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Membrane protein megahertz crystallography at
the European XFEL

Chris Gisriel® et al.”

The world's first superconducting megahertz repetition rate hard X-ray free-electron laser
(XFEL), the European XFEL, began operation in 2017, featuring a unique pulse train structure
with 886 ns between pulses. With its rapid pulse rate, the European XFEL may alleviate some
of the increasing demand for XFEL beamtime, particularly for membrane protein serial
femtosecond crystallography (SFX), leveraging orders-of-magnitude faster data collection.
Here, we report the first membrane protein megahertz SFX experiment, where we deter-
mined a 2.9 A-resolution SFX structure of the large membrane protein complex, Photosystem
[, a>1 MDa complex containing 36 protein subunits and 381 cofactors. We address chal-
lenges to megahertz SFX for membrane protein complexes, including growth of large
quantities of crystals and the large molecular and unit cell size that influence data collection
and analysis. The results imply that megahertz crystallography could have an important
impact on structure determination of large protein complexes with XFELs.

*email: pfromme@asu.edu; n.zatsepin@latrobe.au; *A full list of authors and their affiliations appears at the end of the paper.
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he advent of hard X-ray free-electron lasers (XFELs) and

emergence of serial femtosecond crystallography (SFX)!»2

has enhanced X-ray protein crystallography. In SFX, the
extreme XFEL brilliance and ultrashort (fs scale) pulse duration
enable atomic-resolution structure determination of proteins at
room temperature (RT) from micron-sized protein crystals, while
outrunning structure-altering (secondary) radiation damage.

Since the initial proof-of-principle serial crystallography
experiments!2 performed in 2009 at the first hard XFEL, the
Linac Coherent Light Source (LCLS) at SLAC National Accel-
erator Laboratory, XFEL technologies have been further devel-
oped that include novel techniques to improve the growth of
nano-/microcrystals, deliver samples, and analyze SFX data. The
implementation of time-resolved SFX3-? garnered interest from
the structural biology community and increased the demand for
XFEL beamtime. To make XFEL technology available for these
experiments, strategies to increase the data collection speed are
needed. A prime approach to achieving this is the use of high X-
ray pulse repetition rates, which have been realized at the Eur-
opean XFEL (EuXFEL).

Since the opening of LCLS, four more XFELs have begun user
operation: SPring-8 Angstrom Compact Free-Electron Laser
(SACLA) in Japan opened in 2011, Pohang Accelerator Labora-
tory X-ray Free-Electron Laser (PAL-XFEL) in South Korea
opened in 2016, the EuXFEL in Germany opened in 2017, and
SwissFEL in Switzerland began user operation recently. At PAL-
XFEL, SACLA, SwissFEL, and LCLS, the data acquisition rates,
limited by the XFEL pulse rate, are 30-120 Hz (Supplementary
Table 1).

Powered by a superconducting linear accelerator, the EuXFEL
is the first MHz repetition rate hard XFEL, with a bunch structure
designed to deliver up to 27,000 pulses per second. Typically,
XFELs produce uniformly spaced X-ray pulses at a constant
repetition rate. However, the EuXFEL delivers XFEL pulses in 10-
Hz pulse trains with up to 2700 pulses per train planned. User-
assisted commissioning started in September 2017. In its first run,
the EuXFEL delivered pulse trains at 10 Hz where each train
contained up to 60 pulses, separated by 886 ns (~1.128 MHz). In
run 2, the rate was increased to 120 pulses per train, thus deli-
vering 1200 pulses per second, and correspondingly, at least a
tenfold increase in the data collection rate compared with other
hard XFELs. The term MHz crystallography was first introduced
in the reporting of SFX at the EuXFEL with concanavalin A,
concanavalin B, and lysozyme by Griinbein et al.l and on
lysozyme and p-lactamase by Wiedorn et al.!l, where MHz refers
to the repetition rate within a pulse train.

MHz pulse rates bring new challenges. In SFX, the sample is
delivered in a serial way to the beam, commonly in a jet of
crystals in their mother liquor?. It must be rapidly replenished
between the XFEL pulses, removing the sample destroyed by the
previous pulse. Time separation between pulses within a train at
the EuXFEL is so brief that the sample must be replenished at
least 9000 times faster than required at the LCLS where pulses are
separated by 8.3 ms. The first two publications reporting SFX
experiments at the EuXFEL demonstrated that the sample can be
effectively replenished in 886 ns between the X-ray pulses!®!!
with a 15-um diameter at full-width half-maximum (FWHM)
beam focus by using a gas-focused micron-scale liquid stream
(with a gas-dynamic virtual nozzle, or GDVN)!2 with a velocity of
at least 50 m/s1%13, and that molecular structures can be deter-
mined from data collected at the EuXFEL!-11.

However, current sample injection technology results in sub-
stantial sample wastage between pulse trains!l. This poses a
challenge for diminishing sample consumption, despite the MHz
repetition rate within a pulse train. The volume of data collected
per volume of sample consumed will, however, increase

significantly with the anticipated peak performance of the
EuXFEL of up to 2700 pulses per train, and the upcoming LCLS-
11, which will provide up to 1 million pulses per second!4. Note
that the repetition rate of the XFEL is not the only limitation for
the rate of data collection at MHz XFELs. Currently, the fastest X-
ray detector is the newly developed Adaptive Gain Integrating
Pixel Detector (AGIPD), which can collect up to 352 images per
train (potentially storing 3520 images per second)!*16.

The required fast jet speed and high sample consumption was a
challenge for our SEX experiment on the large membrane protein
complex PSI at the EuXFEL. Previous MHz SFX experiments
were performed with commercially available proteins (i.e., lyso-
zyme and jack bean meal powder)!? or proteins that could be
heterologously overexpressed in Escherichia coli in large amounts
(e.g., BlaC)!l. However, it is difficult to express and purify
membrane proteins in sufficient quality, quantity, and stability for
X-ray crystallography, accounting for a major bottleneck in
structural biology. To date, fewer than 1000 unique membrane
protein structures have been solved (see http://blanco.biomol.uci.
edu/mpstruc/ for a current update on membrane protein struc-
tures). The problem is more pronounced for multi-subunit and
ligand-rich membrane protein complexes, as they require specific
cell machinery for membrane insertion and complex assembly. In
the case of PSI, a complicated system of proteins is required for
synthesis of cofactors and assembly of the complex!”. This is why
most structures from large membrane protein complexes,
including PSI, can only be determined from native protein
complexes, isolated from their natural host cells.

