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Abstract

The [FeFe]-hydrogenase (HydAl) from green algae is the minimal enzyme for
efficient biological hydrogen (H;) production. Its active-site six-iron center (H-cluster)
consists of a cubane, [4Fe4S]y, cysteine-linked to a diiron site, [2Fe]y. We utilized the spin-
polarization of the iron KB X-ray fluorescence emission to perform site-selective X-ray
absorption experiments for spectral discrimination of the two sub-complexes. For the H-
cluster in reduced HydA1 protein, XANES and EXAFS spectra, K8 emission lines (3p—1s
transitions), and core-to-valence (pre-edge) absorption (1s—3d) and valence-to-core (KB*)
emission (3d—1s) spectra were obtained, individually for [4Fe4S]y and [2Fe]y. Iron-ligand
bond lengths and intermetal distances in [2Fe]y and [4Fe4S]y were resolved, as well as fine
structure in the high-spin iron containing cubane. Density functional theory calculations
reproduced the X-ray spectral features and assigned the molecular orbital configurations,
emphasizing the asymmetric d-level degeneracy of the proximal (Fe,) and distal (Feq) low-
spin irons in [2Fe]y in the non-paramagnetic state. This yielded a specific model structure of
the H-cluster with a bridging carbon monoxide ligand and an apical open coordination site at
Feq in [2Fe]y. The small HOMO-LUMO gap (~0.3 eV) enables oxidation and reduction of the
active site at similar potentials for reversible H, turnover by HydA1, the LUMO spread over
[4Fe4S]y supports its role as an electron transfer relay, and Feq carrying the HOMO is
prepared for transient hydride binding. These features and the accessibility of Feq from the
bulk phase can account for regio-specific redox transitions as well as H,-formation and O,-
inhibition at the H-cluster. We provide a conceptual and experimental framework for site-

selective studies on catalytic mechanisms in inhomogeneous materials.
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Introduction

Hydrogen (H,) is an outstandingly attractive renewable fuel resource for energy supply
in the future.'” However, at present the cost-efficient production of H; is limited for example
by the need for precious catalyst materials such as platinum.”* Research efforts thus focus on
the development of novel H,-forming catalysts, which are based on abundant and inexpensive
transition metals.”™ Iron is particularly appealing,®'' but Fe-systems, showing H,-production
rates and turnover numbers sufficiently high for applications, so far are not available.'?

Nature provides efficient H,-forming catalysts in form of [FeFe]-hydrogenase
proteins.”*"> These enzymes are the most active biological H, producers from proton
reduction with turnover rates up to 10* s'."*!° However, a limitation for technological
application is enzyme inactivation by dioxygen (02).17'19 The [FeFe]-hydrogenase (HydAl)
from the green alga Chlamydomonas reinhardtii is the minimal unit of biological H,-
formation," because it binds only the active site of Hj-production, which is a six-iron
complex denoted H-cluster.””?' Further iron-sulfur clusters as found in bacterial [FeFe]-
hydrogenases are absent. HydA1 thus represents an ideal model system for spectroscopy to
focus on the active site structure and the O,-inhibition and H,-formation reactions,?>*

The general organization of the H-cluster has been revealed by crystallography on

227 1t features a cubane-type iron-sulfur cluster, [4Fe4S]y, which

bacterial enzymes (Fig. 1).
is bound by four cysteine residues to the protein and is linked by one of them to a binuclear
iron unit, [2Fe]y. The Fe ions of [2Fe]y in proximal or distal positions relative to [4Fe4S]y are
denoted Fe, and Fey. This structure is assembled with the aid of three maturation proteins.”**’
For HydAl1, a crystal structure only of the apo-protein was reported, which contains [4Fe4S]y,
but lacks the [2Fe]y unit.*® The structures of the mature H-cluster in some aspects are
ambiguous, for example with respect to the nature and positioning of the diatomic ligands,

open coordination sites at the diiron unit, and the metal bridging entity in [2Fe]y (Fig. 1). The

varying features partly were attributed to different functional states of the site,”® but may as

4
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well reflect resolution limitations due to redox state heterogeneity in the crystals, influencing

24,31 22,32

ligand orientations™ " and metal-metal distances.

Infrared spectroscopy (FTIR) has facilitated assignment of the diatomic ligands as two

cyanide (CN ) and three carbon monoxide (CO) molecules?*?!33*

and these ligands were
also detected by nuclear resonance methods.* In FTIR and EPR studies, several redox states
of the H-cluster have been assigned.”’”%?’" Advanced magnetic resonance techniques have
favored attribution of the metal bridge in [2Fe]y to an azadithiolate group (adt, (SCH,),NH).”
This suggestion recently has been proven by functional reconstitution of apo-HydA1l only
with a synthetic [2Fe]y analogue, which contained an adt bridge.Sg'3 ? Electronic features for
paramagnetic redox states of the H-cluster were revealed by EPR**® and Mdassbauer
spectroscopy.*” These results have greatly advanced our understanding of the site architecture
and function. However, the used techniques do not directly deduce the molecular structure,
defined by the interatomic distances, and its relation to the electronic properties, i.e. molecular
orbital (MO) configurations, in particular for non-paramagnetic states of the center.

4144

The [2Fe]y unit is believed to be the actual active site of the H, chemistry and also

to be the primary target of O, attack during inhibition.'”"***® Hydride (H) binding to
[2Fe]y, for example in the super-reduced state, has been proposed.”**”*® We and others have

17-19,45-46

suggested the bonding of reactive oxygen species (ROS) to [2Fe]y. The locations and

mechanisms of both the H,-formation and O»-inhibition reactions, however, remain
insufficiently understood on the molecular level, at least from an experimental point of view.
Deeper insight is expected from determination of the regio-selectivity of hydride and ROS
bonding at the H-cluster using novel experimental approaches.

Synthetic chemistry has produced a wealth of molecular model complexes, which

8,12,20,49-53

reproduce essential structural features of [2Fe]y (see for example refs. ). However,

the diiron systems usually show low H, turnover rates. This reflects (i) the formation of

52,54-58

thermodynamically trapped Fe-Fe bridging hydride species, (i1) low efficiencies of
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electron donation to the complexes, highlighted by activity enhancement for molecular
catalysts immobilized on conductive materials,® and (iii) restraints in proton funneling to the
active site, emphasized by the boosting effect of pendant bases next to the metal centers.”® At
the H-cluster, the proton and electron management may be optimized by terminal hydride
binding to [2Fe]y, functioning of [4Fe4S]y as an electron transfer relay, and an amine base in
the adt bridge. These suggestions need to be proven, thus calling for experimental techniques
to monitor ligation changes and redox reactions selectively at the [2Fe]y and [4Fe4S]y units.
High-resolution X-ray absorption spectroscopy (XAS) in combination with narrow-
band X-ray fluorescence detection (XES) is facilitated by strong undulator beamlines at 3"-
generation synchrotrons.®'"*® This approach (XAE) provides simultaneous access to structural

465 and electronic

features (precise bond lengths, metal-metal distances, site geometries)
properties (oxidation state; configuration, energy, and occupancy of valence MOS).“’67 The
intrinsic spin-polarization of the underlying electronic excitation and decay transitions allows
discrimination of high- and low-spin and differently coordinated metal sites in heterogeneous
samples.®®”! This site-selectivity is based, e.g., on the collection of XAS spectra for varying
emission energies, at which one or the other metal species predominantly contributes. By
XAE, individual structural parameters for asymmetric Fe ions were determined and hydride

. ST 72-74
species were detected in diiron complexes.

The particular sensitivity of the K3 emission
for protein studies, owing to strong electronic interactions between metal-3p and valence
electrons, was demonstrated recently.””’® However, determination of sub-structures in a
complex protein-bound metal center by XAE has not been attempted so far.

Here, we utilized the spin-selectivity of the Fe K3 emission to access the individual
molecular and electronic structures of [2Fe]y and [4Fe4S]y in a reduced state of the H-cluster
in HydA1 by a site-selective approach. XANES and EXAFS spectra, KB emission (3p— Ls),

core-to-valence (pre-edge) absorption (ls—3d), and valence-to-core (KBz’S) emission

(3d—1s) spectra were obtained for both units. The underlying electronic transitions were

6
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assigned by DFT calculations. This yielded a model structure of the H-cluster, which accounts

for the regio-specific redox reactions and chemistry at the active site.

