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Introduction

Hydrogenases are the enzymes that oxidize and produce H 2 . 1 The so-called "FeFe" hydrogenases do so at an inorganic active site, the H-cluster, which consists of a Fe 4 S 4 cluster bound by a cysteine to a Fe 2 subsite. The two iron atoms are called "proximal" or "distal" depending on their position relative to the cubane. They are coordinated by a carbonyl and a cyanide ligands and bridged by a third carbonyl and an azadithiolate (adt) group (fig 1). After H 2 binding to the distal Fe (Fe d ), the first step of H 2 oxidation is the heterolytic splitting of H 2 to form a terminal hydride 2,3 and a proton; the latter is transferred to the nitrogen atom of adt. 4 Figure 1: The H-cluster of FeFe hydrogenase in the so-called "Hox" state, before H 2 binds. The redox state assignment shown here agrees with some IR 5,6 EPR 7,8 and DFT investigations 9,10 but contrasts with the conclusions from other investigations using HYSCORE 11 and FTIR. 12 ours). We demonstrate that under oxidative conditions, chloride behaves as an uncompetitive inhibitor: it binds to a catalytic intermediate and favors over-oxidation into very stable form whose putative structure is calculated using DFT.

Results

Qualitative observations of the effect of anions, including chloride and bromide Figure 2A shows, in red, a cyclic voltammogram recorded with the FeFe hydrogenase from C. reinhardtii (Cr) adsorbed onto a rotating electrode, under an atmosphere of H 2 , in a buffer that contains a large concentration of chloride. The current changes from being negative (H 2 evolution) to positive (H 2 oxidation) as the electrode potential increases. The current decreases as the potential is increased above ≈ 0 mV vs SHE and increases again on the reverse scan when the potential becomes more negative. This is the signature of the anaerobic, oxidative, reversible inactivation, which results in a strong hysteresis because it is slow on the voltammetric time scale. and KI (0.5 M) have no effect (SI fig. S4). We conclude that the changes seen in fig 2 are caused by Cl -and Br -: other anions, cations and changes in ionic strength have no effect Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414

on the catalytic wave-shape.

Cl -and Br -have no other effect than changing the voltammetric wave-shape at high potential. Fig 2 shows that increasing the concentration of Cl -or Br -does not modify the low potential part of the signal (E < 0 mV vs SHE). SI figure S5 also shows that Cl - does not modify the rates of the reactions with O 2 or CO. Since the latter depend on the rate of diffusion inside the protein, 18 we conclude that halides do not significantly alter the dynamics of the protein. 

Reversible anaerobic inactivation is strictly dependent upon the presence of

Cl -or Br - To analyse the kinetics of the redox-driven inactivation, it is easier to interpret the results of chronoamperometry experiments than voltammograms. 27 

K app m ([Cl -]) = K m ([Cl -] = 0) 1 + [Cl -]/K i (E) (1) 
as expected if chloride is an uncompetitive inhibitor. [START_REF] Cornish-Bowden | Fundamentals of enzyme kinetics[END_REF] 

The kinetics of reactivation

The reactivation rate constants k a and k a increase exponentially as the electrode potential is lowered and depend on pH as expected if the reactivation is triggered by a one-electron reduction that is coupled to protonation. 27 The values of k a are independent of the concentration of halide but they depend on its nature: this is clear from the observation in fig 2 that the potential where the activity "switches back on" on the sweep to low potential is independent of the concentration of halide, and it is 55 mV higher with bromide than with chloride (75 mV vs SHE compared to 20 mV). Indeed, this "switch potential" directly depends on the rate of reactivation. [START_REF] Hamdan | Proc. Natl. Acad. Sc[END_REF][START_REF] Fourmond | [END_REF] Since k a is proportional to e -F E/RT , the 55 mV shift of the reactivation potential when Cl -is replaced with Br -reveals a 10-fold increase in reactivation rate (at 2 • C).

That the rate of reaction of the inactive species is different in the presence of chloride or bromide suggests that the anion is bound very close to the H-cluster in the inactive form, consistent with the above conclusion that it binds to a catalytic intermediate.

The affinity of the H-cluster for halides

The chronoampetrometry experiments give the values of k a and k i , the ratio of which is related to the halide binding constant.

The value of K i (0.021 M) measured at E = 115 mV from the data in fig. 4 

K i = (k a /k i + k a /k i ) × [Cl -], we deduce K i ≈ 0.023 M.
From chronoamperometry experiments at 0.05 M Cl -, we obtained a similar value of K i ≈ 0.014 M.

At low potential, no inactivation is observed because k a k i . The ratio k a /k i at the lowest potential where an inactivation is detected therefore gives a lower limit for the dis-Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 0 1 0 0 0 2 0 0 0 3 0 0 0 0 . 

Working hypothesis

Based on the above described observations and on DFT calculations described below, we propose the inhibition mechanism shown in fig 5. Hox is the "resting" Fe(II)Fe(I) state of the active site, which accumulates under oxidizing conditions in the absence of H 2 25 and binds H 2 in the catalytic cycle. 38,39 We hypothesize that the resulting adduct, HoxH 2 , is the catalytic intermediate that Cl -targets. Chloride binding leads to a species referred to as "HoxH 2 Cl -", which can undergo a one-electron one-proton oxidation to "HsuperoxH -Cl -" and then isomerisation. 

v(E, [H 2 ], [Cl -]) = v max (E) 1 + Km [H 2 ] + [Cl -] K i (E) (2) 
The dependence of v max on E is described by electrokinetic models of the catalytic cycle [START_REF] Fourmond | [END_REF]40 and the dependence of K i on E comes from the oxidation that follows Cl -binding. The observation that the rate constant of inhibition is proportional to [Cl -] and independent of E is what we expect from the scheme in fig 5 if the binding of chloride is bimolecular and if the steady-state concentration of HoxH 2 is independent of potential at high potential (that is, if the rate of the catalytic step that immediately follows the formation of HoxH 2

is not dependent of E). Reactivation is triggered by a one-electron one-proton reduction.

