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The electronic properties of the Mn4O4Ca cluster in the S, state of the oxygen-evolving complex (OEC) were
studied using X- and Q-band EPR and Q-band *>Mn-ENDOR using photosystem Il preparations isolated from
the thermophilic cyanobacterium T. elongatus and higher plants (spinach). The data presented here show that
there is very little difference between the two species. Specifically it is shown that: (i) only small changes are
seen in the fitted isotropic hyperfine values, suggesting that there is no significant difference in the overall
spin distribution (electronic coupling scheme) between the two species; (ii) the inferred fine-structure tensor

Keywords:

EPR of the only Mn'" jon in the cluster is of the same magnitude and geometry for both species types, suggesting
55Mn-ENDOR that the Mn'" ion has the same coordination sphere in both sample preparations; and (iii) the data from both
Photosystem II species are consistent with only one structural model available in the literature, namely the Siegbahn

OEC structure [Siegbahn, P. E. M. Accounts Chem. Res. 2009, 42, 1871-1880, Pantazis, D. A. et al., Phys. Chem. Chem.
Mn,40,Ca cluster Phys. 2009, 11, 6788-6798]. These measurements were made in the presence of methanol because it confers
Methanol favorable magnetic relaxation properties to the cluster that facilitate pulse-EPR techniques. In the absence of
l?;?r?:r}: psgfg:: methanol the separation of the ground state and the first excited state of the spin system is smaller. For
Spin Hafmltoman cyanobacteria this effect is minor but in plant PS II it leads to a break-down of the St =% spin model of the S,
state. This suggests that the methanol-OEC interaction is species dependent. It is proposed that the effect of
small organic solvents on the electronic structure of the cluster is to change the coupling between the outer
Mn (Mn,) and the other three Mn ions that form the trimeric part of the cluster (Mng, Mn¢, Mnp), by
perturbing the linking bis-p-oxo bridge. The flexibility of this bridging unit is discussed with regard to the

mechanism of 0-O bond formation.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In oxygenic photosynthesis, light-driven water-splitting is cata-
lyzed by the oxygen-evolving complex (OEC) of photosystem Il (PSII),

Abbreviations: EPR, electron paramagnetic resonance; ENDOR, electron nuclear
double resonance; ESEEM, electron spin-echo envelope modulation; PS II, photosystem
II; OEC, oxygen-evolving complex; MeOH, methanol; CW, continuous wave; ZFS, zero-
field splitting
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a membrane-bound pigment-protein complex embedded in the
thylakoid membranes of higher plants, green algae, and cyanobac-
teria. The OEC also comprises the protein matrix surrounding this
inorganic core, and a nearby redox-active tyrosine residue (D;-Yie1,
Yz), for reviews see [1-10]. The latter mediates the proton-coupled
electron transfer from the Mn40,Ca cluster to the photoactive reaction
centre, Pggo, a chlorophyll a species, which energetically drives water-
splitting by undergoing sequential light-induced charge separation
events. During water-oxidation, the Mn4O4Ca cluster steps through a
reaction cycle comprising five distinct redox intermediates [2,3,11].
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These are known as the S, states, where the index gives the number of
stored oxidizing equivalents (n=0-4). Molecular oxygen is released
during the S3 — [S4] — So transition, with the S, state being a transient
state that could so far not be trapped [12-16]. The S; state is stable
in the dark. S, and S; are metastable intermediate states that can be
studied after one or two flashes are given to a sample pre-incubated
in the dark. Sy is the most reduced state in the O,-evolution cycle and
can be produced by subjecting dark-adapted samples to three short
flashes. In the dark, Sy is slowly oxidized to S; by the nearby redox-
active tyrosine residue Y* (D2-Y161) [17,18].

Single crystals of PS II from the thermophilic cyanobacterium
Thermosynechococcus elongatus (T. elongatus) [19-23] have been in-
tensively studied by X-ray diffraction and the geometric structure
obtained is widely considered to be a model for PS Il in all organisms.
In spite of the advances in the X-ray structure analysis [22], the
precise geometric structure of the OEC has yet to be determined,
especially in the high redox states of the enzyme [24]. The inorganic
core of the OEC consists of a Mn40,Ca cluster with 4 <x <6 indicating
the number of oxygen bridges. As such, the current structural descrip-
tion of the MnyOxCa cluster relies on a variety of spectroscopic
techniques including: X-ray crystallographic data [21,23,25,26] and
polarized EXAFS [10,27,28]. From this body of work, six types of
computational structures have been developed as models for the OEC
based on: i) London crystal structure [21,29-31]; ii) Berlin crystal
structure [23,25,32-35]; iii) EXAFS core I [10,36]; iv) EXAFS core II
[10,36]; v) EXAFS core III [10,36]; vi) Siegbahn model [4,37,38]. An in-
depth review of these six structures is given in an earlier article [39].

It is well-established that the four Mn ions that constitute the
OEC are magnetically coupled in all S, states and that each S, state
(n=0-3) of the Mn,0,Ca cluster has distinct EPR signals [6,40-50]. Of
particular interest is the S, state which has a ground spin state of total
spin Sy="1%. This spin configuration gives rise to the well known S,
state EPR multiline signal [40]. Depending on the conditions used the
S, state of higher plant PS II also exhibits another broad EPR signal,
centered at g~4.1 that has been assigned to an St=5/2 [51] spin state
(see [52]). The g~4.1 signal can also be induced by near-infrared
(NIR) illumination of the S, multiline state at temperatures <160 K
[53]. In plant PS II, the presence of small alcohols prevents the
formation of the g~4.1 signal. Amongst all the alcohols, methanol
(MeOH) has a specific effect; it modifies the S, multiline signal and
this signal is no longer sensitive to NIR illumination (discussed in
[53-57]). The modified S, multiline signal is narrower than that seen
for the non-treated plant PS Il preparation, resolving fewer spectral
lines. MeOH also has effects on the other S, states. In spinach the Sy
state multiline signal can only be detected in the presence of MeOH
[49,50,58]. In contrast, the parallel mode S; g~4.9 [45,46] and S3 g~8
and g~12 EPR signals [59], and the EPR “split” signals, which arise
from the weak magnetic interaction between the Mn40,Ca cluster
and the Yz [60,61], are no longer visible when the MeOH concen-
tration is increased to 3-5% (v/v). Curiously, in cyanobacterial PS II
the addition of MeOH does not modify the S, multiline signal, the
addition of MeOH does not prevent the formation of high spin S,
states under NIR illumination[62] and the Sy state multiline is ob-
servable also in the absence of MeOH [63].

