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Introduction

Oxidative stress is a major problem encountered by living organisms. It originates from an abnormal formation of reactive oxygen species in cells, resulting from a cascade of one electron reduction of molecular dioxygen (O2) into superoxide radical (O2 •-) as the first appearing toxic species. 1,2 Whereas superoxide dismutases (SOD) have been described for long to be involved in O2 •-detoxification, and thus protection against oxidative stress, superoxide reductases (SORs) appeared more recently as an alternative O2 •-eliminating system in some anaerobic or microaerophilic microorganisms. Such microorganisms encounter oxidative stress conditions, at least transiently, and SORs play an important role for their survival to O2 exposure. 3 SORs are iron-containing enzymes that catalyze the one electron reduction of O2 •-into H2O2 (Eq.1), without production of O2. [4][5][6][7][8][9] The electrons involved in this reaction are provided by cellular reductases, as physiological SORs partners : 10,11 O2 •-+ 1e -+ 2H +  H2O2 (Eq. 1)

The active site of SORs consists in an atypical nonheme mononuclear ferrous iron center, pentacoordinated in a square pyramidal geometry by four equatorial nitrogen atoms from histidines and one axial sulfur atom from a cysteine ([FeN4S1]). [12][13][14][15][16][17][18] Whereas this active site is common to all SORs described so far, seven different classes of SORs were proposed based on sequence alignments and the presence of additional structural domains. 19 Nevertheless, only classes I, II and III have been extensively characterized so far. 9 Class I SORs, or 2Fe-SORs present in Desulfoarculus baarsii (Db) 5,14,15 and Desulfovibrio vulgaris (Dv) 6 enzymes are homodimeric and contain a second mononuclear iron center located in an additional N-terminal domain. This center is of desulforedoxin type (Dx), with a ferric iron chelated by four sulfur atoms from cysteines ([FeS4]) in a rubredoxin-distorted manner. 20 It is located 22 Å away from the active site and its function in catalysis is not clearly established yet. [21][22][23] Class II SORs, like in Pyrococcus 2 | J. Name., 2020, 00, 1-3
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Please do not adjust margins Please do not adjust margins furiosus (Pf), do not have the Dx N-terminal domain and are homotetrameric enzymes. 13 They contain only the iron active site center and are thus called 1Fe-SORs. Finally Class III SORs, like in Treponema pallidum (Tp), 16 contain the additional N-terminal domain but with only one of the four cysteine ligands and therefore lacks the Dx iron center. Like Class I, Class III SORs are homodimeric enzymes and their overall X-ray structures are very similar.

The catalytic cycle of SORs has been extensively studied, both experimentally [24][25][26][27] and theoretically. [28][29][30] All the data agree with an inner sphere reduction mechanism, involving O2 •-binding at the free sixth coordination position of the ferrous center as first step. This reaction is extremely fast and together with a single protonation process, the reduction of O2 •-leads to the formation of a high-spin ferric iron hydroperoxide intermediate (Fe 3+ -OOH). In the case of Db SOR, this intermediate has been trapped and characterized by highresolution X-ray structure, 15 resonance Raman 31,32 and Mössbauer 33 spectroscopies.

A second step, consisting in the specific protonation on the proximal oxygen of the hydroperoxide moiety, has been proposed to lead to the formation of H2O2. X-ray structures of the Fe 3+ -OOH intermediate suggest that Lys48 (numbered accordingly to Db SOR sequence), a highly conserved residue located close to the iron site, could play a pivotal role in this step. 15 Accordingly, it was shown that mutation of Lys48 into an isoleucine (K48I mutant) in the Db SOR modifies the fate of the Fe 3+ -OOH intermediate and favors the formation of a high valent iron-oxo species (Fe IV =O), through a O-O bond cleavage. 34 The formation of such an iron-oxo species in the K48I mutant was associated with the lack of a specific protonation process at the proximal oxygen of the Fe 3+ -OOH intermediate, most-likely favoring a double protonation of its distal oxygen and subsequent O-O bond cleavage, as it naturally occurs in cytochrome P450 oxygenase for substrates oxidation. 35 Thus, the mechanisms by which SORs control the protonation and the evolution of the Fe 3+ -OOH intermediate appears to be determinant for its activity. Finally, H2O2 release is followed by the monodentate coordination of a carboxylate side chain of a highly-conserved glutamate residue (Glu47 in Db), which then becomes the sixth ligand of the high-spin ferric site. 13,36,37 Lys48 is not the only neighboring residue that helps tuning the reactivity of the SORs active site. X-ray data suggest that Ile118 and His119 (numbering according to Db sequence) make H-bond interactions through their NH main chains with the sulfur atom of the cysteinate ligand (Cys116) (Fig. 1). Site-directed mutagenesis experiments on Ile118 associated with DFT calculations showed that this H-bond network modulates the electron-donor properties of the thiolate of the Cys ligand to the iron, allowing a control of the pKa of the first reaction intermediate and its protonation rate. 38 Interestingly, the X-ray structures of SORs also indicate that the side chain of the Asn117 (Db numbering) is the closest to the sulfur atom of the Cys ligand (Fig. 1). [12][13][14][15][16][17][18] Asn117 is highly conserved among SORs sequences and belongs to the Cys116-Asn117-Ile118-His119 tetrapeptide that forms a bidentate chelate, via S(Cys116) and N(His119), to the iron active site. These data suggest that Asn117 might be as well involved in the control of the S-Fe bond strength.

