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The effect of a homogeneous electric field—as exerted by the protein
environment and by an electrode potential —on the reactivity of the
active site of [FeFe] hydrogenases is unravelled by density functional
theory calculations.

Hydrogenases have been applied in electrochemical processes to
produce molecular dihydrogen for clean-energy technologies."
Electric fields affect the electronic structure and thus the reactivity
of the active site. It is known that [NiFe] hydrogenases adsorbed
on electrodes experience dispersion of reaction rates.” This can be
attributed to different orientations at the electron-transfer inter-
face, though other effects, like double-layer potentials, might also
be important.>* In general, little is known about the details of the
interaction of stable and reactive intermediates with external
fields in such situations. Here, we systematically investigate to
what extent such fields can modify the energetics of key reaction
steps at the active site of [FeFe] hydrogenases, which is the most
desirable candidate for dihydrogen production. We should note
that studies in a similar spirit have been performed for cyto-
chrome P450 and proton transfer in a DNA base pair.*

[FeFe] hydrogenases catalyze the reversible formation of H,
with a high turnover frequency.’ The active site, the H-cluster,
consists of a [4Fe-4S] cubane linked via a cysteine bridge to the
so called [2Fe]y; subcluster. The latter comprises two iron atoms,
one proximal (Fep) and one distal (Feg) to the cubane, and an
azadithiolate bridging ligand.® H, formation at the H-cluster
comprises proton/electron transfer steps and proceeds via a H™
species terminally bound to Feq.”® A crucial decomposition
reaction, which one seeks to avoid, is the O,-induced inhibition
that initiates the degradation of the enzyme starting with O,
coordination to Feq.’

Chemical processes at active sites of such metalloproteins
are usually well described by a quantum mechanical (QM)
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model that considers only the active site and some important
amino acid residues.'® While the electric field of a surrounding
protein may be approximated by a polarizable dielectric continuum
model in a sufficiently large QM model, the strength of electric
fields exerted on proteins adsorbed on polarized electrodes is
difficult to assess."

In order to systematically screen electric-field effects on our
96-atom QM model (Fig. 1, left), we first need to understand the
magnitude and direction of the field exerted by the protein
itself on the active site. We extract this information from the
electrostatic potential that we obtain by numerical solution of
the Poisson-Boltzmann equation for the crystal structure of
[FeFe] hydrogenase from Clostridium pasteurianum (pdb code:
3C8Y) and from Desulfovibrio desulfuricans (pdb code: 1HFE)
(detailed information can be found in the ESIT)."*> The field
within a protein is then obtained as the derivative of the
electrostatic potential at the position of interest; in our case
at the position of the Feq atom. The resulting local field vectors
at Fey, Egmt (Pee,), are shown in Fig. 1 (red vectors) and were
found to have a length of 0.0038 for C. pasteurianum and of
0.0026 for D. desulfuricans, both measured in Hartree atomic
units (a.u.), in which the elementary charge and 4mne, assume a
value of one. Remarkably, these two field strengths are very

Fig. 1 Left: 96-atom QM model of the active site extracted from Clostridium
pasteurianum (pdb code: 3C8Y). The red arrow represents the effective field
vector of the protein surrounding at Fegy (Egm) and the green arrow indicates the
arbitrarily chosen external field along the Fe-Fe bond (Z’FLLFe). Right: corre-
sponding presentation for Desulfovibrio desulfuricans (pdb code: THFE), where
the red arrow again represents the effective field at Feq. Color code: C, grey; Fe,
brown; H, white; N, blue; O, red; S, yellow.
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Fig. 2 Investigated intermediates and reactions. The reactions in the grey box
correspond to reaction steps of the catalytic cycle (blue arrows). O, addition is
indicated by a green arrow. The oxidized state corresponds to the formal
oxidation state Fep(i)Feq(), the reduced state to Fey(1)Feq(1). The oxidized species
are doublets (S = 1/2), all other species are singlets (S = 0). Note that the Lewis
structures shown do not represent the full QM model (cf. Fig. 1). The charge given
is the charge of the full QM model.

similar and they also point in almost the same direction (see
Fig. 1), although the sequence identity of the two enzymes is
only 30%. Based on this information, a homogeneous electric
field, Eoor(F) = Enrot (Fpe,), was derived to enter into the Kohn-
Sham equations in the BP86-D3/def2-TZVP calculations on the
96-atom QM model of C. pasteurianum (see ESIf for details).
The external field in an electrochemical experiment would be
screened by the protein and water surroundings of the H-cluster.
Thus, in a sequence of calculations the field strength was varied in
steps of £0.001, +0.002, £0.003 a.u. around the reference of
0.0038 a.u. (denoted Epmt, Epmt and Epmt) in order to investigate a
possible external-field effect. In a second set of calculations, a
field pointing from Fe, to Feq, Epere, with a fixed strength of
0.0038 a.u. was applied to investigate the effect of a change in the
field direction. Epe ge, which is perpendicular to the plane that
separates the [2Fe]y subcluster and the cubane, is particularly
interesting as it can induce charge transfer between both parts.
Finally, calculations were performed with inverted field directions,
denoted by a minus sign, ie., —E. Reactants (including barriers)
investigated with respect to field effects are depicted in Fig. 2.

