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ABSTRACT 

A study of the hydrogen hyperfine couplings of the Mn-cluster of the oxygen-evolving complex of 

Photosystem II in the S2 state of the Kok cycle by means of Hyperfine Sublevel Correlation 

Spectroscopy was achieved. Features corresponding to hyperfine interaction of at least two hydrogen 

nuclei were detected. Combining our results with previous ENDOR data, hyperfine constants were 

determined, and using a model for the structure and electronic spin state of the Mn-cluster relevant 

structural information of the S2 state was obtained. This new information can be used for improving our 

knowledge about the structure and function of the Mn-cluster during light-driven water oxidation 

reaction in oxygenic photosynthetic organisms. 
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INTRODUCTION 

Oxygen-evolving complex (OEC) is the part of the Photosystem II (PS II) where the light-driven 

water oxidation takes place in cyanobacteria, green algae and higher plants. The water oxidation 

proceeds through a cycle of (at least) five steps known as Kok cycle. Each step is identified as a Si (i = 0 

to 4) state and is characterized, among other structural and electronic changes, by a specific oxidation 

state of a cluster of four Mn atoms (Mn-cluster). This cluster is believed to catalyse the water-oxidation 

process within the OEC. The atomic and electronic structure of the Mn-cluster in each Si state has been 

extensively studied, as they are considered key features for understanding its function. However, many 

questions still remain unresolved. In the last years, different structural data from X-ray diffraction, 

EXAFS, and theoretical chemistry have been used to obtain a structural model, but the evidence seems 

to be difficult to reconcile1-3. Similarly, several models have been proposed for the electronic structure 

of the Mn-cluster with different number of Mn atoms, oxidation numbers, spin states or exchange 

coupling schemes4-7. Additionally, the role of a Ca2+ and a Cl- ions in the Mn-cluster structure and 

function is under discussion. Other interesting questions are when and how the catalytic water 

molecules enter the Mn-cluster environment5,6,8. 

Electron Paramagnetic Resonance (EPR) techniques have given useful information on the structure 

and spin state of the Mn-cluster. Continuous wave (CW) EPR spectra of So, S1, S2 and S3 states of the 

cluster have been reported9,10. For So and S2, the hyperfine splitting of the CW-EPR signals has been 

interpreted as due to interaction of the total electronic spin with the 55Mn nuclei. A model that related 

the exchange coupling scheme with the measured hyperfine splitting was developed4,11,12, and the 

estimation of the hyperfine coupling of the four 55Mn nuclei from CW-EPR and Electron Nuclear 

Double Resonance (ENDOR) measurements allowed determination of a quite detailed picture of the 

electronic structure of the Mn-cluster in So and S2 states7,13. For the S2 state, the total spin is ST = ½, and 

it comes from a strongly exchange coupled system formed by three Mn(IV) centers and one Mn(III). 

Several coupling schemes have been considered compatible with the experimental evidence. Among 

them, the “trimer-monomer” scheme (also known as “Dangler model”) has received much attention in 
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the last years, as it seems to be supported from other structural data3,4,14. Nevertheless, some details of 

the model, as the precise values of the exchange coupling constants and the actual position of the 

Mn(III) center within the cluster, remain unresolved. 

EPR techniques are also suitable for detecting (weak) hyperfine couplings between the electronic spin 

and hydrogen nuclei from water, thus giving details on the OEC water oxidation process. Accordingly, 

several 1H-ENDOR and Electron Spin Echo Envelope Modulation (ESEEM) measurements of the Mn-

cluster in the S2 state have been reported15-19. Spectral features associated with 1H hyperfine coupling 

were indeed detected. Unfortunately, there are several signals in the spectra that are not clearly resolved, 

and some others are very weak. Consequently, the number of 1H nuclei and hyperfine constants used by 

different groups for interpreting the results are not the same. The problem of assigning ENDOR and 

one-dimensional (1D) ESEEM signals in orientationally disordered samples with many anisotropic 

hyperfine couplings is common in biological paramagnetic systems. Two-dimensional (2D) ESEEM 

techniques can resolve it as the superimposed 1D signals become well separated in a 2D spectrum. In 

particular, Hyperfine Sublevel Correlation Spectroscopy (HYSCORE), which is a 2D ESEEM technique 

based on a four pulse sequence, has demonstrated to be useful to characterize hyperfine coupling in 

orientationally disordered samples of biological systems20-22. 

Having these ideas in mind, in this paper we present a study of the 1H hyperfine interactions with the 

Mn-cluster of PSII in the S2 state by means of HYSCORE experiments. From the combined analysis of 

our results and previously reported ENDOR measurements, hyperfine constants for at least two 1H 

nuclei were obtained. These constants could offer valuable insights about the presence of water 

molecules in the structure of the Mn-cluster in the S2 state of the Kok cycle. The information obtained 

from our measurements should be taken into account, in combination with other evidences from X-ray 

diffraction, EXAFS, CW-EPR, 55Mn ENDOR, mass spectrometry and others, for establishing a suitable 

model for the Mn-cluster structure and function. 
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EXPERIMENTAL METHODS 

Preparation of PSII samples in S1 and S2 states 

Highly-enriched oxygen-evolving PSII membranes were isolated from market spinach according to 

22,23. Samples were suspended in 0.4 M sucrose, 15 mM NaCl, 5 mM MgCl2 and 50 mM 2-(N-

morpholino)ethanesulfonic acid (Mes)-NaOH, pH 6.0. PSII membranes exhibited oxygen evolution 

rates of 480 ± 30 (µmol O2) (mg Chl)-1 h-1 using 2,6-dichloro-benzoquinone (DCBQ) as artificial 

electron acceptor. PSII membranes samples at ~10 mg Chl/mL were frozen in liquid nitrogen and stored 

at -80ºC until use. 

