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Abstract

FeFe hydrogenases catalyse H2 oxidation and production using a "H-cluster", where

two Fe ions are bound by an aza-dithiolate (adt) ligand. Various hypotheses have been

proposed (by us and others) to explain that the enzyme reversibly inactivates under

oxidizing, anaerobic conditions: intramolecular binding of the N atom of adt, forma-

tion of the so-called "Hox/inact" state or non-productive binding of H 2 to isomers of
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the H-cluster. Here we show that none of the above explains the new �nding that the

anaerobic, oxidative, H2-dependent reversible inactivation is strictly dependent on the

presence of Cl� or Br � . We provide experimental evidence that chloride uncompeti-

tively inhibits the enzyme: it reversibly binds to catalytic intermediates of H2 oxidation

(but not to the resting "Hox" state), after which oxidation locks the active site into a

stable, saturated, inactive form, the structure of which is proposed here based on DFT

calculations. The halides interact with the amine group of the H-cluster but do not

directly bind to iron. It should be possible to stabilize the inhibited state in amounts

compatible with spectroscopic investigations to explore further this unexpected reac-

tivity of the H-cluster of hydrogenase.

Introduction

Hydrogenases are the enzymes that oxidize and produce H2.1 The so-called "FeFe" hydro-

genases do so at an inorganic active site, the H-cluster, which consists of a Fe4S4 cluster

bound by a cysteine to a Fe2 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 (�g

1). After H2 binding to the distal Fe (Fed), the �rst step of H 2 oxidation is the heterolytic

splitting of H 2 to form a terminal hydride2,3 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 H2 binds. The redox
state assignment shown here agrees with some IR5,6

EPR7,8 and DFT investigations9,10 but contrasts
with the conclusions from other investigations us-
ing HYSCORE11 and FTIR. 12
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FeFe hydrogenases oxidize and produce H2 at very high rate, but they inactivate more or

less reversibly under various conditions:13 in the presence of the inhibitors CO,14�16 O2,17�20

H2,21 upon irradiation,19,22 at low potential 23,24 or at high potential either in the absence25

or presence26,27 of H2. The reactivity of the H-cluster is indeed very diverse.

Here we focus on oxidative inactivation in the presence of H2. This reaction is easily

detected26 in protein �lm voltammetry experiments such as those shown in �g 2. In this

technique, a small amount of enzyme is directly wired to an electrode, immersed in a solution

that contains H2, and the change in H2-oxidation or H2-evolution activity is detected as a

change in catalytic current as the potential is swept or stepped up and down.13,28 The

hysteresis at high potential in �g 2 is the signature of reversible, oxidative inactivation.

Various hypotheses have been put forward to explain this phenomenon, none of which is

consistent with the new evidence reported in this paper.

The high potential inactivation of FeFe hydrogenase was �rst observed in electrochem-

ical experiments carried out with the enzyme fromD. desulfuricans,26 suggesting that the

inactivation results from the formation of the so-called Hoxinact state of the enzyme, which

is obtained after aerobic puri�cation of the FeFe hydrogenase from sulfate-reducing bacteria

(this form, whose structure is unknown, is inactive, protected from O2 and transforms into

an active state by reduction). However, the high potential inactivation was later observed

with FeFe hydrogenases that are not observed in the Hoxinact state. Olsenet al., based

on the structure of a diferrous biomimetic complex, proposed that the inactivation of the

enzyme results from the formation of an iron�nitrogen bond between the adt nitrogen and

Fed upon oxidation of Hox.29 However, DFT calculations later suggested that the protein

matrix around the H-cluster prevents the formation of the Fed-N(adt) bond.30 In a recent

experimental investigation, we observed that the (in)activation is biphasic (showing thattwo

inactive species are formed at high potential) and proceeds with a rate that is independent of

potential and proportional to [H2]; we concluded that the inactivation results from the non-

productive binding of H2 to isomers of the H-cluster where one of the distal CO has moved to

3
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an axial position,27 consistent with other experimental evidence according to which isomeri-

sation of the H-cluster does occur under various conditions.5,31 (See however refs 32,33.) The

electrochemical data showed that the inactivation is a one-electron one-proton oxidation.27

Here we report that the inactivation of FeFe hydrogenase is also strictly dependent on the

presence of either chloride or bromide, ruling out earlier mechanistic hypotheses (including

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 e�ect 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 H2, in

a bu�er that contains a large concentration of chloride. The current changes from being

negative (H2 evolution) to positive (H2 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.

