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ABSTRACT: ELDOR-detected nuclear magnetic resonance (EDNMR) spectral

— -98 MHz -2.4 MHz

2 W3R wa
simulations combined with broken-symmetry density functional theory (BS-DFT) :: Wzﬁ'caw;/-, ' aos — -100 MHz — -7.2 MHz
calculations are used to obtain and to assign the **Mn hyperfine coupling constants 2 o M"’~:5‘(%Mzn‘?/%
(hfcs) for modified forms of the water oxidizing complex in the penultimate S; = v, 03
state of the water oxidation cycle. The study shows that an open cubane form of 2 \
the core Mn,CaOg cluster explains the magnetic properties of the dominant S = 3 0 50 100 150 200 250 300
species in all cases studied experimentally with no need to invoke a closed cubane (Virra ™ Vops )/ MH2

intermediate possessing a distorted pentacoordinate Mn, ion as recently suggested.
EDNMR simulations found that both the experimental bandwidth and multinuclear transitions may alter relative EDNMR peak
intensities, potentially leading to incorrect assignment of hfcs. The implications of these findings for the water oxidation mechanism

are discussed.

B INTRODUCTION

The oxidation of two water molecules to form one molecule of
oxygen has been performed uniquely at ambient conditions by
the water oxidizing complex (WOC) of photosystem II (PSII)
for around 3 billion years."” Visible light energy is used to
sequentially extract four electrons from two water molecules
via its core catalytic center, a Mn,O;/,sCa cluster (Figures 1
and 2). The stepwise S state cycle, Figure 1, allows the WOC
to produce oxidized Mn centers, and deprotonated substrate
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Figure 1. Water oxidizing complex (WOC) S state cycle. The four
Mn ions of the complex are progressively oxidized with each photon
flash (1F, 2F, 3F, 4F).
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Figure 2. Numbering scheme and orientation used throughout for the
S, state core WOC. Color coding: Mn (purple), oxygen (red), and
calcium (cream).

water molecules facilitating the ultimate formation of an O—O
bond at the S; or S, state.’

Understanding the WOC’s mechanism of low-energy
oxidation of water to molecular oxygen has been the subject
of a wide number of spectroscopic, crystallographic, and
computational studies.” The penultimate S; state is a major
current focus of contemporary research as it is the last
semistable intermediate before oxygen evolution and has been
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associated with the oxygen—oxygen bond formation step."”
The characterization of this state was greatly enhanced by the
recent report of an atomic-level X-ray crystal structure of the
WOC using X-ray free electron lasers (XFEL), after two light
flashes (2F) and poised predominantly in the S; state.”” The
core structure obtained from these studies and the main atom
numbering is shown in Figure 2.

High-frequency continuous wave electron paramagnetic
resonance (EPR) and ELDOR-detected nuclear magnetic
resonance (EDNMR) spectroscopy”” studies have shown that
the S; state gives rise to an S = 3 EPR spectrum for the
cyanobacterium Thermosynechococcus elongatus. The analysis
indicated that the four Mn ions are present in the IV oxidation
state and octahedrally coordinated. This was supported by
broken-symmetry density functional theory (BS-DFT) and
Heisenberg—Dirac—van Vleck (HDvV) spin ladder calcula-
tions.'"~'> XFEL crystallographic studies have shown that an
O6 atom is detected in the 2F structure in very close proximity
to OS. The presence of an oxo—oxyl bond, [0,]°" or an
equilibrium of these forms has been proposed to describe
this."”*~'® Recently, a five-coordinate precursor S, state was
suggested to explain broadened EPR signals in modified forms
of the 2F state relative to the native form.'” This five-
coordinate intermediate, remaining an S = 3 system, was
proposed to feature a closed cubane (hexacoordinated Mn,
and pentacoordinated Mn,) rather than an open cubane form
(both Mn, and Mn, hexacoordinated) reported previously for
the native system, supporting a pivot or carousel mechanism of
water oxidation, where Mn, is the binding site for a new water
or hydroxide in the S,-to-S; transition.'®"” Similarly broadened
EPR signals have been reported by Marchiori et al*’ on
glycerol-treated samples, attributing these, by contrast, to an
open cubane form. While a closed cubane model has been
proposed by many workers for the high-spin S, state and its
role in the transition to the S; state, other reports based either
on DFT-calculated energetics”' or magnetic parameters”” have
questioned whether such a conformer exists. In one model
proposed by Siegbahn,”' an extra hydroxo ligand is already
bound to Mn, in the S, state, which was proposed to facilitate
the formation of the S; state and ruled out the participation of
a closed cubane form. In another model, protonation of the O4
p-oxo was proposed”” to give rise to the high-spin form
observed by EPR. More recently, it was proposed, based on
BS-DFT calculations of hyperfine coupling constants (hfcs)
and zero-field splitting (D) values, that an open cubane
architecture was preferred for both native and alcohol-modified
forms.'®