The S1 state was generated in PSII samples inside quartz tubes (707-SQ from Wilmad Labglass) by 

annealing in the dark at room temperature for several minutes. S2 state was generated by illumination at 

low temperature (200 K). A 24V-250W tungsten halogen lamp  was used as the white light excitation 

source. The light beam was focalised on the sample for about 90 s. S2 state was reached as the CW-EPR 

spectra of illuminated samples showed the typical multiline (MLS) feature24. Subsequently, samples 

were kept at liquid nitrogen temperature and transferred into the resonant cavity without significant 

warm up. 

 

HYSCORE measurements 

The measurements were performed in a Bruker ESP380E spectrometer working at X-band. The 

HYSCORE measurements were typically performed at 5 K. A liquid helium refrigerated Oxford CF935 

continuous-flow cryostat was used. The four-pulse sequence (π/2 -τ - π/2 – t1 - π - t2 - π/2 - τ), with t1 and 

t2 varying independently, was used for HYSCORE experiments. Sampling time, ∆t, was typically 16 ns 

(Nyquist frequency 31.25 MHz). Spectra consisting of an array of 120×120 points were performed for 

different τ values using an appropriated 8-step phase cycling in order to minimize unwanted echoes. 

Finally, a value of τ = 200 ns was chosen since it enhances the proton signal intensity. The raw 2D time 

domain spectra were processed using the WINEPR software from Bruker. A two-dimensional Fourier 

transform was performed after subtracting the background decay modelled by a polynomial function of 
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third degree followed by a zero-filling to 256 points in each dimension and tapering with a Hamming 

window. The spectra shown correspond to the magnitude of the frequency-domain signals. 

HYSCORE simulations 

For spectra simulation we used a computer program developed in our laboratory. An isotropic 

electronic g-factor was assumed25 and the effective spin formalism26 was used. As we are interested in 

1H transitions, the nuclear spin Hamiltonian for each electronic spin manifold (< Sz > = ±½) contains 

the nuclear Zeeman and the hyperfine contributions. The input parameters for the computer simulation 

program were: the applied magnetic field strength, τ value, the Nyquist frequency, and the hyperfine 

coupling constants. Uniformly distributed values for the molecular orientation, typically more than 106, 

covering the whole sphere were taken. The nuclear frequencies and nuclear wave functions in each 

electronic spin manifold were calculated for different orientations of the magnetic fields by 

diagonalizing the nuclear Hamiltonian. The HYSCORE signal was calculated using the general 

expression given by Schweiger and Jeschke21. The obtained HYSCORE spectra consisted of an array of 

513×257 equally spaced points in the (ω1, ω2) plane. 

Model for the 1H hyperfine interaction 

The model for understanding the experimental hyperfine constant as a function of the spatial 

distribution of the Mn atoms and the 1H nuclei is based on previous descriptions7,13,16. A hyperfine 

contribution to the Spin Hamiltonian like the following gives account of the experimental results: 

 

 hfH(1H) = ST Σi (HA)i (HI)i       (1) 

 

where ST is the total effective electronic spin ST =1/2, (HI)i are the nuclear spin of each 1H nucleus (HI 

=1/2), and (HA)i are the total hyperfine tensors for each 1H nucleus. These hyperfine tensors can be 

calculated as: 

 

 (HA)i = Σj ρj (Ha)ji  (j from 1 to 4)      (2) 
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where (Ha)ji are the hyperfine tensors of the i-th 1H nuclear spin with the j-th individual Mn electronic 

spin, and ρj is the “projection constant” of the total electronic spin on the j-th Mn atom7,13. When the 

nucleus and the atom are about 2.4 Å away or farther, the (Ha)ji tensors can be easily calculated in the 

“point dipole approximation”21. In such a case, (Ha)ji tensors are axial, with the principal direction z 

corresponding to the segment joining the Mn atom and the 1H nucleus positions, with principal value 

 

(Ha)ji
z = 2 (geµegNµN /rji

3)       (3) 

 

where rji is the distance between the j-th Mn atom and the i-th 1H nucleus, and 

 

geµegNµN = 79 MHz Å3       (4) 

 

for a 1H nucleus. The two other principal directions x and y lie on the normal plane to Mn-1H segment, 

and their principal values are both 

 

(Ha)ji
 x, y = - (c/rji

3)        (5) 

 

Note that, although in this approximation all the (Ha)ji tensors are axial, it does not necessarily have to 

be so for each (HA)i, as the principal directions of the four (Ha)ji tensors contributing to it (see eq. 2) are 

in principle different. 

Calculation of hyperfine constants for 1H nuclei 

A FORTRAN computer program was developed in our laboratory for calculating hyperfine constants 

of 1H nuclei as a function of their position with respect to the Mn-cluster model. This program makes 

use of the “point dipole approximation”. The hyperfine interaction tensor is calculated by adding the 

contribution of the spin populations at each Mn-atom. The obtained (3 x 3) matrix is then diagonalized 
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to obtain the hyperfine constants. The program can be used to detect the positions of 1H nuclei 

compatible with some given hyperfine constants, or to obtain the hyperfine constants for a given 

position. The input parameters for the computer simulation program are the number (2 or 4), positions 

and assigned projection constants of the Mn atoms. 

