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Abstract

Although the structure of enzymes and the chemistry at the catalytic sites have been studied 

intensively, an understanding of the atomic-scale chemistry requires a new approach beyond 

steady state X-ray crystallography and X-ray spectroscopy at cryogenic temperatures. Following 

the dynamic changes in the geometric and electronic structure of metallo-enzymes at ambient 

conditions, while overcoming the severe X-ray damage to the redox active catalytic center, is key 

for deriving reaction mechanisms. Such studies become possible by the intense and ultra-short 

femtosecond (fs) X-ray pulses from an X-ray free electron by acquiring a signal before the sample 

is destroyed. This review describes the recent and pioneering uses of XFELs to study the protein 

structure and dynamics of metallo-enzymes using crystallography, scattering, as well as the 

chemical structure and dynamics of the catalytic complexes (charge, spin, and covalency) using 

spectroscopy during the reaction to understand the electron-transfer processes and elucidate the 

mechanism.

Introduction

Metalloenzymes are key to many metabolic processes in all living organisms, including 

respiration, photosynthesis and nitrogen fixation. By incorporating one or several metal ions 

these enzymes significantly extend the chemistry that can be catalyzed, and over the course 

of evolution the bioinorganic catalysts at the active sites have been perfected to catalyze 

chemically demanding transformations under ambient conditions and with minimum driving 

force. Using X-rays to study these catalytic, and often, redox-active systems allows for the 

elucidation of the geometric structure but in addition also can provide information about the 

electronic structure of the active site, by using element selective X-ray spectroscopy 

methods. Nevertheless, the interaction with X-rays modifies the sample under study over the 

course of X-ray exposure, and therefore, the information is generally always that of a X-ray 

modified structure or a mixture of the native and modified states [1–3]. This ‘damage’ 
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occurs by absorption of X-ray photons by the atoms in the sample, leading to the generation 

of ionized species and radicals, with the absorption being dependent both on the energy of 

the X-ray photons (wavelength) and on the element. The spread of radiation damage can 

occur due to different mechanisms, the most prominent being the generation of free radicals 

in the aqueous buffer that then can migrate and create a cascade of redox/damage processes 

and it was found that the amount of radiation damage observed is predominantly dependent 

on the dose and not on the irradiation time (or dose rate). This situation changed with the 

recent advent of novel 4th generation X-ray sources, the X-ray free electron lasers (XFEL) 

[4,5]. Here the possibility arose to probe such labile systems with high X-ray doses in an 

ultra-fast fashion extracting the information before manifestation of the X-ray induced 

changes to the sample, i.e. outrunning the slower damage processes by ultrafast data 

collection. This approach, originally termed ‘diffract before destroy’ for diffraction 

experiments [6], can be generalized into ‘measure before modify’ although novel damage 

mechanisms, different from the diffusion of radicals encountered during measurements at 

synchrotron sources have to be taken into account. These include the generation of plasma 

(due to the high dose rates and doses used), the generation of highly ionized species and the 

resulting Coulomb explosion (see section ‘Establishing structures of undamaged metal 

sites’) [6,7].

X-ray free electron lasers produce high intensity X-ray pulses in the fs time regime. This is 

achieved by the bunching of highly accelerated electrons in a long straight undulator section, 

leading to micro bunching. The interaction between these electron bunches and the X-rays 

emitted initially from the same bunch lead to a stimulated emission process, generating 

highly coherent and ultra short bursts of X-rays [8]. In practice the number of photons in a 

single <50 fs pulse is comparable to the number of photons available per second in a modern 

3rd generation synchrotron end station.

Sample delivery methods

In order to use the ‘measure before modify’ method of data collection, it is necessary to 

expose a fresh volume of sample for each X-ray pulse. This field has rapidly evolved over 

the last five years, and several different approaches have been developed to achieve this 

sample replacement and they are tailored for different needs (e.g. X-ray pulse repetition rate, 

sample environment conditions). The traditional approach is the use of a goniometer-based 

setup similar to those that are used on protein crystallography beam lines at synchrotron 

sources. In this method, a large sample mount (either containing one large crystal or a grid 

of smaller crystals) is mounted on a goniometer and then rastered through the beam (Figure 

