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Abstract

Intense femtosecond X-ray pulses produced at the Linac Coherent Light Source (LCLS) were used
for simultaneous X-ray diffraction (XRD) and X-ray emission spectroscopy (XES) of
microcrystals of Photosystem Il (PS I1) at room temperature. This method probes the overall
protein structure and the electronic structure of the Mn4CaOs cluster in the oxygen-evolving
complex of PS Il. XRD data are presented from both the dark state (S;) and the first illuminated
state (S») of PS II. Our simultaneous XRD/XES study shows that the PS 1 crystals are intact
during our measurements at the LCLS, not only with respect to the structure of PS 11, but also with
regard to the electronic structure of the highly radiation sensitive Mn,CaOs cluster, opening new
directions for future dynamics studies.

One of the metalloenzymes most critical for sustaining aerobic life is Photosystem Il (PS I1),
a membrane-bound protein complex found in green plants, algae, and cyanobacteria, that
catayzes the light-driven water-oxidation reaction. The oxidation equivalents generated by
the absorption of four photons by the PS I reaction center are stored in the four consecutive

"Correspondence may be addressed to vkyachandra@Ibl.gov (V.K.Y), bergmann@slac.stanford.edu (U.B), jyano@Ibl.gov (J.Y.)..
*Current address: Synchrotron SOLEIL, F-91192 Gif-Sur-Yvette, France

Supplementary Materials www.sciencemag.org Materials and Methods Figs. S1-S6 Tables S1, S2, S3 Acknowledgments Author
Contributions


http://www.sciencemag.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kern et al.

Page 2

redox states of a Mn,CaOs cluster, known as the S; (i=1 to 4) states. The accumulated
energy is used in the concerted oxidation of two molecules of water to form dioxygen (1)
returning the catalyst to the most reduced Sy state in the Kok cycle (Scheme 1). Due to its
efficient catalysis of the demanding four-electron and four-proton chemistry of water
oxidation, the MnyCaOs cluster has been a model system for synthesizing inorganic water
oxidation catalysts (2, 3).

The structure of PS Il in its dark stable state (Sq1) was studied extensively using X-ray
diffraction (XRD) measurements on cryo-cooled crystals (4-7) at synchrotron radiation (SR)
sources with resolutions ranging from 3.8 to 1.9 A resolution. One inherent limitation of
XRD measurements on this system, however, is the high radiation sensitivity of the
Mn4CaOs cluster. An increase of the average metal-ligand and metal-metal distances is
observed in the XRD data as compared to the Extended X-ray Absorption Fine Structure
(EXAFS) data that were collected below the threshold of radiation damage (reviewed in
(8)), indicating that the structure of the cluster is either altered or disrupted. Such specific
damage (photoreduction of the metal center) (9,10) occurred despite the fact that all XRD
measurements were carried out at cryogenic temperatures of 100 to 150 K. It is now
generally recognized that for some other redox-active metalloproteins it is also difficult to
obtain intact structures with SR-based XRD even at cryogenic temperatures (11, 12).
Recently, a new approach to protein crystallography was demonstrated at the X-ray Free-
Electron Laser (XFEL) of the Linac Coherent Light Source (LCLS) using ultra-short X-ray
pulses of high intensity, enabling collection of diffraction data at room temperature (RT)
before the onset of radiation damage in various systems (13-18).

Whereas XRD is powerful in determining the overall protein structure, various X-ray
spectroscopy techniques can provide critical complementary information about the active
site due to their element and chemical sensitivity (8, 19-22). In order to understand the
intricate interplay between protein and metal cofactors that allows complex reactions, it is
desirable to combine both approaches in time-resolved studies under functional conditions.

