) 82 (105) (s) Ca 83 Ca structure of
3 76 Mn(3) 89 - Mn(4)m 73 Mn(3)  Mn"™Mn"VMn"Mn", Interest-
g 2(6) Ca 62 5(8725(3 Mn(3) Zg Mn(4) ingly, the latest 2.9 A XRD
6 65 58 (3"7) Ca 60 Ca data locates a Cl~ ion (seen
7 51 42 (54) Mn(4) 36 also at lower resolution by Br~

3 1 160 Mn(4) 118 Ca 136 Mn(3) substitution)®'! and possibly an
2 110 Mn(3) 107 Mn(4) 116 Mn(4)  adjacent water molecule on the
3 91 105 Mn(4) 105 . .
4 9% Mn(4) 01 Ca 0 Ca opposite side of the cluster
5 81 7 89 from Ca and Y,. The position
6 74 Ca 56 Ca 74 of this water molecule is ap-
7 57 81 Mn(1)™ 72 Ca proximately equivalent to the

[a] Charge state. [b] Hydration number. [c] Bond strength for ligation of the nth water molecule, obtained as
(for example) E(1?*-[H,0],_,)+ E(H,0) —E(**-[H,0],). [d] Metal atom identified as binding site for the nth
water ligand. [e] Mn(1) is closest metal atom, although Mn(3) is also within 3.0 A of the O atom of the water
ligand. [f] Mn(3) is the closest metal atom, although Mn(1) is also within 3.0 A of the O atom of the water
ligand. [g] s, f indicate suggested slow- and fast-exchanging substrate water molecules, respectively. See text.
[h] Calculated for removal as OH™ (see text) and with application of a solvent correction determined using the

conductor-like screening model (COSMO) solvent correction (¢ =78.4).

Other effects, such as the influence of possible steric crowd-
ing that arises from the surrounding protein structure,
remain to be assessed, and will be explored in detail in
future work.

Proton transfer in structure type II: As discussed below,
structure II has features that are particularly congruent with
the functional enzyme state. In particular, we regard the II°
proton-transfer effect described earlier as highly significant
in the context of the experimental water-exchange kinetics.
Consequently, we have performed additional calculations on
a structure, II°*, which is a charge-neutralized version of I
that contains an additional proton located on the p-O bridge
between Mn(3) and Mn(4) (see Figure 3 and Table 6). This
was motivated by the observation that the S-state proton-re-
lease pattern®" and electrochromic studies® indicate a
charge-conserving S,—S;transition. The preferred oxidation-
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water molecule on Mn(4),
which is seen in all S states only
for structure II (see Figures 3-
Figure 6) with a binding energy
of 40-90 kJmol ™ (see Table 6).
This correspondence makes the
above deprotonation of the
Mn(4)-bound water ligand a
mechanistically attractive feature given that the CI™ ion is
known to be functionally necessary®™ and is located near
the entrance of a channel, thus connecting the WOC to the
lumen, which is thought to be associated with proton rather
than water movement.”!) Most mechanistic considerations,
which assign important roles to Ca and Y, in the O—O
bond-formation reaction, would argue against the water at
this binding site being one of the substrate water molecules.

Comparison of experimental data with computational struc-
tures: There are several laboratory data sets relevant to sub-
strate—water interaction with the Mn/Ca site. These include:
1) S-state-dependent water-exchange kinetics;** 2) magnetic
coupling of the WOC to isotopically labeled water (for S,
and S, states);?*>* and 3) FTIR measurements on WOC in-
teractions with isotopically labeled substrate water (for S,
and S, states).””*®! We briefly summarize the experimental
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Figure 3. Structure of heptahydrated II’*, which corresponds (see text) to
our expected WOC structure in S,. Two approximately orthogonal views
are provided of the same structure. Mn atoms are labeled 1 to 4. Water
ligands are labeled as ‘f” and ‘s,” which correspond to the expected identi-
ties of the ‘fast’ and ‘slow’-exchanging substrate water ligands, and as ‘x,’
which denotes the water ligand tentatively identified in the latest 2.9 A
XRD structure.

results and discuss their implications for the computational
structures presented here.

Water exchange: Hillier and Wydrzynski® have studied sub-
strate water exchange kinetics for all stable S states of the
WOC (see Table 7). Two exchanging sites, one ‘fast’ and one
‘slow,” are identified. We have previously shown*! that,

Table 7. Substrate water-exchange rates in WOC.!

