AMi2® +iBOM Q7 i?2 >@+Hmbi2" Q7 6262 ?v/
? HB/2Db

J2HBb /2H " ""BQ-J ii2Q a2MbB-G m 6 / H2-J m E

. 2+Q-Gm+ /2 :BQB -Gm+ "2'iBMB- oBM+2Mi 6Qm K

hQ +Bi2 i?Bb p2 ' bBQM,

J2HBDb /2H" "BQ-J ii2Q a2MbB-G m" 6 / H2-J m BxBQ ""mb+?B- *H |
i72>@+Hmbi2" Q7 6262 ?2v/ Q:2M b2 rBi? ? HB/2bX CQm M H Q7 i?2 K2
*22KB+ H aQ+B2iv- kyR3- ROy UReV- TTX8938@89NkX RyXRYkRfD +b}

> GA/, ? H@yRd8NdR3
2iiTh,ff? H@ KmX “+?Bp2b@Qmp2 i2bX7°f? H@y
am#KBii2/ QM RN T kyRN

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal-amu.archives-ouvertes.fr/hal-01759718
https://hal.archives-ouvertes.fr

Interaction of the H-cluster of FeFe

hydrogenase with halides

Melisa del Barriv Matteo Sensi,Laura Fradalé Maurizio BruscHh,Claudio
Grecd, Luca de Gioi&,Luca Bertini,{ Vincent Fourmon¥iand Christophe
LégerY
yAix Marseille Univ., CNRS, Bioénergétique et Ingénierie des Protéines, Marseille, France.

zDepartment of Earth and Environmental Science, Univ. of Milano Bicocca, Milan, Italy.

{ Department of Biotechnologies and Biosciences, Univ. of Milano-Bicocca, Milan, Italy

E-mail: | luca.bertini@unimib.it; leger@imm.cnrs.fr

Abstract

FeFe hydrogenases catalyse fHoxidation 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, 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, H,-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 H, 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.*The so-called "FeFe" hydro-
genases do so at an inorganic active site, the H-cluster, which consists of gSecluster
bound by a cysteine to a Fg 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 H, binding to the distal Fe (Fey), the rst step of H, oxidation is the heterolytic
splitting of H, to form a terminal hydride®® and a proton; the latter is transferred to the

nitrogen atom of adt*

Figure 1. The H-cluster of FeFe hydrogenase in the

NH so-called "Hox" state, before H binds. The redox
[4Fe4S]2+ state assignment shown here agrees with some’iR
\ S EPR“® and DFT investigations*'¥ but contrasts
Cys—S \\\ S""'/ with the conclusions from other investigations us-
AN \\\\H‘ & | ing HYSCOREX and FTIR. ™2

OC,\\\\\ e Fe//,,.CN
N N o
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FeFe hydrogenases oxidize and produce Ht very high rate, but they inactivate more or
less reversibly under various conditions? in the presence of the inhibitors CCt#1' O, 1120
H,,“¥ upon irradiation,*¥44 at low potential“*“* or at high potential either in the absencé>
or presencé”#’ of H,. The reactivity of the H-cluster is indeed very diverse.

Here we focus on oxidative inactivation in the presence of,H This reaction is easily
detected® in protein Im voltammetry experiments such as those shown in ¢ P. In this
technique, a small amount of enzyme is directly wired to an electrode, immersed in a solution
that contains H,, and the change in H-oxidation or H,-evolution activity is detected as a
change in catalytic current as the potential is swept or stepped up and dow#<® 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 fronD. desulfuricans?® suggesting that the
inactivation results from the formation of the so-called Hox,: 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 Qand transforms into
an active state by reduction). However, the high potential inactivation was later observed
with FeFe hydrogenases that are not observed in the Hgx: 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
Fey upon oxidation of Hox* However, DFT calculations later suggested that the protein
matrix around the H-cluster prevents the formation of the Fg-N(adt) bond.*? In a recent
experimental investigation, we observed that the (in)activation is biphasic (showing thato
inactive species are formed at high potential) and proceeds with a rate that is independent of
potential and proportional to [H,]; we concluded that the inactivation results from the non-

