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Progress Report:  

Combining high-resolution and time-resolved X-ray absorption (XAS) and emission (XES) spectroscopy 

techniques offers exciting perspectives to gain novel information on molecular structure, electronic 

configuration, and dynamics of metal centers in biological enzymes, to unravel the reaction mechanisms at 

the active site metal complexes. One focus in this project is the study of hydrogen-forming iron centers in 

hydrogenase proteins by XAS/XES. Nature´s most efficient hydrogen- (H2) forming enzmyes are the so 

called [FeFe] hydrogenases, binding a six-iron containing complex denoted H-cluster [1-3]. The H-cluster 

consits of a canonically [4Fe4S] center, which is cysteine-linked to a binuclear iron unit (2FeH], carrying CO 

and CN ligands (Fig. 1). The [FeFe] hydrogenase (HydA1) from green algae (e.g. Chlamydomonas 

reinhardtii) represents the minimal system for H2 production, because it contains only the H-cluster and no 

additional relay [FeS] clusters, as found in bacterial enzymes. This propoerty makes HydA1 ideally suited to 

study the H-cluster by high-resolution XAS/XES techniques, aiming at structural and electronic information 

individually for the 4Fe and 2Fe units of the H-cluster.  

  

 

 

 

 

 

 

 

In this beamtime period, we investigated the H-cluster in HydA1 in various redox states and supplemented 

with small molecule reactants like CO, H2, and O2 by XAS/XES using Fe Kß-emission detection. The goal 

was to discriminate between the [4Fe4S]H and 2FeH units, making use of their different Kß-emission 

properties in a site-selective approach. Important questions were whether we would be able to detect a Fe-

bound hydride or reactive oxygen species at the 2FeH sub-complex in HydA1.  

Sets of Kß line spectra (Kß
1,3

 = main line and Kß
2,5

 = satellite line spectra) were obtained for a variety of 

HydA1 samples. In addition iron reference compounds were studied, which contained, for example, iron-

hydride bonds. Modifications at the H-cluster after chemical reduction or oxidation, and after the addition of 

small reactants were in the center of interest. Thereby, the first site-selcetive XAS and XES spectra of the H-

[FeFe] hydrogenase[FeFe] hydrogenase

 

Figure 1: Left, potential structure 

of the H-cluster of [FeFe] 

hydrogenase in the super-reduced 

(sred) state (H denotes a hydride 

hydride bound to Fe in an 

unknown position) [4], and right, 

crystallized biomimetic model 

complex for the 2FeH unit 

comprising a bridging hydride 

[5].  
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cluster were obtained, which allowed to access the individual structural features and electronic configurations 

of the 4Fe and 2Fe units. 

Spectral changes in the XAS and XES spectra were observed and analyzed, in addition using density 

functional theory calculations of XAS and XES spectra on the basis of geometry-optimized cluster models. 

The preliminary results suggest small-molecule binding to the 2FeH unit, which therefore likely was detected 

directly for the first time using XAS/XES techniques. Preparations on respective manuscripts are underway. 

We consider this beamtime period as extraordinarily succesful. 

Experimental: About 20 different types of [FeFe] hydrogenase HydA1 protein samples (Fe concentration 1-5 

mM) and further protein samples containing for example [4Fe4S] clusters (ferredoxin) were obtained from 

the group of Thomas Happe (University of Bochum, Germany). [FeFe] hydrogenase was in its reduced state, 

as induced by different reductants, in the anaerobically oxidized state, treated with the inhibitor carbon 

monoxide (CO), incubated for increasing time periods with the inhibitor O2, or incubated with the substrate 

H2. In addition, several iron model complexes were studied as obtained from the groups of Marcetta 

Darensbourg (Texas A&M University, USA), Matthias Driess (Technical University Berlin), and Christian 

Limberg (Humboldt University Berlin). We note that respective crystal structures of model complexes can 

not be shown in this report, because they are mostly unpublished. XAS/XES experiments were carried out 

using the Rowland spectrometer at ID26 (Si311 excitation monochromator crystals, 5x Ge620 crystals in the 

emission path, avalanche photodiode fluorescence detector) and samples were held in a liquid helium cryostat 

at 20 K. For all samples, complete sets of Kß emission spectra and high-resolution XANES spectra were 

measured. For selected samples, EXAFS spectra were measured at several Kß energies using the rapid scan 

mode of ID26. For selected protein and model samples, Kß RIXS plane data for excitation at the iron pre-

edge were measured.      

