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X-ray structural, functional and computational studies of the O2-sensitive E. coli hydrogenase-1 C19G variant reveal an unusual [4Fe-4S] cluster.
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The crystal structure of the Escherichia coli O2-sensitive C19G [NiFe]-hydrogenase-1 variant shows that the mutation results in a novel FeS cluster, proximal to the Ni-Fe active site. While the native O2-tolerant enzyme proximal cluster can transfer two electrons to that site, the modified cluster exhibits a single EPR-detectable redox transition, which causes its oxygen sensitivity. Our computational studies on the electron transfer processes help to explain how the structural and redox properties of the novel FeS cluster modulate the observed phenotype.
	Understanding the response of hydrogenases to oxygen is essential for the development of potential biotechnological applications such as the generation of H2 from solar energy or the oxidation of H2 in bio-fuel cells.1 The characteristic feature of a group of heterodimeric [NiFe]-hydrogenases capable of oxidizing hydrogen under air is the presence of two supernumerary cysteines in their small subunit.2,3,4 In these O2-tolerant enzymes, the [4Fe-4S-4S] Proximal Cluster (PC) to the Ni-Fe active site of O2-sensitive enzymes (S indicates a thiolate Cys ligand) is replaced by a [4Fe-3S-6S] PC, with the two supernumerary cysteines being additional ligands to the cluster.5,6,7,8 Unlike its [4Fe-4S-4S] counterpart, which can only transfer one electron, the [4Fe-3S-6S] cluster can undergo two one-electron oxidations within a narrow potential range, from a formal -3 charged reduced (PCred) to a formal -2 oxidized (PCox) and a formal -1 superoxidized (PCsox) state. The latter contains an unusual Fe-N(peptide) bond.6,7,9 By coupling these two oxidations with two electrons residing at the Ni-Fe site in its active state,10 O2-tolerant hydrogenases can carry out the four-electron reduction of active site-bound O2 to harmless water.1-9 A high-potential medial [3Fe-4S] cluster11 and a quaternary structure allowing electron transfer between hydrogenase heterodimers also contribute to O2-tolerance.12,13 
	Escherichia coli hydrogenase-1 (EcHyd1) is one of the best characterized O2-tolerant enzymes.14 Studies focused on the supernumerary cysteines Cys19 and Cys120 have shown that O2-tolerance depends mostly on Cys19.4 An EPR study of the O2-sensitive C19G variant (v-) indicated that no paramagnetic v-PCred state was detectable upon reduction. Conversely, at high potential a strong EPR signal could be assigned to the equivalent of a PCsox state, here called v-PC"sox", although it was more complex than in the wild type (wt) enzyme.4 
	Here we report spectroscopic, structural and computational studies of the C19G variant that explain both its modified cluster redox properties and the resulting loss of O2-tolerance. From an EPR redox titration (ESI Fig. S1†) we determined a midpoint potential of +0.24V for the v-PC"ox"/PC"sox" redox couple (ESI section 1 and Fig. S2†),‡ very close to the value of +0.23V previously reported for the wt-PCox/PCsox couple.15 The variant and wt enzyme show the same Ni EPR signals. 
	We crystallized the C19G variant under anaerobic conditions in the presence of its cognate cytochrome b (ESI Fig. S3†) and obtained anisotropic X-ray diffraction data to a maximum resolution of 2.5 Å (ESI Table S1†). A reliable atomic model could be obtained by electron density averaging of the four hydrogenase heterodimers in the asymmetric unit (Fig. 1A, ESI section 2†).§ Fobs-Fcalc difference and model-omit electron density maps confirm the C19G small subunit mutation and indicate the replacement of the C19 thiolate by S2-, forming an unprecedented [4Fe-4S-5S] cluster. The positions of the other cluster atoms and Fe ligands are close to those observed in the H2-reduced [4Fe-3S-6S] wt-PCred state of EcHyd1,7 with Fe3 still bound to the supernumerary Cys120, which shields the cluster from bulk solvent (Fig. 1B, ESI Fig. S4A†). Like the wt [4Fe-3S-6S] cluster, the new [4Fe-4S-5S] cluster differs significantly from the cuboid-shaped PC of O2-sensitive hydrogenases (ESI Fig. S4B†).16 The latter have a glycine at position 120 and a water molecule replaces the C120S atom in an otherwise almost identical protein environment (Fig. 1C-D).
