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ABSTRACT: The Mn4CaO5 cluster in the oxygen-evolving complex
is the catalytic core of the Photosystem II (PSII) enzyme, responsible
for the water splitting reaction in oxygenic photosynthesis. The role of
the redox-inactive ion in the cluster has not yet been fully clarified,
although several experimental data are available on Ca2+-depleted and
Ca2+-substituted PSII complexes, indicating Sr2+-substituted PSII as the
only modification that preserves oxygen evolution. In this work, we
investigated the structural and electronic properties of the PSII
catalytic core with Ca2+ replaced with Sr2+ and Cd2+ in the S2 state of
the Kok−Joliot cycle by means of density functional theory and ab initio molecular dynamics based on a quantum mechanics/
molecular mechanics approach. Our calculations do not reveal significant differences between the substituted and wild-type
systems in terms of geometries, thermodynamics, and kinetics of two previously identified intermediate states along the S2 to S3
transition, namely, the open cubane S2

A and closed cubane S2
B conformers. Conversely, our calculations show different pKa values

for the water molecule bound to the three investigated heterocations. Specifically, for Cd-substituted PSII, the pKa value is 5.3
units smaller than the respective value in wild type Ca-PSII. On the basis of our results, we conclude that, assuming all the cations
sharing the same binding site, the induced difference in the acidity of the binding pocket might influence the hydrogen bonding
network and the redox levels to prevent the further evolution of the cycle toward the S3 state.

For 2.5 billion years, plants, algae, and cyanobacteria have
used the Photosystem II (PSII) complex to capture light

energy from the sun and convert it into chemical energy.1 A
crucial step in the natural oxygenic photosynthetic process lies
in the water splitting reaction occurring along the five steps
(S0−S4) of the Kok−Joliot cycle.2 The energy necessary to
perform this catalytic step is absorbed from the sun by the
antenna system (i.e., a system of light-absorbing protein−
pigment complexes) and transferred to the reaction center of
the PSII complex. In this site, the oxidation of two water
molecules is catalyzed by the manganese−calcium (Mn4CaO5)
cluster after the photoinduced removal of four electrons from
the complex itself.
Beyond its fundamental relevance to biology, a deep

understanding of the molecular details behind the photo-
synthetic water splitting mechanism may also serve as
inspiration for the development of artificial devices that can
convert solar energy into chemical green fuels such as
molecular hydrogen.3−7 In the past decade, atomic details of
the structure of PSII have been revealed at an increasing level of
accuracy.8−14 However, only in 2011 did a high-resolution (1.9
Å) X-ray structure become accessible,15 thus providing the
bases for accurate computational investigations of the catalytic
function of PSII.16−20 Additionally, a new radiation damage-free
crystal structure, supposed to be representative of the S1 state
of the Kok−Joliot cycle, has been reported21 in the past year.
In particular, the role of the calcium ion present in the

Mn4CaO5 complex of PSII was largely debated after direct

observations of its involvement in the O2 evolution
mechanism.22 To understand the role played by Ca2+ in the
water splitting mechanism, several experiments based on Ca2+

depletion or substitution with other ions (mainly divalent
cations and alkali metals)23−31 as well as theoretical
studies32−36 were conducted.
No catalytic activity was shown for the Ca2+-depleted PSII,

whereas its substitution with the Sr2+ ion is capable of largely
restoring O2 production,37 albeit with O2 evolving activity
reduced by 40−50% with respect to that of wild-type PSII.38

The functional similarity between Sr2+- and Ca2+-PSII
corresponds to a structural similarity, as revealed by a recent
crystal structure of Sr-substituted Photosystem II38 at 2.1 Å
resolution. The overall chemical structure of the region around
the catalytic site is sketched in Figure 1a. The differences
between Ca2+- and Sr2+-PSII are only minor rearrangements in
the oxygen-evolving complex region with the relevant exception
of the W3 water oxygen, which is shifted away from the Sr2+ ion
by ∼0.3 Å. Crystallographers suggested that such a difference,
together with the cubane distortion, might explain the
decreased rate of O2 production, because the W3 water
molecule is not maintained in some specific position that may
be required for the catalytic mechanism.38 On the basis of this
experimental evidence, the catalytic role of the Ca2+ ion was
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suggested to be not merely structural; it should also have
functional implications.22,33,38,39 Additionally, the W3 water
molecule itself may participate as a substrate molecule in the
oxygen evolution reaction.40

In contrast with the case of the Sr-substituted PSII complex,
the substitutions with monovalent cations, such as K+, Rb+, and
Cs+ were not to be able to restore the O2 evolution activity.
More severely, these ions seem to block the catalytic cycle in an
early stage, because no EPR signals corresponding to the S2
state have been reported.25

