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ARTICLE INFO ABSTRACT

Keywords: The deprotonation of 06 within the S3 state marks the final deprotonation event before the formation of oxy-
Photosystem II gen-oxygen bond interactions and eventual production and release of dioxygen. Gaining a thorough under-
BS-DFT . standing of this event, from the proton acceptors involved, to the exfiltration pathways available, is key in
g:ztg;'; bond formation determining the nature of the resulting oxygen species, influencing the mechanism through which the first

oxygen-oxygen bond forms. Computational analysis, using BS-DFT methodologies, showed that proton
abstraction by the local Glul89 residue provides consistent evidence against this being a viable mechanistic
pathway due to the lack of a stable product structure. In contrast, abstraction via W3 shows an increasingly stable
oxo-oxo product state between r[0506] = 2.1 A & 1.9 A. The resulting oxo-oxo state is stabilised through
donation of j electron character from O6 to Mn1 and «a electron character from 06 to O5. This donation from the
06 lone pair is shown to be a key factor in stabilising the oxo-oxo state, in addition to showing the initiation of

first 05-06 bond.

1. Introduction

Water oxidation in Photosystem II (PSII) is key to the presence of our
aerobic atmosphere and as such understanding of catalytic cycle has
been of great interest. At the heart of PSII is a CaMn40s/6 complex,
commonly referred to as the oxygen-evolving complex (OEC).
Throughout the light driven water oxidation reaction two water mole-
cules are consumed to produce molecular oxygen:

2H, 0™, 0, + 4e + 4H* @

with this reaction proceeding in a step wise fashion as described by the
Kok cycle [1] Fig. 1. Developing an in depth understanding of each event
that occurs throughout nature’s water oxidation reaction, with partic-
ular focus on the sequential deprotonation of each oxygen and the
eventual formation of the dioxygen double bond, is key in the devel-
opment of artificial water splitting complexes, which have direct ap-
plications in further addressing the global energy crisis. [2-5].

It is necessary to remove 4 protons throughout the water oxidation
reaction. Throughout the S, state, and subsequent transition to Sz, the
second water molecule is inserted into the OEC and the first of its pro-
tons removed. This incoming water is generally thought to insert into the
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OEC in the “O6” position such that it is bound to Mnl (Fig. 2). The
general consensus as to the structure of the OEC at the initiation of the S3
state is an O5 0x0-0O6 hydroxo [6-9], as shown in Fig. 2. Recent struc-
tural data suggests an 05-06 distance of ~ 2.0 A [10-12], our group
recently proposed that the presence of an equilibrium between this oxo-
hydroxo starting structure and an oxo-oxo/[0506]%~ intermediate
structure within in the Sg state is required to rationalise experimental
electron paramagnetic resonance (EPR) data with higher accuracy that
can be achieved with a pure oxo-hydroxo species. [13,14]

There are many proposed O—O bond formation mechanisms, pre-
dominantly involving bond formation between O5 and 06. [13-21]
Additionally, each of these mechanisms agree that, in order to move
from an O5 ox0-O6 hydroxo species to molecular oxygen, a further
proton must be removed from O6. In the recent PDB:7RF8 S3 state
crystal structure put forward by Hussein et al [22] two options present
themselves based on the availability of proton acceptor species in the
local environment: O6 can transfer its proton to the nearby Glu-189
residue, situated at a distance of 2.5 A from 06; or the Ca bound W3,
located 3.0 A from 06 in the resolved crystal structure.

It has been suggested that protons lost from the OEC through the
various deprotonation events exit the protein through the Cl1 channel
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Fig. 1. Summary of the Kok cycle, summarising the key steps for
water oxidation.

s
)

Mn3

Fig. 2. Schematic of the oxygen evolving complex, highlighting and labelling
key atoms and crystallographic waters pertaining to this work.

which terminates close to the OEC Mny4 bound W1 and W2 ligands.
[22,23] Understanding the proton release pathways for the various S
state transitions would potentially give insights into the identity, and
importance, of the substrate waters throughout the OEC. [24,25] The
proton transfer between W1 and Asp-61 has been investigated in more
detail by several groups [26-30], and it has been suggested that the
nature of the proton pathway between these two facilitates electron
transfer from the OEC to the nearby Tyr-161 residue in the S; to Sy
transition, highlighting the importance of understanding proton transfer
pathways to better rationalise the observed behaviour of the OEC. [28]

While the barrier for W1 to Asp-61 proton transfer is generally found
to be low so far the O6 to Glu-189 barrier has been found to be signif-
icant with no stable minima located for a protonated Glu-189 in the Sy
state. [27] This study aims to investigate these potential deprotonation
pathways in the S3 state and presents potential energy surfaces for the
deprotonation of 06 through abstraction by nearby W3 and Glu-189
moieties, and analysis of the relevant structures located on the PES to
suggest a potential pathway for O6 deprotonation.

