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The Structural Plasticity of the Proximal [4Fe3S] Cluster is Responsible
for the O, Tolerance of Membrane-Bound [NiFe] Hydrogenases™**

Jean-Marie Mouesca, Juan C. Fontecilla-Camps,* and Patricia Amara*

Hydrogen metabolism is restricted to three classes of
enzymes, [NiFe], [FeFe], and [Fe] hydrogenases." As H,
oxidation catalysts, [NiFe] hydrogenases are competitive
with the more expensive Pt.”! Consequently, there has been
a significant effort to understand the H, uptake/evolution
mechanism for its application in hydrogen-based technolo-
gies.’) These enzymes are sensitive to oxygen; an exception is
a subclass of periplasmic membrane-bound [NiFe] hydro-
genases represented by Ralstonia eutropha (ReMBH)
Escherichia coli hydrogenase 1 (EcHyd-1),”) and Aquifex
aeolicus hydrogenase 1 (AaHase-1).) This O,-tolerant sub-
class has already been used in potentially relevant techno-
logical applications.”’ [NiFe] designates the active site, which
is located in the large subunit and consists of a bimetallic NiFe
center coordinated by four cysteine residues and CO/CN™
ligands to Fe.® Upon oxidation, two EPR-active redox states
are detected in standard (i.e., O,-sensitive) hydrogenases,
called Ni-A and Ni-B. The Ni-B species, characterized by
a Ni'-Fe! center with a bridging hydroxide ion,” is a “ready”
state, as it reactivates rapidly under reducing conditions.!**!
Conversely, the Ni-A state, a Ni'"-Fe'' center with most
probably a bridging (hydro)peroxo,’) is “unready” and
requires prolonged reactivation, which may not be achievable
in vivo. EPR and FTIR studies on ReMBH"" and AaHase-1'!
have shown that, with the exception of the Ni-A species, most
redox states observed in standard hydrogenases are also
observed in these O,-tolerant enzymes. In standard hydro-
genases, electron transfer is ensured by proximal and distal
(relative to the active site) [4Fe4S] clusters and a medial
[3Fe4S] cluster.® Unexpectedly, an EPR study on ReMBH
recorded a putative additional paramagnetic species at a fixed
redox potential of +290 mV, coupled to both the active site
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and the medial cluster. This observation suggested the
presence of a modification near or at the proximal cluster,"”
as further confirmed by an X-ray absorption spectroscopy
study."! Furthermore, assuming a proximal [4Fe4S] cluster,
redox potentials for +2/+1 and +3/+2 transitions were
determined at —60/+160mV and +98/+232mV for
ReMBH!" and AaHase-1,¥! respectively. The narrow poten-
tial difference of less than 220 mV between these two redox
couples has been recently also observed in EcHyd-1.1
Notably, the nonphysiological superreduction to the +1
state of high-potential iron—-sulfur protein (HiPIP) [4Fe4S]**
cluster occurs at a potential that is about 1000 mV more
negative than that of the +3/+2 redox couple.' The
possible +3/+2 superoxidation of the proximal cluster in
O,-tolerant [NiFe| hydrogenases was thus proposed to be
a redox switch against oxidative stress.®! One specificity of
these enzymes is the presence of two supernumerary con-
served cysteine residues (Cys19 and Cys120 in EcHyd-1) close
to the proximal cluster.'”! Site-directed mutagenesis studies
indicated that these residues are essential for the unusual
redox property of this cluster and the associated O, toler-
ance.") Recently, the crystal structures of oxidized and H,-
reduced forms of Hydrogenovibrio marinus (Hm) MBH!'
and of the reduced form of ReMBH!"* showed that the highly
symmetrical four-cysteine-coordinated [4Fe4S] cluster in
standard hydrogenases is substituted by a [4Fe3S] cluster.
Remarkably, the absent sulfide is replaced by both the
bridging Cys19 thiolate and the terminally bound Cys120,
which coordinates a Fe atom also bound to another cysteine
thiolate. This results in an unprecedented asymmetric FeS
cluster, which is further deformed upon superoxidation as the
Fe that is coordinated by Cys19 and Cys20 moves away from
the remaining [3Fe3S] moiety and binds the deprotonated
amide nitrogen atom of Cys20.'7 We reported the crystal
structures of the as-isolated and H,-reduced EcHyd-1, and
proposed that a glutamate residue conserved in O,-tolerant
hydrogenases (Glu76 in EcHyd-1) plays the role of the base
that deprotonates the amide moiety and allows the formation
of the Fe—N bond."”) Herein, we call the three redox states of
the reduced [4Fe3S]*", oxidized [4Fe3S]**, and superoxidized
proximal [4Fe3S]*" clusters PC1, PC2, and PC3, respectively
(Table 1). Previously,””’ we reported quantum calculations
that defined an electronic/spin state for the PC3 species and
fitted available structural and spectroscopic data.'’! In the
present study, we examined the remarkable plasticity of the
[4Fe3S] cluster in the PC2/PC3 transition with special
attention to the role of Glu76. We found that the interplay
between the high asymmetry of the cluster and the resulting
Fe valence/spin localization in the three redox states is the key
feature that explains the facile superoxidation.
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Table 1: Notation for the different redox states/charges and spin states of the proximal cluster investigated in this study and the corresponding
number of mixed-valence (mv) pairs.