 

Results:  

(1) Publication of data from the LTP.   

Since the first report for this LTP, we have been able to publish a significant amount of data and results 

obtained during the 1
st
 beamtime period (and previous periods) at ID26. A study using site-selective Kß-

detected XAS measurements on an asymmetric model complex for the [FeFe] hydrogenase active site has 

been published [6]. Combined XAS/XES and DFT work on another [FeFe] model complex, revealing 

structural and electronic changes from Kß-detection in solution samples, as well as iron-hydride formation, 

was published in JACS [7]. A study in which we elucidate the properties of a hydride-forming model 

complex has just been submitted [5]. At the moment, we are assembling a further manuscript on systematic 

comparison of a large number of [FeFe] model complexes. In addition, a comprehensive study by us on 

oxygen-activation at dimetal-oxygen centers of the [FeFe] and [MnFe] types in ribonucleotide reductases 

(RNR) has appeared {8]; a further study on this system, characterizing X-ray photoreduction of high-valent 

intermediates of the binuclear cofactors was recently submitted [9]. We are currently working with high 

pressure on publication of the exciting new [FeFe] hydrogenase data obtained during the 2
nd

 and 1
st
 beamtime 

periods of the LTP.     

 

(2) XAS/XES on hydride-binding model complexes.  

Eight mononuclear and binuclear crystallized synthetic iron complexes were studied, which contain terminal 

or bridging iron-hydride bonds, in comparison to respective complexes in which the hydride was absent or 

replaced by another ligand species (e.g. CO). Full sets of Kß emission line spectra, total-fluorescence and Kß-

detected XANES, and Kß RIXS plane data were obtained for all complexes (Fig. 2). Data analysis is 

underway and involves also DFT calculations on XAS and XES spectra. The goal is to unravel the spectral 

and electronic changes that are induced by the hydride binding. This information will be used as reference 

material in the analysis of the data for [FeFe] hydrogenase proteins. Preliminary data analysis already has 

revealed pronounced effects due to hydride binding or ligand exchange, which is similar to the spectral 

changes detected in certain [FeFe] hydrogenase samples.    
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Figure 2: Examples of iron model complexes holding a terminal (1) or bridging (3) hydride and similar 

complexes with ligand exchanges (2 and 4) (left) and respective Kß
2,5

 emission spectra, together with 

difference spectra (right). The so-called Casey-complexes (1 and 2) were obtained from C. Limberg (HU-

Berlin), the [FeFe] hydrogenase models (3 and 4) were obtained from M. Darensbourg (Texas A&M 

University). Spectral analysis involving DFT calculations allows to deduce the contributions from, e.g., 

the hydride (Hy) and CO ligands. 

 

(3) XAS/XES on the [FeFe] hydrogenase protein HydA1.  

(A) O2 and CO inhibition of the enzyme. Understanding the changes that occur at the H-cluster upon its 

inhibition by O2 is of prime interest, because rapid O2- and CO-induced inhibition is a limiting factor in the 

application of [FeFe] hydrogenase in biotechnological H2 production for use as a fuel [3]. We have previously 

hypothesized a reaction mechanism for O2 inhibition of the H-cluster that involves reactive oxygen species 

(ROS) formation first at the 2FeH unit and later destruction of the [4Fe4S]H unit [1]. Knowing the reaction 

mechanisms may enable improvement of the O2 and CO tolerance of HydA1 by protein engineering. 