Here, we report the megahertz (MHz) SEX study of a large
membrane protein complex at the EuXFEL, and discuss chal-
lenges that accompany the MHz repetition rates and how they
were resolved. We prepared large batches of membrane proteins
in sufficient amounts for the XFEL study and grew billions of
uniform cyanobacterial Photosystem I (PSI) microcrystals that
were of similar size to the XFEL beam focus, by crystallization at
low ionic strength, a method that allowed the facilitation of fast
sample delivery required for high X-ray pulse repetition rates. In
addition, we describe how we overcame the challenges in the data
collection and analysis of diffraction data from protein crystals
with large unit cells that allowed us to determine the room-
temperature (RT) structure of PSI at 2.9-A resolution.

Results

Photosystem I isolation and crystallization. Here we briefly
summarize the procedures and challenges of membrane protein
isolation and crystallization for MHz SFX experiments. PSI was
isolated from the natural thermophilic cyanobacterium Thermo-
synechococcus elongatus. The cells were grown in a 120-L pho-
tobioreactor (Supplementary Fig. 1a), and PSI was isolated by a
36-h multistep isolation procedure, including membrane isola-
tion, detergent solubilization, ion exchange chromatography
(Supplementary Fig. 1b), and crystallization as a final purification
step (for more details see the “Methods” section). In total, 1000
mg of PSI was isolated and crystallized for XFEL experiments. PSI
cannot be frozen at any step during the isolation and crystal-
lization process, so protein was freshly isolated before the
beamtime and recrystallized on-site. The first crystallization step
was performed by concentrating the sample using ultrafiltration
at low ionic strength (additional experimental details can be
found in the Methods section). This produced a crystal suspen-
sion with a broad size distribution from ~200nm to 100 um
(Fig. 1a). The crystals could be sorted by size through sequential
timed sedimentation, to separate the nanocrystals from larger
crystals'®, The nanocrystals were used as seeds for the final
crystallization step. For the final crystallization, the larger crystals
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Fig. 1 Crystals of PSI. a Variable-size PSI crystal distribution, grown by ultrafiltration. b DLS (ten 18-s scans, numbered consecutively from 1 to 10, “Scan
Number") of nanocrystals with uniform size distribution used for seeding. € PSI crystals of uniform size of 5 x 5 %15 um grown by using the RAMS method

Table 1 Data collection statistics for PSI MHz SFX at the EuXFEL

Detector distance (cm) 32.7 23.3 Combined Dark-state data (pulses 1-10 only)
Hit rate (%) 1.0 1.0 ~1 ~1

Hits 7900 51,112 59,012 19,023

Indexed patterns (30 pulses/train) 7403 47377 54,780 18,176

Indexing rate 94% 93% 93% 96%

Resolution at the edge of the detector (A), horizontal, vertical 41,35 3,26 Various Various

Minimum peak separation (pixels) 7.6 5.4 Various 5-7

The data were used from two different detector positions. Only the first ten pulses of a given train contributed to the dark PSI structure determined here

were dissolved by increasing the ionic strength, leading to a
highly concentrated protein solution of 100 mg/mL PSI. Initial
testing of optimal crystallization conditions was performed at low
ionic strength (Supplementary Fig. 2).

To achieve uniform crystals for XFEL delivery, growth of
crystals from the seeds must occur rapidly, thereby outrunning
new nucleation events. This was achieved by a method that we
term rotational agitated mixing with seeds (RAMS, see also
Methods and Supplementary Fig. 3). Nanoseeds of uniform size
(confirmed by dynamic light scattering (DLS), see Fig. 1b) were
added to a precipitant solution consisting of the low ionic-strength
buffer, before crystallization was induced by mixing of the seeded
precipitant solution with small droplets of highly concentrated PSI
(at 100 mg/mL). Incubation for 1h at RT in the dark resulted in
the growth of uniformly sized PSI crystals (15 x5 x 5 pm).

Sample delivery. PSI microcrystals were delivered to the EuXFEL
beam in a liquid jet produced by a GDVN!? at a jet speed of 50
m/s, which is required to replenish the sample in 886 ns between
the X-ray pulses of the EuXFEL!®!1L13, A high flow speed was
achieved with a flow rate of 20 uL/min in glass GDVNs with an
inner diameter (ID) of 50 um. We accomplished successful
sample delivery and replenishment by using 50-pm-ID nozzles
due to the low-viscosity low ionic-strength buffer, high-quality
manually ground glass GDVNs, and the avoidance of connections
that could restrict the flow diameter and cause clogging.

Data collection and analysis. SFX data were collected at the SPB/
SFX instrument of the EuXFEL!%20 by using X-rays of ~9.3 keV
with an average pulse energy of 0.7-1 mJ, which corresponds to
4.7-6.7 x 1011 photons/pulse upstream of the SPB/SFX hutch.
The flux at the sample position was estimated to be reduced by
~50%, and the focal spot diameter was 16 + 4 um? at FWHM. The
XFEL pulses were delivered in 30-pulse trains at 10 trains
per second, with 886 ns between pulses within the trains (1.128
MHz), corresponding to an effective measurement rate of 300
pulses per second overall. The pulse duration was estimated from

the electron bunch length to be ~50 fs. This study focuses on the
dark structure of PSI, which corresponded to the first ten images
from each pulse train.

The data were collected with the AGIPD at three different
distances (16.8, 23.3, and 32.7 cm from the sample) to assess
indexing rate, quality (by providing sufficient peak separation),
and resolution. Most data were collected at a detector distance
of 23.3cm with a resolution of 2.6 and 3.0 A at the AGIPD
edges vertically and horizontally, respectively. At 23.3 -cm
distance, the minimum peak separation was ~5 pixels (4 pixels
for 16.8 cm).