RESULTS 

HYSCORE experiments 

The conventional illumination at 200 K from the dark stable S1 state was used for obtaining the S2 

state of the PSII samples. Advancement to the S2 state could easily be monitored by CW-EPR as the 

MLS in the g ≈ 2.00 region was detected. The stable YD radical signal was also detected in CW-EPR 

spectra of both S1 and S2 states. For HYSCORE measurements, several magnetic field positions within 

the MLS region, but far enough from the YD signal, were selected (see Supporting Information, figure 

S1). HYSCORE spectra showed no trace of YD features27, but several ones corresponding to the 

cytochrome (Cyt) b559 center appeared22. The HYSCORE features associated to the Mn-cluster S2 state 

were those that have not been previously reported for Cyt b559 and YD
22,27, and that appeared only in the 

S2 state spectra (see Supporting Information for spectral comparison). Such HYSCORE features were in 

the 1H interaction region. As the contribution of the HYSCORE spectra for the S1 state in this region 

was negligible, no subtraction of these spectra from the S2 ones was necessary. These features are 

shown (Figures 1A and 1B) for two magnetic field values (338 mT and 370 mT). They consist in weak 

correlation signals close to the diagonal of the spectrum at the 1H Larmor frequency of the positive 

quadrant. All these signals were just detected for a narrow range of τ values around 200 ns. They can be 

described as two correlation signals (numbered 1 and 2 in Figure 1A and 1B) symmetric with respect to 

the quadrant diagonal. They are better resolved in spectrum at 338 mT (Figure 1A), where signal 1 

displays the shape of a quite narrow ridge, nearly perpendicular to the diagonal, spanning from (12.4 

MHz, 16.6 MHz) to (13.8 MHz, 15.2 MHz). Signal 2 shows a quite different shape. Their correlations 

ridges are broader and are not perpendicular to the diagonal. Two blue lines are drawn in Figure 1A to 

show the approximated limits of the ridge widths. Although signals 1 and 2 are partially superimposed, 
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their different directions and widths allow them to be distinguished. Signals 1 and 2 could also be 

identified in HYSCORE spectra at other field positions, although they displayed even weaker features. 

In the spectrum at 370 mT (Figure 1B) signals 1 and 2 are not displayed as ridges, but just as peaks 

above the noise level in the highest intensity positions. Very weak evidences of signals 1 and 2 were 

also detected at other positions between 310 mT and 390 mT (data not shown). Additionally, the 

diagonal feature around the 1H Larmor frequency is quite more intense in S2 than in S1 HYSCORE 

spectra (see Figures S2 to S5 in Supporting Information). Although a part of these features are due to 

unwanted 3-pulse echoes, the diagonal feature is an indication of “remote” 1H nuclei (i. e., 1H nuclei 

showing very weak hyperfine coupling). 

For the analysis of signals 1 and 2 we made use of comparisons with previous 1H ENDOR results. It 

was thus convenient to obtain the profiles of the HYSCORE features on each frequency axis (usually 

known as skyline projections). We eliminated all the correlations and diagonal features of the 2D 

HYSCORE spectrum, except signal 1 or signal 2, and then we obtained the skyline projections in ω1 and 

ω2 axes (Figure 2). They were compared with previously reported ENDOR spectra15-17,19, taking into 

account the different intensities of the signals obtained from the two techniques (see below). 

Analysis of the spectral features 

First estimation of hyperfine parameters from correlation ridges 

Signals 1 and 2 were both assigned to hyperfine interactions of the Mn-cluster electronic spin with 1H 

nuclei. In HYSCORE experiments of orientationally disordered samples, correlations corresponding to a 

1H axial hyperfine interaction display rather narrow ridges, which follow straight segments when the 2D 

frequency spectrum is represented in a (ω1
2, ω2

2) plot. When the 1H hyperfine interaction is rhombic, 

correlations show triangle shape in the (ω1
2, ω2

2) plot. The triangle sides or the segment orientations are 

related with the hyperfine constants, and allow estimating them in each case20,28. Parts of the 

correlations (triangle or segment shaped) are usually lost because of small or no intensity of the 

HYSCORE signal for some orientations of the paramagnetic center, especially when the signal is weak. 

This causes inaccuracy in the estimation of the hyperfine constants or even prevents any significant 
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estimation, when the segment or triangle shapes cannot properly be identified. Nevertheless, a rhombic 

interaction may be inferred when the detected ridges are broad. 

In our case, ridges of signal 1 were short but enough for a first estimation of the hyperfine parameters. 

They correspond to an axial hyperfine interaction, characterized by the isotropic, a, and the anisotropic, 

T, contributions20,28, with a 1H nucleus, hereafter called 1H1, with two compatible sets of parameters: 

 

 i) T1 = +2.9 ± 0.5 MHz  or ii) T1 = +2.9 ± 0.5 MHz  (6) 

   a1 = -4.2 ± 1.5 MHz       a1 = +1,3 ± 2.5 MHz 

 

where the two different principal values of the hyperfine tensor are (A||)1 = a1 + 2 T1, (A⊥)1 = a1 - T1. 

The ridge orientation allowed determination of the extremal values of the hyperfine interaction, but the 

uncertainty of assigning those values to A|| or A⊥ made these two sets compatible20. Even two additional 

sets would be compatible, corresponding to a simultaneous change of the signs of a and T, although in 

the following we only show the results with T > 0. 

