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Abstract: X-ray crystallography and X-ray spectroscopy using X-ray free electron lasers plays an important role
in understanding the interplay of structural changes in the protein and the chemical changes at the metal active
site of metalloenzymes through their catalytic cycles. As a part of such an effort, we report here our recent
development of methods for X-ray absorption spectroscopy (XAS) at XFELs to study dilute biological samples,
available in limited volumes. Our prime target is Photosystem II (PS II), a multi subunit membrane protein
complex, that catalyzes the light-drivenwater oxidation reaction at theMn4CaO5 cluster. This is an ideal system to
investigate how to control multi-electron/proton chemistry, using the flexibility of metal redox states, in coor-
dination with the protein and the water network. We describe the method that we have developed to collect XAS
data using PS II samples with a Mn concentration of <1 mM, using a drop-on-demand sample delivery method.

Keywords:Manganese; photosystem II; PhotoIUPAC 2022; water oxidation; X-ray absorption spectroscopy; X-ray
free electron lasers.

Introduction

Nature uses remarkably varied systems and mechanisms to perform complex chemical transformations with
efficiency, speed, and specificity. At the active site of many enzymes are metal centers, responsible for the
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rearrangement of electrons, protons, and atoms to carry out electron transfer and catalytic reactions [1]. X-ray
crystallography and spectroscopy at synchrotrons has been intensively used to understand the function of
metalloenzymes, and it has produced a wealth of valuable information from many different systems. These
experiments are generally carried out in synchrotron facilities at cryogenic temperature to minimize radiation-
induced changes by reducing the diffusion rate of solvated electrons and hydroxyl radicals. The introduction of
X-ray free electron lasers (XFELs) over the last decade has opened up the possibility to apply X-ray techniques at
room temperature through the ability to collect data before the onset of radiation-induced sample damage [2].
Such ‘operando’ characterization of biological samples has been demonstrated to be a powerful approach to
capture catalytic intermediates and chemical and structural sequences of reactions. In addition, shot-by-shot data
collectionwith very intense and ultrashort (10–40 fs) X-ray pulses at XFELs enabled the simultaneous collection of
X-ray crystallography and X-ray emission spectroscopy (XES) data using micron-sized single crystal suspensions
[3]. This methodology has provided information about the interplay between themetal catalytic centers and their
environment from the same sample, andmany successful applications are reported in the recent literature [3–7].

Another important technique that has been widely used in the field of metalloenzymes is X-ray Absorption
Spectroscopy (XAS) [8]. Transition metal K-edge XAS has been used primarily in two ways: for studying (1) the
oxidation states and electronic structure of metal and ligand atoms using X-ray absorption near edge
spectroscopy (XANES), and (2) the local coordination environment of metals and atomic distances using extended
X-ray absorption fine structure (EXAFS). For both crystalline and non-crystalline samples, EXAFS has been a tool
of choice to determine themetal-metal distances inmulti-metallic centers andmetal-ligand bond distances with a
sensitivity (<0.1 Å) surpassing what is generally possible from diffractionmethods. X-ray absorption spectroscopy
is therefore highly beneficial for the study of metalloenzymes using time-resolved studies of the metal catalytic
centers to capture electronic and structural changes.

Unlike XES (which has no specific requirements on the excitation energy except that it needs to be above the
absorption edge of the metal studied), XAS is less widely used at XFELs, as it involves scanning the incident X-ray
energy over awide range (<50 eV for XANES and >50 eV for EXAFS), while accurately normalizing signals fromone
pulse to another and at different incident energies. Intrinsically, XFEL pulses are stochastic with complex spectral
and temporal pulse profiles and intensity fluctuations. There are additional fluctuations of the probed sample
volume as it is replaced for every pulse, requiring new methods for normalizing the data as compared to those
used at synchrotron radiation (SR) sources. Furthermore, the incident flux is reduced by a factor of about 100
when monochromatizing the self-amplified spontaneous emission (SASE) X-ray pulses, which have a relative
bandwidth (ΔE) of ΔE/E0 ≈ 0.5 % (E0: incident X-ray energy, eV). Despite these difficulties, there have been
successful XAS studies at XFELs [9–21]. Our previous report demonstrated that it is feasible to collect XAS data
from ∼10 mM metal aqueous solution samples when normalizing through the use of the scattering signal from
water collected on a downstream detector [9]. This method showed a linear relationship of the signal intensity
with the probed sample volume, which can vary shot by shot, and the intensity of the X-ray pulses per shot.