Materials and Methods
Protein sample preparation.

C. reinhardtii [FeFe]-hydrogenase, HydA1(rai), was overexpressed heterologously in
Clostridium acetobutylicum (strain ATCC 824), purified via Strep-Tag affinity
chromatography with O,-free buffer (100 mM Tris/HC1 (pH 8.0), 2 mM sodium dithionite
(NaDT)), and stored at -80 °C in the same buffer supplemented with 10 % (v/v) glycerol until
use, as previously described.”*”” For further details of sample preparation see the Supporting
Information. The apo-protein of the [FeFe]-hydrogenase, HydAl1(apo), containing only the
[4Fe4S]y unit, was obtained by protein overexpression in E. coli strain BL21 DE3 DiscR
using a pET plasmid lacking the respective maturases (HydE, HydG, HydF) for assembling
the active H-cluster structure.”®’® Clostridial ferredoxin, FDX(4Fe), was overexpressed in C.
acetobutylicum and purified as described elsewhere.” Enzyme purification and concentration
to up to 2 mM (Amicon Ultracel 10 kDa, Millipore) were performed under strictly anaerobic
conditions in an anaerobic tent. Aliquots of protein samples (20 pl) were transferred into

Kapton-covered acrylic-glass sample holders for XAE and stored in liquid N, until use.

X-ray spectroscopy.

X-ray absorption and emission spectroscopy was carried out at the undulator beamline
ID26 of the European Synchrotron Radiation Facility (ESRF) at Grenoble (France) as
previously described.” ™ Samples were held in a laboratory-built liquid-He cryostat at 20 K.
The incident energy was set by an Si[311] double-crystal monochromator (energy bandwidth
~0.2 eV at the Fe K-edge). Conventional Ka-detected XAS spectra were collected using a

scintillation detector® (~20 cm? area, placed at 90° to the incident X-ray beam and at ~1 m to

7
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the sample), which was shielded by 10 um Mn foil against scattered incident X-rays. EXAFS
oscillations were extracted from XAS data as described before® (E; of 7112 eV) and
unfiltered k3-weighted EXAFS spectra were used for least-squares multiple-scattering curve-
fitting and Fourier-transform (FT) calculation using in-house software.®’ EXAFS phase-
functions were calculated with FEFF8 (group of I. J. Rehr, University of Washington®?). E
was refined to ~7120 eV in the EXAFS fits (Sy> of 0.85). High energy-resolution emission
detection (energy bandwidths ~1.3 eV or ~1.0 eV at the Fe Ko or KB fluorescence lines) was
achieved by using a vertical-plane Rowland-circle spectrometer, equipped with 5 spherically-
bent Ge wafers (R = 1000 mm; Ge[440], Ka or Ge[620], KB) for fluorescence
monochromatization, and a silicon-drift detector or an avalanche photodiode (APD) for
monitoring of the X-ray fluorescence. The incident and emission energy axes of the
spectrometer were calibrated (accuracy £0.1 eV) using the absorption of an Fe foil (reference
energy of 7112 eV) and the elastic scattering peak. XAS spectra at the Fe K-edge were
measured using the rapid-scan mode of D26 (total scan durations of 1-5 s for XANES spectra
and 20-30 s for EXAFS spectra; 0.2-0.3 eV per step) and simultaneous scanning of the
monochromator and of the gaps of the three undulators of the beamline. For collection of
RIXS plane data, the emission detection energy was varied over the KB spectral region in 0.3-
0.4 eV steps; RIXS data were averaged and evaluated using in-house Matlab (Mathsoft) tools.
The pre-edge region of XANES spectra was isolated using the program XANDA.* The
absence of radiation damage in the protein samples was assured by limiting the X-ray
irradiation by frequent sample spot changes and use of a rapid beamshutter during
spectrometer movements, and verified by comparison of Ka-detected XANES spectra prior to
and after the XAE experiments, which were identical within resolution limits (not shown). For

a schematic depiction of the experimental set-up for XAE see ref.””.
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Density functional theory calculations.

Geometry-optimization of H-cluster model structures and spin-unrestricted single-point
calculations were performed with the DFT program package ORCA.* The BP86 exchange
correlation functional®™’ and a triple-zeta valence plus double polarization (TZVPP) basis
set’® were used, as previously.”””* The COSMO solvation model® with a dielectric constant
of &£ =4 was used in the geometry optimizations. DFT calculations were based on a model
structure, which was constructed using crystallographic data for the bacterial H-cluster,”® and
comprised a singlet ground state, a spin multiplicity of M = 1, and. a total charge of -4. The
cysteine side chains of the thiol ligands to [4Fe4S]y were truncated to S-CH3 groups and in
the geometry optimizations, the carbon atoms of the four S-CHj3-groups were fixed at their
crystallographic positions. A broken-symmetry approach91 was used as implemented in
ORCA.” by first calculating the high-spin configuration, then the spin directions on two iron
atoms in [4Fe4S]y and on Fe, in [2Fe]y) of the H-cluster were inverted, and finally the system
was converged to the antiferromagnetic configuration. For further details see the Results. The
resulting MOs were visualized as isosurfaces with the programs Jmol or UCSF Chimera. X-
ray absorption K-edge intensities in the pre-edge region (core-to-valence transitions) were

73,93

calculated using a time-dependent DFT formalism and KB valence-to-core transitions

72,78

(KB*> emission) were calculated using the DFT approach described in refs. (see also

72 A shift to higher energies by 181 eV and Gaussian broadening of stick spectra (see

refs.
figure legends) were applied to calculated K3 emission lines and pre-edge absorption spectra
for comparison with the experimental data. The energy shift compensated for an
underestimation of the calculated transition energies on the order of 2-3 % compared to the
experiment due to limitations of DFT in modeling the potentials near the nucleus, which

results in an Fe ls orbital that is slightly too high in energy relative to the valence orbitals,

yielding the same systematic energy deviation for all complexes calculated with the same
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functional/basis set combination; energy shifts of similar magnitude have been applied by us

and other authors in previous investigations.”">**%¢

Results
Principles and methods for spin- and site-selective XAE.

Theoretical background and spectra observed. Combined high-resolution X-ray

absorption (XAS) and narrow-band detection emission (XES) spectroscopy experiments
(XAE) were carried out to employ the intrinsic site- and spin-selectivity for discrimination of
individual iron sites in the H-cluster. The principles of XAE in an atomistic picture are
outlined in Fig. 2. Excitation of a core-level electron (1s) of iron for increasing energy leads
(1) to resonant transitions into unoccupied valence states (with, e.g., Fe3d character), giving
rise to the pre-edge absorption feature, (2) to transitions into virtual bound unoccupied levels
(with, e.g., Fedp character), causing the K-edge (XANES) absorption spectrum, and (3) to
non-resonant transitions into the continuum, for which modulation of the absorption (EXAFS
oscillations) occurs due to interference of the outgoing and backscattered (at the metal
ligands) photoelectron waves. The core-to-valence (pre-edge) absorption (1s—3d) thus probes
the energies and configurations of unoccupied valence states. Electronic decay into the core
hole with decreasing probability thereafter occurs from the 2p, 3p, and valence (with, e.g.,
Fe3d character) levels and gives rise to the Ka'?, KB, and KB*® emission lines, showing
decreasing relative intensities of about 10:1:0.1. The valence-to-core (KB*°) emission (e.g.
3d—1s) thus probes the energies and configurations of occupied valence states.

A splitting of the KB emission (3p—1s) into the more intense KB'? and weaker KB’
features results from coupling between the spin-up (@) (or spin-down, /) decaying 3p-electron

and unpaired « (or 3) 3d electrons (Fig. 2) so that the intensity of the KB’ relative to the KB'?

71-72,97

intensity increases for an increasing number of unpaired 3d spins. For non-resonant

10
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excitation, promotion of both « and f ls-electrons into the continuum can occur and the
intensity of the KB" emission is large for example for high-spin (ks) & Fe(Il) or d° Fe(Ill)
species with 4 or 5 unpaired 3d a-spins and small for example for low-spin (Is) d° Fe(Il)
species with zero unpaired 3d spins. Notably, for Is diiron-carbonyl complexes with formal o’
Fe(I) states, the surplus d-electrons usually pair, so that the KB" emission is similarly small as
the one of Is d® Fe(Il) <:ompounds.72'74 In the case of resonant excitation (1s—3d), for As
Fe(Il) or Fe(IIl) only excitation and decay of a-spin electrons can occur so that in the absence
of coupling between unpaired a-spin and the decaying -spin, the KB intensity is negligibly
small. For /s Fe(Il) (and Fe(I) in diiron compounds, see above), excitation of both o~ and /-
electrons is feasible and results in a surplus unpaired 3d spin, so that excitation and decay of
electrons with the same spin flavour can occur, which increases the K" intensity (Fig. 2).