Binding of small alcohols in close proximity to the Mn4OxCa cluster
in PS Il isolated from spinach was first demonstrated for the S, state
by ESEEM spectroscopy by Force et al. [64,65] and later by Ahrling
et al. [66]; however, the precise mode and site of binding was not
resolved. In flash-induced oxygen evolution measurements it was
recently observed that the miss parameter of PS II increases linearly
with the MeOH concentration and that this effect is fully reversible up
to 10% (v/v) MeOH [67]. This observation is consistent with MeOH
binding at a substrate water binding site; however, other mechanisms
may also explain this result.

The precise nature of the differences between the electronic
structures of the Mn4OxCa cluster in plant and cyanobacterial PS II is

not known to date. This is problematic, since for DFT calculations of
the OEC often the geometric structure is derived based on X-ray
diffraction measurements or (polarized) X-ray absorption measure-
ments on T. elongatus samples, while electronic parameters such
as the hyperfine couplings calculated for these structures are then
compared to experimental EPR/ENDOR data obtained with PS II
membranes from spinach [68-70]. Here we employ multi-frequency
EPR and *°Mn-ENDOR spectroscopy to gain detailed information
about the species-dependent differences in the electronic structures
of the S,-states of the Mn40,Ca clusters of PS Il isolated from higher
plants (spinach) and cyanobacteria (T. elongatus).

2. Materials and methods
2.1. Sample preparation

PS ll-enriched membranes from spinach (plant PS II) were
prepared as described in [71]. These samples were concentrated to
20-30 mg Chl/ml in 3-mm Q-band EPR tubes by 30 min centrifugation
at 4°C. PS II core complexes (~30-40ul) from T. elongatus were
prepared as previously described [72-74]. The concentration of the
EPR samples used was ~10 mg Chl/ml. The dark-adapted PS Il samples
poised in the S; state were illuminated by continuous white light
at 200 K (dry ice/ethanol bath) for 3 min for plant PS Il and 30 s for
T. elongatus PS II.

2.2. Q-band pulse-EPR measurements

As in [69,75], Q-band pulse-EPR and >°Mn Davies ENDOR mea-
surements were performed at the indicated temperatures on a Bruker
ELEXSYS E-580 Q-band pulse-EPR spectrometer equipped with a
laboratory-built ENDOR cylindrical resonator and an Oxford-900
liquid helium cryostat and ITC-503 temperature controller, and with
a SMTO02 signal generator and an ENI 5100 L RF amplifier. Electron
spin-echo (ESE)-detected field-swept spectra were measured with
the pulse sequence of n/2-7-m-7 echo, with m=280 ns and =440 ns.
The spin lattice relaxation time (T;) was measured with the inversion
recovery pulse sequence m-T-m/2-T-n-7 echo, where m=280 ns,
T=400ns and T varies from 0.1 ps to 10 ms. *Mn Davies ENDOR
measurements were collected by using SpecMan control software that
varies the radiofrequency (RF) randomly in the desired range [75-77].
The employed pulse sequence was m-mige-T-11/2-7-1-7 echo, where m,
mirr, T, and T were 80 ns, 3.5 ps, 1.5 ps and 420 ns, respectively. A shot
repetition time of 3 ms was used for all Q-band experiments with
the exception of the T; measurements, where a shot repetition time of
5 ms was used.

3. Results
3.1. Species comparison

3.1.1. Q-band EPR/°>Mn-ENDOR experiments

ESE-detected EPR spectra of the Mn4O,Ca cluster seen in PS II
core complexes isolated from the cyanobacterium T. elongatus and
higher plant spinach membranes, poised in the S, state are shown in
Fig. 1a (black traces). A multiline signal is observed in both species
[39,69,76], centered at approximately g~2.0 and spread over the same
field range (1130-1320 mT). The signal from the stable tyrosyl
radical, Yp, which appears as a strong, narrow (FWHM ~3 mT) signal
centered at g~2 and obscures the central hyperfine lines of the S,
state multiline signal, was removed for clarity of presentation. The
hyperfine structure is very similar for both sample types; at least eight
low-field lines (relative to the position of the Yp radical) and 10 high
field lines are observed for both sample types.

Differences between the two species are more readily observed
using >>Mn-ENDOR. Fig. 1b shows the *>Mn-ENDOR signals seen for
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Fig. 1. EPR/ENDOR spectra of PS II core complexes obtained from T. elongatus PS Il and
PS ll-enriched membranes from spinach, poised in the S, state with 4% MeOH added
(solid black lines). (a) Q-band pulse ESE-detected field sweep. The derivative spectra
represent the pseudo modulated (2 mT) raw data. The Yp signal centered about g~2
was removed for clarity of presentation. The small offset between the two multiline
spectra is caused by the fact that each spectrum was recorded at a slightly different
microwave frequency. Experimental parameters: microwave frequencies: 33.69 GHz
(T. elongatus), 33.85 GHz (spinach); shot repetition rate: 5 ms; microwave pulse length
(m): 80 ns, T: 440 ns, temperature: 4.2 K. (b) Q-band pulse >Mn-Davies ENDOR. The
T. elongatus spectrum presented was smoothed using a 5 point moving average.
Experimental parameters: microwave frequencies: 34.05 GHz (T. elongatus), 33.85 GHz
(spinach); magnetic field: Bo= 1260 mT; shot repetition rate: 5 ms; microwave pulse
length (m): 80 ns, 7: 440 ns, RF pulse (mgg): 3.5 ps. The red dashed lines superimposing
each trace represent the least squares fittings to the whole data sets of each species
using a model based on the Spin Hamiltonian formalism [39,69]. The optimized
parameter sets are given in Table 1.

the T. elongatus and spinach PS Il preparations described above, poised
in the S, state, and measured at By=1260 mT. The spinach and
T. elongatus preparations give rise to comparable but not identical
35Mn-ENDOR spectra. The total spectral breath of the >>Mn-ENDOR
spectrum is significantly larger in T. elongatus as compared to spinach
[69,75]. The high frequency edge shifts 20 MHz to higher frequency
and the low frequency edge decreases by approximately the same
degree. The lowest field peak, centered at ~52 MHz, originates from
the magnetic coupling of protons with the Mn4O,Ca cluster. Ap-
proximately six peaks are observed for the OEC of T. elongatus. This is
in contrast to spinach PS II, where only four peaks are clearly visible;
peaks 2 and 4 appear as shoulders on peak 3 and 5, respectively. It
is noted that the above described line shapes of the >>Mn-ENDOR
signals of both sample types are essentially invariant over the 1190-
1260 mT magnetic field range, consistent with their assignment to
the OEC [69,76].