productive binding of H, to isomers of the H-cluster where one of the distal CO has moved to
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an axial position,>” consistent with other experimental evidence according to which isomeri-
sation of the H-cluster does occur under various conditioRs (See however refs 32,33.) The
electrochemical data showed that the inactivation is a one-electron one-proton oxidatigf.
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,Hn
a bu er that contains a large concentration of chloride. The current changes from being
negative (H, evolution) to positive (H, oxidation) as the electrode potential increases. The
current decreases as the potential is increased above0 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 fronC. acetobutylicum(SI g S2). In contrast, C| 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 KNO; (0.5 M) Na,SO, (0.1 M), NaF (0.3 M)
and Kl (0.5 M) have no e ect (SI g. S4). We conclude that the changes seen in g|2 are

caused by CI and Br : other anions, cations and changes in ionic strength have no e ect
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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 Clor Br does not modify
the low potential part of the signal E < 0 mV vs SHE). SI gure S5 also shows that ClI
does not modify the rates of the reactions with @or CO. Since the latter depend on the
rate of di usion inside the protein,*®¥ we conclude that halides do not signi cantly alter the

dynamics of the protein.

A Figure 2: Eect of the con-
centration of chloride (panel
A) and bromide (panel B), on
the voltammetric response of
C. reinhardti FeFe hydroge-
nase adsorbed at a rotating disc
graphite electrode. Experimen-
tal conditions: 1 bar H,, scan
rate =20 mV/s, rotation rate
I = 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 voltammogrant$.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 5s).

5
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As observed before! 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 “” assumes that the active form of the active site, A, is transformed into
two di erent species, I' and |, with rst order rate constants k?and k% and reactivates with
rst order rate constants k¢ and k{° 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 ofk; 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 k°and k®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 ClI acts as an uncompetitive inhibitor

We showed in g 3d of ref[27 that the two values ok; increase with the concentration
of H,. We interpreted this in terms of H, binding being the "C" step of the CE mechanism
of inactivation, but there is actually an alternative: k; may be the rate of binding of the
inhibitor halide, which should increase with [H] if CI 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 KHat high potential, which
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reveals that chloride is an uncompetitive inhibito#* of H, oxidation at high potential. The
Michaelis constant at a given potential and concentration of chloride can be measured by
changing the concentration of H (e.g. as in g[4A) and monitoring the change in current;
gure B shows a typical result atE = 115 mV and [Cl ] = 0.1 M (see S| g S8 for the result

at [Cl ] =0). The continuous current decay results from Im loss and can be correctéd

as shown in the inset of panel B. The details of the current response in guré 4B conrm
that H, favors the inactivation. Indeed, each time the K concentration is stepped up, the
activity increases as a consequence of enzyme saturation with &hd then slowly decreases
(as indicated by stars) because the enzyme slowly inactivates. Similarly, every step down in
H, concentration is followed by a fast decrease in current followed by a reactivation (squares
in panel B). After each step in H concentration, the activity tends to a new steady-state
value which is easily compared to that measured under one bag.Hrhe change in normalized
current against [H,] (panel C) gives the value of the Michaelis constant at each concentration
of chloride. The inset of panel C shows that the apparent value &f,, changes with [CI ]

according to
Km([Cl ]1=0)

1+[Cl =K, (E) @)

KaP(Cl 1) =

as expected if chloride is an uncompetitive inhibito? Eq. [1 allowsK; 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; = 0:021M CI at E = 115 mV, and
Km([Cl 1=0)=0:18atm H,, similar to the value found®* at low potential, where chloride
has no e ect.

The kinetics of reactivation

The reactivation rate constantsk? and k®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?” The values ofk, 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 reactivatior’®3? Sincek, is proportional to e FE=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 ofk, and k;, the ratio of which is related to the halide binding constant.

The value ofK; (0.021 M) measured atE = 115 mV from the data in g. #|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 [CI ] = 0:1 M, and given that K; = (k%=k’+ k%¢k’) [CI ], we deduce
K;i 0:023M. From chronoamperometry experiments at 0.05 M CI, we obtained a similar
value of K; 0:014 M.