The above reasoning and the strict localization of the 3p orbitals at each iron atom
imply that site-selectivity in XAS spectra, meaning discrimination of, e.g., As Fe(II)/(IlI) and
Is Fe(I)/IT) species in a single sample, is obtained by exploitation of the spin-selectivity of the
KB’ and KB'? emission lines. For a mixture of As and Is iron sites, non-resonant XAS spectra
(XANES, EXAFS) should reflect for KB'-detection mainly the As sites and for KB'~ detection
mainly the /s sites. However, multiplet structure in the KB” and KB'~ spectra, for example due
to d-level energy splitting, and variations in the KB emission energy, due to different iron
oxidation states and ligand species, may cause a more sophisticated distribution of site
contributions to the XAS spectra as function of the KB-detection energy. For resonant
excitation (pre-edge), the KB’'-detected spectrum should be dominated by Is species and the
KB'>-detected spectrum by As species. Site-selectivity in KB emission spectra is obtained for
resonant excitation into valence levels of the individual iron species. However, site-selectivity
in the KB* (valence-to-core) emission may be flawed for extended structures by

delocalization of valence MOs with mixed metal and ligand characters.

11
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Verification of site-selectivity in XAE for a reference system. The above principles first

were verified by XAE experiments on a powder mixture of Fe'',0; oxide (hematite)
containing s Fe''Og sites and Fe,(CO)o containing Is FeO(CO)6 sites (Fig. S1). These
compounds were chosen because the spin and oxidation states, iron coordination by (CO)-
ligands, and the stoichiometry of 70 % s to 30 % Is sites in the mixture to a reasonable extent
resembled the expected properties in the H-cluster. The Ko-emission detected XANES
spectra and the KB and KB* emission lines for non-resonant excitation of the mixture
represented stoichiometrically weighted sums of the spectra of the individual compounds. For
non-resonant excitation, the KB3'-emission (at ~7045 ¢V) was dominated to ~80 % by the s
sites (enrichment factor of ~1.1 compared to the stoichiometry in the mixture); the maximal
hs contribution to the KB'~ emission (at ~7061 eV) was ~90 % (enrichment ~1.3). The
maximal /s site contribution (at ~7057 eV) was ~57 % (enrichment ~1.9).

From linear combinations (i) of EXAFS spectra detected at selected KB'- or KB'-
emission energies of the mixture with Ka-detected spectra of the pure compounds or of the
mixture or (ii) of the KB'- and KB'~-detected EXAFS spectra, employing scaling factors as
derived from the site stoichiometry and the energy-dependent relative contributions of the two
species to the spectra, deconvoluted EXAFS spectra were obtained from the mixture, which
closely matched the spectra of the pure compounds (Fig. S1). This was confirmed by EXAFS
simulations reproducing the Fe-ligand bond lengths and Fe-Fe distances in the crystal
structures (Table S1). For resonant excitation (pre-edge), the Is sites contributed ~85 % to the
KB’-emission (enrichment ~2.8) and the s sites contributed maximally ~70 % to the KB'?
emission and the respective core-to-valence (pre-edge) spectra of the mixture thus were
similar to the pure compounds (Fig. S1). These results implied that adequate selection of
excitation and KB emission energies and weighted combination of KB- and Ka-detected

spectra can provide clean XAS and XES spectra of the different iron species in the H-cluster.

12
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XAE on the H-cluster of [FeFe]-hydrogenase.

Selection of model compounds for the H-cluster sub-complexes. For the H-cluster of

HydAl, the energy-dependent relative contributions of [2Fe]y and [4Fe4S]y to the KB-
emission spectrum a priori were unknown, complicating the derivation of pure XAS and XES
spectra. Therefore, we studied the dependence of the KB emission spectrum on the ligand
environment for several reference compounds (Fig S2). The KB spectrum of a synthetic diiron
complex, PDT(2Fe) = (u-pdt)[Fe(CO),(PMes)],) (pdt = SC1H,C2H,C3H,S),”**® containing
two /s formal Fe(I) ions with each 2 S, 2 (CO), and 1 PMe; in the ligand sphere, was well
reproduced by summation of the weighted KB spectra of Fe’,(CO) (x 0.4), Fe'(CN)s (x 0.2),
and Fe'S, (x 0.4) (Fig. S2-A). This showed that the KB emission in good approximation can
be considered as a stoichiometric combination of spectra of Fe ions with only a single ligand
species. In addition, the KB spectra for phosphine (PMes) and (CN) ligands are similar.
Accordingly, we choose PDT(2Fe) as a suitable model for [2Fe]y. Purified ferredoxin protein,
FDX(4Fe), from C. acetobutylicum with two [4Fe4S] clusters” and HydAl apo-protein,

HydA1(apo), containing only the cubane cluster (Fig. 1), served as references for [4Fe4S]y.

KJ3 spectra for non-resonant excitation. The KB spectra for non-resonant excitation of

HydA1(apo) and FDX(4Fe) were rather similar and typical for 4s Fe(Il) or Fe(Ill) species in
showing pronounced KB’ emission intensities. The KB'® maximum was at ~0.3 eV higher
energy for HydAl(apo) (Fig. 3A). For /s sulfur-coordinated and for As oxygen-coordinated
Fe(II) and Fe(Ill) species, an up-shift of the KB' energy by ~0.9 eV was observed (Fig. S2-
B). This suggested that at least one iron atom per [4Fe4S] cluster was by one unit more
oxidized in HydA1(apo) compared to FDX(4Fe). The spectrum of PDT(2Fe) revealed the /s
character by the low KB’ intensity and the KB'® maximum was at lower energy compared to
HydA1(apo), reflecting the influence of the (CO) and PMejs ligands and the low iron oxidation

state. The ratio of the KB spectra of PDT(2Fe) and HydAl(apo) was calculated, after 2:4

13
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scaling of the spectra using the stoichiometry of iron atoms in the two H-cluster sub-units,
yielding the relative contributions of the two species as function of the KB emission energy
(Fig. 3A, inset). This showed that the KB" (~7045 eV) and high-energy KB' emission (~7060
eV) were highly selective (~78 % and ~75 %, enrichment ~1.2) for [4Fe4S]y. The maximal
selectivity for [2Fe]y in the KB'~ emission (~7057 eV) was close to 50 % (enrichment ~1.5).
The non-resonant KB spectrum for HydA1(rai) was intermediate between PDT(2Fe)
and FDX(4Fe) or HydAl(apo) regarding its KB intensity and KB'® energy; the shape
reflected the dominance of [4Fe4S]y (Fig. 3A). Subtraction of the stoichiometrically scaled
HydA1(apo) spectrum from the HydA1(rai) spectrum yielded a spectrum, which was almost
identical to PDT(2Fe). We consider the respective spectra within resolution and noise limits
as being identical to the non-resonant Kf§ spectra of the [2Fe]y and [4Fe4S]y units of the H-
cluster (Fig. 3A). The [2Fe]y KB spectrum revealed the /s character of the two iron atoms by

the small KB" intensity and the (CO/N) Fe-coordination by the low-energy KB'* maximum.

K[ spectra for resonant excitation. The KB spectra of HydAl(rai) for resonant

excitation depended strongly on the excitation energy (Fig. 3B), indicating high selectivity for
[2Fe]y and [4Fe4S]y in the pre-edge absorption. The HydAl(rai) spectrum for excitation at
7111.5 eV closely resembled the one of HydAl(apo) and the spectrum for excitation at
7114.5 eV was similar to the one of PDT(2Fe). Weighted ratio calculation of the PDT(2Fe)
and HydA1(apo) spectra revealed maximal relative contributions of [2Fe]y in the K" region
up to ~90 % (enrichment ~2.7) and of [4Fe4S]y in the KB'~ region up to ~70 %. Accordingly,
only small contributions from the respective second species spectra needed to be subtracted to

yield the pure resonant KB spectra of the [2Fe]y and [4Fe4S]y units (Fig. 3B).