Assignment of spectral bands from EDNMR data to
individual hfcs relies on accurate spin Hamiltonian simulations
of both the relative intensity and position of spectral peaks in
experimental EDNMR spectra. At high frequencies, EDNMR
has become the techniqgue_of choice for detecting nuclear
transitions in the WOC.”>~*° This is achieved by employing a
long, low-powered high-turning-angle (HTA) microwave pulse
to drive polarization transfer between formally forbidden
electron transitions (Amg = +1; Am; = +1), which is
subsequently detected as a change in the echo intensity of a
simple Hahn Echo or Free Induction Decay (FID) detection
sequence. EDNMR can be advantageous over analogous
hyperfine techniques, namely, electron nuclear double
resonance (ENDOR) spectroscopy, as neither radiofrequency
(RF) amplifier bandwidth limitations nor microwave pulse
selectivity poses a problem in data collection or analysis, as is

the case in Davies ENDOR.> Moreover, EDNMR is robust
against fast longitudinal relaxation (T,).”” Previously, EDNMR
spectral simulations of the WOC have been performed by
approximating the experimental EDNMR spectrum as an
ENDOR spectrum using the salt routine in EasySpin,”®
although accurate EDNMR spectral simulations on other
systems have been reported based on the Liouville equation.”
In this report, we take advantage of the recently reported
routine horseradish, im}lalemented in BasySpin®’ and described
in detail elsewhere,®’ but in summary, the horseradish
simulation considers all allowed and forbidden transitions for
a given spin system and calculates the detection probability
and inversion efficiency of each center by identifying
connected pump transitions, i.e., those related to the frequency
of the HTA pulse, giving a more accurate assignment of the
spectrally observed EDNMR bands. Importantly, the central
blind spot of the EDNMR experiment, where the HTA pulse
saturates the detected EPR transition, centered around vy, —
Vops = 0 MHz, is not modeled explicitly in these calculations.

In this report, we combine this simulation method with
broken-symmetry density functional theory (BS-DFT) calcu-
lations on large models of the WOC (see the Supporting
Information, Figure S1). The models are generated from the
2F structure coordinates to calculate the **Mn and "N hfcs to
guide our spectral simulations and assignments to specific
nuclear peak positions. Our analysis shows that an open
cubane structure is appropriate for all modified S; state forms.
As previously demonstrated, proposed alcohol binding sites
near the O4 position cause small changes in the exchange
coupling constants ] (mainly Js,),'® which modifies the
projection coeflicient for Mn; and Mn, resulting in small-
magnitude, negative and isotropic **Mn hfcs (Mn,_,). Our
EDNMR simulations show that these small-magnitude
negative **Mn hfcs are buried in or near the central blind
spot for the W-band EDNMR spectra and their relative
intensities will have a strong dependence on the assumptions
made to correct for the experimental bandwidth of the
resonator.