In this work, in order to investigate the potential role of Asn117 toward the properties of the active site, a resonance Raman (RR) study on a N117A mutant was carried out using an excitation in the (Cys)S - Fe 3+ charge transfer (CT) band. The active modes, thus enhanced, predominantly arise from the Fe 3+ -S(Cys) moiety. In SORs, previous RR studies provided valuable information on the S-Fe strength and cysteine ligand conformations. 39,40 They also appeared well adapted to characterize effects of mutations of second coordination sphere residues on the iron active site, which may not be deduced from X-ray structures. 38,41 Here, we show that Asn117 allows a rigidification of the Cys116-Asn117-Ile118-His119 tetrapeptide. This results in a tight control of the H-bond distance between the Ile118 and/or His119 NH peptide and the Cys sulfur ligand, which, as underlined above, allows a fine tuning of the S-Fe bond properties. 

Experimental procedures

Site-directed mutagenesis and protein purification

Mutagenesis was carried out on the plasmid pMJ25, 5 with the QuickChange ® site-directed mutagenesis kit from Stratagene. Plasmid pMJ25 is a pJF119EH derivative in which the sor gene from Desulfoarculus baarsii was cloned under the control of a tac IPTG inducible promotor. Two primers were designed for the PCR-based site-directed mutagenesis to create the N117A SOR mutant, primer 1 (5' GCC CGC GAA TAC TGC GCG ATC CAC GGC CAC TGG 3') and primer 2 (5' CCA GTG GCC GTG GAT CGC GCA GTA TTC GCG GGC 3'). The mutation was verified by DNA sequencing. The resulting plasmid, pMJ25 N117A, was transformed into an E. coli BL21 strain. Overexpressions and purifications of the wild-type and N117A mutant proteins were carried out as reported previously. 27 The purified mutant protein appeared to be homogeneous as judged by SDS-PAGE analysis. Protein concentrations were determined using the Bio-Rad ® protein assay reagent. For the SOR mutant, full metalation of the two mononuclear iron sites was verified by atomic absorption spectroscopy. The N117A SOR mutant was isolated with an oxidized Dx center (503nm = 4,400 M -1 cm -1 ) and a reduced active site. Fully oxidized SOR, with its active site in a ferric state, was obtained by treatment with a slight molar excess of K2IrCl6.
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The following buffers were used to cover a pH range from 5.75 to 9.85: MES for pHs 5.75, 6.10 and 6.60; Bis-Tris propane or HEPES for pH 6.80; Tris-HCl for pHs 7.60, 8.00, 8.50 and 8.90; glycine-NaOH for pHs 9.15, 9.40 and 9.85. The apparent pKa of the SOR alkaline transition was determined from the pH dependence of the absorbance at 645 nm of the fully oxidized protein. 24 The titration curve was fitted with an equation expected for a single protonation process: A645nm = (A645max + A645min x 10 (pH-pKa app) )/(1 +10 (pH-pKa app) ).

Electronic absorption and EPR spectroscopies

Optical absorbance measurements were performed using a Varian Cary spectrophotometer (0.2 nm bandwidth) with 1 cm path length cuvettes. Low-temperature (7 K) X-band EPR spectra were recorded on a Bruker EMX spectrometer equipped with an Oxford Instrument ESR 910 cryostat. The microwave frequency was calibrated with a frequency counter and the magnetic field with a NMR gaussmeter.

Resonance Raman spectroscopy

For the resonance Raman (RR) experiments, 3.5 μl of the concentrated protein (4-6 mM) were deposited onto a glass slide sample holder and then transferred into a cold helium gas circulating optical cryostat (STVP-100, Janis Research), held at 15 K. RR spectra were recorded using a Jobin-Yvon U1000 spectrometer, equipped with a liquid nitrogen-cooled CCD detector (Spectrum One, Jobin-Yvon, France). The 647.1 nm-excitation (30 mW) was provided by an Innova Kr + laser (Coherent, Palo Alto). Signal-to-noise ratios were improved by spectral collections of 6 cycles of 30 s accumulation time. The spectrometer calibration was done as previously described. 42 The frequencies of the RR bands were internally calibrated against the main band of the ice lattice (230 cm -1 ). The RR contribution of the SOR Dx center was subtracted using its specific bands at 309, 347, 382, 623 and 692 cm -1 . 32 In the 200-320 cm -1 region, Raman signals of the ice were also removed. All these spectral treatments, as well as the spectral analysis, were made using the Grams 32 software (Galactic Industries). The frequency precision was 0.5-1 cm -1 for the most intense bands and 1.5-2 cm -1 for the weakest ones.

Results

Electronic absorption and EPR spectroscopies of the D. baarsii (Db) SOR N117A mutant

The UV-visible absorption spectrum of the as-isolated N117A mutant exhibits the characteristic bands at 370 nm and 503 nm arising from the rubredoxin-like Dx ferric iron center (data not shown). 5 When treated with K2IrCl6, the spectrum shows an increase of absorbance in the 500-700 nm region, in agreement with the oxidation of the iron active site and associated with a (Cys)S - Fe 3+ CT transition (Fig. 2A). 36,40 The 7 K EPR spectrum of the N117A mutant displays resonances at g = 7.7, 5.7, 4.1 and 1.8, identical to those obtained for the WT protein and originating from the Dx center. 5 The EPR spectrum of the K2IrCl6-oxidized N117A mutant exhibits an additional signal at g = 4.3, similar to that observed for the WT SOR (Fig. 2B) 5 and assigned to a rhombic (E/D = 0.33) high-spin (S = 5/2) ferric ion center. 40 On note, the spectrum of the oxidized active site of the mutant displays a more pronounced splitting of the low-field component compared to that observed for the WT (Fig. 2B). This could reflect subtle changes in the g-tensor rhombicity in the mutant. Nevertheless, these data showed that the N117A mutation does not disturb the overall structure of the Db SOR.

