Lawrence Berkeley National Laboratory

LBL Publications

Title

Combining on-line spectroscopy with synchrotron and X-ray free electron laser

crystallography.

Permalink

|https://escholarship.or uc/item/8jn8klc
JI

Authors

Kern, Jan
Yano, Junko

Yachandra, Vittal

Publication Date
2023-06-01

DOI
10.1016/.sbi.2023.102604

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/8jn8k1c4
https://escholarship.org/uc/item/8jn8k1c4#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin Struct Biol. Author manuscript; available in PMC 2024 January 17.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Struct Biol. 2023 June ; 80: 102604. doi:10.1016/j.shi.2023.102604.

Combining on-line spectroscopy with synchrotron and X-ray free
electron laser crystallography

Hiroki Makita,
Philipp S. Simon,
Jan Kern,

Junko Yano,

Vittal K. Yachandra

Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA

Abstract

With the recent advances in serial crystallography methods at both synchrotron and X-ray free
electron laser sources, more details of intermediate or transient states of the catalytic reactions are
being revealed structurally. These structural studies of reaction dynamics drive the need for on-line
In crystallo spectroscopy methods to complement the crystallography experiment. The recent
applications of combined spectroscopy and crystallography methods enable on-line determination
of /n crystallo reaction kinetics and structures of catalytic intermediates, sample integrity, and
radiation-induced sample modifications, if any, as well as heterogeneity of crystals from different
preparations or sample batches. This review describes different modes of spectroscopy that are
combined with the crystallography experiment at both synchrotron and X-ray free-electron laser
facilities, and the complementary information that each method can provide to facilitate the
structural study of enzyme catalysis and protein dynamics.

Introduction

The mechanism of enzymatic reactions and the associated kinetics are commonly studied
using spectroscopic methods in solution, while the structures in the crystalline state are
determined with X-ray crystallography, most often using cryo-cooled crystals. The structures
of intermediate states are, when possible, determined from crystals that are generated

using freeze-quench techniques at different times of the enzymatic reaction. However, most
such studies do not use spectroscopy and crystallography simultaneously online, and it

is difficult to correlate the structures with the spectroscopic information independently
obtained using solution samples. With the advent of X-ray free-electron lasers (XFELS)

and the establishment of serial crystallography (SX) over the last five years, it has become
possible to determine the structure of intermediate states generated /77 situ. Although such
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X-ray crystallographic studies provide detailed structural information of enzymes and their
active sites, such data alone are insufficient to characterize the reaction kinetics, ligand
formation, and oxidation state of the metals in the catalytic site among other key features of
protein dynamics. In contrast, different modes of spectroscopy, while unable to generate
direct three-dimensional structural information, are capable of clearly identifying such
elements of protein dynamics that cannot be attained through X-ray diffraction (XRD)

data. Combining structural studies with simultaneous on-line 7 situ spectroscopy, therefore,
provides a powerful method to characterize the intermediate states independently. The
often complex and multiphasic nature of enzyme catalysis and protein dynamics makes

it especially important to establish the reaction timescale and population of the intermediate
states (which becomes possible using spectroscopy), that are critical to correctly determine
the structures of the intermediate species of interest. Crystallographic data of a transient
state often consists of a combination of discrete (meta) stable states that can only be
deconvolved accurately with knowledge of the composition of such mixtures. This piece of
information can be critically assessed by time-resolved spectroscopy methods. Following
this need, several recent crystallography studies have been coupled with spectroscopic
characterization of protein samples in both solution and crystal forms. Notably, application
of In crystallo spectroscopy has been significantly beneficial in determining the enzyme
structure, function and reaction kinetics, and mechanism in comparison to those in solution
[1-4].

Another important benefit of combined X-ray crystallography and spectroscopy at ambient
temperature is the ability to monitor X-ray-induced modification of the sample. The
radiation-induced ‘damage’ process involves generation and migration of radicals that affect
both the geometric and the electronic structure and has been one of the major challenges

in studying metalloenzymes using synchrotron-based X-ray methods [5-7]. While this
problem can be partly mitigated by collecting data at cryogenic temperatures and by using
several crystals for data collection, it still is a serious limitation for room temperature
time-resolved studies. With the advent of XFELSs [8], the condition has been changed
drastically as the highly intense and ultrafast X-ray pulses generated by XFELSs are able to
probe the sample on a timescale faster than that of the damage process [9-11]. At ambient
temperatures, XFEL is commonly employed in an approach known as serial femtosecond
crystallography (SFX) where microcrystals are replaced between each X-ray pulse [12,13].
In this approach, up to hundreds of thousands of crystals are probed to construct a complete
diffraction dataset. Combined SFX/spectroscopy experiments make it possible to monitor
the integrity of the samples. While larger physical quantities of protein samples are probed
in SFX experiments, the ability to closely monitor sample quality such as batch-to-batch
homogeneity via simultaneous spectroscopic measurements can improve the quality of these
serial experiments.