S state Slow water Fast water
ke E, Kex E,
[10°C, 710! [kJ mol 1]t [10°C, s~ [kJ mol ']t
So 1020 - >100 -
S, 22x1072 86410 >100 -
S, 22 75410 >175 -
S, 2.1 75410k 3742 ~40+5

[a] Data from ref. [33]. See also ref. [39]. [b] First-order exchange rate
constant at 10°C. [c] Apparent activation energy. [d] Range for **O, and
*0, detected rates. See ref. [33]. [e] Average for S, and S; combined
data.
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Figure 4. Structure of heptahydrated Ia’, which corresponds to our S,
model of the WOC. Atom labeling and orientation of the views present-
ed are consistent with that adopted in Figure 3.

for S, through to S;, the slow exchange kinetics imply
simple, unimolecular rate-determining steps, for example,
debinding from the catalytic site, and therefore the observed
Arrhenius activation energy should reflect the true debind-
ing energy. The fast exchange process is consistent (at least
in S;) with ‘single-file’ diffusion through a proteinaceous
pore. These fast kinetics carry no ‘memory’ of the actual
binding site, which must have substantially lower binding
energy (<60 kJmol ™) for the substrate water than that as-
sociated with the slow site, assuming the same channel pro-
vides external water access to both sites.

A remarkable feature of the substrate water-exchange ki-
netics is the near constancy of the slow rate across S, S,,
and S;. The apparent H,O-binding energy in S, and S; is ap-
proximately 75 kJmol™'. The rate slows over a hundredfold
in S;, with a corresponding increase of around 10 kJmol ™ in
the apparent binding energy. This trend is counterintuitive
as one would expect the rates to systematically decline as
the Mn cluster is progressively oxidized and protons are lost
through the S-state cycle. The pattern suggests that the slow
water is bound at a site not progressively altered throughout
the S cycle, but reversibly modified in S;. Our results pro-
vide a natural candidate for this site that not only rationaliz-
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Figure 5. Structure of heptahydrated II'*, which corresponds to our S,
model of the WOC. Atom labeling and orientation of the views present-
ed are consistent with that adopted in Figure 3. a) H-Mn distances for
the proposed ‘fast’ substrate water ligand are shown; b) the correspond-
ing ‘slow’ substrate water distances are shown. The two ‘fast’ water
Mn(1)—deuteron distances are close to the values determined from the
two strong couplings seen in “H ESEEM for the S, state in Table 8 (as-
suming p;=2, see text). Magnetic interactions with Mn(3) would be
weak if p;&0 (see text).

es the exchange kinetics but is also consistent with the sub-
strate—water interactions with the cluster inferred from both
the electron spin-echo envelope modulation (ESEEM) and
FTIR studies discussed below. Alone of the three structure
types, structure II possesses a water-accessible ‘cleft’ region
between Mn(1), Ca, and Mn(3). Two water/hydroxide li-
gands may be accommodated in this cleft throughout the S
state cycle, if the charge-neutralized version (II**) of this
structure is assigned to S, (see Figures 3—6). One water mol-
ecule, generally the strongest or second-strongest ligated
water, is predominantly bound to Ca (see Table 6) but dis-
tantly bridges to Mn(3), approximately aligned along its
Jahn-Teller axis (the Mn(3) oxidation state remains constant
at +3 between II" and II**). This water also hydrogen
bonds with the p-oxo bridge between Mn(3) and Mn(4). As
discussed earlier, proton transfer from this water to the oxo
bridge occurs in S, triggered by Mn(2) oxidation, which re-
verses in S, when Mn(4) is oxidized. Formally, this water is
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Figure 6. Structure of heptahydrated II**, which corresponds to our S;
model of the WOC. Atom labeling and orientation of the views present-
ed are consistent with that adopted in Figure 3.

hydroxide in S; (see Figure 4). The other water molecule
that can be accommodated in the cleft is weakly bound be-
tween Mn(1) and Mn(3), again approximately aligned along
their Jahn-Teller axes.