The hypothesis (supported below) that two isomers of the oxidized form are in equilibrium agrees with the experimental observation that the inactivation kinetics is biphasic, 26,27 from which we concluded that two inactive species are formed. This, also, is consistent with the kinetic scheme in fig 5 on condition that all steps are reversible (see SI section S3).

DFT

Here we describe DFT calculations that support the inhibition mechanism in fig 5, where Cl -targets the catalytic intermediate HoxH 2 ; then we rule out alternatives.

We performed DFT calculations with the large model of the active site shown in figure S9 and previously described in ref 16. It includes the 28 atoms of the dinuclear cluster and of 5 amino acids that directly interact with the intrinsic ligands of the dinuclear cluster.

The Fe 4 S 4 subcluster is only represented by a hydrogen atom: we ignore the possibility that redox changes at the cubane may define the reactivity that we study here. This assumption is reasonable since the cubane should remain oxidized under the very oxidizing conditions where the inhibition occurs (see SI DFT section 8 for details).

We estimated the Cl -binding energies from DFT calculations by calculating the change in energy when a chloride that is initially bound to the side chain of an arginine residue forms an adduct with the H-cluster:

H -cluster + Arg • Cl -→ H -cluster • Cl -+ Arg (3) 
Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414

Arginine is not a typical biological binding site for halides, 41 we only use it here to obtain an energy reference. The four systems (arginine and dinuclear cluster and their Cl-adducts)

were calculated independently (SI DFT section 5).

The binding energies depend on which reference is chosen and vary by a few kcal/mol depending on the functional adopted; however in this work, we focus only on the order of magnitude of values calculated with respect to a reference; absolute values do not matter.

When we examined which forms of the H-cluster may bind Cl -, we found three different groups of species, depending on whether the binding energy is very low (> 20 kcal/mol) or very high (< -20 kcal/mol) or small (-2 to 2 kcal/mol). Whether a particular species belongs to one group or another is independent of the reference state or the functional used in the calculation (see SI DFT section 6). We considered that a species that has very low affinity for Cl -is probably not involved in the reactions described here. A very strong affinity is not what we are looking for either, considering that the inhibition by Cl -is fully reversible. We therefore assumed that only the species that belong to the the third group (with small Cl -binding energies) are relevant in this investigation. Indeed, at low electrode potential, we measured a dissociation constant for Cl -larger than 4 M, meaning that in the presence of 0.1 M NaCl, the formation of the adduct with Cl -is unfavored by > 2 kcal/mol.

We screened the effect of Cl -binding to all possible forms of the H-cluster, starting with the species which supposedly is the target of Cl -in fig 5. The calculated structures of the relevant species are all shown in SI section S7. MD calculations suggested that the environment of the H-cluster is very flexible 27 and the rotation of the ligands around the distal Fe has been experimentally demonstrated. 5,31 We hypothesise that the two isomers of HsuperoxH -Cl -shown in fig 5 are the two

inactive species formed at high potential. The 3.5 kcal/mol energy difference between them is consistent with the experimental observation that one inactive state is ten times more stable than the other (based on the comparison of k i /k a ' and k i "/k a ", we expect a 2.5 kcal/mol difference). The all terminal species belongs to the group of species that weakly bind Cl -(the binding energy is 1.2 kcal/mol, or -1.1 kcal/mol after introduction of the dispersion correction within the D3 approach, see SI for details) but we consider as likely that the inactive species is kinetically stabilized: the dissociation of Cl -from the most stable isomer gives a species that is not a catalytic intermediate, so the unbinding of Cl -must be followed by a rearrangement before the activity is recovered. This process may correspond to the slow reactivation still detected in the limit of high electrode potentials ( give a species that binds Cl -even more strongly, therefore we also rule out the participation of this very oxidized hypothetical catalytic intermediate.

HsuperoxH -. The catalytic intermediate obtained after one-electron one-proton oxidation of HoxH 2 cannot be the target of the inhibiting Cl -. The reason for this is that further removal of one electron and one proton would give HoxCl -which cannot be the stable fully oxidized form we are looking for. Indeed, Cl -has no effect on the low potential part of the voltammogram where Hox accumulates.

Last, we briefly discuss Cl -binding to Hox and to the species obtained by the removal of either one electron or one proton from Hox. This is only for the sake of completeness, since these reactions would be responsible for competitive inhibition, in contradiction with experimental evidence. the anion interacts very weakly with the metal. Moreover, Cl -has a very small effect on the Fe electronic structure according to NBO atomic and spin charges. In both cases, Cl - forms two electrostatic interactions with the hydrogen atoms of the amine of the adt and of the thiol of Cys178.

Hox. DFT suggests that

HoxH + and Hsuperox. There is no experimental evidence of the existence of a form of Hox that is protonated on the amine group. This hypothetical state binds Cl -too strongly (binding energy -20.6 kcal/mol) to be considered here. The same is true for the oxidized (all ferrous) form of Hox (binding energy -39.6 kcal/mol), which we know is unstable. 25,27 

Discussion

The buffers used to purify FeFe hydrogenases 44,45 and those used in electrochemical experiments or spectroelectrochemical titrations 25 often contain chloride. But halides are usually not ligands of inorganic active sites (except sometimes copper ions) and the observation here that chloride and bromide interact with the H-cluster of FeFe hydrogenase is unprecedented and unexpected.