Site-selective XANES spectra. The K-edge absorption (XANES) reflects the metal

oxidation state and the chemical nature and geometry of the ligands (Fig. 4A). The Ka-

14
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detected XANES of HydA1(apo) showed a typical shape for FeS clusters and the XANES of
PDT(2Fe) differed by shape variations and a higher edge energy. The HydAl(rai) Kao-
XANES reflected the dominance of [4Fe4S]y. XANES spectra of HydA1(apo), FDX(4Fe),
and PDT(2Fe) for detection energies at the K" and KB'? maxima revealed a similar main
edge shape and energy, which was also similar to the Ko-detected spectrum (Fig. S3).
However, in the spectra of HydAl(apo) and FDX(4Fe), pronounced pre-edge features were
observed for KB'” detection, which vanished for KB’ detection, whereas the pre-edge of
PDT(2Fe) was similar at both detection energies (Fig. S3). This showed that for homogeneous
samples, the mode of emission detection was irrelevant for the XANES spectrum and was in
agreement with the 4s Fe(Il/III) ions in HydAl(apo) and FDX(4Fe) and the /s Fe(l) ions in
PDT(2Fe), emphasizing the high spin-selectivity of the KB’ and KB'* emission regions for
resonant excitation. For HydAl(rai), KB-detection at energies, for which dominance of
[4Fed4S]y or [2Fe]ly was expected, yielded XANES spectra showing considerable shape
differences (Fig. 4A).

Calculation of weighted KB-XANES difference spectra was carried out, using the
energy-dependent relative species contributions from the non-resonant K3 emission analysis
(Fig. 3A). The two spectra derived each for [4Fe4S]y and [2Fe]y differed only slightly (Fig.
S3-A) and thus were averaged. We consider the resulting spectra as being close to the pure
XANES of [2Fe]y and [4Fe4S]y (Fig. 4A). Notably, the spectra for narrow-band KB-detection
showed better resolved edge features than the broad-band Ko-detected spectra. The edge
energy for [4Fe4S]yof 7119.1£0.1 eV was centered between the ones for S-coordinated Fe(II)
and Fe(IIl) compounds (7117.5 eV and 7120.9 eV, Fig. S3-A), suggesting an Fe(Il),Fe(III),
oxidation state of the cubane cluster in HydA1(rai). A more pronounced shoulder compared to
PDT(2Fe) was observed in the main edge rise of Fe,;S;(CO)¢ and [2Fe]y (Fig. S3-A), which

suggested that this feature was proportional to the number of (CO) ligands, due to electronic
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transitions into MOs with (CO) character. A higher number of (CO) ligands per iron atom

presumably resulted from the presence of an Fe-Fe bridging (CO) in [2Fe]y.

Site-selective EXAF'S spectra. EXAFS spectra of the [4Fe4S]y and [2Fe]y units of the

H-cluster were obtained in a similar way as described above for the HydA1(rai) XANES and
the Fe,(CO)y/Fe,03 mixture. The Koa-detected EXAFS of HyA1(rai) revealed features similar
to the ones of both PDT(2Fe) and HyA1(apo) (Fig. 4B), due to the similar ligation of iron by,
e.g., (CO)- and S-ligands. EXAFS simulations for PDT(2Fe) well reproduced the interatomic
distances in the crystal structure and for HydA1(apo) revealed coordination numbers and Fe-
Fe distances typical for a [4Fe4S] cluster, i.e. in comparison to FDX(4Fe) (Table S1). For
samples containing only similar, either As or Is iron sites (in PDT(2Fe), FDX(4Fe), and
Fe'(dedtc)s; Fig. S2-B), respective EXAFS spectra were practically identical for Ka-, KB'-,
or KB'?-detection, as were the respective simulation results, and significant site-selectivity
hence was not observed for these rather homogeneous samples (Fig. S4-A, Table S1).

The KB'- and KB'’-detected EXAFS spectra of HydA(rai) showed differences, for
example with respect to the energies of the Fourier-transform (FT) peaks (i) and (ii),
attributable to Fe-C(=O/N) and Fe-S interactions and peak (iii), due to Fe-Fe and multiple-

scattering Fe(-C)=O/N contributions***’

(Fig. 4B). This suggested that the two units
contributed differently to the spectra. Linear combination either of the KB-detected spectra at
different energies or of the Ka— and KB-detected spectra, after weighting according to the
energy-dependent contributions of the two sub-units (Fig. 3B), yielded three spectra for
[2Fe]y and four spectra for [4Fe4S]y (Fig. S4-B). Signal averaging yielded the mean spectra
for iron atoms in the [2Fe]y and [4Fe4S]y units (Fig. 4B). The FT-spectrum of the [4Fe4S]y
EXAFS showed a pronounced third peak, due to three ~2.7 A Fe-Fe distances per iron atom
only in this unit. This peak was almost absent in the FT of the [2Fe]y EXAFS, which revealed

a shift of the first peak to shorter distances in addition, due to the shorter Fe-(CO/N) bonds.
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Simulations of the HydA1(rai) EXAFS spectra revealed the iron-ligand bond lengths
and the Fe-Fe distance in [2Fe]y (Table 1). Within error limits, the interatomic distances (R)
for the KB- and Ka-detected spectra were similar. However, the coordination numbers (V)
and Debye-Waller parameters (2 o%) for the deconvoluted KB-detected spectrum showed that it
represented the almost pure [2Fe]y unit. Notably, the FT peak features due to Fe-(CO/N)
interactions were less pronounced compared to PDT(2Fe), due to a broader bond lengths
distribution in [2Fe]y. For [4Fe4S]y, EXAFS simulations yielded by ~0.08 A shorter Fe-S and
by ~0.1 A shorter Fe-Fe distances for the KB’-spectrum at 7045 eV, compared to the KB'~-
spectrum at 7060 eV (Table 1). This suggested that iron atoms existed in [4Fe4S]y, which
were discriminated by shorter Fe-S bonds and shorter distances to the neighbouring irons and
contributed preferentially to the KB'-detected EXAFS. [4Fe4S]y in crystal structures revealed
typically 2 (out of a total of 6) Fe-Fe distances, which are longer by ~0.08 A (Fig. 1), and a
similar distance distribution was obtained in the DFT calculations described further below

(Table 1). Shorter Fe-S bonds were expected for the Fe(III) ions in [4Fe4S]y.

Valence-to-core transitions. Electronic decay processes from occupied valence levels

after non-resonant excitation were monitored in the K** emission region (Fig. SA). The KB*
spectra of HydA1(apo) and FDX(4Fe) were rather similar and the slightly higher line energy
suggested a more oxidized [4Fe4S] cluster in HydA1(apo) (Fig. S5). The PDT(2Fe¢) spectrum
differed from the former two spectra in particular by showing higher emission intensities at
lower energies, attributable to decay from MOs with mainly (CO) character.”* The KB*”
emission of HydAl1(rai) revealed low-energy features similar to PDT(2Fe) and high-energy
features comparable to HydAl(apo). We consider the HydAl(apo) spectrum and the
difference HydA 1(rai) minus HydA1(apo) as closely resembling the K>’ spectra of [4Fe4S]y
and [2Fe]y (Fig. 5A). The KB*® emission of [2Fe]y showed a resolved peak at highest
72-74

energies, at which preferentially 3d— 1s transitions, e.g. from the HOMO, contribute.
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DFT using the BP86/TZVPP functional/basis-set combination was carried out for
geometry-optimization and energy-minimization of model structures for the H-cluster, which
were derived on the basis of available crystallographic data and truncating the cysteine side
chains (Fig. 1, see Materials and Methods for constraints used in the DFT calculations). We
considered models with three possible alternative spin orientations on the iron atoms of the
cubane cluster (Fig. S7) and assumed that HydA1(rai) contained a formal Fe',Fe',-Fe', state
of the H-cluster, in agreement with previous®* and the present results. On the basis of the
structure in Fig. 6, a KB* sum spectrum was calculated, which reproduced the features of the
KB*° emission of HydAl(rai) well (Fig. 5A). Dissection of the sum spectrum into the
contributions from the two sub-clusters yielded spectra, which were in good agreement with
the site-selective spectra of [4Fe4S]y and [2Fe]y, allowing assignment of the main KB* peaks
to the dominant MO contributions (Fig. 5A). Structures including the two alternative spin
orientations on [4Fe4S]y (Figs. 6 and S7) yielded KB*° spectra for [4Fe4S]y and [2Fe]y (Fig.
S7) practically identical to the spectra in Fig. 5A. Accordingly, the experimental KB* spectra
were insensitive to the spin orientations in the cubane cluster.

