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Abstract

X-ray free electron lasers (XFELS) have potential to revolutionize macromolecular structural
biology due to the unique combination of spatial coherence, extreme peak brilliance and short
duration of X-ray pulses. A recently emerged serial femtosecond crystallography (SFX) approach
using XFEL radiation overcomes some of the biggest hurdles of traditional crystallography related
to radiation damage through the diffraction-before-destruction principle. Intense femtosecond
XFEL pulses enable high-resolution room temperature structure determination of difficult to
crystallize biological macromolecules, while simultaneously opening up a new era of time-
resolved structural studies. Here, we review the latest developments in instrumentation, sample
delivery, data analysis, crystallization methods and applications of SFX to important biological
questions, and conclude with brief insights into the bright future of structural biology using
XFELs.
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XFELs opened up new era in crystallography

Elucidating the three-dimensional structures of proteins is essential for understanding their
physiological function. In recent years, the number of available protein structures has
increased rapidly, most notably in the field of membrane proteins. While several methods for
obtaining macromolecular structures exist, X-ray crystallography prevails as a dominant
technique. Since the first protein crystal structures were solved over 50 years ago a number
of technical advances have accelerated the rate of structural studies. Major milestones have
since been achieved including the development of cryocrystallography (see Glossary), which
substantially reduces radiation damage [1], as well as microcrystallography, which enables
high-resolution data collection from very small crystals (10-50 um) [2]. Nevertheless,
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radiation damage remains a major obstacle for structure determination of many challenging
macromolecules and their complexes at synchrotron sources. Radiation damage along with
limitations in the intensity and the minimal pulse duration at third generation synchrotron
sources also restricts applications of time-resolved crystallography to mainly reversible
conformational changes in well-behaved proteins for which relatively large crystals are
available.

While cryo-cooling can substantially slow down propagation of the secondary damage
effects caused by the ionizing radiation, it was proposed that radiation damage can be
essentially eliminated by using sufficiently short X-ray pulses, such as a few femtoseconds
in duration [3]. Such an experiment was later simulated, and the results suggested that usable
diffraction data can be collected from small protein crystals before they disintegrate by using
extremely bright and short X-ray pulses, thereby introducing the “diffraction-before-
destruction” principle [4] and inspiring construction of high-energy, hard X-ray free electron
lasers (XFELS).

The first hard XFEL, the Linac Coherent Light Source (LCLS) in Menlo Park, USA, was
commissioned in 2009 [5], followed by the Spring-8 Angstrom Coherent Laser (SACLA) in
Harima, Japan, in 2011, PAL-XFEL in Pohang, South Korea and the European XFEL in
Hamburg, Germany in 2017; with SwissFEL in Villigen, Switzerland planned in 2018
(Figure 1). These sources are capable of producing coherent X-rays with energies up to ~13
keV (25 keV for some sources) and a peak brilliance that is about nine to ten orders of
magnitude stronger than that of a third generation synchrotron. They deliver extremely short
pulses, in the order of femtoseconds (fs) in duration, allowing data collection before the
onset of radiation damage. An early application of XFEL radiation to structural biology was
the development of serial femtosecond crystallography (SFX), enabling data collection from
hundreds of thousands of small, fully hydrated randomly oriented protein crystals streamed
across the beam using a “one crystal, one shot” approach [6]. Since XFELSs typically operate
at high pulse repetition rates, SFX experiments generate millions of detector images within a
short period of time. Novel protocols and data management strategies had to be developed to
handle such large amounts of data. Additionally, since crystals remain essentially static on
the time scale of an XFEL pulse, only partial reflections are recorded, which called for novel
developments of indexing, integrating and merging such data.

While data collection from small crystals (10-50 um) is feasible at microfocus beamlines on
third generation synchrotron sources, onset of radiation damage often limits the amount of
information from such crystals even at cryocooled conditions. By using XFELSs, these issues
can be successfully circumvented since XFELSs allow for damage-free room temperature
data collection from micrometer and sub-micrometer sized crystals. Room temperature
structures enabled by XFELSs correctly describe conformational heterogeneity of a protein,
which may be perturbed by cryocooling [7, 8], and give access to protein structure and
dynamics via pump-probe time-resolved experiments [9].