3.1.2. Spectral simulations

The S,-state Q-band EPR and Q-band pulse >>Mn ENDOR spectra
were simulated using the Spin Hamiltonian formalism described in
[69,76,78]. Here, the S, multiline signal is considered to arise from
an effective S=1 ground state, coupled to four >>Mn nuclei. The
hyperfine interaction was treated with second-order perturbation
theory. The quadrupole interaction was not explicitly considered; it
was assumed to contribute to the fitted line-width (for details on the
simulation procedure see [39,69]).

The fitted G and hyperfine tensors are given in Table 1. Four
hyperfine tensors are required to fit the absorption and 1st derivative
line shapes and ENDOR spectra for both sample types (Fig. 1a and b,
red dashed line). Near-axial symmetry was seen for the fitted
hyperfine tensors for both species. With the exception of A4, the z
(parallel) component of all hyperfine tensors was the largest.
Comparison of the fitted parameters obtained for spectra from
spinach and T. elongatus demonstrates that there are only subtle
differences between the two species. Importantly, the four isotropic
values (A;iso) Of the fitted hyperfine tensors (Table 1) all approx-
imately match both OECs suggesting that there is no significant
change in the electronic structure/coupling scheme i.e. a difference of
less than <10% is seen between the fitted A;;s, values. The isotropic
components of three of the hyperfine tensors are close to that
observed for monomeric Mn"/Mn!Y complexes, while that of the
fourth Mn is ~1.5 times larger than that reported in the current
literature [70,79-82]. This suggests that all four Mn ions equally
contribute to the EPR and ENDOR spectra.

The reason for the increase in breadth of the S, state >>Mn-ENDOR
spectrum of T. elongatus as compared to spinach is due to a small
increase in hyperfine tensor anisotropy (Aaniso). This is seen par-
ticularly for hyperfine tensors A; and A4, which define the high- and
low-field edges of the ENDOR spectrum, respectively. The ENDOR
signals associated with these two Mn ions are spread over a larger
frequency range leading to a broadening of the entire signal envelope.
Consistent with this description is the apparent decrease in signal
intensity of the edges relative to the intense central line (peak 3) of
the >>Mn-ENDOR spectrum of T. elongatus as compared to spinach.

3.2. The effect of methanol

3.2.1. T; relaxation

Over a 5-10K temperature range, two phonon relaxation pro-
cesses usually form the dominant T, relaxation pathway for metal-
locofactors seen in enzymes, namely the Raman and Orbach processes

Table 1
The principal values of the effective G and >>Mn hyperfine tensors for the simulations of
the S, spectra of T. elongatus and spinach PS IL

G A; (MHz)
Aq Az As Aq
T. elongatus X 1.971 350 249 202 148
y 1.948 310 227 182 162
1 1.960 330 238 192 155
z (| 1.985 275 278 240 263
iso 1.968 312 251 208 191
aniso 0.025 55 -40 -48 -108
Spinach X 1.997 310 235 185 170
y 1.970 310 235 185 170
1 1.984 310 235 185 170
z (| 1.965 275 275 245 240
iso 1.977 298 248 205 193
aniso 0.019 35 -40 -60 -70

The isotropic Gis, and Ajjso (i=1-4) values are the average of the individual values:
Giso= (Gx+ Gy +G.)/3 and Ajjso = (A;, x + A, y +A;, 2)/3. The equatorial and axial G and
A values are defined as: GL = (Gx+ Gy)/2, Gy=G, and AjL = (Ai x +A;, y)/2, Ai, | =Ai, .
The anisotropy in the G and A; values is expressed as the difference between the
perpendicular and parallel components of the tensor.
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Fig. 2. The temperature dependence of the T, relaxation time of the OEC poised in the S,
multiline state in PS Il samples containing 4% MeOH (M) and in the absence of MeOH
(no addition) (A). The left hand side panel data plots the inverse temperature vs. the
natural logarithm of the inverse of the T; time (Orbach process). The right hand
panel plots the natural logarithm of the inverse temperature vs. the natural logarithm of
the inverse of the T; time (Raman process). Electron spin-echo-detected T; relaxation
data were measured using a 3 pulse sequence: n-T-m/2-7-n-T echo, using m=80 ns,
T=440 ns, and T was swept over the range of 0.1-10 ms. An estimate of the T; time was
made by fitting the raw data to a bi-exponential decay collected at each temperature.
The superimposed red lines correspond to a linear fit of the data. Experiments were
performed at Bo= 1260 mT.

[83,84]. Both processes rely on the system containing spin levels that
are thermally accessible, but each has a slightly different dependence
on the measurement temperature (T):

m(Tl]) =4 M

In (%)“ In(T) @)

1

It is noted that the relaxation rate of an Orbach process is dependent
on the ground to first excited state energy separation (A). As such,
an estimate of the energy ladder can be made when this process is the
dominant relaxation process [83,84]. Previous studies in spinach PS II
[85] in the presence of a small percentage of MeOH, demonstrated
that the OEC cluster in the S, multiline state displays dominantly

Table 2
The energy separation A between the ground and first excited electronic states for the
S,-state in plant PS II and T. elongatus PS Il samples assuming an Orbach relaxation
process.

