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ABSTRACT: The mechanism for water oxidation in photosystem II has been a major topic
for several decades. The active catalyst has four manganese atoms connected by bridging oxo
bonds, in a complex termed the oxygen-evolving complex (OEC), which also includes a
calcium atom. The O—O bond of oxygen is formed after absorption of four photons in a state
of the OEC termed S,. There has been essential consensus that in the S, state, all manganese
atoms are in the Mn(IV) oxidation state. However, recently there has been a suggestion that
one of the atoms is in the Mn(VII) state. In the present computational study, the feasibility of
that proposal has been investigated. It is here shown that the mechanism involving Mn(VII)
has a much higher barrier for forming O, than the previous proposal with four Mn(IV) atoms.

B INTRODUCTION in the S, state. The O—O bond should then be formed
between the two oxo groups.

In the present paper, the Mn"" mechanism by Sun and
Zhang is compared to the previous consensus mechanism
involving a bridging oxo and a terminal oxyl. That question is
studied by using exactly the same theoretical techniques as
have previously been used to successfully predict the structures
of all the observable S states prior to, but later confirmed by,
experiments.

Water oxidation using sunlight is one of the most important
processes in nature.”” Decades of research have been
dedicated to find out how this remarkable reaction occurs.
Large theoretical and experimental efforts have finally been
able to reach a high level of consensus on even the finest
details of the mechanism. The earliest X-ray structures were
done only to a low resolution.”* However, the structures of the
four observable intermediates in the process, S, to S;, have
now been determined to high precision.’” '’ The most recent B COMPUTATIONAL DETAILS
experimental determinations of the structures have been done
using the X-ray free electron laser (X-FEL) technique. The
structure of the oxygen-evolving complex (OEC) has long
been known to contain four manganese atoms and a calcium
held together by bridging oxo groups. The leading mechanisms
for the O—O bond formation have initially circled around two
main possibilities. For many years, one of the leading
suggestions was that the O—O bond was formed by a
nucleophilic water attack on a terminal oxo group bound to the
OEC.M™13 During more recent years, that mechanism has
been criticized, both by theory and by experiments. Instead,
the leading mechanism is now that the O—O bond is formed
between a radical oxyl group and a bridging oxo ligand."*~" It
can be added that there exists another suggestion for O—O
bond formation with similarities to the present suggestion.*®
However, in that mechanism, an oxygen radical plays a major
role in S;, which is different from the mechanism suggested by
us. Alternative suggestions have become more and more
scarce. However, a new mechanism was recently suggested by
Sun and Zhang’® In that mechanism, the key step is the
formation of a Mn(VII) di-oxo site on the dangling manganese

The same methods and basis sets were used here as the ones
used in previous similar studies.'*' The calculations start out
by geometry optimizations using the DFT functional B3LYP.*”
The basis sets (LACVP*) used in these optimizations are of
moderate size but have been shown to be adequate if just the
energies are of interest.”’ Backbone atoms were fixed from the
X-ray structure as described before.”*

For the final energies, a large basis set was used with cc-
pVTZ(—f) for the nonmetal atoms and with LACV3P+ for the
metals. An important finding using B3LYP is that the energies
are almost only sensitive to the fraction of exact exchange in
the functional.”> In previous studies of photosystem II
(PSII),'**° it has been found that the fraction of 15% is the
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Figure 1. Chemical models and O—O bond formation mechanisms investigated in the present study. (a) Mn'" mechanism and the Mn

VII

mechanism for O—O bond formation, respectively, using the W1(H,0)* model and the W1(OH) model of the OEC, respectively. The rectangles
enclose the original suggestions in refs 16 and 20. (b) Key spin alignment in the Mn'"" mechanism to allow the low-barrier O—O bond formation.

one that reproduces the experimental redox potential best, and
this fraction is therefore used also here. The D2 dispersion
correction”””® was used as it was done in the previous study'®
for the final energies. Solvation effects were obtained using a
Poisson—Boltzmann solver,”® with a dielectric constant of 6.0.
Zero-point effects were taken from frequency calculations on
optimized structures. The best energy diagram for the entire
water oxidation process in PSII is given in a review.”’ The
energy diagram given in an earlier study'® is only slightly
different.

The experimentally known driving force for the entire water
oxidation cycle is 41.5 kcal/mol. It is used to define the
reference value for the transition energies. The energies for
removing a (H*, e7) couple (the same in each transition) is
then simply chosen to fit the experimental driving force. The
value obtained in the present and previous studies is then
405.9 kcal/mol.”® The details for all the transitions are
described in detail in the same reference. It is important to
note that the same value can be used independent of the model
of the cluster and can therefore be used for both the
W1(H,0)" and WI1(OH) models discussed below. This
procedure for obtaining the energies was used to predict
structures and energies for the S transitions, which were
confirmed by experiments years later, thereby lending
confidence to the procedure used.