The error values were estimated form the HYSCORE signal width, that causes the inaccuracy of the 

parameters determining the straight segment in the (ω1
2, ω2

2) plot. It is seen that the anisotropic constant 

T1 is obtained with a fair accuracy, whereas a1 estimation is quite inaccurate. 

As signal 2 displayed a feature broader than a single ridge, we assigned it to a rhombic hyperfine 

interaction with another 1H nucleus, called 1H2 hereafter. We made use of the blue lines in Figure 1A as 

the limit sides of the features for a first estimation of the hyperfine constants. The extremal values for 

the hyperfine interaction of these limit sides would be: 

 

(A2)u1 = + 13 ± 2 MHz     (A2)u2 = -9 ± 2 MHz   (7) 

 

for the upper line (indicated with the superscript “u”), and 
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(A2)l1 = + 17 ± 3 MHz     (A2)l2 = -7 ± 2 MHz   (8) 

 

for the lower one (superscript “l”). This would correspond to a rhombic hyperfine interaction, 

characterized by the parameters a, T and δ28, of 1H2 with the following two sets of compatible hyperfine 

parameters: 

 

   i) T2 = +8 ± 2 MHz   or ii) T2 = +8 ± 2 MHz 

    δ2 = +3 ± 3 MHz        δ2 = +3 ± 3 MHz   (9) 

    a2 = -9 ± 5 MHz       a2 = 0 ± 4 MHz 

 

where the principal values of the hyperfine tensor would be (Ax)2 = (a2 - T2 - δ2), (Ay)2 = (a2 - T2 + δ2), 

(Az)2 = (a2 + 2 T2). 

Again the error values come from the HYSCORE signal width. These rather crude estimations were 

refined as it will be shown in the next section. Nevertheless, some first conclusions could be obtained 

such as hyperfine interactions of the Mn-cluster in the S2 state with two 1H nuclei were detected, one 

showing an axial A tensor and another a rhombic one. The anisotropic T constant is larger for the 

rhombic one, indicating that this nucleus is closer to the Mn-cluster than the one responsible for the 

axial interaction. 

Refinement of the estimated hyperfine constants, comparison with previous ENDOR data and 

HYSCORE simulations. 

The uncertainty between the two sets of hyperfine parameters can sometimes be resolved by analysing 

the intensities of the correlation ridge in the spectrum. To do that, we will pay attention to the skyline 

projections in Figure 2. Besides, comparison with previously reported ENDOR experiments15-17,19 can 

also help to resolve the uncertainty and to determine the hyperfine constants more accurately, as some 

of the ENDOR features should correspond to the same interactions that cause our HYSCORE signals. 
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For a better understanding of the following analysis, we will first discuss the intensities and shapes of 

ENDOR and HYSCORE features. Intensities of ENDOR signals from orientationally disordered 

samples are mainly related with the symmetry of the hyperfine interaction. When the A tensor is axial, 

the most intense feature corresponds to the perpendicular orientation, and in many cases only the feature 

associated to A⊥ is detected17. When the A tensor is rhombic, the feature corresponding to the 

intermediate principal value, (Ay), displays the most intense feature, and many times is again the only 

one detected. Intensities in HYSCORE experiments are more complex. They also depend on the tensor 

symmetry: positions near to A⊥ or (Ay) are favoured in each case. However, the influence of the 

HYSCORE “modulation depth” must also be considered21. This is a function of the experimental τ 

value and the transition probabilities in the nuclear Hamiltonian. For the principal directions of the 1H 

hyperfine tensors the modulation depth vanishes. Then, for axial hyperfine interactions, the combination 

of these two contributions causes the highest intensity of the HYSCORE features to be near the A⊥ 

position, but not exactly in it. For a rhombic interaction, the position for the highest intensity is more 

difficult to be predicted, but will usually be near the intermediate Ay one. 

We made use of these ideas to analyse skyline projections in Figure 2. For signal 1, the highest 

intensity appears for a hyperfine parameter (estimated from the distance between the two maxima) A ≈ 3 

MHz. The two sets of hyperfine constants for this signal (Eq. 6) predict A⊥ values of about 7 MHz or 2 

MHz, respectively. The closest value corresponds to the ii) set, the one of the smallest |a1| value. In 

signal 2, the highest intensity is displayed for a value of the hyperfine parameter A ≈ 5 MHz. 

These results can be compared with those obtained by other authors in 1H ENDOR studies of the Mn-

cluster S2 state. Several authors have reported CW-ENDOR experiments on this system, where two 

main features that correspond to hyperfine parameters A = 2.3 MHz and A = 4.0 MHz were 

detected15,16,19. Besides, pulsed ENDOR spectra were reported17 where those signals were seen, but 

additional signals also appeared: for instance, a well characterized shoulder shaped feature at about A = 

9 MHz, a small contribution at about A = 5.5 MHz, and a weak contribution that spreads to values as 
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large as A = 14 MHz. In those previous studies, the authors tried to assign these ENDOR signals to 

hyperfine interaction of 1H nuclei near the Mn-cluster, but in all the cases axial hyperfine interactions 

were only considered. This is a logical restriction when no other evidences can be used, as it reduces the 

number of hyperfine constants to be determined from the experiments. However, it implies a severe 

limitation for describing the interactions that are actually taking place. In fact, in a system where the 

electronic spin is so spatially distributed as it is in the Mn-cluster, hyperfine interactions are in general 

rhombic even when the “point dipole approximation” is suitable (see Materials and Methods and 21). 

