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Abstract

Proteins of the Rieske and Rieske-type family contain a [2Fe-2S] cluster with mixed ligation by two histidines and two cysteines and play important roles in various biological electron transfer reactions. We report here the comparative orientation-selected ESEEM and HYSCORE studies of the reduced clusters from two hyperthermophilic Rieske-type proteins; a high-potential, archaeal Rieske protein called sulredoxin (SDX) from Sulfolobus tokodaii with weak homology to the cytochrome bc-associated Rieske proteins, and a low-potential, archaeal homolog of an oxygenase-associated Rieske-type ferredoxin (ARF) from Sulfolobus solfataricus. 14N ESEEM and HYSCORE spectra of SDX and ARF show well-defined variations, which are primarily determined by changes of quadrupole couplings (up to 50% depending on the selected orientation) of the two coordinated nitrogens. These are due to variations in coordination geometry of the histidine imidazole ligands rather than to variations of hyperfine couplings of these nitrogens, which do not exceed 8-10%. The measured quadrupole couplings and their differences in the two proteins are consistent with ones calculated using the reported crystal structures of high- and low-potential Rieske proteins. These results suggest that exploration of quadrupole tensors might provide a more accurate method for characterization of the histidine coordination in different proteins and mutants than hyperfine tensors, and might have potential applications in a wider range of biological system.

Key words:  Rieske protein, reduced [2Fe-2S] cluster, electron spin echo envelope modulation (ESEEM), hyperfine sublevel correlation (HYSCORE), archaea.
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 Introduction

Proteins containing Rieske-type [2Fe-2S] clusters are widespread in nature from archaea and bacteria to eukarya, and play critical electron transfer roles in various key pathways such as aerobic respiration, photosynthesis, and biodegradation of some alkene and aromatic compounds [1-4].  In contrast to regular plant- and vertebrate-type ferredoxins having complete cysteinyl ligations, the Rieske-type cluster has an asymmetric iron-sulfur core with the S( atom of each of the two cysteine residues coordinated to one iron site and the N( atom of each of the two histidine residues coordinated to the other iron site. This asymmetric ligation results in some unique redox and spectroscopic properties [reviewed in 1,3-5]. Recent site-directed mutagenesis studies [6] indicate that the electronegativity of the terminal ligands (histidine versus sulfur), as well as the overall charge of the Rieske-type [2Fe-2S] cluster, contribute significantly to the higher reduction potentials of these proteins compared to those in regular plant- and vertebrate-type [2Fe-2S] ferredoxins.
Two different types of Rieske clusters are observed in proteins.  One type displays higher reduction potentials (Em) of ~ +150 - +490 mV and occurs in proton-translocating respiratory complexes (cytochrome bc1/b6f complexes and their archaeal homologs without c-type cytochromes), being involved not only in electron transfer, but also in substrate binding and oxidation at the quinol-oxidizing Qo-site [2-5, 7-10].  The other type displays lower Em of ~ -150 to -50 mV and has been found in a diverse group of archaeal and bacterial multicomponent terminal oxygenases and soluble Rieske-type ferredoxins [1,3,11-22].  



Evidence for the histidine ligands in the Rieske-type cluster was first obtained by ENDOR [15,16] and ESEEM [23,24].  Gurbiel et al. have performed a detailed 15N Q-band ENDOR study of two Rieske proteins. They found that hyperfine tensors of coordinated N( were effectively the same, and proposed a structural model of histidine coordination to [2Fe-2S] cluster, which was assumed to be similar for all Rieske-type proteins. Crystal structures of Rieske and Rieske type proteins reported after these spectroscopic studies confirmed the presence of two histidine ligands [11,25-27], but were not fully consistent with the model of ligand geometry based on the ENDOR-determined hyperfine tensors. Crystal structures also showed variations in the coordination geometry of histidine ligands, which we will discuss in detail in this paper.



On the other hand, recent orientation-selected 1D and 2D ESEEM studies of the reduced Rieske-type clusters in benzene-1,2-dioxygenase [17], 2,4,5-trichlorophenoxyacetate monooxygenase [18], and cytochrome bc1 complex with different occupants of the quinol-oxidizing Qo-site [10] showed clear differences among the spectra from 14N nitrogens in the surroundings of the low- and high-potential clusters that also appear to be in contradiction with the ENDOR-based conclusion about similarity of the Rieske center structure in different proteins. No adequate explanation for the origin of these differences has been proposed. The specific aim of this work is to establish the sources producing differences in the 14N ESEEM spectra of the Rieske cluster and to evaluate them for structural studies.

 
    

For this purpose, we herein report the comparative, orientation-selected 1D and 2D ESEEM characterization of the reduced Rieske-type [2Fe-2S] clusters in high- and low-potential Rieske-type proteins from the hyperthermoacidophilic archaeal genus Sulfolobus. The proteins of interest are the high-potential sulredoxin (SDX) from Sulfolobus tokodaii strain 7 (Em,acid pH of ~ +190 mV), which is weakly homologous to the cytochrome bc1-associated, high-potential Rieske proteins (DDBJ accession number, AB023295) [28-30], and the low-potential, archaeal Rieske-type ferredoxin (ARF) from Sulfolobus solfataricus strain P-1 (Em,7 of ~ -62 mV), which has the canonical cluster-binding motif for the low-potential proteins (DDBJ accession number, AB047031) [6,22].  These archaeal proteins have been overproduced in Escherichia coli, in which background they can be modified by site-directed mutagenesis, and can be obtained as highly concentrated samples suitable for spectroscopic studies [6,30,31]. At these high concentrations the intense EPR signals from reduced Rieske clusters allow collection of high quality 1D and 2D ESEEM spectra, both near the canonical directions of the g-tensor, and at intermediate fields within EPR line [30]. 



All previous ESEEM investigations of Rieske proteins were focused on analysis of the hyperfine couplings of coordinated nitrogens along the principal directions of the g-tensor, and demonstrated their high stability, but no attempt was made to correlate the spectra obtained with real structural differences. In this work, we explain, for the first time, that the hyperfine tensors of coordinated nitrogens are not sensitive to variations of histidine coordination, and we highlight the nuclear quadrupole interactions (nqi) as a more appropriate source of information on the coordination geometry of the hisitidine ligands.  We also report measurement of quadrupole couplings along principal directions of the g-tensor for coordinated N(, which vary significantly between the two proteins and have a major influence on 14N ESEEM spectra. Experimental variations of quadrupole couplings were consistent with the calculated ones for high and low potential Rieske proteins with known structure.  These findings allow us to propose the use of nitrogen nqi tensors for characterization of structural features in the immediate cluster environment, which are of importance in the reaction mechanism of high- and low-potential Rieske-type proteins. This approach has a general impact on proteins with nitrogen coordinated metal centers.

Experimental

Samples Preparation. Escherichia coli strain DH5( and strain HB101 (TaKaRa) used for cloning were grown in LB or TB medium, with 50 g/ml ampicillin when required.  Plasmids pGEMT and pGEM3Zf(+) (Promega) were used for cloning and sequencing.  The expression vector pET28a was purchased from Novagen.  Water was purified by a Milli-Q purification system (Millipore).  Other chemicals mentioned in this study were of analytical grade.

          The arf gene coding for the low-potential, archaeal Rieske-type ferredoxin (ORF c06009; DDBJ accession number AB047031) of S. solfataricus strain P-1 (DSM 1616T) and the sdx gene coding for the high-potential, archaeal sulredoxin (DDBJ accession number, AB023295) of S. tokodaii strain 7 (JCM 10545T; formerly Sulfolobus sp. strain 7 [32]) have been cloned, sequenced, and heterologously overexpressed in E. coli as reported elsewhere [6,22]. The recombinant holoproteins having a hexahistidine-tag at the N-terminus were purified as reported previously [6,22,33]. When required, the recombinant holoprotein was further purified by a Sephadex G-50 gel filtration column (Amersham Pharmacia Biotech).