B RESULTS AND DISCUSSION

Table 1 shows the calculated isotropic and anisotropic **Mn
and "N hfcs using BS-DFT calculations on models of
methanol and glycerol interactions with the WOC for the S;
state. Small-magnitude negative **Mn hfcs are calculated for
Mn; and Mn, and large-magnitude negative values, near
100 MHz, are calculated for the Mn, and Mn, positions. The
small-magnitude hfcs for the Mn; and Mn, positions can be
explained by a dimer of dimers model for the S = 3 spin
state,”'” or more exactly by the almost equal contribution of
the two lowest-energy broken-symmetry states (notated for
Mn,—Mn,) aafa and aaaf as explained in detail
previously.'® Table 1 also compares the calculated values
with those reported by Marchiori et al.”’ and Chrysina et al,'”
who reported open cubane and closed cubane structures,
respectively. It is clear that good general agreement is observed
between the calculated values and those proposed by
Marchiori et al.”® Our DFT calculations suggest that the
small-magnitude Mn; and Mn, negative hfcs should be
interchanged from the Marchiori et al.* assignments. In
addition, Marchiori et al.*® propose an anisotropic hfc for Mn,.
This was used to explain the apparently larger zero-field
splitting parameter (D value) observed for the glycerol-treated
form and suggests a distorted octahedral geometry for Mn,.
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Table 1. Calculated Isotropic (A;,) and Anisotropic (T,,)
Mn and "N hfcs by BS-DFT for the S; Model Compared
with Experimental Values Determined from Simulations”

atom labeling from  calculated by DFT in Marchizgri et Chrysilga et
al.”’

Figure 2 this study al.

Mn, Ao -7 -17 62.3
Ty 0 -13 64.7
Ty 0 0.7 -303
Ty 0 0.7 —34.3

Mn, Ay, —24 -7 —94.8
T, 0 0 35
Ty 0 0 -17
Ty, 0 0 -17

Mn, A, ~100 —96 —98.8
Ty, -6 ) -3.6
Ty 2 1 1.8
Ty 4 4 18

Mn, Ao —98 -99 -101.8
Ty -6 -7 -12
Ty 1 2 -12
T3 S S —4.3

“N (D1- Ay -13 ND ND

His332)

“All values are given in MHz.

However, our calculated values in Table 1 indicate that all of
the octahedral Mn(IV) ions give rise to an isotropic **Mn hfc.
While it has been assumed that octahedral Mn(IV) ions have
low D values < 0.3 cm™!, this has been shown on both
experimental and computational grounds to be incorrect, and
distortion of one of the Mn ions is not required to increase the
D value.'® The BS-DFT calculations shown herein indicate
that the hfcs of all Mn ions of the complex exhibit low
anisotropy. The hfcs reported by Chrysina et al.'” and
Marchiori et al.”® were obtained from simulations of their
EDNMR spectra using the salt routine which simulates
ENDOR spectra. Implementing the EDNMR-specific horse-
radish routine, we now use the two hyperfine coupling
parameter sets, open cubane and closed cubane, in Table 2,
to simulate the exact EDNMR spectra at 94 GHz (Figure 3).
The EDNMR spectra are simulated at the low, 1.98 T, and
high, 4.4 T, field positions of the W-band EPR spectrum to
selectively observe only the single-quantum EPR transition, m;
= |-3> — |-2>, of the methanol-treated species as described
previously.'” Simulations were performed individually for
coupling to each **Mn nucleus and a single proton and then
summed’”** (Figure 3), following an approach previously used
in the analysis of ENDOR data with couplings to multiple
nuclei, and also with each pair of **Mn nuclei and a single
proton (Figure 4). In each case, a Lorentzian function with an
FWHM of 400 MHz was applied to correct for the
inhomogeneities of the B, field across the bandwidth of the
resonator (see the SI; Bandwidth considerations in simulating
EDNMR spectra). For the simulations in which there was
coupling to two or more **Mn nuclei, deviations from the

1.98 T - s}°OH

T T T T

Hole Intensity / a.u.