In S, S,, and S;, the more strongly ligated water molecule
in the cleft, which is associated mainly with Ca, is bound
with near constant energy at (93+12) kJmol™" (see Table 6)
based on our calculation of progressive hydration energies.
For the lower-energy, proton-transferred form of S; (i.e.,
I1a"), this method is more problematic: the precise pathway
by which the substrate ‘debinds’ (sequential, concerted, or
intermediate between these) hugely influences the comput-
ed energy change (30-170 kJmol™"). However, it is reasona-
ble that this water, now formally OH", cannot debind in a
fully concerted manner, so its activation barrier for ex-
change is likely to be significantly above that in the other S
states, in which it binds and displaces as the neutral species.
Thus, we suggest that this water (or hydroxide) is the slowly
exchanging substrate species in the protein in all S states. Its
computed binding energy (as water) is approximately
15 kImol™" above that inferred experimentally, but this is
hardly surprising as our calculations are for a situation
under vacuum, with no corrections for the protein environ-
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ment. Application of solvent corrections, in single-point cal-
culations summarized in Table S32 (see the Supporting In-
formation) systematically reduce the ‘slow’ ligand-binding
energy values, but reinforce the near-constancy of the ‘slow’
values for S, S,, and S;, across a range of dielectric constant
values ((6444) kJmol™ for £=5.0, (61+4) kJmol™' for e=
10.0, (58+5) kJmol™! for £=78.4). Although the absolute
H,O-binding values from these solvent-corrected calcula-
tions are uniformly lower than expected for the true protein,
these results are highly encouraging for the interpretation of
structure type II as a minimum-complexity model of the
true PSII active site.

Substrate interaction with Mn probed by electron paramag-
netic resonance (EPR): The S, and S, states of the Mn clus-
ter are spin half states at low temperature, with broad Mn
hyperfine structured signals (‘multilines’) amenable to
pulsed EPR study. Nuclear couplings to Mn from labeled
water species (*H,O, H,70) are observed in ESEEMP**
and hyperfine sublevel correlation experiments (HYS-
CORE)™! and from H,O protons in electron nuclear double
resonance (ENDOR).F*#l The most recent *H ESEEM
study by Ahrling et al.*! of substrate-water interaction with
the Mn cluster in the S, and S, states involved ‘physiologi-
cal’ flash advanced functional turnover. This study identified
a minimum set of three deuteron/Mn-coupling classes, as-
signed to substrate D,0-Mn interactions, which were very
similar in all Sy and S, samples. A variable population of D—
Mn couplings was also seen, most likely due to exchange-
able protons in the protein matrix near the Mn cluster.

An effective Mn—D distance may be estimated from the
ESEEM data, if the deuteron is assumed to be interacting
mainly with a single Mn center, the spin projection, p, of
which in the coupled cluster is known. Estimates of the p;
values have been proposed from the modeling of multiline
EPR signals,?**! but now direct estimates are possible
from a combination of recent experimental results and our
cluster calculations. The observed "N histidine couplings on
the S, multiline signal, in both the native system and the
D1-D170H mutant (see the Supporting Information), sug-
gest that p, is large (=2) for Mn(1) and p, small (~=0) for
Mn(4). Since the p; values must sum to unity, p,+ p; must be
approximately —1. Furthermore, recently reported ENDOR
studies of C-labeled D1-A344 (see the Supporting Infor-
mation) suggest that p, is approximately —1, so s, like p,, is
small. Table 8 summarizes results from the D,0 ESEEM
data, interpreted as above, for the three consistent Mn—D
coupling classes, assuming |p|=1 or 2 for the ligating Mn.
The two strong single couplings are thoroughly determined
by the ESEEM experiments but modeling of the four
weakly coupling deuterons is only approximate.

The protons from the ‘slow’ water are not likely to be
those most strongly coupled magnetically to the cluster in S,
(or Sy). One proton is approximately 2.7 A from Mn(3), but
the other is over 4 A away from any Mn. The other water
molecule present in the cleft, the computed binding energy
of which is generally <60 kImol™' (consistent with the fast

14038 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 8. Mn-exchangeable *H couplings from ESEEM measurements on
S, and S, states of PSII.