2. Methods

The methods used are similar to those described previously. [31-33]
All calculations were performed in ORCA 4.2.1. [34] Models were
initially optimised using the B3LYP functional [35-38] in their high-spin
(HS) oxidation states. The zeroth-order regular approximation (ZORA)
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Hamiltonian was applied to account for scalar relativistic effects
[39-41] with the def2-SVP basis sets used for C and H atoms and the
def2-TZVP basis set without f functions for all other atoms. [42]

For the systems presented here the B3LYP functional was chosen as it
has a good track record for systems of this size and and for energetics and
orbital analysis for the OEC [43] as well as other transition metal sys-
tems. [44] The chain of spheres (RIJCOSX) approximation was applied
together with the decontracted general Weigend auxilary basis sets.
[45-49] The conductor-like polarizable continuum model (CPCM)
[50,51] with a dielectric constant of ¢ = 8.0 was used throughout to
model the protein environment [52,53], along with the Dispersion
corrections proposed by Grimme with Becke-Johnson damping (D3BJ).
[54-58] Tight SCF convergence criteria and increased integration grids
(Grid6 and IntAcc 6 in ORCA convention) were used throughout, all
terminal carbon atoms were constrained during optimisations.

Initial BS-DFT wavefunctions were calculated using ZORA versions
of the def2-TZVP with removed f functions for all atoms, and used for
potential energy surface calculations. [42] The initial broken-symmetry
(BS) guesses were obtained by use of the ‘flipspin’ feature of ORCA. [59]
And convergence of the correct BS and HS states were confirmed by
examination of the calculated Mulliken spin populations for all
calculations.

All models were generated from the S3 XFEL crystal structure (PDB:
7RF8) [22] and optimised with an assumed electronic configuration
representative of the high-spin (HS) S3 state with the 05-O6 distance
constrained to 2.0 A to maintain the separation observed in the crystal
structure. Twelve directly coordinated amino acids are included in the
models: Glu189, His-190, Tyr-161 (Yz), Asp-342, His-332, Val-185, Glu-
333, Glu-354, Asp-170, Ala-344, His-337, & Asp-61. Terminal carbon
atoms were modelled as methyl groups (-CH3) and constrained
throughout all calculations.

Additionally, the peptide backbone linking Glu-189 and His-190 was
included to assess the effect on Glu-189 orientation, R-groups along the
chain were modelled as methyl (-CH3) groups. The directly coordinated
water molecules W1-W4 as well as two bridging and highly resolved
crystallographic water molecules were also included. All oxygen bridges
01-05 were in their fully deprotonated (0%) state, 06 was OH™ for the
oxo-hydroxo models, and 0?~ otherwise. W1, W3 and W4 were fully
protonated, W2 was OH™ during the optimisation of the oxo-hydroxo
starting model. Upon satisfactory optimisation of the HS-13 geometry,
further optimisations were conducted with all atoms constrained, with
only 05, 06, its corresponding hydrogen, W2, W3, the bridging waters,
and the OH group of Yz free to move (Fig. 3). These constraints were
deemed accessible through analysis of geometry variation both
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Fig. 3. Schematic of oxo-hydroxo structure (additional amino acids removed
for clarity), showing the residues left unconstrained (ovals) during the PES
optimisations. Carbon = yellow; Oxygen = red; Hydrogen = blue; Manganese
= magenta; Calcium = pale brown. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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throughout the MnO complex and the surrounding amino acids, which
was observed to be negligible throughout the 05-O6 arrangements
studied (fig. S1), in addition to the lack of expected change in geometry
throughout the S3 state; in comparison to, as an example, the relative
opening of the cubane structure observed in the S2 state, required to
facilitate O6 insertion. [22]

Potential energy surfaces were generated utilising the same model
chemistry as described above by scanning the r[W3-Hpe] distance in
0.05 A steps, with 05-06 bond length varied between scans, where each
point underwent optimisation in line with the above constraints to
produce the final potential energy surface. Intrinsic bond orbitals (IBOs)
were produced using IboView [60,61] with iboexp = 2 from the opti-
mised PES wavefunctions.