The data acquisition was monitored?! in real time by using the
online interface OnDA22, The data set reported here consists of
7,719,186 diffraction patterns from which 76,850 were identified
as crystal diffraction patterns (hits) by Cheetah?3 corresponding
to an average hit rate of ~1%. For the analysis, only runs with
detector distances 23.3 and 32.7 cm were considered giving 59,012
patterns (hits, Table 1) in total. This hit rate is expected at the
given crystal density of 1.68x 108 crystals/mL, which was
experimentally determined by counting the crystals in a cell-
counting chamber. This was the maximal PSI crystal density that
could be achieved with this crystal size (5 x5 x 15 um); higher
crystal densities led to clogging of the 50-um-ID nozzles. With a
jet speed of 50 m/s, a jet diameter of 5 um, a beam diameter of 15
pm, and using conservative peak finder settings (i.e., only peaks
consisting of at least 3 pixels), the maximal possible hit rate of
1.7% matched well to the observed hit rate of ~1%. A Gaussian
unit cell distribution was observed (Fig. 2a) in the collected data.
A typical diffraction pattern of PSI with close spot separation in
the a and c directions is shown in Fig. 2b.

The hit rate remained relatively constant throughout the pulse
sequences (Fig. 2¢), indicating that the sample had been fully
replenished between the pulses. The successful collection of
diffraction data from PSI microcrystals was facilitated by the
AGIPD’s feature of three individual gain stages (for details see
Henrich et al.l®). The diffraction pattern shown in Fig. 2b
highlights reflections and pixels in the high- (black) and medium-
(red) gain settings.
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Fig. 2 Unit cell distribution, diffraction pattern, and indexing rates from PSI MHz SFX. a Unit cell distributions of PSI microcrystals showing narrowly
distributed monoclinic unit cells. The red line shows a Gaussian function fit to the unit cell constant distribution, and the corresponding peak value is listed
in each subpanel. b Representative X-ray diffraction pattern with pixels in high-gain mode shown in black, and medium- or low-gain mode shown in red.
Resolution rings are shown and labeled accordingly. € The number of hits (red) and indexed patterns (blue, ~93% of hits) for each pulse

We observed 19,023 hits from the first ten pulses of the pulse Phases were obtained with CCP4’s implementation of Phaser?”
train, representing diffraction images of the dark state of PSI. by using the known X-ray structure of PSI from T. elongatus that
From these images, 18,176 (93%) were indexed in CrystFEL>42>  was determined by using synchrotron radiation (PDB ID =
by using the indexing program Xgandalf26, 1JB0%8) as a starting model for molecular replacement. The final
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Table 2 Crystallography data and refinement statistics for
the XFEL and synchrotron data

allowed (%)

Data collection XFEL Synchrotron

Space group P2, P2,

Dimensions: a, b, ¢ (A) 279.2,164.5, 284.1 278.5,165.1, 283.4

Dimensions: a, B, vy (°) 90, 119.3, 90.0 90, 119.4, 90

Number of hits 19,023 180

Indexed patterns 18,176 180

Resolution (A) 64.32-2.9 (3.0-2.9) 48.9-2.9 (3.0-2.9)

I/cl 3.61(0.52) 71(1.9)

Completeness (%) 100 (100) 99.6 (98.3)

ccr 0.97 (0.3D) 0.991 (0.890)

CCy)2 0.88 (0.051) 0.633 (0.655)

Multiplicity 213 (122) 3.6 (1.9)

Repiit (%) 22.07 (241.88) N/A

Rimerge N/A 0.136 (0.328)

Wilson B-factor (A2) 513 55.38

Total number of 104,759,101 1,769,616 (91,759)

reflections (5,776,349)

Number of unique 492,851 (47,459) 492,002 (47,514)

reflections

Refinement

Ruwork/Rfree 0.30/0.33 0.30/0.34

Number of atoms 72,533 72,738

Mean B-factor for all 60 47

atoms (A2)

Mean B-factor for protein 61 46

(A2

Mean B-factor for ligands 60 47

(A2

Mean B-factor for solvent 33 32

(A2

CCuork 0.790 (0.161) 0.759 (0.606)
free 0.790 (0.186) 0.697 (0.496)

RMSD

Bond lengths (A) 0.02 0.02

Bond angles (°) 2.38 2.44

Ramachandran 98.16 98.19

Where two values are quoted, these are the average overall resolution of all shells and the
highest resolution shell (in parentheses)

data collection and refinement statistics for the PSI structure are
shown in Table 2, and more details on the data analysis statistics
can be found in the Methods and Supplementary Figs. 4-6. The
generated electron density map is of high quality with important
cofactors being well-resolved (see Fig. 3). For comparison of the
SEX data with standard synchrotron-collected data, we addition-
ally collected a data set from a large single PSI crystal, cutting the
data at 2.9 A to be comparable to the XFEL data set’s resolution
cutoff. The data statistics for both data sets are shown in Table 2,
and more details on crystallization procedures, as well as data
collection and analysis for the synchrotron-collected data are
included in Supplementary Note 1. The processing of the
cryogenic synchrotron structure also confirmed the P2; space
group determined from the RT XFEL data (discussed further
below).

The RT XFEL model and the cryogenic synchrotron model
were found to be similar at this resolution (see superposition
RMSD values in Supplementary Table 2). Long-range measure-
ments on the structure showed that the RT XFEL structure is
slightly expanded relative to the cryogenic synchrotron structure
(Supplementary Fig. 7). Unsurprisingly, the RT XFEL structure
has higher B-factors than the cryogenic synchrotron structure
(Supplementary Fig. 8).

Discussion

The first structure determined at the EuXFEL was of small single-
domain soluble proteins with comparatively small unit cells!®11,
Figure 4 shows the comparison of the trimeric PSI structure
determined in this study with the structures of the four small
proteins whose structures were previously solved via MHz crys-
tallography at the EuXFEL!®!!, In addition, we provide a table
comparing molecule size, crystal size, and the number of unit
cells/crystal in Supplementary Table 3. While the structure
determination of these proteins with MHz repetition rates was
challenging, determining the structure of the PSI trimer, a very
large membrane protein complex posed further challenges ran-
ging from isolation and crystallization to data collection, pro-
cessing, and structure refinement, which are discussed here.

