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Abstract

The X-band EPR spectra of the IR sensitive untreated PSII and of MeOH- and NH3-treated PSII from spinach in the S2-state are simulated

with collinear and rhombic g- and Mn-hyperfine tensors. The obtained principal values indicate a 1Mn(III)3Mn(IV) composition for the Mn4
cluster. The four isotropic components of the Mn-hyperfine tensors are found in good agreement with the previously published values

determined from EPR and 55Mn-ENDOR data. Assuming intrinsic isotropic components of the Mn-hyperfine interactions identical to those

of the Mn-catalase, spin density values are calculated. A Y-shape 4J-coupling scheme is explored to reproduce the spin densities for the

untreated PSII. All the required criteria such as a S=1/2 ground state with a low lying excited spin state (30 cm�1) and an easy conversion to a

S=5/2 system responsible for the g=4.1 EPR signal are shown to be satisfied with four antiferromagnetic interactions lying between �290

and �130 cm�1.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The evolution of oxygen as a result of the light-driven

water oxidation is catalysed by Photosystem II (PSII) in

which a cluster of four manganese ions acts both as an

oxidizing accumulating device and as the active site [1,2].

During the enzyme cycle, the oxidizing side of PSII goes

through five different redox states that are denoted Sn, n

varying from 0 to 4. Oxygen is released during the S3 to S0
transition in which S4 is a transient state. The structure of

the Mn4 cluster and the mechanism by which water is

oxidized are still subject to intense discussions. The

resolution of the X-ray structures is improving together

with the R-factor [3–5] but the chemical nature of the

manganese core is not yet definitely established [6,7].

Therefore, investigations based on extended X-ray absorp-
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tion and electron paramagnetic resonance can still help in

the elaboration of the Mn4 structure and of a water-oxidation

mechanism.

The first signal detected from the S2-state was a multiline

signal near g=2 [8]. This signal is spread over roughly 1800

G and is made up of at least 18 lines, each separated by

approximately 80 G, and arises from a magnetic tetramer

[9–13]. The S2-state can be quantitatively formed either by

flash illumination in non-frozen samples [8] or by contin-

uous illumination at 200 K. Similar S2-multiline signals

have been detected in PSII isolated from plants [8,14–20],

from the cyanobacteria, Thermosynechococcus elongatus

[21–23] and Synechocystis PCC 6803 [24–26] and from the

green alga, Scenedesmus obliquus [27,28].

Under some experimental conditions (in the presence of

sucrose in the buffer) the S2-state gives rise to a g=4.1 signal

that is stable at temperatures above 200 K, rather than a

multiline signal [29,30]. For this g=4.1, the fraction of

centres giving rise to this signal is dependent on the pre-

treatment of the enzyme, being markedly increased by, (i)

having sucrose present in the medium [30,31], (ii) certain
ta 1708 (2005) 120–132
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treatments which remove chloride from the medium [32,33]

or its replacement by F� [29,34], I�, [34, 35] amines [36] or

NO3
�, [34], (iii) replacing Ca2+ with Sr2+ [37]. This g=4.1

signal is suppressed by the presence of alcohols [30].

The g=4.1 state can also be formed preferentially by

illumination below 200 K if the light used is not free of

infrared radiation [38]. The absorption of radiation at c820

nm by the Mn4-cluster induces a transition between a S=1/2

state into a Sz5/2 state irrespective, at least below 200 K, of

the temperature at which the sample is illuminated [38–41].

At temperatures equal to or lower than 77 K, a state

responsible for EPR signals with g-values higher than 5 is

trapped. Between 77 and 150 K, an activation barrier can be

overcome and the next stable state becomes that responsible

for the g=4.1 signal [40]. At temperatures higher than 150

K, the stable state is that responsible for the S2-multiline

signal [40].

In untreated PSII from plants, two populations of PSII

reaction centres have been defined based on the behaviour

of the S2-state versus IR illumination: those centres in which

the spin state is changed by IR light and those centres which

are insensitive to IR light [42]. The total S2-multiline signal

results from the superposition of the two types of multiline

signals that originate from these two PSII populations. The

S2-population that is insensitive to IR light gives rise to a

bnarrowQ multiline signal characterized by stronger central

lines and weaker outer lines. The IR sensitive S2-population

gives rise to a bbroadQ multiline signal in which the intensity

of the outer lines, at low and high fields, is larger relative to

those in the narrow multiline signal. Methanol addition to

plant PSII results in a significantly different S2-multiline

signal [21,43]. The spectral properties of the methanol S2-

multiline signal were found to correspond to PSII centres

which are insensitive to IR light and indeed, the yield of the

IR-induced spin conversion in the S2-state in the presence of

methanol was close to zero [21]. In the presence of methanol

the Mn4-structure in PSII from plants appears therefore to be

more homogenous as measured by its sensitivity to IR light.

The hyperfine structure of the S2-state EPR signal is a

fingerprint of the electronic structure of the tetranuclear

manganese cluster. Consequently, simulations of the multi-

line spectrum have been performed to determine how the

electronic density is spread on the four metallic sites

[10,11,44–47].

In this work, we will present simulations of three X-band

EPR spectra of the S2-state. The first one is associated with

the IR-sensitive population of PSII from spinach. The

second and third spectra are produced after MeOH or NH3

treatments of the enzyme, respectively. As detailed below,

no hypothesis concerning neither the oxidation states of the

manganese ions nor a magnetic coupling scheme is

formulated. The sole assumption is the S=1/2 spin value

associated with the investigated signals. Collinear and

rhombic g- and Mn-hyperfine tensors are deduced and

further analysed. In the case of the IR-susceptible popula-

tion of untreated PSII samples, a 1Mn(III)3Mn(IV) compo-
sition for the Mn4 cluster is found. To reproduce the

isotropic components of the hyperfine tensors, a 4J-

magnetic coupling scheme is explored to concommitantly

locate the Mn(III) ion and evaluate the { Jij}-set. Results are

discussed in comparison with previously published works.
2. Experimental section

2.1. PSII preparations

PSII preparations and the generation of the S2-state

multiline spectra were done as previously described

[37,38,42,48].