Data is presented for four states in total, named in respect to the
direction of the unpaired spin on each metal centre, these four states
comprise of: a high spin state with a total multiplicity of 13 (S = 6),
aaaa, and three broken symmetry states involving the flipping of the
spin on Mn1 (baaa), Mn3 (aaba), and Mn4 (aaab), such that the final
spin multiplicity of the complex was 7 (S = 3).

For clarity, Mulliken spin distributions, when reported, are presented
as the deviation in the magnitude of spin on a given centre along the
reaction surface from that of equivalent centre at the oxo-hydroxo ge-
ometry in a given electronic state, such that the spin (x) for the O6 centre
is expressed as:

xglﬁwrted = }x06| - |X06‘

(2)

scan oxo—hydroxo

where oxo-hydroxo Mulliken spin distribution values are shown in
Table 1: for each BS state. This has the benefit of presenting a sign-
independent interpretation of the spin on a given centre, simplifying
the need to account for the inverted spin in the baaa, aaba, and aaab
states, such that a positive reported value signifies an increase in overall
unpaired spin on a given centre, while a negative value should be
interpreted as a reduction in overall unpaired spin (tending to zero) on
the centre in question.

3. Results and Discussion
3.1. Abstraction by W3

Analysis of the 06-Hpg — W3 potential energy surface at an r[0506]
=204 (Fig. 4), as found in the 7RF8 crystal structure, shows an aaba
arrangement as the most stable in the oxo-hydroxo state, in line with
previous calculations put forward, [31-33,62,63], however all broken-
symmetry states are negligibly close in energy at this stage (within 1
kcal mol™). The difference in energy between the states is shown to
steadily increase as the O6-Hpg bond is stretched and subsequently
breaks, resulting in two clusters: baaa and aaab which are shown to be

disfavoured by ~3 kcal mol™!; and aaaa and aaba at lower energies,
with aaaa being shown to be the most stable at the oxo-oxo geometry.
The aaaa state boasts a marginal 1 kcal mol™" stability over the aaba
oxo-hydroxo geometry, providing a promising link with recent inde-
pendent analysis of the oxo-hydroxo and oxo-oxo states. [31-33,62,63]
The large drops in energy observed between 1.15 A and 1.10 A are
attributed to the point at which the proximity of the O6 proton to W3

Table 1

Mulliken spin distributions of key centres within the OEC, across each broken-
symmetry (BS) state presented, at the optimised oxo-hydroxo geometry, with
a total system multiplicity of 13 such that Saaaa = 6 and Spaaa/aaba/aaab = 3-

BS-State Mnl Mn2 Mn3 Mn4 05 06
aaaa 2.987 3.009 3.011 3.091 —0.104 0.047
baaa —3.008 2.990 3.013 3.062 —0.095 —0.041
aaba 2.984 2.992 —2.931 2.995 —0.027 0.042
aaab 3.023 3.007 2.949 —2.974 0.035 0.057
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Fig. 4. Energy profile of scan of increasing O6-Hpg distance, towards W3, at a
fixed 05-06 at r[0506] = 2.0 A.

promotes subsequent and concerted proton transfer from W3 to the local
crystallographic water, with a further proton exchange to W2. This
transfer marks the dominant shift in the complex from an oxo-hydroxo
electronic structure, to one resembling an 0xo-oxo arrangement.
Subsequent analysis of the variation in spin on key atomic centres
across the reaction coordinate for the aaaa state (Fig. 5; top) provides
additional insight into the electronic movement within the system. The
primary observed change is an increase in the spin on Mn4 (Fig. 5;
yellow), which is more pronounced after the W2 protonation, and a
decrease in the overall spin on Mnl (Fig. 5; dark blue). Secondary
changes are seen in the spin values of O5 and 06 (Fig. 5; light blue and
green, respectively) in which O6 shows an initial gain in spin before a
subsequent reduction between 1.15 A and 1.10 A, corresponding to a
sharp increase in the spin of O5. While the increase in spin found on Mn4
is to be expected, the behaviour of Mn1, O5, & O6 are surprising.
Explanation of the unexpected spin behaviour can be found through
consideration of key IBOs in both the oxo-hydroxo and oxo-oxo states
(Fig. 6). While initial O6-Hgpg bond stretch results in minor localisation
of the O6 lone pair (LP) onto the oxygen centre, explaining the early
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Fig. 5. Change in absolute spin values of key atomic centres within the system
during the oxo-hydroxo to oxo-oxo transition within the aaaa state (A) and
baaa state (B) at r[0506] = 2.0 A.
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Fig. 6. IBO representations of the orbitals showing the largest change during
the transition between the oxo-hydroxo (left) and oxo-oxo (right) structures in
the aaaa state, at r[0506] = 2.0 f\, with regards the electronic character of 05,
06, and the Mn centres.