1). In this approach it is for example possible to measure multiple spots from one larger 

crystal at known orientations with respect to each other [9–11]. There is the slower repetition 

rate (0.5 to 10 Hz), but on the other hand slower response detectors with a higher dynamic 

range can be used. So far all reported applications using this method have been performed 

using crystals frozen in a cryostream at 100 K but it should be easily possible to extend this 

approach to room temperature measurements, provided one can avoid sample dehydration 

and movement of the crystals in the grid during the measurement Similar to the goniometer 

method is the use of solid targets for measurements in vacuum environments. Here the 

samples are placed onto small X-ray transparent windows on a larger target and then sealed 
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against the vacuum using either a second window or e.g. vacuum grease or oil and this 

approach was used for initial studies of 2D and 3D crystals [12–14].

The most commonly used approach is a liquid jet (Figure 2). Here the jet diameter can be 

adapted to the X-ray beam diameter and sample size and this approach can be used to 

measure data from small samples, e.g. micro to nano crystals without a large background 

contribution from the surrounding buffer and mount. In common for all jets is the challenge 

to spatially overlap the micron sized jet with the micron sized X-ray beam and to actually 

obtain a reasonable high hit rate of samples. Due to the pulsed nature and low repetition rate 

of the X-ray source and the continuous flow of the jet X-rays probe only a very small 

fraction of the jet volume, leading to sample waste. Even with high particle densities in the 

jet the probability of hitting a single particle in each shot is low leading to a large number of 

empty detector images and typical hit rates are in the few percent range. There are different 

types of jets used, including gas-focusing jets [15,16], electro-focusing jets [17,18] and 

lipidic cubic phase jets [19,20], each of them having different advantages and disadvantages. 

Whereas gas-focusing jets are in general more easily to establish and run very stable they 

often require a higher flow rate and some buffer compositions, for example high salt 

concentrations could lead to failures due to salt deposition and drying at the injector nozzle. 

In contrast electro-focusing jets offer lower flow rates but it is often necessary to add 

chemicals (e.g. glycerol) to the sample solution in order to increase the viscosity and prevent 

drying/freezing of the jet. Lipidic cubic phase jets and similar high viscosity jets have the 

advantage of very low flow rates but the high viscosity medium has to be compatible with 

the sample, and the jets show a higher scattering background and are to slow for 

measurements at higher X-ray repetition rates, when reformation of the jet does not occur 

between two X-ray pulses. All of the above mentioned sample delivery methods can be used 

for crystalline as well as for solution samples, although some of the jet methods have clear 

restrictions on the maximum size of the suspended particles that can be used and in general 

the upper bound for crystals measured using jet methods so far is ~20 μm. For samples that 

are available in large volumes, it is also possible to use classical Raleigh jets, where a large 

sample diameter can be achieved, but at the price of a high flow rate (ml/min), compared to 

μl/min rates possible with the jets described earlier. In addition aerosol injectors have been 

used for single particle imaging experiments with XFEL pulses, where it was possible to 

generate a stream of individual particles (e.g. viruses or whole cells) intersecting the X-ray 

path [21–24].

Establishing fs X-ray crystallography

The first study to establish protein crystallography with fs X-ray pulses was performed at the 

LCLS by measuring shot-by-shot diffraction from a stream of 0.2–2 μm sized crystals of 

photosystem I (PS I) [25]. PS I is a 330 kDa membrane protein containing a chain of 

electron transfer cofactors comprising chlorophyll a, phylloquinones and three Fe4S4 

clusters that is involved in the light driven electron transport from the lumenal electron 

donor cytochrome c or plastocyanin to the stromal electron acceptor ferredoxin in 

photosynthesis. After collecting detector images from ~1.8 million X-ray shots, it was 

possible to identify and index ~15 000 of these as diffraction images from protein crystals. 

From the indexed diffraction images structure factors were obtained by Monte-Carlo 
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averaging over all the partial observations leading to a structural model at 8.5 Å resolution 

[25] (Figure 2b). No significant differences were observed with 10 and 70 fs X-ray pulse 

widths but a decrease in the scattering strength at higher resolution was observed with pulse 

widths of 200 fs. These results indicated that the 10–70 fs pulses are short enough to sample 

the structure without visible radiation damage, whereas at 200 fs pulse length the irradiation 

already leads to disordering of the crystal lattice.