PSI crystallization was performed by decreasing the ionic
strength. Low ionic-strength crystallization by dialysis with
micro- and macroseeding was established for the growth of large
single crystals of PSI that formed the basis of the previously
solved 2.5-A synchrotron structure of PSI?$2%, This strategy is
seldomly used in macrocrystallography as low ionic phase space is
difficult to obtain by vapor diffusion, where all buffers and salts in
the protein solution are concentrated. Low ionic-strength crys-
tallization has several benefits for SEX: (i) crystallization at low
ionic strength avoids harsh conditions or precipitants. (ii) It is
fully reversible, so crystals can be dissolved and recrystallized
multiple times to reach the desired crystal size distribution. (iii)
These conditions result in a low-viscosity solution, close to that of
water, allowing for high jet speeds to be reached without high
back pressure. (iv) In the absence of salt and high-viscosity pre-
cipitants like polyethylene glycol (PEG), crystal slurries tend to
clog less. (v) It avoids a common problem of SFX data collection,
in which the impact of the X-ray beam on the sample jet leads to
the accumulation of buffer components like salt or PEG, forming
stalactites on the nozzle tip and stalagmites in the catcher that
grow into the interaction region; these formations endanger the
detector due to strong diffraction from the PEG or salt crystals
and disturb the GDVN gas and sample stream. (vi) It is ideal for
time-resolved studies, as the absence of PEG and salt reduces the
amount of debris on the windows of the sample catcher used for
sample visualization and in-coupling of the optical laser. More
insight regarding low ionic-strength crystallization can be found
in Supplementary Note 2. It should be noted that the settling rate
of PSI crystals in low ionic-strength buffer depends on the crystal
size and density. Thus, we used an anti-settling device>® devel-
oped for the SPB/SFX instrument to prevent settling of the
crystals in the sample reservoirs during data collection.

In SFX, crystals are ideally delivered to the interaction region at
a rate equal to or greater than the X-ray pulse repetition rate
whether for liquid jets, fixed targets, or other sample delivery
methods3!. The first published results from EuXFEL experiments
show that a jet speed of at least 50 m/s is required to replenish the
sample volume between X-ray pulses separated by ~886 ns, which
can currently only be reached by injection by using the GDVN?32
or the double-flow focused nozzle systems®3. Low sample con-
sumption injection systems developed for membrane protein
microcrystal delivery, like the high-viscosity injector34, are cur-
rently too slow to be used at the MHz repetition rate produced at
the EuXFEL. The high speed and sample flow rates required for
sample injection present a challenge for proteins that are difficult
to express and isolate in large amounts, with a large fraction of
sample going to waste in between pulse trains. Only with
exceptionally large efforts and large-volume bioreactor culture
capability were we able to isolate 1000 mg of PSI from the native
sources for this experiment. Ongoing research into pulse
injectors>3¢ and future developments in accelerator, detector,
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Fig. 3 Electron density map (2Fo-Fc at 1.5¢) and model of various PSI structural elements of the XFEL structure of PSI. In all images, protein is colored cyan,
chlorophyll (Chl) molecules are colored green, B-carotenes are colored orange, and lipids are colored yellow. In panels b-e, nitrogen atoms are colored
blue, oxygen atoms are colored red, and magnesium atoms are colored bright green. a A slice through the center of electron density of a monomer of PSl is
shown, b the electron density of the “special pair” of Chls, P;o0, € a p-carotene molecule, d the 4Fe-4S cluster, Fx, and e the phosphatidylglycerol lipid

headgroup axial coordination of a Chl molecule

and computer technology may potentially alleviate this require-
ment in the future.

The adaptive gain switching of individual pixels provides the
AGIPD with a large dynamic range, which is critical for accurate
intensity measurement in crystallography, and was important for
the data collection of PSI crystals that have a large unit cell. With
the AGIPD’s multiple gain stages, data can be collected at full flux
of the XFEL, where weaker high-resolution reflections are
detected in high-gain mode, increasing their contribution to the
high-resolution shell completeness. In contrast, intense low-
resolution reflections are collected in medium- (or low-) gain
mode, allowing for accurate determination of their intensity
without the problem of saturation, leading to improved accuracy
in the low-resolution shell. Figure 2b shows the distribution of
Bragg peaks with those in high-gain mode in white and medium-
or low-gain mode indicated in red. Supplementary Fig. 4 shows
the high dynamic range of individual pixels in integrated Bragg
spots from all indexed patterns. The limited size, however, of the
currently installed AGIPD makes accurate spot location and
indexing for samples with very large cells difficult and may
preclude collection of high-resolution data. A 4-megapixel
AGIPD is currently in the production stage for crystallography
applications!®,

Indexing crystallography data from crystals with large unit cells
is not trivial. Multi-panel detector geometry optimization to
subpixel accuracy becomes more critical than for samples with
small unit cells because the distance between the Bragg peaks is
only a few pixels (when the detector is sufficiently close to record
high resolution). We used the program geoptimiser3” to optimize
the detector geometry including 16 individual distances to each
128 x 512-pixel panel. Accurate peak selection and integration
requires well-separated, sharp peaks. CrystFEL’s indexamajig**
integrates peaks in 2D on each diffraction pattern. We used the
three-ring integration method in which the outer annulus around
each peak is used to calculate the local background and sigma.
Integration radii were 2, 3, and 6 pixels to account for the small
spot spacing.

Previous synchrotron-based structures of PSI from T.
elongatus?338-40 and the first SFX structure of PSI at 8-A reso-
lution? were determined in space group P6; with only one
monomer of the trimeric PSI in the asymmetric unit (where the
threefold trimer axis was a crystallographic axis). The unit cell
dimensions were reported to be a =286 A, b=286 A, c =167 A,
a=90° B=90° and y=120° from a 4-A resolution data set
collected at RT at a synchrotron®!, and a =281.0 A, b =281.0 A,
c=16524A, a=90°, p=90° and y=120° from a 25-A
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Fig. 4 Comparison of SFX structures from the EuXFEL. The structure of the
trimeric PSI determined in this study is shown to scale with the four protein
structures previously solved at the EuXFEL by using MHz repetition rates
for comparison. Views from the membrane plane (top) and membrane
normal (bottom) are shown for the PSI trimer, with major and minor axes
denoted. Protein subunits are colored individually

resolution data set collected under cryogenic conditions*8. We
originally attempted to analyze the EuXFEL data set both in space
group P6; and without space group constraints. The data pro-
cessing without space group constraints led to significantly
improved statistics when data were merged in space group P2;.
By processing the SFX EuXFEL data set in the space group P2, we
obtained unit cell constants of a=279.2A, b=164.54, c=
284.1 A, a =90° P =119.3° and y = 90°.