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Figure 1. Crystal structure of the EcHyd1 C19G variant. A. Fold of the S4L4B2 hydrogenase complex. The polypeptide chain of large (L), (small (S) and cytochrome b (B) subunits is shown in pink, blue and grey, respectively, one SL heterodimer is depicted with ribbons; black arrows indicate three local twofold symmetry operations and black asterisks highlight proximal cluster (PC) positions. The direction of the a, b and c cell axes is shown in the lower left corner. B. Zoom on the new [4Fe-4S-5S] cluster. The red mesh indicates a negative peak, shown at a -8  level in a 4-fold density averaged Fobs-Fcalc map calculated with phase information from a model including Cys19. The blue mesh, shown at the 20  level, corresponds to a 4-fold density averaged omit Fobs-Fcalc map calculated with phase information from a C19G model excluding the inorganic S atoms. Note that S4 replaces the missing thiolate group of Cys19. C. Protein environment of the [4Fe-4S-5S] PC observed in the present study with putative H-bonds shown as dashed lines. D. Similar protein environment of the cuboid-shaped O2-sensitive D. fructosovorans [NiFe]-hydrogenase [4Fe-4S-4S] PC (pdb code 4UQL). Used atom colour codes are: Ni green, Fe red-brown, S yellow, O red, N blue and C grey. Large subunit residues are labelled in pink.
	The presence of strong electron density corresponding to a Ni-Fe bridging ligand (ESI Fig. S4C†) in the variant is characteristic of an oxidized state which could be v-PC"ox", v-PC"sox" or a mixture of the two. In a similar anaerobically grown wt enzyme crystal there was a mixture of states assigned to wt-PCox and wt-PCsox with an O(H) ligand bridging the two metals at the active site.6 In order to shed light on the modified physiological properties of the C19G variant we performed a computational study to compare the oxidation states of the novel [4Fe-4S-5S] cluster (Fig. 1B and ESI Fig. S4A†) with those of the [4Fe-3S-6S] proximal cluster of the wt enzyme.
	Here we will call the three PC states of wt EcHyd1 described by X-ray crystallography (ESI Fig. S4D-F†) wt-PCred-X, wt-PCox-X and wt-PCsox-X.7 The wt-PCred-X and wt-PCox-X structures are similar, but that of wt-PCsox-X is quite different, as also observed in the crystal structures of two other O2-tolerant [NiFe]-hydrogenases.6,9 In this superoxidized state, one of the cluster Fe ions binds to the deprotonated main chain N atom of Cys20. Since this N atom must be protonated in wt-PCox-X, this state has the same overall charge as wt-PCsox-X, the one proton loss compensating for the one-electron oxidation. Because the superoxidation potential depends on whether (or when) proton transfer takes place,17,18 comparison of measured and calculated midpoint potentials for different PC models may provide mechanistic information.
	The midpoint potential E° for a redox couple can be calculated from the free energy difference between the corresponding oxidized and reduced states (ESI section 3 and Scheme S1†). E° depends on (i) the interaction of the two states with the protein matrix and solvent,19,20 and (ii) their intrinsic electronic structures, which, in turn, depend on the different arrangements of the spins of the four Fe ions in the broken symmetry (BS) states that can be constructed. Among the large number of possible states, we only investigated BS13 and BS12 which, according to previous studies,7,21,22 are lowest in energy. Density functional theory (DFT) was used to obtain geometry-optimized cluster models in different oxidation/protonation states in water (w). In addition, we developed a semi-empirical (se) approach to account for specific PC interactions with the protein matrix, which involved introducing two calibration parameters (x and y):
[bookmark: _GoBack]E°DFT(se) = E°DFT(w) + [x∆Eenv(w) + y]/F			     		(1)
∆Eenv(w), first used to calculate E°DFT(w) (ESI Table S3)†, provides a suitable starting point for the difference in cluster solvation energy (in eV) between oxidized and reduced states in a polarizable water environment. A similar approach is used in semi-empirical pKa calculations.23 This term is next corrected by a factor here called x that is used to lower the dielectric constant from pure water (w) to a (water/protein) medium of average av (Eq. S3)†, with (1+x) being proportional to (1-1/av). Conversely, the shift parameter y takes into account hydrogen bonding and other electrostatic interactions19 and F is equal to one elementary charge unit. The two calibration parameters x and y were optimized to reproduce (-3/-2) and (‑2/-1) [4Fe-4S-4S] redox potentials as measured for ferredoxin (ESI section 4.1†).