The substitution with Cd2+ is also blocking the catalytic
activity,26 although its actual displacement is still a matter of
debate. Several experiments have been performed to study the
binding site of the Cd2+ ion within PSII24,26,41−47 and within
the bacterial reaction center.48−51

In Cd-substituted experiments, Sigfridsson et al.52 did not
observe the multiline EPR signal of the S2 state, also identifying
additional Cd2+ binding sites in PSII. Others experiments
suggest that the cadmium cation replaces the calcium cation in
the same position.24,41−43 More recently, Lee et al. were able to
detect a multiline EPR signal in the S2 state for the Cd2+-
inhibited PSII by a 200 K illumination of a dark-adapted
sample.29

The effect of the ion substitution or depletion on the S2 to S3
transition was also studied by means of thermoluminescence
experiments.26 In the Ca-depleted samples, the amplitude of
the peak arising from S2QB

− was upshifted and did not further
oscillate after two flashes. Interestingly, that peak was restored
with the insertion of both Sr2+ and Cd2+, whereas the oscillation
was damped with the former and completely absent with the
latter. In summary, these results showed that the S2 to S3
transition is inhibited by Ca2+ depletion and by Ca2+

substitution with the Cd2+ ion, and only partially recovered
by repletion with the Sr2+ ion.
Recently, the existence of two distinct structural conformers

of the Mn4CaO5 cluster representative of the S2 state of the
Kok−Joliot cycle was proposed.53 One of the two conformers
(namely, the S2

A model) is characterized by an open cubane

(OC) structure (see Figure 1) and an S = 1/2 spin ground state,
consistent with the EPR multiline signal. The other conformer
(namely, the S2

B model) has an S = 5/2 ground state consistent
with the EPR signal at g = 4.1 and characterized by a closed
cubane (CC) conformation (see Figure 1). The two con-
formers were found to be interconvertible at physiological
temperature,54 and the transition from the S2 state to the S3
state was suggested to proceed passing first by the S2

A state and
afterward through the S2

B state.55 On the basis of EPR
measurements, Boussac et al.56 revealed that the g = 4.1 signal,
corresponding to the closed cubane configuration, is present
also in Sr-substituted PSII. Conversely, in the Cd-substituted
PSII complex, the typical double EPR signal associated with the
S2 state was not found. Despite the massive amount of available
experimental and theoretical data, the effect of the replacement
of Ca2+ with Sr2+, or Cd2+, in the S2 to S3 transition is not
completely understood. Whereas Sr2+-substituted PSII is
supposed to behave like Ca2+-PSII, from structural and
electronic points of view, the effect of the substitution of
calcium with the Cd2+ ion might be more severe.
One possibility is that the replacement of the Ca2+ with the

Cd2+ ion could inhibit the interconversion between the two S2
conformations, suggested to be necessary for the transition to
the S3 state.55 Another hypothesis is that the Cd2+ ion is
characterized by a Lewis acidity out of the range required for
catalytic activity.24,39 In this respect, because of the different
chemical nature of the ions, the hydrogen bonding network and
the proton displacement in the binding pocket might be
different when different divalent cations bind to the cluster.
Moreover, the heterocation substitution, affecting the electronic
structure of the cluster, could have a significant influence on the
redox potential of either the Tyr-Z57 or the cluster itself58 or
else modulate oxygen release.59

In this work, by means of gas-phase quantum mechanics
(GP) and mixed quantum mechanics/molecular mechanics
(QM/MM) calculations, we compared the geometries,
electronic properties, and pKa values of the Sr/Cd-substituted
complexes with respect to those of the wild-type form using

Figure 1. Scheme of the studied systems. The left panels show a sketch of the metal−oxo cluster (Mn4MO5, where M represents the heterocation)
with the most relevant residues and water molecules involved in the catalytic mechanism of PSII. The two conformers representative of the S2 state
of the Kok−Joliot cycle (namely, S2A and S2

B) are also shown. The right panels show selected atoms of the catalytic center of PSII in both S2
A and S2

B

conformations used for the density functional theory calculations in the gas phase and QM/MM calculations. The Mn4MO5 cluster is represented as
balls and sticks, while the other residues included in the QM part are shown as sticks. The portion of the system treated at the MM level is shown in
cartoon representation.
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geometry optimizations and molecular dynamics simulations.
The aim of our work is to characterize the two substitutions,
evaluating the different hypotheses proposed so far to
interpretate the experimental data.