A(cm™ 1)
No addition + MeOH
T. elongatus T, relaxation 135+£1.2 224406
Spinach T, relaxation 27405 247+1.2,36.5 [85]
CW EPR ~6 [48,54] 12 [48,54], 30 [48,54]

an Orbach relaxation over the 5-10 K temperature range. This work
reported a ground to first excited state energy difference (A) of 35 cm ™!
for the S, state [85]. We have repeated this experiment using our
plant PS II membrane samples and found that over the 46—7.5K
temperature range both the relationships In(1/T;) versus 1/T and In(1/
Ty) vs. In(T) are approximately linear (R>=0.9903 and R?>=0.9956,
respectively; Fig. 2, upper panel). Thus, under our experimental con-
ditions, we cannot distinguish whether an Orbach or Raman relaxation
process dominates. If an Orbach process is assumed, A is estimated to
247412 cm™ ! (Table 2). This value is lower than that seen in the
earlier study of Lorigan and Britt [85], but still of approximately the same
magnitude. In the absence of MeOH, the behavior of the T; time changes
dramatically. The observed spin-echo is more difficult to measure in
samples without MeOH (no addition) and as such the data quality is
poorer. Nevertheless, a semi-quantitative description of the system
can still be made. As before, the data are equally consistent with either
an Orbach or a Raman process. If we again assume an Orbach process,
the energy difference (A) has collapsed to 2.7 4+ 0.5 cm ™! (Table 2). This
value is small and should be considered as a lower bound for A. A
decrease in the observed A is consistent with literature CW EPR results.
In higher plant spinach a A of ~6 cm™ ! was measured for the non-MeOH
treated OEC S, multiline state [48] as opposed to ~25-35 cm™ ! when
MeOH is present. Similar results have been observed for OEC poised in
the S;-state. A ground to first excited state energy separation of
A=1.7cm™ ! was reported for higher plant spinach in the absence of
solvents poised in the S; state [46]. These results were obtained by
examining the temperature dependence of the S; parallel polarization
CW EPR signal. This signal arises from a low lying excited spin state
(§=1). It was observed that the excited state signal was lost by the
addition of MeOH. That is to say, the proportion of S; in the EPR visible
excited state (S=1) decreased and that in the diamagnetic S=0
ground state increased upon MeOH addition which suggests that A
increased by at least ~7 cm™ !, see [46].

Analogous results are observed for T. elongatus (Fig. 2, lower panel)
Unlike the spinach PS II data presented above, our results for the
MeOH treated OEC poised in the S, state in T. elongatus do slightly
favor an Orbach process (R? of 0.9982 vs. 0.9904 for Raman process).
The Orbach fit gave a A of 22.4 4 0.6 cm ™~ ! approximately that seen in
our spinach measurements. The temperature dependence of T; was
measured at several field positions yielding values within the error
stated. In contrast to spinach samples, similar T; times are observed in
T. elongatus preparations with and without MeOH. The T. elongatus
preparation without MeOH was consistent with either Orbach (R?
of 0.9550) or Raman (R? of 0.9505) relaxation. If Orbach relaxation is
assumed, the energy difference between the ground and first excited
state A is estimated to be 13.5+ 1.2 cm™ ! (Table 2).

3.2.2. CW EPR and >>Mn-ENDOR

The effect of small alcohols on the CW EPR line shape of the S,
multiline signal of higher plants has been well documented [53-57]. A
slight narrowing of the S, multiline spectrum is observed when MeOH
is added (Fig. 3a). The amplitudes of the central lines of the multiline
pattern increase to the detriment of the external lines and the super
hyperfine structure is lost. The corresponding >>Mn-ENDOR spectrum
(Fig. 3b) also changes. In samples to which MeOH is not added the
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Fig. 3. The effect of MeOH on the EPR/ENDOR spectra of PS II core complexes obtained
from T. elongatus and spinach BBY membranes, poised in the S, state. Solid black lines:
4% MeOH; red lines: in the absence of MeOH. (a) CW X-band EPR. The Yp, centered
about g~2, was removed for clarity of presentation. Experimental parameters:
microwave frequencies: 9.4 GHz; microwave power: 20 mW; modulation amplitude:
25 G; time constant: 80 ms, temperature: 8.6 K. (b) Q-band pulse >*>Mn-Davies ENDOR.
The T. elongatus spectrum presented was smoothed using a 5 point moving average.
Experimental parameters: microwave frequencies: 34.05 GHz (T. elongatus), 33.85 GHz
(spinach); magnetic field: Bo=1260 mT; shot repetition rate: 5 ms; microwave pulse
length (m): 80 ns, 7: 440 ns, RF pulse (mgg): 3.5 ps.

55Mn ENDOR spectrum is broader and more structured (~115 MHz
width) spanning 65—180 MHz [69,76]. The same behavior is not
observed for T. elongatus. The addition of MeOH does not alter the CW
EPR line shape of the S, multiline signal. Consistent with this earlier
result, it is observed that the >>Mn ENDOR spectrum also does not
change significantly when MeOH is added to the sample. Only subtle
changes are observed in the positions of peaks 4 and 6, both shifting to
slightly lower radio-frequencies when MeOH is added. The T.
elongatus spectra shown in Fig. 3 are similar to those reported in a
previous study of Pudollek et al. [108]; the total ENDOR signal spans
approximately the same width but there are differences in the
intensities of the individual lines.

4. Discussion
4.1. General remarks

Refined crystal structure models obtained from thermophilic
cyanobacteria form the basis for all current models of the OEC.
However much of the spectroscopic data in the literature were
obtained using PS Il from plants rather than T. elongatus. As mentioned

in the introduction, although the PS II from the two species behave
similarly, some differences are observed. The results presented here
demonstrate that the OEC of the two species are highly similar but not
identical. The small differences that are observed are interpreted
within a framework in which the spin manifold/energy ladder of the
higher plant system is intrinsically more variable than the cyano-
bacterial system, with the former being more strongly affected by the
addition of MeOH. The difference between the action of MeOH in the
two species can be explained in two alternative ways. (i) Solvent
access to the Mn cluster in the plant vs. cyanobacterial OEC may be
different such that MeOH is unable to directly interact with the OEC in
the T. elongatus. Earlier ESEEM measurements have already shown
that MeOH binds to the plant OEC [64,66]. This may reflect changes
close to the active site or properties of the more peripheral subunits
(which are known to be different between plants and cyanobacteria)
and related channels [21,25,86,87]. (ii) Alternatively, the nature of the
interaction between MeOH and OEC (e.g. its binding site, the type of
binding, or the result of its binding) must somehow differ in the two
species. We consider the latter option more reasonable. The change in
the electronic structure, as inferred from T; relaxation measurements
when MeOH is added is similar (an increase in A) and only differs by a
factor of two in magnitude for both species (~10 cm™ ' for T. elongatus
vs. 20 cm™ ! for spinach). As such, the work presented here suggests
that some degree of flexibility can be accommodated within the 1st
or 2nd coordination sphere of the Mn4O,Ca cluster without impairing
water-splitting function. This is in line with a number of mutant
studies that show that several mutations in the first coordination
sphere do not impair water-splitting [88] or the shape of the S,
multiline signal [89].

