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Abstract

:

The biological water oxidation takes place in Photosystem II (PSII), a multi-subunit protein located in thylakoid membranes of higher plant chloroplasts and cyanobacteria. The catalytic site of PSII is a Mn   4  Ca cluster and is known as the oxygen evolving complex (OEC) of PSII. Two tyrosine residues D1-Tyr161 (Y   Z  ) and D2-Tyr160 (Y   D  ) are symmetrically placed in the two core subunits D1 and D2 and participate in proton coupled electron transfer reactions. Y   Z   of PSII is near the OEC and mediates electron coupled proton transfer from Mn   4  Ca to the photooxidizable chlorophyll species P    680  +  . Y   D   does not directly interact with OEC, but is crucial for modulating the various S oxidation states of the OEC. In PSII from higher plants the environment of Y   D     •   radical has been extensively characterized only in spinach (Spinacia oleracea) Mn-depleted non functional PSII membranes. Here, we present a 2D-HYSCORE investigation in functional PSII of spinach to determine the electronic structure of Y   D     •   radical. The hyperfine couplings of the protons that interact with the Y   D     •   radical are determined and the relevant assignment is provided. A discussion on the similarities and differences between the present results and the results from studies performed in non functional PSII membranes from higher plants and PSII preparations from other organisms is given.
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1. Introduction


Photosystem II (PSII) is a multi-subunit membrane-protein located within the thylakoid membranes of higher-plant chloroplasts, algae, and cyanobacteria. It utilizes solar energy to split two water molecules into molecular oxygen and protons, and produces reducing equivalents that are subsequently employed in carbon fixation reactions [1]. The core of PSII consists of a pseudo-symmetric heterodimer of two homologous proteins D1 and D2. The catalytic site of PSII is a cluster located at D1 polypeptide and composed of four manganese ions and a calcium ion (Mn   4  Ca), known as the oxygen evolving complex (OEC) of PSII [2,3]. The OEC undergoes periodically four one-electron oxidation steps, S   0   to S   1  ,…, S   3   to (S   4  ) S   0  , driven by the photooxidizable chlorophyll species P   680   [4].



Several cofactors participate in the electron coupled proton transfer reactions and contribute to the efficient function of PSII. Among them are the two tyrosine residues D1-Tyr161 (Y   Z  ) and D2-Tyr160 (Y   D  ), which are symmetrically placed in the two core subunits D1 and D2 [5,6,7]. During their oxidation, they form neutral Y   Z     •   and Y   D     •   radicals, because the proton of their phenolic group is transferred to groups found close by [5,6,8,9]. In addition, both of them are hydrogen bonded with a histidine molecule, His190 for Y   Z   and His189 for Y   D   [2,10]. Despite the aforementioned similarities between Y   Z   and Y   D  , they present important differences.The environment of Y   Z   is more hydrophilic, compared to that of Y   D   [11]. Y   Z   residue is in close vicinity to the OEC and is involved in fast electron coupled proton transfer reactions during water oxidation [2,3]. Particularly, the redox-active tyrosine Y   Z   donates an electron to P    680  +   at the rates of 30 ns to 50  μ s [5,12], while its reduction by Mn   4  Ca takes place at 30  μ s to 2 ms, depending on the various S oxidation states of the OEC [13,14,15]. Instead, Y   D   is placed relatively far from the OEC (∼30 Å), and has only a weak interaction with it [16,17]. It also displays much slower kinetics, donating an electron to P    680  +   in the millisecond regime [8,18]. Additionally, the free radical Y   D     •   is importantly stable at room temperature and is reduced by the S   0   state of the OEC in hours [8,16,18].



Although Y   D   does not directly interact with Mn   4  Ca for the water splitting process, it plays important role for the efficient function of PSII [8,16,17,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. Previous work on Y   D  -less mutant of Synechocystis PSII showed that the redox properties of Y   Z   are altered [23]. In addition, the replacement of tyrosine D with Phenylalanine affects the proton transfer pathways for the reduction of P    680  +   in Chlamydomonas PSII cores [31]. These observations strongly indicate that tyrosine D has a significant influence on proton-coupled electron transfer events in the vicinity of Y   Z  . While the electrostatic contribution of Y   D   to the reduction potential of redox couple P    680  +  /P   680   is very small [30], tyrosine D affects the energetics of P    680  +  , accelerating the photoactivation process of the Mn   4  CaO   5  , and protecting against photoinhibition [25,26,28,32]. Additionally, Y   D   provides an oxidizing equivalent for the assembly of the Mn   4  Ca cluster [22,30], and serves functions related to modulating the various S oxidation states of the OEC, by maintaining it in stable higher valence states [25,26,27].