Axial hyperfine interactions are only displayed by 1H nuclei placed in the few positions where two of 

the principal values of the complete hyperfine tensor (HA)i coincide. This situation contrasts with the 

case of a 1H nucleus interacting with an electronic spin well localized in an atom, where the hyperfine 

interaction in the “point dipole approximation” is always axial. 

Our HYSCORE results have identified one 1H nucleus with an axial interaction and another 1H 

nucleus with a rhombic one, and have provided a first estimation of their hyperfine constants. We can 

now make use of the previously reported ENDOR results15-17,19 to refine this estimation if we can assign 

the ENDOR features to our HYSCORE detected interactions. 

As we have explained above, the position of highest intensity in the skyline projection of each 

HYSCORE signal should be close to their corresponding ENDOR features. We can then assign the 

ENDOR feature A = 2.3 MHz to 1H1 (whose highest intensity corresponds to A ≈ 3 MHz), and the 

ENDOR feature A = 4.0 MHz to 1H2 (as its highest intensity corresponds to A ≈ 5 MHz). Thus the value 

(A⊥)1 =2.3 MHz can be selected. This allows us to select the set ii) of the hyperfine constants in (6) for 

1H1, and to improve the accuracy of these values as now the error values mainly come from the ENDOR 

signals width: 

 

T1 = +2.9 ± 0.5 MHz       (10) 

  a1 = +0.6 ± 0.6 MHz 
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From the assignment of ENDOR A = 4.0 MHz feature to 1H2, the intermediate principal value should 

be (Ay)2 = 4.0 MHz. This is only compatible with the set ii) of 1H2 hyperfine constants in Eq. (9). This 

implies that the other two principal values of the hyperfine tensor of 1H2 would then have larger 

absolute values than (Ay)2, and that (Ax)2 and (Az)2 should have opposite signs. Following an analysis 

similar to the one used by Aznar and Britt17 for axial hyperfine interactions, we can draw the typical 

pulse ENDOR signal associated to this kind of rhombic interaction. It can be seen in Figures S6-S7 of 

Supporting Information. Besides the peak in the intermediate principal value position, the pulse 

ENDOR shape associated to such a rhombic hyperfine interaction shows two shoulders in the spectral 

intensity. The shoulder corresponding to the principal value closer to the intermediate one is very well 

characterized, whereas the other shoulder is weaker, similar to the one displayed by an axial hyperfine 

interaction in the A|| position. This points to an alternative interpretation of the ENDOR results17 by 

making use of the two hyperfine interactions detected in HYSCORE spectra, one axial and another 

rhombic. The shoulder at A ≈ 9 MHz would not be assigned to a A|| feature but to the Ax position of 1H2, 

as its intensity seems quite more compatible with a shoulder of a rhombic interaction. The other 

shoulder of 1H2 would be at A ≥ 13 MHz, and this would explain the signal at these positions without 

including an additional axial interaction, as other authors suggested17. The A ≈ 1 MHz would be 

assigned, in our interpretation, to remote 1H nuclei, whose contributions are also seen in CW-ENDOR 

spectra and in our HYSCORE experiments. A comparison between the aspects of ENDOR spectra 

obtained from both interpretations can be seen in Figure S7 of Supporting Information. We feel that our 

interpretation explains better the spectral shapes detected in the previously reported pulse ENDOR 

spectra17. Moreover, our interpretation is the only one that takes into account all the experimental 

evidence now available (CW-ENDOR, pulse ENDOR and HYSCORE). 

From this analysis, and considering the ENDOR signals positions, the estimation of the hyperfine 

constants for 1H2 can be refined: 

 

  T2 = +6.7 ± 1.0 MHz 
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  δ2 = +2.7 ± 1.0 MHz       (11) 

  a2 = +0.3 ± 1.0 MHz 

 

 In order to confirm our analysis, we used the refined hyperfine constants for simulating the 

HYSCORE spectra. A comparison between simulated and measured spectra at 338 mT and 370 mT is 

displayed in Figure 3. The good agreement of the simulations further supports the hyperfine constants 

obtained in our previous analysis. 

There is also a “physical” support for the obtained hyperfine constants, as in both cases the isotropic 

contribution is small or negligible. This is the expected result for hyperfine interaction with 1H nuclei 

that are at distances of 2.0 Å or larger and are not directly bound to atoms with noticeable spin density. 

Previous studies indicated that Mn-cluster in the S2 state only show noticeable spin densities in the Mn 

atoms and in the oxygen atoms involved in the oxo-bridges between them1,29. Besides, the obtained 

hyperfine anisotropic constants point to distances to the paramagnetic center larger than 2.0 Å (see 

Discussion below). 

DISCUSSION 

Our analysis has allowed to identify hyperfine interaction of the Mn cluster with two 1H nuclei and to 

estimate their corresponding hyperfine constants within a fair accuracy. This information can be useful 

for answering several key questions about the function of the OEC4, particularly about the structure of 

the Mn-cluster and the presence of water molecules in the S2 state. The interpretation of these results 

requires a “microscopic” model on the atomic and spin spatial distributions in the Mn-cluster center. In 

the last years, data from X-ray diffraction2,30,31 and EXAFS10,32,33, and results from several 

calculations1,3,29 have been handled to obtain the structure of the Mn-cluster in the different Si states, 

particularly in the S2 one. That evidence seems to be difficult to reconcile, and nowadays there is not a 

unique structural model but several proposals that can be considered more or less compatible with the 

literature data. Those models differ in several details, such as the positions of Ca, Cl and oxo-bridge 

atoms, although the Mn-Mn distances are quite preserved among them. Some of them also place several 
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water molecules in the structure for the S2. When the water molecules are near to the Mn atoms, their 1H 

nuclei are indeed candidates to be responsible of the hyperfine interactions detected by HYSCORE and 

ENDOR. 