There are a few reports on the inhibition of metalloenzymes by halides, although with kinetic patterns that are different from the one reported here and the mechanisms are not always clear. Multicopper oxidases such as laccases 46 and bilirubin oxidases 47 are inhibited by F -and Cl -, which apparently interact with the T2/T3 and T1 sites, respectively. 46,48,49 This would explain that chloride competes with the electron donor. 50 Chloride also competitively inhibits the mononuclear Mo enzyme sulfite oxidase. 51,52 Based on EPR investigations, it was proposed that Cl -either binds directly to the Mo 53 or is hydrogen-bonded to the proton of an equatorial OH ligand. 54 Regarding the oxidative inactivation of FeFe hydrogenase, we consider very unlikely an inhibition is seen only at high potential, where a one-proton one-electron oxidation locks the H-cluster into a stable, unreactive form. We sorted through all possible catalytic intermediates, in search of which is the target of Cl -. We exculpated species that are unreasonable according to DFT (e.g. obtained by removing a proton for the HoxH 2 adduct) or based on experimental evidence (e.g. protonated Hox). We used the criterion that we were looking for a catalytic intermediate that weakly binds Cl -(the calculated binding energy had to be small, no more than few kcal/mol). We also ruled out binding of Cl -to a species obtained by removing one electron and one proton from the HoxH 2 adduct, simply counting that further one-proton one-electron oxidation would give HoxCl -, which cannot be a stable dead-end since Cl -has no effect on the low-potential part of the catalytic signal.

The only option that was left corresponds to the hypothesis in fig 5, according to which Cl -targets the HoxH 2 adduct. One-electron one-proton oxidation of this adduct gives the species that we referred to as "HsuperoxH -Cl -", which isomerizes into the "all terminal" rightmost species. The latter has twice 18 valence electrons on the Fe ions and is likely to be a stable sink, which can slowly return to a catalytic intermediate by Cl -release and reorganization, hence the slow (but non zero) rate of reactivation in the high potential limit.

The isomerization explains that the inactivation kinetics is biphasic (SI section S3). The Calculations The DFT computation were performed using the hybrid Generalized Gradient Approximation (GGA) BP86 59,60 and PBE0 61 DFT functional as implemented in the TURBOMOLE suite of programs. 62 Resolution-of-identity (RI) technique has been adopted to speed up computations for pure BP86 functional. Basis sets of triple-ζ plus polarization split valence quality 63 were adopted for all atoms. These two level of theory are able to reproduce geometries of H-cluster models in good agreement with experimental structures. 64 Solvent effect was accounted by using the Conductor-like Screening Model (COSMO) approach. 65,66 Pocket environment solvation has been considered by setting the dielectric constant within COSMO approach equal to 4. Empirical D3 dispersion correction proposed by Grimme 67 for DFT was been also adopted at BP86 level for sake of comparison (details in SI). According to the comparison of the computed Cl -binding energies presented in table S1, PBE0 values are on average systematically higher about 1.5 kcal/mol compared to those computed at BP86 level. For this reason only BP86 values are presented here.

Associated content

Supporting Information The Supporting Information is available free of charge via the Internet at http://pubs.acs.org. DFT computational details and models; electronic struc-http://dx.doi.org/doi:10.1021/jacs.8b01414 Any Hcluster species forms a chloride adduct H cluster species •Cl in which the anion comes from the side chain of an arginine or threonine residue. All the systems involved were computed separately.

S6. Comparison between DFT functionals

Since the Cl binding energies are crucial in the discussion of the inhibition mechanism, we assessed their variability as a function of the level of theory adopted, namely: 1) DFT functional adopted 2) Implicit solvation 3) Dispersion correction 4) Reference state for free Cl

In the following we adopted the ordinary nomenclature DFT functional . We used the pure BP86 2,3 and the hybrid PBE0 4 generalized gradient approximations (GGA) functionals that are popular in the modelling of FeFe hydrogenases properties and reactivity [5][6][7] . Here we considered the neutral arginine as Cl reference state and we adopted the implicit solvation with dielectric constant equal to 4. We compared the two functionals on the basis of optimized geometries, NBO atomic/spin charges and Cl binding energies. For each species considered, the optimized geometries are similar in particular regarding i) the position and coordination of the substrate (H 2 , H ) ii) the position and coordination of chloride. This fact is in line with the small differences in the BP86 and PBE0 electronic structures although the homolumo gap for hybrid is significantly lower than that computed with pure functionals.
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The values of the Cl binding energies can be easily divided into three groups that differ from relative Cl binding energy with respect to Hox used as reference. These groups are:

1) small values with average 0.9 kcal/mol for BP86 and 0.3 kcal/mol for PBE0 (Hox, HoxH 2 , HsuperoxH ); 2) very low value of 27.2 kcal/mol for both BP86 and PBE0 (HoxH ) 3) very high values with average 22.3 kcal/mol for BP86 and 21.4 for PBE0 (Hsuperox, HsuperoxH 2 , HsuspersuperoxH ).

Solvatation with implicit COSMO model and D3 dispersion correction . Implicit solvation can be taken into account by mean of the COSMO approach using a value of 4 for the dielectric constant inside the active site pocket. Gas phase computations underestimate the Cl binding energies for the first group, on average, by 7.9 kcal/mol. Large and negative or positive values are increased in their absolute values when implicit solvation is not considered. The gas phase computations are clearly less accurate and for this reason we consider only values computed with the COSMO approach. The values computed with the Grimme D3 approach, to take into account the dispersion interactions, are on average only 1.2 kcal/mol more negative than those computed without considering the correction.

Reference state for free Cl . The choice of the reference state of the Cl anion is required to evaluate the Cl bonding energies but it does not essentially influence the relative values. The basic idea is to consider a reference state in which a residue side chain coordinates the Cl ion and then releases the ion to the Hcluster. There is a large number of possibilities, according to the aminoacidic environment around the Hcluster, although we are not simulating the Cl coordination to Hcluster but only looking for a reasonable protocol to compute Cl binding energies. We considered therefore 1) Arginine side chain in its neutral or positively charged form 2) Threonine side chain

The plot of the values in table S1 shows the effect of changing the Cl reference state and/or the functional.

Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414
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Except for gas phase computations, the values are almost equally shifted by a fixed energy that depends on the choice of the reference. When comparing R and R+ as side chain for Cl reference state, R+ binding energies are always shifted around +44.3 kcal/mol compared those of R.

For neutral references (R or T side chain) the average Cl binding energies are reported in the table S4 below. In all the cases considered, their standard deviations are lower than 3.0 kcal/mol. 

  The new observation in fig 2A is that the magnitude of the high potential inactivation is very dependent on the concentration of NaCl. We observed the same effect of NaCl with the FeFe hydrogenase from C. acetobutylicum (SI fig S2). In contrast, Cl -has no effect on NiFe hydrogenase (SI fig S3). The inactivation of Cr FeFe hydrogenase is also observed after adding KBr to the solution (fig 2B), whereas KNO 3 (0.5 M) Na 2 SO 4 (0.1 M), NaF (0.3 M)

Figure 2 :

 2 Figure 2: Effect of the concentration of chloride (panel A) and bromide (panel B), on the voltammetric response of C. reinhardtii FeFe hydrogenase adsorbed at a rotating disc graphite electrode. Experimental conditions: 1 bar H 2 , scan rate ν = 20 mV/s, rotation rate ω = 3000 rpm, T = 2 • C, the concentration of halide was varied by adding a solution of NaCl or KBr to a 5 mM mixed buffer solution at pH 7.

  Figure S6 shows a typical chronoamperometry experiment where the current increases and decreases each time the potential is stepped down or up, respectively. The conversion results in a hysteresis in fig 2 because it is slower than the voltammetric time scale (τ = RT /F ν ≈1 s).

Figure

  Figure 4: Chronoamperometric experiment and effect of chloride on K m at high potential. A: Concentration of H 2 against time (note that the change occurs with a time constant of about 35 s, it is therefore slower than depicted in panel A; this prevents the quantitative interpretation of the current transients in panel B.) . B: Resulting current at [Cl -] = 0.1 M (see SI fig S8 for same experiment at [Cl -] = 0 M), inset: current corrected from film loss (in red), raw current data (in black) and current values at 1 and 0.1 bar H 2 (dotted lines) used for the calculation of the relative current i 0.1bar /i 1bar plotted in panel C. C: Relative current i/i 1bar against [H 2 ], inset: 1/K app

Figure 5 :

 5 Figure5: The mechanism of uncompetitive inhibition by chloride under oxidative conditions, according to which Cl -binds to the active site following the binding of H 2 . The subsequent one-proton one-electron oxidation produces two isomers of an inactive dead-end.

HoxH 2 .

 2 According to DFT, Cl -binding to the adt ligand of the adduct between Hox and H 2 is slightly exothermic (binding energy = -1.0 kcal/mol) and the presence of Cl -favors the splitting of the H-H bond (see SI figureS11). DFT optimization of HoxH 2 Cl -results in the formation of a hydride on Fe d and the stabilization of Cl -by a strong electrostatic interaction with the protonated NH + 2 of adt. We consider the theoretical result that Cl - binding to this species is weak consistent with the large experimental value of K i .According to our hypothesis, the weak adduct between HoxH 2 and Cl -is stabilized http://dx.doi.org/doi:10.1021/jacs.8b01414 at high potential upon one-electron one-proton oxidation, giving a Fe(II)Fe(II) form with chloride and hydride bound to NH and Fe d , respectively, which corresponds to a local energy minimum. The Fe(I)Fe(I) structure in which the halide interacts with the protonated amine group is 9.6 kcal/mol more stable than the previous structure. Then, further geometry optimization (see SI DFT section 7) gives a form that is 3.5 kcal/mol more stable, where the ligands are all terminal: the rotation of the Fe d (CO) 2 CN -group involves the movement of one equatorial CO to apical position and the loss of the bridging character of the µCO. Two factors contribute to the stabilization of the all-terminal isomer: both Fe ions have 18 valence electrons (compared to 19 and 17 in the initial form); and the isomerization adds a weak interaction between the oxygen of the apical CO and the hydrogen of the protonated NH + 2 (the O/H distance is 2.921 Å). The isomerization is barrierless at the level of theory that we use but the obstruction by nearby amino acids should add a barrier. Previous

  question of which pathway(s) chloride ions use to reach the active site remains open. According to our mechanistic hypothesis, inhibition of FeFe hydrogenase by Cl -does not involve the coordination of Cl -on Fe d . Indeed, in almost all the structures that we calculated, Cl -is stabilized near the amine group of adt by electrostatic interactions with the hydrogen atoms of the amine group and of the thiol of Cys178. Protonation of the amine group increases the stability of the adduct. Direct binding on Fe d was seen only in highly Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 M), NaF (0 -0.3 M), Na 2 SO 4 (0 -0.1 M) or KNO 3 (0 -0.5 M). Experiments in the absence of halides were replicated in 0.1 M phosphate buffer. In the experiments carried out in the absence of halides, the reference compartment of the cell was filled with a 0. 1 M sulfate or phosphate solution (instead of 0.1 M NaCl) in order to prevent any contamination of the main compartment by chloride. The cell was continuously flushed with either pure H 2 , or, in the experiments where H 2 concentration was varied, with a mixture of H 2 and N 2 adjusted to the desired composition using mass flow controllers (SLA5850S from BROOKS Instruments). The data were analysed using QSoas, 58 an open source program available at http://www.qsoas.org.