The new observation in �g 2A is that the magnitude of the high potential inactivation

is very dependent on the concentration of NaCl. We observed the same e�ect of NaCl with

the FeFe hydrogenase fromC. acetobutylicum(SI �g S2). In contrast, Cl � has no e�ect on

NiFe hydrogenase (SI �g S3). The inactivation of Cr FeFe hydrogenase is also observed after

adding KBr to the solution (�g 2B), whereas KNO3 (0.5 M) Na2SO4 (0.1 M), NaF (0.3 M)

and KI (0.5 M) have no e�ect (SI �g. S4). We conclude that the changes seen in �g 2 are

caused by Cl� and Br � : other anions, cations and changes in ionic strength have no e�ect

4

http://dx.doi.org/doi:10.1021/jacs.8b01414


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 e�ect 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 �gure S5 also shows that Cl�

does not modify the rates of the reactions with O2 or CO. Since the latter depend on the

rate of di�usion inside the protein,18 we conclude that halides do not signi�cantly alter the

dynamics of the protein.

A

B

Figure 2: E�ect of the con-
centration of chloride (panel
A) and bromide (panel B), on
the voltammetric response of
C. reinhardtii FeFe hydroge-
nase adsorbed at a rotating disc
graphite electrode. Experimen-
tal conditions: 1 bar H2, scan
rate � = 20 mV/s, rotation rate
! = 3000 rpm, T = 2 � C, the
concentration of halide was var-
ied by adding a solution of NaCl
or KBr to a 5 mM mixed bu�er
solution at pH 7.

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 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 �g 2

because it is slower than the voltammetric time scale (� = RT=F � � 1 s).
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As 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

�tted to the data 27 assumes that the active form of the active site, A, is transformed into

two di�erent species, I' and I�, with �rst order rate constants k0
i and k00

i , and reactivates with

�rst order rate constants k0
a and k00

a . No assumption is made on the dependence of the rate

constants on potential.

We con�rmed 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

potential is lowered (�g 3 in ref 27, and SI �gure 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 in-

crease with chloride concentration, as shown in �g 3, unlike the rate constants of reactivation

(SI �gure S7). Determining the values ofki at very low concentration of chloride is di�cult

because there the magnitude of the inactivation is very small but the data strongly suggest

that both k0
i and k00

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 (�g 2A).

Evidence that Cl � acts as an uncompetitive inhibitor

We showed in �g 3d of ref 27 that the two values ofki increase with the concentration

of H2. We interpreted this in terms of H2 binding being the "C" step of the CE mechanism

of inactivation, but there is actually an alternative: ki may be the rate of binding of the

inhibitor halide, which should increase with [H2] 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 e�ect of chloride on the value of the Michaelis constant for H2 at high potential, which

6
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Figure 3: Dependence of the
inactivation rate constants k0

i
and k00

i on chloride concentra-
tion. Experimental conditions:
1 bar H2, T = 2 � C, mixed bu�er
pH 7.

reveals that chloride is an uncompetitive inhibitor34 of H2 oxidation at high potential. The

Michaelis constant at a given potential and concentration of chloride can be measured by

changing the concentration of H2 (e.g. as in �g 4A) and monitoring the change in current;

�gure 4B shows a typical result atE = 115 mV and [Cl � ] = 0.1 M (see SI �g S8 for the result

at [Cl � ] = 0). The continuous current decay results from �lm loss and can be corrected35

as shown in the inset of panel B. The details of the current response in �gure 4B con�rm

that H 2 favors the inactivation. Indeed, each time the H2 concentration is stepped up, the

activity increases as a consequence of enzyme saturation with H2 and then slowly decreases

(as indicated by stars) because the enzyme slowly inactivates. Similarly, every step down in

H2 concentration is followed by a fast decrease in current followed by a reactivation (squares

in panel B). After each step in H2 concentration, the activity tends to a new steady-state

value which is easily compared to that measured under one bar H2. The change in normalized

current against [H2] (panel C) gives the value of the Michaelis constant at each concentration

of chloride. The inset of panel C shows that the apparent value ofK m changes with [Cl� ]

according to

K app
m ([Cl � ]) =

K m ([Cl � ] = 0)
1 + [Cl � ]=K i (E)

(1)

as expected if chloride is an uncompetitive inhibitor.34 Eq. 1 allowsK i to depend onE,

since chloride inhibition is only observed at high electrode potential. Fitting a straight line
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to the data points in the inset of panel C returnsK i = 0:021 M Cl � at E = 115 mV, and

K m ([Cl � ] = 0) = 0 :18 atm H2, similar to the value found21 at low potential, where chloride

has no e�ect.