2.2. EPR spectroscopy

All spectra were recorded at 9 K on a Bruker ESR300 X-

band spectrometer equipped with an Oxford ESR 900

helium cryostat, a Hewlett-Packard 5350B frequency

counter, and a Bruker 035M NMR gaussmeter.

2.3. EPR simulation techniques

Simulations of the EPR spectra were performed using a

FORTRAN program which calculates the powder spectra of

systems with S=1/2 ground state taking into account the

hyperfine interactions of the manganese nuclei with nuclear

spin I=5/2 [49]. For each transition, the resonant field is

calculated by using perturbation theory up to the second

order for the hyperfine interactions. The resulting stick

spectrum is then convoluted with Gaussian functions of

fixed width (half-width at half-height) dB. This simulation

program is coupled to a minimisation program in order to

find the set of parameters giving the lowest possible value of

the agreement R-factor defined from experimental and

calculated intensities according to Eq. (1).

R ¼

X

i

I
exp
i � I calci

� �2

X

i

I
exp
ið Þ2

ð1Þ

We consider as adjustable parameters the three principal

values of the g-tensor and the three principal values of each

effective hyperfine tensor that is assumed to be collinear

with the g-tensor. This corresponds to a 15-parameter fit.
3. Methods for simulating EPR spectra

The spin-Hamiltonian for a system of n coupled para-

magnetic ions is [50]:

H spin ¼
Xn

i¼1

lBB gi½ �Si þ I i ai½ �Si þ Si Di½ �Sif g�
Xn

i;j¼1
ibj

JijSid Sj

ð2Þ
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The sum runs over all paramagnetic ions; in the case of

PSII it is at most four and we will retain n=4 throughout this

paper. In brackets, the three terms are, starting from the left:

the electronic Zeeman term, the electron-nuclear hyperfine

interaction and the zero-field splitting term of each metallic

site. The last term in Eq. (2) represents the isotropic

magnetic exchange interaction between the four paramag-

netic Mn ions. In this equation, B is the external magnetic

field, lB the Bohr magneton, [gi] the g-tensor of ion i, Si

the electronic spin operator of ion i, Ii the nuclear spin

operator of ion i, [ai] the local hyperfine tensor for the

interaction of Si and Ii on the same centre, [Di] the zero-

field splitting tensor of ion i. We will further neglect the

nuclear Zeeman and the quadrupolar terms, as usual in all

works not dealing with 55Mn-ENDOR, except in the

simulations performed by 2hrling and Pace [51].

The hyperfine term is meaningful in the interpretation of

the EPR spectra. Generally speaking, it reflects the

interaction that exists on one atom between the nuclear

and the electronic magnetic moments. The former is directly

proportional to the nuclear spin of the element (I=5/2 for

Mn ions). The latter is governed by the distribution of the

unpaired electrons of the manganese ions over all individual

atomic sites. This means that the electronic spin density is

spread over the metallic sites only (the small delocalisation

onto the ligands is neglected) and depends on the nature and

the strength of the exchange interactions between the

paramagnetic centres.

If one assumes that among the four terms written in Eq.

(2), the exchange interaction between the metallic sites is

the preponderant effect, one can deduce an energetic scheme

in which (i) the levels are labelled by the total spin angular

momentum S and (ii) the separation between levels is go-

verned by the coupling constants Jij . Each state is

completely described by the individual electronic spins Si,

the total spin S and the relative values of the Jij interactions

[50].

The low-temperature observed EPR spectra involve the

lowest of these states which is in the present study a S=1/2

state [52,53]. For this state we can write the following

effective spin Hamiltonian [50]:

H eff ¼ lBB g½ �S þ
X4

i¼1

I i Ai½ �S ð3Þ

In this expression, [g] and [Ai] are the effective tensors

related to the S=1/2 total spin state. Each of them can be

expressed in terms of the real uncoupled corresponding ones

written in Eq. (2). For instance, when local zero-field

splitting effects are neglected, the effective hyperfine tensor

[Ai] of ion i is related to the intrinsic hyperfine tensor [ai]

by the relationship:

Ai½ � ¼ qi ai½ � ð4Þ

qi is the spin density on site i which describes the ground

state studied; it is a scalar quantity that depends on the total

spin quantum number S, the four individual Sj-spins
(1VjV4), that is the oxidation state of all the ions

constituting the magnetic cluster, and the Jij/Jkl-ratios. Jkl
designates one specific non-zero exchange interaction

among the { Jij}-set. Eq. (4) shows that the effective and

the local hyperfine tensors have the same principal axes.

The same relation holds between the x, y or z components

of each tensor as well as between their isotropic parts,

Ai,iso=(Ai,x+Ai,y+Ai,z)/3 and ai,iso=(ai,x+ai,y+ai,z)/3, respec-

tively. The scalar quantities qi are calculated according to

the rules stated for the addition of angular momenta in

quantum mechanics [54]. At this stage, we recall that it is

only for a dinuclear system that the spin densities qi (i=1,

2) do not depend on the coupling constant between the two

magnetic ions, provided that it is negative to ensure the

S=1/2 spin state to be the ground state. For localized

mixed-valence Mn(III)Mn(IV) systems one has

[AIII]=2[aIII] and [AIV]=�[aIV] for the Mn(III) and

Mn(IV) sites, respectively.