Reduced PC1 Oxidized PC2 Superoxidized PC3
[4Fe4S] +1 +2 +3
[4Fe3S] +3 +4 +5
my pairs 1 2 1
Fel Fe2 Fe3 Fe4 Fel Fe2 Fe3 Fe4 Fel Fe2 Fe3 Fe4

BS24 —4/2 +5/2 —4/2 +4]2 BS13  —4/2 +5/2 -5/2 +4)2 BS13*P1  —4/2 +5/2 -5/2 +5/2
spin states!  BS12  —4/2  —5/2 +4/2 +4)2 BS12 —4/2 -5/2 +5/2 +4)2

BS13  +4/2 —4/2 +5/2 —4)2 BS14 —4/2 +5/2 +4/2 -5/2

[a] Changes upon the first (italicized, bold) and second (bold) oxidation are indicated in the favored states. [b] BS13* was found to be the favored state

for PC3.

We have investigated the Glu76 protonation state in PC2,
followed by Cys20 amide deprotonation and PC2/PC3 cluster
oxidation. The geometry of the oxidized PC2 state with
a protonated Glu76 was optimized by employing hybrid
quantum mechanical/molecular mechanical potentials.”*”! The
three possible arrangements of iron spin pairs, namely BS12,
BS13, and BS14 (see Table 1 and the Supporting Information
for details) led to models that were very similar to the as-
isolated EcHyd-1 initial conformation (pdb code 3USE),™
regardless of the DFT method that was used. Once Glu76 was
deprotonated, a gradually tuning of the amount of Hartree—
Fock (HF) potential from 5% to 20% (more ionicity)
within the DFT method revealed the surprising mobility of
the unique Fe4, which was loosely coordinated by Cys20 and
the supernumerary Cys19 (Figure 1). Above 10% HF poten-

A)

”
C149
Cc17

C115

Figure 1. Optimized structure of the PC2-BS13 state represented in
standard atom color codes superimposed with the X-ray models of
A) PC2 in the as-isolated EcHyd-1, and B) PC3 in the as-isolated
EcHyd-1.""1 The parts of the X-ray conformations that are different
from our optimized model are shown in dark green. Fe4, Fe4*, and
Fe4** are the unique iron atoms in the PC2, PC2-BS13 model from
calculations, and PC3 X-ray model, respectively.

tial, Fe4 moves toward the amide moiety of Cys20 (Fed*
position in Figure 1) to a position close to the one it adopts in
the PC3 X-ray model (Fe4** in Figure 1B). This movement
was also observed when the M06 functional, developed for
organometallic and inorganometallic chemistry, was used.”
Glu76 deprotonation therefore triggers the displacement of
Fe4, which further acidifies the amide proton of Cys20, thus
resulting in deprotonation of the amide moiety (see below).
For all calculations, we started from the Glu76 conformation
most distant from the [4Fe3S] core (Figure 1), as it is common
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to all crystal structures.'” ™! Although crystallography of
EcHyd-1 identified two conformations for this residue,
geometry optimizations of PC2 favor the farthest position,
regardless of the protonation state. In reality, the protonation
states will change as Glu76 interacts with Glul6, the first
residue in the proposed proton pathway, which, in turn, will
change the conformations of the side chains of the remaining
residues in the pathway.®