The kinetics of reactivation

The reactivation rate constantsk0
a and k00

a increase exponentially as the electrode poten-

tial 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 ofka are independent of the concen-

tration of halide but they depend on its nature: this is clear from the observation in �g

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.36,37 Since ka 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 di�erent 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 a�nity of the H-cluster for halides The chronoampetrometry experiments give

the values ofka and ki , the ratio of which is related to the halide binding constant.

The value of K i (0.021 M) measured atE = 115 mV from the data in �g. 4 compares

well with that deduced from the values of the inactivation and reactivation rate constants

obtained at this potential by chronoamperometry experiments. Indeed, from the data shown

in �g. S7 at [Cl� ] = 0:1 M, and given that K i = ( k0
a=k0

i + k00
a=k00

i ) � [Cl� ], we deduce

K i � 0:023M. From chronoamperometry experiments at 0.05 M Cl� , we obtained a similar

value of K i � 0:014M.

At low potential, no inactivation is observed becauseka � ki . The ratio ka=ki at the

lowest potential where an inactivation is detected therefore gives a lower limit for the dis-
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A

B

**
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Figure 4: Chronoamperometric
experiment and e�ect of chlo-
ride on K m at high potential.
A: Concentration of H2 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 tran-
sients in panel B.) . B: Re-
sulting current at [Cl� ] = 0:1
M (see SI �g S8 for same ex-
periment at [Cl� ] = 0 M), in-
set: current corrected from �lm
loss (in red), raw current data
(in black) and current values at
1 and 0.1 bar H2 (dotted lines)
used for the calculation of the
relative current i 0:1bar=i1bar plot-
ted in panel C. C: Relative cur-
rent i=i 1bar against [H2], inset:
1=K app

m as a function of [Cl� ].
Experimental conditions: E =
115 mV, rotation rate ! = 3000
rpm, T = 2 � C, in mixed bu�er
pH 7.
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sociation constant of Cl� . From the data in �g S7, we determineK d � 4 M, that is

� r G0 > 1 kcal/mol for the binding of Cl � to the catalytic intermediate.

Working hypothesis

Based on the above described observations and on DFT calculations described below, we

propose the inhibition mechanism shown in �g 5. Hox is the "resting" Fe(II)Fe(I) state of

the active site, which accumulates under oxidizing conditions in the absence of H2
25 and

binds H2 in the catalytic cycle.38,39 We hypothesize that the resulting adduct, HoxH2, is the

catalytic intermediate that Cl � targets. Chloride binding leads to a species referred to as

"HoxH2Cl� ", which can undergo a one-electron one-proton oxidation to "HsuperoxH� Cl� "

and then isomerisation.

Figure 5: The mechanism of un-
competitive inhibition by chlo-
ride under oxidative conditions,
according to which Cl� binds
to the active site following the
binding of H2. The subsequent
one-proton one-electron oxida-
tion produces two isomers of an
inactive dead-end.

The above mechanism is consistent with all experimental evidence. It gives a steady-state

rate equation that is typical of uncompetitive inhibition and agrees with eq. 1 and the data

in �g 4C:

v(E; [H2]; [Cl� ]) =
vmax (E)

1 + K m
[H2 ] + [Cl � ]

K i (E )

(2)

The dependence ofvmax on E is described by electrokinetic models of the catalytic cycle37,40
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and the dependence ofK 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 �g 5 if the binding of chloride is bimolecular

and if the steady-state concentration of HoxH2 is independent of potential at high potential

(that is, if the rate of the catalytic step that immediately follows the formation of HoxH2

is not dependent ofE). 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 �g 5 on condition that all steps are reversible (see SI section S3).

DFT

Here we describe DFT calculations that support the inhibition mechanism in �g 5, where

Cl � targets the catalytic intermediate HoxH2; then we rule out alternatives.

We performed DFT calculations with the large model of the active site shown in �gure

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 Fe4S4 subcluster is only represented by a hydrogen atom: we ignore the possibility that

redox changes at the cubane may de�ne 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)
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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 di�erent

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

a�nity for Cl � is probably not involved in the reactions described here. A very strong

a�nity 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 e�ect of Cl� binding to all possible forms of the H-cluster, starting with

the species which supposedly is the target of Cl� in �g 5. The calculated structures of the

relevant species are all shown in SI section S7.