Initial experiments at LCLS were mainly focused on low-resolution proof-of-principle
experiments of various targets including photosystem | [6] and the photosynthetic reaction
center [10]. Since then, technical upgrades allowed for high-resolution X-ray data to be
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recorded [11], including the high-resolution structure of cathepsin B bound to its native
inhibitor [12], a potential drug target against sleeping sickness. Additionally, structures of
several biomedically important G protein-coupled receptors (GPCRSs) have been successfully
solved with XFELSs [13-19], including the rhodopsin-arrestin complex [20]. Furthermore,
recent demonstrations of the possibility of de novo phasing [21-26] as well as ultra-fast
time-resolved studies of proteins [27-30] and nucleic acids [31] further unveil the potential
of XFELs for structural biology.

In this review we describe and discuss the latest advances in the SFX field, including
hardware, software and conceptual developments. We also provide an outlook on what the
exciting future of SFX holds in terms of structural biology, and the field of membrane
protein crystallography and time-resolved studies in particular.

Experimental setup

Much of the recent success for SFX can be attributed to use of the CXI (Coherent X-ray
Imaging) beamline [32] at LCLS (Figure 2). This beamline operates under vacuum to reduce
background scattering and is equipped with a Cornell-SLAC Pixel Array Detector (CSPAD)
[33], which can acquire data at the maximum repetition rate of LCLS (120 Hz, i.e. 120
frames per second). The beam is focused to a size of 0.1 or 1 pm by a pair of Kirkpatrick-
Baez mirrors. The samples are typically introduced into the XFEL beam by a sample
delivery system [34]. Furthermore this beamline has a tunable wavelength with energies
ranging from 5 to 12 keV and is equipped with tunable pump lasers, enabling a range of
different experiments, including de novo phasing and time-resolved pump-probe
experiments as well as concurrent spectroscopy applications [35], and solution X-ray
scattering experiments (SAXS/WAXS) [36] that are especially useful to investigate
characteristic timescales for time-resolved experiments.

XFELs, with their unique spatial and temporal capabilities, enable breakthrough
experiments across a wide range of disciplines. However, the impact and success of SFX in
structural biology has motivated the commissioning of additional instruments, such as the
XPP (X-ray Pump-Probe) and MFX (Macromolecular Femtosecond Crystallography) at
LCLS [37], BL3/BL2 at SACLA [38], FXS (Femtosecond X-ray Scattering) and CXI
(Coherent X-ray Imaging) at PAL-XFEL [39], and SPB/SFX (Single Particles, Clusters and
Biomolecules & Serial Femtosecond Crystallography) at the European XFEL [40]. Some of
these instruments operate using an ambient pressure sample chamber typically filled with
helium, which alleviates potential issues with sample freezing upon injection into vacuum as
well as bypass other technical challenges associated with sample delivery or exchange in the
vacuum environment.

Detectors for XFELs

XFELs present specific challenges for detector development compared to synchrotron
sources due to their extreme brightness, short pulse duration and fast repetition rate. The
current setup at the CXI beamline at LCLS employs a 2.3 million pixel CSPAD detector
consisting of 64 tiles (each 194 pixels by 185 pixels) with a pixel size of 110x110 um? [33].
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The 64 tiles are arranged in quadrants, positioned in such a way that the strong direct beam
can pass through the hole in the center. The unused beam can then be refocused downstream,
allowing for several experiments to be performed simultaneously [41].

Currently, second-generation detectors for XFELS are being developed such as ePix10k [42],
JUNGFRAU [43] and AGIPD [44]. These detectors are designed to fulfill the potential of
higher repetition rates and are therefore capable of faster readout (up to 4.5 MHz). In
addition, these novel detectors possess a higher dynamic range, enabling faster and more
precise SFX data collection and are particularly useful for time-resolved experiments.

Sample delivery technology

Due to its extreme brightness, focused XFEL beam destroys any material with which it
interacts. Therefore, a reliable way of replenishing microcrystals at the intersection point
with the XFEL beam is required. This can be done in two principal ways: 1) the sample can
be streamed across the beam using a special injector device, or 2) the sample can be fixed on
a solid support, which is then rastered by the beam (fixed target).