■ METHODS
Gas-Phase (GP) Models. The gas-phase model of the

oxygen-evolving complex active core consists of 238 atoms,
including the manganese cluster, its closest residues (Asp61,
Tyr161, His190, CP43-Arg357, and His337), and the water
molecules present in that area, namely, two water molecules
bound to the divalent ion, two bound to the Mn4, and eight
crystallographic water molecules nearby. To prevent structural
distortion due to the lack of the protein environment, the
terminal heavy atoms at the external shell of the system were
constrained in the crystallographic position. The protonation
states of these systems in the S2 catalytic step were chosen as
suggested by previous studies.54,60,61 We performed geometry
optimizations for GP Ca-, Sr-, and Cd-PSII model systems in
both the open (S2

A) and closed (S2
B) cubane conformations,

using density functional theory (DFT) by means of the ORCA
package62 with the B3LYP hybrid functional63−65 with the
TZVP basis set66 and def2-TZVP/J auxiliary basis set67 for all
atoms. An implicit solvent model (COSMO)68 with a dielectric
constant ε = 8 and the zero-order regular approximation
(ZORA)69 for scalar relativistic corrections were also included
in the calculations.
QM/MM Models. In quantum/classical models, we have

considered a QM region around the Mn4CaO5 cluster of 224
atoms embedded in a portion of PSII solvated in liquid water
treated by classical force fields (further details in ref 61). The
atomic coordinates and the protonation pattern were chosen in
a manner consistent with previous theoretical studies of the
manganese cluster.53,54,60,61 The Ca-substituted QM/MM
systems were termed Cd-PSII and Sr-PSII and considered in
both the open (S2

A) and closed (S2
B) cubane conformations. The

QM/MM calculations were performed using the CP2K
package70,71 with the Gaussian and plane-wave (GPW) basis

set combination. We have used GTH pseudopotential72,73 with
the DZVP Gaussian basis set and with plane-wave.74 In both
QM/MM geometry optimization and molecular dynamics
calculations, we adopted a PBE+U scheme75−77 as reported in
ref 61, while the kinetic energy cutoff for plane-wave basis set
expansion was 380 Ry for geometry optimizations and 320 Ry
for molecular dynamics. In QM/MM geometry optimizations,
only the positions of the QM atoms were optimized, the MM
part being fully constrained. In MD simulations, the Cα atoms
of the protein atoms treated classically were kept fixed at their
X-ray positions. MD calculations were performed in the NVT
ensemble, with a 0.5 fs time step and a Nose−́Hoover
thermostat78−80 with a temperature equal to 298 K; 6 ps
productions were performed after thermalization for 3 ps.
Projected density of states (PDOS) calculations were
performed on three QM/MM models, Ca-, Sr-, and Cd-PSII,
in the two optimized configurations, i.e., open (S2

A) and closed
(S2

B) cubane, for different positions of the proton shuffling
between the W1 water molecule and Asp61 (see Figure 1).
Following the suggestions of Siegbahn,81 PDOS analysis was
conducted using the B3LYP* hybrid functional63−65 with 15%
HF exchange.

■ RESULTS AND DISCUSSION
In this study, we systematically investigate the effect of the Ca2+

substitution in the Mn4CaO5 cluster on the structure,
thermodynamics, and electronic properties of the cluster in
the S2 state of the Kok−Joliot cycle. First, the structures of the
two conformers representative of the S2 state were analyzed for
the different substituted systems using DFT calculations on
both gas-phase and QM/MM models. Because the inter-
conversion between the open cubane and closed cubane
configurations is supposed to be relevant for the transition
between S2 and S3 states,53,54,82 we have also investigated
whether the metal substitution affects the relative stabilities of
the two conformers (S2

A and S2
B) and the interconversion energy

barrier. Moreover, because the transfer of the electron to the
radical Tyr-Z turned out to be more favorable from the S2

B

Table 1. Comparison of the Main Distances (angstroms) in the Metal−Oxo Cluster between the XRD Structure and the
Optimized S2

A and S2
B Conformersa

model Mn4−O5 Mn1−O5 MO5 MO1 MO2 M−D171 M−D143 M−W3 M−W4

Ca(S2
A)-GP 1.93 3.17 2.71 2.46 2.57 2.43 2.57 2.36 2.44

Ca(S2
A)-QMMM 1.87 2.98 2.49 2.38 2.63 2.39 2.49 2.47 2.34

Ca(S2
B)-GP 3.27 1.84 2.71 2.54 2.57 2.44 2.61 2.39 2.41

Ca(S2
B)-QMMM 3.07 1.86 2.55 2.49 2.55 2.43 2.48 2.48 2.34

crystal structure 2.50 2.60 2.49 2.33 2.49 2.44 2.54 2.39 2.49
model Mn4−O5 Mn1−O5 MO5 MO1 MO2 M−D171 M−D143 M−W3 M−W4