Owing to the functional role of Y   D     •   in Photosystem II, many efforts have been performed to characterize its structural environment and its electronic properties. As holds in all tyrosyl radicals, the unpaired electron is delocalized over the phenolic ring and the spin density distribution can be investigated via the hyperfine couplings of the 2,6- and 3,5-protons, as well as the  β -methylene protons, shown in Scheme 1. In most cases, the continuous wave Electron Paramagnetic Resonance (cw-EPR) technique fails to describe in detail these couplings, owing to the spectral broadening from magnetic interactions of different origin. Instead, pulsed EPR spectroscopic techniques, including Electron-Spin Echo Envelope Modulation (ESEEM), Electron-Nuclear Double Resonance (ENDOR), 2-Dimensional Hyperfine Sublevel Correlation Spectroscopy (2D-HYSCORE) are useful tools for the study of these interactions and have been extensively used to characterize the hyperfine couplings of tyrosyl radicals [33,34,35,36,37,38,39]. In the case of cyanobacterial PSII, the most detailed description of the structural environment of Y   D     •   has been reached from an ENDOR study at W-band frequencies of single crystals PSII from Th. elongatus [35]. Regarding the higher plant PSII membranes, investigations by using the 2D-HYSCORE spectroscopy in spinach PSII preparations provided the most accurate determination of the hyperfine couplings of Y   D     •  , but solely in unfunctional Mn-depleted membranes [33,36]. It should be noted that even if the cyanobacterial and the higher plant PSII present similar structural and functional similarities [40], some spectroscopic differences have been reported [41,42,43,44].



Here, we present a 2D-HYSCORE investigation in functional PSII of spinach poised in the S   1   state to determine the electronic structure of Y   D     •   radical. The experiments were performed in untreated and in H   2  O/D   2  O exchanged PSII membranes. The spectra show characteristic peaks originating from the aromatic ring protons and  β -methylene ones of Y   D     •  . Our subsequent simulated analysis determine the hyperfine coupling constants of the proton nuclei with the free electron of Y   D     •   radical.




2. Materials and Methods


2.1. Preparation of Spinach PSII Membranes


PSII-enriched thylakoid membranes were prepared from spinach, following standard methods [45,46]. The samples were suspended in 400 mM sucrose, 15 mM NaCl, 5 mM MgCl   2  , 40 mM MES at pH 6.5, at about 6–8 mg Chl/mL. For the deuterium exchange of PSII the samples were pelleted by centrifugation and the pellet was diluted 10 times in deuterated buffer containing 400 mM sucrose, 15 mM NaCl, 5 mM MgCl   2  , 40 mM MES in D   2  O, at pD = 6.5. The membranes were centrifuged and resuspended in deuterated buffer twice. The total time that the sample was incubated in deuterated buffer at 4    ∘  C was 5 h.




2.2. EPR Spectroscopy


Cw EPR measurements at Q-band were carried out on a home-built spectrometer equipped with an ER 5106 QT Bruker resonator, an Anritsu MF76A microwave frequency counter and an Oxford Instruments helium cryostat. The temperature was controlled using an ITC 4 temperature controller. EPR measurements (cw and pulse modes) at X-band were performed on a Bruker ESP 380E spectrometer equipped with an EN 4118X-MD4 Bruker resonator and a HP 5350B microwave frequency counter. Measurements at cryogenic temperatures (80 K) were performed using a helium cryostat from Oxford Instruments. The temperature was stabilized using an Oxford Instruments ITC4 temperature controller. The field-swept EPR spectrum was recorded via free induction decay (FID) following a pulse length of 500 ns. HYSCORE measurements employing the pulse sequence   π / 2 − τ − π / 2 −  t 1  − π −  t 2  − π / 2 − τ −  echo were carried out with the following instrumental parameters:    t  π / 2   =   16 ns;    t π  =   32 ns; starting values of the two variable times   t 1   and   t 2  , 56 ns; time increment,   Δ t =   16 ns (data matrix 250 × 250). In order to eliminate blind-spot artifacts, up to five spectra were recorded with   τ =   96, 112, 136, 160, and 184 ns. A four-step phase cycle was used to remove undesired echoes. The data were processed with the program MATLAB (The MathWorks, Natick, MA, USA). The HYSCORE time traces were baseline corrected with a biexponential, apodized with a Gaussian window, and zero filled. After a two-dimensional Fourier transformation, the absolute-value spectra were calculated. The experimental cw EPR and HYSCORE spectra were simulated using the EasySpin package [47].