If in Eq. (2) one (or more) zero-field splitting interaction

is no longer negligible but remains small compared to the

energy gap between the ground and the first excited states

determined according to the exchange Hamiltonian, the

ground state is a Kramer’s doublet, that is a two-fold

degenerated level for which the remaining degeneracy can

only be removed under the action of an external magnetic

field. This ground Kramer’s doublet can be considered as an

effective S=1/2 system. The electronic properties can be

reproduced by the effective Hamiltonian in Eq. (3) but the

relation between the effective and the local hyperfine

tensors has to be expressed according to Eq. (5):

Ai½ � ¼ qi½ � ai½ � ð5Þ

where [qi] is the spin density matrix. For small zero-field

splitting interactions, the matrix can be calculated using

perturbation theory. In addition to the S- and Sj-spin

quantum numbers (1VjV4) and the Jij/Jkl-ratios, the matrix

depends on the zero-field splitting tensors [Dj] [50]. The

spin density matrices are thus anisotropic and the effective

hyperfine tensor [Ai] would have the same principal

directions as the local hyperfine tensor [ai] only under the

assumption that the four zero-field tensors [Dj] (1VjV4) are
collinear to [ai]. The influence of the Mn(III) zero-field

splitting has been exposed by several authors for dinuclear

complexes [46,55–59] but only one investigation has been

performed for a tetranuclear cluster [46]. In the following,

the spin densities will be evaluated from the isotropic part of

the hyperfine tensors. This allows to neglect the zero-field

splitting effects and to rely on Eq. (4) for the relation

between effective and local hyperfine tensors.

Eqs. (3) and (4) represent the starting point for each

research which intends to gain information from the EPR

spectra. Additional assumptions must be clearly explained.

At first, the nuclearity – strictly speaking, the magnetic

nuclearity – of the cluster responsible for the multiline

signal must be specified. Although all experimental

evidences have shown that a Mn4 cluster is present in PSII,



Table 1

Effective g- and Mn-hyperfine principal values obtained from the

simulation of the S2-state EPR spectrum of untreated PSII

Model [g]a [A1]

(MHz)

[A2]

(MHz)

[A3]

(MHz)

[A4]

(MHz)

Method

Zheng [45] III III III IV B

8 2.01 �277 �277 +226 +250

// 1.97 �363 �363 +288 +226

iso 1.997 �306 �306 +247 +242

aniso 0.04 86 86 62 24

Zheng [45] IV III IV IV B

8 2.00 �280 �257 +237 +237

// 1.98 �300 �337 +237 +237

iso 1.993 �287 �284 +237 +237

aniso 0.02 20 80 0 0

Peloquin

[64]

8 1.99 �285 +255 +255 �195 A

// 1.95 �310 +205 +205 �180

iso 1.977 �293 +238 +238 �190

aniso 0.04 25 50 50 15

Hasegawa

[44]

IV III IV IV B

x 1.993 295 291 248 110

y 1.990 304 284 233 106

z 1.976 294 194 245 117

iso 1.986 298 257 242 111

aniso 0.017 11 90 15 11

This work x 1.988 324 240 248 181 A

y 1.985 351 306 263 184

z 1.975 312 225 217 193

iso 1.983 329 257 243 186

aniso 0.013 39 81 46 12

a x, y and z are the principal axes ordered according to the decreasing

order of the [g] principal values; iso is the isotropic component (see text);

aniso is the absolute value of the difference between the maximum and the

minimum values of the principal components.

Table 2

Effective g- and Mn-hyperfine principal values obtained from the

simulation of the S2-state EPR spectrum of MeOH-treated PSII

Model [g]a [A1]

(MHz)

[A2]

(MHz)

[A3]

(MHz)

[A4]

(MHz)

Method

Peloquin

[46]

8 1.97 �311 �232 +200 +180 A

// 1.99 �270 �270 +250 +240

iso 1.977 �297 �245 +217 +200

aniso 0.02 41 42 50 60

This work x 1.989 329 287 243 218 A

y 1.987 305 254 258 188

z 1.977 339 224 213 167

iso 1.985 324 255 238 191

aniso 0.012 34 63 45 39

a x, y and z are the principal axes ordered according to the decreasing

order of the [g] principal values; iso is the isotropic component (see text);

aniso is the absolute value of the difference between the maximum and the

minimum values of the principal components.
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2hrling and Pace [51] have supposed that this spectrum is

produced by a dinuclear system with large nuclear quad-

rupolar interactions and unusual coordination of the

manganese ions. We have previously discarded this hypoth-

esis [9] and 55Mn-ENDOR studies have definitely rejected it

[46]. We thus no longer retain this possibility. In the

following, we will suppose that the four Mn ions are in

sufficiently closed magnetic exchange in order to include

four hyperfine interactions as suggested by the recently

published X-ray structures.

At this stage, two alternate strategies are possible.

(A) In a first approach, effective parameters can be

obtained from a fit of the EPR spectrum using Eq.

(3). Only absolute values of the hyperfine principal

values can be determined. No assumption is made

whatever the coupling scheme. The effective hyper-

fine constants will be reproduced assuming a

magnetic topology only in a second independent

step. The expression bmagnetic topologyQ means the

package of the oxidation states of the manganese

sites that is the four Sj-values (1VjV4), together with
the number and strength of the magnetic interactions

that is the { Jij}-set.

(B) Another approach consists in using some previous

information on the local hyperfine tensors of the

Mn(III) and Mn(IV) ions, as deduced for instance

from the study of dinuclear systems, and to calculate

the effective hyperfine tensors according to Eq. (4).

This means that a magnetic coupling scheme is

elaborated with local spin values and a given set of

Jij-coupling constants. The experimental spectrum is

then simulated by means of Eq. (3) and an adjustment

of the g-tensor. It is worth noticing that any

assumption made in the coupling scheme will inevi-

tably be underlying in the calculated effective hyper-

fine tensors.

In both approaches, the symmetries of the g- and Mn-

hyperfine tensors have to be specified. Isotropic tensors that

were assumed in the first studies [9,60,61] are unrealistic

and have no longer been used in the recent works. When

assuming axial or rhombic symmetries, all tensors are

supposed to have the same principal directions (collinear

tensors), except in the study of Hasegawa et al. [44]. This

hypothesis seems reasonable if there is only one Mn(III) ion

and if the Mn(IV) coordination spheres are not too distorted.