Sr(S2
A)-GP 1.85 3.25 2.82 2.54 2.68 2.57 2.59 2.52 2.56

Sr(S2
A)-QMMM 1.87 3.06 2.57 2.50 2.70 2.54 2.64 2.63 2.47

Sr(S2
B)-GP 3.23 1.84 2.83 2.58 2.68 2.58 2.63 2.56 2.59

Sr(S2
B)-QMMM 3.12 1.86 2.61 2.55 2.66 2.53 2.68 2.61 2.46

crystal structure 2.53 2.68 2.62 2.46 2.67 2.73 2.59 2.74 2.27
model Mn4−O5 Mn1−O5 MO5 MO1 MO2 M−D171 M−D143 M−W3 M−W4

Cd(S2
A)-GP 1.84 3.16 2.78 2.36 2.52 2.36 2.54 2.32 2.32

Cd(S2
A)-QMMM 1.88 3.01 2.46 2.39 2.57 2.36 2.57 2.44 2.31

Cd(S2
B)-GP 3.16 1.85 2.75 2.43 2.48 2.37 2.71 2.33 2.32

Cd(S2
B)-QMMM 3.11 1.86 2.57 2.48 2.52 2.36 2.58 2.40 2.32

crystal structure − − − − − − − − −
aCalculations were performed in gas-phase and QM/MM models, optimizing the systems in their respective spin ground states, for all three studied
heterocations. Distances between the heterocation and the two ligands, Asp143 and Asp171, and between the heterocation and the two coordinated
water molecules, W3 and W4, are also reported.
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state,55 possible electron structure differences in the conformers
were investigated. In this respect, we have also explored the
effects of the substitutions on the electron structure of the
system, focusing on the capability of the manganese cluster to
reduce the radical Tyr-Z through the analysis of the projected
density of states (PDOS). Additionally, the QM/MM
molecular dynamics of the Sr- and Cd-substituted PSII complex
in the S2 state after the removal of an electron was performed
and compared with the dynamics of the wild-type form
investigated in a recent work.55 Finally, the pKa values of the
water molecule bound to the Ca2+, Sr2+, and Cd2+ ions
coordinated to the manganese cluster were evaluated in their
local protein environment by ab initio calculations.
Geometrical Characterization of the Manganese

Cluster. To check the effect of the substitution of the calcium
ion on the geometrical properties of the manganese cluster in
the S2 state of the Kok−Joliot cycle, we performed DFT
calculations on the three Mn4MO5 (M = Ca, Sr, and Cd)
systems in both the S2

A (open cubane) and S2
B (closed cubane)

conformers. A first set of calculations has been conducted using
a gas-phase model that includes the atoms of the manganese
cluster and of the closest amino acids and water molecules [see
Gas-Phase (GP) Models for details]. The most relevant
distances (e.g., Mn−O5, M4−O5, and M2+−ligands) are
reported in Table 1, while in Figure 2, the structures of the
six investigated systems are shown, highlighting the distances
between the heterocation and the two coordinated water
molecules. The distances for the Mn4CaO5 cluster reported in
Table 1, calculated on the GP model, show a good agreement
with those computed in previous theoretical studies for both
the closed and open cubane conformations.53,54 In particular,
the distances between the calcium ion and the W3 and W4
water molecules seem not to be affected by the different
conformation of the cluster (see also Figure 2) with a Ca−W4
distance slightly larger than the Ca−W3 distance. Similar
observations can be made in the case of the Mn4SrO5 and
Mn4CdO5 clusters. Also, in these cases, the distances between
the two W3 and W4 water molecules and the heterocation are
rather insensitive to the conformation adopted by the cluster.
Nevertheless, when compared to those of the Ca-substituted
system, both distances were found to be increased by more
than 0.1 Å in the case of the Sr substitution, whereas a
shortening of the two distances with respect to those of the
Mn4CaO5 cluster was observed in the case of the Cd

substitution. In particular, the W4−Cd distance was found to
be ∼0.1 Å shorter than the respective distance in the Mn4CaO5
cluster.
A second set of calculations has been performed in a QM/