Fig. 2. (A)

Electronic absorption spectra of the oxidized active site of the D. baarsii SOR, WT (black) and N117A mutant (red). Proteins (60 µM) were in 50 mM HEPES buffer, pH 7.5. The traces result from spectral differences of the fully K2IrCl6-oxidized minus the asprepared SORs. The difference spectrum between N117A mutant and WT SOR is shown in blue. (B) X-band EPR spectra of the oxidized active site of the WT (black) and N117A mutant (red) SORs from D. baarsii. The proteins (150 µM) were in 50 mM HEPES buffer, pH 7.5. The signals result from spectral differences between fully K2IrCl6oxidized and as-prepared SORs. Experimental conditions: temperature 7 K, microwave power 1 mW at 9.42 GHz, modulation amplitude 1 mT at 100 kHz.

As reported for the WT Db SOR, 24 the absorption band maximum of the ferric iron active site of the N117A mutant was blue-shifted at alkaline pHs (Fig. S1). This process reflects the displacement of its sixth coordinating ligand (carboxylate side chain of Glu47) by a hydroxide ion. 43 The associated apparent pKa for the N117A mutant was found to be 8.65 ± 0.05 (Fig. S1), a value slightly lower than that reported for the WT protein (9.00 ± 0.10). 24 Interestingly, the absorbance band maximum of the Fe 3+ -Glu47 form of the N117A mutant (acidic to neutral pHs) was found at 625 nm (ε = 1.9 mM -1 cm - 1 ), a value blue-shifted by -19 nm compared to that reported for WT SOR (644 nm, Fig. 2A). 24 Moreover, the CT band half-height width decreased by 13 nm in the mutant spectrum (140 vs 153 nm in the WT) (Fig. 2A).

Since these bands correspond to a CT transition of   * character ((Cys)S(p)  Fe 3+ (dp xy)), 36 an increased transition energy as observed in the N117A mutant strongly suggests a less favorable (Cys)S - Fe 3+ electron transfer. This could result from an increase of the H-bonding interactions towards the S(Cys) ligand (Fig. 1), which by relocalizing the -electron density of the S-Fe bond toward the S atom makes the S - Fe 3+ CT transition higher in energy. Spectral changes are also seen in the high-energy region (300-400 nm, Fig. 2A), but their interpretation is not unambiguous due to overlapping contribu ons of the σ → σ * (Cys)S - Fe 3+ CT with the strong  His  Fe 3+ CTs. 36 Resonance Raman spectroscopy of the WT and N117A Db SORs Previous resonance Raman (RR) studies of the ferric SOR active site, obtained with an excitation in the (Cys)S - Fe 3+ CT transition, were proposed to be largely dominated by vibrational modes arising from the Fe 3+ -S(Cys) moiety. 39,40 These RR studies have provided valuable information on the different classes of SOR, revealing small but Please do not adjust margins Please do not adjust margins functionally important differences between their active sites. These differences could not be deduced from the X-ray diffraction studies given the resolution factors. 13,15,16 Moreover, RR studies highlighted some of the local effects of mutations concerning second coordination sphere residues on the (Cys)S-Fe 3+ bond strength. 38,41 Fig. 3. (A) 200-800 cm -1 regions of 15 K RR spectra excited at 647.1 nm of the K2IrCl6-oxidized D. baarsii SOR, WT (lower spectrum) and N117A mutant (upper spectrum), at 6 mM in 50 mM Tris/HCl pH 7.6 buffer. For each spectrum, contributions of the Dx center and ice were subtracted. (B) Experimental and component RR spectra of the D. baarsii SOR WT (left) and N117A mutant (right) in the 260-370 cm - 1 region. The RR spectra (black line) were submitted to band fitting analysis (blue and red lines) using the Spectra Calc software. Spectra were simulated as a convolution of a minimum number of Lorentzian bands with plausible bandwidths (blue), allowing the best reproduction of the experimental spectra (red).

Figure 3A shows the RR spectra of K2IrCl6-oxidized WT and N117A Db SORs using a 647.1 nm-excitation, in resonance with the (Cys)S -  Fe 3+ CT band. An assignment of the different RR bands of the Db SOR was proposed on the basis of 34 S-and 15 N-labeling RR experiments on the oxidized Desulfovibrio vulgaris (Dv) SOR, 40 which belongs to the same Class I family as the Db enzyme, and exhibits similar spectroscopic properties. The RR bands in the 290-510 cm -1 region were proposed to correspond to modes partially mixing the Fe-S stretching mode with Cys deformations and the 270-370 cm -1 region is expected to include the intrinsic Fe-S stretch. 39,40 By analogy with type-1 blue copper proteins, [44][45][46] the 299 cm -1 line (Fig. 3A), which is the most intense peak and exhibits the largest 34 S isotope sensitivity in the RR spectra of the Dv SOR, was pointed out to have a predominant ν(Fe-S(Cys)) character. 40 Other ν(Fe-S(Cys))-involving modes are also expected in this lowfrequency region. 39,40 In fact, the 350-510 cm -1 region was proposed to exhibit internal deformation modes of the coordinated Cys residue partially coupled to the Fe-S stretch (δ( 40 The extents of mode mixing depend on the conformation of the Fe-S-Cβ-Cα(CO)-NH-C(O) grouping, in particular on the Fe-S-Cβ angle and the (Fe-S-Cβ)-(S-Cβ-Cα) dihedral angle. 39,40,47 On note, the axial sulfur atom is potentially involved in two peptide NH--S -H-bonds (with NH(Ile118) and NH(His119)) 38 (Fig. 1). Strong and/or well-oriented H-bonds can add coupling between modes involving the sulfur atom and the peptide amide groups. Therefore, considering the complexity of the low-frequency RR spectra, a further analysis of the Db SOR RR spectra was carried out in order to get detailed information regarding the specific effect of the N117A mutation in terms of bond distance and/or active site geometry.