Among the various spectroscopic methods non-resonant X-ray Emission Spectroscopy
(XES) probes occupied electron levels (see inset in Fig. 1). In particular the KB 3 line is a
probe of the number of unpaired 3d electrons, hence providing information about the
oxidation and/or spin state (22). Experimentally, XES using an energy-dispersive X-ray
spectrometer (23) is particularly well suited for such combined shot-by-shot studies, as
excitation energies above the 1s core hole of first row transition metals are also ideal for
XRD, and therefore neither incident nor emitted photon energy have to be scanned.
Although it has been demonstrated that the shot-by-shot approach can probe the atomic
structure of intact proteins at high-resolution (17), the question has remained whether ultra-
bright fs pulses can also probe the intact electronic structure of active centers such as the
Mn4CaOs cluster. This is by no means obvious, because in contrast to XRD, where radiation
induced damage leads to loss of diffractivity, such a “self-termination” of the signal is not
expected in XES and electronic structural changes happen on a much faster time scale than a
Coulomb explosion. Recently, we demonstrated the feasibility of room temperature fs Kp
XES using solutions of Mn model systems (24) in a liquid jet (25) at LCLS.

Building upon the feasibility of these separate fs XRD studies of PS 11 (18) and fs XES
results, we have designed an experimental setup for simultaneous XRD and XES data
collection at the LCLS. The XES was used to determine the electronic state integrity of the
Mn4CaOg cluster. Simultaneously, room temperature XRD measurements of the S, state
were collected using a visible-laser pump (centered at 527 nm) and X-ray laser probe, and
compared with the XRD data from the dark S; state. The schematic of the setup is shown in
Fig. 1 (26). Suspensions of PS Il microcrystals (5-15 wm in the longest dimension) were

Science. Author manuscript; available in PMC 2013 August 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kern et al.

Page 3

injected into the CXI (Coherent X-ray Imaging) chamber (27) at LCLS using an electrospun
liquid microjet (25) to intersect the X-ray pulses (~50 fs pulse length, peak X-ray dose of
~150 Mgray/pulse). The XRD data were collected using a Cornell-SLAC Pixel Array
Detector (CSPAD) (28). Mn K, 3 XES data were collected simultaneously from the same
sample using an energy dispersive spectrometer at ~90° to the beam direction and a small
CSPAD (26).

The dark-adapted PS Il microcrystals showed diffraction spots to 4.1 A in the best cases
(Fig. S1). Within 5 h of run time, corresponding to nearly 2,200,000 X-ray shots, 90,000
shots identified as potential hits (16 or more strong Bragg peaks) were collected. Out of
these 4,663 were indexed and integrated (Tables S1, S2). The diffraction data were
processed out to a resolution of 5.7 A to generate the electron density map shown in Fig. 2A,
B, this cutoff being chosen on the basis of the multiplicity and completeness (Tables S1,
S2). However, Bragg spots out to 4.1 A resolution were indexed, and the signal strength as
measured by 1/o(1) (the ratio of the spot's peak intensity to its standard deviation) was still
1.9 out to 5 A resolution (Table S2).

The improved resolution of the electron density compared to that reported earlier at 6.5 A
resolution (18) is manifested in a more detailed map allowing for better tracing of the
transmembrane helices, and of the loop regions in the membrane extrinsic areas of the
complex facing the inner compartment of the thylakoid (lumen) and the cytoplasm (stroma).
There is good agreement between the 5.7 A resolution electron density from the XFEL data
(Fig. 2A) and previously-collected (6) SR data (PDB 3bz1) truncated at 5.7 A; despite slight
non-isomorphism between the XFEL and SR datasets, the maps have an overall correlation
coefficient (CC) of 0.36 (a CC of 0 means no correlation, a CC of 1 full correlation.).

The influence of the phasing model on the electron density omit maps was tested by
excluding heavy elements (see SM, Fig. S2). The use of random or uniform structure factors
instead of the experimental data did not generate any density peaks in the omit maps in the
region of the Mn,CaOs cluster, confirming that the density observed is from the
experimental data (Fig. S3). It is similar to the density obtained from the SR data but is
slightly more compact (Fig. 2B).

Fig. 3A shows the KB 3 X-ray emission spectra from PS Il crystals collected
simultaneously with the XRD data. The spectra average ~20,000 shots recorded at 7 keVV
incident energy that were identified as crystal hits from the XRD data. To illustrate the
sensitivity of this measurement we estimated that the volume of sample probed by X-rays
for this spectrum is about 0.3 nl, containing a total of 2x10712 mol Mn. A spectrum using
only data from crystals that yield indexable diffraction patterns was computed as well (Fig.
S4). Both spectra coincide in peak position and shape and differ only in the S/N ratio due to
the different number of samples used for each of them. The spectrum of PS Il crystals
matches very well with the spectrum from dark-adapted PS 1 solution (S state) (8.9 mM
Chl, 1 mM Mn, 375,000 individual shots) collected with the same setup at the CXI
instrument (Fig. 3B). This implies that the Mn cluster is in the same high-valent state
(Mn,!""MIn,!V) in both micron-sized crystals and solution, and that the crystallization
procedure did not alter the native PS 11 Sq state.