At low potential, no inactivation is observed becaus&, ki. The ratio ky=k at the

lowest potential where an inactivation is detected therefore gives a lower limit for the dis-
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Figure 4. Chronoamperometric
experiment and e ect of chlo-
ride on K, at high potential.
A: Concentration of H, 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 [CI ] = 0:1
M (see SI g S8 for same ex-
periment at [Cl ] = 0 M), in-
set: current corrected from Im
* loss (in red), raw current data
* (in black) and current values at
1 and 0.1 bar H (dotted lines)
used for the calculation of the
relative current ig.1par=i1par plOt-
ted in panel C. C: Relative cur-
rent i=ipr against [H,], inset:
1=K2P as a function of [CI].
Experimental conditions: E =
115mV, rotation rate ! = 3000
rom, T =2 C, in mixed bu er
pH 7.
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sociation constant of CI. From the data in g S7, we determineKgy 4 M, that is

GY > 1 kcal/mol for the binding of ClI 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(ll)Fe(l) state of
the active site, which accumulates under oxidizing conditions in the absence of“P and
binds H, in the catalytic cycle*#9 We hypothesize that the resulting adduct, HoxH, is the
catalytic intermediate that Cl targets. Chloride binding leads to a species referred to as
"HoxH,Cl ", which can undergo a one-electron one-proton oxidation to "HsuperoxtCl "

and then isomerisation.

HoxH,CI HsuperoxH CI d . .
: P ;;4 Figure 5: The mechanism of un-
NH,*Cl NH,*Cl N competitive inhibition by chlo-
« « e omp i y ¢
et 2 " e ; 3 et L AP ride under oxidative conditions,
\ S S5, \ S0, ; : ;
o&;er\m--/»-Fe\, N o §e<'>;FeI\ on == qeFe FeQé%N according to which Cl binds

to the active site following the
binding of H,. The subsequent
one-proton one-electron oxida-
tion produces two isomers of an
inactive dead-end.

O

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 ed.|1 and the data

in g 4C:

Vmax (E)
E:[H5];[Cl ]) = 2
V(E; [H2]; [CI ) e PE?I(E]) (2)

The dependence 0¥, 0N E is described by electrokinetic models of the catalytic cyciés”

10
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and the dependence oK; 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 |5 if the binding of chloride is bimolecular
and if the steady-state concentration of Hoxklis independent of potential at high potential
(that is, if the rate of the catalytic step that immediately follows the formation of HoxH

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 biphasi& 4’ 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 Sl sectjon S3).

DFT

Here we describe DFT calculations that support the inhibition mechanism in ¢15, where
Cl targets the catalytic intermediate HoxH; 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 reéf 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,S, 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 CI ! H cluster CI +Arg (3)

11
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Arginine is not a typical biological binding site for halides*! 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 C] 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 S| DFT section 6). We considered that a species that has very low
anity for CI  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 CI 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 Cllarger than 4 M, meaning that in the
presence of 0.1 M NaCl, the formation of the adduct with Clis 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 Cin g 5] The calculated structures of the
relevant species are all shown in Sl section S7.

HoxH ,. According to DFT, CI binding to the adt ligand of the adduct between Hox and
H, 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 HoxHCI results
in the formation of a hydride on Fg and the stabilization of CI by a strong electrostatic
interaction with the protonated NH," of adt. We consider the theoretical result that Cl
binding to this species is weak consistent with the large experimental value Kf.

According to our hypothesis, the weak adduct between HoxHand ClI is stabilized

12
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at high potential upon one-electron one-proton oxidation, giving a Fe(ll)Fe(Il) form with
chloride and hydride bound to NH and Fg, respectively, which corresponds to a local energy
minimum. The Fe(I)Fe(l) 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 S| DFT section 7) gives a form that is 3.5 kcal/mol more stable, where
the ligands are all terminal: the rotation of the Fg(CO),CN group involves the movement
of one equatorial CO to apical position and the loss of the bridging character of theCO.
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," (the O/H distance is 2.921 A). 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 exibk and the
rotation of the ligands around the distal Fe has been experimentally demonstratet:

We hypothesise that the two isomers of HsuperoxHCI 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 df®=k,' and k;"=k,", we expect a 2.5
kcal/mol di erence). The all terminal species belongs to the group of species that weakly
bind CI (the binding energy is 1.2 kcal/mol, or 1:1 kcal/mol after introduction of the
dispersion correction within the D3 approach, see Sl for details) but we consider as likely
that the inactive species is kinetically stabilized: the dissociation of Clfrom the most stable
isomer gives a species that is not a catalytic intermediate, so the unbinding of Qhust 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 Hoxkl (obtained by oxidation and/or deprotona-

13
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tion of HoxH,) is not consistent with experimental observations, as shown hereatfter.