Cβ-Cα-C(O)) + δ(Cβ-Cα-N) + δ(C(O)-Cα-N) + δ(Cα-N-C(O)) + δ(S-Cβ-Cα) + ν(Fe-S)).
First of all, spectral analysis of this low-frequency region is complicated due to overlapping bands. As shown in Figure 3B, for the WT and N117A Db SORs, band fitting analysis allows us to better characterize substantial differences in terms of number of observed bands, their frequencies, widths and relative intensities. In the case of the Archaeglobus fulgidus (Af) Class II 1Fe-SOR, the so-called "intensity weighted frequency" approach (<νFe-S>) was used to compare the Fe-S(Cys) bond strength between WT and mutant forms. 48 This parameter is expected to represent an averaged frequency of the modes involving ν(Fe-S(Cys)), distributed among the bands of the 270-370 cm -1 region, and weighted by their respective intensities. 48 This approach is valid if we consider that all these RR bands contain a fractional contribution of the metal-S(Cys) stretching coordinate. 48 Such an approximation is appropriate when the intensities of the RR bands are not strongly affected. 48,49 In the case of the Db SOR compounds, considering the large intensity variations of a number of RR bands between the WT and mutant proteins (Fig. 2, Table S1, and reference 38 ), such an analysis of the RR spectra might not be adapted to Class I SORs. Indeed, different intensity distributions among the various modes of the N117A mutant, as compared to the WT enzyme (Fig. 3A), indicate a substantial perturbation of the active site geometry.

Spectral analysis of the RR frequencies involving ν(Fe-S) modes vs the maximum of the SOR Fe 3+ absorption band In order to better identify the Fe-S(Cys) stretching contribution among the different RR bands of the WT and N117A Db SORs, another approach was considered. Previous works reported that the maximum of the SOR absorption band corresponding to the (Cys)S -  Fe 3+ CT transition depends on both the classes of SORs and on the mutations in proximity to the Fe 3+ (His)4(Cys)(Glu) catalytic site. 32,36,[38][39][40][41] This also applies in the present case for the N117A mutant, which exhibits a blue-shifted CT transition by 19 nm when compared to the WT form (Fig. 2A). Thus, among the different SORs and their mutants, the RR bands involving major contribution of ν(Fe-S) are expected to be significantly sensitive to the variations of their (Cys)S - Fe 3+ CT energy. 1). The solid lines correspond to a linear fit calculated for each set of bands (Table 1).

Resonance Raman bands of the 270-470 cm -1 region Figure 4 plots the frequencies of the 270-370 cm -1 region RR bands reported for the Class I 2Fe-SORs from D. baarsii (Db), 32,38,41,43 Desulfovibrio vulgaris (Dv), 40 Desulfovibrio desulfuricans (Dd) 50 and for the Class III 1Fe-SOR from Treponema pallidum (Tp), 32 as a function of their CT position. On note that the frequencies of these RR and CT bands correspond to the same SOR ferric active site coordination, with the sixth coordination position occupied by the carboxylate group of the well conserved Glu47 residue, as observed under acidic to neutral pHs. 43 Interestingly, these plots show a series of linear anti-correlations with marked slopes for RR bands C, D, E, F and G (Fig. 4 and Table 1). When the absorption and RR data of the Dv-, Ddand Tp-SORs are not considered, these linear anticorrelations remain mainly unaffected (data not shown). On the opposite, the spectroscopic data originating from the Class II 1Fe-SORs from Pyrococcus furiosus, 39 Archaeglobus fulgidus 48 and Ignicoccus hospitalis 49 do not match those of Figure 4, but rather, constitute themselves other types of linear anti-correlations (Fig. S2, Table S2). Slight but significant structural differences between the active site of SORs from Classes I and III on one side and from Class II on the other side have been reported, 39,40 which could account for the absence of correlations observed here between these classes.

As shown in Figure 4, band C (assigned to a major ν(Fe-S) mode in SOR 32,38 ) exhibits one of the highest dependence on the CT absorption value, with a slope of 16.0 ± 1.5 cm -1 for a CT energy change of 1000 cm -1 (Table 1). This data supports the relevance of our analysis to identify the relative contribution of the ν(Fe-S) in the set of RR bands. In Db WT and mutated SORs, band C varies from 293 cm -1 (N117A and E114A) to 299 cm -1 (WT) and 302 cm -1 (Ile118 mutants).

Band D also exhibits a high sensitivity to the CT energy (slope = -17.9 ± 1.6 cm -1 /1000 cm -1 ) and shifts in Db SOR from 298-299 cm -1 (N117A and E114A) to 306 (WT) and 308-309 cm -1 (I118A, I118D and I118S) (Table 1). Although band D is much less intense than band C (Fig. 3), these data suggest that it could be a good candidate for a predominant ν(Fe-S) contribution in its potential energy distribution (PED). Nevertheless, in the absence of any isotopic information, 40 a precise origin of band D is difficult to establish. It may represents an antisymmetric counterpart of the mode associated to band C. Indeed, the rhombicity of the FeN4(His)S(Cys)O(Glu) grouping of Class I and III SORs (Fig. 2B and references 32,40 ) allows for the RR activity of an antisymmetric mode involving a major Fe-S(Cys) stretch mixed with some deformations and stretching of the FeN4(His) bonds and stretching of the trans Fe-O(Glu) bond.