This pioneering study of serial femtosecond crystallography (SFX) was soon followed by 

work on other proteins, including lysozyme [26], cathepsin B [27], and g-protein coupled 

receptors [19,28]. These studies demonstrated that it is possible to achieve close to atomic 

resolution with SFX [26], that novel structural features can be revealed [27], that structures 

can be obtained from crystals grown inside living cells [27,29], and that also small 

membrane protein crystals grown and measured inside lipidic cubic phases can yield high 

resolution diffraction data with this method [28]. In the field of metalloenzymes, the Zn 

protease thermolysin [30,31], the soluble electron transfer protein ferredoxin [32], the 

bacterial reaction center (PBRC) [33], cocrystals of PS I with ferredoxin [34] and micro-

crystals of photosystem II (PS II) [31,35–37] (Figure 2) where studied, all using a jet for 

sample delivery at room temperature. In addition, the goniometer mount method was used 

for structural studies on the membrane protein complex cytochrome c oxidase (CcO) [11], a 

[FeFe] hydrogenase [10], myoglobin [10] and PS II [9], using crystals of several 100 μm in 

size frozen at 100 K.

Phasing, anomalous signals from metals/ other atoms, and de novo 

structures

Diffraction data obtained from crystalline samples using fs XFEL pulses is fundamentally 

different from standard diffraction measurements at synchrotron sources. The main 

difference being, that the crystal is not moving during the pulse length, leading to recording 

of ‘stills’ in contrast to oscillation images used in SR XRD. In addition by changing the 

sample volume for recording each individual diffraction image and due to the inherent 

fluctuations in the intensity and energy spectrum of the XFEL pulses (due to the stochastic 

nature of the lasing process at an XFEL), there are many potential error sources in the 

determination of the actual Bragg intensities for each reflection. Specific new data 

processing methods have been developed over the last years to handle such data [30,38,39]. 

Deriving phase information is essential for solving unknown structures but also for obtaining 

unbiased structural information of a site that might be different from the known homologous 

structure. Detecting the anomalous signal from metals/S or Se is one of the methods in XRD 

to obtain de novo phase information. It has been demonstrated that it is possible to observe 

small intensity differences between symmetry related Bragg reflections for sulfur in 

lysozyme [40], for Zn, Ca and S in thermolysin [31] and for Mn in PS II [31] (Figure 2e). In 

addition, Barends and co-workers demonstrated, using Gd derivatized micro crystals of 

lysozyme, that it is possible to extract sufficient quality anomalous signal from SFX data to 

obtain phase information and solve a structure by de novo phasing [41]. The initial data 

processing methods often used a ‘Monte Carlo’ approach of averaging out the many sources 

of error by collecting highly redundant data sets (often 10 000s of diffraction images). More 
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recent developments showed that it is possible to obtain good quality structures by using 

only a few hundreds of images [10,42] and this field is evolving rapidly.

Establishing structures of undamaged metal sites

From several initial studies it was found that the ‘measure before modify’ approach in 

diffraction measurements works for doses in the range of 30–150 MGy using 70 fs and 

shorter pulses, although indications of possible damage were found for higher doses and 

longer pulses. In this case the radiation damage is not caused by radical generation but rather 

by rapid ionization of the sample, followed by coulomb repulsion of the charged ions 

leading to thermal disorder finally destroying the crystal lattice. The ionization is expected 

to be element dependent due to different cross section and therefore for example metal sites 

could be more susceptible to this kind of damage as compared to the low-Z-atoms in the 

protein.

Recently, a small two [Fe4S4] cluster containing ferredoxin was used to study the possible 

effects of radiation damage when exposed to ultra high dose fs X-ray pulses. Nass and co-

workers used the 100 nm focus of the CXI instrument at LCLS to collect datasets above and 

below the Fe K edge using a dose of 20–30 GGy [32]. In comparison, the classical damage 

threshold for protein crystals at synchrotron sources is estimated to be 20–30 MGy under 

cryo conditions [1,43] and about 0.2 MGy for room temperature experiments [3] and the 

damage threshold for redox active metal centers was shown to be two to three orders of 

magnitude less than that required for lattice damage [3].