In order to realistically collect XAS data from biological samples, one must overcome another major barrier,
that is to decrease sample consumption. Biological samples are often hard to purify and produce in large
quantities, which limits the amount of sample available for data collection. Additionally, one cannot often
achieve a high concentration of proteins; for example, a maximum concentration of Mn in a typical solution
Photosystem II (PS II) sample, which we describe in the following section, is ∼0.5 mM. We have developed an
efficient drop-on-demand sample delivery systemwhich requires minimum volume of samples. Strides have also
beenmade utilizingmicrodrops and electrospinning jets, but thesewill not be discussed here [12, 22, 23]. Belowwe
illustrate the use of the drop-on-demand method for XAS data collection using PS II samples.

Manganese cluster in PS II

In PS II, which is shown in Fig. 1, four photons are used for charge separation at the reaction center and their
photochemical energy is used for splitting two water molecules into molecular oxygen, four protons, and four
electrons. During the reaction, four Mn atoms in the Mn4CaO5 cluster advance through redox changes as they
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cycle through the four intermediate states, S1, S2, S3 and S0. The S1 state is the dark resting state which is formally
Mn(III)2Mn(IV)2. During the S1 to S2 and the S2 to S3 transitions, Mn goes from Mn(III) to Mn(IV) in each step, and
the accumulated oxidizing power is released during the S3 to S0 transition to form an O–O bond and the release of
O2. Over the last 10 years, serial crystallography using XFELs has provided insight into the structures of these
intermediates states [24–26] as well as some of the chemical processes occurring, including the oxidation kinetics
of Mn using Mn Kß XES [4]. One of the fundamental questions, however, is the redox process during the S3 to S0
transition, where another oxidation ofMn (+IV to +V) or ligand (O·) occurs, followed by a four-electron reduction.
A time-resolved XAS study at XFELs is expected to provide critical information on the mechanism of this step. In
the following section, we used a drop-on-tape (DOT) sample delivery method [27] to achieve stable operation, and
demonstrated the feasibility of the XFEL-based XAS method on dilute PS II samples at a Mn concentration of
∼0.5 mM.

Experimental setup of the drop-on-tape XAS at XFELs

Figure 2 shows the DOT setup that is used for the XAS data collection. The DOT uses an acoustic droplet ejector
(ADE) to produce 0.8–6 nL droplets, resulting in a solvent pathlength of 200–300 µm [27] at the X-ray interaction
point. The droplets are formed from a reservoir that has a volume of 10 µL and is continuously refilled with
sample via a syringe pump. These droplets are deposited on a Kapton tape that carries them into the path of the
XFEL. The sample can be either solution or a crystal suspension. The total fluorescence signal is collected on an
ePix-100 detector [28] 40 mm from the X-ray interaction point at an angle of 90° from the beam, to minimize
scattering. With an active detector surface size of 39mm × 40mm, it covers a solid angle of 0.64 sr. In the forward
direction, the water scattering signal (“water ring”) from the droplet is collected on an ePix-10k2m detector at a
distance of 80 mm. This scattering signal is used for normalization of the total fluorescence XAS signal.

Unlike a liquid jet, DOT can deliver samples matched with the rate of the XFEL pulse frequency (120 Hz for
LCLS) or lower frequency. This drastically reduces the amount of sample required for the experiment. For
example, in Chatterjee et al. in order to obtain a spectrum from a sample of 10mMMn concentration with an XAS
edge jump of 1,000,000 counts, the Rayleigh jet (500 μm diameter) consumed 525 mL (35 min at 120 Hz with 100 %

Fig. 1: PS II room temperature
crystallographic structure in the
dark stable S1 state [4], with the
Mn cluster of the oxygen
evolving complex (OEC) in the
inset. The Mn cluster shows
manganese (purple), bridging
oxygens (red), calcium (green)
and ligated waters (W1–W4). The
formal oxidation state of the Mn
atoms is Mn(III)2Mn(IV)2.
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hit rate), while the DOT (200 μmprobed diameter of the droplets) consumed 5mL (120min at 120 Hz with 80% hit
rate) [9].

XAS data of PS II

Room temperature XAS data of the PS II dark S1 state is shown in Fig. 3A. The data was collected at the Linac
Coherent Light Source (LCLS) using the X-ray pump and probe (XPP) beamline [29]. The SASE beam had a pulse
length of ∼30 fs, bandwidth of 20 eV, and a pulse energy of 1.8 mJ before the monochromator corresponding to
1.7 × 1012 photons per pulse, at a repetition rate of 120 Hz. The beam focus was 3 μm full width half maximum
(FWHM). SASE beamwas used over seeded beam (typically 0.4–1 eV), because the seeded beamonly offers aminor
increase in photons and requires significant machine tuning. A more complete discussion is found in Chatterjee
et al. [9].