increase in spin, transition to an oxo-oxo arrangement shows a separa-
tion in the O6 LP; movement of the f electron (Fig. 6; top) to the Mn1l
centre accounts for the reduction in spin on Mn1 as the incoming f spin
pairs with the existing a spin, while concerted movement of the corre-
sponding « electron (Fig. 6; middle) towards O5 acts to explain the drop
in spin on 06 at 1.15 A, and the resulting increase on the O5 centre, in
addition to signifying the initiation of O5-O6 bond formation. The ex-
pected increase in spin on the Mn4 centre is rationalised through the
movement of an « electron from O5 (Fig. 6; bottom), this movement also
accounts for the relatively small overall gain in spin on O5; as « spin is
donated from O6, concerted donation of a spin from O5 to Mn4, pre-
venting a large accumulation of spin and, as a result, charge on the O5
centre.

Consideration of changes in the spin distribution, and equivalent
IBOs also allow for insight into the difference in energy between the
pairs of states shown in Fig. 4. While the aaba (fig. S3; C) state shows a
similar spin distribution to that of aaaa, baaa (Fig. 5; bottom) and aaab
(fig. S3; D) present a different distribution. Inversion of the spin on
either the Mn1 or Mn4 centres acts to disrupt the dispersion of residual
spin in the oxo-oxo form, post-O6-Hpg bond breaking; in the presence of
a spin-flipped Mn1 centre, it is an a electron from an O6 LP that now
accounts for the decrease in overall spin on Mn1. This, coupled with the
unperturbed movement of « spin from O6 to O5 and onward to Mn4,
results in a much more significant build up of  spin on the O6 centre,
leading to the disfavoured energetics relative to aaaa. The spin profile of
aaab can be explain in an analogous manner, with $ spin being pulled
from the newly deprotonated O6 to both Mn1 and the spin-flipped Mn4,
resulting in an equivalent accumulation of a spin on 06.

3.2. Variation of 05-06 Separation

It has been shown previously [32] that complete relaxation of the S3
oxo-hydroxo structure results in a geometric minima with an r[0506] =
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~2.4 A. To investigate the effect of 05-06 separation on the deproto-
nation of 06, additional scans were conducted at a r[0506] = 1.9 A and
from 2.1 A to 2.3 A. Initial scans were carried out by extending the O6-
Hog bond; at 1.9 A and 2.0 A these scans resulted in proton abstraction
by W3 (Fig. 7; top and middle, respectively), however, at 2.1 A this
approach resulted in an attempted abstraction by Glu189. To address
this, an additional scan was conducted by shortening the W3-Hgg dis-
tance to assess the relevant pathway (Fig. 7; bottom).

Comparison of the 1.9 A and 2.0 A curves show a near identical
profile, with the difference in overall energy explained by the shortening
of the 05-06 distance. The only notable difference in the profiles is the
shift of the aaba proton rearrangement to coincide with that of the 2.0 A
profile. In contrast, comparison of the 2.0 A and 2.1 A surfaces (Fig. 7;
middle and bottom, respectively) shows more significant variation.