4.2. OEC models consistent with higher plant spinach EPR/ENDOR data

In an earlier article [39] we examined the effect of Ca®*/Sr**
substitution on the X- and Q-band EPR and Q-band >>Mn-ENDOR
spectra of the S, multiline signal of T. elongatus (with MeOH). These
results were then used to discriminate between current literature
models of the OEC. As stated in the introduction, there are currently
six types of DFT models for the OEC. Of those for which we had the
coordinates at the time of the study, we demonstrated that only one
coupling scheme, based on the Siegbahn core [4,37,38], is consistent
with all EPR/ENDOR data. It is noted that the Siegbahn structure in our
study was slightly modified (as compared to the structure reported
in [4]) to confer it a ground state of spin Sy="1, see Pantazis et al.
[36]. This model was selected as it: (i) reproduces the correct ground
state spin multiplicity (Sy=1%); (ii) the correct ground to first excited
state energy difference (to within a factor of 2-3); (iii) yields a spin
projection coefficient of |p|~1 for all four Mn ions, consistent with
the EPR/ENDOR data; and (iv) gave reasonable estimates for the on-
site zero-field splitting (ZFS) of the Mn" i.e. within the range seen for
model complexes and the zero-field splitting was affected by Sr>*
substitution in a way that is consistent with the changes seen in
polarized EXAFS and DFT calculations.

It does not immediately follow that the Siegbahn model is also
consistent for the higher plant spinach S, state (with MeOH); this
must be tested. It is noted that criteria (i), (ii) and (iii) apply equally
well to both the S, states of spinach and T. elongatus. Both require
the ground state to be Sy=1, spin projection coefficients for all four
Mn of approximately 1 and a similar ground to first excited state
energy difference, in MeOH treated samples. The only question that
remains is whether the Siegbahn model also gives sensible estimates
for the on-site ZFS (d) of the Mn™ for the spinach OEC (criterion iv). As
d is reflected by the fitted hyperfine anisotropy, which is shown above
to change between higher plant spinach and T. elongatus (see Table 1),
its contribution to the energy levels of the system for the two species
must differ.
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Fig. 4. (a) The dependence of the spin projection factors (py, py) on the zero-field
splitting parameter (d) of the Mn'" ion assuming the exchange coupling model for the
Siegbahn core (scheme Fig. 5A). (b) The dependence of the on-site hyperfine tensor
components (ay, ;) of the spinach Mn40O,Ca cluster in the presence of methanol for
each of the four manganese ions on the zero-field splitting parameter (d) of the Mn'"!
ion. The bottom panel (c) shows the difference (a,) between the parallel (q;) and
perpendicular (a.) hyperfine components of the three Mn'"Y ions. The green shaded
region represents the range of ZFS values for the Mn"" seen in model complexes (when
d<0). The red shaded region represents the range of acceptable ZFS values for the Mn'"
which are consistent with the electronic coupling model, i.e. the range over which the
intrinsic hyperfine anisotropy of the Mn" ions is within the range seen for model
complexes. The intersection of the green and red regions is shown by the yellow shaded
region. Table 3 lists the intrinsic hyperfine tensor components for all four Mn ions
calculated at the midpoint of the range of consistent d values, i.e. the midpoint of the
yellow shaded region.

Table 3

A description of how the on-site ZFS of the Mn"" can be estimated
from fitted effective Spin Hamiltonian parameters (i.e. A, Ay, As, A4)
can be found in an earlier article [39]. A brief summary is given
below. The effect of the on-site ZFS of the Mn'" ion can be taken into
account in the calculation of the spin projection coefficients. The spin
projection coefficients provide a means to scale the effective Spin
Hamiltonian parameters to the on-site (intrinsic) parameters of the
individual Mn ions. It is the on-site (intrinsic) parameters that can be
compared to literature values. The inclusion of the on-site ZFS of
the Mn" requires that the spin projections for all four Mn ions must
be considered as tensors as opposed to scalar quantities; that is to
say that their magnitude is now orientationally dependent. Fig. 4a
displays the dependence of the parallel and perpendicular compo-
nents of the spin projection tensor of each of the four Mn ions (A, B, C,
D) as a function of the ZFS of the Mn'" ion. When d =0, the two
components are necessarily equal. It can be readily observed that the
correct anisotropy of the effective hyperfine tensors of the Mn'" ions
can only be reproduced if the d value is negative. This yields a larger
parallel as opposed to perpendicular spin projection component, as
seen for the effective Mn'"Y hyperfine tensors (A;-A4). The on-site/
intrinsic parallel and perpendicular hyperfine tensor components (qj;,
a,;) can then be calculated from the ratio of the fitted effective
hyperfine tensor components (A;, A.) and the spin projection
components seen in panel a (py, p.). Their dependence on the choice
of d is shown in Fig. 4b. An estimate for the ZFS of the Mn'" ion can be
made using panel c. It shows the anisotropy of the three Mn'" ions i.e.
the difference between q), a,, shown in panel b. It is expected that the
intrinsic anisotropy of the three Mn'" ions is small, less than 30 MHz
(for a full discussion see Cox et al. [39]). The values of d that are
consistent with this range are shown by the red shaded region.
Literature values for d as measured in monomeric Mn™ model com-
plexes provide a second constraint. This range is shown by the green
shaded region. The intersection of the red and green shaded regions,
colored yellow, then gives the allowed range of d for the Mn'" of the
OEC. The on-site hyperfine parameters for all four Mn ions calculated
at the midpoint of this acceptable range are given in Table 3.

The inferred on-site ZFS of the Mn" ion for the plant OEC is
~—1.2 cm™ ! (see Fig. 4, caption). A d value of — 1.2 cm™ ' is small for
a Mn" ion, falling just inside the range of d values seen in model
complexes i.e. 1<|d|<5cm™!, see [39]. The d value is negative and
the intrinsic parameters for the Mn'" are: a;s, ~ 174 MHz, a, ~190 MHz,
)~ 141 MHz, aaniso—49 MHz. These values are consistent with a Mn'™
ion with a 5 coordinate square-pyramidal or 6 coordinate tetragonally
elongated ligand field. These are approximately the same values as
determined for the T. elongatus (see Table 3 and [39]). Importantly,
the inferred geometry of the Mn'! is consistent with the Siegbahn
model; the Mn™ in the Siegbahn structure has a square-pyramidal
ligand field. Thus, this model is consistent with the EPR/ENDOR data
for the S, states of both T. elongatus and spinach. We note that the
small difference inferred between the d values for the T. elongatus and
spinach PS II may be real or an indirect consequence of the above

Calculated spin projection tensor components (py, p;) and hyperfine tensor components (a, a;) for the 4 Mn ions of PS Il in the S, state.