HoxH 2. According to DFT, Cl � binding to the adt ligand of the adduct between Hox and

H2 is slightly exothermic (binding energy= � 1:0 kcal/mol) and the presence of Cl� favors

the splitting of the H-H bond (see SI �gure S11). DFT optimization of HoxH2Cl� results

in the formation of a hydride on Fed 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 ofK i .

According to our hypothesis, the weak adduct between HoxH2 and Cl� is stabilized
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at high potential upon one-electron one-proton oxidation, giving a Fe(II)Fe(II) form with

chloride and hydride bound to NH and Fed, 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 Fed(CO)2CN� group involves the movement

of one equatorial CO to apical position and the loss of the bridging character of the� CO.

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

MD calculations suggested that the environment of the H-cluster is very �exible27 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 �g 5 are the two

inactive species formed at high potential. The 3.5 kcal/mol energy di�erence between them

is consistent with the experimental observation that one inactive state is ten times more

stable than the other (based on the comparison ofk0
i =ka' and ki "=ka" , we expect a 2.5

kcal/mol di�erence). 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 (�g S7 and

�g 3AB in ref 27).

Cl � binding to any other species than HoxH2 (obtained by oxidation and/or deprotona-
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tion of HoxH2) is not consistent with experimental observations, as shown hereafter.

HoxH � . We expect that the deprotonation of HoxH2 should be very di�cult, because

according to DFT the dihydrogen molecule is not split in HoxH2.9,42 Moreover, the depro-

tonated form HoxH� does not bind Cl� (binding energy+29:7 kcal/mol).

HsuperoxH 2. Oxidizing HoxH2 gives a species where the hydrogen molecule is split

between a hydride on Fed and a proton on the NH of adt, resembling the catalytic interme-

diate "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 a�ect 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

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

HsuperoxH2 is a very unstable catalytic intermediate, which is not present in a signi�cant

amount under steady-state catalytic conditions. The two-electron oxidation of HoxH2 would

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 oxida-

tion of HoxH2 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 e�ect on the low potential part of the

voltammogram where Hox accumulates.

Last, we brie�y 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.

Hox. DFT suggests 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
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positive (1.4 and 5.7 kcal/mol, respectively). In the former case, the Fe-Cl� distance is much

longer than in [FeCl4]2� (2.576 Å versus 2.392 Å at the same level of theory), suggesting that

the anion interacts very weakly with the metal. Moreover, Cl� has a very small e�ect 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.

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 bu�ers used to purify FeFe hydrogenases44,45 and those used in electrochemical experi-

ments or spectroelectrochemical titrations25 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 di�erent from the one reported here and the mechanisms are not al-

ways clear. Multicopper oxidases such as laccases46 and bilirubin oxidases47 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 sul�te oxidase.51,52 Based on EPR investigations, it was

proposed that Cl� either binds directly to the Mo53 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
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inhibition mechanism whereby chloride would bind on a site that isremote from the H-

cluster, 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 (�g 3)

implies that chloride is absolutely required for the inactivation to proceed. The observation

that replacing Cl � with Br � signi�cantly a�ects the reactivation rate constants (�g 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 e�ective than chloride, maybe because it is

too large to access the H-cluster. The even larger I� has no detectable e�ect, nor do the very

hydrated �uoride anion, sulfate and nitrate.) Our observations call for a complete revision

of the previously proposed inactivation mechanisms.

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 [H2] (�g 3D of ref 27) and by the change in apparentK m with [Cl � ] (�g 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 H2. (2) That

the oxidative inactivation is a one-electron one-proton reaction (whereas no proton could be

removed from a hypothetical HoxCl� adduct) also con�icts with the hypothesis that Cl�

targets Hox. 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 (�g 3E in ref 27). The theoretical a�nity of Cl � for the oxidized (all ferrous)

form of Hox is large, but the formation of this adduct does not occur because overoxidation

destroys the H-cluster according to spectroelectrochemical titrations (�g S2 in ref 25) and

direct electrochemistry experiments.27 (In addition, chloride binding after oxidation of Hox

would be an EC mechanism, in contradiction with the experimental observation that the
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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 e�ect on the low-potential part of the voltammogram:

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 intermedi-

ates, 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 HoxH2 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 HoxH2 adduct, simply counting that further

one-proton one-electron oxidation would give HoxCl� , which cannot be a stable dead-end

since Cl� has no e�ect on the low-potential part of the catalytic signal.