Figure S2 :Figure S3 :-Figure S4 :

 S2S3S4 Figure S2: Effect of chloride on the voltammetric response of C. acetobutylicum FeFe hydrogenase. Experimental conditions: 1 bar H 2 , scan rate ν = 20 mV/s, rotation rate ω = 3000 rpm, T = 12 • C, the concentration of chloride was varied by adding a solution of NaCl to a 5 mM mixed buffer solution at pH 7.

Figure S5 :

 S5 Figure S5: Absence of effect of chloride on the kinetics of inhibition by CO (A) and O 2 (B) of C. reinhardtii hydrogenase. A: [CO] = 4, 10, 1, 6, 2 µM, E = -160 mV, T = 30 • C. B: [O 2 ] = 1, 6, 24 µM, E = 40 mV, T = 12 • C. Other experimental conditions: 1 bar H 2 , rotation rate ω = 3000 rpm, pH 7 mixed buffer 0.1 M NaCl (in red) and 0 M NaCl (in black); small aliquots of buffer solution saturated with CO or O 2 and kept in a capped septum-sealed tube were injected into the cell with a gas-tight syringe.

Figure S6 :Figure S7 :

 S6S7 Figure S6: Chronoamperometric experiment performed with C. reinhardtii FeFe hydrogenase. A: Potential steps applied to the electrode. B: Resulting current (black) and fit to the kinetic model indicated in the main text (red). Experimental conditions: 1 bar H 2 , rotation rate ω = 3000 rpm, T = 2 • C, in mixed buffer pH 7, 0.05 M NaCl.

  

  

  

  

  

  

  

  

  

  

  

  Author version of: J. Am. Chem. Soc. 140 5485(2018) http://dx.doi.org/doi:10.1021/jacs.8b01414As observed before,27 the changes in current are clearly biphasic, suggesting that two distinct inactive species are formed under oxidative conditions. The kinetic model that was fitted to the data 27 assumes that the active form of the active site, A, is transformed into two different species, I' and I", with first order rate constants k i and k i , and reactivates with first order rate constants k a and k a . No assumption is made on the dependence of the rate constants on potential.We confirmed our previous observation that the two rate constants of inactivation are independent of potential and that the rate constants of reactivation increase as the electrode
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	reveals that chloride is an uncompetitive inhibitor 34 of H 2 oxidation at high potential. The
	Michaelis constant at a given potential and concentration of chloride can be measured by
	changing the concentration of H 2 (e.g. as in fig 4A) and monitoring the change in current;
	figure 4B shows a typical result at E = 115 mV and [Cl -] = 0.1 M (see SI fig S8 for the result
	at [Cl -] = 0). The continuous current decay results from film loss and can be corrected 35
	as shown in the inset of panel B. The details of the current response in figure 4B confirm
	that H 2 favors the inactivation. Indeed, each time the H 2 concentration is stepped up, the
	activity increases as a consequence of enzyme saturation with H 2 and then slowly decreases
	(as indicated by stars) because the enzyme slowly inactivates. Similarly, every step down in
	H 2 concentration is followed by a fast decrease in current followed by a reactivation (squares
	in panel B). After each step in H 2 concentration, the activity tends to a new steady-state
	value which is easily compared to that measured under one bar H 2 . The change in normalized
	current against [H 2 ] (panel C) gives the value of the Michaelis constant at each concentration
	of chloride. The inset of panel C shows that the apparent value of K m changes with [Cl -]
	according to	

potential is lowered (fig 3 in ref 27, and SI figure

S7

). As before, we conclude that the inactivation follows a "CE" mechanism, whereby the inactivation begins with a reversible chemical step that limits the inactivation rate and is followed by an oxidation. Reactivation is triggered by the reduction of the inactive form.

An important, new information is that the values of the inactivation rate constants increase with chloride concentration, as shown in fig

3

, unlike the rate constants of reactivation (SI figure

S7

). Determining the values of k i at very low concentration of chloride is difficult because there the magnitude of the inactivation is very small but the data strongly suggest that both k i and k i tend to zero as [Cl -] tends to zero; this is consistent with the qualitative observation that no inactivation is detected in the voltammograms recorded in the absence of NaCl (fig

2A

).

Evidence that Cl -acts as an uncompetitive inhibitor

We showed in fig 3d of ref 27 that the two values of k i increase with the concentration of H 2 . We interpreted this in terms of H 2 binding being the "C" step of the CE mechanism of inactivation, but there is actually an alternative: k i may be the rate of binding of the inhibitor halide, which should increase with [H 2 ] if Cl -binds to a catalytic intermediate, whose steady-state concentration increases in proportion to the turnover rate.

Strong support of the hypothesis that Cl -binds to catalytic intermediates comes from the effect of chloride on the value of the Michaelis constant for H 2 at high potential, which

  Eq. 1 allows K i to depend on E, since chloride inhibition is only observed at high electrode potential. Fitting a straight line points in the inset of panel C returns K i = 0.021 M Cl -at E = 115 mV, and K m ([Cl -] = 0) = 0.18 atm H 2 , similar to the value found 21 at low potential, where chloride has no effect.

	Author version of: J. Am. Chem. Soc. 140 5485 (2018)
	http://dx.doi.org/doi:10.1021/jacs.8b01414
	to the data

  Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 sociation constant of Cl -. From the data in fig S7, we determine K d 4 M, that is ∆ r G 0 > 1 kcal/mol for the binding of Cl -to the catalytic intermediate.