In the present study, site-selective XAS/XES measurements of O2- and CO-treated HydA1 protein were 

performed (for data on O2-inhibition see also report 1 of this LTP). The goal was to monitor ROS and CO 

binding at the two sub-clusters, to further refine the reaction sequences. XANES and EXAFS spectra for 

narrow-band detection at several Kß
1,3

 and Kß´ emission energies were obtained for HydA1 incubated for 

increasing periods with O2 in a time-resolved approach and for CO-treated enzyme; in addition, Kß RIXS 

data were obtained for selected samples (Fig. 3). Good quality data was obtained for these samples. 

Preliminary data analysis has revealed spectral changes, the interpretation of which, using DFT calculations 

and comparison to the model systems, is underway.   
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Figure 3: Kß
1,3

 

RIXS data 

(contour plots) 

(left) of as isolated 

reduced and CO-

treated [FeFe] 

hydrogenase 

HydA1 and 

reaction scheme 

for O2 inhibition 

proposed by us 

[1,2] (right). 
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(B) Hydride binding in HydA1. Whether and at which position hydride species bind to the H-cluster in the 

course of the H2-forming reaction cycle is one of the most important questions in hydrogenase research. 

XAS/XES may be a direct spectroscopic method for the detection of hydride species.  

We have obtained Kß emission spectra (main and satellite lines), XANES and EXAFS spectra, and Kß RIXS 

data of the H-cluster in HydA1 protein samples in the reduced and super-reduced states as obtained by 

different ways of chemical reduction or H2-exposure (total-fluorescence detection or narrow-band Kß-

detection), in comparison to various oxidized states (Fig. 4). An extraordinarily large amount of data was thus 

collected. Data analysis is underway and involves also DFT calculations on cluster models. Preliminary 

results seem to suggest that iron-hydride bonds may indeed be present in certain intermediates. If this is 

confirmed, it would be the first direct detection of iron-hydride intermediates in hydrogenase enzymes.     

 

 

 

 

 

 

 

 

 

 

(C) Site-selective XAS/XES on HydA1. In principle, high-resolution XAS using narrow-band Kß-emission 

detection offers a way to obtain site-selective information individually for the 4Fe and 2Fe units of the H-

cluster. Site-selectivity is expected to result from the strongly different spectral properties of the Kß lines of 

the two sub-complexes, due to the presence of either high-spin Fe(II) and Fe(III) in the [4Fe4S]H cluster or 

low-spin Fe(I) in the 2FeH unit. 

We explored site-selectivity in the H-cluster by XAS/XES on several different HydA1 preparations (Fig. 5), 

making use of the different spin and oxidation states of the iron atoms in the site. Combination and 

comparison of spectra from total-fluorescence and Kß-emission detection (XAS, XES, RIXS), comparison 

with iron reference compounds, as well as DFT calculations were employed in the data analysis. For the first 

time, iron pre-edge absorption spectra and XANES spectra and EXAFS spectra could be obtained, which 

represented the 4Fe and 2Fe units of the H-cluster in relatively pure forms. To our knowledge, such site-

selective XAS/XES data have here been obtained for the first time for any protein system. We are presently 

assembling a manuscript on these very promising results. 

In addition, site-selective XAS/XES data were obtained for several model systems (Prussian blue, a mixture 

of Fe2(CO)9 and an Fe2carbamate, a mixture of Fe2(CO)9 and Fe2O3, and Fe3O4 samples). These data are 

interesting in their own right, because so far very few site-selective XAS/XES studies have been reported 

[10]. However, they here were predominantly used to further develop the method for the extraction of site-

selective spectra from inhomogeneous samples containing metal ions in different spin- and/or oxidation-

states and ligation environments. Respective methodology was then employed in the analysis of data from the 

HydA1 protein. 