The Gas Dynamic Virtual Nozzle (GDVN) injector [45] was one of the first and remains one
of the most widely used injectors for SFX experiments to date (Figure 2a). Crystals in their
mother liquor are jetted through a 50 um capillary, and the stream is focused down to a few
pum in diameter by a sheath of gas. The main drawback of the GDVN injector is the high rate
of sample consumption. With a typical flow rate of 10-40 pl/minute [10, 46], a full dataset
requires up to a few hundred milligrams of crystallized protein, which for many targets, in
particular for membrane proteins, is not feasible. Recently, modifications of GDVN have
being developed reducing sample consumption up to eight fold [46].

In order to circumvent this problem and reduce sample consumption, a special viscous
media injecting device, also known as lipidic cubic phase (LCP) injector (Figure 2b), has
been developed [14]. LCP is a liquid crystalline gel-like mesophase that mimics the native
membrane environment and supports crystallization of membrane proteins. The LCP
crystallization method has proven highly successful for a variety of membrane proteins,
including G protein-coupled receptors (GPCRs), microbial rhodopsins, ion channels,
transporters, enzymes, photosynthetic complexes, and p-barrel outer membrane proteins
[47]. Crystals of soluble proteins can also be grown in LCP or mixed with LCP post-growth
for a more efficient sample delivery [48]. The LCP injector consists of a reservoir and a
hydraulic plunger which is driven by an HPLC system to extrude the LCP through a narrow
capillary. The resulting LCP stream is stabilized by co-flowing gas. The gel-like consistency
of LCP allows for better control over the crystal flow rate, which can then be matched to the
XFEL pulse repetition rate to enable efficient use of crystals. The crystal flow rate is
typically kept to 10-300 nl per minute for nozzles with an internal diameter of 10-50 pm,
lowering sample consumption to under 0.3 mg of crystallized protein per dataset [49]. The
versatility of the LCP injector becomes further evident by its capability to inject crystals in
other viscous media such as agarose, which can support delivery of both soluble and
membrane protein crystals [50]. Other viscous media used for XFEL sample delivery
include a grease matrix [51] and Vaseline [52], as well as various viscous hydrophilic
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injection matrices, such as hyaluronic acid [53], hydroxyethyl cellulose [54], high molecular
weight polyethylene oxide [55], sodium carboxymethyl cellulose and Pluronic F-127 [56].
Alternative injectors have been developed with the goal of reducing crystal consumption
include the voltage driven electrokinetic injector (Figure 2¢), also known as MESH
(Microfluidic Electric Sample Holder) [57] and CoMESH (Concentric Microfluidic Electric
Sample Holder) [58], as well as different variations of acoustic injectors (Figure 2d) for
drop-on-demand data collection [59, 60]. The COMESH injector was specifically designed
to prevent freezing of crystals in their native mother liquor, by supplying an outer sheath of a
cryo-protecting solution in a mixer just before interaction with the XFEL beam. A recent
implementation of drop-on-demand delivery approach couples acoustic droplet ejection with
a conveyer belt drive to optimize simultaneous time-resolved SFX and spectroscopic
measurements over a wide range of time scales [61].

Time-resolved SFX studies of reactions initiated by binding of diffusible ligands impose
their own requirements on the sample delivery systems. The fast turnover rate of enzymatic
reactions demands a fast protein sample and reactant mixing and an adjustable delay time
between the reaction initiation and data collection to be able to grasp different time point of
the reaction process. Several liquid sample mixing injectors have been developed to satisfy
those requirements, such as hydrodynamic mixers [62, 63] and T-junctions [31, 64].

Conceptually different from liquid jet injection is sample delivery using a fixed target
approach (Figure 2e) [65, 66]. Typically, crystals, grown in or mounted on a chip, or
harvested in a loop, are rapidly rastered with the XFEL beam. This approach minimizes
sample waste and allows for better control over the time delay in time-resolved pump-probe
experiments. Utilizing X-ray transparent materials, crystals can be grown directly inside a
fixed target chip and data collected /n situ, avoiding the need to harvest crystals [67].
Additionally, goniometer-based setups similar to those used at synchrotron sources allow for
data collection under cryogenic conditions, mimicking rotation data collection at
synchrotrons [68]. For large crystals, radiation damage-free diffraction data can be collected
from single crystals if the distance between subsequent irradiation points is sufficiently large
[69].