Freshly prepared proteins were concentrated by pressure filtration with an Amicon YM-10 membrane.  Further concentration was achieved by placing the samples under a stream of dry argon gas.  The resulting samples (~0.5-1 mM) containing ~20% (v/v) glycerol were carefully transferred to the suprasil quartz EPR tubes (Wilmad) and reduced with sodium dithionite under argon, prior to freezing in liquid nitrogen.     


EPR experiments. Pulsed EPR measurements were carried out using an X-band Bruker ELEXSYS E580 spectrometers with an Oxford CF 935 cryostat at 10-11 K. Several types of ESEEM experiments with different pulse sequences were employed, with appropriate phase cycling schemes to eliminate unwanted features from experimental echo envelopes. Among them are two pulse and 1D and 2D three- and four-pulse sequences. In the two pulse electron spin echo (ESE) experiment  ((/2-(-(-(-echo), intensity of the echo signal at a fixed interval, (, between two microwave pulses with spin vector rotation angles (/2 and ( is measured as a function of magnetic field.  In the 1D three-pulse experiment ((/2-(-(/2- T-(/2-(-echo), the intensity of the stimulated echo signal after the third pulse is recorded as a function of time, T, at constant time, (. The set of three-pulse envelopes recorded at different ( values forms a 2D three-pulse data set. In the 2D four-pulse experiment ((/2-(-(/2-t1-(-t2-(/2-(-echo, also called HYSCORE), the intensity of the stimulated echo after the fourth pulse was measured with variation of t2 and t1 whilst ( remained constant. The length of a (/2 pulse was nominally 16 ns and a ( pulse – 32 ns. The repetition rate of pulse sequences was 1000 Hz.  HYSCORE data were collected in the form of 2D time-domain patterns containing 256(256 points with a step16 ns. Spectral processing of three- and four-pulse ESEEM patterns, including subtraction of relaxation decay (fitting by polynoms of 3-4 degree), apodization (Hamming window), zero feeling, and fast Fourier transformation (FT), was performed using Bruker WIN-EPR software.
Nitrogen ESEEM and HYSCORE. The three-pulse ESEEM experiment detects nuclear frequencies of the magnetic nuclei interacting with the unpaired electron of the reduced cluster. Each 14N with nuclear spin I=1 is characterized by six nuclear frequencies corresponding to two single-quantum (sq) and one double-quantum (dq) transitions from two electron spin manifolds mS = (1/2 (Fig. 1). However, some of these transitions could be formally forbidden and have a negligible intensity in the spectra of oriented systems. This phenomenon depends upon the strength of nuclear Zeeman, hyperfine and quadrupole interactions, and their relative orientation in the g-tensor coordinate system. In an orientation-disordered system an additional factor influencing the intensity of the different transitions is their orientation dependence. Strong orientation dependence of some transitions often prevents the appearance of observable lines with well-pronounced maxima. 

The general advantage of the two-dimensional HYSCORE technique lies in the creation of non-diagonal cross-peaks whose coordinates are nuclear frequencies from opposite electron spin manifolds.  14N nucleus can produce up to 18 cross-peaks in each of two quadrants, (++) and (+(), of the HYSCORE spectra including two [dq
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] correlations [18]. However, again, only some of the possible cross-features had observable intensity. Those cross-peaks are distributed in two quadrants, (++) and (+(), depending on the relative values of nuclear magnetic interactions and orientation dependence of nuclear frequencies. In addition, the intensity of cross-peaks is significantly influenced by the time ( between the first and second pulses, which is kept constant in each HYSCORE experiment. Due to this property, several measurements at different times ( are usually required for the detection of all cross-peaks contributing to the spectra. Moreover, the ESEEM intensity of the nuclear transition and the intensity of cross-peaks involving this transition are described by different coefficients. As a result, the absence of the line from some transitions in three-pulse ESEEM spectra does not rule out the existence of the cross-peaks. HYSCORE also possesses an enhanced capability to detect peaks of low intensity relative to the three-pulse spectra. This experiment separates overlapping peaks along a second dimension and enhances the signal-to-noise ratio by the second FT.  Observation of a few cross-features from 14N is often enough for the construction of its nuclear frequencies in both manifolds. These frequencies are used for calculating the nitrogen hyperfine and quadrupole couplings.

The first-order expressions for the 14N frequencies of the dq and sq transitions in the two electron spin manifolds in the case of dominating hyperfine interaction are equal to [15,34]: 

                                       (1sq(  = A1n/2  ( (I + 3Qn/2

                                        (2sq(  = A1n/2  ( (I  ( 3Qn/2                                (1)

                                         (dq(  = A1n  ( 2(I
where (I – Zeeman frequency, A1n – hyperfine, and Qn – quadrupole coupling at an arbitrary orientation of the external magnetic field in the selected coordinate system. 


The second-order contributions to nuclear frequencies are equal to [34]: 

                                       ((2)(1,2)sq+  =  (A(2) (Q(2))/(An (2(I )

                                       ((2)(1,2)sq-  =  (A(2) (Q(2))/(An +2(I )                         (2)

                                                ((2)dq(  =A(2) /(An/2 ((I )

where 

                                       A(2) =1/4(T2np + T2nq) +K2(3+(2) –3/4 Q2n

                                       Q(2) =3(QnpTnp+ QnqTnq) 

The matrix T in A(2) and Q(2) represents the anisotropic part of the hyperfine interaction, n determines the orientation of the external magnetic field, and p and q are two orientations perpendicular to n and to each other. For instance, for the spectra measured at fields corresponding to gz and gx the principal values of the g-tensor; n is coincident with corresponding principal directions Z and X. Respectively, p and q are coincident with the two other remaining axes X and Y, Y and Z.  K=e2qQ/4h is the quadrupole coupling constant, and ( is the asymmetry parameter.  

The second-order corrected hyperfine coupling An - could be determined from experimental frequencies of dq transitions using the equation [34]:

                                       An = 2(I((dq+ + (dq- )/[8(I –((dq+ - (dq- )]             (3)

Results 
EPR spectra of the reduced clusters. Orientation selection. Strong antiferromagnetic coupling between the electron spins of two irons in [2Fe-2S] cluster via bridging sulfide atoms produces an EPR silent ground state in the oxidized Fe3+(S=5/2)-Fe3+(S=5/2) form of the cluster and paramagnetic S=1/2 ground state of the reduced form Fe3+(S=5/2)-Fe2+(S=2) [3].  Dithionite-reduced Rieske-type [2Fe-2S] clusters in SDX and ARF show typical EPR spectra from a rhombic g tensor, with principal values gz=2.008, gy=1.91, gx=1.79 and gz=2.02, gy=1.90, gx=1.81, respectively.  The field-sweep two-pulse ESE spectra of SDX and ARF measured at the time (=300 ns are shown in Fig. 2. The width of the anisotropic EPR spectra of the reduced Rieske-type [2Fe-2S] clusters is ~40-50 mT, which significantly exceeds the spectral interval excited by microwave pulses (~0.5-1 mT). The ESEEM and HYSCORE measurements under such conditions are orientation-selective experiments, because the magnetic field fixed at any point within the EPR line selects clusters with different orientations of the g-tensor relative to the magnetic field direction. Thus, the ESEEM and HYSCORE spectra taken at the high and low extreme edges near the maximal and minimal g values (Fig. 2) give “single-crystal-like” patterns from the reduced clusters, whose gz and gx axes are directed along the magnetic field. The 14N nuclear frequencies, determined from such spectra and treated with Eqs. (1-3), can provide an estimate of the diagonal components of the hyperfine and quadrupole tensors along gz and gx axes in the g-tensor coordinate system. In contrast, the resonance condition at the intermediate gy value is fulfilled by many different, yet well-defined, orientations and an applicability of Eqs. (1-3) is questionable in this case. 