HoxH . We expect that the deprotonation of HoxH should be very di cult, because
according to DFT the dihydrogen molecule is not split in Hoxkl.¥44 Moreover, the depro-
tonated form HoxH does not bind Cl (binding energy+29:7 kcal/mol).

HsuperoxH ,. Oxidizing HoxH, gives a species where the hydrogen molecule is split
between a hydride on Fgand a proton on the NH of adt, resembling the catalytic interme-
diate "HhydH™* ".'#43 The charge transfer of 0.43 electrons from Hto Fe suggests the redox
state assignment Fe(I)Fe(l). Cl binding to the NH," 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 0.099A and the iron atomic charges are consistent with the dinuclear cluster being in
the Fe(l)Fe(l)-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 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 HoxHwould
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 HoxH, cannot be the target of the inhibiting Cl . The reason for this is that further
removal of one electron and one proton would give HoxClwhich cannot be the stable fully
oxidized form we are looking for. Indeed, Clhas 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 ClI 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-CHistance is much
longer than in [FeC|,]?> (2.576 A versus 2.392 A 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, CI
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 396 kcal/mol), which we know is unstablgz>4/

Discussion

The bu ers used to purify FeFe hydrogenasé44® and those used in electrochemical experi-
ments or spectroelectrochemical titrations® 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 lacca%eand bilirubin oxidase$” are inhibited by
F and Cl , which apparently interact with the T2/T3 and T1 sites, respectively*¢484% This
would explain that chloride competes with the electron donct? Chloride also competitively
inhibits the mononuclear Mo enzyme sul te oxidase**? Based on EPR investigations, it was
proposed that Cl either binds directly to the Mo>? or is hydrogen-bonded to the proton of
an equatorial OH ligand>*

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 isemote 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 [CI] tends to zero ( g[3)
implies that chloride is absolutely required for the inactivation to proceed. The observation
that replacing ClI 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 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 [H,] (g 3D of ref 27) and by the change in apparen, 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,H(2) That
the oxidative inactivation is a one-electron one-proton reaction (whereas no proton could be
removed from a hypothetical HoxCl adduct) also conicts with the hypothesis that Cl
targets Hox. According to DFT, ClI 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 réf 25) and
direct electrochemistry experiments’ (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 K4 > 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 Hoxkadduct) 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 HoxHadduct, 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 ¢15, according to which
Cl targets the HoxH, adduct. One-electron one-proton oxidation of this adduct gives the

species that we referred to as "HsuperoxHCl ", 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 sectiop $3). The
guestion of which pathway(s) chloride ions use to reach the active site remains open.
According to our mechanistic hypothesis, inhibition of FeFe hydrogenase by CHoes
not involve the coordination of Cl on Fey. 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 Fewas 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 Fey 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 MgCWe identi ed

a putative chloride binding site 10 A from the H-cluster (see Sl 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 A from a Fe. Among these, none is a hydrogenase
and only 2 are FeS proteins (namely the ThiC and NadA radical SAM enzyme3?® see Sl
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 H,. 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 ,, with the electrochemical set-up and equipment described in ref]57.
The enzyme was adsorbed onto a pyrolytic edge electrode by painting its surface (afea
3 mm?), previously polished with an aqueous alumina slurry (Im ) and sonicated, with
1 L of an enzyme stock solution. Experiments were performed 2tC 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 0:5M), KI (0 05
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M), NaF (0O 0:3 M), Na,SO, (0 0:1 M) or KNO,; (0 0:5M). 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 NacCl) in order to prevent any contamination of
the main compartment by chloride. The cell was continuously ushed with either pure H
or, in the experiments where H concentration was varied, with a mixture of H and N,
adjusted to the desired composition using mass ow controllers (SLA5850S from BROOKS
Instruments). The data were analysed using QSo&3,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>?%Y and PBEC®* DFT functional as implemented in the
TURBOMOLE suite of programs®4 Resolution-of-identity (RI) technique has been adopted
to speed up computations for pure BP86 functional. Basis sets of tripleplus polarization
split valence quality®® were adopted for all atoms. These two level of theory are able to
reproduce geometries of H-cluster models in good agreement with experimental structi¥es.

