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Abstract

With the advent of X-ray Free Electron Lasers (XFELS), new, high-throughput serial
crystallography techniques for macromolecular structure determination have emerged. Serial
femtosecond crystallography (SFX) and related methods provide possibilities beyond canonical,
single-crystal rotation crystallography by mitigating radiation damage and allowing time-resolved
studies with unprecedented temporal resolution. This primer aims to assist structural biology
groups with little or no experience in serial crystallography planning and carrying out a successful
SFX experiment. It discusses the background of serial crystallography and its possibilities.
Microcrystal growth and characterization methods are discussed, alongside techniques for sample
delivery and data processing. Moreover, it gives practical tips for preparing an experiment, what to
consider and do during a beamtime and how to conduct the final data analysis. Finally, the Primer
looks at various applications of SFX, including structure determination of membrane proteins,
investigation of radiation damage-prone systems and time-resolved studies.
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Serial femtosecond crystallography (SFX) is a high-throughput, serial crystallography technique
for studying macromolecular crystals at an X-ray free electron laser. This Primer gives an
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Alvra at SwissFEL: https://www.psi.ch/en/swissfel/alvra

BL2 and BL3 at SACLA: http://xfel.riken.jp/eng/users/bml04-11.html

CXI at LCLS: https://Icls.slac.stanford.edu/instruments/cxi/specifications

CXIDB: https://cxidb.org/

MFX at LCLS: https://Icls.slac.stanford.edu/instruments/mfx/specifications

NCI SFX at PAL-XFEL: https://pal.postech.ac.kr/paleng/Menu.pal?
method=menuView&pageMode=paleng&top=7&sub=2&sub2=2&sub3=4

IRRMC: https://proteindiffraction.org/

SPB/SFX at EuXFEL.: https://www.xfel.eu/facility/instruments/spb_sfx/index_eng.html


https://www.psi.ch/en/swissfel/alvra
http://xfel.riken.jp/eng/users/bml04-11.html
https://lcls.slac.stanford.edu/instruments/cxi/specifications
https://cxidb.org/
https://lcls.slac.stanford.edu/instruments/mfx/specifications
https://pal.postech.ac.kr/paleng/Menu.pal?method=menuView&pageMode=paleng&top=7&sub=2&sub2=2&sub3=4
https://pal.postech.ac.kr/paleng/Menu.pal?method=menuView&pageMode=paleng&top=7&sub=2&sub2=2&sub3=4
https://proteindiffraction.org/
https://www.xfel.eu/facility/instruments/spb_sfx/index_eng.html

Barends et al. Page 2

overview of microcrystallization methods, sample delivery and data analysis for applications
including membrane proteins, radiation damage-prone systems and time-resolved experiments.

Introduction
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Crystallography is a highly successful method to obtain atomic-level structural information
about molecules. Unlike other structure determination methods, it has no restrictions on
molecular size, but general limitations include the necessity to grow suitable well-ordered
crystals and the sample-changing effects of X-rays used to collect the diffraction data.
Radiation damagel, particularly in macromolecular crystals, was recognized early on as
compromising structural studies. The impact of radiation on, for example, the resolution
was mitigated by acquiring partial data sets from several crystals? and then merging them
into a complete data set. Cryocooling crystals during data collection can significantly slow
radiation damage, enabling the acquisition of more data from each crystal and using smaller
crystals. Consequently, data collection from a single crystal kept at 100 K became the
norm3. However, despite many advantages, the problem of radiation damage remains.

As aresult, it is challenging to derive mechanistic insight from the structures due to
photoreduction of redox-sensitive cofactors, for example, many metals or cofactors with
large conjugated systems. The use of very small crystals, such as frequently observed for
membrane protein crystals grown in lipidic cubic phase (LCP)?, is also limited. Furthermore,
cryogenic temperatures can change the distribution of conformational substates®®, which
are mechanistically important, and preclude most time-resolved experiments. Obtaining high
resolution, radiation-damage-free structures of molecules at ambient temperature, including
those of short-lived reaction intermediates, is now possible using X-ray free-electron lasers
(XFELs)’, TABLE 1. REF8 provides a detailed comparison of synchrotron sources and
XFELs.

XFEL pulses typically have a duration in the femtosecond to tens of femtoseconds range,
yet each pulse delivers as many photons as a synchrotron beam does per second8. Due to
the XFEL’s high peak brilliance, data can be collected from small and/or weakly diffracting
samples. In addition, the short XFEL pulse duration allows outrunning radiation damage
effects. This is because X-ray scattering, which causes the desired diffraction signal, is
almost instantaneous, occurring on attosecond (as) timescales, and only those changes

that take place during the femtosecond pulse are observed in the collected data. The
changes include those caused by photoionization (~10-100 as); the emission of Auger
electrons (fs range); and the subsequent ionization cascades that result in random®10 and
correlated0-12 nuclear motions. Ultimately, the highly ionized sample explodes. Thus,

for short pulse lengths, the diffraction pattern is generated before significant damage —
reflected in changes in electron density or spectroscopic features — can accumulate and
sample is destroyed. This forms the basis of the diffraction-before-destruction principle

for data collectionl3. Therefore, XFEL-based crystallography requires a new crystal, or a
fresh part thereof, for each exposure. Importantly, on the timescale of an XFEL pulse,

the crystal cannot be rotated as it would be for synchrotron data collection, FIG. 1, and

the resulting single-exposure snapshot corresponds to a thin slice through reciprocal space,
called a still image. This approach to data collection is referred to as nanocrystallography#
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or serial femtosecond crystallography (SFX)19:15 and involves use of specialized software
to merge partial intensities from thousands of diffraction patterns from crystals intersecting
the XFEL beam at random orientations, FIG. 1. SFX requires very high throughput serial
data collection. For efficient data collection, the sample should be replenished with a rate
commensurate with the repetition rate of the XFEL pulses or — if slower — the detector
frame rate. Different methods to deliver microcrystals into the XFEL beam, with varying
complexity, sample quantities and applicability, have been established over the years16:17,

Well-ordered crystals of appropriate dimensions are at the heart of any crystallographic
study, and their diffraction quality and size often limit a project’s success. It is generally
desirable to grow large single crystals rather than small ones. However, large crystal

growth is challenging and forms a bottleneck in traditional macromolecular crystallography
(MX). As SFX typically uses microcrystals, it can circumvent this bottleneck, but different
challenges arise. It is a big step between observing microcrystals in 100 nanoliter
crystallization drops in 96-well plates and producing large amounts of homogeneously sized
microcrystals in tubes, syringes or plates. This requires a large quantity of protein and a trial
and error approach, with less automation and experience than is available for growing large
single-crystals. As a result, each project requires an assessment of whether SFX at an XFEL
or MX at a synchrotron beamline is best suited to the investigation, BOX 1. Additional
points to consider include whether a microfocus beamline is needed. For challenging
projects, MX allows screening of hundreds of large crystals almost automatically to identify
well-ordered regions suited to data collection, of which typically only a few are needed.

By contrast, many thousands of well-ordered microcrystals are needed for SFX. However,
despite the efforts involved, SFX is the method of choice for analyzing very small crystals,
radiation damage-sensitive samples and performing time-resolved experiments that probe
early reaction time points in general, and light-induced reactions in the single-photon regime
specifically.

SFX is maturing as a technique, but the approach is still far from routine and lacks the
stability, predictability and automation available for MX at synchrotron beamlines. SFX
experiments take significantly longer, typically require several people, and data collection
and evaluation requires expertise beyond standard MX. It is thus advisable that small
research groups inexperienced with very high throughput serial crystallography collaborate
closely with facility staff or experienced groups. This primer is aimed at such less
experienced groups, focusing on what needs to be considered when applying for XFEL
beamtime, how to plan and perform an SFX experiment, discusses potential advantages, and
provides an overview of common pitfalls and misconceptions. Specific examples include
time-resolved experiments and radiation damage-prone systems, such as metalloproteins and
small membrane protein crystals. The primer will provide neither step-by-step descriptions
of large volume microcrystallization, sample delivery approaches or data processing, nor
detailed structural or mechanistic assessments of previous investigations. Instead, the
relevant literature will be cited.

High throughput serial data collection is an intrinsic feature of crystallography at XFELSs
which necessitated the development of novel approaches in microcrystallization, sample
delivery, data collection and evaluation. Subsequently, these serial data collection techniques
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were ported to synchrotrons as serial synchrotron crystallography (SSX)18-21, BOX 1,
supplementary information, and to electron microscopes?2, resulting in conceptually similar
data collection approaches, for which this Primer is also helpful.

Experimentation

Experimental strategies

Successful crystal structure determination depends on the diffraction properties of the
crystal(s), that is the sample quality. This also applies to SFX. When planning an XFEL
experiment, initial questions relate to how much and what kind of crystalline sample is
needed, and what crystal delivery method to use. Both depend on the amount of protein
available, its general crystallization properties and the experiment type, such as collection of
a static data set from crystals that are too radiation sensitive for synchrotron data collection
or a series of data sets in a time-resolved experiment. Static data sets require significantly
less material than multi-data point time-resolved experiments; they also pose no restrictions
on crystal size or distribution, as long as the crystals provide sufficient diffraction signal.
The collection of static data sets enables greater flexibility, including synchrotron-like

data collection schemes using numerous very large, often cryocooled, crystals — serial
femtosecond rotation crystallography (SF-ROX)%3:24, akin to helical scans — alongside
typical SFX approaches using microcrystals. The least technical and often most efficient
sample presentation mode is a fixed target approach, with the most straightforward being
a sheet-on-sheet (SOS) chip22. Although non-patterned chips such as the SOS chip are

less efficient in terms of sample usage than patterned chips26-31, they have the significant
advantage of being universally applicable. They can handle all crystalline sample types,
irrespective of crystal size, distributions and medium viscosity, in addition to being readily
available, TABLE 2. Other sample delivery approaches, such as low32 and high33 viscosity
jets16:17.34 or droplet delivery35:36 can also be used for static data collection but have more
boundary conditions related to crystal size, homogeneity and amount of material needed,
TABLE 2.

Time-resolved experiments rely on fast, efficient, uniform and synchronous reaction
initiation in a sufficiently large number of molecules in the crystal. This restricts the crystal
size. For photoexcitation, the crystal thickness should not exceed the 1/e penetration depth of
the excitation light at the pump wavelength. For chemical mixing, the diffusion time into the
crystal must be significantly shorter than the lifetime of the first intermediate. Consequently,
photoexcitation in the UV-Vis to near IR region and chemical mixing on the millisecond
timescale require microcrystals with a narrow size distribution of ~5 pm. Triggering the
reaction also places boundary conditions on the sample delivery approach, TABLE 2.

The sample quantity needed depends on how efficiently the microcrystalline sample is used
for XFEL data collection, TABLE 2, and the required accuracy of the integrated diffraction
intensities. To detect small intensity differences between Friedel mates (anomalous signal)
— for example, for de novo phasing — or between entire data sets — for example, between
subsequent reaction time-points — requires significantly more indexed diffraction patterns
than are needed for static structure determination by molecular replacement methods®’.
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XFEL beam time is scarce and samples are often expensive. As a result, it is important

to use both efficiently. When applying for XFEL beamtime, it is advisable to match the
repetition rates of the chosen sample delivery approach the considered XFEL, or detector
frame rate if slower, TABLES 1, 2. Since it is difficult to predict how well microcrystals
will diffract in an XFEL beam, applying for Protein Crystal Screening (PCS) beamtime

is highly recommended. PCS is typically one shift and enables testing of diffraction
properties as a function of crystallization conditions or crystal size and establishing sample
delivery approaches. This provides feedback on the XFEL experiment requirements and the
likelihood of success, allowing informed decisions to be made about whether to undertake
an experiment or not, and how to prepare for it.