Deuteron No. of Mn,”H coupling r, [A]le r, [A]l

class deuterons [MHz]® lp|=2 lp|=1
S, state

1 1 0.93+£0.05 2.97 2.36

2 1 0.65+0.03 3.34 2.65

3 ~0-101 0.44+0.03 3.7 2.9

4 4 0.25+0.05 4.6 3.7
S, state

1 1 0.90+0.05 3.00 2.38

2 1 0.58+0.05 3.47 2.76

3 ~5-8l4 0.42+0.05 39 31

4 4 0.25+0.05 4.6 3.7

[a] Average *H dipole hyperfine interactions from modeling of flash turn-
over Mn ESEEM data, with/without MeOH;; spinach PSII. Results from
ref. [35]. [b] Mn—deuteron point dipole distance assuming Mn p value in-
dicated (see text). [c] Uncertainty <0.05 A for a given p value for classes
1 and 2. [d] Full range of deuterons for both flash and 200 K turnover
samples.

exchanging substrate water), has protons sufficiently close
to Mn(1) for strong magnetic coupling in S, (or Sy). In fact,
the S, distances (Figure 5) are within around 0.1 A of those
inferred experimentally (Table 8), assuming p,~2. This is a
strongly suggestive result, given that Mn(1) is the only mag-
netic ion in the cluster that could significantly interact with
these water deuterons due to distance or projection factor
effects. Therefore, qualitatively, we have assigned the two
strong substrate water proton couplings to the likely ‘fast’
exchanging water bound between Mn(1) and Mn(3). Pro-
ton(s) on the ‘slow’ water and also the water bound to
Mn(4) then contribute to the weak couplings in Table 8 as
they are all near Mn ions with low p values.

Substrate interaction with the WOC probed by FTIR: Nogou-
chi and co-workers have extensively examined the WOC by
FTIR difference spectroscopy. Using H>- and O'-labeled
water, they have shown that one water molecule, very prob-
ably a substrate species, binds to the WOC in the S, and S,
states, with substantially inequivalent hydrogen-bonding in-
teractions for the two protons.””! One water proton is
strongly hydrogen-bonded (not detected) to some nearby
base and the other only weakly hydrogen-bonded (or not at
all). One interpretation of the small *H downshift effects
and the large (31 cm™') upshift of the weakly hydrogen-
bonded proton on the S;—S, transition is that the inequiva-
lence of the hydrogen bonding in the target water is reduced
in S, relative to S;.

The ‘fast’ water described above is also a likely candidate
for the species identified in the FTIR experiments.’*! In
IIa’ (i.e., S;; see Figure 4), this water molecule makes one
strong hydrogen bond to the adjacent OH~, which we infer
to be the Ca-associated ‘slow’ exchanging substrate water,
whereas the other hydrogen atom of the ‘fast’ water has no
intermolecular connections in our model systems. In II* (S,;
see Figure 5), the OH™ group becomes H,O and the hydro-
gen bond between this newly protonated species and the
above ‘fast’ water ligand weakens, thereby reducing the in-
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equivalence of the OH bonds of the latter. This is at least
qualitatively consistent with the pattern seen in FTIR spec-
tra for the OH stretch of the presumed substrate-water spe-
cies. Furthermore, recent mutation studies on Glu354 of the
CP43 peptide in PSII indicate that the water in question is
associated with a Mn that Glu354 ligates.’® This is consis-
tent with the type II structural model in which the carboxyl-
ate ligand modeling Glu354 bridges the Mn(2) and Mn(3)
centers.

Overview: The above picture is quite different from that
proposed elsewhere. Much of the emphasis in the theoretical
investigations by other groups?”! has focused on Mn(4),
generally regarded as the most coordinatively unsaturated
Mn atom within the PSII active site. Our own calculations
confirm that for structures I and III, Mn(4) is almost always
the metal site with the strongest water-binding energies, re-
gardless of cluster charge state. For structure II, however,
one water molecule is always strongly bound to Mn(4) (near
the water site located in the most recent XRD structure),”!
but the highest-affinity water site is generally that bridging
Ca and Mn(3). Neither structure I or III offers an obvious
candidate for the slow-exchanging substrate water in terms
of an S-state binding energy pattern such as that seen for
structure II. For structure I, the affinity pattern for the
strongest-binding water (associated with Mn(4)) is essential-
ly the opposite to that which is required, that is, weakest for
q=0 (proposed S,). For structure III, the waters are general-
ly too weakly bound up to g=2 (proposed S;) to be consis-
tent with the exchange kinetics energies. The situation is not
resolved by shifting the assumed oxidation pattern for the
cluster, that is, taking g=1 to be S,, as the binding energies
then just monotonically increase with the S state.