Given the above described benefits for studies of protein reaction mechanisms and
dynamics, as well as the concerns regarding X-ray-induced damage in synchrotron studies
and sample quality in serial experiments, different modes of spectroscopy have been
combined with the crystallography experiments at both synchrotron and XFEL light sources.
Since many enzymes harbor chromophores, characteristic ligand environments, and/or
bioinorganic active sites that give rise to distinct spectroscopic signatures, modes of on-line
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spectroscopy range from infrared to optical to X-ray, realized using multiple approaches

for different purposes. Importantly, tandem measurement of spectra and diffraction from the
same sample under identical conditions enable spectroscopy to serve as rapid feedback for
crystallography.

Instrumentation

Tandem spectroscopy methods have been applied at synchrotron crystallography beamlines
at different light sources, and the most common one is optical absorption microspectroscopy
[14-21]. The range of spectroscopy methods extends from absorption, fluorescence, and

to Raman spectroscopy, and covers ultraviolet (UV) to near-infrared in spectral ranges. /n
crystallo optical spectroscopy imposes its own challenges over conventional measurement
on solution samples [22]. Crystal thickness, high extinction coefficients, concentration of
chromophores, and absorption and obstruction by surrounding buffer and the sample mount
contribute to difficulties in allowing sufficient light to pass through the sample and to be
collected by the detecting optics. The highly scattering nature and limited size of crystalline
samples require the probe light to be tightly focused and collection optics to be close to the
sample, and in addition, the surroundings of an X-ray interaction point are often congested
by devices required for crystallography, which together impose strict geometric constraints.

While constraints are more stringent, several beamlines have adopted a coaxial geometry
for optical spectroscopy and X-ray crystallography (Figure 1) [18,19]. Such an alignment is
especially beneficial for in situ assessment of radiation damage. A collinear configuration
enables measurement of the exact same spot on the sample with the same pathlength by

the two beams, significantly improving the overlap between optical and X-ray beampaths
compared to the off-axis configuration. At SPring-8 BL26B2, two prism mirrors at ~50 mm
from the interaction point guide the optical beam through the sample collinear to the X-ray
beam [18]. The offset between the two beams is 2° and is designed such that the optical
beam avoids the beamstop while retaining the collinearity with the X-rays. At the same
time, the prism mounts are designed to only minimally interfere with the diffracted X-rays.
The arrangement allows the simultaneous collection of diffraction and spectroscopic data
in the on-axis geometry and enables the real-time assessment of radiation damage during
irradiation. Furthermore, the spectroscopic system has been installed and operated at the
adjacent XFEL facility (SACLA EH4c/BL3), showcasing its adaptability and portability
[23].

Combining complementary spectroscopy techniques with XFEL crystallography
experiments has a potential for unique X-ray spectroscopy applications. To probe crystal
samples using the “diffract before destroy” approach, a fresh sample volume must be
delivered to the interaction point before each XFEL pulse. This requirement led to the
development of a variety of sample delivery methods [24-28]. These can pose additional
challenges for simultaneous spectroscopy due to their more demanding spectroscopic (e.g.
scattering density, sample matrix thickness) and geometric requirements. However, because
a fresh sample is delivered for each of the femtosecond pulses that are orders of magnitude
higher in peak brilliance compared to synchrotron sources, XFELSs open the possibility for a
series of time-resolved X-ray spectroscopic methods [29,30].
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Taking advantage of this capability, simultaneous spectroscopy for XFEL crystallography
has been extended to the use of X-ray emission spectroscopy (XES), which is capable of
directly assessing the metals in metalloenzyme active sites (Figure 1) [31-33]. An XES
spectrum can be generated when the energy of the incoming X-ray beam is above the
absorption edge of the element to be detected: this is very advantageous as the same X-ray
beam can be used for both XES and crystallography, and also is much more forgiving than
for X-ray absorption spectroscopy, where the incident beam needs to be tuned and scanned
across the absorption edge energy range. In terms of instrumentation, energy-dispersive
analyzer optics are mounted either on a vertical or horizontal plane intersecting the
interaction point (orthogonal to the direction of largest elastic scatter which depends on
the polarization direction of the XFEL beam), such that the emitted XES signal is diffracted
by the analyzers. The diffracted signals are then collected by a position-sensitive detector
placed on an opposite plane relative to the analyzers. An advantage of tandem XES and
crystallography experiment is that two measurements are taken concurrently using a single
probe beam. Hence, sample variability, time lag between crystallography and spectroscopy
measurements, beam collinearity, and beam overlap are inherently excluded from being
potential issues.

