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Report Experiment SC2859 is a continuation of our project on applying high-resolution XAS/XES to iron
sites in proteins and models to study their molecular and electronic structure (see also report SC2733). In
particular we explored the capabilities of site-selective XAS/XES approaches to study individual metal sites
in binuclear centers and measured extended sets of K-beta satellite line spectra (valence-to-core transitions).
In this run, we completed a series of iron reference compounds featuring Fe ions in various oxidation states,
measured XAS/XES spectra of an FeFe hydrogenase enzyme (HydAl) and its maturation protein (HydF)
from the alga Chlamydomonas reinhardtii [1-3], and performed an extended radiation damage study and
aquired iron XAS/XES spectra on several ribonucleotide reductase (RNR) proteins containing high-valent
FeFe or MnFe active sites for oxygen activation [4,5]. The results show that high-resolution XAS/XES is
feasible also on high-valent metal sites in proteins. However, time-resolved approaches are required to avoid
X-ray induced reduction of the metal centers. A first example of a time resolved measurement of the K-beta
satellite line spectrum of RNR is presented. Implementation of a rapid-scan and/or continuous-scan mode of
the XES spectrometer would be a major improvement of the facilities at D26, which is intended in the near
future. The group of M. Haumann will apply for a long-term proposal to participate in these developments.

Experimental: XAS/XES spectra were recorded in fluorescence mode using the Rowland-type XES
spectrometer at ID26 equipped with 5 analyser crystals (R = 1 m, Fe K-alpha Ge440, Fe K-beta Ge620) and
an avalanche photodiode (APD) or a silicon-drift detector for fluorescence detection. Si311 crystals of the
monochromator were used. Samples were held in a liquid-helium cryostat of ID26 at 20 K. The emission
detection resolution was ~1 eV (see also report SC2733). X-ray photoreduction of high-valent metal sites was
investigated using a time-scan approach (excitation at a fixed energy in the Fe K-edge and following of the
change in X-ray fluorescence level due to K-edge shifts over time) [6].

Results:

(1) Completion of a series of Fe reference spectra: Fe K-beta emission spectra (main lines and satellite
lines) were measured on various iron oxides, sulfides, and cyanides containing Fe(II), Fe(Ill), or Fe(IV) and
on model compounds for FeFe hydrogenase with their two Fe ions in different coordination environments
(see report SC2733). Data evaluation was done by simulations of K-beta spectra using a density-functional
theory (DFT) approach (Fig. 1). We are currently exploring the wealth of information on molecular (metal
ligands) and electronic configuration of the sites emerging from the simulations. Our results show that even
subtle features of FeFe sites in hydrogenases, such as the presence of metal-bridging carbon monoxide (CO)
ligands and hydride binding, can be distinguished by evaluation of the valence-to-core transitions. A
respective publication is in preparation [7].

(2) K-beta spectra of FeFe hydrogenase: For the first time K-beta emission spectra of FeFe hydrogenase
HydA1 and of its crucial maturation protein HydF were obtained (Fig. 1). The results revealed differences in
the spectral shape. However, their interpretation is hampered by the limited signal-to-noise ratio of spectra
and by possible radiation damage effects. Radiation damage could be overcome by the implementation of a
continuous scan mode of the XES spectrometer at ID26 and by using time-resolved approaches for XES (see
below). We plan to continue these experiments in the future by measurements of changes in K-beta emission
spectra due to oxidative modification of the FeFe active site. We expect that crucial information on the
mechanism of oxygen inactivation of FeFe hydrogenase can be obtained.



(3) Site selective XAS/XES: XANES and EXAFS spectra of two model compounds for FeFe hydrogenase
were measured using narrow-band K-beta emission detection at selected energies in the region of the K-beta
main line. Data evaluation is still ongoing, but preliminary results show that relatively high discrimination
with respect to bond lengths and coordination numbers at individual Fe ions is obtained (see also SC2733).

(4) XAS/XES on ribonucleotide reductase (RNR): An extended X-ray photoreduction study at the Fe K-
edge was performed on RNR proteins from the bacterium Chlamydia trachomatis and from mouse (Fig. 2). It
was found that X-ray induced reduction of Fe(Ill) and Fe(IV) sites is very rapid (i.e. completed in less than
10 s) under XES conditions even with samples held at liquid helium temperatures (20 K). Fe K-beta
emission spectra were measured for 6 RNR samples containing Fe(II[)Mn(IV), Fe(Ill),, and further oxidation
states (Fig. 3). Photoreduction was avoided by beam attenuation. The data revealed spectral differences due
to varying Fe coordination environments and respective results are included in a recent publication [4]. In an
attempt to measure a K-beta satellite line spectrum of RNR with a Fe(IIl); site, a time-resolved approach was
tested (time-scans of X-ray fluorescence measured in a point-by-point approach in the K-beta line spectral
region and reconstruction of spectra at certain points in time from the timescan data). A spectrum could be
measured in ~5 s, proving the feasibility of measuring K-beta spectra for high-valent metal sites (Fig. 4).
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Conclusions: We consider the run as highly successful. A series of emission spectra of Fe compounds was
completed, first XES data were obtained for FeFe hydrogenase, further site-selective XAS data were
obtained for FeFe hydrogenase model, and an extended XAS/XES study on metal sites in ribonucleotide
reductase was performed, showing the feasibility of XES on high-valent metal sites in a time-resolved
approach. Data evaluation is still ongoing and several results are included in currently prepared manuscripts

[4,7]. We will apply for a long-term project to continue the XES work on high-valent metal sites in proteins

emission energy / eV approach. a timescan approach.
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