The electron densities obtained from ferredoxin crystals at LCLS were of sufficient 

resolution (2.1–2.5 Å) to allow a detailed analysis of the structure of the Fe4S4 clusters 

(Figure 2d). Comparison of the high dose to low dose XFEL and SR data sets showed 

difference in the Fe positions indicating ionization of the Fe atoms under these conditions. In 

addition, there was a displacement in the position of the sulfur atoms of the Fe4S4 clusters, 

in agreement with molecular dynamics simulations. Interestingly, the degree of changes in 

the electron density of the Fe4S4 clusters was different for the two clusters in the ferredoxin 

molecule indicating a possible influence of the direct environment and binding site on the 

disorder caused by the photoionization [32]. It has to be noted that the dose used in this 

study is about a factor of 100–1000 higher than that used for many of the other diffraction 

experiments discussed in this review. Recently, Chapman et al. estimated that with a dose of 

400 MGy in an average protein crystal, each atom is ionized once during a FEL pulse. As 

scattering occurs over the entire pulse length and the earlier parts of the pulse contribute 

stronger to the signal it was concluded that the scattering signal is predominantly obtained 

from unmodified (pristine) atoms and that this dose can be used as a threshold to obtain 

signal before the modification of the electronic structure of the sample [7].

It was possible using XFEL data to obtain the first undamaged structure of the oxidized 

resting state of cyt c oxidase (CcO), which is a large membrane protein catalyzing the 

reduction of O2 to water coupled with the generation of a transmembrane proton gradient. 

The oxygen reduction takes place at a binuclear active site comprised of copper (CuB) and a 

heme iron (Fea3). Hirata et al. used the goniometer method to collect single shot still 
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diffraction images from large crystals of bovine cytochrome c oxidase in its fully oxidized 

resting state frozen at 100 K [11]. They utilized the <10 fs pulses of the XFEL in Japan, 

SACLA, with a dose of about 9.9 MGy/ pulse. By merging intensities obtained from 1400 

diffraction images (each one obtained from a fresh sample volume and rotated by 0.1° with 

respect to the previous exposure, Figure 1a) a data set at 1.9 Å resolution was assembled. By 

monitoring the intensity of a water peak located close to the active site, which is generated 

by the reduction of peroxide, Hirata et al. concluded that the XFEL data did not show any 

radiation damage to the bound peroxide ligand (Figure 1f), whereas synchrotron data sets 

showed clear X-ray induced peroxide reduction to a hydroxide, forming Fe3+–OH− and 

Cu2+–OH−. In the XFEL data, a peroxide anion with an oxygen-oxygen distance of 1.55 Å, 

similar to O–O distances for typical peroxides, was found and the hydroxide bound state was 

not present.

Also using the goniometer method at the XPP endstation of LCLS with <50 fs X-ray pulses 

and a beam size of 30–50 μm, Cohen et al. demonstrated the collection of radiation damage 

free diffraction data from frozen crystals of sperm whale myoglobin at 1.36 Å [10]. In the 

electron density maps (Figure 1c) the heme group was clearly visible, and interestingly, it 

was possible to obtain a complete dataset out to 1.48 Å resolution using only a subset of 253 

out of a total of 739 diffraction images. Using the same setup it was possible to obtain data 

from a [FeFe]-hydrogenase from C. pasteurianum from five large crystals. In this case 125 

still diffraction images, recorded at intervals of 0.5° rotation, were combined to yield a 

dataset at 1.6 Å resolution. The iron sulfur clusters were reliably located in the obtained 

electron density maps (Figure 1d) with structures nearly identical to previous SR data but 

with some differences, that are potentially due to radiation damage in the synchrotron data 

[10].

Following the enzymatic reaction and structural changes in real time under 

ambient conditions

In metalloenzymes and proteins in general dynamic processes can be observed over a wide 

range of time scales (Figure 3a) and XFELs provide an ideal tool to probe such dynamics. 

One of the first attempts to follow structural changes in a protein using the fs pulses of an 

XFEL was the study by Aquila et al. on PS I-ferredoxin co-crystals [34]. Upon light 

excitation of PS I, one electron is transferred from PS I to the natural soluble electron 

transfer protein ferredoxin, which is bound in its oxidized form but rapidly dissociates from 

the complex once electron transfer has occurred. Using 0.5–2 μm size crystals, SFX for the 

dark state as well as 5 μs, and 10 μs after the laser excitation was measured [34] and a slight 

increase of diffraction intensity at 5 μs and a loss at 10 μs was observed. This was explained 

by a correlated structural change, followed by disordering of the crystalline lattice that leads 

to a drop in Bragg intensity in the 10 μs data set as the crystals dissolve.