We grew large PSI crystals by using the original crystallization
and freezing procedures, and data sets were collected at the
Advanced Photon Source (APS) under cryogenic conditions to
2.9-A resolution (Table 2). The evaluation of this synchrotron
data (Supplementary Text 1) confirmed the space group P2;. The
comparison of the data statistics of the RT EuXFEL and cryogenic
synchrotron data sets is shown in Table 2. The spatial arrange-
ment of PSI molecules in space groups P6; and P2, is very
similar; the membrane-integral section of the PSI trimer is not
oriented exactly parallel to the plane of the two long unit cell axes
in the crystals. As the trimeric symmetry of the molecule is
noncrystallographic, the space group is (pseudohexagonal)
monoclinic P2;. The packing of PSI in the space group P2; is
shown in Supplementary Fig. 9. The quality of the data obtained
from the EuXFEL experiment described here, as well as improved
data evaluation software, allowed us to detect the difference
between the two space groups more precisely. In space group P2,
three times more indexed images are required than in space
group P6;, and thus the number of unique reflections is increased
by a factor of 3.

The only other published PSI structure solved by SFX was
determined at 8-A resolution in one of the first experiments at the
LCLS?. Although this effort led to the emergence of SFX for
structural biology, the limited resolution only allowed for the

identification of secondary structure elements such as a-helices
and the electron-dense 4Fe-4S metal clusters. At 2.9-A resolution,
most amino acid side chains, hydrocarbon substituents, and even
some well-conserved water molecules have been assigned with
confidence (Fig. 3).

In the previously solved structure of PSI from T. elongatus®3,
the three monomers that comprise the biologically relevant tri-
meric complex are perfectly equivalent, a result of the structure
being solved in space group P6; that imposes crystallographic
symmetry on the individual monomers, with one monomer in the
asymmetric unit. In the P2, space group, the asymmetric unit
contains the entire PSI trimer; this presented the opportunity to
apply NCS*? within the refinement strategy, which has the
potential to further improve the electron density map. However,
when NCS was applied, the quality of the electron density map
and its associated statistics did not improve. It was recently
shown in the structure of PSI from another cyanobacterium,
Synechocystis sp. PCC 6803, that processing the data without
imposed symmetry in the space group P2, although quite dif-
ferent from the crystal packing reported here, resulted in appar-
ent differences between the monomers of the trimer, allowing the
assignment of extra lipid molecules*>. Supplementary Fig. 9
shows the crystal packing solved from the T. elongatus PSI XFEL
data presented here, and Supplementary Fig. 10 shows the crystal
packing reported from the S. sp. PCC 6803 structure. In the
structures solved here, only minor differences were identified
when comparing the electron density map and the resultant
models for individual monomers (i.e., different rotamers for small
side chains and slightly different Chl tail orientations, Supple-
mentary Fig. 11), and no extra cofactors were identified (likely
because the data are of lower resolution than the structure of PSI
from S. sp. PCC 6803). However, long-range measurements (i.e.,
those spanning the entire complex) show that one of the three
monomers of the trimer protrudes slightly away from the center
relative to the other two monomers (Supplementary Fig. 7).
Because the cryogenic synchrotron structure solved in P2; has
lower B-factors (Supplementary Fig. 8) and is slightly compacted
relative to the RT XFEL structure (Supplementary Fig. 7), this
protrusion is less obvious in the former that speaks to the
importance of understanding the structures of proteins at biolo-
gically relevant temperatures over cryogenic structures, a char-
acteristic of XFEL-derived crystallographic data. While it may be
that this observed asymmetry is an artifact of crystallization, a
biological origin is also conceivable. In addition to the afore-
mentioned asymmetry observed in PSI from S. sp. PCC 6803, it
has recently been shown that asymmetry is observed in the T.
elongatus PSI trimer when ferredoxin is bound (ferredoxin is the
natural electron acceptor from PSI). It could be that in the
assembly mechanism, two PSI monomers associate first but cause
steric hindrance for the final monomer’s insertion, disrupting the
perfect C3 symmetry. We think it likely that processing higher-
resolution data in the same space group will, in the future, enable
the discovery of potentially important biological insights, espe-
cially with data collected from XFELs where the sample is not X-
ray damaged.

Serial MHz crystallography holds potential for fast and accu-
rate data collection at RT that is free of secondary X-ray damage.
Its use, with concomitant improved methodology and tailored
data analysis, may lead to the discovery of numerous structures of
macromolecules in near-native states. With accelerated data
collection and decreased sample consumption, it will soon be
possible to obtain the high-multiplicity SFX data required for
time-resolved studies at multiple time points in less time than is
currently possible. The quality of merged SFX data is dependent
on multiplicity, especially for larger, complex samples, for which
collecting larger data sets is important. Larger data sets are also
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required to resolve small or subtle structural differences in time-
resolved sequences.

The challenge of producing sufficient sample volumes for
proteins that are difficult to express, isolate, and crystallize for
MHz serial crystallography applications will be ameliorated when
the EuXFEL and the future LCLS-II reach their full pulse-rate
capabilities. The EuXFEL’s anticipated collection rate of 3520
frames per second with the AGIPD will enable the collection of
complete SFX data sets within a few minutes as compared with
hours currently. The prospect of continuous MHz pulse rates at
future facilities such as the LCLS-II-HE offers even greater
potential. Data acquisition and storage will then be the limitation
of high-frequency XFELs, necessitating further detector devel-
opment for online data processing and new avenues in high-
throughput data transfer and storage to optimize their use!4.
With improved detector capabilities, further increase in repetition
rates, and improved crystallization procedures, SFX can benefit
from MHz crystallography at XFELs to determine molecular
movies of various biologically relevant processes including ligand
binding, substrate screening, and light-induced electron transfer,
foretelling a bright future for this technique.