The Fe4 displacement was observed in both oxidized PC2-
BS12 and PC2-BS13 states, but not in PC2-BS14, in which this
iron stays in its initial position (Fe4 in Figure 1 A and Table S1
in the Supporting Information). Interestingly, orbital analyses
show that Fe4 is strictly ferrous in the BS12 and BS13 states,
but ferric in BS14 (Table S2). In our previous study of EcHyd-
1, we determined that, based on the available spectroscopic
and structural data, BS13 is the best model for the super-
oxidized state PC3 (Table 1)."! Therefore, we first tried to
oxidize PC2-BS13 to PC3-BS13 in its initial conformation and
then to optimize its geometry. But Fed4, being ferric (as in
PC2-BS14), does not move toward the Cys20 amide moiety,
thus precluding its acidification and deprotonation.”” We
conclude that a ferrous Fe4 in both the PC2-BS12 and PC2-
BS13 states® should be a requirement to elicit the super-
oxidation. However, PC2-BS12 can be ruled out because
spectroscopic parameter calculations!" on its corresponding
PC3-BS12 state did not fit AaHase-1 experimental Mossbauer
data.l'® Subsequently, we investigated whether the super-
oxidation or the proton transfer from the amide moiety to
Glu76 occurs next, that is, after the ferrous Fe4 has moved
toward the backbone amide nitrogen. Scanning of the
potential energy surface for the proton transfer in the
oxidized (PC2, ferrous Fe4) or superoxidized (PC3, ferric
Fe4) state indicates that the transfer is clearly favored in the
former state with a barrier of about 5 kcalmol™!, which is
twice as low as the one computed for the latter state
(Table S3). Hence, we propose that proton transfer in PC2-
BS13 occurs first, immediately®! followed by superoxidation
to PC3-BS13, thus allowing the formation of the stabilizing
Fe4(III)—N bond (Table S3). The proton is further transferred
to the second oxygen atom of the carboxylate of Glu76, which
interacts with Glul6, the first residue in the proton relay
pathway. It should be noted that in the PC3-BS13 structure
obtained from PC2-BS13, there is no Fe—Og;, bond
(Table S3). Conversely, a Fe—O bond between the Fe,
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corresponding to Fe4, and the carboxylate of Asp75 (equiv-
alent to Glu76) was observed in the proximal cluster of the
O,-sensitive hydrogenase from Allochromatium vinosum."
The authors suggested that the cubane was distorted as
a result of the reduction by X-ray-induced photoelectrons.
Although Fe moves toward Asp75, the whole arrangement is
very different from the one we observed in PC3.

The three-dimensional structures showed that the main
difference between O,-sensitive and O,-tolerant hydroge-
nases lies in the architecture of the proximal FeS cluster
(Figure 2). In the former, this center is a standard cuboidal
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Figure 2. Differences of redox potentials. Left: symmetrical [4Fe4S]-
(Cys), cluster with the +3/+2 and nonphysiological +2/+1 redox
couples in HiPIP of Rhodopila globiformis (Rg)."*" Reference: +2/+1
redox couple in O,-sensitive hydrogenase from Desulfovibrio fructosovor-
ans (Df).” Right: asymmetrical [4Fe3S](Cys)s cluster with the equiv-
alent +5/+4 and +4/+3 redox couples in EcHyd-1."l

[4Fe4S](Cys), cluster that is symmetrically arranged. From
a redox perspective, such a cluster can in principle function
between three redox states. The 1+ and 2+ states usually
operate at low redox potentials of —600/—400 mV, such as in
bacterial ferredoxins®! or O,-sensitive hydrogenases.”® Con-
versely, HiPIPs operate between the + 2 and + 3 redox states,
with a positive redox potential of up to 450 mV™ (Figure 2,
left).