Sample preparation and delivery

Crystallization—SFX is sometimes referred to as nanocrystallography38:39 or serial
femtosecond nanocrystallography“9. This is because the first seminal SFX experiment
performed in 2009 used nanocrystals of photosystem |, showing that they give useful
diffractionl4. The experimental setup limited the resolution of the data to 8.7 A. Subsequent
measurements used 5x5x15 um3 crystals that diffracted to 2.9 A41, which, while impressive,
is still lower than the resolution obtained at a synchrotron using large cryocooled crystals
(2.5 A)*2. General observations made on both real and model systems suggest that small
crystals are not necessarily better than large ones and that there appears to be a minimum,
system-specific crystal size needed to yield sufficient signal for high-resolution diffraction.
For example, 4-5 pm photosystem Il crystals diffract to 4-5 A%3 and 20-50 pm crystals to
~2 A% Indeed, most SFX experiments to date have used microcrystals of 5-20 pm. Crystals
of this size look crystalline — they show facets — when viewed under a high magnification
light microscope. It is thus a misconception, borne out of the nanocrystallography notion, to
aim for precipitate-like looking material when growing tiny crystals for SFX.

SFX experiments aimed at determining structures of short-lived intermediates or of radiation
damage free molecules typically start from known crystallization conditions for macroscopic
crystals. The task is then to grow appropriate crystals in the required amount for XFEL data

collection. This section focuses on microcrystallization, distinguishing between crystals that
grow in a liquid solution phase and those that grow in LCP.

Growing microcrystals in liquid phase—Crystals for applications with a low to
medium sample requirement can be grown by increasing the drop volume and adjusting
conditions slightly in, for example, Linbro or Cryschem plates, in hanging or sitting drop
setups, which are then combined for data acquisition?®46, This approach is not feasible for
time-resolved experiments using liquid jets that require large sample quantities, TABLE 2.
Instead, batch crystallization approaches are used. The setup volumes range from 100s of
microliters in Eppendorf tubes to 10s of milliliters in Falcon tubes*’48, corresponding to
protein quantities up to the gram scale*90, It is important to note that batch crystallization
takes a different path through the phase diagram than vapour diffusion approaches. In
principle, the latter can take any path, whereas batch conditions need to match the nucleation
zone closely®. Therefore, to increase crystallization efficiency, microseeding is frequently
used?#8:52-54_ Seeding can also be used to control crystal size via the number of seeds
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added. Alternatively, crystal growth can be quenched by exchanging the protein-containing
crystallization solution with a solution containing a higher concentration of precipitant®.

The LCP method—LCP is a lipid mesophase that spontaneously forms when a particular
host lipid, such as monoolein, and an aqueous buffer are mixed at a certain ratio®. Lipids
assemble in a single, continuous lipid bilayer convoluted in 3D space, dividing it into

two non-intersecting networks of aqueous channels. Integral membrane proteins can be
reconstituted in the lipid bilayer of LCP, which stabilizes them and allows their long-range
diffusion. At the same time, the two non-intersecting water channels accommodate soluble
protein parts and enable the diffusion of ligands, cofactors, and precipitants. Crystals grown
in LCP have type | packing — stacks of 2D crystals — with contacts forming between
hydrophilic and hydrophobic protein parts, making them, in general, better ordered. As a
result, they typically diffract to a higher resolution than their type 1l counterparts grown in
detergent solutions, in which only hydrophilic parts interact. LCP is therefore ideally suited
as a crystal growth matrix for membrane proteins with relatively small soluble domains,
such as G protein-coupled receptors (GPCRs) and many types of ion channels, transporters,
and enzymes.

Crystallization in LCP has been miniaturized and automated, allowing the screening of
thousands of precipitant conditions using only a few microliters of purified protein sample®’.
Initial crystal hits in LCP are typically observed as a large number of very small crystals
because of a higher nucleation rate due to 2D confinement and a slower protein diffusion
rate inside the lipid bilayer. Nucleation and crystal growth are competitive processes, and
their mutual relationship can be modulated by choosing optimal precipitant conditions.

Traditional data collection at synchrotron beamlines requires relatively large (>20 um)
crystals. Optimizing for crystal size, however, can increase mosaicity and introduce growth
defects, reducing their diffraction power, and for systems challenging to crystallize,
obtaining large crystals is often impossible. However, SFX enables data collection from
smaller (<10 um) crystals, providing an alternative objective for crystal optimization,
focusing on high density rather than large size. There is a natural synergy between LCP-
grown crystals, which tend to be small, and SFX data collection. This has led to notable
advances in membrane protein structure determination, particularly GPCRs.

To sufficiently sample the crystallization space and increase throughput, LCP crystallization
experiments are often conducted in a 96-well, nanoliter-volume format using robotic liquid
handling and imaging systems®8. Glass sandwich plates prevent sample dehydration and
provide excellent optical properties, enabling in situ crystal detection and growth monitoring
by cross-polarization or UV fluorescence. If sufficiently large crystals can be grown that

are suitable for synchrotron data collection, they can be harvested from these plates using
MiTeGen dual thickness micromounts. Alternatively, if large crystals are not attainable,
crystallization conditions can be optimized to produce a large number of uniformly sized
microcrystals for SFX, for which the initial nanoliter volume setup needs to be scaled up
~1,000-fold. Different scale-up methods exist, each requiring careful optimization separate
from the initial crystallization screening since crystallization depends on the geometry of
the setup, in particular, the volume and shape of the LCP bolus. For GPCRs and other
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membrane proteins, the most successful method has been to use gas-tight syringes for large
volume crystallization®®. This approach mimics the geometry of an LCP bolus in a glass
sandwich plate but at a much higher volume, and allows an easy separation of precipitant
solution from the LCP and for sample consolidation. Additional rounds of optimization are
often required to achieve the desired crystal density and uniformity.

Alternative scale-up methods of LCP crystallization for serial crystallography have been
developed. In particular, batch crystallization in Eppendorf tubes using a needle-cleaning
wire®0 was successfully used to crystallize microbial rhodopsins for time-resolved SFX
studies. This method is convenient for preparing large volumes of samples. However,

it requires precise knowledge of the crystallization conditions, as it is not well-suited

for optimization because of the large volumes used and the difficulty of observing

small, colourless crystals. This approach was further modified to use 9-well glass
plates®® with better optical properties for crystal observation and compatibility with
condition optimization. This setup, however, can lead to losses during sample harvesting,
consolidation, and removal of the precipitant solution.

Pre-beam time crystal characterization—Microcrystallization often starts from
similar crystallization conditions as macroscopic crystal growth. This suggests that the
crystalline properties are retained, namely the space group and unit cell parameters.
However, this assumption is frequently incorrect and must be tested*®. Although
microcrystals are often too small to collect a synchrotron data set, the diffraction limit can
be determined, enabling a comparison of different crystal batches. Additionally, it is often
possible to deduce unit cell constants. This allows identifying and discarding crystal forms
that have unfavorable unit cell combinations — for example, where the unit cell lengths

are very close to each other or are multiples of each other or of diagonals — which would
impact unique indexing. Similarly, any changes in crystal environment and their effects on
diffraction resolution or other crystal parameters should be tested at a synchrotron beamline
prior to XFEL data collection. Relevant parameters include pH for embedding in viscous
media or for reaction initiation; hydration upon embedding; or precipitant, such as malonate
and ammonium sulphate exchange. The aim is to provide a fully tested microcrystalline
sample for XFEL data collection and online analysis. The only property that cannot be tested
before beamtime is the diffraction resolution on exposure to an intense fs XFEL pulse.

Sample delivery into the XFEL beam

XFELs are pulsed X-ray sources with repetition rates from tens of hertz to several
Megahertz. For efficient beam time and sample usage, the rates of sample replenishment
and XFEL pulses (the latter are typically set to the frame rate of the available detector)
should roughly match, TABLE 1. There are different methods to deliver microcrystals into
the XFEL beam, FIG. 2. They can be divided into jet, droplet-based methods, and fixed
targets, FIG. 3. The approaches differ in the amount of material needed, limitations on
crystal size and uniformity, scattering background, technical complexity and suitability for
different applications or XFEL sources, TABLE 2. The data quality depends on recording
diffraction intensities with a high signal-to-noise ratio. As a result, any background signal
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from the sample delivery medium should be reduced as much as possible®2:63 by matching
the crystal size with the beam size and surrounding medium thickness.

Gas dynamic virtual nozzles (GDVNs)—Gas dynamic virtual nozzles (GDVNs)84 are
jet-based delivery methods. A suspension of crystals is pumped through a capillary at high
flow rates (generally 30—60 pl/min). A helium gas sheath focuses the resulting stream

to produce a thin (typically 3-6 um diameter) fast-flowing jet32:64, well suited for tiny
crystals, FIG. 2a. Gas-focusing is used to reduce scattering background by affording very
thin jets without clogging narrow capillaries by flowing crystals. Jet imaging before and
during XFEL beam time is required to establish jetting instead of spraying conditions.
Moreover, it allows optimization of the length of the free-standing jet by adjusting the
sample composition and flow conditions to avoid shooting into the Rayleigh breakup region
downstream of the actual jet. In this region the continuous jet falls apart into droplets,

FIG. 2a, resulting in reduced hit rates. It is also best to avoid shooting the jet close to

the nozzle exit because this facilitates debris deposition from X-ray-induced jet explosion,
promoting clogging and increased background scatter. Jet explosion results in transient
formation of a gap in the jet®®. Eventually, the gap will close due to material flowing

from upstream. This, however, takes time and may limit the maximal XFEL repetition

rate. Jet healing is fast enough to enable MHz data collection, but only for high jet
speeds®-68  typically 80-100 m/s58:89. Such fast jets are very thin and often difficult to
visualize. Jet speed can be determined using stroboscopic illumination®:70 and fast cameras,
setups that were first developed to image jet explosions®. So far, GDVNs are the only
approach shown to support SFX sample replenishment for full MHz data collection®6-68,
Disadvantages include high sample consumption — up to many tens of milligrams of
crystallized protein to collect a data set — because most of the flowing material is not
probed at low repetition rate XFELs and the EuXFEL'L. The latter delivers its photons with
a maximal 4.15 MHz intra-burst repetition rate, but in pulse trains of 10 Hz frequency,
separated by 99.4 ms idle time. A variation of GDVNs is to use double-flow focusing
nozzles where an inner crystal-containing liquid jet’2 is focused by a coaxial faster outer
liquid jet (typically ethanol) that is itself focused by gas as in the traditional GDVN’2. This
setup reduces flow rates of the inner jet, lowering sample consumption, while also reducing
background scattering, and increasing jet stability, particularly for solutions containing high
salt concentrations. To produce a stable GDVN jet, the mother liquor should have relatively
low viscosity, and crystal thicknesses should not exceed the jet diameter significantly. Since
large crystals, aggregates, or clusters of microcrystals can clog the lines, prefiltering of

the sample and the use of inline filters, such as stainless steel with 20 um or 40 um pore
size, is strongly recommended. It is critical to determine a suitable crystal concentration

to ensure efficient injection. The concentration should be high enough to produce a good
hit rate but low enough to provide a stable jet without clogging, and wiggling that leads

to poor jet-XFEL-intersection. This concentration is highly sample-dependent and needs to
be determined experimentally. Frequently, crystal concentration is reported as the number
of crystals per ml, as determined by a Neubauer cell counting chamber. An alternative,
faster way to determine the concentration is to use the percentage (v/v) of settled crystalline
material’3. A good starting concentration for injecting crystals < 5 pm is 15 % (v/v) gravity-
settled material. Microcrystal settling also occurs during XFEL data collection, depleting the
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crystal concentration in the injected suspension over time, resulting in a steadily decreasing
crystal hit rate. This can be prevented by using an anti-settling device’. Moreover, for
most samples, regular rinsing of the lines and injector — for example washing for one
minute per every 10 minutes of injection — with water can alleviate clogging problems.
Instead of using gas, liquid jets can be focused by electric fields, as in MESH (microfluidic
electrokinetic sample holder) injectors, FIG. 2c.