Methods

Large-scale cell culture of T. elongatus. Large-scale cultures of T. elongatus were
grown in a 120-L cultivation photobioreactor (Photon System Instruments) that
features controllable light intensity, timing, and modulation (Supplementary

Fig. 1a). The starter cultures were maintained in 1-L flasks, and cells were grown in
autoclaved BG-11 medium with constant agitation at 56 °C by using New Bruns-
wick Innova shaker incubators. The small starter cultures were used to inoculate a
25-L photobioreactor (Photon System Instruments) that features the same control
system as the 120-L reactor. Cell growth was monitored daily, and when the
absorbance at 750 nm (A;5,) reached 0.4, the culture was used to inoculate the
120-L photobioreactor. Initially, the cultures were dark-adapted for 6h, and then
the light intensity was linearly increased to 200 uE (red:white = 3:1). The culture
was harvested (in 4-5 days) when A;s, reached 0.8.

For cell harvesting, the entire volume of the photobioreactor (120 L) was
collected in a large container. The first stage of concentration was performed by
using Cole Parmer’s Masterflex Peristaltic Pump tangential flow filter system (Cat#
200-1558). Flow-through was discarded while the cells were concentrated in the
filter with each flow cycle. The cell suspension was collected in a fresh beaker
by flushing the system with purified water. The culture volume was reduced to
2-2.5L, and the collected cells were centrifuged at 7000xg at RT. After the first
centrifugation round, additional cell suspension was added on top of the initial
pellet and sedimented until all cells were separated from the supernatant. Cell
pellets were frozen and stored at —80 °C. A typical harvest yielded ~80 g of cells per
120 L of cell culture.

PSI purification. Cells were thawed, and PSI was isolated as previously described
with modifications28. All steps were performed in dim green light. Cells were
resuspended in buffer A (20 mM MES, pH = 6.4, 10 mM CaCl,, and 10 mM
MgCl,) and centrifuged at 4 °C at 7400xg to wash cells before being resuspended in
lysis buffer (20 mM MES, pH = 6.4, 10 mM CaCl,, 10 mM MgCl,, and 500 mM
mannitol) and subsequently lysed by using a microfluidizer (Microfluidics Model
M110-L) at 12,000 psi on ice. The cell lysate was sequentially centrifuged, and the
thylakoid membranes were washed at 4 °C four times before the final resuspension
in buffer A. Protein concentration was determined by performing chlorophyll (Chl)
assays in 80% acetone (€64 = 76780 M~! cm™1). PSI was solubilized in buffer A
with 0.75% weight per volume (w/v) B-dodecylmaltoside (B-DDM) for 45 min at a
final Chl concentration of 0.75 mM. This solubilization extract was centrifuged for
2h at 235,000 x g (Ti-45, Beckman Coulter) at 4 °C. The top layer of the super-
natant (~10-15 mL/tube) was removed and discarded. The remaining supernatant
was gently shaken in an orbital shaker at 4 °C for 45 min to separate PSI from the
top layer of the membrane pellet. A Chl assay was performed on the supernatant,
and aliquots equivalent to 80 umol of Chl were injected onto an XK 50/60 column
(GE Healthcare) packed with DEAE anion exchange resin (Toyopearl) with a bed
height of ~40 cm equilibrated with 20 mM MES, pH = 6.4, 15 mM MgSO,, and
0.02% w/v p-DDM. A step gradient was applied to elute first the PSI and PSII
monomers and PSII dimers, before the PSI trimers were eluted from the column by
a step gradient increasing the MgSO, concentration to 150 mM. PSI eluted at a
MgSO, concentration of 145 mM (Supplementary Fig. 1b). The PSI fractions were
pooled from multiple runs and concentrated in an Amicon 400-mL stirred ultra-
filtration cell (EMD Millipore) fitted with a 100-kDa cutoff filter (Millipore) by
using a headspace pressure of 30-60 psi argon. Once the target concentration of
10 mM Chl had been reached (typically ~100-fold concentration of the initial
volume), the concentrated solution was diluted dropwise by addition of buffer G,

(5 mM MES, pH = 6.4, 0.02% w/v f-DDM) to achieve a final MgSO, concentration
of 4 mM. This solution was concentrated to 10 mM Chl. The following day, ~10 mL
of buffer Gy was applied to the mat of crystallized PSI that had formed on the
membrane, and gentle pipette mixing was performed to harvest the crystals and
remove them from the filter. These crystals were shipped to the EuXFEL as a crystal
suspension at 4 °C and recrystallized on-site at the XFEL Biology Infrastructure
(XBI) User Consortium laboratory, as crystal quality decreases during transport.

The crystal-containing aliquots could be pooled and sequentially settled for 10,
20, and 30 min, and overnight as described by Hunter!® to sort the crystals by size.
For this beamtime, the small crystals were separated from the larger crystals in one
settling step overnight. The supernatant of the overnight settling step contained
small uniform nanocrystals, which were saved as a separate sample to be used for
seeding. The crystals were stored in buffer G, at 4 °C. The seeds were characterized
by DLS (Fig. 1b) to determine size and homogeneity profiles of the nanocrystal
seeds. We also periodically performed SONICC analysis** to verify the crystallinity
of the seed stock suspensions. All samples were stored at 4 °C in dim green light
until further use in the final recrystallization experiments directly prior to the XFEL
data collection.