In general, electronic decay occurred from MOs, which were largely localized either
on [4Fe4S]y or [2Fe]y (Fig. 5A). For [4Fe4S]y, the peak at lowest energies (~7098 eV) was
dominated by MOs with mainly Ss character whereas the high-energy peak (~7108 eV)
comprised contributions mainly from MOs with Sp (at lower energies) or Fed (at higher
energies) character. For [2Fe]y, the two peaks at lowest energies (~7100 eV, ~7103 eV) were
dominated by MOs with (CO)s,p character, a peak at ~7107 eV showed mainly Ss,p
contributions from the bridging adt ligand and minor (CN) contributions, and the highest
energy peak was due mainly to decay from Fed levels (see below). The calculated KB*
spectra for the proximal (Fep) and distal (Feq) iron atoms of [2Fe]y were quite similar and the
slightly higher emission intensity at low energies for Feq reflected the shorter bond of the

bridging (CO) at this iron. The good agreement between the experimental and calculated K>
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spectra revealed that the H-cluster in HydA 1(rai) was well described by a structure (Table S2)
with a formal Fe(Il),Fe(Ill);Fe(I), oxidation state that exhibits an adt bridging ligand, an

asymmetrically Fe-Fe bridging (CO) ligand, and an apical vacant site at Feq (Fig. 6).

Core-to-valence transitions. The whole resonant inelastic X-ray scattering (RIXS)

plane made up by the KB-emission and pre-edge absorption spectral regions was collected
(Fig. S6). This facilitated selection of KB’ and KB'? emission energies, which showed the
highest relative contributions of [2Fe]y and [4Fe4S]y to the pre-edge absorption spectra (Fig.
5B). Thereby, pre-edge spectra of HydAl(rai) were obtained, which for KB’-detection to
some extent resembled the PDT(2Fe) spectrum and for KB'?-detection were similar to the
HydA1(apo) spectrum (compare Figs. 5B and S3-A), emphasizing the high selectivity of the
KB" emission for the low-spin iron. Subtraction of only small amounts of the respective other
spectrum, using the relative contributions determined from the resonant KB spectra, thus
yielded the pure core-to-valence excitation spectra for [4Fe4S]y and [2Fe]y (Fig. 5B).
Calculation by time-dependent DFT of the electronic transitions accounting for the
pre-edge absorption of the structure in Fig. 6 yielded a sum spectrum, which well reproduced
the three main peak features in the non-selective Ko-detected pre-edge spectrum of
HydAl(rai) (Fig. 5B). Dissection of the sum spectrum into the contributions from the two
sub-clusters yielded spectra in very good agreement with the experimental [4Fe4S]y and
[2Fe]u spectra (Fig. 5B). The spectra of [4Fe4S]y calculated for structures including the three
alternative spin states of the cubane showed relatively small differences (Fig. S7). The
absorption peak at ~7112.5 eV was due to MOs with Fed character mainly of the iron (Fel),
to which the cysteine bridging to [2Fe]y was coordinated, and to the iron (Fe2) opposed to Fe;
whereas the shoulder feature at ~7113.5 eV was dominated by Fed MOs mainly on the other
two irons (Fe3, Fe4) (Fig. 5B). The shoulder feature seemingly was best reproduced in the

calculated spectrum for the structure in Fig. 6 whereas the models with the two alternative
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spin states yielded less structured [4Fe4S]y pre-edge spectra (Fig. S7). The [2Fe]y pre-edge
spectra for the three structures with alternative spin states were practically identical (Fig. S7).
Remarkably, the spectra for Fe, and Feq in [2Fe]y were very different, reflecting the
asymmetric ligation of the two iron species. For [2Fe]y, the lowest-energy peak (~7112.5 eV)
revealed contributions almost exclusively from MOs with d-character of Fey, the peak at
~7113.5 eV was due to about equal contributions from Fed-dominated MOs of both iron
atoms, and the highest energy feature (~7114.5 eV) was attributable to transitions into MOs
with mainly (CO)s,p character and dominated by Fe,,.

Sorting of calculated excitation transitions either according to the core level (1s)
contributions (Fig. 5) or to the virtual level (target MOs) contributions revealed that excitation
of a 1s electron of either Fe, or Feq resulted in transitions to MOs with Fed-character mainly
of [4Fed4S]y, i.e. to the LUMO (Fig. 7). Furthermore, the latter sorting showed the
contributions from the four iron atoms, the uS bridges, and the terminal CHj3 groups of
[4Fe4S]y and from the two iron atoms, the adt bridge, and the (CO) and (CN) ligands of
[2Fe]y to the KB*> emission and pre-edge absorption spectra of the H-cluster model structure
(Fig. 7). Accordingly, the experimental KB** spectrum around ~7104 eV and the pre-edge
absorption at highest energies is expected to be particularly sensitive to changes of the (CO)
ligands at [2Fe]y and the KB* spectrum at lowest energies mostly affected by changes at the
uS bridges in [4Fe4S]y, for example in response to redox changes.

Protonation of [2Fe]y in the reduced state of the H-cluster has been suggested. We
calculated the pre-edge absorption and KB*° emission spectra for a model structure similar to
the one in Fig. 6, but carrying a proton at the apical position on Feq4 in addition (Fig. S8). The
resulting spectra of the protonated species, in particular for the pre-edge absorption,
significantly differed from the spectra of the unprotonated site (Fig. S8) and were in
pronounced disagreement with the experimental spectra of [2Fe]y (Fig. 5). This supported the

notion that the H-cluster in the reduced state does not carry a H-species at Fey.
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HOMO-LUMO energy gap and Fed degeneracy. The three H-cluster models from

DFT with different spin orientations on [4Fe4S]y overall showed similar structures and in
particular the same Fe-Fe distance (2.59 A) in [2Fe]y (Fig. S7). However, the Fe-Fe distance
distribution within [4Fe4S]y depended on the spin state. A structure with o (up) spins on Fel
and Fe4 (and B (down) spins on Fe2 and Fe3) showed only relatively short (<2.71 A) Fe-Fe
distances and lacked significantly longer distances in the cubane (Fig. S7, structure c¢). This
was not in agreement with the observation of long Fe-Fe distances in the site-selective
EXAFS data (Table 1) and therefore this model was not considered further. The other two
structures both revealed a long distance (2.80-2.88 A) between Fel and Fe2 and a second long
distance either between Fe3 and Fe4 (2.74 A) for a-spins on Fel and Fe2 (Fig. 6; Fig. S7,
structure a) or between Fel and Fe3 (2.79 A) for a-spins on Fe2 and Fe4 (Fig. S7, structure
b). However, the long Fe-Fe distances in the latter model were considerably larger than the
distances determined from the EXAFS analyses whereas the distances for the structure in Fig.
6 were in better agreement with the experimental data.

Irrespective of the spin orientations on [4Fe4S]y in the model, the HOMO showed
predominant d(z*) character of the distal iron (~45 %) of [2Fe]y and aligned roughly with the
direction of the Fe4-(CO) bond to the bridging ligand. The LUMO was considerably
delocalized over [4Fe4S]y (Fig. 8). The HOMO-LUMO energy difference was estimated as
0.3+0.2 eV from the low- and high-energy inflection points in the first derivatives (not
shown) of the experimental Ko-detected pre-edge absorption (Fig. 5B) and KB* emission
spectra (Fig. 5A).”*7° The DFT calculations yielded values in the range of 0.17-0.21 eV for
the two structures with the more realistic spin orientations in the cubane (Fig. 8; Fig. S7, a and
b). However, our earlier studies on diiron complexes have shown that the used DFT approach
underestimates the energy difference by a factor of ~1.3.7*7* Application of this factor yielded

a gap in the range of 0.22-0.27 eV, in even better agreement with the experiment.
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The MOs on [4Fe4S]y (not shown) showed relatively low Fed-characters (<30 %),
accordingly considerable S-character, and were generally rather delocalized over the whole
cubane. The sum of the four iron spins in [4Fe4S]y was close to zero (<0.13) due to the
compensation of two a by two B net spins (Figs. 6 and S7). The two iron atoms of [2Fe]y
carried almost zero net spin (<0.17). The shapes and energies of unoccupied and occupied
MOs with predominant Fed character revealed that the d-level degeneracy for Fe, to some
extent resembled an octahedral /s Fe(Il) ion whereas Feq in tendency was more close to a
square-pyramidal /s Fe(0) ion (Fig. 9). This was particularly apparent from inspection of the
MOs with d(z%) and d(x*-y”) characters at the highest energies. The MO configuration thus
reflected the asymmetric coordination at the two iron atoms and was in agreement with a
more reducing character of Feq. Two electrons from each Fe, and Feq apparently can be
considered as pairing in an MO with Fe-Fe bonding character (Fig. 9). The almost zero net
spin on [2Fe]y and the spin compensation in [4Fe4S]y thus accounted for the observed non-

paramagnetic character of the H-cluster in HydA1(rai).