In summary, the experimentally highly demanding site-selective XAS/XES data on HydA1 and the model 

systems are very promising with respect to the elucidation of metal-hydride species, the oxygen-inhibition of 

the enzyme, and the modes of small molecule coordination. We are convinced that these studies should be 

continued, and expanded to [NiFe] hydrogenases and Ni-hydride systems, in a forthcoming measuring period 

at ID26 within this LTP, which we are currently planning.          
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Figure 4: Preliminary data 

on H2-incubated HydA1 

protein. Left, comparison of 

Kß
2,5

 emission spectra of as-

isolated reduced and super-

reduced = H2-incubated 

HydA1. Right, Kß
1,3

 RIXS 

data of H2-treated HydA1. 

The spectral difference is 

similar to model 3 in Fig. 2, 

perhaps suggesting hydride 

binding to the H-cluster. 
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Figure 5: Site-selective XAS/XES on [FeFe] hydrogenase HydA1. Top left: Structural model of the H-

cluster, showing Fe-Fe distances from crystal structures. The 4Fe unit involves high-spin Fe(II) and Fe(III) 

ions, the 2Fe unit comprises two low-spin formal Fe(I) ions. These differences enable site-selective 

detection of spectra individually for the two cluster units. Top right: Kß
1,3

 emission spectra for as isolated 

HydA1, apo-HydA1 binding only the 4Fe unit, ferredoxin with two [4Fe4S] clusters (FDX), FeFe model 3 

in Fig. 2, and Fe2O3 (high-spin Fe(II) and Fe(III)). Bottom left: XANES spectra of HydA1 at 3 Kß 

detection energies (top) and derived spectra of the 4Fe and 2Fe units of the H-cluster (bottom). The 

deconvolution procedures will be outlined in a forthcoming publication. Bottom right: Preliminary site-

selective EXAFS spectra of the 2Fe (top) and 4Fe units (bottom) of HydA1, derived from Kß detection at 

various emission energies. These data represent the first site-selective XAS data on any protein samples. 

 

(4) Problems solved.  

Technical improvements. In the beginning of this beamtime, the ID26 beamline staff supported by the ESRF 

IT-group managed to implement simultaneous monochromator and rapid gap-scans of the three undulators. 

This means that now the maximal X-ray flux can be used for rapid-scan EXAFS on dilute protein samples. 

This has significantly improved the data quality of spectra for our protein samples during this beamtime. We 

thank the beamline and IT staff for this accomplishment. Otherwise, only minor problems occurred (crashes 

of the main measuring computer which were rapidly solved by the local contact, ring dumps) and the set-up 

components (Rowland-spectrometer, cryostat, detectors, etc.) worked without problems. 

Funding of the project. In the meantime, the LTP leader M. Haumann has been granted funding for his own 

position and for a new project related to the LTP by the German Research Council (Deutsche 

Forschungsgemeinschaft, DFG). The new project involves, e.g., financing of a multichannel analyzer for use 

at ID26, which will now be purchased. A new Ph.D. student will be hired soon, who will perform dedicated 

work related to the LTP (mostly on hydrogenases and models). A further proposal on investigations of O2-

activating enzymes of M.H. related to the LTP is still pending at the DFG and a decision is expected very 

soon. Our facilities and manpower for future work within the LTP have been further improved. 
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Conclusions:  

In the second beamtime period of the LTP, a large amount of important new data on the [FeFe] hydrogenase 

HydA1 and on a variety of iron model complexes has been collected. Further technical developments at the 

beamline have lead to improved data quality for the dilute protein samples. Further goals as formulated in the 

milestones section of the proposal were reached, in particular with respect to hydride binding and oxygen-

inhibition of HydA1, and we thus consider the beamtime as highly successful. For the first time, a detailed 

study on site-selective XAS/XES on a protein was successfully conduced. In addition site-selective data were 

obtained for a variety of model systems. These results presumably will lead to high-ranking publications in 

the near future.  

The obtained results call for an extension of these experiments also towards investigations on Ni-hydride 

containing hydrogenase proteins and model complexes. This will be on the agenda in the next beamtime 

period. Dedicated work in the LTP will now be continued on the basis of secured funding in the group of M. 

Haumann involving two new Ph.D. students, which will soon be hired. We therefore hope that the next 

beamtime period of the LTP will be granted by the ESRF committee.   
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