2.3. Analysis of HYSCORE Spectra


The analysis of HYSCORE spectra was done with the methodology developed by Dikanov et al. [48], which allows the accurate determination of isotropic and anisotropic hyperfine parameters without the need of complete spectrum simulations. This approach may also clarify whether different peaks belong to the same nuclei with nonaxial hyperfine tensors or not. For axial hyperfine interaction (HFI) with isotropic component a and anisotropic tensor   ( − T , − T , 2 T )  , i.e.,    (  A x  ,  A y  ,  A z  )  =  ( a − T , a − T , a + 2 T )   , the contour line shape in the powder 2D spectrum is described by [49]


   ν β  =   {  Q β   ν  α  2  +  G β  }   1 / 2   ,  



(1)




with


   Q β  =   T + 2 a + 4  ν I    T + 2 a − 4  ν I    ,  



(2)




and


   G β  = − 2  ν I     4  ν I 2  −  a 2  + 2  T 2  − a T   T + 2 a − 4  ν I     ,  



(3)




where   ν I   is the nuclear Zeeman frequency. The shape of this cross-peak in the   (  ν α  ,  ν β  )   plot is an arc, but upon transforming to a   (  ν  α  2  ,  ν  β  2  )   plot it is represented by a straight line with slope   Q β   and intercept   G β  . From least square fitting of the   (  ν  α  2  ,  ν  β  2  )   plot to a theoretical line the slope and the intercept can be calculated and thus, the values of a and T can be obtained. In the case of a rhombic hyperfine interaction,    (  A x  ,  A y  ,  A z  )  =  ( a − T − δ , a − T + δ , a + 2 T )   , the HYSCORE plot forms three arcs. The same procedure can be followed for each one of the three arcs in order to obtain two of the three principal hyperfine coupling constants.





3. Results and Discussion


The experimental cw EPR spectra of Y   D     •   measured at X- and Q-band frequencies are presented in Figure 1a,b, respectively. The cw spectra have approximate width of ∼16 G from peak to valley and present a hyperfine structure. In order to reproduce the spectra the following spin Hamiltonian is considered


   H ^  =  β e   B T  · g ·  S ^  +  ∑  k = 1  3   [   S ^  T  ·  A k  ·   I ^  k  −  g n   β n   B T  ·   I ^  k  ]  ,  



(4)




where g and   g n   are the electron g-tensor and the proton g-factor,   β e   and   β n   are the Bohr and nuclear magnetons,   A k   is the hyperfine coupling tensor of the k-th proton, and  B  is the static magnetic field along z-axis. Three protons, namely 3,5 and   β 1   were taken into account to reproduce the cw spectra. This involves a relatively large number of hyperfine parameters that cannot be unambiguously determined by the cw-spectra alone. The simulations (red lines) shown in Figure 1a,b were obtained using the hyperfine parameters determined by 2D-HYSCORE as it is discussed in detail below.



In a HYSCORE experiment, the   π / 2 − τ − π / 2   subsequence creates nuclear coherence which evolves in the   α ( β )   electron spin manifold during the first evolution period   t 1  . The nonselective  π  pulse acts as a mixer that interchanges the nuclear coherence between the electron spin  α  and  β  manifolds. During the second evolution period   t 2  , the transferred nuclear coherence evolves in the   β ( α )   electron spin manifold and a nuclear coherence transfer echo is created at about    t 1  =  t 2   . This echo is modulated with the frequencies   (  ν α  ,  ν β  )   of the nuclear transitions of the two   m s   manifolds. The 2D plot of the time domain [  t 1  ,  t 2  ] is converted into a 2D frequency domain [  ν 1  ,  ν 2  ] plot through the Fourier transform which results in correlation peaks at   (  ν α  ,  ν β  )   and   (  ν β  ,  ν α  )   [50]. Due to inherent suppression effects [51], systems with large hyperfine anisotropy require measurements with different  τ  values. In this work, we sum up HYSCORE spectra measured with five different  τ  values to minimize blind spots and acquire undistorted spectra.