In summary, several specific features of structure II and
the oxidation-state assignment proposed here (¢=0 for S,,
and so on) provide a natural ‘fit’ to the water-exchange,
deuteron-coupling, and FTIR data discussed above. These
key features are the ‘openness’ of structure II, which allows
the coordination of two water molecules in the cleft formed
between Mn(1), Ca, and Mn(3), the near-constancy of the
chemical environment of the ‘slow’ water, and its propensity
for hydrogen bonding and reversible proton transfer to the
Mn(3)-Mn(4) p-oxo bridge. All of these features are specifi-
cally contingent on the metal/oxo connectivity of structure
II, namely, that the Mn(3)-Mn(4) oxo bridge connects only
these metals and does not bridge to the Ca or Mn(1) (as
occurs in structures I, IIL, and the QM/MM model?! of the
London structure). The consequent ‘isolation” of Mn(4) re-
sults in the carboxylate that represents Asp 170 becoming
bidentate towards Mn(4), rather than bridging between
Mn(4) and Ca (as in I and implied by the most recent crystal
structures,®” although an earlier version! indicated that it
was bidentate).

We suspect that the structural changes between the pro-
tein that adopts the metal/ligand arrangements in structures
I or II could be the basis of the apparent heterogeneity of
the magnetic hyperfine coupling observed in the S, state.
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Studies in which the S,-state multiline is generated by low-
temperature (200 K) continuous illumination from the dark-
adapted S; state are variable, often lacking detectable
ESEEM coupling to deuterons from exogenous D,O in a
significant fraction of centers that appear to be ‘dry. P> A
similar effect appears to have been seen in the recent HYS-
CORE study of PSII using H,"’O.*Yl In contrast, measure-
ments that involve ‘physiological’ flash-advanced samples
lacked this variability. These observations can be straightfor-
wardly rationalized if it is assumed that the ‘dry centers’ cor-
respond to more Berlin-like I structures in which the cleft
region between Mn(1), Ca, and Mn(3) is too tight to accom-
modate the second (fast) water molecule responsible for the
strong couplings to Mn(1). Apparently, these centers can
still advance by redox accumulation, at least initially, to
higher S states.

Because the water-exchange and “H ESEEM studies
(Tables 7 and 8) involved fully functional turnover states, we
suggest that structure II is actually closest to the active
enzyme site of those possibilities examined here. Interesting-
ly, the occurrence of reversible substrate-water proton trans-
fer to an oxo bridge, as the basis of the anomalous slow
water-exchange kinetics pattern, has been previously pro-
posed.®) In that study, it was suggested that this could rep-
resent a pathway for coupled electron proton transfer
during the catalytic O—O bond-formation step in S,. Thus,
the proton on the oxo bridge that we suggest is actually
present in S, (i.e., the II°* state) arises from this transfer in
the previous turnover cycle of the functional system.

In this proposal for the functional enzyme state, only
three water molecules actually bind at or near Mn through-
out the whole cycle. These are the two substrate waters
bound in the cleft formed between Mn(1), Ca, and Mn(3),
and the water on Mn(4), which probably corresponds to the
putative water resolved in the latest XRD structure. A
second water molecule sometimes associated with Mn(4)
(see the Supporting Information) for structure II is actually
very weakly bound and can be removed with no significant
change to the results. Thus, six waters ‘satisfy’ the cluster;
three on Ca, two roughly shared between Ca and Mn(1)/
Mn(3) (the substrate waters), and one totally on Mn(4). The
latter deprotonates in S; for charge balance, which the adja-
cent Cl™ ion possibly facilitates. This is totally consistent
with the known phenomenology of Cl~ removal®?, which
permits advancement to a (perturbed) S, state but blocks
advancement of the Mn cluster to S;.

The results presented here further support our assignment
of the general oxidation state levels in the functional WOC.
Thus, S, is formally (Mn™);Mn", or equivalent (‘low-oxida-
tion-state paradigm’), with subsequent states obtained by
electron removal. This assignment is not new;"**! but more
recently the alternative S, pattern (Mn™);Mn"" (‘high-oxida-
tion-state paradigm’) has been favored“**’! in experimental
studies (and in all quantum chemical studies by other re-
search groups).*?” Support for the ‘high-oxidation-state
paradigm’ derives principally from an analysis of the ob-
served Mn X-ray absorption near-edge structure (XANES)
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edge energies for the resolved S, to S; states of flash-ad-
vanced PSII, using a comparison set of Mn oxide/carbonate
compounds of well-defined mean redox state.[*] We have re-
cently addressed the question theoretically by using a newly
developed methodology based on time-dependent DFT, ap-
plied initially to a series of known Mn model com-
pounds.***! The results for PSII will be presented separate-
ly;® but it is already clear that inorganic oxides may not
provide a sufficiently close chemical analogy to permit the
reliable interpretation of Mn oxidation levels in PSII from
the observed XANES energies.