The only option that was left corresponds to the hypothesis in �g 5, according to which

Cl � targets the HoxH2 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

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 Fed. 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 Fed was seen only in highly
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oxidized (all-ferrous) forms of the H-cluster, which we think are not relevant. We would have

considered direct binding of Cl� onto Fed 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 MgCl2). We identi�ed

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 oxy-

dant under H2. 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 ofC. reinhardtii FeFe hydrogenase were prepared as described in

ref 45.

Electrochemistry All electrochemical experiments were carried out in a glovebox (Ja-

comex) �lled 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 (areaA �

3 mm2), previously polished with an aqueous alumina slurry (1�m ) and sonicated, with�

1 �L of an enzyme stock solution. Experiments were performed at2� C in pH 7 mixed bu�er

solutions, consisting of MES, HEPES, sodium acetate, TAPS and CHES (5 mM each), 1

mM EDTA and di�erent concentrations of NaCl (0 � 0:3 M), KBr ( 0 � 0:5 M), KI ( 0 � 0:5
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M), NaF (0� 0:3 M), Na2SO4 (0� 0:1 M) or KNO 3 (0� 0:5 M). Experiments in the absence

of halides were replicated in 0.1 M phosphate bu�er. In the experiments carried out in the

absence of halides, the reference compartment of the cell was �lled 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 �ushed with either pure H2,

or, in the experiments where H2 concentration was varied, with a mixture of H2 and N2

adjusted to the desired composition using mass �ow controllers (SLA5850S from BROOKS

Instruments). The data were analysed using QSoas,58 an open source program available at

http://www.qsoas.org .

Calculations The DFT computation were performed using the hybrid Generalized Gra-

dient Approximation (GGA) BP86 59,60 and PBE061 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-� plus polarization

split valence quality63 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 e�ect 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 Grimme67 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-
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tures of the models; statistical analysis of the pdb; experimental PFV data forC. aceto-

butylicum FeFe hydrogenase (�g S2) andD. fructosovoransNiFe hydrogenase (�g S3), e�ect

of NaF, KI, Na2SO4, KNO3 on C. reinhardtii FeFe hydrogenase (�g S4), e�ect of Cl� on the

inhibition by O 2 and CO (�g S5), examples of potential steps experiments withC. reinhardtii

FeFe hydrogenase (�g S6 and S7), measurement of the Km for H2 in the absence of salt (�g

S8).
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Supplementary Information
Interaction of the H-cluster of FeFe hydrogenase with halides.

Melisa del Barrio, Matteo Sensi, Laura Fradale, Maurizio Bruschi, Claudio Greco, Luca de

Gioia, Luca Bertini, Vincent Fourmond, Christophe Léger.

S1 Chloride anions in FeFe hydrogenases and a putative

chloride binding site near the protein surface

The 4R0V structure of the O2-damaged enzyme from Cr shows a Cl� anion (/4r0v//B/CL`602/ )

at the position of the distal CN from the missing dinuclear cluster and another chloride

(/4r0v//B/CL`603/ ) in a remote site, referred to as site A below, that is near the protein

surface, 9.5 Å fromCL`602. The 3LX4 structure of the apo hydrogenase from Cr has a

water molecule (/3lx4//B/HOH`534/O ) in site A; the same water molecule is seen in the

structures of various natural or semisynthetic CpI FeFe-hydrogenases which have no chlo-

ride in the pdb �le but have been obtained in the presence of MgCl2: /4xdc//B/HOH`1057,

/5byq//B/HOH`1046, /5byr//B/HOH`843 , /5bys//B/HOH`801, /5la3//A/HOH`799 , /5oef/

/A/HOH`851. The 4XDD structure of apo CpI FeFe hydrogenase, crystallized in the presence

of MgCl2, has a Cl� (/4xdd//B/CL`606 ) at the position of the proximal CN of the missing

binuclear cluster, one on the surface (/4xdd//B/CL`607 ) and again a water molecule in site

A ( /4xdd//B/HOH`1050). We suggest that this conserved water molecule in site A may be

a misassigned conserved chloride with low occupancy.

There is no chloride and no water in site A in the 1HFE structure of the enzyme D. desul-

furicans and the 3C8Y structure of Cp hydrogenase.
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Figure S1: The cubane of the damaged H cluster
in pdb 4R0V, the location of the missing dinuclear
cluster indicated in grey, the chloride anion near
the cubane (/4r0v//B/CL`602/ ), and that in site
A (CL`603), both shown as green crosses, and the
conserved water molecules in site A shown as red
crosses.