Solvent e ect was accounted by using the Conductor-like Screening Model (COSMO)
approach®*® Pocket environment solvation has been considered by setting the dielectric
constant within COSMO approach equal to 4. Empirical D3 dispersion correction proposed
by Grimme®’ for DFT was been also adopted at BP86 level for sake of comparison (details
in Sl). According to the comparison of the computed CI binding energies presented in table
S1, PBEO 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 fdC. aceto-
butylicum FeFe hydrogenase (g S2) and. fructosovoransNiFe hydrogenase (g S3), e ect
of NaF, Kl, Na,SO,, KNO; on C. reinhardtii FeFe hydrogenase ( g S4), e ect of Cl on the
inhibition by O , and CO ( g S5), examples of potential steps experiments witl. reinhardtii

FeFe hydrogenase (g S6 and S7), measurement of the,Kor H, 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 4ROV structure of the O,-damaged enzyme from Cr shows a Chnion (/4rOv//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 A fromCL 602 The [3LX4 structure of the apo hydrogenase from Cr has a
water molecule (3Ix4//B/[HOH 534/0 ) in site A; the same water molecule is seen in the
structures of various natural or semisynthetic Cpl FeFe-hydrogenases which have no chlo-
ride in the pdb le but have been obtained in the presence of Mg&l /4xdc//B/[HOH 1057,
/5byq//B/HOH 1046, /5byr//B/HOH 843 , /5bysi/B/HOH 801, /51a3//A/HOH 799 , /50ef/
/A/JHOH 851 The 4XDDstructure of apo Cpl FeFe hydrogenase, crystallized in the presence
of MgCl,, has a Cl (/4xdd//B/CL 606 ) at the position of the proximal CN of the missing
binuclear cluster, one on the surface4xdd//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 4ROV, the location of the missing dinuclear
cluster indicated in grey, the chloride anion near
the cubane (4rOv//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 A from a Fe ion:1A7D 1BES 114Y,
1738 1739 2AWY2FCT 3AGT3AGU3ARJ 3ARK3ARI.3HX9 3NNF3NNL3VEC3VED3VLX
SWFBBWHNSWSDACUAJET, 4LQJ 4LONALQYALYY ALY X AMJIY AMNO94AMY740YNAPIX,
4525 452G 4S27 4528 AUBHAXET 4XEZ4XFQ 4XFBAXFCAXFFE 4XFG4Y08 4YKH4YYO
47JK 5H8Y 5I0R, 51QS 51QT, 5IQV, 5393, 5J9V, 5JAC 5JKK 5JKL, SKTM5KTR5KTS

Among these structures, we found only two distinct proteins in which the Clion is

bound to a [4Fe-4S] cluster:
the quinolinate synthase 6KT
the thiamin pyrimidine synthase @S25 4S26 4S27and 4S29

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

Only one corresponded to a bromide bound to an iror2FCV
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S3 Biphasics inactivation kinetics

The model given in gure[§ can be schematized thus:

k k
A)k*l |1)k*2 1, (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 species(t) can be put under the following form:

d’a da 1
—+ — + = 2
az * a7 @ (52)

in which:
1 k 1k 2
= k1+k1+k2+k2 =k1k2+k1k 2+k1k2 a = (83)
The solution can be put under the general form:

a(t)=a' +a,exp t=,+a exp t= (S4)

in which a, and a are integration constants, andl= are the roots of the polynomial
x?+ x+ . The above equation corresponds to a biphasic evolution, so that scherhe| (S1)
yields biphasic evolutions of the concentration of the active species.

This biphasicity arises from the reverse reactiok i, which introduces a dependence of
the concentration of the active species A on the concentration of, lwhich in turns depends
on l,. If k ; =0, the evolution of the concentrations of | and |, over time is biphasic but

the concentration of A is a single exponential decay with a time constadtk;.
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Figure S2: E ect of chloride on the voltammetric response d€. acetobutylicumFeFe hydro-
genase. Experimental conditions: 1 bar }i scan rate =20 mV/s, rotation rate ! = 3000
rom, 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 ob. 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 H, scan rate = 0:5 mV/s, rotation rate

I =3000rpm, 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, KNO; and Na,SO, on the voltammetric response. Experimental
conditions: 1 bar H,, scan rate = 20 mV/s, rotation rate ! = 3000 rpm, T = 2 C,
[NaF] = 0:3 M, [KNO4] = 0:5 M, [Na,SO,] = 0:1 M and [KI] =0:5 M (all in 5 mM mixed

bu er solution at pH 7).