Reaction kinetics for time-resolved crystallography

The advancement in SX methods, both at synchrotron and XFEL sources, has opened

the door for a series of time-resolved X-ray diffraction (tr-XRD) studies to capture
enzymatic intermediate states and also protein dynamics [34]. Complementary /1 crystallo
spectroscopy has been shown highly advantageous for these studies to track the reaction
kinetics (which can deviate from solution samples: e.g. the study by Kort et al. [35] and
Tosha et al. [36]) and confirm the association of structural dynamics to the reaction segment
of interest. The power of the combined methodology is exemplified by a set of recent
studies by Aumonier et al., where structural dynamics of the light-oxygen-voltage (LOV)
domain of the blue-light photoreceptor phototropin-2 was studied by tr-SX (ESRF ID30A-3
[15]) coupled with time-resolved UV-visible (UV-VIS) absorption spectroscopy (ESRF 7/cOS
Laboratory [37]) [38,39]. In these studies, Aumonier et al. surveyed structural dynamics

of LOV2 at different delay times following the blue-light illumination, in fast millisecond
timescales to capture the buildup of the photoadduct [38], and in slower seconds to minutes
timescales to characterize its relaxation process [39]. Optical transient kinetics was essential
for determining the population growth rate in the fast phase. Correspondence between the
transient Kinetics at 390 nm and the rate of changes in the occupancies of the six key
residues in LOV2 were used to confirm that the observed structural changes are associated
with the photoactivated state conversion.

In the subsequent study where the relaxation process of the photoadduct is monitored,
UV-VIS spectroscopy was used to follow the kinetics after the end of blue-light
illumination. The comparison of solution and crystal samples exhibits that relaxation
kinetics are clearly slowed down /7 crystallo. Following the complete relaxation of

the photoactivated chromophores as spectroscopically observed, protein rearrangements
involving a crystal phase transition are observed by XRD, with the space group changing
from P43212 to £212124 [39]. The study illustrates that the observations from spectroscopy
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and crystallography on the same sample and with similar illumination conditions can
complement each other as the two techniques are capable of probing different aspect of
the protein dynamics, in this case chromophores and protein conformation (Figure 2).

Compared to optical spectroscopy, XES excels in element specificity and therefore can

be utilized to track the reaction kinetics of metalloproteins via changes in the oxidation
and/or spin state of metal(s) in the active site [40]. In the recent work by Rabe et al.,
simultaneous tr-SFX and XES was applied to investigate the catalytic reaction of the
non-heme iron enzyme isopenicillin N synthase which catalyzes the biosynthesis of the
precursor to all natural penicillins [41]. In this work, anaerobic isopenicillin N synthase:-
Fe(I1):ACV (where ACV is the linear tripeptide substrate) was incubated in oxygen for
different exposure times ranging from 400 to 3000 ms prior to detection by an XFEL probe
pulse. Structurally, binding of molecular oxygen into the active site and progressive changes
in ACV conformation with increasing O, exposure time was identified. In the tandem
tr-XES measurement, a clear shift in the Fe Ka XES is observed at the time points where
05, binding is identified by XRD. The direction and magnitude of the shift indicate the
change in oxidation state from Fe(lIl) to Fe(l11), supporting the structural observation that the
intermediate IPSN:Fe(IIl):ACV:0; state is present in the 1600-3000 ms timescale (Figure 3)

[41].

Similar approaches of combined tr-SFX and XES by XFELSs have been applied to a series
of metalloenzymes to confirm the structural dynamics in relation to the reaction turn over
in metal active. By installing appropriate analyzers, Ka and KB4 3 XES of Mn, Fe, and Ni
in various metalloenzymes have successfully been detected concurrently with XRD [25,41—
44]. Furthermore, the configuration of the instrument can be modified to accommodate for
multicolor XES measurement in tandem with the tr-SFX, which enables the simultaneous
monitoring of systems with multinuclear active sites or heterometallic clusters (Figure 1)
[25].