The hyperfine interactions can be calculated when the knowledge about the positions of the Mn atoms 

and 1H nuclei is combined with a model for the electronic spin distribution. The latter has been 

established in the last years, mainly from data on the 55Mn hyperfine interaction detected in the Mn-

cluster S2 state by using CW-EPR and ENDOR techniques4,7,11,13. The “total” spin ST comes from the 

combination of the individual spins of the four Mn atoms that are coupled by magnetic exchange 

interactions. The hyperfine interaction of the total spin with the four 55Mn nuclei causes the splitting of 

the MLS in CW-EPR spectra and the corresponding features in 55Mn ENDOR spectra. The “effective” 

hyperfine interaction is related with the interaction of each nucleus with its own individual electronic 

spin through four “projection matrices” (that for some descriptions can be approximated to “projection 

constants”) accomplishing: 

 

hfH(55Mn) = ST  Σi (MnA)i (MnI)i (i from 1 to 4)   (12) 

(MnA)i = ρi (Mna)i 

 

where hfH(55Mn) is the part of the spin Hamiltonian giving account of the hyperfine interaction with 

the four 55Mn nuclei, ST is the total spin, (MnA)i are the “effective” hyperfine tensors (i. e., the tensors 

describing the interaction with the total spin responsible for the actual spectral hyperfine splitting), 

(MnI)i are the nuclear spins of each 55Mn nucleus (MnI = 5/2), (Mna)i is the hyperfine tensor that describes 

the interaction of each Mn individual electronic spin with its own nucleus, and ρi are the “projection 

matrices” (or constants) (see Materials and Methods). 

A suitable estimation of ρi requires the knowledge of the total spin ST, the “coupling scheme” of the 

individual spins, and the individual (Mna)i tensors. The latter has been estimated from model 

compounds7,13. Concerning the total spin, it is well established that in the S2 state, ST = ½. Nevertheless, 
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there is many ways for a cluster of four Mn atoms to reach a ground state ST = ½, depending on the 

individual spins and the values of the magnetic exchange constants that couples each pair of Mn atoms. 

The experimental hyperfine splittings and other “physical” constraints of the systems were used to 

estimate the actual “coupling scheme” and the projection constants. The conclusions of those 

studies1,3,7,13 can be summarized as follows: 

a) In the S2 state, most authors consider that three Mn atoms have oxidation number IV and one has 

III. 

b) The most accepted “coupling schemes” are “trimer-monomer” (also known as “Dangler 

model”4,12), where three Mn atoms are strongly coupled, and one “dangling” Mn interacts with the 

trimer through just one “magnetic path” (characterized by one exchange constant). One of the most used 

“Dangler model” schemes was proposed by Kulik et al.3,7, and shows a chain of strong 

antiferromagnetic coupling constants with an additional, weaker coupling constant within the trimer. 

c) The position of the Mn(III) in the cluster has not been yet resolved; models where the Mn(III) is 

placed in the “dangling” Mn position, or in different positions into the trimer, have been 

proposed3,7,13,14. 

d) The model from Kulik et al.7 suggests that the sign of the spin population in each Mn atom (i.e., the 

sign of the projection constants) alternates within the “antiferromagnetic chain”, as other studies have 

proposed13. 

e) Wherever the Mn(III) atom is placed within the cluster, the absolute value of its projection constant 

seems to be larger (between 30% to 90%) than those of the Mn(IV) ones, which have similar absolute 

values between them. 

f) The projection constants ρi obtained from 55Mn hyperfine interaction studies can be directly used to 

calculate the 1H hyperfine interactions. If 1H nucleus is placed at about 2.4 Å or farther, the “point 

dipole approximation” applies, and the hyperfine tensor can be calculated and compared with the 

experimental one, by means of Eqs. (1) to (5) in Materials and Methods16. 
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In order to illustrate the use of the 1H hyperfine parameters as a structural tool, we will undertake 

some calculations in a specific model. As the structure of the Mn-cluster we will make use of the 

“model III” by Yano et al.3,32, mainly based on EXAFS data. The model includes several water 

molecules, and we will pay attention to those previously considered as functionally relevant29. Besides, 

a “Dangler model” with sign-alternating projection constants will be considered. We will also assume 

that Mn(III) is placed in the “dangling position”, although calculations are not very sensitive to such a 

particular choice, as we will show later. Figure 4 displays the main details of the selected model. 

As we have previously indicated, the 1H hyperfine tensors can be calculated by adding the 

contribution of each Mn spin population. It is worth of noting that when the distance between the 

nuclear and the electronic spins is longer than 7 Å, there is not a significant contribution to the hyperfine 

tensor. As the electronic spin is distributed in an extended region (the longest distance between two Mn 

atoms is around 5.3 Å), for many 1H nucleus positions the total hyperfine interaction can be calculated 

from the contribution of just two, or three, of the Mn atoms. For this reason, it is interesting to discuss a 

simplified model, where only the interaction with two Mn atoms is considered16. In this case, the 

relevant geometry details are outlined in Figure 5. 

We can explore the positions for the 1H nuclei that would display hyperfine constants compatible with 

our results for (1H)1 and (1H)2. As it can be seen in Figure 5, the model shows a rotational symmetry 

around the Mn-Mn axis, thus each position compatible in the plane of Figure 5 implies a set of positions 

forming a circumference around this axis. 