In Figure 2 we present the HYSCORE spectrum of Y   D     •   at 80 K. This spectrum was measured at 343.2 mT, where the intensity of the Y   D     •   signal is maximum. The presented HYSCORE spectrum is the sum of five spectra measured with five different  τ  values in order to eliminate blind spots. Peaks from three different types of magnetic nuclei are observed and their site on the map is marked as antidiagonals defined by    ν 2  = 2  ν I  −  ν 1   :    14  N,    13  C and    1  H with    ν I  =  1.06, 3.68, and 14.61 MHz, respectively. The signal from    13  C is due to the natural abundance of 1% of this isotope and the peak is due to weakly coupled C atoms of the matrix. The signal of the N originates from the amino-group of the tyrosyl radical and the N of the H-bond partner to TyrD, His190. The full intensity of the matrix peaks of    1  H and    14  N is outside of the scale of the contour plot as can be seen from the skyline projection of the 2D plot in Figure 2.



We will focus on the    1  H nuclei that are the most well resolved and thus informative. By inspection of the spectrum five types of protons interacting with the electronic spin are observed, they are mainly on the [+,+] quadrant and thus represent weak interaction with the electronic spin (  A < 2  ν I   , where A: hyperfine coupling constant). The stronger the coupling is, the larger is the distance of the peaks from the diagonal. The peaks that correspond to stronger coupled protons are presented in more detail in Figure 3 (peaks H#1 and H#2) while the weaker coupled proton peaks are presented in Figure 4 (peaks H#3-H#5).



The correlation peaks H#1 around [2,28] MHz and [28,2] MHz stem from a proton with axial hyperfine coupling tensor and correspond to the strongest observed interaction. This proton gives weaker intensity peaks also at the [−,+] quadrant because its coupling is close to the exact cancelation condition (  A = 2  ν I   ). The three arc-shaped correlation ridges H#2, that extend between [2–10,28–19] MHz and [19–28,10–2] MHz, originate from proton hyperfine couplings with rhombic symmetry. They cross to each other on the antidiagonal and from these cross points the principal hyperfine coupling constants    A x  ,  A y   , and   A z   can be inferred. In Figure 3a the stronger couplings (peaks H#1 and H#2) are presented in detail. Ridges from two rhombic protons are observed as can be seen from the two long arcs ranging between [2–10,19–28] MHz and [1–10,19–28] MHz, which correspond to two different sets of principal values (say   A x  ,   A z  ). The small arc in the frequency region [3–6,23–25] MHz, that define the third hyperfine coupling component,   A y  , does not cross the    1  H antidiagonal in a single point. This implies that it is not a single ridge, but two. These two protons have slightly different hyperfine coupling values that can not be distinguished in a cw-EPR or ENDOR powder spectrum. Here, we show that HYSCORE spectroscopy provides maximum resolution that allows for inspecting such small differences.



The three peaks (H#3-H#5) lying close to the diagonal originate from weakly coupled protons. They are not completely resolved because they partially overlap with the strong intensity peak of the matrix protons. Due to the lack of optimum resolution in this frequency range, these couplings are treated as axial in the following analysis, although a small rhombicity can not be excluded.



Determination of the principal values of hyperfine coupling constant by Dikanov analysis. The principal values of the hyperfine coupling constant of the five types of nuclei were calculated by Dikanov analysis. As described in the Methods section, this analysis converts the arc-shaped ridges of an axial hyperfine coupling tensor of the   (  ν 1  ,  ν 2  )   plot to a linear function in the   (  ν 1 2  ,  ν 2 2  )   plot. From the slope and intercept of the fitted linear function the isotropic component, a, and anisotropic component, T, can be inferred. For H#1, two possible solutions with   a = 27.9   MHz and   T = 2   MHz or   a = − 29.9   MHz and   T = 2   MHz are obtained. Thus, the principal values of the hyperfine coupling tensor are   |  A ⊥  | = 25.9   MHz and   |  A ‖  | = 31.9   MHz or   |  A ⊥  | = 31.9   MHz and   |  A ‖  | = 25.9   MHz. Based on the assignment of this coupling to one of the two   β −  methylene protons (vide infra) which implies   a > 0  , and the full simulation of this signal, the second option is ruled out.