Recrystallization. All crystals used for data collection were freshly grown at the
XBI User Consortium laboratory at the EuXFEL directly prior to the experiment,
which ensured size homogeneity and avoided damage during transport. The first
fine screening was performed in test batches for each individual protein prepara-
tion prior to crystallization in larger sample-scale batches suitable for use in the
SEX experiments. PSI was crystallized by decreasing the ionic strength with
nanocrystal seeds added to the precipitant buffer (Supplementary Fig. 3). For each
crystallization experiment, the pooled larger PSI crystals were dissolved by addition
of MgSO, and subsequently recrystallized. A harvested preparation of PSI crystals
was homogeneously resuspended by gentle pipette mixing before an aliquot was
transferred to a preweighed microcentrifuge tube. This aliquot was then cen-
trifuged at 13,000xg for 2 min followed by removal of the bulk supernatant. This
was repeated twice, and the final portion of supernatant was removed before
weighing the crystal pellet. A pL:mg equivalent of buffer G, (100 mM MgSO.,
5mM MES, pH = 6.4, and 0.02% w/v -DDM) was added to the crystal pellet via
pipette mixing, and the crystals were allowed to dissolve for at least 30 min at RT.
Prior to crystallization experiments, optical microscopy by using a polarized filter
was used to confirm that the solution was homogeneous and all crystals were
dissolved. A Chl assay was then performed followed by dilution to 28 mM Chl
(100 mg PSI/mL) by using buffer Gs, (50 mM MgSO,4, 5 mM MES, pH = 6.4, and
0.02% w/v B-DDM). To determine the optimal crystallization conditions, 1 pL of
this solution was placed in a 1.5-mL reaction vessel. The precipitant buffers Gy,
were prepared, which contained no (Go), 1 (Gy), 2 (G,), or 3 mM MgSO, (G3) in
20 mM MES, pH = 6.4, 0.02% w/v 3-DDM. Thirty seconds prior to mixing with
the concentrated PSI, nanocrystal seeds were added to the Gy solution ([Chl] =
3 uM) to achieve homogeneous nucleation. The final concentration was 487 uM
Chl. These test batches were then allowed to crystallize for 1-2 h before visual
inspection with optical microscopy with emphasis on optimization of apparent
morphology, size, and homogeneity. Small batch screening showed a large effect of
MgSO, concentration on the size, size homogeneity, and morphology of the
crystals as illustrated in Supplementary Fig. 2. Crystal macromorphology also
served as an indicator; visible defects appeared more frequently at lower salt
concentrations, possibly attributable to higher supersaturation conditions leading
to faster crystal growth where crystallogenic growth kinetics outpace the individual
molecular Gibbs energy minimization during lattice addition.

The crystal growth was typically complete in these test batches within 1-2 h, but
interpretable results were realized within 30 min with no appreciable difference in
ranking characteristics occurring thereafter. Supplementary Fig. 2 shows an
example of the results from a crystallization test set. Once a suitable condition had
been identified, scaled-up crystallogenesis was performed to obtain the larger
volumes necessary for MHz crystallography as described in the “Results” section.
The large-scale crystallization was achieved by using the RAMS method described
in detail in Supplementary Fig. 3. Here, the PSI crystals were dissolved and diluted
to 28 mM Chl as described above for the small test crystallization experiments. This
concentrated solution was then added dropwise to the base of a suitably large
beaker to allow for adequate surface area such that 5-20-pL drops could be spread
distinctly without consolidation. The previously optimal Gy solution was then
doped with the same seed batch used during optimization and added on top of the
protein drops at once to reach a Chl concentration of 487 uM Chl while
simultaneous rotational mechanical mixing was performed (~120-180 rpm).
Rotation was continued for at least 30 s beyond homogenization by eye. The
solution was then transferred to a 50-mL conical tube and allowed to settle at RT
overnight before characterization by light microscopy in both bright-field and
under polarized light to check for signature birefringence. Upscaling from test
batches to the large-scale RAMS method showed a general improvement in size
homogeneity, possibly attributable to more rapid complete mixing, illustrated by
homogeneous rod-shaped crystals depicted in Fig. 1c.

Sample delivery. In preparation for sample delivery, PSI microcrystals were
allowed to settle by gravity overnight at 4 °C. The volume of the settled crystals was
approximated, and most of the supernatant was removed to leave a volume of
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supernatant equal to the volume of the settled crystals. The crystals were then
gently resuspended in the supernatant, and the crystal suspension was prefiltered
through the same 20-um stainless-steel filter (IDEX) that was used for inline fil-
tering during sample delivery. The sample reservoirs were mounted on an anti-
settling device that maintained the temperature of the crystals at 4 °C at the SBP/
SFX instrument. The anti-settling device was developed by Robert Shoeman at the
MPI Heidelberg®. The crystals were delivered to the XFEL beam by using a GDVN
liquid injection system!213 with 50-um inner-diameter glass capillaries that were
individually hand-ground and tested at Arizona State University for the production
of a straight jet and high sample flow rates. The small ID of the nozzle compared
with the crystal size could have led to significant challenges for sample delivery.
Our previous experience at XFELs indicated that ideal crystals should be maximally
1/10th the size of the ID of the nozzle to avoid clogging. Based on the size of our
crystals (5 x 5 x 15 um?3), 100-um-ID nozzles could have been used. However, even
when the flow rate is increased to 30 uL/min, a jet speed of only ~12.5m/s is
achieved with this nozzle, which is too slow to fully replenish the sample between
pulses. The sample was delivered at a flow rate of 20 uL/min to the injector by use
of a syringe-reservoir system? where pressurized water from a high-performance
liquid chromatography (HPLC) pump (Shimadzu) was delivered to the back side of
the sample reservoir that displaces a fitted Teflon plunger separating the loaded
crystal suspension from the pressurizing water. The liquid stream was focused by
the sheath jet of co-propagating helium gas in the GDVN resulting in a jet speed of
50 m/s!!. The gas flow was controlled by using a GP1 gas-pressure regulator
(Proportion-air), and the flow rate was monitored with a gas flow meter (Bron-
khorst). Required jet speeds were estimated based on the recovery of the jet as
described by Wiedorn et al.!l.

Data collection. The PSI SEX experiments were performed by using the SPB/SFX
instrument at the EuXFEL in November 2017 during the experiment P20662° in a
similar manner to Wiedorn et al.!l. Data were collected at a photon energy of
9.3 keV with an average XFEL pulse energy of 0.7-1 mJ, and pulse duration of 50 fs.
We estimate that the beam focus diameter was 16 + 4 pm (FWHM) based on the
optical imaging of single shots by using Ce:YAG screens of various thicknesses. The
X-ray diffraction data were recorded in single-shot mode by using the AGIPD

1 Mpixel with the direct beam passing through a central hole in the detector. The
AGIPD consists of 2 x 8 application-specific integrated circuits, each with 128 x
512 pixels of 200 x 200- pm size?> and allows the collection of data at a frame rate
matching the EuXFEL pulse rate of 1.1-4.5 MHz within a pulse train. This enables
the measurement of up to 3520 images per second (in the 352 memory cells of each
pixel per pulse train). Each pixel automatically switches between three gain modes
from most to least sensitive: high, medium, and low, which allows for data col-
lection with high dynamic range (~1 x 10* photons at 12keV). For more details
about the detector, the reader is referred to Allahgholi et al.%.