	4: Chronoamperometric
	experiment and effect of chlo-
	ride on K m at high potential.
	A: Concentration of H 2 against
	time (note that the change oc-
	curs with a time constant of
	about 35 s, it is therefore slower
	than depicted in panel A; this
	prevents the quantitative inter-

pretation of the current transients in panel B.) . B: Resulting current at [Cl -] = 0.1 M (see SI fig S8 for same experiment at [Cl -] = 0 M), inset: current corrected from film loss (in red), raw current data (in black) and current values at 1 and 0.1 bar H 2 (dotted lines) used for the calculation of the relative current i 0.1bar /i 1bar plotted in panel C. C: Relative current i/i 1bar against [H 2 ], inset: 1/K app m as a function of [Cl -]. Experimental conditions: E = 115 mV, rotation rate ω = 3000 rpm, T = 2 • C, in mixed buffer pH 7.

  Author version of: J. Am. Chem. Soc. 140 5485(2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 tion of HoxH 2 ) is not consistent with experimental observations, as shown hereafter.HoxH -. We expect that the deprotonation of HoxH 2 should be very difficult, because according to DFT the dihydrogen molecule is not split in HoxH 2 . 9,42 Moreover, the deprotonated form HoxH -does not bind Cl -(binding energy +29.7 kcal/mol).HsuperoxH 2 . Oxidizing HoxH 2 gives a species where the hydrogen molecule is split between a hydride on Fe d and a proton on the NH of adt, resembling the catalytic intermediate "HhydH + ". 2,43 The charge transfer of 0.43 electrons from H -to Fe suggests the redox state assignment Fe(I)Fe(I). Cl -binding to the NH + 2 group is very strong (-21.3 kcal/mol) but does not affect much the structure of the cluster: the Fe-Fe bond distance is shortened by 0.099Å and the iron atomic charges are consistent with the dinuclear cluster being in

	fig S7 and
	fig 3AB in ref 27).

Cl -binding to any other species than HoxH 2 (obtained by oxidation and/or deprotona-the Fe(I)Fe(I)-H + redox state. Such strong binding does not support the involvement of this species in the inhibition mechanism. The reason this binding does not occur is probably that HsuperoxH 2 is a very unstable catalytic intermediate, which is not present in a significant amount under steady-state catalytic conditions. The two-electron oxidation of HoxH 2 would

  Author version of: J. Am.Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 positive (1.4 and 5.7 kcal/mol, respectively). In the former case, the Fe-Cl -distance is much longer than in [FeCl 4 ] 2-(2.576 Å versus 2.392 Å at the same level of theory), suggesting that

Cl -forms a stable adduct with Hox by interacting with either the distal Fe or the amine group of the adt ligand. The binding energies are small and

  Author version of: J. Am. Chem. Soc. 140 5485(2018) http://dx.doi.org/doi:10.1021/jacs.8b01414inhibition mechanism whereby chloride would bind on a site that is remote from the Hcluster, by accelerating or favoring whichever transformation of the H-cluster is the cause of inactivation. That the rate of inactivation tends to zero when [Cl -] tends to zero (fig 3) implies that chloride is absolutely required for the inactivation to proceed. The observation that replacing Cl -with Br -significantly affects the reactivation rate constants (fig 2) also suggests that the anion is bound very close to the H-cluster, in the inactive state that is formed under oxidative conditions. (We observed that chloride is the most potent anionic inhibitor of FeFe hydrogenase. Bromide is less effective than chloride, maybe because it is too large to access the H-cluster. The even larger I -has no detectable effect, nor do the very hydrated fluoride anion, sulfate and nitrate.) Our observations call for a complete revision of the previously proposed inactivation mechanisms. According to DFT, Cl -would bind very strongly to HoxH + , but we consider this reaction unlikely because there is no experimental evidence that Hox protonates. Also this hypothesis would contradict the experimental evidence that the rate of inactivation is pH-independent (fig 3E in ref 27). The theoretical affinity of Cl -for the oxidized (all ferrous) Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 inactivation rate constants are potential independent.) We concluded from our experimental investigation that chloride inhibits the enzyme by reversibly binding to a catalytic intermediate but the binding is weak (K d > 4 M); this is the reason chloride has no detectable effect on the low-potential part of the voltammogram:

	form of Hox is large, but the formation of this adduct does not occur because overoxidation
	destroys the H-cluster according to spectroelectrochemical titrations (fig S2 in ref 25) and
	direct electrochemistry experiments.

There are various reasons to think that Cl -does not inhibit the enzyme by binding to Hox (or an oxidized or protonated or deprotonated form of Hox). (

1

) The uncompetitive nature of the inhibition -clearly demonstrated by the linear variation of the inhibition rate with [H 2 ] (fig 3D of ref 27) and by the change in apparent K m with [Cl -] (fig 4C) -

implies that the halide binds to a catalytic intermediate but not to Hox, the "resting" form of the H-cluster that is present under oxidizing conditions in the absence of H 2 . (2) That the oxidative inactivation is a one-electron one-proton reaction (whereas no proton could be removed from a hypothetical HoxCl -adduct) also conflicts with the hypothesis that Cl - targets Hox.

27 

(In addition, chloride binding after oxidation of Hox would be an EC mechanism, in contradiction with the experimental observation that the

Table S1 .

 S1 Author version of: J. Am. Chem.Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414S10 Cl binding energies (in kcal/mol) computed at different levels of theory defined by the DFT functional adopted, by considering the implicit solvation (dielectric constant equal to 4) and the dispersion correction (D3) and the Cl reference state (neutral (R) or positively charged (R+) arginine side chain, threonine (T)).