Thus, in the N117A mutant, the 6-8 cm -1 downshifts of bands C and D, involving major ν(Fe-S) mode, indicates a markedly decrease of the strength of the S-Fe bond in this mutant.

In the 315-350 cm -1 region, bands E, F and G also show sensitivities to the CT position (Table 1). On the basis of 34 S-and 15 N-labeling, band E was assigned to a mode mixing S-Cβ-Cα bending and Fe-S(Cys) stretching, 40 and its associated slope value of 8.8 ± 2.3 (Fig. 4 and Table 1) is consistent with such an assignment. The frequency of band E of the Db N117A mutant is downshifted by 6 cm -1 compared to the WT, again in line with a weaker S-Fe bond in this mutant. Band E intensities are also strongly decreasing in the spectra of the N117A and I118 mutants compared to the WT form. On note, an intense line was observed at 314 cm -1 in the spectra of the WT Dvand Dd-SORs. 40,50 Thus, the decreased intensity of band E in the N117A mutant could be associated with noticeable changes in conformation of the Fe-S-Cβ-Cα grouping.

No isotopic information is available for bands F (317-325 cm -1 ) and G (340-349 cm -1 ). 39,40 Nevertheless, the similarities with band E, in terms of slope values and intensity changes, suggest analogous assignments for bands F and G, namely a S-Fe bond strength decrease and a S-Cβ-Cα deformations coupled to Fe-S(Cys) stretch (Table 1). Again, these data indicate that the N117A mutation affects the conformation of the Fe-S-Cβ-Cα grouping. Please do not adjust margins
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Band H appears as an intense line at 356-359 cm -1 in the RR spectra of WT Db SOR and its E114A, I118A, I118S and I118D mutants (Fig. 3 and Table 1). For the N117A mutant, this band is detected at 356 cm -1 , with a marked decrease of intensity (Fig. 3). A strong line at 357 cm -1 for the Dv SOR is also sensitive to 15 N-and 34 S-labeling (-3.4 and -2.0 cm -1 , respectively). 40 Spectra of the Dd and Tp SORs show an analogous band at 358 and 357 cm -1 , respectively. 32,50 The frequency dispersion appears therefore limited and Fig. 4 shows that band H is unrelated to the CT energy. Thus, although mostly enhanced by the (Cys)S - Fe 3+ CT transition, band H cannot be associated to a significant ν(Fe-S) stretch. It could correspond to an internal deformation of the Cys side chain (δ(S-Cβ-Cα(CO)-N-C(O)), its RR activity being due to extensive coupling of the Fe-S stretch with the side chain and the peptide backbone H-bonding. 39,40 Therefore, changes in intensity of band H in the N117A mutant could reflect conformational changes of the Cys ligand induced by the mutation.

Six common bands are observed in the 370-470 cm -1 region of the RR spectra of the Db SOR derivatives (bands I-N in Table 1, Fig. S3). Only the frequency of band K (401-406 cm -1 ) exhibits a sensitivity to the CT maximum (slope = -5.4 ± 2.0, Fig. S3, Table 1). A homologous band observed at 404 cm -1 for Dv SOR is sensitive to isotopic 34 S-and 15 N-labeling (-1 and -2 cm -1 , respectively). 40 Band K can be therefore assigned to a mode involving Fe-S stretch and S-Cβ-Cα deformation mixed with major deformations of the Cys side chain.

Mid-frequency regions of the resonance Raman spectra (590-770 cm -1 )

The 590-770 cm -1 region of the RR spectra of SORs is dominated by a stretching mode involving the S-Cβ bond of the coordinated Cys residue (ν(SCβ)). 39,40 This band is located at 742 cm -1 for the WT Db SOR (Fig. 3). 32 In the spectra of the N117A mutant, this line is significantly downshifted to 739 cm -1 (Fig. 3A), supporting a decrease in strength of the S-C (Cys) bond. For the Db SOR mutants as well as for SORs from other species, it is interesting to consider that the ν(S-Cβ(Cys)) frequency has a marked sensitivity to the CT energy (slope = -7.4 ± 1.6) (Fig. S4, Table 1). Therefore, the strength of the Fe-S bond also affects that of the S-Cβ bond. It should be noted that shifts in ν(S-Cβ(Cys)) in metalloproteins were associated with changes in (metal-S-Cβ)-(S-Cβ-Cα) dihedral angle. 45,47 Moreover, a variation in S-Cβ(Cys)) bond strength, as observed in the N117A mutant, could be also related to a modulation in H-bonding status of the S(Cys) atom (Fig. 1). So, the decrease of the S-C(Cys) bond strength in the N117A mutant may be in line with an increase of the H-bonding interactions of the NH peptide positions toward the S(Cys) ligand.