PL Py ay a Qiso Qaniso

T. elongatus Mn, (Mn") 1.01 1.33 235.2 209.6 226.6 —256 (—8.5)
d (Mn")=—-132t0 —1.26cm™' Mng (Mn'Y) -0.77 —1.16 201.7 226.7 210.0 250 (83)
Amidpr=—1.29cm™ ! Mnc (Mn') —0.87 —1.12 221.6 2135 218.9 —80 (—27)
Mnp (Mn™) 1.62 1.96 203.3 140.5 182.4 —62.8 (—20.9)

Spinach Mn, (Mn'Y) 1.02 1.32 231.0 209.1 2237 —-219 (—73)
d(Mn")=—-134t0 —1.1cm™! Mng (Mn') —0.77 —1.15 219.0 209.4 216.1 —100 (—33)
Amidpr=—1.22cm™ ! Mnc (Mn') —0.87 —1.11 2125 219.9 224.9 74 (24)
Mnp (Mn™) 1.62 1.95 190.4 1413 174.0 —49.0 (—163)

The isotropic a; values are defined as: a;jso = (2a; 1 + a;;)/3. The anisotropy a; aniso is expressed as the difference between the parallel and perpendicular component of the tensor. For
direct comparison to the work of Peloquin et al. [70] the anisotropy is also expressed as the difference divided by three (see value in brackets).
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described, small changes in the electronic structure of the Mn40,Ca
cluster i.e. as the A is slightly different for plant and T. elongatus
samples with MeOH, their electronic structure (exchange coupling
topology) must be slightly different. The important result is that the d
value is similar for the two species and consistent with literature
benchmarks (see [39], supporting information Table S3). The
Siegbahn model as presented here is in agreement with the
experimental results of Teutloff et al. [109]. These authors performed
an EPR/ENDOR study on PS II single crystals. The comparison of these
results to the crystal structure of Guskov et al. [22], allowed a tentative
assignment of the position of the Mn". Its preferred location was
within bonding distance to the Asp342 residue. Here it was assumed
that the Mn-Asp342 bond defines the Jahn-Teller axis of the Mn"" ion.

4.3. Decoupling of the OEC

A uniquely determined experimental solution for the ladder of
spin states of the Mn40,Ca cluster can not be obtained. If only pairwise
interactions are considered between the four Mn ions, six exchange
couplings are required to describe the energy ladder of the system.
Experimentally though, only one observable is measured, the ground
to the first excited state energy-level difference (A). As a consequence,
a simpler model is often invoked for interpreting EPR data, in which
the energy levels of the system are described in terms of an effective
coupling constant, Jorr (A = 3/2]efr, for the S, multiline). Here, the four-
spin system is described in terms of a two-spin system as shown in
Fig. 5b and c, respectively. The electronic coupling component of the
Spin Hamiltonian for this simplified system takes the form:

H= —JS51- S, 3)

a) Siegbahn

—J=]20cm|
=== J < |20 cm’|

b) OEC (Y-coupling scheme)
C

ot

J
o AB Jo,
A B J
BD
D
c) Simplified OEC

= 3/2 J S=1o0r2
off =7 0r
PO
B,C,D

‘monomer’
‘trimer’

Fig. 5. Current models for the electronic structure of the OEC. (a) The ] coupling scheme
for the Siegbahn structure [4,36]; (b) Y-coupling scheme developed from EPR/ENDOR
[69]; (c) a simplified OEC coupling scheme in which the Y-scheme is approximated by
two spins.

where S; and S, describe the two fragments of the tetramer: a
monomeric Mn'V (S=3/2) and a coupled trimer (Mn'"),Mn™" of total
spin S=1 or 2, and Jes, the coupling between them [40]. The spin
state ladder for this system is Es=Je/2S(S+ 1). Within this simple
model, solvent-induced effects are easily rationalized. MeOH some-
how modulates the electronic coupling of the monomeric Mn to
the trimer (i.e. J). MeOH binding causesJ to increase by approximately
4- to 10-fold in spinach and ~2 fold for T. elongatus in the S, state.

It is useful to consider how the simple model described above
maps onto the Siegbahn model (Fig. 5a). The Siegbahn model broadly
fits with the Y-coupling scheme topology [36,39] (Fig. 5b), which was
developed on the basis of (3 + 1) coupling schemes first proposed by
Peloquin et al. [70] . Mng, Mnc and Mnp couple together to form
the trimer fragment with a total ground state spin of S=1. To this
fragment the Mn, monomer fragment is coupled. The effective
coupling J.¢ in the simple model above includes contributions from
the Jap, Jac, Jap €xchange pathways. In the work of Pantazis et al. [36]
it was noted that the ground to first excited state energy difference
in this model was dependent on the magnitude of the coupling be-
tween Mn, and the trimer unit and that the net sign of this interaction
also defined the spin multiplicity of the ground state. Thus, even
within this more complicated electronic coupling scheme, a mecha-
nism seems reasonable in which solvents such as MeOH modulate
the electronic coupling of the monomeric Mn to the trimer.

This simple description of the action of small organic solvent
molecules on the electronic structure of the OEC also provides a
rationale for the changes observed in the width and line shape of
both the EPR and ENDOR data. The line shape of the EPR and ENDOR
spectra changes because the contribution of the on-site ZFS of the
Mn'" changes. This is because the relative contribution of the on-site
ZFS of the Mn'" ion to the energy levels of the cluster is dependent on
A. For large A, the on-site ZFS can be considered a small perturbation
of the electronic structure. Within this regime, variation in A should
not significantly change the spin projection coefficients; the perpen-
dicular and parallel components (p., p)) of the spin projection tensor
are approximately equal. If however A is of the same size as the on-
site ZFS of the Mn", relatively small changes in A can lead to large
changes in the spin projection coefficients and thus large changes in
the effective hyperfine tensors. For the OEC, A is small, being at most
an order of magnitude larger than the on-site ZFS of the Mn"' and thus
the second regime holds (Fig. 6).