Crystallization techniques

The unique character of SFX data collection call for the development of new crystallization
methods, or adaptation of existing methods to suit a particular sample delivery approach. In
case of injector-based sample delivery systems the goal is to produce a homogeneous sample
with a sufficient volume as well as optimal crystal size and density to ensure reliable crystal
delivery with high crystal hit rates [70]. This is an important distinction to traditional
crystallography, where single large crystals are desired since a whole dataset is typically
collected from a single (or a few) crystals.

Crystallization in solution

Crystals grown in solution are most often initially obtained by high-throughput screening in
plates and then optimized for batch setups (either in plates or in vials) which are then
injected into the XFEL beam in their native mother liquor [70-72]. Crystals grown in
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solution can easily be concentrated by centrifugation and then filtered prior to injection
thereby removing large crystals and impurities to avoid clogging the injector. Microseeding
has been shown to improve crystal monodispersity and quality [73]. Larger crystals have
been crushed into smaller ones by vortexing with beads without impacting their diffraction
quality [74]. Alternatively, the free-interface diffusion (FID) method has been used to obtain
a high concentration of very small, highly stable crystals [70].

For crystals grown in solution, an anti-settling device [75] is often employed to prevent
crystals from settling at the bottom and on the sides of the reservoir. The size distribution,
density and quality of microcrystals prepared for SFX data collection are typically
characterized using the following techniques: SONICC (Second-Order Nonlinear Imaging of
Chiral Crystals), DLS (Dynamic Light Scattering) and TEM (Transmission Electron
Microscopy) [31, 76, 77].

Crystallization in LCP

Membrane proteins, which comprise about a third of the human proteome and represent
targets for almost two thirds of marketed drugs [78, 79], are notoriously difficult to
crystallize due in part to their amphiphilic nature and their inherent flexibility. A major
breakthrough in structural biology of membrane proteins, in particular GPCRs, was the
development of crystallization in a stabilizing, native-like lipid membrane environment of
LCP [80]. The most commonly used host lipid for crystallization purposes is monoolein,
which spontaneously forms the lipidic cubic phase (LCP) when combined with protein
solution. The resulting lipid-protein mixture is then overlaid with a precipitant solution to
induce crystallization. Initial crystallization conditions are identified using high-throughput
nanovolume crystallization in 96-well glass sandwich plates and later transferred and
optimized in Hamilton gas-tight syringes to yield a high density of microcrystals
homogenous in size [81, 82]. Due to the gel-like consistency of LCP, the crystals are
practically impossible to concentrate and filter post-growth, therefore, special precautions
should be employed to avoid trapping, in LCP, large dust particles and fibers that can clog
the injector.

In vivo crystallization

In special cases, tedious protein purification and sample preparation can be circumvented
altogether, making use of the propensity of certain proteins to spontaneously form crystals
inside cells, or cellular compartments /n vivo. For example, overexpressing procathepsin B
in Sf9insect cells leads to spontaneous crystallization and, after cell lysis, allowed for data
collection and structure solution using an SFX approach at LCLS [12]. /n cellulo SFX of
yeast alcohol oxidase has been attempted using XFEL diffraction of whole cells, or the
isolated subcellular peroxisome fraction, where crystals were found to form, although data
could not be indexed due to low resolution [83]. Finally, Cry3A crystals grown in bacterial
cells could be exposed to X-rays by streaming whole cells into the XFEL beam, yielding a
structure at 2.9 A resolution [84].
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Data processing developments

Due to the nature of the sample delivery process in an SFX experiment, not every X-ray
pulse hits a crystal and many blank images are therefore generated. In addition, tens of
thousands of images are collected within a short time frame, therefore the first step in data
processing is to identify useful patterns containing Bragg reflections, referred to as crystal
hits. The program Cheetah [85] evaluates each image on metrics such as the number of
Bragg peaks, maximum resolution and detector oversaturation levels, while simultaneously
performing pre-processing steps necessary for downstream analysis. Additionally some
preliminary data quality metrics can be obtained through the generation of virtual powder
diffraction patterns and statistics on hit rate and resolution.