Studies of fast protein dynamics can also be performed on non-crystalline samples. For 

example Arnlund and coworkers studied the fast dynamics of the purple bacterial reaction 

center (PBRC) upon light excitation, measuring wide angle X-ray scattering from protein 

solutions with different delay times after intense laser excitation using 40 fs X-ray pulses at 

the CXI instrument of LCLS [44]. At a time resolution of 0.5 ps, an ultrafast protein 
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conformational change was observed that peaked at 7 ps and decayed with a half-life of 44 

ps (Figure 3b). The observed change in the solution scattering component attributed to the 

protein was modeled as a correlated expansion of the trans membrane region of the reaction 

center by up to 1 Å and it was found that this protein quake away from the central light 

absorbing co-factors preceded the flow of heat into the protein by approximately 2 ps [44]. 

A similar approach was used by Levantino et al. [45] to measure structural changes in 

myoglobin upon light induced photo-dissociation of a CO molecule bound to the heme iron. 

The time resolved SAXS and WAXS data revealed an ultrafast structural response of the 

regions of the protein forming the heme binding pocket, oscillating with a period of ~4 ps 

[45] (Figure 3c).

When using strongly diffracting crystalline samples, it is also possible to follow subtle 

changes in side chain positions and co-factor structures upon triggering a reaction. Tenboer 

et al. recorded time resolved diffraction images from crystals of the photoactive yellow 

protein (PYP) at delay times of 10 ns and 1 μs after laser excitation [46] (Figure 3d–f). From 

the assembled data sets it was possible to compute differences in the electron density, 

showing a displacement of the centralsulfur atom of the chromophore due to a cis-trans 

isomerization and corresponding changes in the surrounding amino acids [46].

This approach is also very suitable for following reaction cycles in metalloenzymes, 

provided a triggering mechanism exists. The light induced reaction cycle at the catalytic 

center of PS II is a prime example. PS II is a membrane protein complex that catalyzes the 

light driven oxidation of water to di-oxygen and protons and is integral to all oxygenic 

photosynthetic organisms. The reaction is catalyzed at a Mn4CaO5 cluster located at one 

side of the complex and the metal cluster advances through a cycle of five steps, starting at 

the dark stable S1 state going up to the highest oxidized S3 state, that is followed by the 

actual oxidation of water and release of oxygen and subsequent formation of the lowest 

oxidized state (S0) which in turn after another photon absorption returns to the S1 state.

Initial work on femtosecond crystallography of micro crystals of PS II yielded a data set at 

6.5 Å resolution of the S1 state at room temperature, showing that the Mn4CaO5 cluster was 

present at the expected location despite the dose of 20 MGy/pulse that was used in the study 

[35]. This study was extended a year later to a higher resolution of 5.7–5.9 Å for the S1 state 

and the first illuminated (S2) state [36]. No obvious differences where visible in the 

isomorphous difference maps computed between the two datasets, indicating that there are 

no large scale structural changes occurring upon formation of the S2 state. Importantly, by 

combining the XRD measurements with X-ray spectroscopy it was possible to show that the 

electronic structure (oxidation state) of the Mn4CaO5 cluster was not changed due to the fs 

X-ray pulses (see below) [36].

Using the goniometer method at SACLA, Suga et al. succeeded in obtaining a 1.95 Å 

structure of PS II in the S1 state at cryogenic temperature (100 K) [9]. They used crystals of 

~1 mm in size and collected over 7000 diffraction images from a total of ~330 crystals with 

a dose of 1.4 MGy/pulse and a pulse duration <10 fs. When comparing the XFEL dataset to 

previous SR data at similar resolution it became obvious that the Mn-Mn distances within 

the catalytic cluster are about 0.1–0.2 Å shorter (Figure 2e), in agreement with earlier X-ray 
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spectroscopy studies [47], most likely due to radiation damage in the SR structures [3,48]. 