Computational Methods

Density functional theory calculations employed the Amsterdam Density
Functional (ADF) program, version ADF 2006.01, developed by Baer-
ends et al."*>? Calculations were run in parallel mode with the AlphaS-
ever supercomputer housed at the ANU Supercomputer Facility and op-
erated under the Australian Partnership for Advanced Computing.

Geometry optimizations, in C, symmetry, used the gradient algorithm of
Versluis and Ziegler™ and featured convergence constraints (energies to
within 0.5 mhartree, gradient and radial convergence to within 0.005)
twice as tight as the ADF default values. Electrons in orbitals up to and
including 1s (C, N, O) or 2p (Mn) were treated in accordance with the
frozen-core approximation. All calculations were performed in an unre-
stricted fashion.

Functionals used in the calculations were the local density approximation
(LDA) to the exchange potential, the correlation potential of Vosko,
Wilk, and Nusair (VWN),* and the nonlocal corrections of Becke!™ and
Perdew.* The (Slater-type orbital) basis sets used were generally of
triple-C-plus-polarization quality (TZP), although some single-point cal-
culations (at the BP/TZP optimized geometries) were additionally per-
formed at the BP/TZ2P (triple-C-plus-two polarization functions) and
BP/QZAP (quadruple-C-plus-four polarization functions) levels of theory,
for benchmarking purposes. Comparison of the BP/TZP, BP/TZ2P, and
BP/QZAP relative energies for trihydrated structure types I, II, and III
across the range of charge states g=—1 to +3 (see Table S31 in the Sup-
porting Information) shows agreement between the three levels of theory
to within +6 kJmol ™!, thereby indicating that the smaller TZP basis set
is adequate to accurately describe the Mn,-containing structures of inter-
est across the relevant distribution of charge states.

Solvent corrections, for example using a polarized continuum model
(PCM), were not routinely applied. It is not clear that the overlay of sol-
vent corrections is appropriate on a structure for which up to seven dis-
crete water molecules have been explicitly included, and in any event the
dielectric constant & within the PSII solvent sheath is not reliably deter-
mined. Within the reasonably constrained confines of the WOC and its
immediate environs, the aqueous contribution is arguably better modeled
as a network of hydrogen-bonded water ligands (as we have done) than
as an effectively idealized enveloping solvent. Nonetheless, a series of
solvent-corrected single-point calculations were pursued, at representa-
tive dielectric constant values of ¢=5.0, 10.0, and 78.4, on the lowest-
energy structures of the WOC model set I, II°, IT*, and IT** across the
range of hydration values n=0 to 7 (see Table S32 in the Supporting In-
formation). These results are discussed within the text.

The model structures used in these calculations corresponded to the gen-
eral formula [CaMn,CoH;,N,O,4]**+-(H,0); (9=-1, 0, 1, 2 3; i=0-7) in
which the amino acid residues (Ala344, Aspl70, Asp342, Glul89,
Glu333, Glu354, His332) directly coordinated to the Mn,Ca cluster in the
WOC were replaced with simple carboxylate and imidazole groups. Pre-
liminary optimizations on these structures were performed in the fully
ferromagnetically coupled, all-high-spin S,,.,=(16—¢)/2 spin state. Opti-
mized S, geometries were reoptimized in a ‘broken symmetry’ (BS)
configuration®”) with the spin polarization on sequential Mn atoms as
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‘ABAB.” This configuration has |Mg|=(0, 1/2, or 1) depending on the
oxidation states of the respective Mn atoms. These calculations were em-
ployed to determine the preferred sites of hydration for
[CaMn,CoH,(N,O]?*+(H,0); as follows. The heptahydrated structure
[CaMn,CoH,(N,O,4]?*+(H,0), was characterized with initial placement of
water ligands at all nominally ‘free’ sites on the Mn(1), Mn(3), Mn(4),
and Ca atoms, so as to allow coordinative saturation of all metal atoms in
the hydrated structure, and the fully dehydrated [CaMn,C,H,(N,O,c]?*
geometry from this calculation was then itself optimized. Then, individual
water molecules at the positions determined from the
[CaMn,CoH,(N,O]?*+(H,0), calculation were added to the optimized
[CaMn,CoH (N,O]?* structure; these monohydrated structures were
themselves optimized, and a determination of the next preferred water-
binding site at each hydration level was built up incrementally. This
lengthy computational strategy was judged the most appropriate method
by which to ensure that the most stable [CaMn,CoH;(N,04]*-(H,0);
structures (i=0-7) could be characterized at each charge state.