Probe for intermediate state populations and radiation-induced damage/

sample quality

Because of its element sensitivity, parallel XES in tr-SFX experiments has been employed
for the purpose of /n sitvand real-time confirmation of sample integrity and homogeneity.
Many of the metalloenzymes are highly sensitive not only to radiation dosage but also

to sample environment (gas, light, temperature, etc), and as such require careful sample
handling to properly trigger and advance the reaction cycle. The oxygen evolving complex
in Photosystem 11 (PS 1), which catalytic site consists of a heteronuclear oxo-bridged
Mny4Ca cluster, is one of such highly sensitive systems that require multiple-timed actinic
flashes to advance its reaction cycle that catalyzes water oxidation. In a series of XFEL-
based tr-SFX studies on PS 11, tandem Mn Kp; 3 XES has proven itself to be extremely
informative as it was used to confirm (1) Mn XES of the oxygen evolving complex collected
by an XFEL pulse indicates no radiation damage [31] and (2) Mn Kp; 3 spectra exhibit a
characteristic shift at each metastable state in the reaction cycle due to a collective effect
of changes in oxidation states of the four Mn [45]. Additionally, XFEL-based XES on
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solution PS 11 has shown that shifts in spectra at time points between metastable states are
in excellent agreement with the reaction rate previously obtained using other time-resolved
methods. Moreover, the reaction rate determined by XES coincides with the rate of insertion
of additional oxygen into the cluster as determined by XRD (Figure 4) [46].

Due to the larger sample consumption in the SFX approach, oftentimes multiple batches

of samples are required for collection of a complete dataset. To monitor the batch-to-batch
sample quality through the course of an XFEL experiment, the trend in Mn K@ 3 in PS 11
has been utilized to serve as a /n situ and real-time measure of the batch homogeneity [42].
Live quality control provided by XES is especially critical to the integrity of the tr-SFX
experiment. More recently, Mn KB 3 XES on crystal and solution PS I1 obtained using
XFELSs has been systematically surveyed to investigate the potential effect of the stochastic
nature of the XFEL [47]. The study revealed that the spectral effects due to fluctuating pulse
intensity and duration are present but negligent in magnitude compared to the spectral shift
due to progression of the reaction cycle itself. This finding serves as a key benchmark for the
quality-control aspect of XES on metalloenzymes using XFEL.

In synchrotron-based XRD, radiation-induced damages and modifications are more viable
concerns. Vergara et al. has demonstrated the application of combined online Raman
microspectroscopy and crystallography (SLS X10SA [19]) for the assessment of structural
changes induced by irradiation [48]. Using ribonuclease (RNase A) as a model system, the
non-resonant Raman shift of RNase A excited by 785 nm light is probed through a course
of consecutive XRD measurements. Crystallography data of RNase A sequentially exposed
to the X-ray beam displayed a decrease in occupancies of all Met, Asp, and Glu residues.
Accordingly, the 522 cm™1 band related to the -S-S- mode, the 667 and 724 cm~1 bands for
-C-S- mode of Met, and the 1410 cm™1 band for the ~COO~ side group of Asp and Glu
have all shifted in intensity in the Raman spectra. Following the observation, the authors
compiled Raman marker bands to monitor for tracking the radiation damage during the
X-ray diffraction data collection.

Similarly, Ishigami et al. recently used coupled UV-VIS microspectroscopy and
crystallography at SSRL BL 9-2 to study the effect of radiation dose on the metal site

of cytochrome ¢ oxidase in its oxidized state [49]. They found that even at 100 K, the
metal oxidation state of the active site is rapidly reduced and several features, especially
related to the water network in the active site are modified. Interestingly the overall protein
structure was observed to be still in the oxidized state. Only after short annealing to above
200 K, a transition of the overall protein to a structure resembling the reduced state was
observed, highlighting the importance of parallel spectroscopic measurements especially
for metalloenzymes as radiation-induced changes in the metal site might often be subtle
and not directly realized when only looking at crystallographic data itself. As in the work
by Ishigami et al., optical microspectroscopy has been demonstrated to be a useful tool
for tracking radiation-induced metal reduction especially for heme proteins which exhibit
characteristic spectral features in the UV-VIS range [17,21]. In a recent survey study by
Pfanzagl et al., UV-VIS microspectroscopy at DLS 124 was used to obtain the kinetics

of X-ray-induced iron reduction in a diverse set of heme proteins [17]. The rate of photo-
reduction was studied on a variety of proteins that differed in iron concentration, number
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of ligands, and secondary structural compositions among other aspects. By investigating the
photoreduction in a series of systems, they deduced a rate of reduction and a dose limit
corresponding to half-maximal reduction at 100 K, both of which were independent of
differences in proteins.