For the case of nonaxial hyperfine interaction a similar analysis can be applied as follows: each one of the three arcs ridges that correspond to orientations of the magnetic field perpendicular to each of the principal axes of the hyperfine interaction tensor [48,49], can be treated as an axial system which allows two of the three principal values to be determined. The process can be repeated on the other two arcs and, provided that the estimated values can be matched in pairs, the three principal values of the tensor can be determined. In this case, the three fitted straight lines should form a triangle in the   (  ν 1 2  ,  ν 2 2  )   representation, with the apexes lying on the    |  ν 1  +  ν 2  |  = 2  ν I    curve. Importantly, this is a criterion to discriminate couplings from different nuclei. For instance, the two long ridges marked by square symbols in Figure 3c must belong to protons with different hyperfine coupling tensors because their corresponding fitted straight lines in Figure 3d cross each other away from the dashed curve. Moreover, the combination of data from the other two ridges (circle and triangle symbols), gives the two sets of principal values for H#2 peaks listed in Table 1. Although there is a small uncertainty for one of the principal values (i.e.,   |  A y  | =  8 MHz) of the red-coloured peaks due to the overlap with other peaks, the excellent agreement between the experimental spectrum of Figure 3a and the full simulation shown in Figure 3b provides good confidence for the extracted parameters.



In Figure 4a the peaks from weakly coupled protons are presented. Upon deuteration of the buffer the long ridge H#5 disappears as can be seen in Figure 4b which means that this signal stems from an exchangeable proton interacting with the electronic spin. Additionally, the    2  H matrix peak at [2.2, 2.2] MHz is also observed in the HYSCORE spectrum (not shown). The selected data for the Dikanov analysis of H#3, H#4 and H#5 peaks are shown in Figure 4c,d and the obtained hyperfine coupling constants are listed in Table 1.



Assignment of the cross peaks of the HYSCORE spectrum to protons of the TyrD radical. Hyperfine couplings of the protons of TyrD radical represent how strongly the electronic spin interacts with these protons and thus reflect the distribution of the spin over the radical. For radicals with  π  conjugated systems the spin density is delocalized over the  π  orbitals and for tyrosine mainly over the phenolic ring. The electron spin density is not equally distributed over the whole ring; theoretical calculations reveal higher spin density on carbon atoms 3,5 than on 2,6 [52], thus stronger hyperfine couplings are expected for the corresponding 3,5 protons than the 2,6 protons. Moreover, due to the symmetry of the molecule, the hyperfine coupling tensors of the phenolic ring protons have considerable nonaxial character. Based on these arguments, H#2 peaks are attributed to 3 and 5 protons of the phenolic ring for which strong anisotropic couplings are expected. The small difference in a, T and  δ  between these two protons reflects the breaking of symmetry about C   1  –C   4   axis due to the local environment of the radical, and demonstrates the power of HYSCORE spectroscopy. On the other hand, H#3 peaks are ascribed to protons 2 and 6 because their obtained parameters are compatible with the reported smaller hyperfine couplings [33,35].



For the  α -protons of the phenolic ring the unpaired spin density occurs through spin polarization mechanisms due to the exchange interaction between the electrons in the C-H  σ  bond and the  π  electrons [53]. The isotropic coupling a(H) is related to the spin population at the carbon 2  p z   orbital,   ρ   p z  , C   , through the McConnell equation


  a  ( H )  = Q  ρ   p z  , C   ,  



(5)




with   Q = − 69.9   MHz [54]. The determined spin populations of carbon atoms 2, 3, 5, and 6 using the latter equation are listed in Table 1.