The explanation for the relative instability of the oxo-oxo structure,
particularly in light of the equivalent proton rearrangement barrier (=~
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Fig. 7. Energy profile of A: scan of increasing O6-Hqg distance, towards W3, at
a fixed r[0506] = 1.9 A; B: scan of increasing O6-Hog distance, towards W3, at
a fixed r[0506] = 2.0 .7%; C: scan of decreasing W3-Hog distance, at a fixed r
[0506] = 2.1 A. Each profile is normalised to their respective HS oxo-hydroxo
geometry at r[W3-HO6] = 1.8 A.
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11 kcal mol™!) can be found in the IBOs (fig. S21; top) and the spin
distribution of the relevant centres (fig. S5). While these data show
similar electron movement as observed at the 2.0 A separation (Fig. 6)
there are notable differences at r[0506] = 2.1 A. Donation of the B
electron from the O6 LP into the Mn1 centre (Fig. 6 & S21; magenta),
and an « electron from O5 to Mn4 (Fig. 6; blue, fig. S21; purple) remains
comparable, the increase in 05-06 distance results in significantly lower
transfer of the O6 LP a electron from O6 to O5 (Fig. 6; green, fig. S21;
blue). This lesser degree of electronic donation from O6 to O5 is evident
in the relevant spin held on 06 in the oxo-oxo structure; at 2.0 A this
value is 0.081, compared to a value of 0.135 at 2.1 A. This effect is also
observed, to a similar degree, in the O5 and Mn4 centres, showing values
of —0.280 & 3.504 at 2.0 A compared to the reduced —0.260 & 3.459 at
2.1 A. That the effect of the increased 05-06 distance is observed on the
06, 05, and Mn4 centres, serves to further suggest that the donation of
the a electron from O6 to Mn4 plays a significant role in the eventual
reduction of the Mn4 centre as the reaction progresses.

This observation is further evidenced though consideration of the
PES ata 2.2 & 2.3 A 05-06 separation (Fig. 8). At these separations, the
trend of relative destabilisation observed from the 2.0 & and 2.1 A
continues with the oxo-oxo structure now being marginally less stable
than their equivalent oxo-hydroxo structure by ~1 kcal mol* (2.2 &)
and ~1.5 kcal mol ! (2.3 10\), directly linking the 05-06 distance to the
stability of the resulting oxo-oxo structure. Despite their energetic dif-
ferences, the 2.0 & 2.1 A spin distributions show similar overall trend
regarding the Mn4, O5, & O6 centres; however, increasing r[0506]
from 2.1 A to 2.2 A (Fig. 11) causes a significant change in the the spin
distribution, to the point of baring more similarity to the abaa & aaab
distributions at shorter separations (Fig. 5; bottom). The most significant
feature is the sole accumulation of spin on the 06 centre, without any
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Fig. 8. A: Energy profile of scan of decreasing W3-Hgg distance, at a rf[0506]
= 2.2 A; B: Energy profile of scan of decreasing W3-Hog distance, at a r[0506]
= 2.3 A. Each profile is normalised to their respective HS oxo-hydroxo geom-
etry at r[W3-HO6] = 1.8 A.
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corresponding increase in the spin on O5 or Mn4, further showing that
the transfer of spin away from O6 and specifically towards Mn4, is a key
factor in oxo-oxo stabilisation.

Across the range of r[0O506] values presented in this work, the
observed trend of a steadily increasing stability of the oxo-oxo structure
compared to the oxo-hydroxo starting point (Fig. 9:) is most readily
explained by behaviour of the @ component of the active O6 lone pair.
Considering the IBO representation of this orbital at different values of r
[0506] (Fig. 10) shows minimal change in character at the oxo-hydroxo
geometry while, in the oxo-oxo structure, a steadily increasing orbital
change is observed from r[0506] = 2.1 A to r[0506] = 1.9 A (Fig. 10;
A), forming an overlap with O5 in line with the initiation of a one
electron bond (Fig. 10; B). In contrast, no such overlap is observed at r
[0506] = 2.2 or 2.3 A; a small degree of orbital distortion is observed in
the oxo-oxo structure suggesting the distance is still small enough to
allow for interaction between the O5 and O6 centres, but too long to
allow for any electron sharing.

A direct comparison of this data should be drawn with similar data
put forward by Isobe et al [64] based on the 5WS6 crystal structure
derived by Suga et al [12]. A transition barrier of ~24 kcal mol ™! is
quoted, a significant increase when compared to the barrier presented
here. However, the model presented by Isobe et al assumes the direct
transfer of a proton from W3 to W2; to facilitate this transfer, a sub-
stantial rearrangement of both the Mn4 and Ca coordination geometries
is required, introducing significant strain on the system. In comparison,
the presence of a crystallographic water bridging W3 and W2 as found in
the 7RF8 structure [22] and by extension, the model presented here,
which acts to mitigate the need for that strain and, as a result, lowering
the overall barrier for proton rearrangement. Additionally, while the
transition presented by Isobe et al showed a r[0506] = 2.41 A this
distance, as shown throughout this work would negate any stabilisation
from the formation of the one-electron bond between the O5 and 06
centres. In contrast, at the 2.0 A separation presented here, this stabi-
lisation is not only possible, but is shown to play a central role in the
stabilisation of the deprotonated product.