Summary and outlook

Combined on-line spectroscopy and crystallography approaches have been explored by
multiple synchrotron- and XFEL-based studies to complement the interpretation of
structural data on enzymatic reactions and protein dynamics. Major limitations and
challenges arise from having access to an appropriate spectrometer at the X-ray beamline,
and collecting spectra from a highly scattering crystalline samples of limited volume, within
the constraints of the specific delivery method employed. In spite of these difficulties, the
applications show that tandem spectroscopy methods serve as powerful tools for determining
the reaction kinetics, and as an /7 situ and real-time monitor for radiation-damage and
sample quality. Such information is often inaccessible by off-line spectroscopy for highly
sensitive samples that require an identical experimental environment, as well as for samples
limited in volume. These sets of information are critical in structural studies of enzymatic
reaction mechanisms and protein dynamics, especially in tr-SX experiments, which require
the accurate determination of the population of intermediate states for the refinement of a
mixture of multiple components from the convoluted electron density.

Compared to more mature application in synchrotron-based experiments, the combined
approach is still uncommon for XFEL studies. As the application grows, however, it is
likely that the available modes of spectroscopy also expands. Flexibility and mobility in
design demonstrated by the on-line UV-VIS spectrometer deployed at SPring-8(BL26B2)/
SACLA(EH4c¢/BL3) [18,23] is one promising approach to regularly introduce spectroscopy
at other than X-ray wavelengths to the XFEL experiments. The methods established at
synchrotron sources, such as UV-VIS absorption, fluorescence, and Raman, are also highly
beneficial to the XFEL-based experiments especially for the study of processes that do not
involve metal active sites. In addition to incorporation of these synchrotron-tested methods,
new tandem approaches will likely cover different modes of X-ray spectroscopy. This effort
to expand the modality of combined spectroscopy is demonstrated by a recent work on

a simultaneous application of tr-XRD and X-ray absorption spectroscopy on nanoparticles
[50].
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Figurel.

Configurations for on-line spectroscopy setup at X-ray crystallography beamlines. (a)
Experimental setup of an off-axis micro-spectrophotometer at a synchrotron beamline

(ESRF ID30A-3 [15]), and configurations of objective lenses for different modes
of spectroscopy (ESRF 1D29 [37]). The off-axis configuration is more flexible and

enables transmission, fluorescence, and Raman spectroscopy with minimal changes in

the arrangement. Figures adapted from Refs. [15,37]. (b) Experimental setup for on-axis

transmission spectroscopy at a synchrotron source (SPring-8 BL26B2 [18]). Using the

on-axis configuration, the same sample spot with the same pathlength can be probed
by X-ray and optical beams. This type of arrangement therefore enables highly accurate
assessment of radiation-induced damage. In the specific configuration depicted here, X-ray
and optical beam paths (in red and yellow, respectively) are slightly offset from each other
such that the optical components do not interfere with the XRD data collection. As such,
XRD and UV-visible measurements can be taken concurrently. Figure adapted from Ref.
[18]. (c) Schematic of simultaneous XRD and XES experiment at XFEL sources using the
Drop-on-Tape sample delivery system. The setup utilizes one or two sets of von Hamos
spectrometers for XES data collection, which enables the detection of emission spectra on a
shot-by-shot basis. By installing appropriate analyzer crystals on the spectrometers, different
combinations of Ka and KB 3 XES of Mn, Fe, and Ni have been obtained concurrently
with the XRD data [25,41,43,44,46]. XES, X-ray emission spectroscopy; XFEL, X-ray free
electron laser; XRD, X-ray diffraction.
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Figure2.
Combined time-resolved XRD and UV-visible spectroscopy study of the LOV2 domain [39].