High viscosity extrusion—High viscosity extrusion (HVE) is a jet-based approach that
relies on the extrusion of a highly viscous delivery matrix in which crystals are either
grown or incorporated through a narrow capillary22:33 (FIG. 2b). A helium or nitrogen

gas sheath is used in HVE to stabilize the jet rather than focus it. Because the flow

rates are very low — tens of nanoliters to several microliters per minute — the sample

is used efficiently at low pulse repetition rate XFELSs and synchrotrons. However, the
stream diameter is large, often greater than the capillary’s 50-100 um inner diameter,
resulting in a relatively high background. Using capillary diameters below 50 pm is not
practical because of the extremely high pressure required for extrusion and greatly increased
capillary clogging rates. HVE injection is the method of choice to deliver LCP grown
crystals into the beam since they are intrinsically embedded in a highly viscous matrix.
However, solution-grown crystals may also be embedded?%:75.76 in viscous material. A
number of viscous matrices have been described®2.63.77.78 all of which have limitations in
terms of tolerated pH values and salt concentrations. The exceptions are grease?:/° and
similar materials, such as vaseline2%, which are largely insensitive to buffer composition,
but display a relatively strong X-ray background, scatter pump laser light significantly’®,
may cause crystal dehydration89 and are generally unsuited for grease-or-oil-sensitive
protein crystals’’. Regardless of the matrix, constant jet speed is critical for well-defined
X-ray data collection conditions. This is particularly important when analyzing radiation-
sensitive samples or performing time-resolved experiments. A lower jet speed may result
in undesired multiple exposures of radiation-sensitive crystals, or, in time-resolved light-
triggered experiments, doubly photoexcited crystals. Increased jet speed may transport
crystals featuring long-lived intermediates out of the X-ray focus before the next XFEL
pulse arrives!6. The speed of viscous jets often fluctuates strongly. While it is relatively
straightforward to omit jet curling and stop-and-go periods from data acquisition or discard
the respective data afterward, it is more difficult to detect changes in jet speed. Therefore,
in particular for time-resolved experiments1®, jet speed needs to be measured simultaneously
with data acquisition, as calculations based on jet diameter and flow rates are not sufficiently
accurate. To derive the jet speed, moving features in the crystal carrying jet can be tracked
over time. Using this approach, data can be excluded where the variation in jet speed is too
high for reliable pump excitation conditions81. At XFELSs this method can be facilitated by
making use of X-ray pulse induced changes in the consistency of the viscous matrix in a
localized region around the impact site, appearing as a dark stripe on the jet. Consecutive
pulses each leave a stripe, resulting in dark ladder steps, with a step size dependent on

jet speed and X-ray repetition rate82. The distance between stipes can be determined from
images of the jet, providing together with the pulse repetition rate information about jet
speed.
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Drop-on-demand and drop-on-tape—An alternative to continuous jets is to use
droplets for crystal delivery (FIG. 2f). The crystals can be resuspended, for example, from
Eppendorf tubes or crystallization plates; droplets are generated by piezo drivers or acoustic
ejection systems83:84. Droplet ejection has been synchronized with 120 Hz XFEL pulses,
referred to as drop-on-demand (DoD), and shot in free fall®3, reducing sample consumption
significantly compared to GDVNs. Alternatively, the droplets can be deposited on a mylar
tape, an approach referred to as drop-on-tape (DoT) delivery3®. Typical droplet volumes

are 4 nl, resulting in a drop on the tape with 250 pm diameter. The tape is translated

in a chamber with a defined atmosphere that can be adjusted to the requirements of the
experiment — for example, high or low oxygen concentration — presenting the crystals
containing drops to the X-ray beam. Compared to jets and chips, the DoD and DoT delivery
approaches are used often for relatively large crystals (>20 pm) which is also advantageous
in view of the high background scattering from the drop. However, smaller drop sizes and
crystals <20 pum are possible for DoD. The approach also allows to deliver bigger crystals,
up to ~100 pum, that cannot easily be run in a jet. Drops-on-demand can also be generated by
dispensing aqueous droplets into an oil phase using microfluidics36:85,

Fixed targets—In addition to free-standing jets and droplets, fixed targets can be used for
microcrystal delivery into the XFEL beam (FIG. 2e). Such devices include various forms

of chips. These approaches enable precise temporal and spatial presentation of crystals to
the X-ray beam, in contrast to the stochastic delivery in jets or droplets. Patterned chips
containing indentations or wells for trapping crystals have been made of silicon26:29.86
silicon nitride8” or polymers25:31, Chips are typically blotted after loading the crystal
suspension to reduce their background, resulting in a thin liquid film around the crystals.
Chip loading and blotting should be done in a humid environment to prevent dehydration.
In most cases, chips are sealed on both sides by X-ray transparent membranes, for example,
mylar, to prevent crystal dehydration during data collection, resulting in non-isomorphism®8.
High precision fast motors have been used to raster the chips through the X-ray beam at
first-generation XFELSs. Data collection in a helium atmosphere, rather than a vacuum, is
highly advisable to reduce the setup complexity and slow desiccation around holes burned
by the XFEL beam through the films used to seal off the chip?°.

Diffraction data analysis

Serial- versus rotation data processing—The analysis of XFEL diffraction data is
essentially the same as the analysis of synchrotron data: diffraction spots are indexed

and integrated, and the resulting structure factor amplitudes are used to calculate electron
density maps. However, there are several important differences. First, there are fundamental
complications caused by the fact that XFEL pulses are so short that the crystal cannot be
rotated during the pulse, meaning only still images can be collected. Second, the as-yet
experimental nature of XFEL-based crystallography often causes practical complications
that need to be addressed.
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We will first address the fundamental challenges in data processing caused by the short
duration of XFEL pulses. Diffraction processes can be conveniently modelled using an
Ewald construction as shown in FIG. 4a. During conventional rotation crystallography, as
practiced at synchrotrons and home sources (FIG. 1a, 4a), the crystal is rotated during every
exposure. Eventually, this allows all the reciprocal lattice points to pass through the Ewald
sphere in their entirety, enabling the integration of full diffraction intensities (FIG. 4b).
However, when femtosecond pulses are used, the crystals are essentially stationary during
exposure, so only a very small slice of reciprocal space is sampled (FIG. 1, FIG. 4c,d). To
obtain full intensities, a Monte-Carlo integration scheme is used, in which large numbers of
partial intensities are averaged. In this way, all of reciprocal space is eventually sampled8°.
However, the crystals will not all be of the same size, affecting the intensities collected from
them. Moreover, because most XFEL experiments use radiation generated by self-amplified
spontaneous emission’, the spectrum and intensity of the incoming XFEL pulses will vary
from shot to shot, also affecting the diffracted intensities. As the Monte-Carlo scheme

also averages out all these sources of variation, typically, data from tens of thousands of
diffraction patterns needs to be combined.

Collection of a diffraction pattern is not, however, sufficient to obtain partial intensities
from it. First, the diffraction pattern needs to be indexed, that is the orientation of the
crystal and its unit cell parameters must be determined to assign the correct Miller indices
to the diffraction peaks. In conventional rotation crystallography, a range of diffraction
patterns is available for each crystal, and each one usually contains many diffraction spots.
Additionally, the rotational relationship between the patterns is known exactly. Modern
software makes indexing a trivial exercise in most instances. In SFX, however, this is not
the case. First, each diffraction pattern stems from an individual crystal, with no orientation
relationship between the various crystals. Second, there may be relatively few diffraction
spots to determine crystal orientation because of the narrow sampling of reciprocal space
caused by the lack of crystal rotation. As a result, many diffraction patterns may be
unindexable, increasing the number of crystals that need to be injected to obtain sufficient
indexed diffraction patterns for Monte Carlo convergence. Thus, in the end, a Monte-Carlo-
integrated data set will typically have a very high multiplicity, the average number of
observations of a unique reflection /(hk/), which is usually in the hundreds. Importantly, this
multiplicity should not be confused with the term redundancy, which is reported in rotation
crystallography. Redundancy counts the average number of fully integrated observations of a
unique reflection /(hkl), which all come from the same or several crystals and are measured
with practically the same incident intensity. Thus, redundancy is therefore typically much
lower. Redundancy and multiplicity can be used interchangeably in both SFX and rotation
crystallography, but it is not useful to compare the two numbers between methods.

At present, SFX data processing is mainly performed with one of three software packages:
CrystFEL%, cctbx.xfel®192, and nXDS%3. A detailed step-by-step guide for processing
serial data using CrystFEL was recently published®4, and the use of the cctbx.xfel GUI
was described in REF?. The packages now offer algorithms beyond simple Monte-Carlo
averaging, such as post-refinement?-98 and partiality analysis®”-9°, which can greatly
reduce the number of images required for a data set of a certain quality.
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An additional complication of processing single-exposure serial diffraction data arises when
the symmetry of the crystal lattice exceeds that of the space group. There are two or more
equally valid ways to define the unit cell in such cases. For instance, for a crystal with

B, space group symmetry, there are two ways to index the crystal, which differ only in

the choice of axis defined as aand 4. This is called an indexing ambiguity4. When data
from two or more such crystals are to be combined in a meaningful way, they must all be
indexed using the same choice of indexing. In conventional crystallography, this is easily
done by comparing fully integrated intensities. By comparison, in SFX, fully integrated
intensities are not available and in such a case, indiscriminate merging has the same result
as (pseudo)merohedral twinning: the averaging of reflection intensities related by the excess
symmetry of the lattice. Indeed, the standard tests for twinning will detect this issue, and in
early SFX studies!?, data affected by such an indexing ambiguity were treated as twinned.
However, it was later shown that correlations between diffraction patterns could be used to
assign the correct indexing choice to a set of indexed diffraction images®3-100, which helped
resolve this issue.

In a similar way as in conventional crystallography, data quality in SFX can be assessed

in terms of precision, specifically by looking at the spread of individual observations of
symmetry-related reflections. To this end, White®° defined a new R-factor, Rsplit, Which is
related to the conventional Ryim%t and behaves similarly%2. Moreover, the signal-to-noise
ratio as a function of resolution can be inspected as can CC1/,193 to obtain a measure of the
resolution of the data. However, as has been pointed out previously, these simple measures
of data quality are not necessarily good indicators of the success of an experiment; for

one thing, a three-dimensional representation of data quality metrics in reciprocal space
would be far more useful than any single measure describing the quality of all datal04,

The ultimate quality measure, however, is, of course, the quality of the (unbiased) electron
density maps. Ideally, when studying structural changes, difference maps should show these
as density features that are clearly above the local noise levels37195 and in general, omit
maps should always show clear density for side chains whose conformation is being studied.
In time resolved studies, structural changes should develop smoothly over time when time
delays are closely spaced. Therefore, it is worth considering to not only collect data for
time delays where peak occupancies of certain intermediates are expected, but also one or
more intermediate time points. In addition, one could collect time points close by other time
points as a control on reproducibility.