3.3. W3 Vs. Glu-189 Abstraction

Given its close proximity to O6, and prevalence in the literature, in
order to access the performance of Glu-189 as an alternative proton
acceptor, an equivalent analysis was conducted at an r[0506] = 2.1 A
and 2.2 A. These separations were chosen due to the observation that,
while simply extending the O6-Hpg bond at 1.9 & 2.0 A resulted in
abstraction by W3, with no interference from Glu-189, at 2.1 A
lengthening of the 06-Hpg bond resulted in attempted abstraction by
Glu-189; in contrast, modelling abstraction by W3 required a specific
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Fig. 9. Energy profiles of the high-spin (aaaa) scans over the W3—H distance,
at various values of r[0506], such that 00-19 equates to r[0506] = 1.9 A.
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oxo-hydroxo 0X0-0XO0

r[0506] = 1.9 A
i

r[0506]=2.1 A

Fig. 10. A: Plot of IBO changes for the a component of the O6 LP during
abstraction by W3 at differing values of r[0O506] in the aaaa state; B: corre-
sponding IBO representation of the @ component of the O6 LP at the oxo-
hydroxo (left) and oxo-oxo (right) structures during W3 abstraction.

shortening of the W3-Hpg distance.

While consideration of the W3 abstraction profile (Fig. 12; A) shows
a clear reaction profile, resulting in the expected split in BS states and a
marginally more stable oxo-oxo form when compared to the oxo-
hydroxo starting point, the profile of the abstraction by Glu-189 pre-
sents a stark contrast. Initial consideration of the Glu-189 abstraction
profile (Fig. 12; B) reveals that, not only does stretching the O6-Hpg
bond result in an ~33 kcal mol ™! destabilisation of the complex, but that
there is only negligible local minimum to be found with Glu-189 pro-
tonated (~0.5 kcal mol ™! for the aaaa state). Explanation of this sig-
nificant destabilisation can be rationalised through the IBO and spin
data for this particular reaction profile (Fig. 13; top and bottom,
respectively); instead of an O6 lone pair proceeding to interact with the
surrounding Mn centres, as seen in the W3 abstraction (Figs. 6 & S21),
the lack of rotation of the O6-Hpg bond away from Glu-189 and towards
the calcium prevents the orientation, and resulting overlap necessary to
allow for lone pair interaction as the O6-Hpg bond stretches. Instead,
Fig. 13 highlights that it is the f electron of the O6-Hpg bond that pro-
ceeds to interact with Mn1; in contrast, the a electron from the O6-Hgg
bond remains localised to the O6 centre, with a significant distortion
towards the Glu-189-Hope centre suggesting the maintenance of a sig-
nificant hydrogen bond character between 06 and Hpg which, coupled
with the larger electronegativity to be expected on O6 in comparison to
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the corresponding oxygen on Glu-189, provides insight to the lack of a
Glu-189-Hpg local minimum, with the pull from 06, held in close
proximity to Hpg promoting a near barrierless re-abstraction pathway,
returning Hpg to 06, resulting once again in the vastly more stable oxo-
hydroxo structural arrangement.

These data, in which abstraction via Glu189 is highly disfavoured,
presents a similar description as that put forward by Mandal et al [65].
In addition to the presentation of both spin and orbital analysis (Fig. 13)
to explain the source of the disfavoured energetics, the proposed
abstraction via W3 and eventual protonation of W2 results fits into the
findings of Mandal et al [65] in which, of the ligated water molecules
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throughout the OEC, the protons of W1 are shown to be the most labile,
presenting a minimal transfer barrier between W1 and the local Asp61
residue. These findings, when coupled, further suggest that proton
egress may occur through the O4 channel, facilitated though inter-
ligand proton transfer from W2 to W1.