When non-collinear tensors are assumed, Euler angles

smaller than 68 are obtained for PSII [44] while 88 is the

upper value determined for dinuclear Mn(III)Mn(IV) com-

plexes [57]. Such small quantities do not justify the further

introduction of Euler angles in the simulation of X-band

EPR powder spectra.

The principal difference between approaches A and B

lies in the step where the magnetic topology of the Mn4
cluster is introduced. As far as the exchange interactions are

preponderant, the effective hyperfine tensors determined

according to approach A are indicative of the oxidation

degree of the manganese ions. The oxidation state of the

cluster which is thus a conclusion of the EPR simulation in



Table 3

Effective g- and Mn-hyperfine principal values obtained from the

simulation of the S2-state EPR spectrum of NH3-treated PSII

Model [g]a [A1]

(MHz)

[A2]

(MHz)

[A3]

(MHz)

[A4]

(MHz)

Method

Zheng [45] III IV III III B

8 1.97 �295 �322 +173 +173

// 2.01 �385 �294 +227 +227

iso 1.983 �325 �313 +191 +191

aniso 0.04 90 28 54 54

Peloquin

[46]

x 1.99 �295 +222 +208 �150 A

y 1.99 �315 +222 +208 �150

z 1.96 �390 +172 +158 �112

iso 1.98 �333 +205 +191 �137

aniso 0.03 95 50 50 38

This work x 1.989 360 242 211 159 A

y 1.987 290 210 194 140

z 1.958 368 164 168 112

iso 1.978 339 206 191 137

aniso 0.031 78 78 43 47

a x, y and z are the principal axes ordered according to the decreasing

order of the [g] principal values; iso is the isotropic component (see text);

aniso is the absolute value of the difference between the maximum and the

minimum values of the principal components.
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approach A is an assumption in approach B. Furthermore,

the magnetic topology assumed in approach B is often

chosen in such a way that, in addition to the total spin S, one

of the Smn-spin pair is a good quantum number, that is to say

some of the exchange Jij-constants are equal [45,47]. The

symmetry introduced in the coupling scheme reflects upon

the spin densities qi and consequently on the effective

hyperfine tensors.

Approach A is the framework of the results reported

here. The starting point of the analysis is the simulation of

the EPR signal of the S2-state according to Eq. (3) within

rhombic symmetry. The obtained effective g- and Mn-

hyperfine tensors are summarised in Tables 1–3 for the

untreated and MeOH- and NH3-treated PSII, respectively,

along with those previously reported in the literature with

some information concerning the methods used. Results of

earlier isotropic simulations have been excluded as well as

those of Lakshmi et al. where three out of four metallic sites

are considered equivalent. The framework we use here

doesn’t allow us to specify the signs of the hyperfine

constants or the oxidation states of the manganese ions.

However, this information is given by some authors and is

reported here as published.
4. Analysis of hyperfine parameters deduced from EPR

simulations

Before commenting on the values reported in Tables 1–3,

we briefly expose here the strategy adopted to analyse the

effective hyperfine parameters deduced from the EPR

simulations (second step of approach A). We have
previously used a similar method in the study of a synthetic

tetranuclear model of the Oxygen Evolving Complex [49].

It consists in calculating the spin densities according to a

spin-coupling model and in finding values as close as

possible to the ones deduced from the isotropic components

of the effective hyperfine tensors according to Eq. (4).

4.1. From the effective hyperfine couplings to the exper-

imental spin projections

The first step is the estimation of the spin projections on

the manganese ions starting from the isotropic component of

the effective hyperfine tensors. By definition, the spin

density qi is the ratio between the value of the spin operator

Si,z of site i averaged on the ground state function

(designated as the spin projection) and the value of the

spin operator Sz of the whole cluster averaged on the same

function:

qi ¼
hSi;ziGS
hSziGS

ð6Þ

If one is interested in the ground state function

characterized by S=1/2 and MS=+1/2, the average value of

Sz that corresponds to the spin projection MS thus gives +1/

2. Together with Eq. (4), one gets:

Ai;iso ¼ 2ai;isohSi;ziGS ð7Þ

From the isotropic component Ai,iso of each effective

hyperfine tensor it is thus possible to determine the spin

projection on each manganese site if we know the isotropic

component ai,iso of the local hyperfine tensor. Our choice

focuses on a metalloprotein system rather than on synthetic

complexes and catalase was hence selected. In addition, it

ensures a more oxygenated surrounding of the manganese

ions. We use the intrinsic hyperfine values obtained by

Zheng and Dismukes in a simulation of the EPR spectrum

of the Mn(III)Mn(IV) form of the catalase from Thermus

thermophilus [56]. The isotropic values are �192 MHz for

Mn(III) and �237 MHz for Mn(IV). Similar values have

been determined by Haddy et al. [62] and recently

confirmed by the collection and the simulation of the

high-field and high-frequency EPR spectrum [63]. Based on

the oxidation states of the manganese ions deduced from the

effective hyperfine tensors (see later), Eq. (7) then gives the

absolute value of the four spin projections, because the signs

of the effective hyperfine interactions are not determined

from the EPR simulation. Since we are interested in the total

spin projection MS=+1/2, the sum of all the individual spin

projections has to give back this value. This allows the

attribution of the sign to each experimental spin projection

hSi,ziGS. The correct distribution, if any, is the one that leads
to a sum value close to +1/2.

Taking into account the uncertainties in the simulations

and in the values of the intrinsic hyperfine coupling
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constants, we add a margin of F5% on each spin projection.

This gives us a set of four spin projection ranges hSi,ziGS
deduced from the experimental spectrum. Here the subscript

i refers to the site labelling which concerns the EPR

simulation and runs from 1 to 4.