The shape and the energy position of the spectra were compared with the SR solution data
collected at 8 K and at RT. The RT SR spectrum represents a completely photo-reduced
(damaged) PS I (Fig. 3C, pink) where all Mn is reduced to Mn!! and the KpB1 3 peak is
shifted toward the position found for Mn!!Cl, in aqueous solution (Fig. 3C, grey). The 8 K
SR spectrum is from an intact PS 11 Sy state (Fig. 3C, light blue). It is evident that the XFEL
PS Il XES data at RT are identical to the intact Sq state spectrum. Note that roughly the
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same X-ray dose was used for the XFEL and the SR measurements at RT (total number of
photons per sample spot for the SR data and the number of photons per shot for the XFEL
data). The result clearly demonstrates that the fs X-ray pulses, under the conditions
presented here, can be used to obtain the intact X-ray emission spectrum of the highly
reduction-sensitive, damage-prone Mn,CaOs cluster of PS Il at RT. The XES data prove
that the XRD data and the electron density are from PS 1l with a fully intact Mn4CaOs
cluster in the Sy state (Mn,'""Mn,!'V) under the conditions of the current experiment.

The confirmation of an intact Mn,CaOs cluster in PS 1l at RT allowed us to explore the
illuminated state (S, state) with a visible-laser pump followed by an X-ray-laser probe pulse.
The crystals were illuminated /n situ using the 527 nm output of a Nd:YLF laser with a
delay time between optical and X-ray exposure of 0.4 to 0.5 s (26). Advancement of the PS
Il sample into the S, state was tested independently with a similar illumination setup
coupled to a membrane inlet mass spectrometer (MIMS) using H»180 labeled water.
Analysis of the labeled O, produced as a function of the number of laser flashes showed that
an S state population of ~80% was achieved with one flash (Fig. 4A and SM).

Using the same illumination conditions for PS Il microcrystals at the CXI instrument, about
4,300 indexed diffraction patterns were obtained within a collection time of 53 min
(corresponding to ~380,000 shots). Out of these, 1,850 diffraction images were included in
the data set (XFEL-illuminated) with a final resolution of 5.9 A. The statistics for both
XFEL-dark and XFEL-illuminated data sets are given in Tables S1, S2 and S3. In parallel
with the XRD, XES data were also collected for these crystals. The resulting spectrum from
362 illuminated micro crystals recorded with an incident energy of 7 keV is shown in Fig.
4B (XFEL S,). Despite the lower S/N ratio of the S, state spectrum, because of the fewer
number of crystals sampled (a factor of ~50), the spectrum matches well with the X-ray
emission spectrum obtained for crystals in the S; state. Detection of the expected shift in the
X-ray emission spectrum between the S; and S, state of (~60 meV, ref. 20) requires a much
better S/N. However, it is evident, that the XFEL S, state spectrum is different from the
damaged spectrum. This clearly demonstrates that the Mn,CaOs cluster is not photo-reduced
by our optical illumination pump protocol or the X-ray pulse.

The RT electron density map of the dark state and the illuminated state are similar within the
error of the resolution, with an overall CC of 0.77. An isomorphous difference map
computed between the dark and illuminated data set showed no statistically significant peaks
(Figs. 4C, S5, S6) and closer inspection of the region of the Mn,CaOg cluster (Fig. 4C) and
the stromal electron acceptor side of the complex (Fig. S5B) did not reveal any interpretable
features in these regions. This shows that our illumination conditions do not lead to decay or
changes in the crystal quality. More importantly, it suggests that there are no large structural
changes taking place between the S; and S states. Although the S;-S, transition is
accompanied by a number of changes in carboxylate and back bone vibration frequencies as
detected by infrared spectroscopy (29, 30), the associated structural changes are most likely
too small to be detected by the resolution achieved in the present study.