The chemical models and O—O bond formation mecha-
nisms investigated in the present study are given in Figure 1.
Thus, O—O bond forms between the Mn(IV)-bound oxyl
radical and an oxo bridge in the Mn'" mechanism and between
two Mn(VII)-bound oxo groups in the Mn"" mechanism,
respectively. Furthermore, the W1(H,0)* model contains one
proton more than the W1(OH) model, for example, at the
Mn4(IV)-bound water site through the entirety of the Mn'"
mechanism and through S, to S; in the Mn"" mechanism.

8012

B RESULTS

The recently suggested model for water oxidation will, in the
following, be termed the W1(OH) model, while the previous
model will be termed the W1(H,0)* model (Figure 1). The
core structure of the W1(OH) model for the S, state is shown
in Figure 2. The starting S, structure has three Mn(III) and
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Figure 2. S state for the suggested W1(OH) model. It differs from
the previous W1(H,0)" model only for the water-derived ligands
bound to Mn4. In the W1(OH) model, they are two hydroxides,
while in the W1(H,0)* model they are one hydroxide and one water.

one Mn(IV). The computed energies for the W1(H,0)" and
W1(OH) models are shown in Table 1. The energies given for
the W1(H,0)" model are the same as those given earlier’”
(essentially the same as in Figure 2 with 15% exact exchange in
ref 26 except for the corrections of 5 kcal/mol for S, to S; and
S; to S,). There is one important difference between the
W1(OH) and W1(H,0)" models. The W1(H,0)* model has
one water and one hydroxide on Mn4, while the W1(OH)
model has one less proton and therefore two hydroxides on

https://dx.doi.org/10.1021/acs.jpca.0c05135
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Table 1. Calculated Energies (kcal/mol) for the W1(H,0)"
and W1(OH) Models”

transition model (H', e7) AE mechanism
S, to S, W1(H,0)* 391.8 —14.1°
W1(OH) 385.4 -20.5
S, toS, W1(H,0)*
W1(OH)
S, t0S, W1(H,0)* 399.5 —64°
W1(OH) 403.0 -2.8
S, to S, WI1(H,0)* 411.6 +5.7° Mn'Y
WI1(H,0)* 4512 +45.3° Mn"!
W1(OH) 410.4 +4.5° Mn'Y
WI1(OH) 439.7 +33.8¢ Mn'!
O-O0 TS in S, WI1(H,0)* +7.7° Mn'Y
O-0TSin S, W1(H,0)* +36 Mn'!
O-O0 TS in S, WI1(OH) +6.8 Mn'Y
O-O0 TS in S, W1(OH) +44 Mn"!!

“The W1(OH) model has one proton less than the W1(H,0)"
model. (H*, e”) shows the energy for removing a (H*, e”) couple,
where the reference energy is 405.9 kcal/mol. AE shows the relative
energy compared to the reference energy. (a): as given in the recent
review;>? (b): 45.3 kcal/mol = (43.0 — (6.2 — 2.8) + 5.7) kcal/mol,
with the first two operands given in Table SI in the Supporting
Information and the third operand being the spin correction; (a,c):
including a spin correction of —2.8 kcal/mol as discussed in the
previous studies;"®*® (d): 33.8 kcal/mol = (—10.2 — (—36.7 — 2.8) +
4.5) kcal/mol, with the first two operands given in Table S2 in the
Supporting Information and the third operand being the spin
correction.

Mn4. There is plenty of theoretical'® and experimental
evidence that there should be one water and one hydroxide
on Mn4 as in the W1(H,0)* model.>" The presence of two
hydroxides on Mn4 in the W1(OH) model was suggested”’ in
order to reach the Mn(VII) state in S, For the early
transitions, the different number of hydroxides on Mn4 is by
far the most important difference between the models since,
for the remaining part, the suggested W1(OH) model uses all
known information deduced previously from theoretical
modeling and from experiments for the S, to S; states. The
release of protons and electrons, as always for redox enzymes,
occurs in an alternating fashion. For PSII, the order follows
from the experimental facts that only an electron leaves
between S, and S,,** while a proton leaves first in the S, to S,
transition.”'>**~** A proton leaves first also in the S; to S,
transition.”** The energies for the S transitions leading to S,
are only reported using the respective models for each
mechanism, the W1(H,0)" model for the MnY mechanism
and the WI1(OH) model for the Mn"" mechanism. In the
discussion on O—O bond formation, both models are used for
both mechanisms.