		BP86	BP86	BP86	BP86	BP86	PBE0
		gas	ε =4 R	ε =4 R+	ε =4 T	ε =4 D3	ε =4 R
		phase R				R	
	HoxCl	10.6	1.4	45.7	2.7	0.1	2.3
	HoxH 2 Cl	6.0	1.0	43.3	0.3	0.2	1.8
	HoxH Cl	71.4	28.7	72.9	30.0	30.5	29.5
	HsuperoxH 2 Cl	50.9	21.2	23.1	19.9	24.2	19.8
	HsuperoxH Cl	8.6	1.2	45.5	2.5	1.1	5.6
	HsupersuperoxH Cl	44.8	20.6	23.7	19.3	24.5	18.4
	• Fe(I)Fe(I) Hred						
	• Fe(I)Fe(II) Hox.						
	• Higher oxidized forms					
	○ Hsuperox formally Fe(II)Fe(II)				
	○ Hsupersuperox formally Fe(II)Fe(III)			
	• H species Cl is the lowest energy Cl adduct			

Table S2 .

 S2 Optimized FeFe bond distances (in Å) of all the species considered at BP86/TZVP/COSMO and PBE0/TZVP/COSMO levels. FeFe and FeFe(Cl) refer to the same ironiron bond distance in the Hcluster form and in its most stable Cl adduct.

	Author version of: J. Am. Chem. Soc. 140 5485 (2018)
	http://dx.doi.org/doi:10.1021/jacs.8b01414	
		BP86 ε =4 R	PBE0 ε =4 R
		FeFe	FeFe (Cl)	FeFe	FeFe (Cl)
	HoxCl	2.543	2.636	2.519	2.635
	HoxH 2 Cl	2.544	2.619	2.632	2.606
	HoxHCl	2.664	2.628	2.650	2.758
	HsuperoxH 2 Cl	2.515	2.521	2.544	2.523
	HsuperoxH Cl	2.519	2.584	2.521	2.506
	HsupersuperoxH Cl	2.516	2.636	2.520	2.638
			S11		

Table S3 .

 S3 NBO Fe proximal (Fe p ) and distal (Fe d ) atomic and spin charges.

			BP86 ε =4 R			PBE0 ε =4 R	
				Bound Cl			Bound Cl
		q(fe) s(Fe) q(fe) s(Fe)	q(fe)	s(Fe)	q(fe) s(Fe)
		Fe p 0.11	0						
	Hred								
		Fe d 0.16	0						
		Fe p 0.13 0.14 0.10 0.04	0.05	0.10	0.12	0.41
	HoxCl								
		Fe d 0.06	0.85	0.36	0.55	0.13	1.00	0.04	0.50
		Fe p 0.07 0.46 0.05 0.61	0.03	0.47	0.05	0.81
	HoxH 2 Cl								
		Fe d 0.15 0.42 0.24 0.22	0.07	0.41	0.20	0.19
		Fe p 0.06 0.25 0.01 0.19	0.02	0.80	0.16	1.12
	HoxH Cl								
		Fe d 0.20 0.58 0.25 0.70	0.19	0.20	0.28	0.10
		Fe p 0.15	0	0.13	0	0.11	0	0.01	0
	HsuperoxH 2 Cl								
		Fe d 0.21	0	0.30	0	0.10	0	0.29	0
		Fe p 0.11	0	0.09	0	0.00	0	0.02	0
	HsuperoxH Cl								
		Fe d 0.28	0	0.15	0	0.29	0	0.18	0
	Hsupersuperox	Fe p 0.12 0.01 0.12 0.36	0.01	0.04	0.03	0.40
	H Cl	Fe d 0.06	0.95	0.03	0.56	0.16	1.21	0.11	0.51

Table S4 .

 S4 Average Cl binding energies (in kcal/mol) with their standard deviation computed from 4 values obtained using neutral reference state (R and T side chains).

		<DE> ± σ
	HoxCl	1.7 ± 1.2
	HoxH 2 Cl	1.0 ± 1.0
	HoxH Cl	29.7 ± 0.8
	HsuperoxH 2 Cl	21.3 ± 2.1
	HsuperoxH Cl	2.0 ± 2.8
	HsupersuperoxH Cl	20.7 ± 2.7

Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 oxidized (all-ferrous) forms of the H-cluster, which we think are not relevant. We would have considered direct binding of Cl -onto Fe d very surprising considering the available structural data. None of the available structures of holo FeFe hydrogenases shows a chloride near the H-cluster (even though some crystals were obtained in the presence of MgCl 2 ). We identified a putative chloride binding site 10 Å from the H-cluster (see SI section S1; it is too far from the H-cluster to be relevant to our study). There are more than 3000 deposited structures that contain at least one chloride or bromide ion and at least one transition metal, only 60

of which where the anion is less than 3 Å from a Fe. Among these, none is a hydrogenase and only 2 are FeS proteins (namely the ThiC and NadA radical SAM enzymes, 55,56 see SI section S2).

We estimate that it may be possible in the future to produce the chloride-bound, inactive states of FeFe hydrogenase in solution experiments, to probe further the position of the Cl - ligand. The protocol would necessarily involve the reaction of the enzyme with a strong oxydant under H 2 . If the experiment is carried out in the absence of mediators the reactivation reaction should be slow and the oxidized species may accumulate.

Methods

Biochemistry Samples of C. reinhardtii FeFe hydrogenase were prepared as described in ref 45.

Electrochemistry All electrochemical experiments were carried out in a glovebox (Jacomex) filled with N 2 , with the electrochemical set-up and equipment described in ref 57.

The enzyme was adsorbed onto a pyrolytic edge electrode by painting its surface (area A ≈ 

S2 Chloride or bromide bound to iron in PDB structures

We found 3274 structures that contain either a chloride or a bromide ion, and either Fe, Cu, Mn, Zn, Ni, or Mo. Out of these, the following PDB accession codes corresponded to structures in which a Cl -ion is found closer than 3 Å from a Fe ion: 1A7D, 1BES, 1I4Y, 1ZJ8, 1ZJ9, 2AWY, 2FCT, 3AGT, 3AGU, 3ARJ, 3ARK, 3ARL, 3HX9, 3NNF, 3NNL, 3VEC, 3VED, 3VLX, 3WFB, 3WHN, 3WSD, 4CUO, 4JET, 4LQJ, 4LQN, 4LQV, 4LYU, 4LYX, 4MJY, 4MN9, 4MY7, 4OYN, 4PIX, 4S25, 4S26, 4S27, 4S28, 4UBH, 4XET, 4XEZ, 4XF0, 4XFB, 4XFC, 4XFF, 4XFG, 4Y08, 4YKH, 4YYO, 4ZJK, 5H8Y, 5I0R, 5IQS, 5IQT, 5IQV, 5J93, 5J9V, 5JAC, 5JKK, 5JKL, 5KTM, 5KTR, 5KTS.