Modes involving Fe-N(His) stretching (200-260 cm -1 )

The weak bands observed in the 200-260 cm -1 regions of the RR spectra were assigned to either symmetric or antisymmetric Fe-N(His) stretching modes. 39,40 The spectrum of the WT Db SOR exhibit two bands at 218 and 241 cm -1 (Fig. 3A, Table 1). For the N117A mutant, we observed significant gains in intensity of the two v(Fe-N(His)) modes and a 6 cm -1 downshift of the high-frequency component (241 vs 235 cm -1 in Fig. 3A). The extent of this shift is similar to that of the modes involving major ν(Fe-S(Cys)) stretch, i.e. bands C (-6 cm -1 ) and D (-8 cm -1 ). Therefore, spectral changes in the low-frequency region show that the N117A mutation in Db SOR not only affects the Fe-Cys linkage but also at least one Fe-His coordinate. The increased RR activity of the v(Fe-N(His)) modes is likely due to an A-term mechanism, i.e. a distortion of the Fe-N(His) bonds in the electronic excited-state associated to the S - Fe 3+ transition. 39,40 The RR spectra of Pfand Dd-SORs show homologous bands at 210 and 241-242 cm -1 , 39,50 and the different sensitivities of these bands to 54 Fe-labeling support that the 210 and 241 cm -1 lines correspond to symmetric and antisymmetric motions, respectively. 39 For the Db SORs, the sensitivities of the RR frequencies to the (Cys)S - Fe 3+ CT position differ for these two ν(Fe-N(His))-involving modes (Table 1, Fig. S5). The 214-218 cm -1 bands do not exhibit a clear sensitivity to the CT energy (Fig. S5,Table1), whereas the slopes of the 235-241 cm -1 lines are relatively high (slope = -6.8 ± 2.5, Fig. S5, Table 1). This suggests that the normal mode corresponding to the 235-241 cm -1 band includes a stretching of the Fe-S bond and a deformation of the FeN4(His)S(Cys)O(Glu) grouping in addition to an antisymmetric stretch of the Fe-N(His) bonds.

These RR spectral changes in the N117A mutant could therefore be associated with a significant modification of the geometry of the Fe-N4(His)S(Cys)O(Glu) site, in line with the slight changes in the EPR spectrum (Fig. 2B).

Different factors could account for the frequency shift of the major νas(Fe-N(His)) and some geometry changes. A slight rotation of imidazole ring(s) of His ligand(s) in the N117A mutant could be proposed. Indeed, whereas the σ interaction between metal and imidazole ligand is independent of the ring position, a ring rotation around the Fe-N bond of a given His ligand is expected to modify its Fe(π)  Imidazole(π) interaction and thus the strength of the N-Fe bonds. The environment of the His ligands may also come into play in the control of the electronic properties of the coordinating imidazoles. A change in protonation and/or H-bonding state of an imidazole ligand could also alter its donor/acceptor properties to an Fe 3+ ion, 51,52 and therefore affect the N-Fe bonds and the associated RR frequencies.
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Trans influence of the S(Cys) ligand

As mentioned before, the ferric iron site of SOR is hexacoordinated, with the side chain of Glu47 occupying the sixth coordination position. Consequently, change in the electronegative character of the S(Cys) ligand by second coordination sphere residues, as highlighted above with the N117A mutant and other SOR Db derivatives, 38,41 is expected to influence through a trans electronic effect the Fe-O(Glu47) bond strength. 24,43 note, this Fe-O -(Glu47) bond strength should be reflected by the apparent pKa of the Fe 3+ -O(Glu47)+ -OH  Fe 3+ -OH + Glu47 alkaline transition (Fig. S1). In fact, although this apparent pKa value represents a complex term, including a conformational reorganization and a change in geometry of the Fe 3+ site, it remains mainly associated with the binding of the carboxylate group of Glu47 to the Fe 3+ ion in competition with the hydroxide anion. Figure 5 shows that for the Db SOR derivatives, except the I118S mutant, the apparent pKa value of the alkaline transition is related to the maximum of the CT band (Fig. 5A) and to the frequencies of RR bands involving major ν(Fe-S) stretches (Fig. 5B). It shld be noted that for the I118S mutant, the high pH conditions used to determine its apparent pKa value were close to the limit of the SOR alkaline stability. 38 Consequently, the apparent pKa value for the I118S mutant could be less reliable than those reported for the other SOR forms, determined in less alkaline conditions. 38 Thus, the correlations shown in Figure 5 are in line with an apparent decrease of the O(Glu47) affinity for the Fe 3+ ion when the partial negative charge of the S(Cys) ligand is increased (CT bands in Fig. 5A) and the S-Fe bond strength is decreased (ν(Fe-S) in Fig. 5B). 8 | J. Name., 2020, 00, 1-3
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These results support the validity of our CT and RR analysis and are in full agreement with a weaker S-Fe bond strength in the N117A mutant when compared to the WT SOR. Fig. 5. Plots of the apparent pKa for the Fe 3+ -O -(Glu)  Fe 3+ -OH - alkaline transition of D. baarsii WT and mutants SORs as a function in (A) of the maximum of the (Cys)S - Fe 3+ charge-transfer (CT) band (•), in (B) of the frequencies of RR bands C (•) and D (▲) involving major ν(Fe-S) stretches (Table 1). The solid lines correspond to a linear correlation between the different SOR forms, without taking into account the values for the I118S mutant.