(1H)1 displays an axial hyperfine interaction (within the accuracy of our estimation). As we discussed 

above, it imposes an important restriction on the compatible positions for the 1H nucleus. When 

calculating in the “point dipole approximation”, each one of the two contributions to the total hyperfine 

tensor (Ha)j is axial, but in general it is not that way for the (HA) tensor, as the two (Ha)j tensors do not 

have common principal directions. In Figure 5, one principal direction for the two (Ha)j tensors is 

perpendicular to the drawn plane, and for each (Ha)j the two other principal directions are parallel and 

perpendicular to the dj directions within the plane. Consequently, it is easy to see that points lying on the 
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Mn1-Mn2 direction will display axial (HA) tensor as in these positions the principal directions of the 

(Ha)j coincide. Other positions close to these will display nearly axial (HA) tensors, and will be 

compatible with the experimentally determined hyperfine constants. Then, compatible positions around 

the Mn-Mn direction will seem a spherical cap. Other few compatible positions could appear when an 

incidental coincidence of two principal values of (HA) occurs. 

As an example, Figure 6 shows a calculation of the positions compatible with the obtained hyperfine 

constant of (1H)1 in the “two Mn” model. Two characteristic caps are observed, which are placed at a 

distance around 3 Å of the closest Mn atom. It is worth of noting that the compatible 1H positions are 

almost not influenced by the actual values of the projection constants of the two Mn atoms. On the other 

hand, the relative signs of both constants are relevant, as the resulting compatible positions for a model 

with the same projection constants signs are very different from one with alternating projection 

constants signs. Figure 6 shows that a 50% change in the absolute value of ρ1 causes a change in the 1H-

Mn distance of only 0.3 Å. 

When more than two Mn atoms are considered, the angular extent of these spherical caps of 

compatible positions will be reduced, as the additional contributions will in general break down the 

axial symmetry of the (HA) tensor. In the four-Mn model of Figure 4, the compatible positions for (1H)1 

would be mainly distributed as small caps near to each Mn atom, out of the Mn-cluster “pocket” formed 

by the four Mn and the Ca atoms. Only the one near Mn1 (the “dangling” position) could be associated 

to a water molecule into this pocket. 

Similar calculations in the “two Mn” model can be done to determine the positions compatible with 

(1H)2 (Figure 7). These positions form rings around the Mn-Mn direction. The radius of the rings is 

about 2.1-2.4 Å, their center is close to the Mn atom position, and the distance to the closest Mn atom is 

about 2.4 Å. This is in the limit of the validity of “point dipole approximation”, indicating that our 

calculations could be considered suitable. Again the positions are not very sensible to the actual value of 

ρi within a model of alternating signs. The position and shape of these rings are changed when four Mn 

atoms are included in the calculation (results not shown), in such a way that still a ring could be 
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identified around Mn1, but compatible positions in other places of the Mn cluster do not display any 

specific shape. 

The above described model can also be used for calculating the hyperfine constants of 1H nuclei at 

specific positions. We will show these calculations for W1, W2 and W3 water molecules in Figure 43,29, 

in order to compare them with the experimental results. To assign the detected hyperfine interactions, it 

has to be taken into account that a water molecule has two 1H nuclei that can in principle interact with 

the electronic spin. We can calculate the hyperfine interaction for both. It has been postulated that (1H)1 

and (1H)2 are bound to different molecules19. Then, if one of the 1H nuclei in a water molecule is 

compatible with one of the experimental values, we also have to understand why the other one is not 

detected. There are several situations where the second 1H would not be detected: 

a) If the second 1H nucleus is farther away from Mn atoms than the other, its hyperfine interaction can 

be weak, and it would be hidden into the “remote 1H” signal both in ENDOR and HYSCORE 

experiments. 

b) Even if the second 1H is not far from the Mn atoms, the hyperfine interaction could be largely 

rhombic, in such a way that the main spectral feature (corresponding to the intermediate principal value 

of the (HA) tensor) would be again hidden into the “remote 1H” signal. 

c) The second 1H could be placed in another compatible position, and would display the same 

hyperfine constants (within the experimental accuracy) of one of the detected 1H nucleus. 

d) The second 1H could have different hyperfine constants from the detected ones, but its signal could 

be superimpose. For example, an interaction with the main ENDOR feature around 4 MHz would be 

surely not resolved in the ENDOR measurements and would also be hidden by the more intense (1H)2 

HYSCORE feature. 

e) The “water molecule” in the model could actually be an OH- ion, with only one H atom. 

With these ideas in mind, we have calculated the hyperfine constants for the positions of the two 1H 

nuclei, a and b, of the three water molecules in Figure 4 3 for a set of projection constants (Table 1). It 

has to be taken into account that the projection constants values can be different, specially if the Mn(III) 
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atom is in another position, although we have seen that changes in the absolute values of the projection 

constants preserving the alternating signs model have small effect on the calculated hyperfine constants, 

and also that the positions of the 1H nuclei in the structure are tentative as they are not determined from 

the experiments. 