For methylene protons ( β -protons), the mechanism responsible for the unpaired spin density is called hyperconjugation. For a positive spin population   ρ  C 1    at carbon C   1  , this mechanism gives positive hyperfine coupling [55]


  a  ( H −  C β  )  =  B 2   ρ  C 1    cos 2  θ ,  



(6)




where    B 2  =   162 MHz is a semiempirical constant [56], and  θ  is the dihedral angle defined by the direction of the   p z   orbital on C   1  , the C   1  –C   β   bond and the direction of the proton bound to C   β   (Scheme 1). The phenolic ring can rotate around the C   1  –C   β   axis and this rotation modulates the a values of the two  β -protons. The orientation of the ring depends on the proteinic environment of tyrosine residue. Therefore, hyperfine coupling values of  β  protons are enzyme- and species-dependent. Previous studies [35,36,57] showed that one of the two methylene protons (  β 2  ) is closer to the phenolic ring plane and thus has considerably smaller   a 2   compared to that of   β 1  . The large isotropic coupling constant    a 1  = 27.9   MHz obtained for the H#1 peak is in line with the typical values 23–30 MHz assigned to   β 1   proton. On the other hand, the HYSCORE peaks of the   β 2  -proton should appear within the limits of the spectrum shown in Figure 4a. Although the H#4 peak corresponds to a weak hyperfine coupling, it is unlikely to belong to   β 2   proton which should be dominated by the isotropic term with the dipolar term being small (10–20% of isotropic) by comparison. Based on this argument and the relatively strong intensity of this signal, the H#4 peak is tentatively assigned to weakly-coupled protons of the proteinic environment.



The lack of additional peaks in Figure 4a that could be assigned to the   β 2   proton implies its overlap with the peak H#2 (ring protons 2,6) and a similarity between their magnetic parameters. From the center of peak H#2 we estimate    a 2  = 5.4   MHz that can be combined with    a 1  = 27.9   MHz in order to estimate   ρ  C 1    as follows: inserting the ratio    a 1  /  a 2  = 5.17   into Equation (6) and assuming    |  θ 1  −  θ 2  |  =  120 ∘   , we calculate    θ 1  =  47 ∘   ,    θ 2  = −  73 ∘    and    ρ  C 1   B = 60.9   MHz, from which we find    ρ  C 1   = 0.38  .



Peak H#5 is attributed to the phenolic proton of the ring that is exchangeable upon deuteration of the buffer. The obtained dipolar hyperfine coupling   T = 3.98 ± 0.20   MHz can be utilized to determine the radial distance r between the electron spin and the exchangeable proton through the point-dipole approximation


  T =  ρ O    μ 0   4 π h     g  β e   g n   β n    r 3   ,  



(7)




where g and   g n   are the electron and    1  H nuclear g factors, respectively,   β e   and   β n   are the Bohr and nuclear magnetons, respectively, and   ρ O   is the unpaired spin density on the tyrosyl oxygen. Using the values of spin densities listed in Table 1, we estimate    ρ   C 4  + O   = 0.26  , and assuming    ρ  C 4   = 0  , we finally obtain   r = 1.73 ± 0.03   Å. Similar distance was calculated for Mn-depleted PS II from spinach using ENDOR (1.67 Å, [58]), while longer distances for the PS II from T. elongatus (1.84 Å, [59]) and Synechocystis (1.87–1.9 Å, [36,58]). No indication for a second H-bond was found, which is in line with earlier reports [36,58,59].



Comparison with earlier studies on TyrD radical. Various investigations that describe the hyperfine couplings of the protons interacting with the TyrD radical in intact PS II of spinach [60,61] and T. elongatus [35,62] have been reported. Except in [60], in which ENDOR at 14 GHz was performed, these studies were conducted using high field EPR (90–140 GHz) [61,62] or high field EPR and ENDOR [35]. In high field, both EPR and ENDOR spectra have higher resolution and the couplings can be resolved with high accuracy. Interestingly, the two studies in T. elongatus are in single crystals [35,62]. This experiment would not be feasible in plant PS II because plant PS II is degraded during crystallization [63]. However, HYSCORE as a 2D technique can resolve the strong couplings (3,5 and the strong  β  proton) with similar accuracy as the W-band ENDOR technique performed in single-crystal ([35], Table 2) and thus do without the need for crystals and long measurements in multiple angles. This fact proves HYSCORE as a powerful alternative for the study of the environment of radicals and in some metal ions as well, in powder samples. Of course, there are limitations on the information that can be extracted from HYSCORE (orientation and sign of the couplings are not defined, weak couplings are partially obscured by the matrix proton peak) and combination with other experiments is required.