4.2. From magnetic interactions to calculated spin

projections

Starting from a different point of view, we consider now

that the OEC cluster is constituted by four manganese ions

that interact magnetically according to the exchange

Hamiltonian:

Hex ¼ �
Xd

l;m¼a
lbm

JlmSmd Sn ð8Þ

This approach is totally independent of the previous one. So

we now designate the magnetic sites with symbol subscripts

l and m (instead of the i and j subscripts) that may take the

values a to d (instead of 1 to 4). The most general

interaction scheme between four paramagnetic sites needs

six Jlm-coupling constants but this number may be reduced

using some knowledge of the system or some hypothesis on

the relative values of these couplings. For each magnetic

topology corresponding to one given set of Jlm-constants,

we diagonalise the exchange Hamiltonian of Eq. (8) in the

space associated with each total spin S-value. We test if the

ground state of the system is a spin doublet and, if true, we

calculate the spin projections hSm,ziGS on each site

l(aVlVd) for which the oxidation degree is known from

the magnetic topology being explored.

4.3. Connection between EPR fits and magnetic coupling

schemes

Following two different approaches, two sets of spin

projections, {hSi,ziGS} (1ViV4) and {hSm,ziGS} (aVlVd)
corresponding to the same system are obtained. For the two

sets, the oxidation states of the metallic sites are known and

the one to one correspondence between sites i and sites l
has to be established. The hSm,ziGS values in ascending

order are tested for belonging to the hSi,ziGS ranges (also in

increasing order) in a one to one connection (see Fig. 1). We
Fig. 1. Connection between experimental spin projection values obtained

for untreated PSII within hypothesis 2 with aF5% margin (see Table 4) and

calculated ones with the Mn(III) on site d and the following { Jlm}-set (in

cm�1): Jah=�225, Jhg=�125, Jhy=�170 and Jgy=�130.
then verify that the corresponding manganese sites i and l
have the same oxidation states. Namely, this reduces to the

location of the Mn(III) ion since we will be dealing with a

1Mn(III)3Mn(IV) composition (see below). If it is so, the

coupling scheme and the { Jlm}-set of corresponding

exchange coupling constants is retained as a possible model

responsible for the EPR spectra.

This coupling scheme is not fully determined. We recall

here that the spin projections depend on the relative values

of the exchange interactions, that is to say on the Jlm/Jjk-

ratios where Jjk is one specific non-zero coupling

constant. This means that the subscript pair (j,k) is fixed

while the pair (l,m) runs over all possible sets in the

tetranuclear system. All the Jlm-constants may be

expressed as being proportional to this peculiar Jjk-

constant. Thus, the energies associated with this magnetic

topology depend only on the Jjk exchange interaction.

Because the ground state function has been tested to

present a total spin S=1/2, the sign of Jjk is known. We

insist on the fact that the absolute value of Jjk has no

meaning. For instance, in a dinuclear Mn(III)Mn(IV)

complex, the spin projections of the S=1/2 ground state

are +1 and �0.5 whatever the negative value of the

exchange interaction. At this stage of the process, we

know only the signs of all the exchange constants and their

relative strengths but not their values in energy unit (wave

numbers for example). To specify them, one has to refer to

an energy gap. It is known that in the untreated PSII the

first excited state lies 30–40 cm�1 above the ground state

[11]. For a possible { Jlm}-set, we calculate the energy of

the first excited state and set it to 30 cm�1. This allows us

to give the magnetic interaction constants in wave

numbers.

Finally, we impose to the Jlm-constants to present

reasonable values. As known for model manganese com-

plexes with oxo, acetato and N-donor ligands, exchange

parameters vary in a wide range; we allow them to lie

between �350 and +50 cm�1 and retain so the final sets of

solutions.
5. Results

5.1. EPR simulations results

Experimental and simulated spectra are reported in Fig.

2. All fits well reproduce the line positions in the central

parts of the spectra as well as the overall shape; but the low-

intensity lines in the wings are somewhat displaced as is

also the case in previously published simulations [44–46].

The principal values of the effective g- and Mn-hyperfine

tensors obtained are listed in Tables 1–3 as well as the

isotropic part jAi,isoj calculated by assuming a unique sign

for the three components. The x, y and z labelling refers to

the g principal values given in decreasing order. Sites are

labelled (subscripts 1 to 4) according to the isotropic



Fig. 2. X-band EPR spectra of PSII (solid lines) and simulated spectra

(dashed lines) obtained using a Gaussian line shape with a half-width at

half-height dB (agreement factor R calculated according to the text). (a)

Untreated PSII: m=9.421 GHz, T=9 K; Simulation: dB=1.70 mT, R=0.07.

(b) MeOH-treated PSII: m=9.418 GHz, T=9 K. Simulation: dB=1.70 mT,

R=0.06. (c) NH3-treated PSII: m=9.437 GHz, T=9 K. Simulation: dB=1.75
mT, R=0.03.
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components ordered by decreasing absolute values. The

positive difference between the utmost components is also

reported under the designation aniso.

As can be seen from the last line of Table 1, only the

hyperfine tensor of site 2 presents a strong anisotropy

while the three other centres along with the g-tensor are

found almost isotropic. This holds in a lesser extent to the

MeOH-treated PSII sample (see Table 2): compared to the

untreated PSII sample, sites 2 and 4 are found more

rhombic. The presence of a single anisotropic interaction

subsequently justifies the collinearity of the g- and Mn-

hyperfine tensors. This is clearly not the case for the NH3-

treated PSII particules where an increase in the anisotropy

of the g- together with the Mn-hyperfine tensor of site 1 is

observed. Consequently, this system will not be further

analysed.

Parameters from previously published simulations are also

reported in Tables 1–3. The untreated PSII has been the most

investigated and an axial symmetry was assumed except by

Hasegawa and co-workers. Our results mainly differ from

theirs by the stronger components obtained for site 4.