Despite the clear energetic preference for abstraction via W3,
lengthening of the O6-Hpg bond alone did not appear to promote this
result. However, this can be explained through analysis of the complete
range of the corresponding W3 abstraction profile (Fig. 12; A); the
rotation of the 06-Hpg bond to orientate towards W3 is associated with
an ~1 kcal mol ! barrier before interaction with W3 occurs. While small,
this barrier is sufficient to prevent an optimisation from choosing to
rotate away from the Glu-189 orientation, akin to opting to remain in
the same valley despite the steep climb.

In addition to the strong energetic, and electronic arguments against
abstraction by Glu-189, it is also worth considering the structural ar-
guments against this pathway, each of which has a corresponding point
of favour in terms of W3 abstraction. These arguments primarily revolve
around the idea that in situation in which Glu-189 is protonated, there is
no clear and/or obvious pathway through which the deprotonation can
occur (omitting O6 as an option) in order to reset Glu-189 before reor-
ientation and re-coordination to the calcium centre during the next
catalytic cycle with only two possible pathways presenting themselves.
The first of these involves subsequent deprotonation of Glu-189 through
W7, onwards to Yz, and proceeding out through the Yz network, [22] for
which there is no experimental precedent, primarily as it would involve
the loss of the Yz proton, in contrast to the commonly held proton-switch
mechanism in which the same proton moves from Yz to His-190 and
back again depending on the oxidation state of Yz. The second pathway
involves passing the proton back into the 5-member water wheel [22]
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and oxo-oxo (right) structures. B: The corresponding change in spin distribution
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for it to then proceed back out through the O1 channel. Both of these
options necessitate a substantial reorientation of the Glu-189-Hpg bond
which presents a significant barrier for the required rotation, in addition
to presenting poor interaction with the relevant water molecules that
would be required for further proton transfer.

In contrast, abstraction through W3, in addition to the energetic and
electronic results, also presents two clear potential routes for eventual
expulsion of the proton into the lumen. The first of these, as modelled
here, involves a shuffling of protons towards W2 where inter-ligand
proton transfer between W2 & W1 provides access to the coordinating
Asp residue and subsequently to the O4 channel, as shown by Bhowmick
et al [66]. Alternatively, should the protonation state of W1 & W2 result
in inability for proton acceptance, the conserved crystallographic water
modelled here provides a link to the Cl channel which has been strongly
argued as a proton transfer route by Hussein et al [22].

Each of these structural arguments, relying on well understood fea-
tures, acts to further bolster the identification of W3 as the preferred
proton acceptor when it comes to the final deprotonation of O6.

4. Conclusions and Outlook
A comprehensive analysis of proton abstraction via the Ca-

coordinated W3 shows a steady increase in the relative stability of the
deprotonated oxo-oxo state with decreasing r[O506] separation, when
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compared to the oxo-hydroxo starting structure. Interpretation of both
spin and IBO data across the potential energy surfaces presented
throughout this work highlight that the nature of this emerging stability
is driven by the ability of O6 to distribute the resulting spin across the
Mn1 and O5 centres, preventing an overall accumulation of charge on
06. The distribution of a spin from an O6 lone pair across O5 and Mn4
results in initial formation of a partial 05-0O6 bond, while donation of
the corresponding f spin to Mnl acts to stabilise the second electron
before formation of the first bond is competed. Interruption of these spin
distribution pathways, as observed in the baaa & aaab states, results in
a significant accumulation of spin on the O6 centre and a corresponding
reduction in stabilisation when compared to the oxo-hydroxo
equivalent.

Similar analysis of abstraction via Glul89 provides significant evi-
dence against the prevalence of this pathway with no stable oxo-oxo
minima observed. Instead, the lack of rotation around the O6-Mnl
bond results in the active electrons coming instead from the O6-Hope
bond; additionally, while donation of the $ electron towards Mn1 still
occurs, the formation of a hydrogen bond from the newly protonated
Glu189 back to 06 results in reduced movement of a electron required
for 05-06 bond formation.

Overall, this work presents a strong case for both proton abstraction
via W3, in addition to the emergence of an oxo-oxo electronic
arrangement as a result of the final O6 deprotonation event. Despite the
close proximity, and optimal hydrogen-bond orientation, of Glu189 in a
wide range of modern crystal structures, we are able to demonstrate, and
provide reasoning, for this residue being an inviable proton acceptor
within the S3 state, failing to reproduce the relevant electronic
arrangement, or a route for proton egress from the OEC.
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