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, 4S27and 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.
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S3 Biphasics inactivation kinetics

The model given in �gure 5 can be schematized thus:

A
k1�� *) ��

k� 1
I1

k2�� *) ��
k� 2

I2 (S1)

in which the �rst reaction corresponds to binding of Cl� and oxidation, and the second

reaction to the isomerisation. The di�erential equation governing the evolution over time of

the active speciesa(t) can be put under the following form:

d2a
dt2

+ �
da
dt

+ �a = �a 1 (S2)

in which:

� = k1 + k� 1 + k2 + k� 2 � = k1k2 + k� 1k� 2 + k� 1k2 a1 =
k� 1k� 2

�
(S3)

The solution can be put under the general form:

a(t) = a1 + a+ exp� t=� + + a � exp� t=� � (S4)

in which a+ and a� are integration constants, and1=� � are the roots of the polynomial

x2 + � x + � . 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 reactionk� 1, which introduces a dependence of

the concentration of the active species A on the concentration of I1, which in turns depends

on I2. If k� 1 = 0, the evolution of the concentrations of I1 and I2 over time is biphasic but

the concentration of A is a single exponential decay with a time constant1=k1.
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Figure S2: E�ect of chloride on the voltammetric response ofC. acetobutylicumFeFe hydro-
genase. Experimental conditions: 1 bar H2, scan rate� = 20 mV/s, rotation rate ! = 3000
rpm, T = 12� C, the concentration of chloride was varied by adding a solution of NaCl to a
5 mM mixed bu�er solution at pH 7.
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Figure S3: Cyclic voltammograms ofD. fructosovoransNiFe hydrogenase showing reversible
inactivation at high potential in the absence of Cl� (in black) and in the presence of 0.1 M
Cl � (in red). Experimental conditions: 0.1 bar H2, scan rate� = 0:5 mV/s, rotation rate
! = 3000 rpm, T = 40� C, in 5 mM mixed bu�er solution at pH 7.
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Figure S4: Cycling voltammograms ofC. reinhardtii hydrogenase showing the absence of
observable e�ect of NaF, KI, KNO3 and Na2SO4 on the voltammetric response. Experimental
conditions: 1 bar H2, scan rate � = 20 mV/s, rotation rate ! = 3000 rpm, T = 2 � C,
[NaF] = 0:3 M, [KNO3] = 0:5 M, [Na2SO4] = 0:1 M and [KI] = 0 :5 M (all in 5 mM mixed
bu�er solution at pH 7).

A B

Figure S5: Absence of e�ect of chloride on the kinetics of inhibition by CO (A) and O2 (B)
of C. reinhardtii hydrogenase. A: [CO]= 4; 10; 1; 6; 2 � M, E = � 160mV, T = 30� C. B: [O2]
= 1; 6; 24 � M, E = 40 mV, T = 12� C. Other experimental conditions: 1 bar H2, rotation
rate ! = 3000 rpm, pH 7 mixed bu�er 0.1 M NaCl (in red) and 0 M NaCl (in black); small
aliquots of bu�er solution saturated with CO or O2 and kept in a capped septum-sealed tube
were injected into the cell with a gas-tight syringe.
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B

A

Figure S6: Chronoamperometric experiment performed withC. reinhardtii FeFe hydroge-
nase. A: Potential steps applied to the electrode. B: Resulting current (black) and �t to the
kinetic model indicated in the main text (red). Experimental conditions: 1 bar H2, rotation
rate ! = 3000 rpm,T = 2 � C, in mixed bu�er pH 7, 0.05 M NaCl.
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A B

DC

Figure S7: Dependence on potential of the inactivation (ki ) and reactivation (ka) rate con-
stants at [Cl� ] = 0:1 M (in panels A and B) and[Cl� ] = 0:05 M (in panels C and D). Panels
A and C show the inactivation and reactivation rate constantsk0

i and k0
a corresponding to

the species I', and panels B and D,k00
i and k00

a corresponding to the species I�. Conditions: 1
bar H2, T = 2 � C, mixed bu�er pH 7.
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B

A

Figure S8: Chronoamperometric experiment at high potential obtained withC. reinardtii
hydrogenase. A: Concentration of H2 against time. B: Resulting current at [Cl� ] = 0 M.
Experimental conditions: E = 115 mV, rotation rate ! = 3000 rpm, T = 2 � C, in mixed
bu�er pH 7.
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