This new undamaged structure gave some insights into the possible valence assignments of 

the individual Mn due to the Mn-ligand distances and indicated that one of the oxygen 

ligands (O5), exhibiting longer Mn–O distances, could be a hydroxide and may serve as one 

of the substrate oxygen atoms in the reaction cycle [9].

In parallel, two groups pursued room temperature studies on microcrystals of PS II in the 

different intermediate states of the reaction cycle. In the study by Kern et al. [31], in situ 
illumination of micro crystals was used to populate PS II in the S3 and S0 state as well as to 

probe a transient state in between the two. To ensure maximum catalytic turnover the 

illumination conditions were tested in parallel oxygen evolution measurements under similar 

conditions. Also X-ray emission spectroscopy (XES) data were measured from PS II 

solutions after 2 flashes, after formation of the S0 state (long delay after 3 flashes) and for an 

intermediate state in between the S3 and S0 state (250 μs after start of the S3-S0 transition) 

(Figure 3g). These data showed a clear shift from oxidized to reduced state between the two 

conditions (2F and 3F), corresponding to a majority of the centers in the S3 state (2F) or in 

the S0 state (3F), respectively. The XES for the intermediate state showed no reduction of 

Mn, indicating that the O–O formation did not start yet, in accordance with previous 

experiments, demonstrating a lag phase of 150–250 μs before the onset of Mn redox 

chemistry in the S3-S0 transition. XRD gave diffraction beyond 4.1 Å, and datasets for 2F 

(~17 000 indexed images, 4.5 Å resolution), 3F (~13 000 images, 4.6 Å resolution), the 

transient state 3F’ (~7800 images, 5.2 Å) and the dark state (6700 images, 4.9 Å) were 

obtained. In addition, an anomalous signal for Mn was observed in all data sets (Figure 1e). 

In contrast to the results by Kupitz et al. [37], no statistically significant changes were 

observed in the individual 2Fo-Fc electron density maps and in the isomorphous difference 

maps between the different data sets. Based on the signal level it was concluded that changes 

of an individual Mn atom up to 0.5 Å would not be resolvable but larger shifts would be 

visible in the data and from this it was concluded that structural changes of Mn positions in 

the Mn4CaO5 cluster between the S1, S3 and S0 state are smaller than 0.5 Å [31].

The results from the study by Kupitz et al. are in contrast to the work by Kern et al. [31]. 

Kupitz et al. measured data in the dark and double illuminated (2F) state [37]. A difference 

in unit cell volume of ~4% was observed when comparing the 2F with the dark data, and 

datasets were obtained out to 5.0 and 5.5 Å resolution, respectively. It is noteworthy that 

there was no independent measure of the turnover of PS II in this study as compared to the 

study by Kern et al. The comparison of the electron density for the Mn4CaO5 cluster to the 

SR high resolution data [49] led to an interpretation that a more compact form was observed 

in the XFEL study. From the comparison between the electron density for both datasets 

Kupitz et al. also concluded that there are differences in loop regions around the Mn4CaO5 

cluster and the electron acceptor side, next to the non-heme iron and the two quinone 

cofactors. The observed changes in the electron density were interpreted as suggestive of an 

increase in the distance between the Mn3 cubane like unit of the cluster and the more 

isolated Mn and a distortion in the cubane in the 2F data [37].
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Room temperature, real-time X-ray spectroscopy

The inherent element specificity of X-ray spectroscopy is ideally suited to follow changes at 

specific metal sites against a large background of low Z atoms, as is the case in a 

metalloenzyme. X-ray absorption spectroscopy of transition metals at the K-edge follows 

changes in the lowest unoccupied orbitals by probing the 1s-3p/d transition. Complementary 

to this, Kβ emission spectroscopy probes the highest occupied orbitals by measuring the 

fluorescence emitted upon decay of a 3p electron back into a 1s core hole created by the 

initial X-ray probe (see Figure 4a). Due to the strong exchange interaction between the metal 

3p and 3d orbitals, the emission lines are sensitive to the chemical nature of the metal, e.g. 

its spin and oxidation state [50]. A more direct probe of the 3d orbitals is possible in 

transition metal L-edge spectroscopy, where the 2p to 3d transition is directly probed (Figure 

4a). Both methods are currently being used at XFEL sources and will be summarized here. 