Discussion

We used the spin-polarization of the K" and KB X-ray fluorescence emission lines
to obtain pre-edge absorption (ls—3d), XANES, and EXAFS spectra, as well as the
excitation energy dependent contributions of resonant electronic transitions (1s—3d) to yield
KB emission spectra for resonant excitation in a site-selective approach, individually for the
[4Fe4S]y and [2Fe]y sub-complexes of the H-cluster in HydA1 [FeFe]-hydrogenase protein.
In addition, comparison of XES and XAS spectra of HydA1 containing the complete H-
cluster and of apo-HydA1 binding only [4Fe4S]y provided KB (3p—1s) and KB (3d—1s)
emission spectra for non-resonant excitation for the two sub-complexes. Derivation of site-
selective XAS spectra for the H-cluster was complicated by a priori unknown energy-

dependent spectral contributions of the sub-complexes to the KB emission. In a site-selectivity
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XAE study on Prussian Blue, a numerical method for spectral deconvolution was suggested,
however, yielding non-unique solutions.”' Here, we remedied this problem by selection of
suitable iron reference compounds as KB emission standards, facilitating determination of the
spectral contributions of the sub-complexes with an estimated accuracy of better than 10 %.
Discrimination of low- and high-spin iron sites, further distinguished by different
coordination environments, thereby was achieved for the protein-bound metal center.

The site-selective XANES clearly revealed the different coordination environments at
the iron atoms in [4Fed4S]y, featuring Fe-S bonds only, and in [2Fe]y, dominated by the
(CO/N) ligands. Redox state changes at either sub-complex thus may be monitored by
utilizing the oxidation state dependence of the Fe K-edge energy.32’100 EXAFS analysis
yielded an Fe-Fe distance of ~2.56 A in [2Fe]y, which is similar to the distances observed in

2327 and in non-site-selective EXAFS

crystal structures of bacterial [FeFe]-hydrogenases
data.'**% A similar distance was observed in the DFT model structures. Fe-S and Fe-C(O/N)
bond lengths were determined in addition. The pronouncedly structured core-to-valence
spectrum was well reproduced by the DFT calculations, thus revealing the Fe, and Feq
contributions to the electronic transitions to unoccupied MOs (1s—3d) and facilitating
discrimination between the two iron atoms in [2Fe]y. Feq contributed mostly at lowest
excitation energies, which suggests that for example hydride or ROS binding at open

24,31

coordination sites or (CO) geometry changes " would be specifically detectable.

Our DFT approach yielded model structures of the reduced H-cluster, showing a

bridging (CO) ligand in [2Fe]y, in agreement with recent infrared data,”**’

and an open
coordination site at Fey. These features, which were independent of the spin configuration in
the cubane cluster, were essential for reproduction of the main X-ray spectral properties. A
model structure containing a proton bound to Feq yielded spectra, which were not in

agreement with the experimental data. Accordingly, we propose that Feq in the reduced state

is unprotonated. The possibility remains that the protonation state depends on sample
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conditions, for example on the pH. HydAl is actively producing H, at the pH of 8§ in our
samples,'”' "% but pH variation could affect the relative proportions of states accumulating
under steady state conditions.”**** Further investigations of pH effects on the H-cluster
structure are required to clarify this issue.

Earlier DFT studies on H-cluster models have shown that for example variations of the
functional/basis-set combination in the DFT approach yielded globally similar

42,44,48,103-105
structures

and mostly caused a systematic bias in the absolute energies of the
structures and the energy differences between MOs.'”* Notably, in some of the earlier DFT
studies truncated H-cluster models including only the [2Fe]y unit have been used, the
bridging ligand in [2Fe]y was modeled as pdt ((SCH;),0) or odt ((SCH,),CH,) instead of adt
(SCH,),NH)**'%_an apical oxygen species was bound to Feg, or the assumed oxidation state
was not in agreement i.e. with magnetic resonance data. In the light of the considerable
delocalization of MOs over the whole H-cluster, including the adt ligand, and the likely
absence of an apical ligand at Feq in the anaerobically reduced site in the present study, we
consider the choice of appropriate H-cluster models as critical for comparison between
spectroscopic and calculated data. This is highlighted by the results of previous DFT
calculations of infrared vibrational frequencies of the (CO) and (CN) ligands at [2Fe]y and
comparison to experimental data that, for the reduced H-cluster, have favoured a terminal

(CO) at Feq and a bridging proton for a truncated model**

or structures with a bridging (CO)
with or without a terminal proton at Feq for complete models.*'

A recent DFT study on the reaction cycle of H, formation suggested a structure with a
bridging (CO) and a terminal proton at Feq for the reduced H-cluster.*® Our comparison of
calculated and experimental XAE spectra favours a structure with a bridging (CO), in

: : 24,47
agreement with recent infrared data,”™

and an open site at Feq as the main species in our
reduced HydA1l samples. Notably, consideration of XAE spectra of sulfur ligands to iron

could potentially contribute to further refinement of the electronic structure and possible

24

Page 24 of 48



Page 25 of 48

Chemical Science

sulfur ligand protonation,'® but will be difficult due to overlapping signals from S-containing
amino acids not bound to the H-cluster. In conclusion, we consider the good agreement
between the experimental XAE data and the DFT-calculated spectra as compelling evidence,
that our model provides a suitable representation of both the molecular and electronic
configurations of the reduced H-cluster.

The valence-to-core (KB#*°) emission for non-resonant excitation, in conjunction with
the DFT calculations, revealed the specific energy-dependent contributions of electronic
decay from MOs with either predominant metal (d) or ligand (e.g. (CO)) character, selectively
for [4Fe4S]y and [2Fe]y. In previous studies we have demonstrated the sensitivity of the KB*
emission for detection of iron-bound hydride, which was further enhanced for resonant
excitation.”™ Collection of resonant-excitation KB8*° spectra for dilute HydAl protein
samples here was not attempted due to the extremely low intensity of the KB*> emission and
to the small HOMO-LUMO energy gap, which causes overlap of the elastically scattered
incident X-rays with the high-energy K> emission. However, even in non-resonant K>
spectra, the effects for example of (CO) ligation changes at [2Fe]y should be resolvable.

Remarkably, even fine structural details in the [4Fe4S]y unit seemingly were resolved
by site-selective EXAFS. The underlying multiplet structure in the KB emission,'”'® which
apparently causes different spectral contributions of the formal Fe(II) and Fe(IIl) species of
the cubane in the KB" and KB'? regions, however, needs to be elucidated. Two main Fe-Fe
distances of ~2.67 A and ~2.77 A were determined and smaller Fe-S bond lengths differences
were detected. In the H-cluster crystal structures, longer and shorter Fe-Fe distances in the
cubane also were observed, but their location was variable (Fig. 1). Our calculations revealed
that the distribution of longer and shorter Fe-Fe distances in [4Fe4S]y depends on the spin
orientations. A model including a-spins on Fel and Fe4 showing only short Fe-Fe distances
in the cubane thus was unlikely. Models with a-spins on (a) Fel and Fe2 or (b) Fe2 and Fe4
both showed a long Fel-Fe2 distance, as observed in crystal structures (Fig. 1), but a second
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long distance was observed between either (a) Fe3 and Fe4 or (b) Fel and Fe3. At present, we
favour model (a) because the spectral features of the calculated pre-edge absorption of
[4Fe4S]y were better in agreement with the experimental data, as were the distance values for
the long Fe-Fe vectors. For this model (Fig. 6), the higher occupancy of Fed—dominated MOs
tentatively places an Fe(Il) ion at the Fe2 position in [4Fe4S]y.