Three-pulse ESEEM. The three-pulse 14N ESEEM spectra of reduced Rieske-type clusters in SDX and ARF, recorded at the fields corresponding to the canonical orientations of the g-tensor, shown in Fig. 2, consist of multiple peaks at frequencies 0 - 8 MHz (Fig. 3 and Supplementary Material). The data in Fig. 3 clearly indicate the orientational dependence of spectra obtained at different magnetic fields. Dominant contributions to these spectra come from the two coordinated 14N( from the terminal histidine ligands, with hyperfine couplings ~4-6 MHz [17,18,23,24]. Contributions of polypeptide backbone nitrogens of the protein are also possible at frequencies <4.5 MHz [17,18] (see Supplementary Material). The three-pulse spectra of SDX and ARF demonstrate visible differences in the number of lines, their positions and relative intensities. This observation is in line with previous reports of spectral diversity of some related mesophilic Rieske-type proteins [10,17,18]. However, the interpretation of these differences is problematic because of the limited number of resolved spectral features and unknown relations between them. 

To overcome this problem we recorded two-dimensional HYSCORE spectra of the archaeal Rieske-type proteins at the same fields, which contain numerous resolved cross-peaks. The characteristic HYSCORE spectra from 14N with different values of hyperfine couplings compared to Zeeman frequency [18] allow us to give an unambiguous assignment of the cross-peaks produced by coordinated nitrogens, and to determine the nuclear frequencies in two manifolds for each of them. 

HYSCORE spectra in canonical g-tensor orientations and their analysis. gz spectra.  Figure 4 shows the (+-) quadrant of the HYSCORE spectra of SDX and ARF measured at the gz edge, in which all major cross-features produced by the two histidine N(, designated N1SDX/ARF and N2SDX/ARF hereafter, are located.  The SDX spectrum (Fig. 4, top) exhibits the most intense cross-peaks at [(7.2, 
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3.6] MHz (1dd), which are assigned to the dq-dq correlation of N1SDX, based on the difference between two dq frequencies (close to 4(I of 14N), their contour lineshape, and their intensities [18].  N1SDX also produces well-pronounced dq-sq peaks [(7.2; 
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2.5] MHz (1ds), which correlate the dq+- transition 7.2 MHz with the sq-frequency of ~2.5 MHz from the same manifold as the dq-- transition with 3.6 MHz. The cross-peaks (1dd) and (1ds) determine one set of nuclear frequencies ~(3.6, 2.5, 1.1) MHz with quadrupole splitting 3(Qz((1.4 MHz (see, Eq.(1)).  Assuming the same quadrupole contribution to the sq-frequencies, a second nuclear triplet was determined with frequencies of  ~(7.2, 4.3, 2.9) MHz.  

Similarly, the dq-dq correlations of N2SDX at [(8.5; 
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4.6] MHz (2dd) and dq-sq peaks at [(8.5; 
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3.2] MHz (2ds) define nuclear set (~4.6, 3.2, 1.4) MHz with 3(Qz((1.8 MHz. The frequencies from the opposite manifold were then estimated to be (~8.5, 5.1, 3.4) MHz.

   Nuclear frequencies of N1SDX and N2 SDX predict a number of sq-sq correlations with differences of the order 0.2-0.5 MHz for each coordinate.  Such close proximity leads to their partial overlap, and a shift in the peak maxima from positions predicted by dq-dq and dq-sq correlations up to ~0.2-0.3 MHz.  The position of these maxima also changes with ( variation, which affects differently the intensities of the individual cross-peaks contributing to the extended overlapped features. In the typical area of sq-sq transitions in the (+() quadrant, extended ridges approximately parallel to the diagonal of this quadrant (S1) show two weak maxima at ~[(5.0, 
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3.3] MHz and [(4.1, 
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2.3] MHz, which agree well with the predicted sq-sq correlations [(5.1, 
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3.2] MHz from N2SDX and [(4.3, 
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2.5] MHz from N1SDX.  An additional pair of cross-peaks (S2) with a bent shape and a maximum at ~[(3.3, 
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1.3] MHz are attributed to an overlap of the two sq-sq correlations of ~[(3.4, 
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1.4] MHz from N2SDX and ~[(2.9, 
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1.1] MHz from N1SDX. Thus, the sq-sq correlations generally support the peak assignment and nuclear frequencies derived from the analysis above.  However, in the presence of several nitrogens, the sets of nuclear frequencies can be obtained more accurately from the dq-dq and dq-sq correlations. This approach was used for determination of the nuclear frequencies for the N1 and N2 from other spectra. 

The HYSCORE spectrum of ARF (Fig. 4, bottom) shows dq-dq, (1dd) and (2dd), as well as dq-sq, (1ds) and (2ds), correlations. These features define nuclear frequencies for N1ARF and N2ARF shown in Table 1.  Extended cross-features with a bent shape (S1) located between ~[5.0-3.6, 3.1-2.3] MHz in the central part of the (+-) quadrant are interpreted as an overlap of the sq-sq cross-peaks at ~[(4.9, 
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3.0] MHz from N2ARF and ~[(4.2, 
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2.5] MHz from N1ARF. Two additional, almost separated, peaks (S2 and S2’) at ~[(3.6, 
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1.5] MHz and [(2.9, 
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0.9] MHz (the splitting is not seen in the SDX spectrum) result from an increase of the 3(Qz(~0.2 MHz from N1ARF (as compared to that of N1SDX) and a decrease of the smaller sq frequency from 1.1 to 0.9 MHz.
gx spectra.  The dq-dq correlations from N1SDX and N2SDX in the HYSCORE spectra of SDX and ARF measured near gx overlap partially (Fig. 5).  Nevertheless, two maxima designated (1dd) and (2dd) are resolved in each spectrum. In addition, two dq-sq (1ds) features are also present in the spectrum of each protein. The frequencies of all these peaks are different and lead to different nuclear frequencies in the two proteins (Table 1).   
A notable similarity in the SDX and ARF spectra measured near gx (Fig. 5) is the absence of any feature attributed to the dq-sq correlations from N2.  Our attempts to visualize these features in the spectra at other times ( failed.  In this situation, we tentatively estimated the nuclear frequencies for N2SDX/ARF using the cross-features (S2) at the high-frequency region, ~(4.5-5.0, 2.6-3.1) MHz, of the sq-sq area in the spectra of both proteins.  Well-defined dq-dq and dq-sq cross-peaks excluded N1SDX/ARF as a possible source of these correlations. They were assigned to a sq-sq correlation of N2SDX/ARF that should give estimated nuclear sets shown in the Table 1. 

gy spectra. The central EPR peak with maximal intensity formally corresponds to the gy=1.91 principal value of the g-tensor, but the spectra recorded at this field position are not “single-crystal-like”. Despite the partial powder character, HYSCORE spectra of SDX and ARF measured at this position (Fig. 6) consist of well-resolved cross-peaks and contain dq-dq correlations, (2dd) and (1dd), as well as a dq-sq correlation (2ds) at the close frequencies.  The cross-features (1ds) are unique to the spectrum of each protein. Variations in frequencies of the dq-sq transitions between SDX and ARF correlate with those of the sq-sq cross-features in the HYSCORE spectra.