Figure S5: Absence of e ect of chloride on the kinetics of inhibition by CO (A) and O(B)
of C. reinhardtii hydrogenase. A: [COF 4;10,1;6;2 M, E = 160mV, T =30 C. B: [O,]
=1;6;24 M, E =40 mV, T =12 C. Other experimental conditions: 1 bar H, 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 O, and kept in a capped septum-sealed tube
were injected into the cell with a gas-tight syringe.
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Figure S6: Chronoamperometric experiment performed witl. 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 H, rotation
rate ! = 3000 rpm,T =2 C, in mixed bu er pH 7, 0.05 M NacCl.
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Figure S7: Dependence on potential of the inactivatiork() and reactivation (k,) rate con-
stants at[Cl ] =0:1 M (in panels A and B) and[CI ] =0:05M (in panels C and D). Panels
A and C show the inactivation and reactivation rate constantk? and k2 corresponding to
the species I', and panels B and Dk°and k2°corresponding to the species | . Conditions: 1
bar H,, T =2 C, mixed bu er pH 7.
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Figure S8: Chronoamperometric experiment at high potential obtained witlC. reinardtii
hydrogenase. A: Concentration of K against time. B: Resulting current at[Cl ] = 0 M.
Experimental conditions: E = 115 mV, rotation rate ! = 3000 rpm, T = 2 C, in mixed
buer pH 7.
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6 7KH PRGHO

7KH)H6 OUH PRGHOR WH + FOMMUDGRSWG LQ WLV SDSHULY VWHWKHG 1Q) LUXUWH 6 DQG
FROMMW R WH ) H6 FRUH IQ ZKIFK \WH) H6  FXEDCH LV VXEWAMG B\ DQ K\ GIRIHQ D\RP
$URXQG \WH EIQXKFEDU FRH ZH FROVGHHG \WH  UMMGXHY WDWAUHR® IQMDRPWZ M \KH
ADAGHODEY $O® O /\V  *O&  DQG\KH DP IQH JURXS \KDVEHBQIV \R \WH
$' 7 8&\V 7KH FDEERQ DIRP V IQ UG 1Q) LIXUH 6 Z HUH NHSW[ HG DVWKH FUY AR UDSKIE
SRMRYY ) (+ GXUQ) FDBXOMRQY \R DYRIG XQUDDANF FRQRUP DURQDOHDUDQ) HP HON

JLIXWH )H6 PRGHAXKH DUERWRP®H
ZH UMH $\WH O W KFHU \V W D O ORRUIDVS R E
LQWKHUDVWUXFRMXUBDVW H X U)LD)®
K\GURJHQDVH SGE )(+

6 'HWDLOV DERXW WKH FDOFXODWLRQV RI WKH ELQGLQJ H

&RP SXMRQDO GHVILY ' )7 FRPSXMRQ/ ZHH SHURPHG XMQ) WH * IDAHQW
$SSIIPDIRQ **$ SXH 98 DG 3% K EUG IXQRAIRDY DV [P SBP HOMG 1Q \KH
785%202/( VXMMR SIRIUDPV %DOVV VHWV R WSB! SOV SROUJ DIRQ VSOAYDGIQFH TXDOWV
Z HH DGRSWG IRUDODRP V 7KH 5 HVROMRQ R ,GHOMW 5, \WMFKQTXH Z DV DERSWG IRUSXUH
IXQRIRQDY 1Q REHUWR VDYH &38 WP H ' ) 7 JUG V] HZ DV VHVIR WIQEDWGP  YDOH * IRXQG
DWW JHRP HW RSP [} DMRQY Z HUH FDUIHG RXWZ W FRQYHU HQRH FMMUD I HG\R ~ KDUWWHH
IRU\MH HQHU\ DQG KDWWHH ERKU  IRUWWH JWDGHQAVCRP YHRRU $\RP IE DQG VSIQ
FKDU HV DUH FRP SX\MG Z WIQ 1 DIMUDCERQGREHU 192 DSSURDFK

&RP SXVIMRQ Rl WH FK®RUGH ELQGLQI HOHU\  7KH YDOHV R \WH & OEIQAQI HQHU IHV KDYH
EHHQ HIP DIMG DFFRUEQ) R \WH IRGZ 1Q) UDPURQ