The structural features, such as a bulk-accessible open coordination site at Fey, a (CO)
ligand blocking the Fe-Fe briding position, and a pendant nitrogen base of the adt in [2Fe]y,
seemingly prepare the H-cluster for hydride binding in response to electron uptake. The
HOMO and LUMO energies have been shown to be related to the first oxidation and
reduction potentials in diiron complexes.73 The LUMO location on [4Fe4S]y suggests that this
site is the entrance for electron donation. The more oxidizing character of Fe, prepares this
iron for accepting the electron from [4Fe4S]y. Feq with an occupied d(z°) level oriented along
the axis connecting the bridging (CO) with the apical open coordination site is pre-set for
electron donation to protons delivered from the bulk. This could favour formation of a
(transient) terminal hydride at Fey, possibly stabilized by hydrogen bonding to the adt
nitrogen.">*® Site-directed mutagenesis on HydA1 has further supported a role of the amine
base in proton management.'”''?

We found an experimental value for the HOMO-LUMO energy difference of only
~0.3 eV for the H-cluster, which was supported by DFT. This gap is about 10-times smaller
than values observed for diiron model complexes, in which both the HOMO and the LUMO
show predominantly Fed character and thus are localized mostly at the two iron atoms.”*”*
The addition of the cubane cluster to the diiron active site in the H-cluster leads to a small
energy gap and localization of the LUMO on [4Fe4S]y and of the HOMO on [2Fe]y in the
reduced state. The close connection between the two sub-complexes thus may be regarded as

nature’s solution to the problem how oxidation and reduction of the catalyst at similar redox

potentials matching the ones of the natural redox partner, the ferredoxin PetF,'"® can be
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achieved. Apparently, this facilitates thermodynamically reversible H, turnover at negligible
electrochemical overpotentials as observed in the [FeFe]-hydrogenases. !4

We tentatively incorporated our H-cluster structure into the crystal structure of apo-
HydAl protein3 0 (Fig. S9). This showed that both [2Fe]y and [4Fe4S]y are close to the protein
surface and Fegq is accessible from the bulk phase. Such a configuration is in agreement with

the role of PetF as the native electron donor to the H-cluster'®"'"

and with the high efficiency

of electron donation to HydA1 immobilized on conductive materials.''*!'® It also accounts for
. L 17-18 102,119 120-

rapid access of inhibitors such as exogenously added O,, (CO), or formaldehyde

12l to [2Fe]n. New prospects to study activity inhibition and H, formation at the molecular

level now are offered by the ability to reconstitute the HydA1l apo-enzyme with synthetic

diiron complexes, providing full activity in some cases. 837106 Spin- and site-selective XAE-

DFT methods can provide specific insights into changes at diiron catalysts upon their binding

to the enzyme and into the reactions of inhibitor and hydride binding at the H-cluster.

Conclusions

A spin- and site-selective XAE-DFT approach was utilized to obtain XAS and XES
spectra of the [4Fe4S]y and [2Fe]y sub-complexes of the active site in HydA1l [FeFe]-
hydrogenase protein for the first time. This provided structural parameters (metal-ligand bond
lengths, inter-metal distances) as well as electronic properties (HOMO-LUMO gap, MO
configurations) for the individual metal sites and a specific model structure for the H-cluster.
We show that fine-structure resolution in the cubane and discrimination of the two iron atoms
in the diiron unit is feasible. Our results set the stage for experimental investigations on regio-

specific redox chemistry, inhibitor binding, and hydride formation in [FeFe]-hydrogenases.
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Legends to Table and Figures

Table 1: EXAFS simulation parameters. “Simulation results correspond to spectra in Figs. 4B
and S4 and are compared to values from our DFT calculations and H-cluster crystal structures
indicated by their PDB entry codes. N, coordination number; R, interatomic distance, 202,
Debye-Waller parameter; Ry, weighted fit error sum.** Values in parentheses show the range
of Fe-S and Fe-Fe distances in the DFT and crystal structures. (*) N was fixed in the fit
procedures. EXAFS spectra were measured either using Ka detection or correspond to
weighted difference spectra for Ko and/or KB detection at the indicated energies (see Figs. 4
and S4). Values in italics correspond to two parameter sets for [4Fe4S]y (4Fe, and 4Fey)
obtained for KB" or KB'? detection; values in bold represent parameters derived for averaged
spectra of [2Fe]y and [4Fe4S]y. EXAFS fits for [2Fe]y spectra of HydAl(rai) included a
further Fe(-C)=O/N multiple scattering shell (N / R / 202) for Ka- (1 / 3.01 / 5) and KB-

detection (3 / 2.85+0.4 / 5); parameters were (3 / 2.98 / -) for the 3C8V and DFT structures.

Figure 1: Crystallographic structures of the H-cluster. Indicated PDB entry codes (resolution
in parenthesis) correspond to the following [FeFe]-hydrogenases and organisms: 1FEH and
3C8Y, Cpl from Clostridium pasteurianum; 1HFE, DdH from Desulfovibrio desulfuricans;
3LX4, HydAl apo-enzyme from Chlamydomonas reinhardtii. Fe-Fe distances in A, green
dotted lines mark long Fe-Fe distances in [4Fe4S]y, cys denotes cysteine residues; p and d

denote the proximal and distal irons of [2Fe]y and numbers 1-4 the iron atoms in [4Fe4S]y.

Figure 2: Outline of spin- and site-selectivity in XAE spectroscopy. (Top) X-ray absorption
(right) and emission (left; note the logarithmic y-axis) spectra of iron in [FeFe]-hydrogenase
HydAl on a common energy scale. The insets exemplify the electronic transitions in an

atomic level picture, which correspond to the absorption and emission spectra. The magenta
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peak shows the KB detection energy resolution of ~1 eV. (Bottom) Electronic transitions for
non-resonant and resonant excitation of s Fe(Ill) (left) and /s Fe(Il) (right) species in similar
coordination geometries as in the H-cluster. Coupling between unpaired valence level (Fe3d)
spins and the spin of the decaying 3p electron with the same flavour leads to a splitting of the
3p energy levels and thus of the KB emission line, increasing the KB" intensity. In the absence
of such spin-spin interactions mainly K'? emission is observed. This causes for non-resonant
excitation dominance of /s iron in the KB region and for resonant excitation dominance of /s
iron in the KB’ region (the green dotted lines denote KB'~ intensity due to multiplet structure),

so that site-selectivity in XAS via the XES spin-selectivity is obtained.

Figure 3: KB emission spectra (3p—1s) of HydA1. Spectra in (A) and (B) were normalized to
unity areas under the curves. (A) KB spectra for non-resonant excitation (7600 eV). Top:
HydAl(rai), reduced as-isolated [FeFe]-hydrogenase from C. reinhardtii containing the H-
cluster; HydA1(apo), apo-enzyme containing only [4Fe4S]y; FDX(4Fe), ferredoxin from C.
acetobutylicum with two [4Fed4S] clusters; PDT(2Fe), synthetic diiron complex,
(p-pdt)[Fe(CO),(PMes)], (pdt = SC1H,C2H,C3H,S), which is a model for [2Fe]y (Fig. S2).
Bottom: Spectra corresponding to [4Fe4S]y, i.e. to the HydAl(apo) spectrum, and [2Fe]y,
from calculation of the difference of stoichiometrically weighted spectra and re-normalization
([2Felu = (HydAl(rai)x6-HydA1(apo)x4)x0.5). Inset: relative contributions of [4Fe4S]y and
[2Fe]y to the HydA1 KB spectrum ([4Fe4S]y) = [4Fe4S]yx4/([4Fe4S]ux4+[2Fe]ux2) and vice
versa for [2Fe]y). (B) KB spectra for resonant excitation (top) into the pre-edge absorption
feature (Figs. 4 and S3) for HydAI(rai) at the indicated energies, for HydA1(apo) at 7113.0
eV, and for PDT(2Fe) at 7113.5 eV. Bottom spectra: [4Fe4S]y = (HydAl(rai)7s-
HydAl(rai)7;145%x0.1)x1.11 and [2Fe]y = (HydA1(rai)7145-HydA1(rai)7111.5x0.2)x1.25). Inset:

estimated relative contributions of [4Fe4S]y and [2Fe]y derived as outlined under (A).
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Asterisks mark KB emission energies, at which highest selectivity for the two sub-complexes

of the H-cluster is observed. Spectra were vertically displaced for comparison.