So to S;. In the W1(H,0)" model, Mn2 is the one that is
Mn(IV) for Sy, while in the W1(OH) model it is Mn3, see
Figure 2. For the W1(H,0)* model, the transition from S, to
S, by removing a (H, e7) couple is exergonic by —14.1 kcal/
mol, while with the W1(OH) model it is exergonic by —20.5
kcal/mol. This leads to the S; state, which has two Mn(IV). In
the WI1(H,0)" model, they are Mn2,Mn3, while in the
WI1(OH) model they are Mn3,Mn4. The proton released in
both models is the one on the central OS atom. An important
difference between the models is that a water is fairly strongly
bound to Mnl in S; by 9.8 kcal/mol in the W1(OH) model,
while it is unbound in the WI1(H,0)" model. The
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experimental X-FEL structures do not have water at that
position in S,.

S, to S,. This transition is different from the other ones. It
has been shown by experiments that only an electron leaves in
the transition,”> while the proton leaves in the next
transition.”'**™** For the W1(H,0)* model, the electron
released comes from Mn4, while for the WI(OH) model it
comes from Mn2. In S,, the oxidation states are thus the same
for both models with only Mnl being Mn(II1).***® The
reason for this similarity is that Mn1 is five-coordinated in both
models and is therefore the hardest one to oxidize.

Since the models differ in charge, it is not possible to directly
compare the calculated energies for the release of the electron.
This means that the parametrized reference value for the
release of an electron only should optimally be different in the
two models. The reason for this is that the value is sensitive to
charges surrounding the model, which should be different in
the models due to the different charges of the respective OECs.
It is important to note that the reference value used for the
release of a (H, e) couple should be approximately the same
for the two models since it is only determined by the driving
force for the entire catalytic cycle for water oxidation. Since the
charge is the same before and after the release of the (H*, e”)
couple, the value is not sensitive to long-range charges either.
In S,, the water on Mnl is strongly bound to Mn1 by 8.6 kcal/
mol in the WI(OH) model but slightly unbound in the
WI1(H,0)" model. Again, no water is seen in the X-FEL
structures of S,.

S, to S3. In this transition, the proton is known to be
released first.”'>**~** The proton released is for both models
from the water on Mnl, and the electron released is for both
models from Mn4. The combined (H*, e”) release is exergonic
by —6.4 kcal/mol for the W1(H,0)* model, while it is
exergonic by —2.8 kcal/mol for the W1(OH) model.

S; to S, This is the last transition before O—O bond
formation, and it is therefore particularly important. In the
WI1(H,0)" model, both the proton and electron are released
from the hydroxide on Mnl, leading to an oxyl radical. The
release of a (H*, e”) couple is endergonic by +5.7 kcal/mol for
the W1(H,0)* model.*® It should be noted that in that model,
the initial proton release is endergonic by +2.1 kcal/mol, while
the following electron release is endergonic by +3.6 kcal/mol.
For the calculation of the rate-limiting barrier for O—O bond
formation, the endergonicity of +5.7 kcal/mol will be added to
the local barrier in S,, see below, and is therefore the value
given in Table 1. Since S, has not been observed
experimentally, reaching S, should be endergonic, and the
uphill energy of +5.7 kcal/mol is possible to overcome. The
uphill energy would be more than compensated by the
subsequent O—O bond formation step, which is more
exergonic. To reach a Mn(VII) state with the W1(H,0)"
model requires another +39.6 kcal/mol, which means that a
cost of 45.3 kcal/mol is needed to reach the Mn(VII) S, state
in the W1(H,O)"* model, which makes it unreachable. For the
W1(OH) model, the release of a (H*, e”) couple is endergonic
by +4.5 kcal/mol. The S, structure reached is one with four
Mn(IV) and one oxyl radical as in the Mn' mechanism. To
reach the desired Mn(VII) state for the W1(OH) model in S,
requires another +29.3 kcal/mol, which means that the
Mn(VII) S, structure is as much +33.8 kcal/mol higher than
S;, which makes S, unreachable as well. Another very
important difference is that the Mn(VII) S, structure lacks
an oxyl radical, see further below.

https://dx.doi.org/10.1021/acs.jpca.0c05135
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Figure 4. Optimized Mn(VII)=0 S, state for the W1(OH) model, with one proton less than the optimal one of the W1(H,0)* model.