* EoomvsHELEY $$R.0: +|=cxwwvsr|=wi&o $$
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$Q + FOMMUVSHAHV IRWP V D FKBUCH DOEXPW 0 11 2% OIQ Z KIFK \WH DQRQ FRP HV IURP
\WH VIGH FKDIQ R DQ DUIQQH RUWUHRQCH BMGXH $@KH M WP V IQYROHG Z HIH FRP SXWMG
VHSDUDMO

6 &RPSDULVRQ EHWZHHQ ')7 IXQFWLRQDOV

6 1CFH WH & OEIQAQ) HCHUJIHY DUH RXADAQ WH GVFXWIRQ R WH 1CKIEMRQ P HFKDQWP  ZH
DWHWHG WHUYDUDEIQW DV D IXQRRQ R WH GIYHOR WHRY DGRSWG CDP HO

') 7 IXQARQDADGRSWG

P STVWRODIRQ

' IVSHWRQ FRUMAIRQ

5 HIHWHQFH VMM IRUIUHH &0

QWH IRTZ 1Q) Z H DERSWG \WH RUEQDY CRP HOFOWMUA
" YH,)H, +UG
JH,)H,, +R
"+ UKHUR[ IG] HGIRP V
|  +VXSHR IRPD®)H, )H,
| +VXSHYWXSHR IRPD®)H,, ) H,,,
+ VSHAHV & 0LV \WH BZ HMWWHQHU\ & ODGGXFW
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7DEGH &CELQGHQBUJLBV¥DO PRPSXWWGEH UHHY ROAKHB UYL EMEKH7 IXQFWLRQDO
DGRSVEMER QV L GW KIHOSIOL.R DWD WILIRQHFRWQ YV MWD RW® D Q & KGL VS H FRIURIH FW LR Q
DQG WKHH&ODUHQFH VWDWH QHXWUDO 5 RU SRVLWLYHO\ FKDUJHG 5 DUJLQLG

%53 963 o3 %3 %3 3%
JDV X 5 X 5 X 7 x X b5
SKDVH 5 5

+R &0

+R + &O

+R[ + &0

+VXSHR[ + &O

+VXSHWR[ + &0

+ VXSHYXSHR[ + &0

7DEOBH 2SWLPLUM GHERQGLVWD Q RHR ID OMKHS HF ERD VL GHIWIBG 7=93 &260D G
3%( 7=93 &260HYHOVYH QEH )H &OH IW® KWD PHUR Q ER/GR VW D Q/FH F O X VRWHU
DQG LQ LWV PRVW VWDEOH &0 DGGXFW

% x 5 3% X 5

)H)H | )H)H &0| )H)H | )H)H &O

+R[ &0

+R + &O

+R[ + &0

+VXSHR[ + &O

+VXSHWR[ + &0

+ VXSHY/XSHR[ + &0
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7DEOH %2 )H SUR[LPID@QGKLYWDMRAHF DQG VSLQ FKDUJHV

%3 x 5 3% x 5
YRXQG &O YRXQG &0
TIH|V)H| TIH| V)H| TIH | V)H| TIH [ V)H
)H
+WHG

) H
) H

+R[ &0
)R
)H

+R + &O
) H
)H

+R + &0
)R
)H

+VXSHR[ + &O
) H
) H
+VXSHR] + &0

)R
+UXSHWXSHR] | ) F
+ &0 )H,

') 7 IXQPARQDO : H XVHG \WH SXUH 93 DQG WH K\EUG 3%  JHQHDQ HG
JWDGAHQNDSSWR P DIRYY  * * $  IXQRIRQDY \WDWDUH SRSXOU 1Q \WH PRGHGY R ) H H
K\ GURIHCDVHV SURSHWAV DQG WHDRIYIW® -+ HUH Z H FROVIGHUHG \WWH QHXWDODUIIQGH DV &0
UH HUHQFH ADAW DQG Z H DGRSWG \WH [P STAVVRODMRQ Z W GHBPWNE FROABQAHTXDOR
© H FRP SDUHG \WWH \®R IXQRIRCDY RQ \WH EDVIV R RSP [} HG JHRP HHV 192 DWRP LF \VSIQ
FKDU HY DQG & OEIQAQ) HQHJ HV
) RUHDFK VSHAHY FROVUGHUHG \KH RSWP [} HG JHRP HiHY DUH P LOUIQ SDUMFXOUUHI DEQ) L
WH SRVMRQ DQG FRRECDIRQ R WH VYEWIDM +  + LU \WH SRVMRQ DQG FRRECDIR) R
FKGUCH 7KLY IDPMY 1Q @H Z W \WH VP DOGUHHIHY 1Q WH %8  DQG 3% HOFWRQE
MKPWUHY DBKRXJK WH KRP R OP R JDS IRUK\ EUG IV VW QUEDQ® GZ HUWDQ \KDWFRP SX\MG