	We started our calculations using simplified wt-PC-X models with a [4Fe-3S-6S] cluster in different oxidation states, replacing all cysteines by S-ethyl thiolates and including the peptide bond between Cys19 and Cys20. Corresponding geometry-optimized models are named wt-pcred-NH, wt-pcox-NH and wt-pcsox-NFe (ESI Scheme S2†), where NH designates the normal amide N-H group of the peptide bond and NFe indicates a N-Fe bond; v- is used in the case of the C19G variant (Fig. 2 and ESI Fig. S5†). Two additional, possibly transient states, named wt-pcox-NFe and wt-pcsox-NH correspond to a deprotonated wt-pcox-NH-derived intermediate, and a protonated superoxidized intermediate, respectively. Due to the replacement of the Cys19S thiolate by S2 in the variant (Fig. 1B), there is an extra negative charge in all v-PC models.
	Structural differences between geometry-optimized models with a peptide N-H bond are relatively small (Fig. 2) and these models remain close to their corresponding PC-X counterparts. Deprotonation of the wt-pcox-NH model leads to the formation of a N-Fe bond after geometry optimization. However, removal of the NH proton from the v-pc"ox"-NH model causes a drastic rearrangement of the Gly19-Cys20 peptide group away from the cluster, which would be sterically impossible in the protein. Conversely, the one-electron reduction of the v-pc"sox"-NFe model produces a stable v-pc"ox"-NFe state.
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Figure 2. Superposition of differently coloured geometry-optimized PC core models (see also ESI Fig. S5†). Small spheres highlight Fe ions and thin lines indicate the positions of directly bound labelled atoms. Root mean square deviations to (A) wt-PCox-X and (B) v-PC-X structures are shown in Å (see text for used nomenclature).	
	The results of our E° calculations (ESI sections 4.2-4.4†) are summarized in Fig. 3. First, for the vertical wt-pcred-NH/pcox-NH and wt-pcox-NFe/pcsox-NFe redox couples we obtain E°DFT(se) values of +0.06 and +0.27V, respectively, each within 50 mV of the E°'s of +0.03 and +0.23V experimentally measured at pH 6 for oxidation and superoxidation, respectively.15 Because x and y in eq. (1) are anti-correlated (ESI section 4.1†), errors in one of them tend to be cancelled by errors in the other  and we obtain very similar results with calibrations based on slightly different experimentally measured potentials (ESI section 4.2†). Nevertheless, the wt-pcox-NFe species will not be formed within the protein if proton and electron transfer are coupled (CPET). In that case, the measured E° of 0.23V should rather correspond to the wt-pcox-NH/pcsox-NFe redox couple (diagonal green arrow in the top of Fig. 3). In order to calculate an E°DFT(se) for the latter couple, the ∆G° for the horizontal wt-pcox-NH/pcox-NFe transition must be included. However, since we do not know the identity of the proton acceptor (base) in the protein, this cannot be easily done (see also ESI section 4.3†). At this point, we can only state that the O2 tolerance of the wt enzyme suggests that the deprotonation reaction should be favourable or close to neutral in free energy.
	Superoxidation of wt-pcox-NH without deprotonation gives a much higher E°DFT(se) of +0.62V (crossed vertical red arrow in Fig. 3). In a recent DFT study of the related O2-tolerant Ralstonia eutropha [NiFe]-hydrogenase,21 a reaction path from wt-pcred-NH to wt-pcsox-NFe was proposed with simultaneous transfer of two electrons followed by deprotonation. However, that mechanism is not compatible with the experimental results, which clearly show two one-electron transfer steps.2,3,4 Another proposed superoxidation mechanism involves a complex cluster rearrangement, equivalent to an internal proton transfer from Cys20NH to an inorganic sulfide in the sox state.24 However, keeping the proton at the PC increases the overall PCsox charge by +1 relative to the wt-pcox-NFe model discussed above, resulting in a much too high E°DFT(se) value when compared to experiment (see ESI section 4.3†).