Among these structures, we found only two distinct proteins in which the Cl -ion is bound to a [4Fe-4S] cluster:

• the quinolinate synthase (5KTM)

• the thiamin pyrimidine synthase (4S25, 4S26, 4S27 and 4S28)

These enzymes belong to the radical SAM family, and the Cl -ion binds at the vacant coordination position on the SAM cluster.

Only one corresponded to a bromide bound to an iron: 2FCV.

Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414

S3 Biphasics inactivation kinetics

The model given in figure 5 can be schematized thus:

in which the first reaction corresponds to binding of Cl -and oxidation, and the second reaction to the isomerisation. The differential equation governing the evolution over time of the active species a(t) can be put under the following form:

in which:

The solution can be put under the general form:

in which a + and a -are integration constants, and 1/τ ± are the roots of the polynomial

The above equation corresponds to a biphasic evolution, so that scheme (S1) yields biphasic evolutions of the concentration of the active species.

This biphasicity arises from the reverse reaction k -1 , which introduces a dependence of the concentration of the active species A on the concentration of I 1 , which in turns depends on I 2 . If k -1 = 0, the evolution of the concentrations of I 1 and I 2 over time is biphasic but the concentration of A is a single exponential decay with a time constant 1/k 1 .
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S4. The model

The Fe 2 S 2 large model of the Hcluster adopted in this paper is sketched in Figure S9 and consists of the Fe 2 S 2 core in which the Fe 4 S 4 cubane is substituted by an hydrogen atom.

Around the binuclear core, we considered the 5 residues that directly interact with the cyanide ligands (Ala107, Ile204, Lys237, Glu240) and the amine group that belongs to the ADT(Cys178). The carbon atoms in red in Figure S9 were kept fixed at the crystallographic positions (1FEH 1 ) during calculations to avoid unrealistic conformational rearrangements. 

S5. Details about the calculations of the binding energy

Computational details. DFT computations were performed using the Gradient Approximation (GGA) pure BP86 and PBE0 hybrid functionals as implemented in the TURBOMOLE suite of programs. Basis sets of tripleζ plus polarization split valence quality were adopted for all atoms. The Resolution of Identity (RI) technique was adopted for pure functionals in order to save CPU time. DFT gridsize was set to standard m3 value. Ground state geometry optimizations were carried out with convergence criteria fixed to 10 6 hartree for the energy and 0.001 hartree•bohr 1 for the gradient norm vector. Atomic and spin charges are computed within Natural bond order (NBO) approach.

Computation of the chloride binding energy . The values of the Cl binding energies have been estimated according to the following reaction: 

S14

The values in Table S4 show that the binding energies can be sorted into three groups, as discussed in the main text. The choice of a neutral reference state is more reasonable since the protein binding sites for halides are usually not charged.

S7. Structural and electronic features of the main species computed at DFT level.

In this section we describe in detail the main forms considered above at BP86/TZVP level with implicit COSMO solvent at ε=4. At first, we need to identifìy the bond distance of the Fe(II)Cl bond at BP86/TZVP level of theory. The two forms differ in energy by 4.4 kcal/mol in favor of the Cl @Fe d isomer. In this latter, the FeFe bond elongation of 0.094 Å suggests a small bonding electron density transfer toward the interatomic FeCl region and the stabilization of 4.4 kcal/mol compared to Cl @NH isomer that this FeCl interaction (if any) is weak. This conclusion is also corroborated by the comparison between FeCl bond distance equal to 2.39 Å that we consider as a fully bound interaction.

Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 The atomic and spin charges for HoxH 2 Cl suggests a Fe(I)Fe(II) hydride form. The HoxH 2 Cl form in which the H 2 (see Figure S12) is not splitted, has 6.8 kcal/mol more than the H 2 splitted form. Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414

S15

S16

Hox H Cl forms . The HoxH form is in a Fe(I)Fe(II) redox state with the hydride at the Fe d (see figure S13). The Cl binding to HoxH occurs at the amine of the ADT yielding again a Fe(I)Fe(II) form.

Hsuperox H 2 Cl forms . In Hsuperox H 2 form, the hydrogen molecule is splitted unlike in Hox H 2 . The electronic structure according to NBO charges is compatible with a Fe(I)Fe(I) H + form. The NBO charges of Hox H 2 shows that most of the oxidation in Hsuperox H 2 is due to the three S atoms (the HsuperoxHox Δq equal to +0.5 electrons). The Hsuperox H 2 form in which H 2 is not splitted is a local minimum 13.9 kcal/mol higher in energy than the H 2 splitted form.

Cl binding to Hsuperox H 2 is essentially identical to that of Hox H 2 Cl form (see Figure S14) This FeCl distance of 2.363 Å is close to that found at the same level of theory as reference for a fully bound FeCl interaction (2.39 Å), suggesting that in this case the Cl ion actually forms a chemical bond with Fe(II). Among all the structures considered in this paper, only this clearly presents a strong Fe(II)Cl interaction. Author version of: J. Am. Chem. Soc. 140 5485 (2018) http://dx.doi.org/doi:10.1021/jacs.8b01414 S21

S8. Computations using a Fe