0 50 100 150 200 250 300
( Yuta ™ Yobs )/ MHz
MeOH
. 44T - S3
> T T T T T
©
>
‘@
c
o
=
@
°
I
0 50 100 150 200 250 300
( Yura ~ Yobs )/ MHz

Figure 3. Experimental EDNMR spectra of the methanol-treated PSII
reproduced from ref 17 (black); simulated EDNMR spectra summed
from simulations with a single **Mn nucleus using the hfcs from Table
2 for closed cubane (blue) and open cubane (red) structures. 'H
resonances are denoted with asterisks and occur around the proton
Larmor frequency. The bottom comparison illustrates spectral overlay
for 44 T simulation to emphasize fit. All simulated data have been
multiplied by a Lorentzian function with an FWHM of 400 MHz to
mimic the resonator background.

summation of the individual simulations were observed at high
powers of the HTA microwave pulse, due to multi-quantum
transitions involving two or more nuclei. These multi-quantum
transitions may be responsible for some of the signals in the
experimental EDNMR traces.

It is clear by the inspection of Figure 3 that the simulation of
the closed cubane hfcs by Chrysina et al.'” differs from the
observed EDNMR spectra, particularly at the high field
position of 4.4 T, where sharp signals are calculated at ca.
105, 115, and 170 MHz that are not seen to the same extent in
the experimental data. At the low field position of 1.98 T, the
closed cubane set provides a reasonable fit to the experimental
data; however, the weaker spectral bands at and below 50
MHz—assigned to the anisotropic Mn, of the closed cubane
representation—are not present in the horseradish simulation
using these values. The two large-magnitude hfcs (*Mn; and
Mn,) are very well reproduced at both low and high field
positions and are in agreement with the values of both
Chrysina et al.'” and Marchiori et al.”’

For the small-magnitude pair of hfcs (**Mn, and **Mn,),
two prominent single-quantum EDNMR transition frequencies
are expected for each coupling, given by vy,” + 3lAl and vy,>
+ 2IAl, with + and — corresponding to positive and negative
hfc values, respectively.”” The small negative values of the hfcs
as calculated by our BS-DFT calculations, Table 1, result in the
simulation of spectral peaks of low intensity that lie in a region

Table 2. Hyperfine Couplings (MHz) Used for Horseradish EDNMR Spectral Simulations Presented in Figure 3

W-band (94 GHz)

hyperfine values (MHz) used in simulations

hyperfine matrix Mnl

[A;1, Ay, As3]—this work (open cubane)
[Ayy, Ay, Ay3]—Chrysina et al.'” (closed cubane)

[—104, —104, —97.5]
[—104, —104, —97.5]

Mn2 Mn3 Mn4 'H

[-96.5, —96.5, —91.3] —2.4 -72 1
[-97, —102.5, —=97] [-96.5, —96.5, —91.3] [28, 32, 127] 1
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Figure 4. Experimental EDNMR spectra of the methanol-treated PSII reproduced from ref 17 (black); simulated EDNMR spectra summed from
simulations with pairs of **Mn nuclei using the hfcs from Table 2 in the main paper for closed cubane (blue) and open cubane (red) structures,

calculated at both low and high field positions with an HTA pulse amplitude of 4.7 X 10° (top) and 4.7 X 107 (bottom) rad s~

1. 'H resonances

occur around the proton Larmor frequency as shown in Figure 3; 4.4 T simulations are overlaid to emphasize fit. All simulated data have been
multiplied by a Lorentzian function with an FWHM of 400 MHz to mimic the resonator background.

of the spectrum overlapping and obscured by the central blind
spot of the EDNMR experiment. The shape of the central
blind spot and experimental background will be greatly affected
by B, inhomogeneities. Consequently, post-processing approx-
imations may distort the experimental data, particularly in the
low-frequency region.”> The inhomogeneity of the B, field at
different offset frequencies will further affect the experimental
background and relative intensities of the spectral peaks at
different frequencies, particularly around the maximum of the
B, field, where changes in B, are largest with respect to changes
in offset frequency. Such uncertainties may explain the non-
observance of the EDNMR bands below ~60 MHz in the W-
band (94 GHz) spectra for the methanol-treated samples, as
the relative ratio of these peaks to the more well-defined signals
at ca. 150 MHz depends on the bandwidth of the resonator.