Relaxation of the photoadduct in the seconds timescale is studied at room temperature using
a synchrotron source with tandem /n crystallo spectroscopy. (a) Structural rearrangements
around flavin mono-nucleotide (FMN) as depicted by Fourier difference maps calculated
between the photostationary state (continuously illuminated state) and 35s into relaxation
in the dark. Positive and negatives peaks are shown as blue and pink meshes, respectively.
The green model is the L-state, one of the photostationary conformations, and the red
model is the D” -state, a state that the photostationary equilibrium state relaxes into after a
prolonged period in the dark. (b) Evolution of UV-visible spectra of a LOV2 crystal during
the relaxation of the photoadduct. A slice of spectrum is recorded every 500 ms for 300 s
after the end of blue-light illumination. Early and late timepoints are shown as red and blue
spectra, respectively. The absorption peak at 390 nm is marked to denote the characteristic
band of the LOV2 L-state. The decay of this 390 nm absorbance was monitored over time,
and a relaxation time constant of 40 s was obtained. This time constant is considerably
slower than a time constant of 6 s found for the solution sample in the same setup,

and signifies the importance of complementary /n crystallo spectroscopy in the tr-XRD
studies. (c) Relaxation of the photoadduct as monitored by tr-XRD. The top panel shows
the evolution of the 2F,-F. map around the C426 side chain (which forms the photoadduct)
and the FMN at select time points. The bottom panel shows the occupancy level of the three
conformers of C426. The green conformation is the photoadduct conformation, and its rate
of disappearance agrees exceptionally well with the rate constant of relaxation determined
by the spectroscopic signature in (b). Orange and blue are two ground state conformations
that are formed as a result of relaxation. Figure adapted from the study by Aumonier et al.
[39]. LOV, light-oxygen-voltage; UV, ultraviolet; XRD, X-ray diffraction.
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Figure 3.
Combined tr-SFX and XES study of IPNS by XFEL [41]. 2mF,-DF. composit omit

electron density map for (a) anaerobic IPNS:Fe:ACV and (b) for IPNS:Fe:IPN obtained

by exposing IPNS:Fe:ACV microcrystals to O, for ~30 min. (c) 2mF,-DF; map of

the IPNS:Fe3*:ACV:0," complex obtained after 1600 ms O, exposure of anaerobic
IPNS:Fe:ACV microcrystals. Positive electron density that appeared at the Fe coordination
site is best fitted by binding of molecular oxygen “end-on” to the Fe. (d) Fe Ka XES of
anaerobic (red) and 1600 ms O,-exposed (black) IPNS:Fe:ACV microcrystals. A difference
spectrum (blue) compares well with a difference signal of 10 mM Fe(I11)Cl3 and Fe(11)Cl,
solutions, and indicates a similar change in the oxidation state. The full width at half
maximum (FWHM) of the Fe Ka; peak following O, exposure shows relatively small
changes at early time points, but a shift of ~0.1 eV at 1600 ms and 3000 ms time points. The
difference spectrum and changes in FWHM both indicate a change in Fe oxidation at around
1600 ms, which supports the appearance of electron density in the vicinity of Fe in the active
site. Figure adapted from the study by Rabe et al. [41]. IPNS, isopenicillin N synthase; SFX,
serial femtosecond crystallography; XES, X-ray emission spectroscopy; XFEL, X-ray free
electron laser.
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Figure 4.

XFEL-based simultaneous tr-SFX and XES study of the OEC in PS |1 [46]. (a) Kok

cycle of the water oxidation reaction describing the different metastable intermediate states
triggered by actinic flashes. The structures of the Mn4Ca cluster show the major changes
between the S, and Sg states (O: red, CaZ*: green, Mn3*: yellow, Mn#*: purple). (b) Fo-F¢
electron density omit maps detailing structural changes at the OEC in the S,— S5 transition.
D1-E189 (blue), O5 (blue), and Ox (red) are separately omitted to construct the map. E189
starts to shift at 50 ms, and makes more pronounced movement by 150 ms. The Oy density
starts to appear at 150 ms and is accompanied by elongation of the Mn1-Mn4 distance.

At 400 ms, the Ox density is close to full occupancy and the Mn1-Mn4 distance reaches
maximum separation. (c) Mn KB4 3 XES of PS Il microcrystals, in the S; state (0 flash,
blue) and the Sj state (2 flashes, red), and its difference spectrum. The first moment of

the metastable states shifts toward lower energy in response to the first two flashes, and

to higher energy in the third flash (top panel). During the S,— S5 transition, the change in
first moment follows a similar rate as the rates predicted by separate XAS and IR studies.
Moreover, the rate of Mn oxidation as observed via XES agrees well with the rate of
increase in the Ox omit density. Figure adapted from the study by Ibrahim et al. [46].

XAS, X-ray absorption spectroscopy; XES, X-ray emission spectroscopy; XFEL, X-ray free
electron laser; SFX, serial femtosecond crystallography.
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