Conclusion

In the calculations reported here, we have explored the con-
sequences of sequential hydration (up to 7 water ligands) on
our series of Mn,Ca structure types across charge states
from g=—1 to ¢g=+3, which correspond to a formal oxida-
tion-state assignment of (Mn"™)Mn" for S, up to
(Mn™);Mn™ for S,. We have also explored charge-compen-
sated structures for which the overall charge on the cluster
is maintained at ¢=0 or +1, consistent with the experimen-
tal data on sequential proton loss in the real system. These
calculations strengthen many of the assertions established in
our earlier investigation of the trihydrated structures. The
preference among virtually all structures is for antiferromag-
netic coupling with the Mn" and Mn™ atoms invariably
adopting high-spin configurations regardless of whether or
not ferromagnetic or antiferromagnetic coupling is con-
strained. Energy differences between the various structure
types remain sufficiently small that, mindful of the limita-
tions of the models, none of the three structure types can be
excluded as a possible PSII active-site model on the basis of
the calculated relative energies alone. Oxidation-state pat-
terns across the Mn atoms and the preferred mode of anti-
ferromagnetic coupling both tend to be sensitive to subtle
geometric differences between the three structure types, and
also the degree of hydration. Across most charge states, the
oxidation state adopted by Mn(2) is Mn"", whereas Mn(4) is
generally the manganese atom most likely to persist as Mn"
as the charge state is ramped up.

Six to seven water molecules are generally required to
fully hydrate all the structures studied and, of these, three
or four water molecules are directly associated with Ca. For
all three structure types, hydration at Mn(4) and Ca is possi-
ble and in general these correspond to the strongest water-
binding sites. Hydration at Mn(2) cannot occur as it is coor-
dinatively saturated in all three structure types. Hydration
at Mn(1) or Mn(3) is dependent on the geometry of the
metal-atom cluster. In structure type III, the presence of an
additional tri-p-oxo bridge, which links Mn(1) to Mn(3) and
Mn(4), renders Mn(1) coordinatively saturated in the ab-
sence of hydration. In both structure types I and II, there is
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a plausible hydration site on Mn(1), but for I this site is not
occupied in any of the charge states as the ‘pocket’ between
Mn(1) and the p-oxo bridge that links Mn(3) to Mn(4) is in-
sufficient to accommodate a water ligand. The situation is
different for structure type II, for which the distance be-
tween Mn(1) and the Mn(3)/Mn(4) p-oxo bridge is generally
larger than in I. As a consequence, although there is never a
water ligand coordinated to both Mn(1) and Mn(3) in struc-
ture II, there is consistently one water shared between these
two Mn atoms. Furthermore, in all explored charge states
for structure II, one of the water ligands associated with Ca
is always between 3.3 and 3.5 A away from Mn(3).

When the fully hydrated structures are considered in light
of the experimental water-exchange kinetics and substrate-
binding interactions, as revealed by EPR and FTIR with la-
beled water species, one type clearly suggests itself as most
consistent with the data. This is the ‘open’ structure type II,
which possesses a water-accessible ‘cleft’ region between
Mn(1), Ca, and Mn(3) that is capable of accommodating
two water/hydroxide ligands throughout the S-state cycle.
These, we suggest, are the two substrate—water sites in PSII.
The structure permits substrate-proton interaction with the
most EPR-sensitive portions of the cluster and provides a
natural explanation for the unusual pattern of S-state-de-
pendent ‘slow-site’ water-exchange kinetics not possible for
structure types I and III. Our preferred model also provides
a simple rationalization for the positions of the newly locat-
ed water molecule and CI™ ion in the most recent XRD
structure. Finally, because the water-exchange and ESEEM
studies involved fully functional turnover states of PSII, we
conclude that structure II is actually closest to the active
enzyme site of those possibilities examined here.
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