The simulations presented in Figure 3 do not consider
multi-quantum transitions (MQTs) involving more than one
>Mn nucleus. Results from simulations including each pair of
SMn nuclei show that for the simulation at 4.4 T using the
hfcs for the open cubane structure (Table 2) when some
MQTs are included, new signals are observed between 100 and
140 MHz, indicating that the broad experimental signal
observed at 120 MHz may be due to MQTs. Using the hfcs
for both the open and closed cubane cases (Table 2), the
inclusion of MQT's arising from two **Mn nuclei leads to more
peaks in the EDNMR spectrum at all frequencies that are not
resolved in the experimental data. In particular, both sets of
hfcs lead to more MQT's at lower-frequency offsets in the 4.4 T
simulation. The number and amplitude of these MQT peaks
are reduced in a simulation carried out with an HTA of lower
power. This highlights the importance of knowing the
bandwidth of the resonator to accurately model EDNMR
simulations, particularly in cases where MQTs may be
important (further details in the SI, Consideration of multi-
quantum effects in EDNMR).

It is important to note that linewidth parameters are added
to provide best agreement with the experimental data in all sets
of simulations. Experimentally, the observed linewidth depends

41786

on the experimental parameters including the pulse lengths
used in the detection sequence. Here, the linewidth broadening
of simulated peaks is given as a Gaussian with an FWHM of
S MHz, which reproduces well all major experimental peaks.
The linewidth parameter also encodes for the strain of
hyperfine values, representing a variation across the molecular
configurations present in the sample. It is possible that such
variations in the open cubane structure provide larger strains in
the hfcs of Mn; and Mn,, thus reducing the observed
amplitude of EDNMR signals from these couplings relative
to Mn,; and Mn,. In the simulations of Chrysina et al,,'” using
the ENDOR algorithm, a linewidth for the anisotropic Mn,
coupling 3 times larger than that for any other coupling was
used."”

Further supporting the open cubane model, the glycerol-
treated samples studied by Marchiori et al.”’ show a similarly
elevated D value to the methanol-treated system, indicating
that a similar perturbation occurs, and further, using the
horseradish algorithm to re-simulate the experimental data
replicates well all experimental peaks (see the SI). In this study,
higher-frequency measurements at 130 GHz (D-band),
compared to 94 GHz (W-band) by Chrysina et al,'” further
increase the Mn Larmor frequency, pushing the EDNMR
transitions to higher-frequency values and away from the
central blind spot. However, at higher fields, an overlap of
small hyperfine values with a N spectral peak (vy'* =
17.5 MHz at 5.7 T) begins to occur. Two-dimensional (2D)-
EDNMR spectroscopy may help to further aid in signal
assignment of the overlapping signals of small-magnitude
transitions and "N transitions at higher fields.”

B CONCLUSIONS

Broken-symmetry density functional theory (BS-DFT) calcu-
lations combined with ELDOR-detected nuclear magnetic
resonance (EDNMR) spectral simulations have been used to
assign the **Mn hfcs for modified spectral forms of the water
oxidizing complex (WOC) in the penultimate S, state of the
water oxidation cycle. The analysis indicates that an open
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cubane form of an all-octahedral Mn ion, oxo (OS)—hydroxo
(06), WOC cluster is the dominant S = 3 species observed in
all perturbed cases studied experimentally with no need to
invoke a closed cubane intermediate possessing a distorted
pentacoordinate Mn ion. Currently popular mechanisms for
water oxidation, invoking a closed cubane form of the WOC
complex as an intermediate state, are not supported by this
study.

Methodology and Computational Details. The com-
putational procedure is similar to that described previously in
detail.">**** Full details are given in the SL.
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