0-0 Bond Formation in S;. In the Mn" mecha-
nism, *~'**” O—0 bond formation was suggested to be rate
limiting and should occur between an oxyl radical and an oxo
bridge, both inside the cavity. In the Mn"" mechanism,”
oxygen evolution in S, to S, was suggested to be rate limited by
the slow charge rearrangement going from Mn(IV,IV,IV,IV)
with Y3 to Mn(IILILIV,VII). The O—O bond formation
should then occur rapidly by direct coupling between two
terminal oxo groups bound to the dangling Mn4(VII).

Because the two suggested models for the mechanisms differ
by one proton and therefore by one charge, the first
comparison was made between the lowest energy Mn(IV)—
O~ and Mn(VII)=0 structures for each overall charge,
respectively.
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For the overall charge originally suggested in the Mn'
mechanism,'® the lowest energy Mn(IV)—O'~ structure is the
same as previously reported.”® The lowest energy Mn(VII)=
O structure optimized for the same overall charge is shown in
Figure 3. The Mn oxidation states obtained are Mn-
(ULIV,IILVIL). The spins are 3.92, 2.99, 3.84, and 0.04,
respectively, typical for these oxidation states. The energy of
the Mn(VIL)=O0 structure is +39.6 kcal/mol higher in energy
than that of the Mn(IV)—O' structure with the same number
of atoms and electrons, see above. The dangling Mn4(VII)
center is tetrahedrally coordinated by four oxo groups, three of
which are terminal ligands. The fourth oxo group is
coordinated to both Mn4(VII) and Mn3(I1I), ligating along
the Jahn—Teller axis of Mn3. There is one water inside the

https://dx.doi.org/10.1021/acs.jpca.0c05135
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s=-0.15

Figure S. Approximate TS for O—O bond formation with a Mn(VII) reactant for a model with the same number of protons as for the one optimal

for the Mn'Y mechanism.

cavity, which is bound to Mn3(III). The carboxylate group of
Asp6l1 is protonated at the trans position and donates a
hydrogen bond to a nearby water molecule. The alternative
conformer where Asp61 is protonated at the cis position and
donates a hydrogen bond directly to a terminal oxo ligand of
Mn4(VII) is 43.8 kcal/mol higher in energy than the
Mn(IV)—Ostructure. In this conformer, Mn3(III) has a
pentagonal bipyramidal coordination, probably because of the
hydrogen bond from Asp61 to the Mn4(VII)-bound oxo. The
conformer with a protonation at the cis position of Asp61 and
with an octahedral Mn3(III) is S1.4 kcal/mol higher in energy
than the Mn(IV)—O "structure.

For the overall charge originally suggested in the Mn""
mechanism with one proton less,”® the lowest energy
Mn(IV)—Ostructure was obtained on the basis of the
Mn(IV)—O structure previously reported’® by removing a
proton from the water molecule bound to the dangling
Mn4(IV) trans to the cavity. The lowest energy Mn(VI[)=0
structure optimized for the same overall charge is shown in
Figure 4. The Mn oxidation states obtained are Mn-
(IILIV,IILVII), rather than Mn(IILIILIV,VII) as previously
suggested.”” The energy of the Mn(VII)=0 structure is +29.3
kcal/mol higher in energy than that of the Mn(IV)-—
O structure with the same number of atoms and electrons.
Compared to the Mn(VI)=O structure with one more
proton (Figure 3), the tetrahedral Mn4(VII) is 0.58 A closer to
MnI(III) because the oxo bridging Mn4(VII) and Mn3(III)
moves further inside the cavity. The carboxylate Asp61 is not
protonated but stabilized by hydrogen bonds donated by water
molecules. The alternative protonation state, with a protonated
Asp6l and a hydroxide inside the cavity, is 35.5 kcal/mol
higher in energy than the Mn(IV)—Ostructure. The Mn
oxidation states obtained are (IILIV,IILVII). The alternative
solution with the Mn oxidation states of (IILIILIV,VII),
thereby resembling the Mn(VII)=O species previously
proposed,20 is 40.3 kcal/mol higher in energy than the
Mn(IV)—O structure.
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0O—0 bond formation in the S, state of the Mn" mechanism
and the Mn"" mechanism was examined. For the W1(H,0)"
model where the dangling Mn4(IV) has one water ligand near
Asp-61, the lowest energy reactive complex contains a high-
spin Mn1(IV)-bound oxyl radical. The lowest barrier TS for
O-0 bond formation is a direct coupling between the oxyl
radical bound to the high-spin Mn1(IV) and an oxo bridge, as
published previously.'**** The calculated barrier for that
mechanism was 13.4 kcal/mol,*® with respect to the S; state.
As described above, the conformer with the same number of
electrons and protons but a closed-shell Mn(VII), tetrahedrally
coordinated by four oxo anions, is +39.6 kcal/mol higher than
the solution with a high-spin Mn1(IV)-bound oxyl radical. The
TS for O—O bond formation via coupling between two oxo
groups bound to the closed-shell Mn(VII), as suggested in the
recent paper,” was approximated by a reaction coordinate
scan. The approximate TS structure is shown in Figure S. The
local barrier, counted from the conformer with the closed-shell
Mn(VII), was found to be around 36 kcal/mol, which means
an overall barrier of 81 (= 5.7 + 39.6 + 36) kcal/mol, with
respect to the S; state. The high barrier can be partly explained
by the lack of an oxyl radical for the S, reactant.