Pre-beam time preparation and online feedback—Alongside the challenges inherent
to the method of SFX, there are practical issues that affect data analysis. These stem

from the still largely experimental nature of XFEL facilities. In contrast to the situation

at dedicated MX beamlines at synchrotrons, many different types of experiments are
performed at XFEL instruments, meaning setups are often changed between experiments. As
a result, important parameters, such as the sample-to-detector distance and the direct beam
position may not be known to the accuracy a crystallographer is used to at a synchrotron.
This is even true for the geometry of the detector itself, that is the exact position of each
pixel on the detector. Some detectors used at XFELS consist of panels that can be moved
relative to each other, changing the shape of the detector. Since indexing relies entirely on
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the accurate determination of diffraction angles, the experimental geometry, such as detector
distance, direct beam position, and detector geometry, must be determined as accurately as
possible before meaningful data can be obtained, and this usually requires action on the part
of the user. In fact, one can observe a strong dependence of the success rate of indexing

on the quality of the detector geometry description, and one approach to quickly refine the
detector distance is by optimizing this rate.

Given all the points described above, it is clear that the team members assigned to data
analysis during an SFX experiment need to prepare carefully. Prior to the beam time, they
need to obtain as much information as possible on the crystal system that will be used.
Important parameters and properties include expected crystal symmetry; cell dimensions,
and their potential to cause an indexing ambiguity; required resolution for an experiment to
be successful; and necessary data quality. Moreover, the analysis team should contact the
facility early on to obtain access to the on-site computing systems, ensure that all required
software is installed, check that sufficient computing resources are set aside for online
analysis and perhaps even test the software with trial data if available. Unless the goal is
de novo structure determination, phasing models for the various crystal systems likely to be
encountered are best prepared beforehand, too.

At the start of the beam time, or shortly before, a reliable detector geometry should

be obtained from the beamline scientist, including a reasonable estimate of the detector
distance. If this is not available, or if there is any reason to suspect that the geometry

has changed since the previous experiment, the detector geometry must be checked and if
required, corrected. A good way to confirm (and if necessary improve) the description of

the experimental geometry is to collect data from a reference sample, such as lysozyme. The
reference sample should be available in large quantities, inject relatively easily and diffract
to high resolution. The relative orientation and position of detector panels can be checked
using a large number of diffraction patterns that are summed to obtain a virtual powder
pattern. This should show perfectly circular diffraction rings centered on the assumed direct
beam position. Any discrepancies in the panel or direct beam position description can then
be manually corrected. Next, one should attempt to index the reference sample data, while
monitoring the cell parameters obtained. Histograms of the cell parameters derived from

a large number of crystals should be inspected to ensure they match the expected values.
The detector distance assumed during indexing may be corrected by optimizing the indexing
rate and/or the shape of the peaks in the unit cell histograms®3. When an initial, reasonable
geometrical description of the experiment is obtained, software is available to further refine
the detector geometry#7:106 \When this is completed, processing of the experimental data can
begin.

During the actual experiment, data must be continuously analyzed to provide feedback

to the experimental team. Different online data analysis packages exist197-110 (see also
TABLE 1 for data analysis support) that allow to monitor crystal hit rate and resolution in
relation to the goals of the experiment; whether a reaction has successfully been initiated;
and if sufficiently many indexed patterns have been accumulated for a particular data set.
This online data analysis involves not only the indexing and integration of data and the
monitoring of quality indicators such as Rgpji, but we highly recommend that it extends to
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map calculation and interpretation. Thus, the data analysis team must be constantly available
and work in close concert with the experimental team. During long beam times, shift work
may be required to ensure constant high-quality feedback on data quality, which in turn
requires excellent communication between shifts.

An important question to the analysis team is how many indexed images are needed for

a data set. This seemingly simply question can be difficult to answer since it depends

on the signal-to-noise ratio that is required for the particular experiment being performed.
This ratio increases with the square root of the number of images used in Monte-Carlo
integration. Simple molecular replacement phasing typically does not require a very high
signal-to-noise ratio and may be possible with only a few thousand images or fewerl11, De
novo phase determination, however, requires accurate measurements of small differences
between intensities of just a few percent or less of the total intensity. This requires a very
high signal-to-noise ratio, and thus tens of thousands of images may be required for a

serial crystallography phasing experiment192.112 The same is true when structural changes
in response to an external trigger are to be observed as in a time-resolved study. Such
experiments also depend on being able to accurately measure small intensity differences, the
magnitudes of which scale with the size of the structural change, and depend on the fraction
of molecules that were successfully triggered. A small change in the position of a few light
atoms will only affect the diffracted intensities very slightly, particularly if that structural
change has only occurred in a small fraction of molecules. To measure such differences
requires a high signal-to-noise ratio and thus many thousands of images?7-81:113-115
Importantly, this applies to both the data collected before and after the trigger — both data
sets will require large numbers of images in such a case.

Importantly, as explained above, these numbers vary with application and even within an
experiment. In a time-resolved experiment, for instance, it may be that for early time points
with small structural changes more images are required than for later time points, when
changes have grown in magnitude and so has the signal. The fact that it is difficult to predict
how many images are required (see Fig. 3 in REF37) is another important reason for ongoing
rolling data analysis during SFX data acquisition.

Offline analysis—The first step in offline analysis after the beam time is to ensure all

hits are extracted from the available data, and then to maximize the number of indexed
crystal lattices, which often involves final optimization of the detector geometry and detector
distance. The latter may need to be optimized for individual stretches of data collection, for
example when a sample injector is exchanged, the new injector is likely to be in a slightly
different position than the previous one. After final integration, structure determination

and interpretation follow. Many of the challenges involved were discussed recently37,
particularly regarding the complications associated with determining structures with less
than 100% occupancies, as frequently observed in time-resolved studies. Dealing with low
occupancy states is never straightforward, even if the underlying diffraction intensities are
highly accurately determined which is rarely the case for SFX. Moreover, deriving models
of protein-ligand structures is inherently problematic, as the resolution is often not sufficient
for unambiguous interpretation of the chemistry of the species and its stereochemical
configuration116-118 S far, there is no consensus in the field on best practices for the whole
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process of data analysis in such cases3’, starting from the integration and scaling of the
diffraction intensities all the way to the calculation of extrapolated structure factorsl16:119
in which the fraction of the low-occupancy excited state is extrapolated to 100%. Thus, it
seems prudent to apply a range of approaches in data analysis and interpretation (see REF37
for a discussion of the various approaches), checking for consistency and quantifying - or
at least estimating - uncertainties. In particular, resampling techniques such as bootstrapping
may be used to estimate error bars on refinement results3’. Moreover, where enzymatic
reaction mechanisms are concerned, collaborating with a quantum chemist experienced in
the study of the system being investigated, or similar systems, is invaluable in guiding

the interpretation of the experimental data, and helps avoid situations when chemically
impossible structural models are built and published.

Applications

lonization is an inherent by-product of any analysis using X-rays, but causes radiation
damage. The initial ionization causes electronic rearrangements that can ultimately result in
conformational rearrangements. This can affect the diffraction quality — global damage —
and can cause localized structural changes — local damage — which is often detrimental
to meaningful mechanistic interpretation. In crystallography, radiation damage is typically
mitigated by using large cryocooled crystals for data acquisition, as the number of photons
a crystal will diffract before degrading is proportional to its volumel. However, it is often
not possible to grow large well-ordered crystals that diffract to high resolution. Moreover,
even in cases where high quality large crystals can be grown, applications exist that

require use of small crystals, for example, in time-resolved crystallography. Additionally,
many metalloproteins are highly radiation-sensitive and are photo-reduced within the first
few X-ray exposures20:121 SEX at XFELSs offers a solution to these issues, enabling

the acquisition of high-quality diffraction data that is essentially damage-free. This is not
because of a lack of absorbed dosel22123 put rather the result of typically very short
XFEL pulse lengths during which the extent of nuclear motion is limited. During the past
decade, structural biology at XFELs has moved from method development and showcasing
examples!415.102 to providing novel scientific insight into challenging questions, such as the
mechanism of water oxidation in photosystem 11124,

Radiation-damage prone systems

Metalloproteins—Metalloproteins are prone to radiation damage. The presence of heavy
atom(s) results in higher X-ray absorption — the interaction cross-section is roughly
proportional to Z27, where Z is the atomic number — and thus a higher dose. The
photoelectrons and subsequently liberated electrons ionize the sample, and the radical
chemistry ensuing during conventional crystallographic data acquisition results in reduction
of catalytic centers in redox enzymes. Consequently, the coordination geometries of metal
centers, flavins and other cofactors with large conjugated systems in crystal structures
determined using synchrotron radiation are often considered questionable, especially if they
differ from spectroscopic insight. This concerns in particular the catalytically-important
oxy, peroxo and oxo ferryl complexes of heme proteins, as evidenced by the X-ray-driven
catalytic reduction of a bound dioxygen species in cytochrome P450125 and horseradish
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peroxidase26. Thus, an increasing number of structural investigations of metalloenzymes
use SFX in the quest for a molecular understanding of the enzymatic activation of
oxygen!2’ peroxidel22:128.129 nitric oxidel30:131 and nitritel32133, Other investigations
focus on, for example, understanding the metal-catalyzed oxidation of water by photosystem
143.44.134-142 3 of methane by methane monooxygenase®®. Oxidation states, particularly
of metalloproteins, can change during purification, crystallization or crystal handling.

Since knowledge of the oxidation state is crucial for a mechanistic interpretation of the
structural data, it is worthwhile to combine SFX data acquisition with X-ray emission
spectroscopy134.143,144,

Many heme enzymes use ferryl heme intermediates during catalysis. In these intermediates,
the heme iron is highly oxidized, with an oxidation state that is either one equivalent
(Fe!V, Compound I1) or two equivalents (formally Fe¥, Compound ) above the resting
ferric oxidation state (Fe!'!). The second oxidizing equivalent in Compound I resides on
the porphyrin ring or a protein radical. The nature of the ferryl heme — Fe!V=0 versus
Fe!V-OH — is important for the catalytic outcome, and in many cases, highly debated.
Most studies have been performed on peroxidases since their ferryl intermediates are
significantly more stable than the corresponding species in other enzymes, such as P450s.
SFX data of different peroxidases were used to determine structures of the ferric state —
dye decolorising peroxidasel?2 — of Compound | — cytochrome ¢ peroxidasel?8, dye
decolorising peroxidase?2 — and of Compound Il — cytochrome ¢ peroxidase, soybean
ascorbate peroxidasel29. The structures highlight the importance of specific hydrogen
bonding in the active site for the generation and conformation of ferryl intermediates and
indicate fine-tuned functional differences related to substrate specificity12°.

Cytochrome coxidases (CcO) are integral membrane complexes in mitochondria and many
bacteria that catalyze the reduction of molecular oxygen to water and use the released
energy to translocate protons across the membrane. In the oxidized state, the oxygen
reduction site of CcO consists of a heme a3 iron (Feg), copper (Cug) and a putative
peroxide ligand. Structures from synchrotron data could not identify the active site ligand:
peroxide or hydroxide. Three SFX studies addressed this question by analyzing the oxidized
form of the enzyme. Bovine CcO was investigated by either SF-ROX using large crystals
kept at cryogenic temperatureZ3 or microcrystals in an ambient temperature liquid jet'27,
whereas the microbial form (bag type) of CcO was studied using microcrystals injected at
room temperature in an LCP stream45. Interestingly, an elongated electron density close
to the heme was observed in bovine CcO and was modelled by a peroxide23-127 in line
with resonance Raman studies146. In contrast, for the microbial form, the corresponding
electron density was round and modelled by a water or hydride. It is unclear whether these
differences are related to structural differences around the proton loading sitel4°.