The isotropic part of the Mn-hyperfine tensors of the

untreated and the MeOH-treated PSII samples are found

very similar. This is in agreement with what was also

observed by 55Mn-ENDOR [46,64]. In all samples inves-

tigated here, one can see that the isotropic hyperfine values

are not far from those of Peloquin et al. in Ref. [46]. This is

an important point because their parameters also fit the
55Mn-ENDOR spectra, which is not the case for other

works, as they pointed out. Because the following inter-

pretation of the hyperfine interactions resorts on the
isotropic part of the tensors, such a similarity in jAi,isoj
(1ViV4) values comforts us in the validity of the parameters

obtained here. In the following, we will restrict the analysis

to the isotropic hyperfine couplings of the Mn sites of the

untreated PSII sample.

As previously mentioned in Section 3, the simulations

performed here do not make any assumption on the

oxidation state of the manganese ions. Based on X-ray

absorption techniques [18,65,66] and on the generation of

super-reduced states [67,68], there is a general agreement in

the literature on the fact that the S2-state of the OEC is

composed of one Mn(III) and three Mn(IV) ions although

this is questioned by some groups [11]. As far as the

intrinsic hyperfine interaction is concerned, the Mn(IV)

centres are expected to be more or less isotropic while the d4

configuration of the Mn(III) ion would induce a strong

anisotropy. It is noteworthy to see that only one effective

hyperfine tensor out of four presents a strong anisotropy for

the untreated and the MeOH-treated samples. This is

consistent with the 1Mn(III)3Mn(IV) formulation of the

Mn4 cluster of the OEC in the S2-state and concomitantly

strongly suggests that Mn(III) would be located on site 2.

Consequently, only the composition 1Mn(III)3Mn(IV) is

considered in the following.

5.2. Experimental spin projection values

The spin projection values can be determined according

to the procedure described above provided that the Mn(III)

ion is located on one of the four sites labelled 1 to 4. Two

hypotheses may be formulated. First, the Mn(III) is assumed

to be responsible for the strongest effective hyperfine

coupling (isotropic component) and is hence located on

site 1 (hypothesis 1). Such a situation is observed for the

Mn(III) ion in mixed-valence Mn(III)Mn(IV) systems.

Second, the Mn(III) is located on site 2 that presents the

strongest anisotropic effective hyperfine tensor (hypothesis

2). This is also the case for strongly antiferromagnetically

coupled Mn(III)Mn(IV) complexes.

The algebraic values of hSi,ziGS are listed in Table 4. It is

astonishing to see that from the absolute values first

calculated, a unique combination of signs is possible. Two

sites present a positive spin projection, the other two a

negative one. Within hypothesis 2, the negative spin

projections correspond to sites 3 and 4 that present the

smallest spin densities (in absolute value). Note that within

this hypothesis, the Mn(III) centre does not present the

greatest spin density.

As mentioned previously, the F5% margin is added to

the spin projection values to take into account uncertainties

in spin parameters.

5.3. Study of a model magnetic topology

The space of six magnetic exchange coupling constants

between the four paramagnetic ions, that is five Jlm/Jjk-



Table 4

Spin projection values deduced from the EPR simulation of the untreated

PSII sample depending on the location of the Mn(III) site (see text)

Site i 1 2 3 4

jAi ,isoj (MHz) 329 257 243 186

Hypo 1 III IV IV IV

hSi,ziGS +0.857 +0.542 �0.513 �0.392 +0.494a

Hypo 2 IV III IV IV

hSi,ziGS +0.694 +0.669 �0.513 �0.392 +0.458a

a The sum of the four spin projections is indicated in the right column.
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ratios, is too large to be explored without restrictive starting

hypotheses based on a selection of experimental data.

Although the resolution of the crystal structures of Photo-

system II from either cyanobacterium T. elongatus [3] or

cyanobacterium Thermosynechococcus vulcanus [4] didn’t

specify the distances in the Mn4 unit, it shows that the

electron density of the manganese cluster is bulged in three

directions in the form of a dYT. The same motif is also found

by Ferreira et al. [5] on the cyanobacterium T. elongatus. It

has to be noticed that conditions to grow crystals are

different from those used to record EPR spectra. The way

this influences the structure of the Mn4 cluster is largely

unknown. However, it seemed to us an interesting way to

explore a magnetic topology in which the paramagnetic ions

are eventually closer together than in the nearly linear

magnetic arrangement known as the dimer of dimers of

bKlein’s modelQ. We propose to study the model including

four exchange coupling constants shown in Scheme 1 and

we apply it to untreated PSII. Note that Klein’s model is

included in this 4J-coupling scheme if one sets JNV or JNVV
to zero.

The experimental spin projections, independent of the

coupling scheme, have already been listed in Table 4 and the

values including the F5% margin are reproduced in Fig. 1

for the untreated PSII within hypothesis 2.

In the exchange coupling approach, we firstly locate the

Mn(III) ion successively on the three different positions

(Extremity, Node or Vertex) of the magnetic structure and

then allow each Jlm-constant to vary independently in the

relative range [�10, +2] in arbitrary unit. We then follow the

general method exposed in Section 4.

At the end of the comparison process between exper-

imental and calculated spin densities according to the

criteria we have stated, we reach an important conclusion:

if we suppose that jAMn(III),isoj=329 MHz (hypothesis 1),

there is no solution (that is to say no { Jlm}-set) which can
Scheme 1. The investigated Y-shape 4J-coupling topology.
reproduce the corresponding {hSi,ziGS}-set values. On the

other hand, we obtain solutions for jAMn(III),isoj=257 MHz

(hypothesis 2) whatever the position (E, N or V) of the

Mn(III) ion in the topologic scheme. We shall explore these

cases in more details.

First, when the Mn(III) ion is located at the extremity

(see Fig. 3), we get solutions with a strong to medium

antiferromagnetic coupling JNE in the (III,IV) pair (�350 to

�55 cm�1) and a coupling between the two Mn(IV) vertices

which is weakly antiferromagnetic (�45 to �15 cm�1). One

of the JNV constants must be slightly ferromagnetic (10 to

45 cm�1) and the other JNV constant is medium antiferro-

magnetic to ferromagnetic (�70 to +20 cm�1). A solution

with two simultaneously zero constants is excluded.