TyrD radical has been studied by using HYSCORE in a variety of organisms: in spinach [33], in the green alga Chlamydomonas reinhardtii [57] and in the cyanobacterium Synechocystis [36], but only in Mn depleted PS II. It should be noted that in the previous studies one  τ  value was used and there are blind spots at the position of the   A y   coupling of the rhombic proton limiting the ability to determine this component accurately. The coupling of the   β 1   proton is in good agreement with the   β 1   proton of the Mn-depleted PS II from spinach [33] which suggests that the presence of Mn-cluster does not affect the position of the phenolic ring with respect to the C   1  –C   β   axis. By inspection of the spectra in the above-mentioned studies and herein it is obvious that while the rhombic protons are similar (although not defined as two in [33,57]), the orientation of the ridge of the   β 1   proton in relation to the antidiagonal is different in Synechocystis [36] than in higher plants ([33] and this study) and in green algae [57]. This difference is obtained by the direct comparison of the peak H   I   shown in Figure 2 of ref. [36] with the peak H#1 in Figure 2 of the present work, and is also reflected in the different a values of 25.9 MHz and 27.9 MHz, respectively.



The hyperfine coupling constants of TyrD radical determined in the present investigation are in good agreement with the values calculated for the “3ox” model in a study presented by Pantazis and co-workers [11] (Table 2). In that model, the water molecule adjacent to TyrD occupies the distal position (the distance of the water molecule to the phenolic O is 4.2 Å) and thus TyrD is H-bonded only to His189. Crystal structure studies [2,3] revealed two possible positions for this water molecule, the “proximal” to TyrD and the “distal”. In the former case, TyrD is hydrogen bonded to both His189 and the water molecule, while in the latter one only to His189. In that study it was found that the calculated hyperfine couplings of the strongly coupled  β  proton decrease upon increasing the distance of the water from the phenolic O, reflecting the local environment.




4. Conclusions


In this investigation, we present a 2D-HYSCORE study of Y   D     •   in functional spinach PSII, in order to determine its electronic structure. The experiments were carried out in untreated and in H   2  O/D   2  O exchanged PSII preparations. The subsequent simulated analysis of the spectra accurately determine the hyperfine couplings of the free electron of Y   D     •   with the proton nuclei. The comparison of our results with those in Mn-depleted PSII preparations reveals significant similarities. This means that the presence of the Mn-cluster does not affect the electronic structure of Y   D     •  . Instead, the signal assigned to the strongly coupled  β -proton of Y   D     •   in spinach PSII is different from the respective signal from Synechocystis, implying structural differences between the various PSII organisms.
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Scheme 1. Schematic representation of a tyrosine (a) and the dihedral angles   θ 1  ,   θ 2   of the  β -methylene protons (b). 
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Figure 1. (a) X-band and (b) Q-band cw EPR spectrum of Y   D     •  . EPR parameters (a) microwave frequency, 9.60993 GHz; microwave power, 2  μ W; modulation frequency, 100 kHz; modulation amplitude, 0.1 mT; temperature,   T = 80   K. (b) microwave frequency, 34.006 GHz; microwave power, 32.6 μW; modulation frequency, 100 kHz; modulation amplitude, 0.1 mT; temperature,   T = 160   K. Black traces: experiment. Red traces: simulations. Both spectra were simulated with (   g x  ,  g y  ,  g z   ) = (2.0075, 2.0042, 2.0020). For simulation details see text. 
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Figure 2. Contour plot of the experimental HYSCORE spectrum of Y   D     •   in PSII. The plot is the sum of five spectra measured with   τ =   96, 112, 136, 160, and 184 ns. Experimental parameters: magnetic field, 343.2 mT; microwave frequency, 9.629 GHz; temperature, 80 K; time interval between successive pulse sets, 1 ms. Gray areas in skyline projection denote the range of contour levels for the 2D plot. Inset: FID-detected EPR spectrum with observer position marked by the arrow. 
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Figure 3. (a) Detail of the HYSCORE spectrum showing correlation ridges of  β -type methylene (H#1) and 3,5-protons (H#2). (b) Full HYSCORE simulation of H#2 using the parameters listed in Table 1. (c) Selected points from the experimental spectrum (filled symbols) and the corresponding fits (solid curves) using Dikanov analysis. Shaded areas in two different colors represent the two different sets of    1  H principal hyperfine coupling constants obtained from this analysis. (d) Data as in (c) but in the   (  ν 1 2  ,  ν 2 2  )   representation. 
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Figure 4. (a) Detail of the HYSCORE spectrum showing correlation ridges H#3, H#4, and H#5 lying close to the diagonal. Solid curves represent fitted data using Dikanov analysis. (b) HYSCORE spectrum of the TyrD radical in deuterated buffer. (c) Selected points from the experimental spectrum (a) (filled squares) and the corresponding fits (solid curves) using Dikanov analysis. (d) Data as in (c) but in the   (  ν 1 2  ,  ν 2 2  )   representation. 
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Table 1. Proton hyperfine couplings in the g-frame   ( x , y , z )   (as defined in  Scheme 1) obtained from the analysis of HYSCORE spectra in this work.
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Hyperfine Coupling Constants in MHz     *   