The XPP Si(111) channel-cut monochromator (CCM), with a resolution of 1.4 × 10−4 ΔE/E, was used to mono-
chromatize the incoming X-ray pulses, yielding <1 % of the SASE flux (∼1 × 1010 photons per pulse) in the beam
after the monochromator. By changing the CCM angle, the X-ray energy was scanned, ensuring roughly equal
photon numbers at each energy point over the chosen scan range. Three beryllium compound refractive lenses
(thicknesses of 100, 200, and 500 μm)with a focal spot of 4.0mwere used tomaintain focuswhile scanning, and the
center of the SASE bandwidth followed the monochromator scanning energy by adjusting the electron beam
energy. Post monochromator beam intensity was recorded for each shot using one of the XPP I0 intensity position
monitors that measure the intensity of the X-rays scattered from a thin foil inserted into the beam. The scan
protocol was 6530–6535 eV (1 eV intervals), 6535–6575 eV (0.25 eV intervals), and 6575–6580 eV (1 eV intervals) with
an exposure time of 1 s per energy. Themonochromatorwas scanned step-by-step as defined by the scan protocol.
However, the data collectionwas continuous, and therefore an occasional shot occurs during themonochromator
movement. One scan, consisting of both the forward scan and the backward scan through the chosen energy
range took 7 min. The monochromator was calibrated using a Mn foil edge energy of 6555.8 eV. Sample flow rate

Fig. 2: Schematic of the XAS setup using the DOT (Drop-on-Tape) method. Use of ADE (acoustic droplet ejector) to deposit samples in
∼250 μmdroplets reduces sample consumption which facilitates the collection of data for <1mMmetal concentration in biological samples.
Total fluorescence from the sample is collected with an ePix detector directly above the droplet from the droplet-XFEL interaction point. A
forward scattering detector collects scattering from the solvent that is used for normalization. Figure expanded from original publication in
Chatterjee et al. 2019 [9].
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into the droplet dispenser reservoir was 48 μL/min and droplets were generated at a frequency of 120 Hz. The
sample was an aqueous solution of PS II isolated from the thermophilic cyanobacterium Thermosynechococus
vestitus at a chlorophyll concentration of 4.2 mM, corresponding to ∼0.5 mM Mn.

An ePix-100 detector (50 µm pixel, 768 × 704 pixels) was used to collect the XAS spectra in total fluorescence
mode, and an ePix-10k2m detector (1662 × 1663 pixels) was used to collect the solvent scattering signal (“water
ring”) for normalization. The selected region of interest (ROI) for both detectors is shown in Fig. 3B,C. The ROI for
total fluorescence was the region of highest fluorescence photon yield with minimal scatter (Fig. 3B). The solvent
scatter was selected through an azimuthal average which integrated radially between two defined radii from the
center of the detector. These radii corresponded to the inner and outer edge of the solvent scattering ring (shown
between the red lines, Fig. 3C). Shots with a water ring integration value (WIV) of less than 500 a.d.u. were
considered misses and removed from the data set. TheWIV was used to normalize fluorescence data; accounting
for variation of droplet size, hit rate, and XFEL pulse intensity on a shot-by-shot basis. Previous studies have
proven this method to be superior to normalization done by XPP I0 intensity position monitors [9].

In Fig. 3A, the XANES spectrum of the PS II dark stable S1 state is compared with the synchrotron data
collected at cryogenic temperature (∼8 K) [30]. The XFEL data show similar edge locations and shapes as the
synchrotron data. The spectrum was collected in 35 min with a sample consumption of 1.6 mL.

Fig. 3: (A) Room temperature Mn K edge XAS spectrum from dark stable S1 state PS II (Black) collected at XPP (LCLS), in comparison to a
corresponding synchrotron spectrum (blue) reported previously [30]. LCLS XAS datawas collected fromPS II solution sample (0.5mMMn) in
35 min with 120 Hz at XPP. Sample flow rate into the reservoir from which droplets are produced was 48 μL/min, and the total consumed
sample volumewas 1.6 mL. (B) Cumulative total fluorescence ePix-100 detector signal for XAS. A red dotted circle shows the region of interest
(ROI). (C) Water scattering on the ePix-10k2m detector; the region used for normalization is located between the two red circles.
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Outlook

The current study demonstrated the feasibility of XAS data collection at an XFEL using a limited volume of biological
samples at sub mM concentrations. We show that a room temperature XANES spectrum of a sample with ∼0.5 mM
metal concentration canbe collected from∼1.6mLvolume in 35minusing the current setup. Furtherdevelopments are
on the way to reduce the background signal that goes into the XAS detector, which will further reduce the sample
volume and time required for XAS data collection. Furthermore, this will also help enable EXAFS data collection of
biological samples at XFELs. These advances will bring XFELs into the mainstream of XANES and EXAFS studies of
metalloenzymes which are now primarily conducted at synchrotron radiation sources.
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