Discussion

Hyperfine and quadrupole couplings. The nuclear frequencies evaluated for N1SDX/ARF and N2SDX/ARF from HYSCORE spectra, measured near three canonical orientations of the g-tensor, are summarized in Table 1.  The frequencies from both manifolds of each nitrogen were used for an independent first-order estimate of hyperfine coupling. These estimates, A1n, differ significantly from each other, indicating a considerable contribution of non-secular terms to the nuclear frequencies in these orientations.  Hyperfine couplings (An), consistent with directly measured from 15N Q-band ENDOR [15,16,35], are obtained using the second-order corrected Eq. (3) 
The HYSCORE spectra of SDX and ARF, measured at a number of points between the low and high field edges of the EPR spectra, contain contributions from many different orientations similarly to gy point. Nevertheless, almost all of them show well-resolved dq-dq and dq-sq correlations with hyperfine and quadrupole couplings that could be determined in a similar manner as those described above for the gy field. It is found that the hyperfine couplings for both nitrogens smoothly decrease from the edges to the center of the EPR spectrum and reach their minimum near gy (Table 1).  At the edges of the EPR spectrum, the N1SDX coupling always exceeds the equivalent N1ARF coupling by 0.2-0.4 MHz, while in the central region of the spectrum (around g~1.90-1.93), their difference becomes negligible. In the cases of the corresponding N2SDX/ARF couplings, their difference is much smaller and does not exceed ~0.2 MHz even at the edges of the EPR spectrum.  These results indicate that (i) the maximum variation of the hyperfine couplings is less than ~8-10% for N1SDX/ARF and ~3-4% for N2SDX/ARF, and (ii) the difference between the hyperfine couplings for N1SDX/ARF and N2SDX/ARF is always larger in SDX than in ARF.

In stark contrast to the hyperfine couplings, the relative variations for the quadrupole splitting 3(Qi( from N1SDX/ARF appear to be approximately two times greater in SDX than in ARF at the gy and gx orientations.  The differences for N2SDX/ARF are smaller (~0.2-0.3 MHz), but exceed the accuracy in frequency determination. Differences in the intermediate orientations for N1SDX/ARF and N2SDX/ARF vary within similar values.  

An important question regarding the spectra recorded at gy field is whether the hyperfine and quadrupole couplings formally determined for N1 and N2 from these spectra (using Eqs.(1-3), which are suitable for the “single-crystal-like” case), correspond to the gy principal direction or result from some other orientation(s) of the cluster that contributes to the EPR signal near the gy field. Experimental quadrupole couplings 3(Qi( available for N1SDX/ARF and N2SDX/ARF in three different orientations are 1.4, 1.0, 0.9 MHz (N1SDX) and 1.6, 0.4, 0.5 MHz (N1ARF), and 1.8, 1.0-1.4, 1.1 (N2SDX) and 1.6, 1.3-1.7, 0.9 MHz (N2ARF).  Although their actual signs are unknown, there is no way for all three sets to combine the signs of couplings that would give zero trace for the nqi tensor matrix in the g-tensor coordinate system.  Hence, the quadrupole couplings determined from the spectra at the gy field are far from the values corresponding to the gy principal directions, and must belong to some other orientation(s). 

Similar logic cannot be applied to the hyperfine couplings because the trace of the complete hyperfine tensor is not equal to zero. Hyperfine couplings given in Table 1 for the three canonical orientations could only be used for the formal calculation of the isotropic hyperfine constants of N1SDX/ARF and N2SDX/ARF (4.6 and 5.4 MHz in SDX, and 4.4 and 5.4 in ARF). It was assumed that all couplings have the same sign. Although the hyperfine couplings determined from the gy spectra do not correspond to the gy orientation, the isotropic constants agree well with the values determined from simulated ENDOR spectra (4.6 and 5.5 MHz in phthalate dioxygenase, and 4.6 and 5.3 MHz in cytochrome bc1 complex) [35]. This is most likely due to the dominant contribution of the isotropic interaction to the hyperfine tensor, unlike quadrupole tensor, which is purely anisotropic.
Exploiting nqi couplings for the characterization of histidine coordination. The well-defined variations in the 14N ESEEM spectra of the two archaeal Rieske-type proteins reported in this work have allowed us to identify critical changes in the parameters of magnetic interactions with coordinated N( that determine the spectral differences. In this section we analyze these changes in terms of the available structures of the high- and low-potential Rieske-type proteins. 
          Our present results showed minor differences between hyperfine couplings of the two coordinated histidine nitrogens N( in the high- and low-potential, archaeal Rieske-type proteins (Table 1).  Gurbiel et al. [15,16,35] have previously reported similar N( hyperfine tensors among the reduced Rieske centers of related proteins by ENDOR, and proposed a common model of histidine coordination to the [2Fe-2S] cluster, based on orientation of the principal axes of the N( hyperfine tensors in a coordinate system of the g-tensor: (i) the N-Fe(II)-N plane is normal to the cluster plane (the two planes cross along the Fe-Fe vector), (ii) Fe-N( bonds form angles 45o and 55o with the Fe-Fe direction, and (iii) each Fe-N( direction lies within its corresponding imidazole plane (although the rotation angles of the imidazole planes around to Fe-N directions (imidazole inclination) could not be determined from the 15N data).

  The coordination of the histidine ligands to the Rieske-type [2Fe-2S] clusters in the crystal structures of the high-potential bovine Rieske protein (1RIE.pdb) [25] and the low-potential Rieske-type ferredoxin (BphF, 1FQT.pdb) [12] is asymmetric, and different in the two structures. For quantitative characterization of the ligand geometry in a Rieske-type cluster, we describe the orientation of the imidazole planes in the coordinate system associated with the [2Fe-2S] cluster by Euler angles, ((,(,(), (Table 2) that are calculated using the atomic coordinates deposited in the Protein Data Bank database.  Fig. 7A shows a model illustrating the coordination system. It is important to note that, despite the differences in the Euler angles, the angles between Fe-Fe and Fe-N( directions in bovine Rieske protein are very close to the corresponding angles of the BphF (Table 2), with the variations of Fe-N( distances within 0.1 Å in the two proteins.

The nitrogen hyperfine tensors in Rieske-type proteins depend on anisotropic interaction with the electron spins of the Fe(II) and Fe(III), and the spin density transferred on 14N( atom.  The constrains on N( location (stable Fe-N( distances and angles between Fe-Fe and Fe-N() based on the available crystal structures would account for the similarity of hyperfine tensors between different proteins, if they are determined mainly by the location of the N( nuclei relative to the electron spins of the cluster, and are relatively insensitive to variations in orientation of the imidazole plane. The latter influence only the overlap of the iron and nitrogen orbitals responsible for a transfer of the spin density onto the ligand. This means that the hyperfine tensor of N( and its principal directions mainly reflect the position of the nitrogen atom itself relative to the iron-sulfur cluster, and would not be expected to provide direct information about changes in orientation of the imidazole plane, so long as the position of the N( atom remained approximately constant. 