	

	




	
Peak No.

	
    A x    

	
    A y    

	
    A z    

	
a

	
T

	
   δ   

	
    ρ C    

	
Assignment






	
H#1

	
32.0

	
25.9

	
25.9

	
27.9

	
2.0

	

	
0.38

	
   β 1   




	
H#2

	
−27.5

	
−8.1

	
−19.9

	
−18.5

	
5.2

	
3.8

	
0.27

	
3     * *   




	
H#2

	
−25.5

	
−8.0

	
−19.1

	
−17.5

	
4.8

	
3.1

	
0.25

	
5     * *   




	
H#3

	
8.6

	
4.3

	
4.3

	
5.7

	
1.4

	

	
−0.08

	
2, 6,   β 2  




	
H#4

	
4.6

	
0.2

	
0.2

	
1.7

	
1.5

	

	

	
protein




	
H#5

	
7.2

	
−4.8

	
−4.8

	
−0.8

	
4.0

	

	

	
H-bond








   *   Signs were adjusted according to previous results of single-crystal [35] and theoretical [11] studies.     * *    For 3,5 protons an Euler angle  α  of 23   ∘   and −23   ∘   between the A tensor and the g-frame was assumed.
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Table 2. Overview of reported proton hyperfine couplings (in MHz) for the TyrD radical.
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3,5 Proton

	
2,6 Proton

	
   β 1    Proton

	
   β 2    Proton

	
Comment




	
   A x   

	
   A y   

	
   A z   

	
   A x   

	
   A y   

	
   A z   

	
   A x   

	
   A y   

	
   A z   

	
   A x   

	
   A y   

	
   A z   






	
10

	
15

	
26

	
3.5

	
3.5

	
8.8

	
26.6

	
26.6

	
31.7

	
3.5

	
3.5

	
8.8

	
spinach Mn-depleted, pH = 6.5 [33]    *  




	
−24.4

	
−8.4

	
−21.9

	
4.7

	
7.4

	
4.7

	
30.6

	
24.3

	
24.3

	
7.4

	
4.7

	
4.7

	
C. reinhardtii, Mn-depleted, pH = 6.5 [57]




	
8

	
19.8

	
27.4

	

	

	

	
  a =   25.9

	

	

	

	
Synechocystis, Mn-depleted, pH = 8.7 [36]    *  




	
7.6

	
18.8

	
25.5

	

	

	

	

	

	




	
−27.5

	
−8.1

	
−19.9

	
8.6

	
4.3

	
4.3

	
32.0

	
25.9

	
25.9

	
8.6

	
4.3

	
4.3

	
spinach, S   1  , pH = 6.5 [this study]




	
−25.5

	
−8.0

	
−19.1




	
−25.7

	
−7.6

	
−19.0

	
4.7

	
7.4

	
1.5

	
32.2

	
26.8

	
26.0

	
9.3

	
3.4

	
4.0

	
T. elongatus, S   1   [35]




	
−27.3

	
−8.4

	
−20.2

	
4.5

	
7.1

	
1.4




	
−29.07

	
−7.85

	
−22.46

	
5.02

	
9.29

	
3.02

	
32.88

	
27.79

	
27.34

	
8.27

	
3.32

	
2.89

	
3ox model computational [11]




	
−26.44

	
−6.83

	
−20.58

	
4.83

	
9.11

	
2.95








* No signs or Euler angles for the orientation of A tensors were reported in these studies.
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