MM framework (see QM/MM Models for details), and the
calculated distances are reported in Table 1. For the open and
closed cubane conformations, we found that the explicit
inclusion of the protein environment in the calculation results
in an elongation of the W3−heterocation distance and a
decrease in the W4−heterocation distance. This behavior is
more evident in the Ca- and Sr-substituted clusters, whereas in
the Cd-substituted system, the increase in the W3−Cd distance
is not associated with a clear decrease in the W4−Cd distance.
In summary, our QM/MM calculations, in contrast to the gas-
phase calculations, predict for all the investigated systems a
W3−cation distance longer than the W4−cation distance.
Moreover, such distances in the case of the Sr-substituted
cluster were found to be larger than the respective distances in
the Mn4CaO5 cluster and in the Mn4CdO5 model system.
It has to be pointed out that, even though X-ray structures

for the wild type15,21 and the Sr-substituted PSII38 are available,
no tight comparisons between our calculations and the available
structures can be done quantitatively, because of the different S
catalytic step detected by the X-ray experiment (largely
populated in the S1 state21) and the issues regarding its
radiation damage.15,36,60 In this respect, the computed distances
of our M-substituted models are not varying significantly
between the metals.
From the point of view of the local rearrangements of the

surrounding water molecules and ligands, the effect of the
substitution is therefore minimal. If the Cd2+ ion is therefore
binding in the same site of the Ca2+ ion, we may exclude the
possibility that its inactivity arises from a different rearrange-
ment of its ligands.

Thermodynamics and Kinetics of the Open−Closed
Cubane Transition. Because the thermodynamics and the
kinetics of the S2

A (open cubane) to S2
B (closed cubane)

transition were shown to be relevant for the passage to the S3
state,54,55 we have investigated the effects of the substitution of
the calcium ion along the energy profile characterizing the
interconversion between the closed and open cubane isomers.
The calculated energy differences between the two conformers
in gas-phase models were found to be −3.3 kcal/mol for the
Mn4CaO5 cluster, −2.3 kcal/mol for the Mn4SrO5 cluster, and

Figure 2. Characterization of the heterocation−water molecule distances. The distances between the heterocation and the two coordinated water
molecules (namely, W3 and W4) calculated by gas-phase and QM/MM calculations are shown for both the S2

A and S2
B conformations. The Mn4MO5

cluster and the coordinated water molecules are represented by balls and sticks.
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−4.1 kcal/mol for the Mn4CdO5 cluster. In all cases, the open
cubane structure turns out to be energetically more stable than
the closed cubane structure. In a previous work,54 we also
estimated the free energy difference between the two isomers
within QM/MM finite temperature thermodynamic integration
to be close to −1 kcal/mol for the Mn4CaO5 cluster with an
activation barrier of 10.6 kcal/mol. An estimate of the enthalpic
contribution of such a barrier can be made by calculating
energies for different positions of the O5 atom along a reaction
coordinate constraining the distance between O5 and the two
manganese ions (Mn1 and Mn4) while optimizing all the resto
of the geometry. The maximal value of the energy corresponds
to 2.25 Å for both the Mn1−O5 and Mn4−O5 distances, and
for this conformer, the energy difference with respect to the
open cubane isomer was evaluated to vary between 14 and 15
kcal/mol for all the three studied systems. The overestimation
of the energy barrier when compared with the value found for
the Mn4CaO5 cluster investigated in ref 54 can probably be
ascribed to the entropic contribution not taken into account in
the current static calculation. Nevertheless, because of the
similar dynamic behavior of the three systems, a similar
entropic contribution for the Mn4CaO5 cluster and the two
substituted clusters can be assumed. In summary, the estimated
activation energy for the interconversion between the open and
closed cubane isomers clearly suggests that the rate of transition
between the two conformers is not significantly affected by the
nature of the heterocation present in the manganese cluster,
assuming that the substituting cations occupy the Ca2+ ion
position.

Structural and Electron Characterization of the Mn(III)
Oxidation. In a recent study,55 we observed that the proton
shuffling between the W1 molecule and the neighbor Asp61
modulates the reduction of the radical Tyr-Z by the Mn4(III)
in the closed cubane structure during the S2 to S3 transition.
The observed proton coupling electron transfer (PCET)
mechanism was conversely not observed starting from the
open cubane conformation along 10 ps of free QM/MM MD
simulation. These observations suggest different electronic
structure properties of the two conformers. Such properties
might also, in principle, be influenced by the nature of the
divalent cation of the cluster that can therefore inhibit or
promote the oxidation of the manganese cluster by Tyr-Z. In
this section, we report additional details of the analysis of the
electron structure of the cluster to rationalize the differences
between the closed and open cubane conformations, as well as
the differences between the substituents.
A good reaction coordinate to follow such event is the

proton transfer between W1 and Asp61, which, as observed in
our previous study,55 is concomitant with the electron transfer
between the Mn(III) (namely Mn1 in the open cubane and
Mn4 in the closed cubane structure) and the Tyr-Z. As a
function of this reaction coordinate, we have here monitored
the energy levels of the electrons by means of calculating the
projected density of states (PDOS) on the different residues
and ions involved in the PCET mechanism (see also Figure 1).
The calculations were performed for the six studied systems
[two conformations for each investigated heterocation, namely
Ca(S2