In-vivo grown crystals—Protein crystals can grow spontaneously inside living cells,
in cellulo**7:148_ Depending on the size of the surrounding cellular structure, the crystals
are often too small for synchrotron structure determination — exceptions include the
relatively large crystals formed by proteins overexpressed in insect cells that often exceed
cellular dimensions!8149 — and are thus perfect candidates for structure determination
using SFX. Examples include naturally occurring proteinaceous!12:150.151 gnq viral152
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insecticides, alongside proteins heterologously overexpressed in insect>3-155 or mammalian
cells!®8. Conveniently, it is not necessary to purify these crystals. /n7 cellulo diffraction is
possible1®0:155 and can even be advantageous for preserving crystal qualityl4® and retaining
natural ligands%4. In addition, structures derived from /n7 vivo grown crystals may contain
posttranslational modifications, such as glycosylation1®3, that are often removed to improve
homogeneity when the protein is crystallized in vitro.

Membrane proteins

Structure determination of membrane proteins — in particular, metalloproteins involved

in energy metabolism, reaction centers!®’, photosystems?#1:43.44,134-142,158 cytochrome

¢ oxidases?3:127:145 ‘microbial rhodopsins®0:81:114.115,159.160 G protein-coupled receptors
(GPCRs), and other membrane proteins'61.162 _ has greatly benefitted from the
development of SFX techniques®2. GPCRs constitute a large superfamily of heptahelical
cell-surface transmembrane receptors with over 800 members in the human proteome.
These receptors translate extracellular signals into intracellular responses by coupling to
transducers such as the eponymous G proteins. GPCRs have been traditionally considered
difficult to crystallize because of low expression yields, dynamic nature and instability
outside their native membrane environment. A number of technical advances in the early
2000s addressed these issues and enabled GPCR crystallization163. The advances include
engineering of recombinantly expressed GPCRs by truncating and/or substituting flexible
segments by stabilizing fusion partner domains. Additional approaches include locking
receptors in specific conformational states with point mutations; application of binding
partners such as antibodies, nanobodies or high affinity ligands; and growing crystals in

the lipidic environment of LCP. Crystallization in LCP enables better packing and crystal
quality for membrane proteins but often suffers from small crystal size. The advent of SFX
alleviated the bottleneck of optimizing crystal size for data acquisition using synchrotron
sources: the high peak brilliance of XFELs allows collection of diffraction data from
smaller, potentially better ordered crystals kept at room-temperature. For GPCRs, this
possibility was realized in 2013 when the structure of the serotonin receptor 5SHT-2B164
was solved by SFX. Microcrystals were delivered into the XFEL beam using a high
viscosity injector33, which has become the standard for delivery of membrane protein
crystals grown in LCP because of its synergy with the gel-like nature of LCP matrix and

the minimization of sample waste given the low extrusion speed. Since then, the SFX of
GPCRs has rapidly outgrown its proof-of-concept phase. The structure of a cancer target —
the human smoothened receptor bound to the teratogen cyclopamine — was solved at an
XFEL source33, whereas at a synchrotron, larger crystals displayed high mosaicity and poor
diffraction, rendering structure determination unsuccessful. Similarly, SFX substantially
improved the resolution of the delta opioid receptor bound to a peptide ligand, from 3.3 A
using cryocooled crystals at a synchrotron source to 2.7 A165, The resolution increase was
important since it enabled unambiguous modelling of the flexible peptide ligand that offers
efficient pain relief without associated tolerance and dependancy. Shortly after, the structure
of the angiotensin 11 receptor type 1 (AT1R)166 and the structure of the visual rhodopsin
bound to arrestinl87 represented the first time SFX enabled solving structures of an unknown
GPCR and a unknown complex of a GPCR with its signaling partner. That high quality SFX
data can be obtained from GPCR microcrystals was illustrated by native sulphur phasing of
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the adenosine A, receptor'68, Since then, SFX has enabled the determination of several
additional novel GPCR structures, including the angiotensin 11 type 2 receptor (AT2R)169,
which is implicated in neuropathic pain relief and tissue protection, revealing the molecular
foundation for its unusual activation mechanism. Several structures of lipid receptors solved
by SFX, such as the prostaglandin EP3 receptor receptorl?0, the prostaglandin D2 receptor
(CRTH2)171, and cysteinyl-leukotriene receptor type 1 (CysLT1)172 provided insights in
receptor activation by signaling lipid molecules. More recently, SFX structures of melatonin
receptors MT;173 and MT,174, revealed an unexpected ligand entry path from within the
lipid bilayer that explains their selectivity towards their cognate ligands. All of these
investigations benefitted from powerful XFEL sources, as crystals of sufficient size or
quality could not be obtained at the time for high-resolution data collection. We note

that individual GPCRs and their ligands differ widely in their ability to form sufficiently
large and well-diffracting crystals, making it necessary to use the appropriate structure
determination technique for a given target-ligand combination and for the primary objective
of the structural study. We cannot exclude that in principle, and with continued optimization,
crystals suitable for synchrotron data collection could be attainable for some of these
systems in the future. However, given the high cost of GPCR expression and the value

of their structures for the community, SFX offers the ability to bypass months or even years
of crystal optimization.

GPCRs are among the most important drug targets owing to their exposed location on

the cell surface and involvement in (patho)physiological processes. The value of GPCR
structures for structure based drug discovery critically depends on the ability of researchers
to quickly and efficiently obtain structures of receptors bound to multiple ligands and to
rationalize structure-activity relationship (SAR) data or test binding hypotheses. Alongside
this, most GPCR crystals are not amenable to traditional ligand soaking experiments because
they typically cannot be crystallized in their gpo form. To this end, a method that enables

the determination of multiple co-crystal structures from the same receptor preparation

was developed1’>. The approach employs a transient ligand that can be exchanged during
crystallization and takes advantage of SFX data collection from small crystals.

Time-resolved studies

Time-resolved studies aim to characterize transient states to elucidate reaction mechanisms.
For crystallographic characterization, the reaction must occur in the crystalline state.
Additionally, the intermediates need to accumulate to high enough occupancy, structural
changes must be sufficiently large for detection, and feasible within the constraints of the
crystal lattice, BOX 2. If the latter is an issue, particularly for intermediates occurring

late along the reaction coordinate, alternative approaches can be considered, such as time-
resolved solution scattering (SAXS/WAXS)176-178 or time-resolved cryo-EM179.180,

Precise reaction initiation is key to a successful time-resolved experiment181.182_ Three goals
must be met. First, only the intended reaction should be initiated, which is often an issue
when using high-intensity lasers for photoexcitation’%183, Second, the desired intermediate
should be observed. This is related to the first point, but can also become an issue when

the in crystallo reaction kinetics differ from those in solution or if reaction initiation is
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too slow, for example, in mixing experiments, resulting in an undefined combination of
reaction intermediates. The third goal is to obtain the highest possible yield. Addressing
these points requires the use of very small crystals. The reason is that the dense molecular
packing in crystals entails high protein concentration (typically 5-30 mM) complicating
reaction initiation by light due to very high optical density and by chemical mixing because
of the length of diffusion pathways to the active sites, respectively. The crystal size ¢
determines whether a significant fraction can be photoexcited by a single photon (d<1/e
light penetration depth) instead of by multiple photons (d>1/e)7°. In chemical mixing
experiments, d'sets the minimal time for diffusion of ligand molecules to binding sites84,
often limiting the effective time resolution. The need for small crystals — typically around 5
um — in time-resolved crystallography and the unique ability of XFELSs to use such crystals
make them an excellent experimental match181.182

For reaction initiation, a suitable reaction trigger needs to be identified. The most commonly
used approaches are light (photoexcitation) and chemical mixing (diffusion), for which it is
important to establish the reaction kinetics in the crystalline state, ideally by spectroscopic
methods. Often the kinetics are slow compared to in-solution conditions due to crystalline
confinement and/or the chemical composition of the crystallization solution. Changes can
extend to the ultrafast time scalel®. Knowing the /7 crystallo kinetics enables determination
of the correct time delay after reaction initiation, that is when to collect data for a given
reaction intermediate. In addition, it is highly desirable to establish online monitoring to
determine what SFX is probing. A good example is the simultaneous SFX data collection
and monitoring of metal oxidation states by X-ray emission spectroscopyl34.143.144,

Examples using photoexcitation

The fs pulse length afforded by XFELSs has extended the time-resolution of
photocrystallography by at least three orders of magnitude from ~100 ps limited by the
electron bunch length at synchrotron sources. As a result, femtochemistry and femtobiology
studies are now accessible with X-ray analysis. In particular, XFELSs enable probing of
system dynamics#:81.177 pecause the initial synchronization by an fs pump laser pulse is
preserved on the ultrafast timescale. For longer time delays (> a few ps), the statistically
distributed onset of thermally activated processes results in exponential-like kinetics.

Time-resolved optical pump X-ray probe SFX complements spectroscopic data by
providing structural information to understand the biologically relevant reaction, initiated
by absorption of a single photon. In spectroscopy, this implies performing the experiment
in the linear photoexcitation regime, established by performing a power titration where the
magnitude of the photoproduct signal is plotted as a function of laser energy. Deviation
from a straight line through the origin indicates too much energy was absorbed by

the system, populating non-productive pathways, possibly resulting in artefacts that may
be mistaken for physiological structural changes. In contrast to spectroscopy, there is
currently a debate about appropriate photoexcitation in the structural biology community.
Published studies used extremely high photoexcitation power densities’®182.183 \hich are
particularly problematic when using fs laser pulses. The problem originates from the desire
to maximize the magnitude of the light state signal, initially determined by calculating
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Fobs(light)-Fops(dark) difference electron density maps. However, the light intensity inside
the crystals decreases according to the Lambert-Beer law, meaning fewer molecules on

the far side the crystal are exposed to a photon. This can apparently be overcome by
increasing the pump laser energy, however, this results in molecules on the near side of the
crystal absorbing more than one photon. Crystal thickness should, therefore, not exceed the
pump laser penetration depth. A power titration should be performed, taking spectroscopic
information as a starting point. The time delay should be chosen such that a relatively stable
intermediate (photoproduct) has formed. Fast online SFX data analysis during beamtime

is necessary to calculate Fops(light)-Fgps(dark) difference electron density maps. Difference
peaks should be integrated and plotted against laser energy. Visual examination of electron
densities is not helpfull80 in establishing a functionally relevant excitation regime. The
difference signal is likely to be smaller when using the correct regime compared to using
laser energies that are too high. This means, a lot of data needs to be collected to achieve a
good signal-to-noise ratio3”. So far, all pump-probe studies used very high laser energies!2,
outside the linear range used by spectroscopy183,

Light-induced functional changes were followed using pump-probe SFX in carboxy-
myoglobin#’ and carboxy-cytochrome ¢ oxidase!86 by photodissociating the heme-iron

CO bond, in photosystem 11137-142 in P450nor upon release of NO from caged

NO13L187 in a photosynthetic reaction center!>? and fatty acid photodecarboxylasel88,
Chromophore isomerization was investigated in photoactive yellow protein30:113,
fluorescent protein#8.189, bacterial phytochromes90:191 and rhodopsins. Light-triggered ion
translocation was investigated in bacteriorhodopsin, a proton pump89:81.114 chioride ion—
pumping rhodopsin!15:160 sodium-pumping rhodopsin KR21%9 and channelrhodopsin2192,

Light can be used not only to start reactions in inherently light-sensitive systems, but
also to trigger the activation of caged compounds. Caged compounds are molecules
whose biochemical functionality is blocked by a photolabile protecting group, allowing
a rapid, localized increase in the concentration of a certain species upon exposure to
light. Examples of caged molecules include substrates, cofactors, allosteric ligands and
amino acids in proteins193. The approach has been used mainly in cellular applications but
also in crystallography31.194-196 A number of cage groups exist. When selecting a cage
group, important variables to consider include the release rate, which needs to be faster
than the reaction being studied, for example, the commonly used nitrobenzyl derivatives
are relatively slow (ms range) due to reactions downstream of photochemistry; excitation
wavelength; extinction coefficient; quantum yield; solubility, which needs to be high due
to the high protein concentration in crystals; and availability. The reactivity of the caged
compound and the extent of release in the dark need to be examined experimentally to
ensure it does not react with the system.