In contrast to the principal axes of the hyperfine tensor, the principal directions of the nqi tensor are determined by the geometry of the electron orbitals around the nucleus, and are associated with the ligand molecule itself. For instance, the principal directions of the nqi tensor for the N( imine nitrogen of the imidazole ring are coincident with the directions 1L-3L shown in Fig. 7. They are retained if this nitrogen is coordinated to the metal, and thus can be used for the characterization of the ligand orientation in the complex. This approach has been verified by several experiments showing that the principal directions of the nqi tensor determined by magnetic resonance techniques provide the correct description of the ligand geometry based on the X-ray crystal structures [36-39].
We calculated quadrupole couplings for two N( with coordination geometry for the imidazole plane similar to that in bovine mitochondrial Rieske protein and in BphF, and qualitatively compared them with the quadrupole couplings from N1SDX/ARF and N2SDX/ARF found in the two archaeal proteins (Table 1). Quadrupole couplings determined from “single-crystal-like” spectra near gz and gx are equal to the diagonal component of the nqi tensor along the Z and X axes of the g-tensor coordinate system. In order to interpret the magnetic resonance data in conjunction with crystal structures, we need to know the orientation of the g-tensor principal axes.  Recently, a single-crystal EPR study of the reduced Rieske cluster in cytochrome bc1 complex with stigmatellin was published, which showed that the gz and gx axes are oriented with high accuracy along the S-S and Fe-Fe directions, respectively, and gy is nearly normal to the cluster plane [40]. 

In addition to the g-tensor orientation, the principal values of the nqi tensor: Qmax=2K, Qmid = -K(1+(), and Qmin=-K(1-() (described, in fact, by two parameters, i.e. K= e2Qq/4h and () as well as their orientation in the molecular axes system 1L-3L, are also required for the calculation of the splittings. No experimental data for nqi tensors of coordinated nitrogens in Rieske proteins are currently available. However, the reported values of the quadrupole coupling constant e2Qq/h of the 14N( imine nitrogen of the imidazole ring for the Fe coordinating histidine fit within the narrow interval ~2.2-2.6 MHz [15,41,42]. This implies that the Qmax has a stable value of the order ~1.1-1.3 MHz, while the orientation of the principal axes along directions 1L-3L could be different [41,42]. In general we must consider all possible orientations of the nqi tensor in the molecular coordinate system of imidazole ring. There are six such orientations, (a)-(f), as shown in Fig. 7B.

 The nqi splittings from N( in the(Qmax(units, i.e. (Qi/Qmax(, are calculated along the X (Fe-Fe), Y, and Z (S-S) directions (Fig. 8) as a function of the asymmetry parameter ( for orientations (a)-(f) of the principal axes Qmax, Qmid, and Qmin along the 1L-3L axes. Orientation of the imidazole plane of each ligand, i.e. the orientation of the 1L-3L axes (Fig. 7) relative to the cluster axes X, Y, and Z, was fixed and described by the Euler angles as in the bovine Rieske fragment and BphF structures. It should be noted that the border-points between orientations with (=0 and (=1 in Fig. 8 correspond to the axial and fully rhombic nqi tensor, respectively. For these points two neighboring orientations are indistinguishable and produce equal splittings that define a monotonic variation of the plotted dependences. The calculated splittings for each ligand geometry are characteristic of the orientation of the nqi tensor and the asymmetry parameter (. There are only two combinations (orientation, () that could produce the same (Qi/Qmax((0, and the condition(Qi/Qmax(=0 is given by only one combination (Fig. 8). 

The differences of calculated splittings in the two proteins are larger for Histidine 1 than for Histidine 2. For Histidine 2, the Euler angle ( is small and almost equal in both proteins (13o and 10o) and rotation on the angle ( is performed around the direction close to the Z-axis used for the first rotation on angle (. The sum of Euler angles ( and ( for this ligand in bovine Rieske protein (234o) and in BphF (230o) is almost identical.  The variations of the coordination geometry are more pronounced for Histidine 1, where the difference in the Euler angles ( and ( is about 20o and rotation on the angle ( is performed around the different directions. 

For the same orientation of nqi principal axes along the molecular axes, the difference between (Qx/Qmax(for Histidine 2 in the two proteins is about ~(0.1-0.15) almost everywhere except for two narrow crossing intervals. Changes in (Qx/Qmax( for Histidine 1 are within (0-0.5). For the Qmax~1.1-1.3 MHz the maximum ((3(Qx() could reach ~1.8 MHz for Histidine 1 and ~0.5 MHz for Histidine 2. We obtained a ((3(Qx() of ~0.6 MHz for N1 and 0-0.3 MHz for N2 in SDX and ARF (Table 1), which fit well within the calculated splittings.  The calculated differences in (Qz/Qmax( do not exceed ~0.2 for Histidine 1, and are practically indistinguishable for Histidine 2. Our experimental data showed consistently small differences between quadrupole splittings in this orientation for both ligands in SDX and ARF (Table 1). The calculations also predict significant difference in (Qy/Qmax( for Histidine 1, which could reach ~0.5, which gives (Qy(~0.6 MHz. Contributions to the spectra measured near gy from the numerous orientations prevent any direct comparison of calculated and experimental couplings, although the two-fold difference in 3(Qy( has been determined for N1SDX/ARF from these spectra. 

The analysis above demonstrates that the variations in hisitidine coordination of the high- and low-potential Rieske-type proteins seen in crystal structures correspond to differences of 14N( quadrupole couplings along the principal axes of the g-tensor, which could be measured by ENDOR/ESEEM. The differences in N( quadrupole couplings determined from our HYSCORE experiments for the Rieske-type clusters in SDX and ARF qualitatively support this conclusion, and indicate that there are real variations in coordination geometry of two histidine ligands in SDX and ARF, which are larger for the ligand with N1.  This suggests that (i) the nqi couplings can provide a direct indication of differences in coordination geometry of the imidazole rings in Rieske proteins, which can be applied to study of mutant strains, and (ii) nqi tensor renders a more accurate description of the geometry of imidazole ligation than does the hyperfine tensor. Further development of this approach, for example, determination of the exact Euler angles characterizing the orientation of the principal axes of N( nqi tensors in g-tensor coordinate system from the ESEEM/HYSCORE data, requires quantitative verification using some Rieske proteins with known crystal structures.
Conclusion

The comparative 14N ESEEM and HYSCORE study of two hyperthermophilic archaeal Rieske-type proteins has indicated two major factors producing spectral differences: (i) variations of the N( quadrupole couplings resulting from the changes in coordination geometry of histidine imidazoles, and (ii) variations of the N( hyperfine couplings, which are influenced to a lesser degree by changes of ligand geometry and differences in the protein environment. In addition to these key factors, some observed spectral differences between three-pulse ESEEM and HYSCORE spectra are probably attributable to different interaction with the backbone peptide nitrogens in the immediate cluster environment of these proteins, as discussed further in the Supplementary Material.

Our present results suggest that variations in the imidazole coordination geometry in different types of the Rieske-type [2Fe-2S] clusters in many important biological systems could be characterized qualitatively by 14N ESEEM, and the approach can be extended to a more quantitative analysis, depending on the completeness of the data, theoretical analysis and spectral simulations. ESEEM spectroscopy seems to be especially promising under circumstances in which a comparative, close investigation of the histidine ligation is required for an understanding of similar redox proteins or similar configurations of a particular protein that change during catalysis. It can be used, for example, to probe the interaction of the Rieske protein subunit with different occupants of the Qo-site in cytochrome bc1/b6f complexes, or the structural and/or electronic changes of the immediate environment of the active site in the wild-type protein and mutant strains. A complete magnetic resonance description of histidine coordination to the Rieske cluster demands determination of 11 parameters for each N(, including principal values of hyperfine and quadrupole tensors and angles describing their orientation in the g-tensor coordinate system. This would require extensive and laborious spectral simulations. A more practical way could be based on the comparative analysis of the quadrupole couplings, once this has been validated by comparison with proteins of known crystal structure.
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Figure captions.