Z M SXUH IXQRIRQDY
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7KH YDOHV Rl WH & OEIQAQ) HCHUJ IHY FDQ EH HDMO AYIGHG IOQR \KUHH J URXSV \KDWALTHUIURP
UHOMYH & OEIQAQ) HOHU\ Z MY UHVSHRWR + Rl XVHG DV BHHUHQFH 7 KHVH JURXSV DIH

VP DOYDAHV Z1\W DYHIDIH NFDCP ROIRU 3 DQG NDPROIRU3  +HR

+R + +VXSHR +
YHY ®&Z YDOHRI NDCP RORUERK Y8 DQG3% +H +
YHY KUK YDOHV Z W DYHIDIH NDCP RORUYE  DQG IRU3%  +VXSHIR

+VXSHIR +  +VXVSHYXSHWR +

6 RODWMRQ Z W [P STFIW&2 60 2 P RGHODQG'  GVSHWIRQ FRUHPWRQ ,P STAW
VRODMRQ FDQ EH \INHQ IQR DFFRXQAE\ P HDQR! \WH &2 60 2 DSSURDFK XVIQJ DYDGHR  IRU
\WH GHOPWE FROABQAIQUGH WH DRYH VW SRENHWH DV SKDVH FRP SXWBMRQV XQGHUHP DM
\WH & OEIQAQ) HQHUJ HV IRUWH I URXS RQDYHIIH B\ NFDCP RO/ DU H DQG QHIDIYH
RU SRVMYH YDOMHV DUH IQFUDVHG 1Q WHU DEVROWM YDOHV Z KHQ P STAMWRODIRY IV QRW
FROMGHIHG 7KH JDV SKDVH FRP SX\BMRQV DUH FODW® ®MWY DFFXUDW DQG IRUNKLY BDVRQ ZH
FROVIGHURQD YDOHV FRP SXWG Z MW WH &2 60 2 DSSURDFK
7KH YDOHV FRP SXWG ZIW WH * UPPH ' DSSURDFK R \BNH IQR DFFRXQMKH QVSHWIRQ
IQMDAIRYY DUH RQ DYHIDIH RQ®  NFDCP ROP RUH QHI DMYH \KDQ \WRVH FRP SXWNG Z WIRXW

FROVGHUQY] \WH FRUHRAIRQ

5 HHHQFH WIWM IRUIUHH &0 7KH FKREH RN \WH UHHUHQRH VW R WH & ODQIRQ IV
UHTXILHG VR HYDODW \WH & OERQEQI HQHU LHY EXWAAGRHY CRAHWHQIDD QI OHQRH \WH UHDMYH
YDOHV 7KH EDME IGD IV \R FRMGHU D WHHHQFH AW 1Q ZKIFK D UMGKH MIGH FKDIQ
FRRECDMV WH & OLRQ DQG WHQ UHBDVHY WH IRQ R WH + FOMAMU 7 KHUH IV D OUH QXP EHUR
SRWMEIDMY DFFRWEQ) R \WH DP ICRDAGE HQYILRQP HQADURXQG \WH + FOMMU DEKRXIK ZH
DUH CRAWP XOMZ WH & OFRRECDIRQ W + FOMMUEXWRQD GRNQJ |RUD UHDVRQDE®! SIRRFRO
\R FRP SXW & OEIQAQI HQHJ HV
© HFRQUGHHG \WHH R

$ UIQGQH VIGH FKDIQ 1Q W QHXWDCRUSRVMYH® FKDU HG IRWP

7 KUHRQIGH MIGH FKDIQ

7KH SBVWR \WH YDOHV IQ\WBE®I 6 VKRZ V\WH HIHPWR FKDQIIQ) \WH & OUH HUHQRH VABAM DQG RU
\WH IXQRIRCDO
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