Examples using chemical mixing

Most biochemical reactions involve structural changes of a macromolecule induced by
binding and/or chemical transformation of a small molecule ligand. Such reactions can
be initiated by rapid concentration changes of ligands or other mechanistically relevant
molecules. Rapid concentration changes can be achieved by chemical mixing, the mass
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transfer between one or more liquid streams or phases. Microfluidic devices!97:198 can be
used for chemical mixing, for example, by coaxial flow focusing®’, to rapidly combine
protein crystals and ligands. Alternatively, crystal containing nanolitre drops, either confined
in a chip®® or deposited on a tape via acoustic droplet ejection3®, can be injected with
picolitre droplets of highly concentrated ligand solutions199200, The best-reported time
resolution using a microfluidic mixer29! is 5 ms292, whereas for DoT3°144 and DoD2%0

it is in the 100s of milliseconds range due to the large droplet size, ~ 100 um radius

for a spherical drop. Reaction times can be adjusted by using microfluidic devices with
appropriate geometries, reaction channel lengths, changing the speed of the tape drive or
changing the time between triggering and probing when using fixed targets. For the latter
two approaches, dehydration may be an issue for longer reaction delays.

Chemical mixing may be considered the most generic triggering method. While this is
correct in principle, the approach is complicated by the crystal lattice in crystallographic
studies. Diffusion is restricted to solvent channels and is often slowed with a time resolution
limited by the crystal size. Additionally, binding sites may be shielded and structural
changes can be restrained by neighboring molecules or crystal contacts. These issues are
reflected in the relatively few time-resolved mix-and-inject serial crystallography (MISC)
studies that have been performed so far. Examples include ligand binding to a riboswitch
with a 10 s delay to observe an intermediate2%3; binding and reaction of ceftriaxone

with beta lactamase using two differently behaving crystal forms2%4; and the observation

of a thioimidate covalent intermediate in isocyanide hydratase29®. Oxygen complexes of
ribonucleotide reductase3® and isopenicillin N synthasel44 were obtained by diffusion of
oxygen gas into crystals contained in droplets on tape, or by mixing oxygen-saturated

and crystal-containing fluids, respectively (8 s delay), in case of bovine cytochrome ¢
oxidasel?’, Spectroscopy was used to confirm intermediate formation which is important in
view of the unexpectedly long reaction times required.

Reproducibility and data deposition

Establishing standards for structure validation and requiring the deposition of the diffraction
data on which a publication is based are major achievements of the macromolecular
crystallography community. As XFEL-based structural biology is maturing, it is time not
only to extend these invaluable practices to this field, but where necessary to develop
methods of validation and standards for deposition specific to SFX-derived or other serial
data3”. To validate the geometry of structures determined from serial crystallographic data,
existing software tools can be used, and as outlined above, the data quality metrics used
for serial data are largely the same as those for conventional crystallographic data, with
few exceptions3”. In the classical data collection statistics table, Rsplit replaces Rmerge,

and the number of successfully indexed lattices should be reported alongside the other
standard indicators of data quality, such as I/o(l) and CCq/,. However, the ultimate quality
measure is, of course, the quality of the unbiased electron density maps. The derived
intensities should therefore be deposited together with the structure coordinates as usual,
as this allows anyone to reproduce electron density maps to see if they support the paper’s
conclusions. For a static structure determination of, for instance, a GPCR or a radiation-
prone metalloenzyme, deposition in the Protein Data Bank (PDB) is sufficient. However,
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serial data collection protocols such as SFX are often used for nonstandard experiments
such as time-resolved studies that make use of exotic or experimental methods of data
analysis. The results of some of these methods, such as the use of extrapolated structure
factors8, can be reproduced using deposited Monte-Carlo intensities, but the resampling
methods described above for the estimation of coordinate errors require unmerged intensities
from individual images. Other analyses can only be reproduced using raw diffraction image
data. It is desirable to have databases where raw image data can be deposited for such

cases. The databases CXIDB296 or IRRMC207:208 for instance, can be used to deposit raw
images. Additionally, any custom software used to arrive at the reported results should be
made available via repositories such as Github. Groups performing serial data collection
experiments that depend on complicated analysis techniques are encouraged to deposit as
much data, intermediate results and software as possible. We therefore argue for a dedicated
repository for the deposition of all types of data, code, metadata and results from such
non-standard serial crystallography experiments, ideally at one of the established sites (see
above).

Apart from the crystallographic details of an experiment, adequate reporting is required

for many other, equally crucial aspects of the experiment. Past experience shows that, in
particular, the excitation parameters used in a pump-probe experiment are often poorly
reported, leading to debates about illumination efficiency and photodamage, and the often
very high intensities used in such experiments have led to their biological relevance being
questioned”®. Recently, a minimal set of excitation parameters that should be reported was
proposed3’. This set includes, but is not limited to, excitation laser parameters such as focus
size and the definition thereof wavelength, pulse energy, pulse duration but also parameters
such as sample extinction coefficient, thickness, number of chromophores per asymmetric
unit, and others.

Limitations and optimisations

For all the exciting, high-impact science that has been enabled by high-throughput serial
crystallography methods in the last dozen years and more, it is important to remain mindful
of the limitations of these techniques. First and foremost, the success of any diffraction
experiment depends on the quality of the crystals used. Even the most intense X-rays
cannot produce high-resolution diffraction with poorly ordered crystals. Therefore, it is
essential to perform as much characterization as possible before applying for beamtime.

For microcrystals, this often includes characterization by powder diffraction. However, since
screening can rarely give accurate information on how a particular batch of crystals will
behave at an XFEL, it is advisable not to combine multiple batches of crystals. Instead, they
should be tested separately, and afterward batches of similar properties and quality can be
combined. Most facilities offer crystal screening opportunities to test samples.

Obtaining beamtime is another major constraint to prospective XFEL experiments. With
the opening of new facilities and the upgrade of older ones to higher repetition rates,
beamtime is becoming more available299, although access still requires a high-quality
proposal. Considerations for an SFX experiment listed in BOX 2 are a good starting point,
while BOX 1 may aid decision-making relating to experimental design. A successful XFEL
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beamtime proposal should outline what will be studied, why it is scientifically or technically
interesting, and, most importantly, should state convincingly why the proposed experiments
require an XFEL. SFX is an exciting new tool for structural biology, but it is not the

only recent development. Where structure determination is concerned, cryo-EM may be

a more suitable technique, particularly for poorly expressing proteins or those hard to
crystallize?10, A recent example is the structure determination of a GPCR-arrestin complex
initially achieved by SFX167 Several years later, cryo-EM became the preferred technique
for structure determination of GPCRs in complex with their signaling partners, including
arrestins?11, Furthermore, structure prediction has improved greatly, with AlphaFold2212 and
similar Al-based approaches predicting reliable structures that can be used to design for
example mutations to test interaction interfaces between different proteins using functional
assays, or for phasing by molecular replacement (MR). Such predictions may be able to
replace material-hungry de novo phasing approaches.

Once it is established that XFEL experiments are required, a beamtime proposal should
demonstrate that suitable crystals are available. It should also make realistic projections of
the amount of beam time needed. This depends on many factors, such as the crystal delivery
method, the data quality required, the symmetry of the crystal lattice and the expected hit-
and indexing rates (FIG. 1). Time estimations need to include overhead time for loading
injectors or fixed-target chips, mounting them, as well as for washing lines, etc. The amount
of extra time needed due to samples clogging injectors depends on the nature of the sample
and the experience of the people in charge of injection. Another important consideration

is the availability of suitable lasers for triggering time-resolved conformational changes.
Obtaining this information and deciding the best experimental strategy is a good reason to
involve the XFEL instrument scientists early on and to apply for crystal screening beamtime,
from which lessons can be learned ahead of preparing a full proposal. Offline testing of
injection conditions is also beneficial to avoid loss of sample and beam-time.

SFX remains a relatively new and complex technique. So far, most experiments have
been conducted by a small number of groups who have become experts in the various
SFX-specific aspects of the experiment, such as microcrystallization, sample delivery and
data analysis. This situation is highly unsatisfactory, and in order to expand the use of
SFX within the structural biology community some hurdles need to be removed. The
largest difficulty for new groups are arguably sample delivery and serial data analysis.
The most pragmatic way to extend the use of SFX would be to transfer sample delivery
expertise from user groups to facility staff and to put them in charge and to automate

data processing as much as possible. In our opinion, making these two changes is the
only viable way for SFX to become generally available. Having injection performed by
highly experienced beamline scientists avoids the current situation, where each new user
group has to learn for themselves how to deliver samples to the XFEL beam, wasting
beam time. This would also enable mail-in crystallography, a process routinely practiced
at synchrotrons. It could also help make XFEL-based crystallography more accessible, in
particular for investigations aiming to collect a static, damage-free data set. Standardization
and automation have facilitated synchrotron-based crystallography and will likely do the
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same for XFEL-based experiments. Standardized setups will reduce the time needed to
exchange samples and injectors. Automatic data processing pipelines that provide the user
with ready-for-use intensity data will help users with limited or no experience in running
SFX-specific software on high-performance computing clusters. Steps in this direction have
been taken at most XFEL facilities, but data storage and high performance computing power
is often insufficient (TABLE 1). Detectors have advanced greatly over the last decade?13,
However, there is room for further improvements, particularly in increasing the dynamic
range, for example by making gain switching more reliable at higher frame rates. The latter
is particularly relevant for the MHz repetition rate XFELS.

A joint refinement scheme for time-resolved crystallography data series would be an
interesting new development. When a reaction is initiated, concentrations of intermediates
and products rise and fall smoothly. There is rarely a time when a single species is present,
even if 100% of the molecules were successfully triggered. A time-resolved crystallography
experiment always yields a series of snapshots of mixed states. A refinement scheme in
which all data are explained simultaneously in terms of mixtures of these states could be
highly beneficial to interpret such data. In spectroscopy, global fitting of a data series is
routinely performed, but a similar scheme has yet to be developed for macromolecular
crystallography. Developing such schemes for time-resolved crystallography will be much
more difficult than for spectroscopy. This is because there is no one-to-one correspondence
between macromolecular species and features in a diffraction pattern. Structural changes
affect an entire diffraction pattern in crystallography, whereas a single species may often be
exclusively correlated with a single spectral feature in spectroscopy.