XES has the advantage of being independent of the excitation energy, as long as the energy 

is above the absorption edge of the metal. Therefore no monochromatization is necessary 

and the full SASE bandwidth of the XFEL pulse can be used. Kβ XES on dilute solution 

samples was initially demonstrated for Mn compounds [51] showing that the fs pulses did 

not perturb the electronic structure of the compounds, including higher valent Mn complexes 

that were studied (MnII and MnIII,IV) (Figure 4c). For iron(II) tris(2,2′-bipyridine), it was 

also possible to record time resolved XES at 50 fs to 1 ps after laser excitation and resolve 

the kinetics of the light induced spin change [52,53] using 50 mM concentration in a 100 μm 

thick liquid jet. The same system was also studied by transient XAS with similar time 

resolution [54]. Despite the need to use a monochromator, resulting in a lower X-ray 

intensity on the sample and longer acquisition times, good quality transient spectra were 

recorded (Figure 4b).

XES is well suited to be used simultaneously with other techniques, because of the 

flexibility in the requirements on the X-ray probe energy. One experimental setup that has 

been successfully used for combining XES and XRD is shown in Figure 1b. A study on 

microcrystals of PS II was performed (see above), measuring both the diffraction and the 

emission signal simultaneously, from the same sample volume. This combined approach 

makes it possible to determine that the electronic structure of the highly radiation sensitive 

Mn4CaO5 cluster in PS II is not altered by the probe conditions used at LCLS; an important 

prerequisite for the detailed interpretation of the structural data. In addition, the 

spectroscopic information provides confirmation of the catalytic turnover under the 

experimental conditions and the spectra independently provide insights into the evolution of 

the electronic structure over the reaction cycle. In the recent work by Kern et al., XES was 

used to track the changes in oxidation state of Mn4CaO5 cluster in PS II over time during the 

S3-S0 transition [31]. The transient data for a time point 250 μs after the laser pump (Figure 

3f) was used to conclude that no Mn redox chemistry had occurred by that time interval, 

suggesting that the O–O bond formation had not yet occurred within the interval of 250 μs 

after the third visible laser flash illumination. One can also envision extending this approach 

to multiple element systems, by following the emission signal of two elements concurrently. 

A demonstration experiment of such a system was performed recently at the ALS using a 

mixed MnNi oxide [55].
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Transition metal L-edge spectroscopy is an ideal method to obtain more detailed information 

on the electronic structure of a metal center. In the L-edge region the spectral features are 

more highly resolved due to the narrower line width and the d-orbitals are directly probed 

(2p-3d transition, Figure 4a). However, due to the large absorption cross sections at soft X-

ray energies, the damage threshold is much lower than at hard X-ray energies and it is 

practically impossible to collect undamaged Ledge spectra from metalloenzymes or metal 

complexes in aqueous solution under ambient condition at SR sources. Recently, a first 

demonstration experiment at LCLS was conducted showing the feasibility of collecting Mn 

L-edge spectra from aqueous solutions at room temperature using a reflection zone plate 

spectrometer [56] (Figure 4d). One step further would be the collection of L-edge resonant 

inelastic X-ray scattering data (RIXS), where one can map the energy levels and occupation 

of the valence orbitals. At present only K-edge RIXS studies have been conducted on 

metalloenzymes [57,58], but a first demonstration experiment at LCLS showed that it is 

possible to collect time resolved L-edge RIXS on a solution of an Fe compound in the ~100s 

mM concentration range [59].

Conclusions, potential and outlook

The ultra fast high intensity X-ray pulses of XFEL sources open up completely new 

possibilities for the study of metalloenzymes. There are two major advantages. First, the fs 

pulses make it possible to monitor processes that occur in the ps and sub-ps time scale, 

studies that at normal synchrotron sources are limited to about 100 ps time resolution. In 

addition, the ultra short pulses allow one to outrun X-ray induced modification of the 

sample, thereby enabling the study of unperturbed states while applying a very high X-ray 

dose to the sample and performing such experiments at room temperature and in an aqueous 

environment. Therefore it becomes possible to follow changes in the electronic and 

geometric structure of metal containing enzymes, in real time, using diffraction and X-ray 

spectroscopy methods. The first snap shots of such reaction movies have already been 

obtained, and it is expected that with the opening of additional XFEL facilities in the next 

few years this field will greatly expand and provide novel insights into the important 