Figure 4: Site-selective XANES and EXAFS spectra. (A) XANES spectra. Top: conventional
Koa-emission detected spectra. Middle: spectra of HydAl detected at the indicated KB-
emission energies. Bottom: spectra representing the mean of each two difference spectra (Fig.
S3-B), which were obtained by subtraction of spectra weighted according to the relative sub-
cluster contributions (Fig. 3A) and rescaling ([4Fe4Sly = {(HydAl(rai)7oas-
HydA1(rai)7057x0.48)x1.92 + (HydAl(rai)7060-HydA1(rai)7957x0.53)x2.13} /2; [2Fely =
{(HydA1(rai)70s7-HydA1(rai)7045x0.68)x3.12) + (HydA1(rai);0s7-HydA1(rai)7060x0.70)x3.33}
/2). Spectra were vertically shifted for comparison. (B) EXAFS spectra (Fourier-transforms of
EXAFS data in the inset). The shown Ka- (top) and KB-detected (middle) spectra correspond
to the XANES data in (A). The bottom spectra represent the mean of difference spectra (Fig.
S4) derived for the differences of KB-detected spectra by the same procedure as explained
under (A) and using differences of KB3- and Ka-detected spectra in addition (allowing for a £5
% variation in the relative sub-cluster contributions for fine adjustment, see the legend of Fig.

S4). Inset: thin lines, experimental data; thick lines, simulations with parameters in Table 1.

Figure 5: Valence-to-core and core-to-valence electronic transitions for the H-cluster. (A)
KB*° emission spectra for non-resonant excitation (7600 eV) normalized to unity area.
Spectra of the indicated samples (top) are compared to spectra (bottom) for the sub-complexes
([4Fe4S]ly = HydAl(apo), [2Fe]lu = (HydAl(rai)x6-HydAl(apo)x4)x0.5). Inset: DFT-
calculated K> spectra from Gaussian broadening (FWHM 3 eV) of stick spectra (Fig. 7A)
for the whole H-cluster (sum), for [4Fe4S]y and [2Fe]y, and for the proximal (Fe,) and distal
(Fey) irons in [2Fe]y. (B) Isolated pre-edge absorption spectra for the indicated detection

modes and energies (top, see Fig. S6 for RIXS plane data) and spectra (bottom) for the sub-
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complexes ([4Fe4S]y = (HydAl(rai)7o60-HydAl(rai)7045x0.1)x1.11, [2Fe]y = (HydAl(rai)745-
HydA1(rai)7060x0.25)x1.33). Inset: pre-edge spectra from Gaussian broadening (FWHM 0.5
eV) of stick spectra from DFT (Fig. 7B) for the sub-complexes. Calculated spectra in (A) and
(B) were derived using the model in Fig. 6 and correspond to transitions sorted according to
their Fels contributions. Overall similar spectra were calculated for models with alternative
spin orientations in [4Fe4S]y (Fig. S7). Right panel: DFT-optimized model of the H-cluster

(Fig. 6) and MOs corresponding to peak features a-e in (A) and (B).

Figure 6: H-cluster model structure from DFT. The coordinates are listed in Table S2. Color
code: Fe, magenta; S, yellow; O, red; N, blue; C, cyan; H, white. Fe,-Feq and further distances
are given in A. Arrows denote o (up) or B (down) net spins on [4Fe4S]y and spin pairing on
[2Fe]n. Particularly long Fel-Fe2 (2.80 A, green dotted line) and Fe3-Fe4 (2.74 A) distances
in [4Fe4S]y were observed, which were similar to distances determined from the EXAFS
analyses (Table 1). A similar model with a-spins on Fe2 and Fe4 and B-spins on Fel and Fe3
showed long Fel-Fe2 (2.88 A) and Fel-Fe3 (2.79 A) distances (Fig. S7), which exceeded the

Fe-Fe distances from EXAFS. Further details are given in the test.

Figure 7: Metal and ligand contributions to KB*> emission and pre-edge absorption spectra
from DFT. Data are for the model in Fig. 6 and similar spectral contributions were observed
irrespective of the spin orientations in [4Fe4S]y (Fig. S7). (A) KB*° spectra and (B) pre-edge
absorption spectra calculated using Gaussian broadening of respective stick spectra (scaled for
display) for the indicated components of the H-cluster. Calculated spectra in (A) and (B) were
derived by assigning transitions to the species according to their target MO contributions.

Asterisks mark sticks corresponding to the HOMO—Fels (A) and Fels—>LUMO (B)

electronic transitions.
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Figure 8: HOMO and LUMO in the H-cluster model for HydAl(rai). MO energies and
metal/ligand characters: HOMO, -0.34 eV, 16 % Fe,, 45 % Feq, 23 % [2Fe]y ligands, and 16
% [4Fe4S]y; LUMO, -0.17 eV, 84 % Fes, 8 % [4Fe4S]y ligands, and 8 % [2Fe]y. Data are for
the model in Fig. 6, for HOMO and LUMO configurations in DFT models with alternative

spin orientations in [4Fe4S]y see Fig. S7.

Figure 9: Configurations of MOs with Fed character from DFT. Data are for the model in
Fig. 6 and similar MO properties (not shown) were observed for a model with alternative spin
orientations on [4Fe4S]y (Fig. S7, model b). MOs in the left panel correspond to the 7 singly
occupied (occ, solid circles) and 4 unoccupied (uno, open circles) MOs with highest a— or §3-
spin Fe, or Feq character around the zero energy level. Inset: ideal /s O, Fe(Il) and C,, Fe(0)
d-level degeneracies in an atomic picture. The dashed circle marks the two MOs shown at the
bottom of the right panel. The right panel shows MOs with the highest respective Fed
characters in the model structure. The MOs in the bottom part were calculated using a lower

cut-off value to emphasize their Fe-Fe bonding character.

38

Page 38 of 48



Page 39 of 48

Chemical Science

Table 1
N [per Fe] /R [A]/26° x10° [A?]
sample method Fe-C(=0O/N) Fe-S Fe-Fe Rr
[%]
HydA1(apo) EXAFS Ko [4Fe4S]u - 4% /2.28/7 3*/2.71/20 | 13.5
crystal (3LX4) [4Fe4S]y - 4/229/- 3/2.74/- -
4Fe, (1.5/2.71/-
4Fey, 1.5/2.76 /-)
HydAl(rai) | EXAFS Ko [4Fe4S]y[2Fe]y | 1*/1.86/3 | 3.5%/2.25/11 | 0.5%/2.56/2 | 6.3
2% /272175
EXAFS Kf7s7-Kat 3%/1.84/2 | 2.5%/223/6 | 1%¥/2.55/2 | 23.4
EXAFS KB7057-7045+7060) 3*/1.83/9 | 2.5%/222/3 1*/2.57/2 21.7
EXAFS [2Fe]y 3*/1.84/7 | 2.5%/2.22/5 1*/2.56/2 18.2
DFT [2Fe]y 3/186/- | 2.5/2.35/- 1/2.59/- -
EXAFS KB37p45-Kat - 4% /2.26/8 3*/2.66/15 | 22.8
EXAFS KB7045.7057 - 4*/2.27/17 3*/2.66/10 | 21.4
EXAFS Kf3 ' nean (4Fe,) - 4*/2.26/8 3*/266/12 | 19.5
EXAFS KB37p60-Kat - 4*/2.33/6 3*/2.78/11 18.8
EXAFS KB7060-7057 - 4*/234/6 3*/277/9 19.5
EXAFS K" nean (4Fey) - 4%/2.33/6 3%/2.77/8 | 174
EXAFS [4Fed4S]|y - 4%/2.29/6 3%/2.72/12 | 14.5
DFT [4Fe4S]y - 4/2.28/- 3/2.70/- -
4Fe, (2/2.26/- (2/2.67/-
4Fey, 2/230/-) 1/2.77/-)
bacterial crystal (3C8V) [2Fe]y 3/1.86/- 2.5/2.32/- 1/2.55/- -
[FeFe]- crystal (1HFE) [4Fe4S]u - 4/231/- 3/2.70/- -
hydrogenases 4Fe, (2/2.69/ -
4Fey, 1/2.75/-)
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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