Figure 1. The nuclear frequencies of I=1 nucleus interacting with an electron spin S=1/2. There are three nuclear sublevels with three nuclear transitions in both electron spin manifolds with electron spin states mS = (1/2. Two of these transitions between adjacent nuclear sublevels with frequencies ((1,2)sq(  (solid lines) are single-quantum transitions. One transition between extreme sublevels with the frequency (dq(  (dashed lines) is double-quantum transition.
Figure 2. Two-pulse field-sweep ESE spectra of the reduced Rieske-type cluster in SDX and ARF recorded with (= 300 ns. Arrows show the positions where orientation-selected ESEEM and HYSCORE spectra were measured.  

Figure 3. Stacked plots of 3-pulse ESEEM spectra after modulus FT along time T between the second and third microwave pulses for SDX and ARF. Spectra measured at gz = 2.012, gy = 1.91, gx = 1.774 for SDX and gz = 2.018, gy = 1.903, gx = 1.784 for ARF (Fig. 1). The last spectrum corresponds to initial time (=120 ns and successive spectra are obtained with increasing steps of 32 ns for the gz and gx points in both proteins. The last spectrum corresponds to initial time (=88 ns and successive spectra are obtained with increasing steps of 16 ns for the gy point in both proteins. Two-dimensional plots of these spectra are given in Supplementary Material.

Figure 4. HYSCORE spectra for SDX measured at gz = 2.012 (magnetic field 344.3 mT, (=200 ns) and ARF measured at gz = 2.018 (magnetic field 343.0 mT, (=200 ns). The (++) quadrant of these spectra does not contain informative cross-peaks and is dominated by intensive diagonal features. 1dd, 1ds and 2dd, 2ds mark dq-dq and dq-sq transitions for N1SDX/ARF and N2SDX/ARF, respectively. All other markers are described in the text. 

(SDX, top): The cross-peaks from N1SDX: (1dd), [(7.2, 
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3.6] MHz; (1ds), [(7.2; 
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2.5] MHz. The cross-peaks from N2SDX: (2dd), [(8.5; 
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4.6] MHz; (2ds), [(8.5; 
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3.2] MHz.  (S1) and (S2) are interpreted as an overlap of the sq-sq correlations from N1SDX and N2SDX.

(ARF, bottom): The cross-peaks from N1ARF: (1dd), [(7.0, 
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3.4] MHz; (1ds), [(7.0, 
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2.5] MHz.  The cross-peaks from N2ARF: (2dd), [(8.3, 
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4.4] MHz;  (2ds), [(8.3, 
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3.0] MHz. (S1), (S2) and (S2’) are interpreted as an overlap of the sq-sq correlations from N1ARF and N2ARF.
Figure 5. HYSCORE spectra for SDX measured at gx = 1.774 (magnetic field 390.5 mT, (=200 ns) and ARF measured at gx = 1.784 (magnetic field 388.0 mT, (=136 ns). 1dd, 1ds and 2dd, 2ds mark dq-dq and dq-sq transitions for N1SDX/ARF and N2SDX/ARF, respectively. All other markers are described in the text.
(SDX, top): The cross-peaks from N1SDX: (1dd), [(7.5, 
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3.3] MHz;  (1ds), [(7.4, 
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2.1] MHz and [7.4, 1.1] MHz;  (S1), sq-sq correlation from N1SDX at (-3.2, 1.1) MHz.   The cross-peaks from N2SDX: (2dd), [(8.2, 
[image: image32.wmf]m

4.0] MHz;  (S2), sq-sq correlation at ~(4.5-5.0, 2.6-3.1) MHz. A peak at [4.0, -1.6] MHz (S) may result from certain overlapping features. Peaks P1 are likely to be produced by a non-histidine nitrogens (see Supplementary Material).
(ARF, bottom): The cross-peaks from N1ARF: (1dd) [(7.0, 
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3.0] MHz;  (1ds) [(7.0, 
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1.7] MHz and [7.0, 1.3] MHz.  The cross-peaks from N2ARF: (2dd) [(7.9, 
[image: image35.wmf]m

3.7] MHz;  (S2), sq-sq correlation at ~(4.5-5.0, 2.6-3.1) MHz.
Figure 6. HYSCORE spectra for SDX measured at gy = 1.91 (magnetic field 362.3 mT, (=136 ns) and ARF measured at gy = 1.903 (364.0 mT, (=136 ns). 1dd, 1ds and 2dd, 2ds mark dq-dq and dq-sq transitions for N1SDX/ARF and N2SDX/ARF, respectively. All other markers are described in the text.
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0.9] MHz;  (S1) and (S2), sq-sq correlations at [(2.6, 
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0.9] MHz.  The cross-peaks from N2SDX: (2dd), [(7.6, 
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3.5] MHz;  (2ds), [(7.6, 
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1.2-1.3] MHz.
(ARF, bottom):  The cross-peaks from N1ARF:  (1dd), [(6.5, 
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 2.7] MHz;  (1ds), [(6.5, 
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1.1] MHz and [6.5, 1.6] MHz;  (S1) and (S2), sq-sq correlations at [(2.8, 
[image: image45.wmf]m

1.1] MHz and [(4.0, 
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1.1] MHz, respectively.  The cross-peaks from N2ARF: (2dd), [(7.6, 
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3.5] MHz;  (2ds), [(7.6, 
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1.2-1.3] MHz. Peaks P1 and P2 are likely to be produced by a non-histidine nitrogens (see Supplementary Material).
Figure 7. (A) The coordinate axes X, Y, Z associated with the [2Fe-2S] cluster were used as a reference system for quantitative characterization of the coordination geometry followed from crystal structures. The coordinate axes 1L’,2L’,3L’ and 1L’’,2L’’,3L’’ associated with two imidazole residues of the coordinated histidines. These axes are determined as follow: 2L’(2L’’) are in the imidazole plane passing through two C atoms as shown in the figure, 1L’(1L’’) are also in the imidazole plane passing through N atom, 3L’(3L’’) are normal to both 1L’(1L’’) and 2L’(2L’’). The orientation of the coordinate axes of the imidazoles in the coordinate system of the cluster is described by Euler angles (,(,( (At the beginning 1L, 2L and 3L axes for both imidazole residues coincide with X, Y, Z. ( refers to the residue rotation around its initial 3L (Z) axis, ( is the rotation about the new 2L axis, ( is the subsequent rotation around the new (final) 3L axis). The Euler angles were calculated using the coordinates of the atoms taken from the crystal structures.

(B) Possible orientations (a)-(f) of the nqi tensor principal axes, corresponding to the principal values Qmax, Qmid , and Qmin, along coordinate axes (1L, 2L, 3L) of  imidazole molecule.
Figure 8. Calculated absolute values of nqi tensor diagonal components QX, QY and QZ, normalized to Qmax, along X, Y, Z directions (coincident with gx, gy and gz principal axes of Rieske cluster, Fig. 7) for coordinated N( nitrogens of two histidine ligands in soluble Rieske fragment of bovine cytochrome bc1 complex (solid lines) and Rieske-type ferredoxin in the BphF (dashed lines). The calculated values are plotted as a function of the asymmetry parameter ( for six possible orientations (a)-(f) of the nqi tensor principal axes shown in Fig. 7B. 
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Figure 8


Table 1.  Nuclear frequencies of the coordinated nitrogens N1 and N2 in SDX and ARF and evaluated hyperfine and quadrupole couplings at the fields corresponding to the canonical orientations of the g-tensora

	
	N1SDX


	N2SDX
	N1ARF
	N2ARF

	Nuclear frequencies at gz              (MHz)
	  (3.6, 2.5, 1.1)

  (7.2, 4.3, 2.9)
	  (4.6, 3.2, 1.4)

  (8.5, 5.1, 3.4)
	  (3.4, 2.5, 0.9)