Serial crystallography has been ported to synchrotron beamlines, and several serial
synchrotron or serial millisecond experiments have been reported at 3" generation
sources!®-21.214-219 Gijyen the current and planned upgrades of most major synchrotron
sources to diffraction-limited storage rings?2° with highly increased brilliance, it is
conceivable that serial synchrotron crystallography (SSX) will become much more popular
than it currently is (see supplementary information). However, the behavior of crystals in the
extremely high brilliance beams of new, diffraction-limited storage rings remains unknown.
In particular, it needs to be determined to what extent the diffraction data are affected by
radiation damage, which is also relevant for time-resolved experiments and their need for
small crystals. Best practices for data collection need to be established, for example, whether
to use monochromatic or pink beam. Similar issues as for XFELS, concerning automation
and standardization of sample shipping, handling and data analysis, will need to be solved.
In any event, the future is bright.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Drop-on-demand (DoD)
In Drop-on-Demand sample injection, a piezoelectric device generates small droplets of a
crystal suspension synchronously with the arrival of the X-ray pulses

Drop-on-tape (DoT)
In the Drop-on-Tape method, the droplets are deposited on a tape that moves the droplets
through the beam as on a conveyor belt

Free Electron Laser

X-ray Free-Electron Lasers or XFELSs are radiation sources based on a linear electron
accelerator and a very long undulator, a periodic array of magnets. Electrons travel through
the undulator at relativistic speed and experience an alternating magnetic field, causing
them to emit X-ray radiation. This emitted radiation acts back on the electrons, causing
some to accelerate and others to decelerate, grouping them into microbunches spaced at
the wavelength of the radiation. Because of this, the electrons emit in phase, resulting in
extremely intense pulses of coherent radiation. This process is known as self-amplified
spontaneous emission (SASE)

Repetition rate

XFELSs produce radiation in pulses. The number of pulses per second is called the repetition
rate, which varies from 10-120 Hz for early XFELSs to several MHz for XFELSs using
superconducting accelerators

Photoionization
Photoionization is the near-instantaneous emission of an electron, typically from an inner
shell, caused by the absorption of a photon

Auger electrons

Inner-shell vacancies in atoms, caused by, for example, photoionization, may be filled by an
electron from a higher shell falling into the vacancy. For low Z-atoms, the energy released
by this is transferred to another electron, which is then emitted as an Auger electron

Hit rate

In SFX, crystal delivery is typically not synchronized with the X-ray pulses and therefore,
not every exposure results in a diffraction pattern being generated. The fraction of images
containing a diffraction pattern is the hit rate

Indexing rate

Typically, in SFX not every collected diffraction pattern can be indexed, often for lacking
sufficient suitable diffraction spots. The indexing rate is the fraction of indexable diffraction
patterns of all hits

Injector

Nat Rev Methods Primers. Author manuscript; available in PMC 2023 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Barends et al.

Page 26

A device used to introduce crystals into the X-ray beam in a thin liquid jet, gas-dynamic
virtual nozzle injector, or viscous stream, high-viscosity extrusion injector, for serial data
collection

Pump-probe

A method for collecting time-resolved SFX data, in which a laser flash pump is used to
trigger a reaction and then its structure is probed after a specified time delay by the XFEL
beam. The wavelength range of the pump spans the X-ray region to THz

Fixed targets

A crystal delivery method, in which crystals are grown inside of a chip or deposited on a
solid support, typically also a chip. The solid support is rastered in the X-ray beam using fast
X-Y stages

Gas dynamic virtual nozzles (GDVN)

A gas dynamic virtual nozzle or GDVN is a device for jet-type crystal delivery that consists
of an inner nozzle, through which a crystal suspension is pumped, surrounded by an outer
nozzle through which a sheath gas is delivered. A constriction at the end of the outer nozzle
causes the gas stream to narrow and accelerate. This virtual nozzle focuses the liquid stream
into a narrow jet

High viscosity extrusion (HVE) injector

HVE injector is a special device for the delivery of crystals grown inside viscous media
such as lipidic cubic phase or embedded into a viscous matrix. The HVE injector consists
of a reservoir filled with viscous matrix containing crystals, a hydraulic or mechanical
plunger and a narrow capillary through which the viscous medium is streamed. The stream
is supported by a sheath gas, typically nitrogen or helium, to keep it straight and avoid
curling back and sticking to the nozzle

Extrapolated structure factors

Triggering a reaction inside a crystal often results in activated state occupancies below
100%, meaning that activation is not achieved in all unit cells, complicating map
interpretation. Extrapolated structure factor amplitudes can be estimated corresponding to
100% occupancy using a linear extrapolation method

Rsplit

Thre’z precision of serial data can be assessed using a special R-factor, Rqpjit, calculated by
randomly splitting the available images into two halves (A and B), integrating both to
prepare two half data sets and calculating the R-factor between them, corrected for the
reduction in multiplicity

CCip2

A measure of the precision of X-ray crystallography data that can be applied to serial
crystallography. To calculate it for serial data, the available images are divided randomly
into two subsets. Each subset is subjected to Monte-Carlo integration to obtain two sets of
integrated intensities. The Pearson correlation between the two is then calculated
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Friedel mates

Pairs of reflections F(h,k,l) and F(-h,-k,-I) that are not related by space group point
symmetry have the same magnitude unless anomalous signal is present. Highly precise
quantification of intensity differences facilitates certain techniques for experimental phasing

Lipidic cubic phase
A gel-like membrane-mimetic mesophase suitable for stabilization and crystallization of
membrane proteins in lipidic environment

Fo-Fc maps
Electron density difference map that highlights areas where the atomic model disagrees with
the experimental diffraction data, be it by absent, superfluous, or incorrect model features

Omit maps

An electron density map calculated from observed intensities and phases from a model that
excludes certain atoms, or groups of atoms, with the objective of removing the contribution
of these atoms to minimize model phase bias
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Box 1.
Data collection flowcharts

Structures of reaction intermediates are typically determined using time-resolved
experiments (a). This places stringent constraints on crystal sizes, including the size
distribution to provide well-defined reaction initiation (indicated by OK*). The actual
range of appropriate crystal sizes depends on the properties of the crystals, for example,
protein concentration, and the triggering approach, that is the extinction coefficient for
photoexcitation and diffusion time for chemical mixing. Depending on the lifetime of
the intermediate, time-resolved data can be collected at XFELS or synchrotron sources
using either monochromatic (SSX) or polychromatic (Laue) diffraction. The resolution
needs to be high enough (OK**) to resolve the structural changes occurring during the
reaction. Appropriate exposure conditions — flux, exposure time — need to be chosen.
(b) Protein crystals differ in their susceptibility to radiation damage. Systems can either
be inherently sensitive to radiation or have small crystal size, meaning that the dose

of radiation required for the collection of a full data set cannot be distributed over

as many molecules as in a large crystal. In such cases, standard MX data collection
might not be viable. In the figure, the red triangle indicates inherent radiation sensitivity,
with the wider side indicating higher sensitivity. Radiation damage can be minimized

by serial data collection (SFX, SSX), or adjusted MX data collection strategies, for
example helical scan or combining partial data sets from multiple crystals. Samples with
very high radiation sensitivity — for example, photosystem Il which has a large metal
cluster — require XFELs for data collection. For other, less radiation sensitive systems,
diffraction data may be acquired by distributing the dose over several to many crystals
using synchrotron radiation122:222223_Gjven the relative ease and high automation of
MX, it is advisable to perform extensive crystal diffraction screening at a synchrotron
before committing to SFX219, The resolution should be high enough (OK**) to resolve
important structural features. Appropriate exposure conditions — flux, exposure time —
need to be chosen. The size of the crystals determines the data collection approach. For
SF-ROX, the crystals are often >100 um132.136 Medium-to-small crystals are typically
5-50 pm. Nanocrystals are crystals that have at least one dimension <1um112.151.152 The
quantity of crystalline material available and its crystallization conditions — for example,
crystallization in LCP — strongly influence the choice of sample delivery methods into
the X-ray beam (dotted gray lines). Since sample delivery is an integral part of SFX or
SSX data collection, it should be considered early in experiment planning. This applies to
both static and time-resolved experiments.
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Box 2.
Checklist for planning SFX experiments, including time-resolved studies
Experiment cost — benefit analysis:

. Consider the scientific impact or technical advances of the proposed research
in view of the resources and efforts involved in SFX data collection.

Use of SFX data collection:

. Decide whether SFX is needed or if another method — MX or SSX —
can be used instead. This depends on the sample to be studied, the required
spatial resolution and in case of time-resolved experiments, the timescale and
structural changes expected.

. If SFX is the best approach, choose an appropriate facility and instrument for
data collection.

Sample properties and availability:

. Sample-related considerations include the material availability; stability;
aggregation; crystallization conditions, as this affects the choice of sample
delivery; and crystal properties, including space group, unit cell, diffraction
resolution, and physical characteristics.

Sample delivery method:

. Choice of method is dependent on the available crystal quantity, crystal size
and size homogeneity, crystals growth medium, and scattering strength.

. For time-resolved experiments the choice of delivery method is additionally
influenced by the triggering method and time delay.

. Available options include jets (GVDN, HVE, MESH); drop-on-demand or
drop-on-tape methods; and chips or fixed targets.

Risk assessment:

. The risk assessment should evaluate what assumptions are involved in the
experiment, what can go wrong, how to respond, and steps that can be taken
to rescue the beamtime if the planned experiment cannot be performed (Plan
B).

Additional points to consider for time-resolved experiments:

. The reaction scheme, including the kinetic rates and thus time scales and —
in case of mixing experiments — affinities.

. The observables to assess the expected signal. This includes the magnitude of
the anticipated conformational changes and the expected occupancies taking
into account the yield of reaction initiation, forward and backward reactions.

. The reaction initiation. This includes the method —photoexcitation, chemical
mixing, and jumps in pH, temperature, pressure, or electric field — the time
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scale, which needs to be faster than the subsequent process investigated, the
yield, and the permissible crystal size.

It needs to be established that the reaction proceeds /in crystallo and the kinetic rates need
to be determined. If the latter is not possible, appropriate data collection schemes must be
devised, such as using logarithmically spaced time-delays.
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Fig. 1 |. Differences in experimental crystallography setups.
a, ¢ | conventional rotation crystallography. b, d | SFX with sample delivery by high

viscosity extrusion. In conventional MX, a single crystal (red) is mounted in a loop, kept

at 100 K using a cryogenic nitrogen stream and rotated during sequential exposures, panel
a. Consecutively acquired diffraction patterns are indexed, giving an orientation matrix of
the crystal in the laboratory coordinate system, which is used to integrate the reflection
intensities, panel c. In SFX, many microcrystals are sequentially delivered to the pulsed
X-ray beam in random orientations, and a detector image is acquired for each XFEL pulse,
panel b. A Bragg diffraction pattern containing partial intensities will only be produced
when a crystal is present in the interaction region at the same time as an X-ray pulse arrives,
panel d. Images containing a diffraction pattern are selected in a process called “hit finding”.
The hit rate is the ratio of pattern-containing frames to the total number of collected frames.
Hits are individually indexed, which is not always successful. The ratio of indexed patterns
to the total number of hits is the indexing rate, panel d. Individual indexed diffraction
patterns are integrated, and the resulting intensities are merged by Monte-Carlo integration.
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Fig. 2 |. SFX sample delivery methods.
a | Gas dynamic virtual nozzle (GDVN)®. A suspension of crystal-containing liquid is

pumped through an inner capillary, surrounded by an outer capillary through which a

gas flows (dashed arrows). At the end of the GDVN, the outer capillary constricts to
narrow the gas stream, accelerating both gas- and liquid. The liquid stream is focused

into a narrow jet that breaks up into droplets. b | High viscosity extrusion (HVE) injector.
Crystals are dispersed in a highly viscous medium and slowly extruded into a stream. A
gas sheath prevents the stream from curling back onto itself. ¢ | Microfluidic Electrokinetic
Sample Holder (MESH)224.225, A high voltage (several kV) stretches a thin, slow-flowing
stream of crystal-containing liquid between two electrodes. d | Serial Femtosecond Rotation
crystallography (SF-ROX). A goniometer-mounted large crystal is translated and rotated
between XFEL exposures. e | Drop-on-demand (DoD)83. Droplets of a crystal suspension
are generated with, for example, a piezoelectric device. The droplet can be synchronized
with and intersected by the XFEL pulse in free fall83, immersed in an oil stream8®, or as
shown in panel d, be deposited onto a tape and moved through the XFEL beam, Drop-on-
Tape3® (DoT). f | Solid support methods. Crystals are deposited onto an X-ray transparent
substrate, often referred to as a fixed target or chip, and scanned through the beam. Both
unpatterned chips, on which crystals will assume random positions, and patterned chips
(inset), which have wells for crystal location, are used.
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Fig. 3 |. Distribution of sample delivery techniques used for published SFX experiments resulting
in PDB codes.