It was shown above that in plant PS II, there is a large change of
A induced by MeOH. This should then lead to a large change in the
spin projection coefficients of the OEC and as a consequence, a large
change in the effective hyperfine tensors. Compared to the MeOH
treated system (the system that was simulated), it is expected that in
the absence of MeOH the perpendicular and parallel components (A,
A)) of the effective hyperfine tensors should diverge, leading to an
increase in the width of both the EPR and >>Mn-ENDOR spectrum. This
is exactly what is observed experimentally. Similarly, as the MeOH-
induced change in A is much smaller in the cyanobacteria, no large
change in the spin projection coefficients is expected and thus no
change should be seen in the EPR and ENDOR spectra.

It can be shown that the Siegbahn model is at least semi-
quantitatively consistent with the mechanism described above. This
is shown in Fig. 7. Here the coupling between Mn, and the trimer
is varied to demonstrate how the energy gap and spin projections
change as a function of this coupling. The coupling is varied in a simple
way; the three exchange couplings that connect Mn, to the trimer
(Ja» Jac, Jap) are simply multiplied by a factor c. As such, the factor
¢ represents an average increase/decrease in the connectivity of the
two OEC fragments, the S =3/2 (Mn,) and the S=1 (Mng, Mnc, Mnp).
The on-site ZFS of the Mn'! was fixed to the value determined in
section 4.2, i.e. d=—12cm™'. As expected, over the range of
energy gap values determined for T. elongatus (A=22.4-13.5cm™!)
only small changes should occur for the spin projection coefficients
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Fig. 7. Top: The dependence of the ground to first excited state energy difference on the
coupling of Mnj to the trimer unit. The extent of coupling between Mn, and the trimer
is given in terms of the factor c. The factor c is applied to all three exchange couplings
that connect Mnj, to the trimer (Jag, Jac, Jap), and thus represents an average increase/
decrease in the coupling of the two OEC fragments. Bottom: The dependence of the spin
projection factors (py, p;) on the factor ¢, described above. The zero-field splitting
parameter (d) of the Mn"" ion was fixed to the value determined in section 4.3 i.e. d =
—1.2cm™ 1. c=1 gives the original Sieghahn coupling scheme.

(<10%). As such, no change in the EPR/ENDOR spectra is expected, as
observed. The range of energy gap values observed for spinach is
much larger (A=25-35cm™ ' to 2-6 cm™ '), and as a consequence a

more significant change in the spin projection coefficients is expected.
Importantly, the spinach PS Il sample in the absence of MeOH has
an energy gap of only 2-6 cm™ . In this regime large deviations are
observed for the spin projection coefficients as the spin 2 model for
the ground state breaks down. Note that: c=1 gives the original
coupling scheme of the Siegbahn model. This gives an energy gap of
~10 cm™ !, approximately that seen for T. elongatus without MeOH.

The above arguments bring into question the simulations of
Charlot et al. [68] performed on the broad S, multiline signal of plant
PS I1in the absence of MeOH. The broad multiline signal in this earlier
study refers to the component of the multiline signal that is sensitive
to NIR light (see introduction). In this earlier study the multiline
signal was assumed to arise from a well isolated spin %2 ground state.
The above results demonstrate that this is not the case. In the absence
of MeOH, the energy spacing (A) in spinach PS Il is of the order of the
on-site zero-field splitting/fine structure of the Mn'’. As such, it is
unclear whether a spin %2 model for this system is appropriate as it
does not explicitly include the Spin Hamiltonian terms that describe
the on-site zero-field splitting of the Mn™. In this circumstance it
is expected that a more complicated two- or four-spin model should
be used that does include these terms.

Table 4
Theoretical interspin distances between the methyl deuterons of the CD;0H and Mna/
Mnyp, using the point dipole model.

’H Theoretical distance (A)
(MHz) >
A Mna-Asp170  Mna-OH Mnp-Glu189 Mnp-open
(p=1) (p=133) (p=1.01) (p=162) (p=1.96)
a CD; 0448 3.00 3.30 3.01 3.51 3.76
0209 391 4.29 3.92 4.59 4.89
0.177 4.10 4.51 411 4.81 5.13
b CD; 0.64 2.67 293 2.68 3.13 3.34
0.38 3.15 3.46 3.16 3.70 3.94
0.38 3.15 3.46 3.16 3.70 3.94

Exp. data of Force et al. [64]. "Exp. data of Ahrling et al. [66].
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4.4. Methanol-OEC interaction in plant and cyanobacterial PS II

2H-ESEEM measurements performed on the S, state of plant PS II
demonstrated that one MeOH molecule interacts with the OEC, i.e.
it coordinates one of the Mn ions [64,66]. Similar data has yet to be
reported for T. elongatus PS 1L In the studies reported in the literature,
2H couplings were reported in the range of 0.2-0.6 MHz. In both
studies, best fits where obtained using two inequivalent nuclei for
the deuterons of the methyl group, i.e. one more strongly coupled
deuteron and two approximately identical more weakly coupled
deuterons. Curiously, the two reports give contradictory results; 2H
couplings were approximately 1.5- to 2-fold larger in the second
study. We offer no assessment of which experimental data set and
subsequent analysis is correct. We note though that in the second
study this discrepancy was accounted for by invoking sample hetero-
geneity [66]. Here it was stated that in the original study of Force
et al. the S, state was generated by low temperature illumination
leading to a mixture of S, (multiline) states that represent both the
MeOH bound and non-bound OEC. In contrast, the study of Ahrling et
al. used room temperature laser flash advancement, yielding a more
homogeneous S, state ie. uniformly MeOH bound. As multiline
heterogeneity in spinach PS Il has been well documented in the
literature, this explanation seems reasonable [55,90,91].

Within the Siegbahn model, there are four good Mn-ligand/residue
candidates for MeOH displacement: the two Mn,-OH ligands, the
Mna-Asp170 ligand and the Mnp-Glu189. Using the anisotropic spin
projection values determined in the discussion section 4.2, theoretical
estimates can be made for the expected MeOH bound Mn-2H interspin
distances (See Table 4). Here we employ the point dipole model for
the Mn-2H interspin distance. This should give reasonably good
estimates for the Mn-2H interspin distance for ligands bound to Mna
(the ‘external’ Mn), and poorer estimates for the Mn of the trimer unit
(Mng, Mnc, Mnp). This simple approach was used due to the
uncertainty of the binding mode of the MeOH at each of the four
sites identified. This forms ongoing work in our laboratory.