Discussion

The Cys ligand of the SOR iron active site has been proposed to play a central role in catalysis. 53 As described for other metalloproteins involving sulfur ligand(s), the properties of the S-Fe bond in SOR are expected to be finely tuned by second coordination sphere residues. Accordingly, in Db and other SORs, the Ile118 and His119 residues of the Cys116-Asn117-Ile118-His119 tetrapeptide potentially establish H-bonds through their peptide NH groups with the S(Cys116) ligand (Fig. 1 and6) and it was demonstrated that alteration of one of these H-bonds increases the strength of the S-Fe bond. 38 The Asn117 residue, highly conserved among SOR sequences, exhibits the closest lateral chain to the sulfur atom, suggesting that it might be also involved in the control of the S-Fe bond strength. [12][13][14][15][16][17][18] However, in Db and others SORs, the X-ray structures do not show any interactions between Asn117 and the Cys ligand, the Asn117 peptide NH group as well as its lateral NH2 group being not correctly oriented to be involved in H-bonds with the sulfur ligand (Fig. 1 and6). [12][13][14][15][16][17][18] In this work, in order to investigate a potential involvement of Asn117 toward the properties of the active site, a RR study on a N117A mutant was carried out using an excitation in the (Cys)S - Fe 3+ CT band, allowing enhancements of the modes involving the Fe-S(Cys) bonds. In SORs, differences in Fe-S bond strength and in Fe-S-Cβ-Cα dihedral angles govern the extent of mixing of the ν(Fe-S) and δ(Fe-S-Cβ-Cα) modes as well as the complexity of the RR spectra in terms of both band frequency and band intensity. 39,40 Considering that each RR mode acts as a global or local reporter of the Fe-Cys bonding or non-bonding interactions, RR spectroscopy is potentially able to identify the effects of various mutations around the catalytic site, assuming that an attribution for the different vibrational modes has been established. Here, a RR spectra analysis has been developed to characterize in details the effects of the mutation toward the geometry and bond strengths of the N4S1Fe 3+ active site. By investigating the correlations between the (Cys)S - Fe 3+ CT band maximum of different SOR forms with the frequency of each RR band, we assessed the contribution of the ν(S-Fe) vibration among the different RR bands.

The relevance of our analysis is fully supported by the fact that the RR band that has been experimentally identified to have the maximum contribution from a ν(S-Fe) stretch was found to exhibit one of the highest correlation with the corresponding CT band maximum (Band C, Fig. 4). In addition, the linear relation found in Figure 5 between the apparent pKa of the alkaline transition and the CT bands and the RR frequency of the major ν(Fe-S) stretches also support the validity of this analysis. Here, our approach has been particularly useful to propose an assignment for bands for which no 34 S, 15 N and 54 Fe isotopic effects were reported, 39,40 and which nevertheless are notably affected by the N117A mutation.

Our data show that substitution of the Asn117 -CH2CONH2 side chain by the small and non-polar -CH3 group of an alanine provokes large changes in CT position (Fig. 2A) as well as in RR modes involving the Fe-S-Cβ-Cα(Cys) and Fe-N(His) bonds (Fig. 3). In fact, the 19 nm blue-shift of the CT band, the 6-8 cm -1 downshifts of the bands involving major ν(Fe-S) and the 3 cm -1 downshifts of the modes involving major ν(S-Cβ) are markers of an important decrease in the Fe-S-Cβ bonds strength in the mutant. This is in agreement with the increases of the Fe-O(Glu47) bond strength, as deduced from Figure 5, occurring through a trans axial effect of the decreased thiolate character of the S(Cys116) ligand in the N117A mutant.

Moreover, the analysis of numerous RR bands shows that the N117A mutation has also a marked effect on the conformation of the (Cys)S-Fe grouping. The intensity decrease of several bands in the mutant reflects noticeable changes in the geometry of Fe-S-Cβ-Cα bonds and conformational changes of the cysteine ligand with internal deformation of the Cys side chain (δ(S-Cβ-Cα(CO)-N-C(O)). Also, the downshift of the stretching mode involving the S-Cβ bond of the cysteine ligand in the mutant agrees with a decrease in strength of the S-Cα(Cys) bond and changes in the (Fe-S-Cβ)-(S-Cβ-Cα) dihedral angle. Finally, the significant 6 cm -1 downshift of a νas(Fe-N(His)) mode in the N117A mutant mostly indicates a repositioning the imidazole ring of His119 with respect to the iron.

All these spectral changes in the N117A mutant support an increase in H-bonding interactions between the Ile118 and/or His119 NH peptide group(s) and the sulfur ligand of Cys116. This conclusion is in line with previous DFT calculations on SORs models, which showed a progressive lengthening of the Fe-S distance upon a gradual increase in the H-bonding state of the S(Cys) ligand. 38 The X-ray structures of the WT Db SOR suggest that Asn117 establishes three H-bonds interactions with the non-conserved Lys74 and Tyr76 residues (Fig. 6). 14,15 Two of these H-bonds could originate from the Asn117 lateral chain CO and NH2 groups and one from its NH peptide group. The fact that Asn117 is potentially involved in three H-bonds suggests an important role in the stability of the Cys116-Asn117-Ile118-His119 tetrapeptide, with a marked impact on the rigidity of the Cys116-Asn117-Ile118 peptide skeleton. An increased of flexibility is expected in the N117A mutant, where by replacing the -CH2CONH2 lateral chain by a methyl group results in loss of two H-bond interactions with Lys74 and Tyr76 residues. Thus, all the changes in frequency of the Fe-S-Cys and Fe-N(His)involving modes in the N117A mutant are therefore consistent with a reshaping of the Cys116 side chain and the skeletal bonds of the Cys116-Asn117-Ile118-His119 tetrapeptide, bringing closer the NH groups of Ile118 and/or His119 with the S(Cys116) ligand. This conformational change in the mutant leads to a strengthening of the H-bonds between the Ile118 and/or His119 NH peptide groups and the sulfur ligand and then consequently a weakening of the S-Fe bond.

On note, one cannot also exclude the influence of a tightening effect of the H-bonds between Asn117 and Lys74 and Tyr76 on the position of the His75 and its interaction with the iron.