A), Ca(S2
B), Sr(S2

A), Sr(S2
B), Cd(S2

A), and Cd(S2
B)] in the S2

Figure 3. Projected density of states along W1−Asp61 proton exchange. Influence of the position of the proton shuffling between Asp61 and the W1
water molecule on the density of states of molecular orbitals projected on the relevant moieties involved in the PCET mechanism calculated in the
oxidized S2

+ state. The calculations were performed considering different positions of the proton for the open and closed cubane conformers in the
presence of Ca2+, Sr2+, and Cd2+. Occupied states are represented as solid lines [green for projection on Asp61 and red for projection on Mn(III),
i.e., Mn1 in the S2

A conformer and Mn4 in the S2
B conformer]. The unoccupied state, corresponding to the LUMO localized on the Tyr-Z, is

represented as a blue dashed line.
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state after the removal of one electron (i.e., S2
+ state). For each

case, we focus on the relative energies between the HOMO,
describing the electron of the Mn(III) ion highest in energy,
and the LUMO localized on the Tyr-Z radical (shown in Figure
3). The PDOS referred to the proper atoms and distinguished
the density of the occupied (solid line) from the unoccupied
(dashed line) states. In a manner consistent with the previous
study,55 in the open cubane structure in the presence of calcium
ion, we observe the HOMO and LUMO from the PDOS on
the Mn1 ion and Tyr-Z, respectively, remaining unchanged
along the reaction coordinate (see the first column in Figure 3).
This behavior reflects the tendency of the electron to be
removed from the Tyr-Z with a radicalization of the tyrosyl
group and no further electron transfer from Mn1 to the Tyr-Z.
In contrast in the closed cubane structure (see the second
column in Figure 3), the relative energies of the HOMO and
LUMO localized on the Mn4 ion and Tyr-Z change while the
proton, originally on water molecule W1, is moved to Asp61. In

particular, when Asp61 is protonated, the PDOS on Mn4 and
Tyr-Z shows an evident overlap of the HOMO and LUMO
densities that can promote the oxidation of Mn4(III) by the
radical tyrosyl group. Notably, in the open and closed cubane
models, the HOMO projected on the Asp61 (solid green line in
Figure 3) is stabilized by the protonation of the aspartic acid.
As in the case of the Mn4CaO5 cluster, for the Sr- and Cd-

substituted open cubane models, the relative positions of the
PDOS of Mn1(III) and Tyr-Z are not strongly affected by the
protonation state of Asp61 (see the third and fifth columns in
Figure 3). Additionally, also in these two cases, the density of
the highest occupied state projected on the Asp61 moves to
lower energies while the proton is moved from the W1 water
molecule to Asp61. It has to be pointed out that, in contrast
with the calcium case, in the presence of Sr2+ or Cd2+ ion the
LUMO on Tyr-Z and the HOMO on the Mn4 ion show
evident overlap. In the closed cubane model, for the Sr- and
Cd-substituted clusters, the positions of the PDOS of Mn4(III)

Figure 4. QM/MM molecular dynamics of the Sr- and Cd-substituted cluster in the S2
B+ state. (A) Sketch representing the Mn4CaO5 cluster, the

three residues Asp61, Tyr161, and His190, and the four coordinated water/hydroxide molecules highlighting the four distances (d1−d4)
characterizing the PCET mechanism. (B) Spin populations of the four Mn ions (solid lines, left scale) and Tyr-Z (dashed line, right scale) reported
as a function of the simulation time for the Sr- and Cd-substituted clusters. In both cases, the oxidation of Mn4(III) by the radical Tyr-Z was found
to occur in <3 ps. (C) Time evolution of distances d1 and d2. (D) Time evolution of distances d3 and d4. The distance analysis shows the prevalent
protonation of Tyr-Z after the electron transfer and the occurrence of a simultaneous proton transfer from water molecule W1 to Asp61.
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and Tyr-Z are modified by the position of the proton of the W1
water molecule (see the fourth and sixth columns in Figure 3).
In particular, when Asp61 is protonated, the LUMO localized
on the Tyr-Z and the HOMO localized on the Mn4 ion show
clear overlap as in the presence of the calcium ion in the cluster.
This behavior is consistent with the possible fast oxidation of
Mn4(III) to Mn4(IV) by the tyrosyl group. In contrast, when
the proton is localized on the W1 water molecule, the two
orbitals mentioned above appear distant in energy by ∼1 eV.
Our results suggest that, as in the case of the Mn4CaO5 cluster,
the protonation state of Asp61 regulates the oxidation of
Mn4(III) by Tyr-Z in the closed state configuration for both
the Sr-substituted cluster and the Cd-substituted test model.
Conversely, in the open cubane state isomer, no clear
dependence on the protonation state of Asp61 was found for
the relative positions of the PDOS related to Mn1(III) and
Tyr-Z. We can conclude that from the PDOS analysis the
oxidation of Mn(III) by the radical Tyr-Z in the S2 state seems
not be significantly perturbed or inhibited by the substitution of
the calcium ion with Sr or Cd.
We can also point out that both substitutions were shown to