Each ESEEM data set, Force [64] or Ahrling [66], is consistent with
one binding position using the Siegbahn model [4]. The results of
Force et al. [64] favor displacement of one of the OH ligands on Mna.
The theoretical Mn-?H distances for this site match those seen for
Mn'""Mn" model complexes where MeOH is bound to the Mn'" [92].
In contrast, the results of Ahrling et al. [66] give very short Mn-2H
distances for Mn, either displacing the OH or Asp170, outside the
range seen for model complexes and as such binding at Mn, can be
excluded assuming this data set is correct. This data set instead favors
binding at Mnp displacing the Glu189. It is again reiterated though
that a more complete multipole treatment of the dipolar coupling
interaction is required to precisely assign the position of MeOH
binding.

It is noted that MeOH could also potentially bind at the open
coordination site on Mnp. This would give reasonable values for Mn-
2H distances using the coupling values of Ahrling et al. [66] However,
if MeOH does bind at this open site, a significant rearrangement of the
core geometry is required as a MeOH molecule can otherwise not fit
into this site. Indeed the site itself is too small to bind even a water
molecule, as has been previously discussed in the literature [4]
(Fig. 8). A structural change of the OEC of this magnitude should lead
to a large change of the electronic structure that would seem
inconsistent with the data presented in this manuscript and as such,
this binding mode is not favored.

As stated in section 4.3, we consider that the mechanism for MeOH
action is to somehow modulate the electronic coupling between Mny
and the trimer unit (Mng, Mn¢, Mnp). This action could potentially be
rationalized for the two binding models, ‘Force’ and ‘Ahrling’,
discussed above. In the Force model, the replacement of either of
the negatively charged OH ligands around Mn, with MeOH would
affect the distribution of electron density in the OEC core, directly

Ala344

(C-terminus)

H,0

Glu354
Asp342

Glul89
(p~1.6)

His332

Mny' axis system
y

Fig. 8. Potential sites for MeOH binding for the Siegbahn model [4]. Ligands that can be
substituted for MeOH and that are consistent with the ESEEM studies of either Force
et al. [64] or Ahrling et al. [66] are labelled in blue italic. The Arg357 as well as backbone
H-atoms are not included in the figure for clarity. The orientation of the spin projection
coefficients is defined by the axis system of the Mn'" ion shown in the inset.

changing the nature of the Mna-Mng interaction. This might lead to a
larger Mny-Mng anti-ferromagnetic coupling and as such, a modifi-
cation of the spin ladder of the system consistent with the data
presented. The species-dependent effect of MeOH could describe a
change in ligand mobility. While the same ligand is likely to be
substituted in either the plant or cyanobacterial OEC, the 2nd
coordination sphere interaction between the MeOH and the sur-
rounding protein pocket could differ, thus changing the binding mode
of the MeOH molecule, its H-bonding interactions and thus its effect
on the electronic coupling within the OEC. In an analogous way, direct
substitution of the Glu189 ligand to Mnp, (Ahrling model) could also
explain the change in the electronic coupling between the Mn, and
the trimer unit (Mng, Mnc, Mnp). Direct substitution of Glu189 with
MeOH would have an effect similar to that of ligand substitution on
Mn,, but within the Mng, Mnc, Mnp subunit, again possibly giving rise
to a stronger Mna-trimer exchange interaction through a propagation
of the localized electron and spin density rearrangement of the trimer
subunit. Here, as with direct substitution of Asp170 on Mnga
the species-dependent effect of MeOH could be rationalized in the
context of the facility of protein ligand displacement being dependent
on differences between the proteins from spinach and T. elongatus
further away from the OEC core itself. Indeed differences in rigidity -
or lack of rigidity - of the Glu189 amino acid within the two species
could play an important role in its possible direct substitution by
MeOH.

4.5. Structural flexibility of the Mn4OxCa cluster

S, state dependent structural changes were proposed both from
biochemical and spectroscopic studies of the OEC. A structural
rearrangement during the S,—S; transition was demonstrated by
Boussac et al. [93,94] and Messinger et al. [95]. Here it was shown
that: (i) the protein has a lower affinity for Ca in Ss; (ii) that the S3
state has a much slower reactivity towards NH,OH and NH,;NH,;
and (iii) a slower rate of NH3 binding in Ss. Similarly, temperature
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dependent measurements of the reduction kinetics of Y3* provided
evidence for a high reorganization energy for the S,—Ss3 transition
[96,97]. Subsequently, EXAFS measurements [98-103] provided
strong spectroscopic evidence for structural changes during the
S»—S3, and also the Sp-S; transitions, and also FTIR experiments
[104,105] suggest significant alterations in carboxylic acid vibrations
during the S,—Ss3 transition. It can therefore be proposed that the
structural flexibility of the Mn4O,Ca cluster is a key feature for its high
water-oxidation rates [2,3,103,106]. This hypothesis is supported by
the recent work of Siegbahn on modeling the reaction pathway for
water-splitting [4] (for similar proposals see also [2,69,107]). The
facility for structural rearrangement has been identified as a key
feature in this theoretical water-splitting pathway. Without this
flexibility the OEC would not be able to oxidize water. Similarly,
structural flexibility within a given oxidation state (S, state) of the
Mn40,Ca cluster has been proposed based on mechanistic considera-
tions, EPR simulations and DFT calculations [32,34,106]. It should be
noted that the effect of these rearrangements, in the context of this
work, would be to alter the coupling between the Mn centers,
changing the effective spin ladder. Upon the addition of MeOH, one
conformation, or possibly a subset of conformations, is stabilized over
the remaining conformations, giving rise to the homogeneous
multiline signal observed.

Conclusion

The electronic properties of the Mn,0,Ca cluster in the S, state of
the OEC of the thermophilic cyanobacterium T. elongatus and higher
plants (spinach) were shown to be very similar. The data presented
here show that both OEC types can be explained using the same
electronic coupling scheme, namely a coupling scheme based on the
structural model of Siegbahn [4,36]. The small spectral changes ob-
served between the two species are interpreted within a model in
which the contribution of the on-site ZFS of the only Mn'! of the S, to
the total ZFS of the cluster changes. An analogous argument is invoked
to explain the spectral differences seen in the presence and absence
of MeOH. Potential sites for MeOH binding are discussed within the
context of the Siegbahn model, which are consistent with the earlier
ESEEM studies of Force et al. [64] and Ahrling et al. [66].
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