Data up to December 2021. Of a total of 417, 71% used jets — 41% high viscosity extrusion
(HVE), 30% gas dynamic virtual nozzles (GDVN) — 10% used drop-on-tape (DoT), 7%
employed fixed targets or chips, 5% SF-ROX36 and 5% MESH?24:225_ Jet-type techniques
are shown in shades of blue. Other includes MESH (~ 5%), free droplets and segmented
flow. Conceptually, SF-ROX and MESH can be considered to belong to fixed target and
injection sample delivery, respectively. However, both approaches have distinct and unique
features: SF-ROX136 uses very large single crystals and MESH uses high electric fields.
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Fig. 4 |. Integration of intensities in rotation- and serial crystallography.
a | The Ewald construction can be used to visualize diffraction geometries. The incoming

radiation 5 hits the crystal located at the center of the Ewald sphere, which has radius

1/A. The reciprocal lattice is drawn, with the origin at the position where the direct beam
intersects the Ewald sphere behind the crystal. In conventional rotation crystallography,

the crystal is rotated, and the reciprocal lattice rotates (curved arrow), causing reciprocal
lattice points (spheres) to move through the Ewald sphere, rotating into and out of reflection
condition. b | The observed intensity of diffraction from a certain reciprocal lattice point
(such as the red sphere in panel a.) increases, then decreases with rotation angle. Integrating
this rocking curve yields the intensity /44 ¢ | In SFX there is no a priori control of the
crystal’s orientation, and intersection of the red reciprocal lattice point with the Ewald
sphere is a stochastic process. d | The crystals are effectively motionless during the
extremely brief exposure. As a result, the observed diffraction corresponds to a thin slice

of the rocking curve of each reflection. Partial intensities from many exposures need to be
averaged to give /p, for each reflection.

Nat Rev Methods Primers. Author manuscript; available in PMC 2023 February 04.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Barends et al.

Overview of XFEL facilities and instruments for SFX.
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Facility Beam parameters Photon energy, repetition Detector pixels, pixel size, Sample Sample Pump laser pulse duration,
beamline | rate, pulse length, photons per pulse, focus frame rate, distance delivery environ wavelength, timing
options ment
keV | Hz | fs | ph/pulse pm 106 | um? | Hz | mm fs nm fs
LCLS, Menlo Park, USA, 2009
MFX 5- 120 30 1.10%2 3x3 ePix10K-2.1M SF-ROX 90-278 K | 50— 410 - 2400 8t5<200
24 - or (2x2) with Ambient 150 210 — 2200 spec.
100 | 1.101 2.1 | 100 x 120 50— | sample pressure < 8ns encod.
or 100 1500 | change Helium
<10 - robot available,
Rayonix 340-XFEL MESH, humidity
59 44 x 44 25 70— S\D/\E/N controlled
177 % 30 1100 | pop’
1 fixed
targets
CXI 6- 120 30 1.1012 0.1 Jungfrau MESH, Vacuum 50 - 410 - 2400 5t9<200
105 - or orl GDVN, (1075 150 200 - 266
or 100 | 1.101t 4 75 %75 120 70 - HVE, Torr) ns
105 or 580 | fixed Ambient
~25 <10 targets pressure
SACLA, Sayo, Hyogo, Japan, 2011
BL3 4-20 | 30 <10 | 10t >1 MPCCD SF-ROX, 100K - RT | 30 200 - 2700 8ty <7
(60) fixed Helium at
4 50 x 50 60 50~ | targets, ambient
150 GDVN, pressure
HVEZZG
and
DoD#® (in
DAPHNIS
chamber)
BL2 4-15 | 30 <10 | 10t >1 MPCCD SF-ROX, 100K - 5ns 210 - 2600
(60) GDWN, RT,
4 50 x 50 60 50- | HvE?226 Helium at
150 and DoD ambient
(in pressure
DAPHNIS
chamber)
SwissFEL, Villigen, Switzerland, 2019
Alvra 2 100 - 4101t 15 Jungfrau HVE, RT 50 240 - 2500 -
-12.4 GDVN Helium at
4 75 %75 100 100 (user 5.1074 -
or supplied) 800 mbar
16
EuXFEL, Schenefeld (near Hamburg), Germany, 2017
SPBJ/SF 6-15 | 1.1 ~25 | 1.5.10%2 3 AGIPD GDVN, Vacuum, 4.5 MHZ
X MHz or aerosol 11076
or <0.4 injection mbar 15,50 | 370-420 -
4.5 HVE, typical, or 300
MHz fixted

Nat Rev Methods Primers. Author manuscript; available in PMC 2023 February 04.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Barends et al.

Page 47

Facility Beam parameters Photon energy, repetition Detector pixels, pixel size, Sample Sample Pump laser pulse duration,
beamline | rate, pulse length, photons per pulse, focus frame rate, distance delivery environ wavelength, timing
options ment
keV Hz fs ph/pulse pm 106 | pm? Hz mm fs | nm fs
1 | 200x 45 | 120~ | targetat | 1107 1.1 MHz
200 MHz | 329 | lower mbar
repetition maximum <100 | 420 - 2600 -
rate (10 Ambient
Hz) pressure 4.5 MHz
at low rep
rate 0.85 1030 -
(second or 400
interaction | Ps
region)
Up to 20 Hz
3-7ns | 210-2400 -
PAL-XFEL, Pohang, Korea, 2017
NCISFX | 22— | 60 25 3.1010 5x5 Rayonix MX225-HS GDVN RT 40 800/400/266 Sty < 20
15 (monochrom.) | or and He at 7ns 1064/532/355/266
or 2x2 33 156x156 | 30 100 HVE33227 | ambient (15Hz)
1-10%2 (pink) 234x234 | 60 ~ fixed pressure
1000 | targets
Jungfrau
4 75 % 75 60 100 -
1000
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Table 2:

Comparison of the most frequently used sample delivery approaches
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Delivery
method

Crystal
size

Mother
liquor
restrictions

Background
scattering

Triggering
compatibility

Technical
Complexity

Efficient use of

sample

beamtime

Sample
need for
testing/
static data
set

Comments and
Caveats

Fixed targets/chips

SF-ROX
(Goniometer
mounted
single
crystals)

Several
100 um

None.
Typically
cryocooled

low

Only electric
field jumps

Low

High (but
~50 pm
translations
between
exposures)

medium
due to
frequent
crystal
changes

Few
crystals/50
-100
crystals

SF-ROX,
similar to helical
scans at
synchrotron
sources

Fixed
targets
(Non-
patterned
chip)

Any
size

None, LCP
possible

Low for thin
sample
thickness
and thin
films

Pump probe
(light
scattering
may be an
issue)

Slow
chemical
mixing in
humidity-
controlled
environment

low

Lower than
patterned

high

5 pl conc.
cystal
suspension/
1-2 chips

Loading must be
fast or in humid
atmosphere to
prevent sample
dehydration
which can result
in
nonisomorphism
or other changes
in diffraction
properties.
Samples and
foils must be
thin (few pm)
for low
background.
Evaporation
through thin
foils or XFEL
generated shot
holes may be an
issue, in
particular when
using vacuum
chambers. The
latter as well as
diffusion of X-
ray induced
radicals affects
spacing between
exposures.
Spacing
between
adjacent
exposures in a
row can be
shorter than
between rows.
Frequent chip
changes
required
(typically 10-15
min/chip)

Fixed
targets
(Patterned
chip)

Should
fit hole
size
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Not too
viscous

Low for thin
sample
thickness
and thin
films

Pump probe
(light
scattering
may be an
issue in
transparent
chips);
Chemical
mixing in
humidity-
controlled
environment
long time

low

High

high

5-50 pl/1-
2 chips

Loading and foil
considerations
as above.
Moreover,
blotting of
mother liquor
via perforated
foils may result
in crystal
dehydration.
The well depth
determines the
sample
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Efficient use of Sample
Delivery Crystal '\I/ilgltﬁ,r Background Triggering Technical sample beamtime chzst(?nfglr Comments and
method size restrictions scattering compatibility | Complexity static data Caveats
set
delays thickness (liquid
possible film) in
bottomless
chips.
Droplet
DoD Big Not too High (dueto | Pump probe, high High high 100 pl, ID of capillary
DoT (tape) enough viscous droplet size chemical ideally 30 sets upper limit
for good | (<40% and when mixing 0.1 s - % crystals on crystal size
signal, PEG5000 or hitting tape ~12s time (v/v) 1200 (Standard is 200
5-200 35% glycerol) delays ul um 1D (which
um, but works fine for
smaller up to 80 pm
than ID longest crystal
of dimension)
capillary
Jets
GDVN <20 um Not too Very low Pump probe high Very low Very high, | 300 ul, Clogging of
viscous (fs-few ps) including ideally 10— | nozzles ->
Chemical MHz 20 % filtration of
mixing, long crystals samples, prior
time delays (vIv)I1-2 and during
challenging ml injection, larger
ID capillaries
can help (50—
100 pm) Settling
of crystals ->
anti-settling
devices Fast
video analysis to
ensure jetting
(and not
spraying)
Do not collect in
the breakup
region of the jet
-> low,
unreliable hit
rate or very
close to nozzle
Test injection
before beam
time Compatible
with MHz data
collection
High Big None for high Pump probe Medium High high 5 /50 pl ID of nozzle
viscosity enough grease-like (50-100 pm)
extruders to yield matrix (but sets upper limit
good incompatible on crystal size
signal with some Clogging
but membrane Uneven flow
smaller protein rates,
than ID crystals, complicating in
of the causes particular time-
nozzle dehydration resolved
in some experiments The
crystals), flow can be
LCP, disrupted by
cellulose, unattenuated
agarose, ... XFEL beam
limits on salt Efficient sample
concentration, use for XFELs
pH (not with pulse
highly acidic) repetition rate of
120 Hz and
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Delivery
method

Crystal
size

Mother
liquor
restrictions

Background
scattering

Triggering
compatibility

Technical
Complexity

Efficient use of

sample

beamtime

Sample
need for
testing/
static data
set

Comments and
Caveats

lower, as well as
synchrotrons
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