For the W1(OH) model, where the dangling Mn4(IV) has
two hydroxide ligands, one of them near Asp-61, the lowest
energy reactive complex is still a conformer that contains a
high-spin Mn1(IV)-bound oxyl radical. For the Mn'"
mechanism, now with one proton less, the local barrier is
only 6.8 kcal/mol, actually lower than that for the regular
mechanism with one proton more. If the energy cost of +4.5
kcal/mol going from the S to the S, state using the W1(OH)
model is included, then the total barrier becomes 11.3 kcal/
mol, about 2 kcal/mol lower than that for the regular
mechanism with one proton more. As described above in
this subsection, the conformer with the same number of
electrons and protons but a closed-shell Mn(VII), tetrahedrally
coordinated by four oxo anions, is 29.3 kcal/mol higher than
the solution with a high-spin Mn1(IV)-bound oxyl radical. The
TS for O—O bond formation via coupling between two oxo

https://dx.doi.org/10.1021/acs.jpca.0c05135
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Figure 6. Approximate TS for O—O bond formation with a Mn(VII) reactant for a model with one proton less than for the one optimal for the

Mn" mechanism.

groups bound to the closed-shell Mn(VII) was also
approximated by a reaction coordinate scan. The approximate
TS structure is shown in Figure 6. The local barrier, counted
from the conformer with the closed-shell Mn(VII), was found
to be around 44 kcal/mol, which means an overall barrier of 78
(= 4.5 + 29.3 + 44) kcal/mol. Again, the lack of an oxyl radical
can partly explain the very high barrier. It should here be
emphasized that we have strictly followed the suggestion in the
recent paper on the Mn"" mechanism®’ with a TS coupling
two oxo groups. With a reshuffling of the protons and a change
of oxidation states prior to O—O bond formation, the TS
would, of course, go over to the one for the Mn" mechanism.

B SUMMARY

The recently suggest mechanism involving Mn(VII) has been
studied and compared to the previous mechanism, where the
manganese atoms never reach an oxidation state higher than
IV. For the S transitions from S, to S5, there are relatively small
energy differences between the mechanisms. It should be
noted that this only concerns oxidations in which both an
electron and a proton are released. For oxidations where only
an electron leaves, the differences are likely to be much larger
since the charges of the clusters are different in the two models,
but those energy differences are hard to estimate due to the
different charge distributions of the OEC and its surrounding
in the two mechanisms.

In the final S transition from S; to S,, the difference between
the mechanisms becomes substantial even for the release of a
(H*, e7) couple. Reaching the S, state, for the structures
optimal for the Mn'" mechanism, is only endergonic by +5.7
kcal/mol in the Mn'v mechanism;16 while in the Mn""
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mechanism, for the structures optimal for the MnVE

mechanism with one proton less, the energy cost is +33.8
kcal/mol to reach the desired S, state with one Mn(VII). For
the Mn" mechanism, the barrier from the S, reference state is
13.4 kcal/mol. In the Mn"™ mechanism, it is as high as 78 kcal/
mol.

In summary, for both models, the structures in the Mn""
mechanism have much higher energies than the ones in the
Mn"' mechanism. The appearance of the Mn(VII)=0
oxidation states, Mn(IILIILIV,VII) or Mn(IILIV,IILVII), is
very unlikely to be significant in the oxygen evolution in the
OEC. In addition, the local barriers for O—O bond formation
starting from the closed-shell Mn4(VII)=0 are estimated to
be around +36 and + 44 kcal/mol, respectively, which are
much higher than the value in the Mn" mechanism of +7.7
kcal/mol, as previously reported.”®
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