affect the position of the LUMO projected on Tyr-Z with
respect to the states of the Mn4CaO5 cluster. In particular, the
energy corresponding to this orbital is lower in the substituted
systems than in the case of Mn4CaO5 for the open and closed
cubane models. We can speculate that the influence of the
divalent ion on the environment around Tyr-Z might affect the
localization of the orbitals on the tyrosyl group, thus
modulating the oxidation potential of Tyr-Z, as already
suggested by Pantazis and co-workers.57

To verify the possibility of the oxidation of Mn4(III) by the
radical Tyr-Z in the closed cubane isomer, we performed
unconstrained QM/MM molecular dynamics simulations for
the Sr- and Cd-substituted systems in the S2 state after the
removal of one electron from the system, which is similar to
what we did previously for Ca-PSII.55 In Figure 4B, we show
the Mulliken spin populations of the four Mn ions and Tyr-Z as
a function of time for both simulated systems.
For the Sr-substituted cluster, the tyrosyl group of Tyr-Z was

found in its radical state in the first 0.7 ps of the simulation
while the four Mn ions keep their starting spin populations
expected for the S2 state of the Kok−Joliot cycle. After 0.7 ps, a
concerted transition of the spin populations of Mn4 and Tyr-Z
occurs, which leads to the oxidation of Mn4 and the reduction
of Tyr-Z. The effect of such electron transfer is the modification
of the overall oxidation state of the Mn4SrO5 cluster into an
electronic configuration consistent with the S3 state of the
Kok−Joliot cycle. As in the case of the Mn4CaO5 cluster
(previously investigated in a recent work55), the electron
transfer was found to have a strong correlation with the proton
exchange between Asp61 and water molecule W1 (Figure
4A,D). The simultaneous formation of a hydroxide ion in place
of the W1 water molecule and protonation of Asp61 occur in
parallel with the oxidation of Mn4(III). Additionally, after the
transfer of an electron from Mn4 to Tyr-Z, the protonation
state of His190 and Tyr-Z was inverted, with the proton
binding to the tyrosyl oxygen and His190 in its deprotonated
state (see Figure 4B). A similar behavior was found in the case
of the test model with the cadmium ion in place of the calcium.
Here the oxidation of Mn4(III) by the radical Tyr-Z was found
to occur after simulation for 2.6 ps. Nevertheless, the
protonation of Asp61 and the W1 water molecule and the

protonation of His190 and Tyr-Z were found to follow the
same path shown in the Mn4SrO5 and Mn4CaO5 systems.
These results, which are consistent with the PDOS analysis,

show that the substitution of the calcium ion with strontium or
cadmium does not inhibit the oxidation of Mn4(III) by Tyr-Z
in the closed cubane structure.
If we assume that Cd2+ occupies in the S2 state the same

binding site occupied by the Ca2+ ion in wild-type PSII, as
supported by experiments,39 our calculations would show that
there are no electronic or structural reasons that would prevent
the system from proceeding toward the S3 state under the
conditions employed in the simulation. Nevertheless, our
calculations assume that the hydrogen bond and the
protonation pattern of the binding pocket, when the Cd2+

ion is bound, are exactly the same as those found in wild-type
PSII. This assumption would turn out to be incorrect if the
protonation of bound water molecules and the acidity of the
binding pocket were altered by the metal substitution. This
issue will be addressed in the next paragraph.

Relative Acidity of the Heterocations. It was suggested
that one reason for the various activities of different
heterocations placed in the Ca2+ binding site may lie in their
own acidity, i.e., different pKa values of the metal-aqua ion
coordinated with the heterocation.24,39 The values of pKa for
the Ca2+-aqua ion and Sr2+-aqua ion are similar (pKa-Ca