When the Mn(III) ion is located at the node of the model

(see Fig. 4), the solutions can be divided into two families.

The first one appears unrealistic: one of the two (III,IV)

pairs connecting the node and a vertex is almost uncoupled

(�15 to 0 cm�1) and the other one is ferromagnetically to

weakly antiferromagnetically coupled ( JNV from �15 to 50
Fig. 3. { Jlm}-set values solutions of the 4J-coupling scheme for the

untreated PSII samples with the Mn(III) ion at the extremity. The spin

projections are calculated within hypothesis 2. Solutions are plotted as JNV
(top) and JEN (bottom) as functions of JNV’ with JVV’ ranging from �45 to

�30 cm�1 ( ) or equal to �25 (), �20 ( ) or �15 cm�1 (+). All the

plotted J-constants were approximated to the closest modulus 5 value.
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cm�1). In the other family the (IV,IV) pair is strong to

medium antiferromagnetic ( JVVV from �250 to �50 cm�1),

the (III,IV) pair connecting the node to the extremity is

weakly antiferromagnetic ( JNEc�25 cm�1) and the other

(III,IV) constants connecting the node to the vertices range

from �140 to 0 cm�1. However we notice that in such

solutions small changes in the J value result in the S=1/2

state to be no longer the ground state.

Finally, when the Mn(III) ion is at a vertex (see Fig. 5),

we obtain solutions with all Jlm-constants antiferromagnetic

and of the same order of magnitude (four strongly

antiferromagnetic constants or four intermediate antiferro-

magnetic ones). Such a magnetic topology with spin

frustration on the triangular core allows to spray out the

total spin density on the four ions. It also avoids having a

high-lying first excited state in spite of the great coupling

constants. Furthermore it is likely in a structure with several

oxo and carboxylato bridges.
Fig. 4. { Jlm}-set values solutions of the 4J-coupling scheme for the

untreated PSII samples with the Mn(III) ion at the node. The spin

projections are calculated within hypothesis 2. Solutions are plotted as JNV
(top) and JEN (bottom) as functions of JNV Vwith JVV Vranging from �25 to

�20 cm�1 ( ), from �35 to �30 cm�1 (), from �100 to �40 cm�1 ( )

or from �240 to �105 cm�1 (+). All the plotted J-constants were

approximated to the closest modulus 5 value.

Fig. 5. { Jlm}-set values solutions of the 4J-coupling scheme for the

untreated PSII samples with the Mn(III) ion at the vertex VV. The spin

projections are calculated within hypothesis 2. Solutions are plotted as JNV
(top) and JEN (bottom) as functions of JNVVwith JVVVranging from �290 to

�250 cm�1 ( ), from �155 to �95 cm�1 (), from �80 to �35 cm�1 ( )

or from �30 to �20 cm�1 (+). All the plotted J-constants were

approximated to the closest modulus 5 value.
We remark that, whatever the location of the Mn(III) ion,

the interactions between the extremity and the node and

between the two vertices are strictly antiferromagnetic; so a

ferromagnetic connection may not be a terminal one in

untreated PSII.
6. Discussion

Collinear and rhombic g- and Mn-hyperfine tensors of a

S=1/2 system interacting with four IMn=5/2 nuclear spins

were successfully used to simulate S2-state X-band EPR

spectra from untreated and MeOH- and NH3-treated PSII

samples. With the exception of the ammonia treatment, a

single tensor is found anisotropic. This is an important result

since it subsequently validates the presupposed collinearity

of the tensors.



Fig. 6. A pecular { Jlm}-set (in cm�1) which can produce the multiline

signal (top) and two { Jlm}-sets (in cm�1) with an S=5/2 ground spin-state

(bottom). The later are generated by the hop of the Mn(III) site from VVto N
or V.
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It is worth noticing that most of the previously published

simulations assumed axial symmetry with the four Mn-

hyperfine tensors sharing the same distortion direction (all

the z-axes are parallel). Our choice is less restrictive. For

instance, if we take the values reported in Table 1, the four

Mn-hyperfine tensors are found close to axial symmetry,

with the principal distortion axis aligned along the y-axis for

sites 1 and 2 and along the z-axis for sites 3 and 4.

Compared to the previous works, we here allow the

principal distortion axes of the Mn sites to be perpendicular

one to the other.

The elaboration of a magnetic coupling scheme lies on

the isotropic parts of the Mn-hyperfine tensors. It has been

previously shown for the Mn-catalase that the improvement

in the determination of the g-anisotropy using high-field and

high-frequency EPR experiments leads to a deviation lower

than 3% for the isotropic component of the Mn-hyperfine

tensors [63]. In the investigated untreated PSII system, we

obtained a g-anisotropy comparable with the ones deter-

mined for dinuclear Mn systems from high-field and high-

frequency EPR data. The possible deviations on jAi,isoj
originating from the g-anisotropy are in fact considered

when including the F5% margin for the spin densities.

Our approach requires the choice of intrinsic Mn(III)

and Mn(IV) hyperfine coupling constant-values. We favour

an enzymatic system compared to synthetic models and

parameters from the Mn(III)Mn(IV) form of the catalase

were thus chosen. From a comparison with synthetic

models, the 192 MHz jaMn(III),isoj-value is smaller than the

ones usually found for di-A-oxo systems with Mn(III) ion

in a N4O2 environment (205–230 MHz) [57,63,69,70] but

is closer to what is found for di-A-oxo-A-acetato (195–205

MHz) [57,63] or mono-A-oxo (c185–190 MHz) [71,72]

compounds. On the reverse, the 237 MHz jaMn(IV),isoj-
value is larger than the reported values for di-A-oxo (215–

225 MHz), di-A-oxo-A-acetato (205–215 MHz) and mono-

A-oxo (c185 MHz) species. These differences may

originate from the chemical ligation of the Mn ions. The

X-ray structure recently published by Ferreira et al. [5]

identified six direct protein ligands for the four manganese

ions with five oxygen and one nitrogen coordinating

atoms. The remaining coordinations sites are filled by

either water, hydroxyls or bicarbonate. The Mn ligands are

thus mainly oxygenated.