In conclusion, we propose that in Db SOR, the Asn117 residue plays a structural role with a prominent impact on the properties of the active site. Thanks to the three H-bonds interactions with residues Lys74 and Tyr76, Asn117 allows rigidifying the skeleton of the Cys116-Asn117-Ile118-His119 tetrapeptide. This results in a tight control of the H-bond distance between the Ile118 and/or His119 NH peptide and the Cys sulfur ligand, enabling a fine-tuning of the strength of the S-Fe bond. This work illustrates the roles of second coordinating sphere residues to modulate the ligand to metal bond properties in the active site of metalloenzymes.

The structural alterations by N117A mutation characterized by the present spectroscopic investigations could have a strong effect on the SOR reactivity and in particular on the control of the evolution of the Fe 3+ -OOH reaction intermediate. It could favor a O-O bond cleavage of the Fe 3+ -OOH intermediate and formation of a high-valent iron-oxo species, 34 which normally does not occur in WT SOR (manuscript in preparation).

Fig. 1 .

 1 Fig. 1. Scheme of the ferrous iron active site of the wild-type SOR from D. baarsii from its crystal structure, 15 together with the Cys116-Asn117-Ile118-His119 tetrapeptide chelate. Hydrogen bonds are shown as dotted blue lines between the amide NH main chains of Ile118 (2.4 Å) and His119 (2.2 Å) and the S atom of the Cys116 ligand. The side chain of Ile118 is not shown for clarity. The distances between S(Cys116) and the O and N atoms of the side chain of Asn117 are 4.1 Å and 6.1 Å respectively.
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Fig. 6 .

 6 Fig.6. Scheme of the wild-type SOR from D. baarsii from its crystal structure,15 showing its iron active site (gray, thin lines) and the hydrogen bond networks (blue dashed lines) between Cys116 and Ile118 and His119 on one hand and between Asn117 and Lys74 and Tyr76 on the other hand. For clarity, side chains of Lys74, Tyr76 and Ile118 are omitted.

  Fe 3+ CT absorption bands reported at neutral pHs for different Class I and Class III SORs, as noted on the top. D. baarsii SOR compounds (square), WT and mutants N117A (Table 1), I118D, 38 I118S, 38 I118A 38 and E114A 41 ; Class I SORs from Desulfovibrio vulgaris 40 (diamond, Dv) and Desulfovibrio desulfuricans 50 (circle, Dd); Class III SOR from Treponema pallidum 32 (triangle, Tp). Lower plot shows RR bands A, B, C and D (Table 1). Upper plot shows RR bands E, F, G and H (Table

		A		293	317					
										N117A	739
		Intensity (a.u.)	241 235 218 218	299	344 358 356 340 317 380 381	402 401	456 456	485	WT	658 657	742	747
	B	200	300	400 Raman shift (cm 500 600	-1 )	700	800
	WT		299	317								293
		287	306			324			358			285	298	311	317
												276
		277				333	344				340	356
	260	280	300 Raman shift (cm 320 340 -1 )	360		260	280	300 Raman shift (cm 320 -1 ) 340	360

N117A Intensity (a.u.) This journal is © The Royal Society of Chemistry 20xx J. Name., 2020, 00, 1-3 | 5 Please do not adjust margins Please do not adjust margins Fig. 4. Plots of the RR frequencies of ν(Fe-S)-involving modes (270-370 cm -1 ) vs the maximum of the (Cys)S -

Table 1 .

 1 Observed frequencies of the RR bands of K2IrCl6-oxidized D. baarsii SOR WT and its N117A, I118D, I118S, I118A and E114A mutants, excited at 647.1 nm.

	RR	WT a	N117A a I118D b	I118S b	I118A b E114A c	Slope RR	Assignment
	band							frequency vs CT d,e	
		218	218	220	219	218	214	NS	νs(FeN(His))+ ν(FeS(Cys))
		241	235	240	241	240	238	-6.8 ± 2.5	νas(FeN(His))+
									ν(FeS(Cys))+(FeO(Glu))
	A	277	276	279	279	280	281	NS	
	B	287	285	288	289	287	288	-3.7 ± 1.8	
	C	299	293	302	302	302	293	-16.0 ± 1.5	ν(FeS(Cys)+
									δ(Cys)
	D	306	298	308	308	309	299	-18.7 ± 1.6	ν(FeS(Cys))+
									δ(Cys)
	E	317	311	316	314	318	313	-8.6 ± 1.9	δ(SCβCα)+
	F	324	317	324	325	325	324	-9.7 ± 2.5	ν(FeS(Cys))
	G	344	340	345	349	346	346	-7.8 ± 3.3	δ(SCβCα)+ν(FeS(Cys))
	H	358	356	356	359	356	356	NS	
	I	381	380	380	380	377	376	NS	δ(SCβCα(CO)N(CO))
	J	396	396	396	396	395	390	NS	
	K	402	401	403	404	406	402	-4.3 ± 2.4	δ(CβCα(CO)N(CO))
									+δ(SCβCα)+ν(FeS(Cys))
	L		437	438	439	440	438	NS	
	M		456	454	457	454	455	NS	δ(CβCα(CO)N(CO))
	N	464	462	465	463	463	464	NS	
		649	648	648	650	647	648	NS	δ(His)
		658	657	658	659	658	658	-1.2 ± 0.8	ν(CαN)
			712	712	714	713		NS	
		742	739	743	744	744	739	-7.4 ± 1.6	
			747				755		ν(SCβ(Cys))
		765	762	763	764	764	759	-5.4 ± 2.9	+δ(Cys)
	a From Fig. 3A.							

b 
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