 (7.0, 4.2, 2.8)
	 (4.4, 3.0, 1.4) 

 (8.3, 4.9, 3.4)

	3(Qz(    (MHz)
	1.4
	1.8
	1.6
	1.6

	(I            (MHz)
	1.06
	1.06
	1.0557
	1.0557

	A1z         (MHz)
	5.1, 5.7
	6.4, 6.7
	4.9, 5.5
	6.2, 6.5

	Az           (MHz)
	4.7


	6.1
	4.5
	5.9

	Nuclear frequencies at gx (MHz)
	(3.2, 2.1, 1.1)

(7.4, 4.2, 3.2)
	(4.0, 2.5-2.7, 1.5-1.3)

(8.2, 4.5-4.8, 3.7-3.4)
	 (3.0, 1.7, 1.3)

(7.0, 3.7, 3.3)
	(3.7, 2.5-2.7, 1.2-1.0)

(7.9, 4.6-4.9, 3.3-3.0)

	3(Qx(    (MHz)
	1.0
	1.0-1.4
	0.4
	1.3-1.7

	(I            (MHz)
	1.20
	1.20
	1.194
	1.194

	A1x         (MHz)
	5.0, 5.6
	5.6, 6.1
	4.6, 5.4
	5.5, 6.1

	Ax           (MHz)


	4.7
	5.0
	4.3
	5.2

	Nuclear frequencies at gy (MHz)
	(2.7, 1.8, 0.9)

(6.5, 3.7, 2.8)
	 (3.5, 2.3, 1.2)

 (7.6, 4.2, 3.4)
	 (2.7, 1.6, 1.1)

(6.5, 3.5, 3.0)
	(3.5, 2.2, 1.3)

(7.6, 4.2, 3.4)

	3(Qy(    (MHz)
	0.9
	1.1
	0.5
	0.9

	(I            (MHz)
	1.115
	1.115
	1.12
	1.12

	A1y         (MHz)
	4.5, 4.9
	5.4, 5.7
	4.5, 4.9
	5.4, 5.7

	Ay           (MHz)
	4.3
	5.1
	4.2
	5.1

	Aiso         (MHz)


	4.6
	5.4
	4.4
	5.4


aThe position of the isolated peak in the HYSCORE spectra was affected by the value of time ( and by the accuracy of the frequency measurement from the discrete character of the 2D data acquisition. These two factors produce an error in the determination of the cross-peak maximum of the order ~0.1 MHz. Therefore, the frequencies reported above and couplings derived from them are determined with accuracies not less than this error. 

3(Qz(, 3(Qx,(, 3(Qy( – the quadrupole couplings along gz, gx, gy principal directions of g-tensor.

(I – 14N Zeeman frequency for the corresponding HYSCORE spectra measured at gz, gx or gy point of the EPR spectrum (Fig. 1). 
A1z, A1x, A1y  – hyperfine couplings determined from each dq transition of the two opposite manifolds using the first-order Eq.(1). 
Az, Ax, Ay  – second-order corrected hyperfine couplings determined from both of the dq frequencies using Eq.(3).
Aiso – isotropic hyperfine coupling calculated as (Az+Ax+Ay)/3 for each nitrogen.
Table 2.  Angles characterizing the coordination geometry of imidazole ring from histidine ligands in the bovine soluble Rieske fragment (1RIE.pdb) and BphF (1FQT.pdb) structures

	Angles, degrees
	Bovine Rieske fragment (1RIE.pdb)
	BphF (1FQT.pdb)

	
	Histidine 1
(His161)
	Histidine 2
(His141)
	Histidine 1
(His66)
	Histidine 2
(His45)

	Euler anglea, (
	243
	211
	224
	195

	Euler angle, (
	87
	13
	109
	10

	Euler angle, (
	273
	23
	262
	35

	Fe‑Fe/Fe‑N(
	39
	52
	45
	51

	Angle between
imidazole planes
	76
	100


a Definition of the Euler angles: at the beginning 1L, 2L and 3L axes for both imidazole residues coincide with X, Y, Z. ( refers to the residue rotation around its initial 3L (Z) axis, ( is the rotation about the new 2L axis, ( is the subsequent rotation around the new (final) 3L axis (Fig. 6).
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Comparison of the frequencies manifested in three-pulse and HYSCORE spectra. The nuclear frequencies and couplings for coordinated histidine nitrogens of SDX and ARF summarized in Table 1 are based mainly on analysis of the (+-)-quadrant of the HYSCORE spectra. The prominence of each nuclear transition is different in three-pulse and HYSCORE spectra (Table S1).  For instance, two major peaks at 3.7 and 6.3-6.8 MHz in three-pulse ESEEM spectra of SDX and ARF collected near gz (Figs. 2 and S1) belong to the dq transitions of N1SDX/ARF, although the position of the dq+ line deviated to lower frequencies compared to the HYSCORE spectra (Table S1). On the other hand, the three-pulse spectra of both proteins do not show the dq lines ~4.4-4.6 MHz and ~8.2 MHz from N2 SDX/ARF.  The absence of the dq-lines from the N2 in three-pulse spectra is probably a result of their low intensity at this field, incidentally followed from the relative orientation of g-tensor and hyperfine and nqi tensors, which are strictly determined by the protein structure. This peculiarity could lead to an erroneous conclusion about the nitrogen couplings if the analysis was based solely on the three-pulse spectra. There are also other indications of the diversity between three-pulse and HYSCORE spectra that allow us to suggest the additional contribution from nitrogens, other than N1 and N2.
Spectral indications of peptide backbone nitrogens.  The hydrogen bonded backbone peptide nitrogens play a significant role as one of the factors modulating redox and chemical properties of catalytic sites in many proteins. Available crystal structures of the Rieske and Rieske-type protein family show the number of peptide backbone nitrogens (from three to six) in each protein suitably located for the formation of hydrogen bonds with sulfur atoms of the cluster or its cysteine ligands [1]. It is proposed that a lower potential cluster has less extensive hydrogen bonding network in the immediate environment. Because the redox potential of ARF is significantly lower than that of SDX, the interaction of reduced Rieske cluster with the peptide nitrogens is an additional important topic for ESEEM spectroscopy.
Three-pulse ESEEM spectra of the reduced plant and vertebrate ferredoxin-type [2Fe-2S] clusters with four cysteine ligands always exhibit lines from the 14N peptide nitrogens which held some unpaired spin density transferred from the cluster across hydrogen bond bridges. Typical features include a quadrupole triplet at 0.8-1.2, 1.8-2.1, 2.8-3.1 MHz and a dq transition at 4.0-4.4 MHz with orientation dependent intensity [2]. While three-pulse spectra measured at different fields within the EPR spectrum could contain from one to four lines, the orientation dependence of HYSCORE spectra has not been analyzed in detail. HYSCORE spectra measured near gy exhibit cross-peaks in the (++) quadrant at [4.0-4.4; 3.0-3.2] MHz correlating the dq transition with the largest quadrupole transition in opposite electron spin manifolds [3]. Some features observed in three-pulse ESEEM and HYSCORE spectra of the oxygenase-associated, reduced Rieske-type clusters have tentatively been assigned to peptide nitrogens [3,4].  Again, the discussion was limited by the gy direction only.  HYSCORE and three-pulse spectra of similar quality obtained at different parts of EPR spectra for SDX and ARF provide us an opportunity to consider this topic in greater detail. 