Several attempts were performed to test the compatibility

of possible magnetic topologies with hyperfine couplings,

but restrictive hypotheses were always formulated. As

previously mentioned, the composition 3Mn(III)1Mn(IV)

can be discarded. For the 1Mn(III)3Mn(IV) composition, a

linear 3J-coupling model has been explored but deduced

from a structural proposal with two di-A-oxo and one mono-

A-oxo bridges. Therefore, the whole space of J-values is far

from being totally investigated [46]. The other tested

magnetic topologies included four or more J-constants but

assumes the presence of one strongly antiferromagnetically

coupled Mn(III)Mn(IV) subunit at least [12,13]. Based on
the first published X-ray structures [3,4], we deliberately

restrict the magnetic topology to a Y-shape 4J-coupling

scheme that includes the bdimer of dimersQ model from

Klein’s group. Within this framework, 4J-sets are indeed

obtained that reproduce the calculated spin densities and

lead to a S=1/2 ground state with a 30 cm�1 first excited

spin state. No model accounting for a linear topology with

one zero-constant and three strong antiferromagnetic

exchange interactions was found suggesting that the so-

called bdimer of dimersQ model is not appropriate for the S2-

state. In addition, no restriction resorting on the presence of

one strongly antiferromagnetically coupled Mn(III)Mn(IV)

unit was stated for the J-values. Consequently, some of the

solutions plotted here could not be obtained by Hasegawa

and coworkers [12,13] despite their impressive work.

Among the proposed magnetic coupling models, a

selection can be further performed based on the explanation

of the other EPR signatures of the Mn4-cluster. For instance,

the conversion of the multiline spectrum to the g=4.1 signal

is a crucial point, as previously mentioned [10–12].

However, it has to be specified that one must refer to the

coupling constants expressed in wave numbers rather than

in arbitrary units. Starting from the plotted J-values in Figs.

3–5 and assuming the same location for the manganese

valences, it was impossible to obtain a SN3/2 ground spin

state when allowing the J-constants to vary by F30%.

However, a S=5/2 ground spin state can be reached if the

Mn(III) ion is located on a neighbouring site. A variation of

at most 10% was assigned for the Mn pairs remaining at the

IV–IV level, if any, upon the new location of the Mn(III)

ion. On the reverse, no restriction was specified for the Mn

pairs that change in oxidation state. An example is given in

Fig. 6.

Only the isotropic components of the Mn-hyperfine

tensors were analysed. Anisotropies were only used to
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corroborate the 1Mn(III)3Mn(IV) composition. The hyper-

fine anisotropy of site i originates from both the intrinsic

hyperfine anisotropy of the Mn ion and the zero-field

splitting effects. Using either high-field and high-frequency

EPR or parallel detection mode at X-band, a great variety of

zero-field splittings were determined for mononuclear

Mn(III)-based systems either biological or synthetic, a

majority of the axial parameter D being negative [73–82].

Weaker effects are usually found in Mn(IV) systems. As

clearly demonstrated for dinuclear systems, the zero-field

splitting effect on the Mn(III) centre can be transferred to the

adjacent Mn site [46,56,57]. The transfer increases with

increasing local DMn(III)-value and/or decreasing energy

gaps between the S=1/2 ground state and the excited spin

states. Consequently, the presence of only one strongly

anisotropic hyperfine tensor for the untreated PSII sample

that presents a low-lying excited spin state (30–40 cm�1)

suggests that the zero-field splitting effect on the Mn(III) ion

is small. Indeed, when assuming an axial zero-field splitting

effect on the Mn(III) ion characterized by a jDj-value
smaller than 2 cm�1, an exact calculation of the spin density

matrices [qi] and consequently of the intrinsic Mn-hyperfine

tensor from the effective [Ai]-tensor (1ViV4) according to

Eq. (5) demonstrates that the local isotropic component

ai,iso-values depart from those of the catalase by less than

the allowed F5%. On the other hand, two hyperfine tensors

for the NH3-treated sample present similar but high

anisotropy. This may indicate a stronger zero-field splitting

effect on the Mn(III) site consequently to the ammonia

treatment, the separation in energy with the first excited spin

state being comparable in both the untreated and NH3-

treated samples (c30 cm�1).
7. Conclusion

S2-state X-band EPR spectra recorded on untreated and

MeOH- and NH3-treated PSII samples from spinach were

successfully simulated. Only the untreated system was

further considered. The resulting Mn-hyperfine tensors are

indicative of a 1Mn(III)3Mn(IV) composition. Assuming a

Y-shape 4J-coupling scheme, the spin densities of the Mn

ions determined from the isotropic part of the hyperfine

interactions can be reproduced with four intermediate to

strong antiferromagnetic exchange couplings ( J ranging

from �290 to �130 cm�1), as usually determined for Mn-

oxo complexes. Among these solutions, we favoured

location of the Mn(III) on one vertex.

The X-ray structure recently published by Ferreira et al.

is very stimulating. Indeed, the four manganese ions seem to

be in an even closer magnetic interaction than the Y-shape

4J-coupling scheme model investigated in this work and a

fifth exchange interaction may be present, between sites V

and E for instance (see Scheme 1). An analysis of the S=1/2

EPR signature of a new synthetic tetranuclear Mn(III/IV)-

based system would be of great help in this respect. The X-
ray structure also suggests rich oxygen coordination for the

Mn ions. To investigate their hyperfine and zero-field

splitting characteristics, the synthesis of polynuclear man-

ganese complexes with N2O4, NO5 or even O6 surroundings

for the metallic ions is a challenge for the inorganic

chemists.
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