	We obtain significantly different E°DFT(se)'s for the C19G variant (ESI section 4.4†). Because it carries one extra negative charge relative to wt, the v-pc"red"-NH/pc"ox"-NH redox potential is shifted by about -0.7V (Fig. 3). This results in an E°DFT(se) of -0.62V that is too negative to be readily accessible, which explains why no paramagnetic PCred state was detected for this variant3 (ESI Fig. S1†). We calculate an E°DFT(se) of +0.23V for the v-pc"ox"-NH/v-pc"sox"-NH couple, within the error margin (15mV) of the experimental value of +0.240V obtained for the v-PC"ox"/PC"sox" couple (ESI section 1†). Because the optimized v-pc"ox"-NH and v-pc"sox"-NH structures are quite similar, both could be present in the v-PC-X crystal structure. Conversely, in agreement with their different EPR spectra (Fig. 7 in ref. 3), the modelled wt-pcsox-NFe and v-pc"sox"-NH states have significantly different structures. In fact, in terms of overall charge, the (-3/-2) v-PC"ox"/PC"sox" couple is equivalent to the wt-PCred/PCox couple. Although a coupled electron and proton transfer leading to v-pc"sox"-NFe cannot be excluded, such a state is not observed in the crystal structure of the C19G variant, supporting the assignment of the experimentally obtained superoxidation potential to a v-PC"ox"/PC"sox" redox couple with a normal peptide N-H bond. 
	In this communication, we have characterized the structure of a novel non-cuboid [4Fe-4S-5S] cluster with five cysteine ligands and compared its redox properties with those of previously studied cluster types in the same [NiFe]-hydrogenase protein environment. A standard cuboid-shaped [4Fe-4S-4S] cluster is, for symmetry reasons, significantly stabilized by electron spin delocalisation within mixed valence Fe pairs (40050 mV per delocalized pair). This mechanism is responsible for 0.8 of the 1.14 V difference reported for the cuboid [4Fe-4S-4S] cluster (-3/-2) and (-2/-1) redox couples of Clostridium pasteurianum ferredoxin19 (ESI Table S3†). Our previous work anticipated that this stabilization would be absent in the various [4Fe-3S-6S] cluster states of wt EcHyd1, due to their structural asymmetry.25 This is confirmed by our calculations (ESI Table S4†). 
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Figure 3. Chemical relationships between geometry-optimized PC models (see also Fig. 2). Top: wt EcHyd1, bottom: C19G variant. Lowest energy BS states and total cluster charges are indicated. Green vertical arrows indicate reactions for which the calculated E°DFT(se) values (shown in pink) are similar to the measured E°(exp) redox potentials (shown in black). A diagonal arrow denotes coupled proton and electron transfer. A question mark is added at this diagonal for the variant because there is no crystallographic evidence for the existence of a v-pc"sox"-NFe state.
	We have also shown that both the wt-pcred-NH/pcox-NH and the putative wt-pcox-NFe/pcsox-NFe transition can be considered as (-3/-2) redox couples, for which we obtain a small ∆E°DFT(se) of 0.20V. If, as it seems more likely, the N-Fe bond is only formed in the superoxidized state, the wt-pcox-NH/pcsox-NFe transition involves CPET, necessitating the addition of a correction term for the deprotonation reaction (Fig. 3). However, that study is outside the scope of this paper (see ESI section 4.3†). For the cuboid [4Fe-4S-4S] PC of D. fructosovorans [NiFe]-hydrogenase the effects of electron spin delocalisation explain the more negative E° of -0.340V that is measured for its (-3/-2) couple.26 Concerning the corresponding [4Fe-4S-5S] redox couples of the EcHyd1 C19G variant we show that, due to their extra negative charge, the E°'s are shifted to much lower values and therefore no v-pc"red"-NH state is formed. At the [4Fe-4S] core level, the v-pc"ox"-NH/ pc"sox"-NH high potential redox process is reminiscent of the equivalent one in the High-Potential Iron Protein (HiPIP) couple first described 45 years ago.27COMPARISON OF FE4S4 CLUSTERS IN HIGH-POTENTIAL IRON PROTEIN AND IN FERREDOXIN,  CARTER, CW (CARTER, CW); KRAUT, J (KRAUT, J); FREER, ST (FREER, ST); ALDEN, RA (ALDEN, RA); SIEKER, LC (SIEKER, LC); ADMAN, E (ADMAN, E); JENSEN, LH (JENSEN, 69, 3526-3529. DOI: 10.1073/pnas.69.12.3526).  Because the variant PC can only deliver one electron to the active site, the formation of reactive oxygen species that will oxidize thiolate ligands28,29 cannot be prevented explaining the loss of O2-tolerance and enzyme deactivation. 
	In this study, we have calculated and compared the redox potentials of the different non-cuboid PC forms of EcHyd1 and the cuboid PC found in O2-sensitive [NiFe]-hydrogenases by combining their intrinsic structural properties with a simple semi-empirical approach that takes into consideration their very similar protein environment. The redox potentials obtained by this method for one-electron transfers are in fairly good agreement with measured values indicating its validity and possible application to other similar problems.
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