Figs. S1 and 2 show the 2D and stacked plot three-pulse ESEEM spectra of SDX and ARF recorded near gz. One clear difference between these spectra is the number of peaks in the region <3 MHz. There is only one well-pronounced peak at 1.5 MHz in the SDX spectrum, while four different peaks at 2.8, 1.8, 1.5, 1.0 MHz are resolved in ARF spectrum.  The intensive lines at 2.8, 1.8 and 1.0 MHz could not be attributed to small variations of the nuclear frequencies of N1SDX/ARF and N2SDX/ARF in the HYSCORE spectra of SDX and ARF (Table 1). These frequencies fulfill the condition of the nqi triplet (the sum of two lower frequencies is equal to the highest frequency) with characteristics similar to those previously reported for the peptide nitrogens. Analogous spectral features are absent in the SDX spectra, providing the first direct spectroscopic evidence for the different hydrogen bond networks around the clusters between these archaeal proteins.  

Three-pulse ESEEM spectra of SDX and ARF measured near gx and gy do not provide direct evidence of the peptide contribution because most of their frequencies could be reasonably explained by the contribution of N1SDX/ARF and N2SDX/ARF determined from the corresponding HYSCORE spectra (Figs. 2, S2, and S3, and Table S1).  In contrast, the HYSCORE spectra clearly indicate the possible contributions of peptide nitrogens at these orientations. 
The low frequency of cross-peaks [4.8, 0.9] MHz (P1) in the (++) quadrant of the HYSCORE spectrum of SDX at gx (Fig.3) is orientation independent, which is a property of the pure quadrupole frequency. Thus, they could correlate the lowest quadrupole frequency with the dq-transition of the peptide nitrogen. The equivalent peaks are absent in the ARF spectrum, in spite of the very similar characteristics of N2SDX/ARF  in both proteins. 
On the other hand, the (++)-quadrants in the HYSCORE spectra of SDX and ARF near gy (Fig. 4) demonstrate differences that could not be explained by N1SDX/ARF and N2SDX/ARF only.  The cross-peaks at [4.1, 3.5] MHz (P1) and [4.1, 0.6-1.0] MHz (P2) in the SDX spectrum correlate frequencies consistent with peptide nitrogens. Although the lines at [4.1, 3.5] MHz formally correspond to the dq-sq correlation from N2SDX, they are absent in the (++) quadrant of the ARF spectrum whereas the (+-) quadrants in the spectra of both proteins show very similar dq-dq and dq-sq correlations from N2SDX/ARF (Table 1).  The (++) quadrant of ARF contains the cross-peaks [3.8, 2.8] MHz (P1) and the extended features at [3.7-3.8, 1.0-1.2] MHz (P2).  These cross-peaks are closely related to dq-sq [3.5, 2.7] MHz and sq-sq [3.5, 1.1] MHz correlations from N1ARF.  The equivalent features are absent in the SDX spectrum, although they are in line with the dq-sq [3.7, 2.7] MHz and sq-sq [3.7,0.9] MHz peaks from N1SDX. Based on these arguments, we tentatively assign the discussed features (P1) and (P2) in the (++) quadrants of the SDX and ARF spectra to the peptide nitrogens.

  The difficulty of the unambiguous assignments of the spectral features from peptide nitrogens in the X-band ESEEM spectra of the reduced Rieske-type clusters is due to a probable masking of their significant portions by highly intense lines from two coordinated N( located at the same frequencies. This problem can be probably overcome in the experiments at lower microwave frequencies ~2-4 GHz [2]. This band corresponds to the 14N Zeeman frequency of the order ~0.3-0.35 MHz, which would enhance the ratio A>>(I for N1 and N2 and decrease the ESEEM depth from them. On the other hand, the cancellation condition A/2~(I is closer for the peptide nitrogens at this band that would selectively increase their contribution to the ESEEM spectra. 
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Table S1.  Comparison of the frequencies (in MHz) observed in three-pulse ESEEM spectra of the reduced Rieske-type [2Fe-2S] cluster in SDX and ARF with the nuclear frequencies (in MHz) of the coordinated histidine nitrogens (N1SDX/ARF, N2SDX/ARF) determined by                                 HYSCORE spectroscopy

	Experiment
	SDX, frequencies (MHz)
	ARF, frequencies (MHz)

	three-pulse (at gz)
	6.8, 3.7, 3.3, 1.5
	6.3, 3.7, 2.8, 1.8, 1.5, 1.0

	N1 by HYSCORE (at gz)
	7.2, 4.3, 3.6, 2.9, 2.5, 1.1
	7.0, 4.2, 3.4, 2.8, 2.5, 0.9

	N2 by HYSCORE (at gz)
	8.5, 5.1, 4.6, 3.4, 3.2, 1.4
	8.3, 4.9, 4.4, 3.4, 3.0, 1.4

	three-pulse (at gx)
	6.7, 4.5, 3.9, 3.4, 2.8, 2.3, 1.0
	6.7, 4.6, 3.2, 2.4, 1.5, 1.0

	N1by HYSCORE (at gx)
	7.4, 4.2, 3.3, 3.2, 2.1, 1.1
	7.0, 3.7, 3.3, 3.0, 1.7, 1.3

	N2 by HYSCORE (at gx)
	8.2, 4.8-4.5, 4.0, 3.7-3.4, 3.2, 2.7-2.5, 1.5-1.3
	7.9, 4.8-4.5, 3.7, 3.4-3.1, 2.7-2.5, 1.2-1.0

	three-pulse (at gy)
	7.5, 6.3, 4.3, 3.5, 2.5, 2.0
	7.6, 6.3, 4.3, 3.6, 2.6, 1.9

	N1 by HYSCORE (at gy)
	                  6.5, 3.7, 2.8,2.7, 1.8, 0.9
	             6.5, 3.5, 3.0, 2.7, 1.6, 1.1

	N2 by HYSCORE (at gy)
	             7.6, 4.2, 3.5, 3.4, 2.3, 1.2
	 7.6, 4.2, 3.5, 3.4, 2.2, 1.3


3-pulse: frequencies determined from the position of resolved peaks in the three-pulse spectra (Figs. 2, S1-S3).

N1: six nuclear frequencies from two manifolds for nitrogen N1 in each protein determined by HYSCORE spectroscopy.

N2: six nuclear frequencies from two manifolds for nitrogen N2 in each protein determined by HYSCORE spectroscopy.

Bold:  frequencies detected for both 3-pulse and the corresponding HYSCORE spectra within a difference of ~0.2 MHz.

Italic: dq frequencies from N1 in three-pulse ESEEM spectra of SDX and ARF significantly shifted from the frequencies of dq frequencies determined from the HYSCORE spectra.  



SDX                                                    


ARF


                                             Frequency, MHZ


           Figure S1. Two-dimensional plot of three-pulse ESEEM spectra after modulus
           FT along time T between the second and third microwave pulses for SDX (344.3 
           mT, g=2.012) and ARF (343.0 mT, g=2.018) measured near the gz direction. The
           initial spectrum corresponds to initial time (=120 ns and successive spectra are
           obtained with increasing steps of 32 ns.  
SDX                                                                                

ARF

                                 Frequency, MHz

Figure S2. Two-dimensional plots of three-pulse ESEEM spectra after modulus FT along time T between the second and third microwave pulses for SDX (390.5 mT, g=1.774) and ARF (388.0 mT, g=1.784) measured near the gx direction. The initial spectrum corresponds to initial time (=120 ns and successive spectra are obtained with increasing steps of 32 ns. 
SDX                                                    


ARF 

                                    Frequency, MHz

Figure S3. Two-dimensional plots of three-pulse ESEEM spectra after modulus FT along time T between the second and third microwave pulses for SDX (362.3 mT, g=1.91) and ARF (364.0 mT, g=1.903) measured near the gy direction. The initial spectrum corresponds to initial time (=88 ns and successive spectra are obtained with increasing steps of 16 ns.  
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