2+ =
12.7, and pKa-Sr

2+ = 13.2),83 whereas the pKa value of the Cd
2+-

aqua ion was found to be 9.2.83 This difference in the acidity of
the water binding the heterocation may have a significant
impact on the hydrogen bond network around the metal cluster
and, therefore, on the catalytic activity of PSII. Nevertheless,
the pKa values reported for several metal-aqua complexes in
water solution could change significantly in the protein
environment. To check this possibility, we estimated the
relative pKa of the water bound to the heterocation using the
thermodynamic cycle shown in Figure 5. Assuming similar

entropic contributions for the three deprotonation reactions
taken into account in this study, the relative pKa can be
evaluated by comparing the differences between the internal
energy calculated for the three (relaxed) structures with the
water molecule and that for the three (relaxed) structures with
a hydroxide ion bound to the respective heterocation.
As shown in Table 2, the ΔpKa of the Sr

2+ with respect to the
Ca2+ ion varies from ∼0.5 in a water solution to ∼1.0 as
calculated in the OEC, while on the other side, the ΔpKa
between the Ca2+-aqua ion and the Cd2+-aqua ion, which was
experimentally found to be approximately −3.5 in the water
solution, increases to approximately −5.2 in the complex
environment. Our results confirm that the trend of the acidity

Figure 5. Thermodynamic cycle used for the determination of ΔpKa.
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characterizing the three investigated ions in water solution is
still valid in PSII.
Though we did not calculate the absolute pKa values for the

three investigated cases, the relative pKa values found in this
study clearly suggest that the water bound to the Cd2+ ion can
be more easily found in its deprotonated state than the
respective water bound to the Ca2+ ion.

■ CONCLUSIONS
In this work, we investigated by means of gas-phase and QM/
MM calculations the effect of the substitution of the Ca2+ ion in
the oxygen-evolving complex of PSII with either Sr2+ or Cd2+

ion in the S2 state of the Kok−Joliot cycle. Whereas the Sr2+ ion
is experimentally known to restore the catalytic function of PSII
in the calcium-depleted oxygen-evolving complex, albeit with a
different turnover rate, Cd2+-substituted PSII showed no
activity, the catalytic cycle being stopped between the S2 and
S3 states.

29 The calculated bond distances characterizing all the
investigated heterocation-substituted models did not show
significant variations for the different models, with both the
coordinated water molecules and ligands minimally affected by
the heterocation substitution. We additionally estimated the
transition energy between the two open and closed cubane
conformers representative of the S2 state of the Kok−Joliot
cycle, giving similar transition energies for the Ca2+ system and
the two Sr2+- and Cd2+-substituted systems. As already seen in
the case of the Mn4CaO5 cluster, also in the presence of Sr2+ or
Cd2+ ion, the oxidation of Mn(III) by the Tyr-Z radical was
found to occur in the closed cubane conformation during QM/
MM molecular dynamics simulations on the picosecond time
scale, as also suggested by PDOS analysis. Under the conditions
adopted in our simulations, from the structural and electronic
point of view, both Sr2+- and Cd2+-substituted PSII should
reveal catalytic activity or at least should reach the S3 state of
the Kok−Joliot cycle. Nevertheless, a crucial issue in our
simulations is the assumption that the hydrogen bond and the
protonation patterns of the binding pocket do not depend on
the divalent cation, being in all cases identical to those of wild-
type PSII. To investigate this issue, we performed single-point
energy calculations to characterize the pKa differences of the
water molecule bound to the respective heterocations. Our
calculations reported a ΔpKa of approximately +1.0 in the case
of Sr-substituted PSII and a ΔpKa of approximately −5.3 in the
case of Cd-substituted PSII. This large difference in acidity
suggests that the water directly bound to the Cd2+ ion can be
easily found as a hydroxide ion. Different protonation states of
the water molecules around the heterocations may severely
change the hydrogen bonding network around the manganese
cluster and Tyr-Z, therefore influencing the redox potential
levels involved in the passage between the S2 and S3 states. It
has recently been shown in inorganic clusters mimicking the
Mn4CaO5 core58 that redox-inactive metals can have a large
influence on the redox properties of bound redox-active ions.

The same rationale might also be applied for the PSII core.
Taken together, our results lend support to the idea of a
structural role for the Ca2+ ion that can be fulfilled by several
ions until the S2 state, where the access to the final steps of the
Kok−Joliot cycle can be accomplished by only cations
characterized by a similar Lewis acidity, which was also
suggested as the basis of the pKa values of the cations in
water solutions by Brudvig and co-workers.24,29,39 Finally, we
have also found that the position of the lowest unoccupied
molecular orbital projected on Tyr-Z in both the Sr2+- and
Cd2+-substituted systems is influenced by the heterocation,
being at lower energies when compared with the Mn4CaO5
case. The nature of the cation can therefore also have a direct
influence on the oxidation potential of Tyr-Z, beyond the effect
mediated by the local hydrogen bond network rearrangement
as also pointed out previously.57
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