Several contributions to the modulation of redox poten-
tials, such as charges of the local environment, solvent
accessibility, hydrogen bonds to the FeS cluster, and thio-
late/sulfides ratio, have been considered for iron-sulfur
clusters of various nuclearities and redox states.'*®?*! One
key issue, often overlooked when explaining the large
potential gap between the [4FedS]*?*' and [4Fe4S]"¥*?
redox couples in HiPIP (Figure 2, left) as opposed to the
narrow difference observed for the O,-tolerant proximal
cluster (Figure 2, right), is related to the degree of electronic/
spin delocalization that occurs within mixed-valence iron
pairs.®*l What follows is a simplified presentation of the
main factor that determines the redox potential within FeS
clusters (for a more detailed discussion, see references [30]
and [31]). Each time full electronic delocalization occurs
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within a single mixed-valence pair, turning the pair from
localized Fe**-Fe’" to delocalized Fe***-Fe***, the bonding
energy E of the corresponding [4Fe4S] cluster is stabilized by
about 350 mV (E%* = E'**—350).*% In Table 2, the effect of

Table 2: Contribution of delocalization, which is proportional to the
number of delocalized mixed-valence (mv) pair(s) in the FeS cluster, to
the stabilization energy of the O,-sensitive and O,-tolerant proximal
cluster. The latter cluster is found to be fully localized for all redox states
(i.e., no stabilization energy). These are DFT-computed values with an
uncertainty range of =50 mV (depending on the exchange-correlation
potential). The redox states are indicated in parentheses.

Stabilization Reduced Oxidized Superoxidized
energy! [mV]

my pairs 1 2 1
O,-sensitive ~—350 (+1) ~—700 (+2) ~—350 (+3)
[4Fe4S](SCys),

O,-tolerant ~0 (+3) ~0 (+4) ~0 (+5)
[4Fe3S](SCys)s

[a] Stabilization energy as a result of delocalization.

electronic delocalization is compared for the reduced, oxi-
dized, and superoxidized states (1+, 24, and 3+ for the
[4Fe4S] cluster and 3+, 4+, and 5 + for the [4Fe3S] cluster).
In [4Fe4S] clusters, the 1+ and 3 + redox states contain one
delocalized pair, and the 2+ state contains two such pairs.
Strikingly, in [4Fe3S] clusters, the three redox states favored
by our calculations are found to be fully localized (see the
orbital analysis in the Supporting Information).

The potential E° of a given redox pair is computed as the
difference between the two redox-state energies: E’=
E(ox)—E(rd). For standard [4Fe4S] clusters, the electronic
delocalization contribution to the (2+4/1+) redox pair is
therefore negative at approximately —350 mV (Table 2). The
same contribution to the (3+4/2+) redox pair is positive at
approximately 4+ 350 mV. Thus, besides other effects on redox
potentials,??* electronic delocalization within mixed-
valence pair(s) is at the origin of an approximately 700 mV
contribution to the gap between the (2+/1+) and (3+/2+)
redox pairs (Figure 2, left). As a consequence, in the case of
O,-sensitive hydrogenases, once the first electron is released
from the symmetrical [4Fe4S](Cys), cluster (1+ —2+), the
gap for a second oxidation (2+—3+) is energetically
unfavorable. Considering the asymmetrical [4Fe3S](Cys),
cluster, it is remarkable that the three redox states have
been computationally found to consist only of valence-
localized Fe™ and Fe ions (see Table S3 in the Supporting
Information). Therefore, as a first approximation, there will
be no significant delocalization contribution to E°(4+/3+)
and E°(5+/4+). The resulting absence of a potential gap
between the two redox pairs in the asymmetrical proximal
[4Fe3S](Cys)s cluster allows the second oxidation to occur
(Figure 2, right).