reaction mechanisms of metalloenzymes, that are at the heart of many essential reactions in 

biology.
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Figure 1. 
Goniometer based crystallography experiments of metalloenzymes at XFEL sources. (a) 
Schematic of the experimental approach using a large crystal to collect still shots in a 

defined orientation with respect to each other, translating by 50 μm between shots and 

rotating by a small angle [11]. (b) Alternatively many small crystals mounted in a mesh or 

similarly can be used. The few μm focused beam leaves imprints on the sample [10]. (c) 
Omit electron density for the heme group in myoglobin obtained from measuring diffraction 

of several hundred individual small crystals [10]. (d) 2Fo – Fc (blue, contoured at 1.0σ) and 

Fo – Fc (red, contoured at 3.0σ) difference density maps calculated for [FeFe] hydrogenase 

at the site of one of the Fe–S clusters obtained from measurements on five large crystals 

[10]. (e) Positions of the atoms in the catalytic center of PS II as obtained from cryo SFX is 

shown in comparison to the positions obtained by SR experiments (blue spheres) [9]. (f) 
Radiation damage free omit map for the Fe Cu center of CoC showing the position of the 

peroxide ligand [11].
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Figure 2. 
Jet based crystallography experiments of metalloenzymes at XFEL sources. (a) Examples of 

nano- to micrometer size crystals used, e.g. thermolysin [17], PS II [36] and toxin crystals 

(grown inside cells) [29]. (b) Schematic of the experimental approach using a liquid jet for 

sample delivery to the interaction point and collecting the forward scattering is shown. This 

setup can be combined with triggering by optical laser pulses and with spectroscopic 

measurements, e.g. X-ray emission spectroscopy. XFEL structures obtained: (c) PS I with 

electron density shown in blue and omit maps for the Fe4S4 clusters in red [25]. (d) Electron 

density for one of the Fe4S4 clusters in ferredoxin, with omit map shown in green [32]. (e) 
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PS II with overall structure of one monomer (bottom left), the oxygen evolving complex 

(bottom right) [36] and the anomalous difference density from the Mn atoms in the OEC 

(top right) [31]. (f) PBRC with overall structure and omit maps for the cofactors (left) and 

detail for the electron density obtained for one of the heme groups (right) [33].
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Figure 3. 
Time resolved experiments using fs X-ray pulses at the CXI instrument at LCLS. (a) 
Timescales for dynamic processes in proteins/enzymes. (b) Time resolved WAXS 

measurements on the photosynthetic bacterial reaction center. Upon light excitation a 

ultrafast protein movements in the ps time regime was visible [44]. (c) Illustration of the 

protein-quake observed within a few ps in myoglobin upon photodissociation of CO [45], 

red shaded areas are involved in the movement leading to a volume increase of ~200 Å3. 

Time resolved serial femtosecond crystallography on photoactive yellow protein, showing 

the electron density for (d) the dark state as well as difference electron density for (e) data 

recorded 10 ns after light excitation and (f) 1 μs after light excitation. A movement of the S-

atom of the chromophore is visible already in the 10 ns data (Adapted from [46]). (g) X-ray 
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emission spectra of Mn in photosystem II. Spectra are shown for the 2F state (S3), as well as 

for a intermediate 250 μs after the 3rd light flash and 0.5 s after the 3rd light flash (S0-state). 

The difference spectra (middle panel) indicate a reduction in the S3-S0 transition (as 

expected from SR measurements — bottom panel), but no specific reduction is visible for 

the 250 μs state [31].

Kern et al. Page 19

Curr Opin Struct Biol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
X-ray spectroscopic measurements using XFEL pulses. (a) Energy level diagram illustrating 

the transitions involved in L- and K-edge transition metal spectroscopy. (b) Examples for Fe 

K-edge absorption spectra showing transient changes in spin state [53]. (c) Experimental 

setup for collecting Kβ emission spectra using a dispersive Von Hamos spectrometer and a 

sample injector. In addition spectra of two Mn compounds collected at LCLS are shown 

[51]. (d) Experimental setup for collection of Mn L-edge spectra at an XFEL from dilute 

aqueous solutions of Mn compounds using a reflective zone plate (RZP) spectrometer. The 

spectrum shown was recorded at LCLS using 500 mM MnCl2 in water [56].
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