We will discuss the results for each water molecule separately: 

-W1: The molecule is placed near Mn1 and Mn2 atoms. 1H(W1a) nucleus is compatible with the 

experimental hyperfine constants of (1H)2. This nucleus would be placed in the compatible ring around 

Mn1 (see Figure 7). On the other hand, 1H(W1b) nucleus is nearly to the same distance of Mn1 and 

Mn2. It is placed in one of the incidental positions where the (HA) tensor becomes axial (see above). As 

its hyperfine principal values are similar to two of the ones calculated for 1H(W1a), its ENDOR and 

HYSCORE features could be hidden in the spectra. Besides, it has to be also taken into account that, in 

the region in between Mn1 and Mn2 atoms, a very small change in the 1H position would cause a large 

shift of the hyperfine constants, specially δ, and in such a case the resulting, very rhombic interaction 

would be not detected. 

W2: The closest Mn atom is Mn1. The distance Mn1-O(W2) is about 3.9 Å. However, as one 

1H(W2a) is directed to Mn1, it is placed within the spherical cap of (1H)1 compatible positions (Figure 

6). The other 1H(W2b) is farther apart from the Mn-cluster and can be considered a remote 1H nucleus. 

W3: This molecule is close to Mn4 (distance Mn4-O(W3) = 2.2 Å). The 1H(W3b) nucleus is nearly 

within the spherical cap of (1H)1 compatible positions around Mn4. The other 1H(W3a) nucleus displays 

a very rhombic hyperfine tensor, that would be not resolved in the ENDOR and HYPERFINE measured 

spectra, as we have indicated above (point b). 

We have seen that the three water molecules are quite compatible with the ENDOR and HYSCORE 

experimental evidence. Our simulation point out the possibility that some spectral signals could come 

from several hyperfine interactions, which could perhaps explain the results of previously reported 2H-

ESEEM studies18. Nevertheless, any structural model of the S2 state Mn-cluster including water 

molecules should be compatible with these obtained hyperfine couplings. 
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CONCLUSIONS 

Summarizing, we have obtained quite accurate 1H hyperfine couplings for the S2 state of the Mn-

cluster of PSII from new HYSCORE experiments and the comparison with previously reported ENDOR 

measurements. These couplings have been explained on the basis of the current structural and spin 

models for the Mn-cluster. This provides additional evidence to improve our knowledge of the OEC 

functioning. 
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Table 1. Calculated hyperfine constants T and δ for 1H nuclei in Figure 4. The set of projection 

constants has been selected on the basis of previous works7,13, assuming the Mn(III) is the “dangling” 

Mn (Mn1). 

 ρ1 = 1.3, ρ2 = -0.9, ρ3 = 1.0, ρ4 = -0.9 

 T (MHz) δ (MHz) Ax, Ay, Az (MHz)

W1a 7.1 2.5 -9.6, -4.6, 14.2 

W1b 4.8 0.1 -4.9, -4.7, 9.6 

W2a 2.5 0.5 -3.0, -2.0, 5.0 

W2b 0.9 0.4 -1.4, -0.5, 1.9 

W3a 3.3 2.0 -6.6, 1.3, 5.3 

W3b 3.0 0.8 -5.9, 2.1, 3.8 
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FIGURE CAPTIONS 

Figure 1. Detail of the “1H region” of the Mn-cluster S2 state HYSCORE spectra at two different 

magnetic field positions. A) 338 mT, B) 370 mT. Correlations assigned to 1H1 and 1H2 (see text) are 

identified by numbers. In Figure 1A, dashed blue lines indicate the estimated limits for signal 2 (see 

text). See Material and Methods for experimental conditions. 

Figure 2. “Skyline projections” of the two signals 1 and 2 detected in the HYSCORE spectrum of 

Mn-cluster in the S2 state at 338 mT. The projections were obtained as follows: all the spectral 

contributions, except signal 1 or 2, were erased from the 2D frequency spectrum of Figure 1A. Then, 1D 

profiles of the signal projected on the ω1 and ω2 axes were obtained. 

Figure 3. Comparison between measured (black line) and simulated (red line) HYSCORE spectra for 

two magnetic field positions: A) 338 mT, B) 370 mT. Simulation parameters were: τ = 200 ns; 

hyperfine constants: (a)1 = 0.0 MHz, (T)1 = 2.9 MHz, (δ)1 = 0.0 MHz; (a)2 = 0.0 MHz, (T)1 = 6.8 MHz, 

(δ)1 = 2.8 MHz. 

Figure 4. Image of the atoms positions in the “model III” of Mn-cluster3. Atom colour code: purple: 

manganese; red: oxygen; brown, calcium; blue: hydrogen. Three water molecules, previously 

considered as relevant for OEC function, have been included. Distances Mn1-Mn2, Mn2-Mn3 and Mn3-

Mn4 are about 2.7 Å. Distances Mn-Ca are all between 3.5 Å and 4.0 Å. 

Figure 5. Simplified model of two Mn atoms and one 1H nucleus for hyperfine tensor calculations. 

For a given Mn-Mn distance (2.7 Å), 1H distances to Mn1 and Mn2, d1 and d2, the orientations of these 

segments, and projection constants ρ1 and ρ2, are the input data. Note that the results are symmetric 

under rotation around the Mn1-Mn2 direction (see text). 

Figure 6. Positions of a 1H nucleus compatible with (1H)1 (T1 = 2.9 ± 0.5 MHz, δ1 = 0.0 ± 0.5 MHz) 

in the “two Mn” model of Figure 5, for two couples of projection constants values. 
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Figure 7. Positions of a 1H nucleus compatible with (1H)2 (T2 = 6.7 ± 1.0 MHz, δ1 = 2.7 ± 1.0 MHz) in 

the “two Mn” model of Figure 5, for two couples of projection constants values. 
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FIGURE 3 
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