In summary, we have established that simultaneous XRD and XES studies using ultra-short
ultra-bright X-ray pulses at LCLS can probe the intact atomic structure of PS 11
microcrystals, and the intact electronic structure of its Mn4CaOs cluster at room
temperature. This technique can be used for future time-resolved studies of light-driven
structural changes within protein and cofactors, and of chemical dynamics at the catalytic
metal center under functional conditions. We expect that this method will be applicable to
many metalloenzymes, including those that are known to be very sensitive to X-ray photo-
reduction and radiation damage, and over a wide range of time scales, starting with
femtoseconds.
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Scheme 1.
Reaction cycle of water oxidation at the Mn4CaOs cluster in PS II.
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Fig. 1.

Setup of simultaneous X-ray spectroscopy and crystallography experiment at the CXI
instrument of LCLS. The crystal suspension is electric-field focused into a microjet that
intersects the X-ray pulses. XRD data from a single crystal are collected downstream with a
CSPAD detector and XES data from the same crystal are collected at ~90° to the beam via a
multi-crystal XES spectrometer and a compact position sensitive detector (PSD). A Nd-YLF
laser (527 nm) is used to illuminate the crystals. The timing protocol (inset, left) consists of
a fixed time of flight At between optical pump and X-ray probe. The schematic of the
energy dispersive spectrometer, Mn!' and Mn'V oxide KB 3 spectra, and energy level
diagram for XES are shown (inset, bottom right).
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Fig. 2.

Structure deduced from diffraction of micron-sized crystals of PS 11 using sub 50 fs X-ray
pulses at room temperature at LCLS. (A) 2mF,DFelectron density map for the PS |1
complex in the dark S state obtained at LCLS; one monomer of the protein is shown in
yellow and the electron density is contoured at 1.2 o (blue mesh) shown for a radius of 5 A
around the protein. (B) Detail of the same map in the area of the Mn,CaOs cluster in the
dark S, state, with mesh contoured at 1.0 o grey) and 4.0 o (blue). Selected residues from
subunit D1 are labeled for orientation; Mn is shown as violet spheres, and Ca as an orange
sphere (metal positions taken from pdb file 3bz1).
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Fig. 3.

Femtosecond XES of PS II. (A) The 2D KB1 3 X-ray emission spectra from microcrystals of
PS 11 collected with a position sensitive detector at the CXI instrument using sub 50 fs
pulses of about 2-3x1011 photons/(pulse wm?). (B) X-ray emission spectra of a solution of
PS Il (green) and single crystals of PS Il (red dashed) in the dark state, both collected at the
CXI instrument, obtained from the 2D plot in panel (A) by integration along the horizontal
axis. (C) X-ray emission spectra of PS Il solutions in the dark state collected at the CXI
instrument at RT (green) or collected using SR under cryogenic conditions with low dose
(“8K intact”, light blue) and using SR at RT under photo-reducing conditions (“RT
damaged”, pink). The spectrum from Mn'!Cl, in aqueous solution collected at RT at the CXI
instrument is shown (grey) for comparison.
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Fig. 4.

Characterization of the illuminated PS 11 sample. (A) On-line MIMS measurements of light-
induced O yield detected as mixed labeled 160180 species after illumination of
photosystem Il from 7. elongatus. The data shows that >73% of the sample occupies the S,
state after one illumination. (B) XFEL XES of PS Il in the S; state. The KB 3 XES data
collected from 362 micro crystals of PS Il in the first illuminated S, state are shown in blue
(*). The XFEL spectrum of microcrystals of PS Il in the dark stable S; state is shown as a
green line. For comparison an X-ray emission spectrum of completely photo-reduced
(“damaged”) PS Il collected at RT at a synchrotron is shown in pink. (C) Isomorphous
difference map between the XFEL-illuminated (S, state) and the XFEL-dark (S; state) XRD
dataset in the region of the Mn,CaOs cluster, with F,-F, difference contours shown at +3 o
(green) and -3 o (red); histogram analysis indicates that this map is statistically featureless
(Fig. S6). Metal ions of the Mn,CaOs cluster are shown for orientation as violet (Mn) and
orange (Ca) spheres, subunits are indicated in yellow (D1), orange (D2), pink (CP43) and
green (PsbO).
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