Data analysis. Data from each AGIPD module were saved into separate files along
with pulse and train ID numbers. The EuXFEL version of the hit-finding program
Cheetah?3, as described in Wiedorn et al.ll, was used to match data from each of
the 16 separate modules by train and pulse number, to process and compare data
from the same X-ray pulse. Calibration of the AGIPD readout requires measure-
ment of the pedestal, gain, and gain-switching threshold for each of the three gain
stages in each memory cell of each pixel. AGIPD calibration, multi-gain-stage
intensity correction, and masking of bad memory cells for each pixel were per-
formed as described in Wiedorn et al.!l. Although the detector required compli-
cated calibration!!, this step was essential to obtain more accurate intensities
simultaneously for both the high- and low-resolution reflections, all of which are
only partially measured in each snapshot.

The initial detector geometry was taken from the previous experiment!! and
further refined by using geoptimiser program?’. We used the three-ring integration
method in indexmajig?»2°, in which the outer annulus around each peak is used to
calculate the local background and sigma. Integration radii were 2, 3, and 6 pixels
to account for the small spot spacing. The actual sample-to-detector distance for
different detector positions was determined by the following criteria: at the correct
detector distance the unit cell distribution has to be symmetrical. Small residual
asymmetry (Fig. 2a) is probably due to the small shot-to-shot variation of the
incident beam wavelength. The detector center was adjusted individually for the
two detector positions due to the detector stage being slightly misaligned from the
optical axis.

Hit finding was performed with Cheetah?? by using the peakfinder8 algorithm
with conservative parameters: minimum signal-to-noise ratio (SNR of 6, pixel
threshold of 200, minimum of 3 pixels per peak, and a minimum of 20 peaks per
pattern). For the indexing (using indexmajig from CrystFEL version 0.8.0 +
1ccb8c35), different peak-finding parameters were used: minimum SNR of 6, pixel
threshold of 50, minimum pixels per peak =1, and a minimum of 50 peaks per
pattern. To find peaks that are only one pixel in size, careful masking of unreliable
regions on the detector was performed. In total (for all 30 pulses per train) 54,780
of 59,012 patterns were indexed. Of these, 99.8% of the 54,780 patterns were
indexed by using Xgandalf*® and the remaining 0.2% were indexed by using
MOSFLM?#6 and DirAx*’. The resulting unit cell distributions are very narrow with
a clearly monoclinic (pseudohexagonal) lattice (Fig. 2a). Xgandalf?° is a recently
available indexing algorithm that demonstrated outstanding results, but so far only

a few experiments had employed it. Therefore, to verify the unit cell parameters,
the indexing was repeated by using only MOSFLM*® with the same CrystFEL
parameters. This check resulted in very similar cell parameters (Supplementary
Fig. 12) but with a wider, bimodal distribution for the a-axis. Also, indexing by
using only MOSFLM resulted in fewer indexed patterns: 39,985 of 59,012.

Multicrystal indexing was not used in indexamajig because of the density of
reflections from individual PSI microcrystals. The very small Bragg reflection
profile radii (calculated by indexamajig to account for the large majority of the
found reflections) are evidence of the high accuracy of indexing results from
Xgandalf and orientation refinement in indexamajig (shown in Supplementary
Fig. 6a—c for each detector distance). Supplementary Fig. 6d shows the diffraction
resolution limits for all 30 pulses in the train, showing no evidence of sample
damage in consecutive pulses. Data collection statistics for the XFEL data were
calculated by using CrystFEL2® and for the synchrotron data using Aimless in the
CCP4 software suite?? (Table 2). The reflections from the first ten pulses (the dark
structure) were merged with process_hkl in point group 2 /m. The resulting Rsplit,
CC*, the SNR, and completeness are shown in Supplementary Fig. 5.

Structure solution and refinement. For both the RT XFEL structure and cryo-
genic synchrotron structure, the phases were determined by molecular replacement
with Phenix’s implementation of Phaser?” by using the previously determined
structure of PSI from T. elongatus®® as a starting model. All water molecules were
removed from the starting model. R, flags were assigned (5%) with phenix.
refine$. Three rounds of refinement by using phenix.refine?$, three rounds of
refinement by using REFMAC5%, and one round of find:waters by using Coot>°
were run on each data set by using the corresponding molecular replacement
solution from Phaser. Refinement statistics were calculated with Phenix>!. For data
quality assessment of the RT XFEL structure in addition to the standard refinement
output statistics, an annealing composite omit map omitting 0.5% of the atoms of
the model within the asymmetric unit was generated by using the corresponding
function within the Phenix software suite®! and is shown in Supplementary Fig. 13.
The simulated annealing omit map appears similar to the 2Fo-Fc map (Fig. 3). We
have also performed manual omission of various ligands in the XFEL structure and
re-refined the map with the incomplete model. Clear density can be seen where the
omitted ligand was removed (Supplementary Fig. 14).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The source data underlying Fig. 2c and Supplementary Fig. 5 are provided as a Source
Data File. Other data are available from the corresponding authors upon request. The
XFEL structure has been deposited with the PDB accession code 6PGK, and the
synchrotron structure has been deposited with the PDB accession code 6PFY. XFEL-
collected diffraction data have been deposited in the Coherent X-ray Imaging Data Bank
(CXIDB) under accession code 111.

Code availability

The versions of Cheetah and CrystFEL used in this work are available from the respective
websites: https://www.desy/de/~barty/cheetah and https://www.desy.de/~twhite/crystfel.
The Xgandalf software is available at https://stash.desy.de/users/gevorkov/repos/xgandalf
and is now implemented in the CrystFEL version 8.0 software suite.
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