Table 1

View Article Online

The change in partial charges on individual atoms induced
by the electric field is small and discussed in the ESI.f A clear
trend is only revealed when the partial charges of the [2Fe]y
subcluster and the cubane (including sulphur atoms of coordi-
nating cysteines) are separately added up. For all intermediates
the field in the direction of E‘gmt induces a shift of electron
density from the cubane to the [2Fe]y; subcluster. The negative
charge on the cubane decreases by +0.09e to +0.17e for different
intermediates (and the strongest field Epy). The negative charge on
the [2Fe]y; subcluster increases by —0.05e to —0.13e, accordingly.
The decrease in negative charge on the cubane is always smaller
than the increase in negative charge on the [2Fe]y subcluster
because the charge is shifted to the amino acid environment
of the [2Fe]y subcluster. Epe_re induces a transfer of negative
charge from the cubane to the [2Fe]y; subcluster. Inversion of
the field direction leads to the expected inversion of the charge
shifts. Hence, the protein field clearly polarizes the active site
towards the [2Fe]y subcluster. The inverse field has a less
pronounced effect. The polarization could be enhanced by a
field in the Epe_pe direction (or lowered by —Epe_gc). The cubane
serves as a charge reservoir and Epe_pe and Egrot increase charge
donation from the cubane and to the [2Fe]y subcluster.

The effect of the field on reaction energies of reaction steps
in Fig. 2 of the catalytic cycle®'? are summarized in Table 1 (see
ESIT for data of inverted fields). In reaction [FeFe]™" — TSI —
[FeFe] — H™ (rows 1-3 in Table 1) a proton is transferred from
the bridgehead amine group to Feyq to form the terminal
hydride species. This reaction becomes less exothermic with
increasing field in E strength. For Epmt it is +10.7 keal mol™*
less exothermic than in the field-free case. The reaction energy
changes linearly with the field. For each increase in field
strength the reaction becomes +1.6 kcal mol ' less exothermic.
By contrast, Ere_re leads to a —4.9 keal mol ™ more exothermic
reaction. For a less exothermic reaction the barrier is higher,
while it is lower for a more exothermic reaction, but the change
in barrier height is smaller than the change in reaction energy.
The effect of Epmt, Eprot and Eprot on the energy profile of the
reaction [FeFe]™ — TS1 — [FeFe] — H™~ (terminal hydride
formation) is shown in Fig. 3. For the H, formation reaction,
[FeFe]™ — H™ — [FeFe] — H,, the reaction is up to +4.3 keal mol "
less exothermic with increasing field in Epmt direction. This decrease

Reaction energies in kcal mol~" for the different electric field strengths calculated with BP86-D3/def2-TZVP (S|ng|e points on BP86-D3/in vacuo structures; no
d|e|ectr|c continuum model apphed) The field strengths in a.u. are: |Eprot =0.0008, |Eprot

0.0018, [E iyl = 0.0028, |E ;1] = 0.0038, |E o] = 0.0048, |E 32 = 0.0058,

| pro(l =0 0068 |EFe Fel - | EFe Fel 0.0038

Intermediate No fleld E{)r%)t Egr()t Egrlot Egr(yt E;zot E;)%ot E;%()t EFefFe 7E:Fe—Fe
H, formation

[FCFC]PH Tst [H] - H- —20.7 —19.5 —-17.9 —-16.3 —14.8 —-13.2 —11.6 —10.0 —25.6 —-17.5
[FeFe™ — TS1 4.0 4.0 4.4 4.7 5.1 5.5 5.8 6.2 3.4 4.2
[FeFe["™ — H™ — [FeFe] — H, —6.4 —5.8 5.2 —4.6 —4.0 —3.4 —2.8 —2.1 0.9 2.4
0, additions

[FeFelox — [FeFelox — O, —23.6 —234  —229  —222  —21.6  —21.0 —20.3 -19.6  -19.7  —27.2
[FeFelrea — [FeFelred — O, —17.2 ~16.8 -16.3 —15.8 -15.3 —14.8 —14.3 —~13.8 —-15.6 —20.3
Reduction

[FeFelox — [FeFelgea 70.0 45.5 14.9 —15.8 —46.4 —-77.0 —107.6 —138.2 62.8 78.4
[FeFelh, — [FeFelheq 77.9 53.5 22.4 —-8.6 —39.6 -70.7 —101.7 —132.8 73.7 83.5
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Fig. 3 Energy profiles for the reaction [FeFe]™* — TS1 — [FeFe] — H™ for
different field strengths. The barriers are given in kcal mol™".

in exothermicity is linear as well. Importantly, both fields, Epe_re
and fE'Fe,Fe, lead to a decreased exothermicity (+5.5 and
+4.0 keal mol ™, resp.) for H, formation. Hence, Egrot disfavors
both proton transfer reactions, while Ere_re favors hydride transfer
but disfavors H, formation.

The reduction of the H,-coordinated species and the species
with a free coordination site in the p-bridging position are, of
course, most affected by the electric field (last two rows in Table 1).
Surprisingly, Epe_ge has only a small effect on the energies. More-
over, with E;fot, the O, coordination energies become +4.0 and
+3.4 keal mol " less exothermic for the oxidized and reduced
oxidation states, respectively, although the coordination reaction
remains strongly exothermic.

To conclude, the polarization of the H-cluster induced by
Ere_ge IS stronger than that induced by Egmt. Inversion of both
fields leads to inversion of differential polarization but with
smaller magnitude. This is due to the excess of charge on the
cubane in most intermediates. Egmt leads to a reduced exother-
micity of hydride and H, formation which could be beneficial for
the enzyme to work close to the thermodynamic equilibrium. Our
results explicitly show that no crucial field-induced modulations
of barrier heights and reaction energies are observed. The rever-
sibility of the whole H, formation cycle is not affected. Still, we
might speculate that the [FeFe] hydrogenase from C. pasteurianum
should feature an activation pattern that favors H, oxidation and
disfavors H, formation compared to the one from D. desulfuricans
because the former exerts a stronger field at the ligand-binding
site. The measured activity data appear to indicate such a trend
for H, evolution.™
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