The protection against O,-induced oxidative stress is
thought to reside in the ability of the proximal cluster to
rapidly provide two successive electrons to the active site."”!
Under physiological conditions, EcHyd-1 is most probably in
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a reduced state, either Ni-L* or the one more electron
reduced Ni-R (see the Supporting Information and

Scheme 1). Both states have also been observed in
FelNi"-H- _—, FelNi', H* _ - Fe"Ni"
1 Ni-C Ni-L* 2 o)
. %
\02 ¢
Glu76-H e-from
to}/PC1to PC2
e Glu76-
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Fe'- Nj" Fel- Nj! - Fe'- Ni'" , H*
57 N 4 N 3 N
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OH- to O, tolerant
Ni Glu76-
i-B

Scheme 1. Proposed reaction mechanism against O,-induced oxidative
stress at the active site of hydrogenases. The 4’ and 5’ species are
depicted with bridging peroxides, which could also be OH™/SO.B* The
active site is represented by the bimetallic center, and events that
occur at the proximal cluster are shown in gray.

ReMBH.[" Moreover, the standard Ni-C state, with a more
labile hydride, and the Ni-R species have been detected in
AaHase-1.%% The immediate availability of four electrons,
two from the active site and two from the proximal cluster,
prevents the accumulation of the Ni-A state with a partially
reduced oxygenated species.”) Indeed, the Ni-A species is not
generated upon O, exposure in O,-tolerant hydrogenases.!*!"!
A possible defense mechanism against oxidative stress
(Scheme 1) takes all our results into account: 1) O, binds
either Ni-C-H™ or Ni-L* (state 1) and forms a (hydro)peroxo
species 2; in the former case the reaction could involve the
insertion of molecular oxygen to the nickel-hydride bond;*”!
2) The first electron from the PC1 to PC2 oxidation, as well as
a proton from Glu76, lead to species 3. In the case of O,-
sensitive hydrogenases, 3 further rearranges to the unready
Ni-SU state 4' and oxidizes to Ni-A §. In O,-tolerant
hydrogenases, the deprotonation of Glu76 causes the unique
iron to move toward the amide moiety of Cys20, leading to N
pyramidalization® and acidification of the amide proton.”!
This, in turn, allows the deprotonation of the amide moiety of
Cys20 and subsequent superoxidation of PC2 to PC3. The
extra proton and electron permit the total reduction of O, to
H,O, ultimately leading to the ready Ni-B state 4.

Taken together, the available experimental data indicate
that the critical difference between O,-sensitive and O,-
tolerant hydrogenases resides neither in the active site, nor in
the hydrophobic channels that transport H,/O,, but rather in
the unusual proximal [4Fe3S] cluster.['>1%*171l Here, we have
shown that the asymmetric configuration of the O,-tolerant
hydrogenase-proximal cluster, which results from ligation by
the two supernumerary Cys residues that replace a sulfide ion,
leads to Fe valence localization in the three redox states.
Interestingly, an equivalent breakdown of electronic symme-
try may be responsible for the defense against oxidative stress
provided by the [NiFe] hydrogenase Hya in the bacterium

Angew. Chem. Int. Ed. 2013, 52, 2002 -2006

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Geobacter sulfurreducens.[34] Indeed, in this enzyme, an
aspartate residue (a ligand known to engender Fe valence
localization in FeS clusters)® replaces a cysteine residue as
a ligand of its proximal cluster. The aspartate ligation is then
most likely responsible for the unusual redox properties of the
Hya proximal cluster.® We have previously proposed that in
EcHyd-1 and related enzymes, Glu76 is the base that
deprotonates the amide moiety of Cys20.'*! Here, we confirm
the importance of this residue in triggering the superoxidation
process. Indeed, the deprotonation of Glu76 elicits the
movement of the unique ferrous iron. This displacement is
facilitated by the unusual localized electronic structure of the
proximal cluster, which is maintained in the different redox
states, thus preserving a low redox potential gap between the
two oxidation events.

In conclusion, the asymmetry of the proximal cluster
facilitates 1) the mobility of one specific ferrous ion, which in
turn induces amide deprotonation, and 2) the full valence
localization in all redox states, thus resulting in facile super-
oxidation. Conversely, proximal [4Fe4S] clusters in O,
sensitive hydrogenases are compact and rigid, and their full
electronic delocalization forbids two successive redox events.
Our understanding of the intrinsic properties of the peculiar
O,-tolerant [NiFe]-hydrogenase-proximal FeS cluster should
help future efforts in the synthesis of H, catalysts with
improved performances under oxic conditions.
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