After hits have been identified, the data are further processed using one of the available
programs specifically designed or adapted for SFX, such as cctbx.xfel [86], CrystFEL [87]
or nXDS [88]. CrystFEL performs indexing by calling DirAx [89], XDS [90] or Mosflm
[91], after which diffraction spots are modeled as circular regions while masking
surrounding background pixels. Partial reflections are typically merged using a Monte Carlo
approach [92], which relies on high redundancy of individual observations. Various
parameters affecting observed intensities have been actively researched in recent years and
several enhanced algorithms that improved the accuracy of obtained structure factors
emerged. Those include refinement of the detector geometry [93], inclusion of linear and
Debye-Waller scaling terms [94, 95], refinement of crystal parameters before integration
[96, 97] and estimation of reflection partialities and post-refinement [94, 98].

Another important improvement to the initial data processing algorithms is the possibility to
resolve indexing ambiguities, which arise in certain crystal symmetries that allow multiple
choices of lattice indexing. Several similar algorithms for resolving the indexing ambiguity
have been recently implemented [87, 88, 99], based on the comparison of correlation
coefficients between the intensities of each crystal and the intensities of all other crystals
with the same or opposite indexing assignment. The final choice of the indexing assignment
for a given pattern is based on a stronger correlation with the corresponding group.

Structure determination and de novo phasing

Most structures to date that employed XFEL radiation have been solved using the molecular
replacement (MR) method, where a structural model of a homologous protein is used for the
initial phase estimates. However, often no template structures of sufficient quality for MR
are available for the studied target, thus requiring de novo phasing. While being relatively
routine at synchrotron sources, de novo phasing has proven difficult at XFELS, because of
the inherent inaccuracy in the amplitudes of the structure factors derived from SFX data due
to variations in the XFEL pulse energy and intensity, crystal size and mosaicity, partiality of
recorded Bragg reflections and other factors. Therefore, high data multiplicity combined
with advanced merging techniques are crucial for the success of experimental phasing. The
first demonstration of successful phasing relied on the strong anomalous signal of a
gadolinium derivative of lysozyme using the single wavelength anomalous diffraction (SAD)
method [21]. This experiment required as many as 60,000 indexed patterns to succeed.
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However, after improvements in data processing, which included employment of scaling
procedures and optimization of the detector geometry, the number of patterns necessary for
successful experimental phasing could be reduced to 7,000 [26]. Another study reported
structure determination of luciferin-regenerating enzyme by single isomorphous replacement
with anomalous scattering (SIRAS) using a mercury derivative [23] and requiring 10,000
patterns for each of the native and derivative datasets. Most recently, a novel structure of a
mosquito larvicide BinAB has been solved by multiple isomorphous replacement with
anomalous scattering (MIRAS) using three different derivatives: mercury, gadolinium and
iodine [100]. Another approach successfully used for experimental phasing was based on the
use of iodine-containing detergent to purify and crystallize membrane proteins, and serve as
a source of anomalous signal for SAD, SIR or SIRAS phase retrieval methods [25].

While these studies provided important insights into the parameters crucial for a successful
phasing experiment, they relied on the availability of well diffracting derivative crystals with
a strong anomalous signal. Utilization of much weaker anomalous signal from endogenous
sulfur atoms can alleviate many problems related to the use of heavy-atom compounds and
production of derivatized crystals. Initial studies employing sulfur for SAD phasing at
XFELs have been applied to soluble test proteins: lysozyme [22] and thaumatin [26]. More
recently, de novo phasing by sulfur-SAD was accomplished with the first membrane protein,
human A, adenosine receptor, resulting in a room temperature 1.9 A resolution structure
[24]. Data analysis from this experiment suggested that ~600,000 indexed patterns collected
at 6 keV X-ray energy would be sufficient for phasing a protein containing only 12 sulfur
atoms per 447 residues (2.7%), which is lower than in about 90% of human proteins,
indicating that most proteins should be amenable for de novo phasing using XFELs. Thus,
de novo phasing is likely going to be a routine procedure at XFELSs in the near future, only
currently limited by the scarcity of available XFEL beam time.

SFX applications

Between the first proof-of-principle structure of Photosystem | (published in February of
2011 [6]) and March of 2017, 139 entries obtained at XFELs (96 at LCLS and 43 at
SACLA), corresponding to 35 unique proteins (22 soluble and 13 membrane), have been
deposited to PDB (Figure 3a,b). The majority of the structures (75%) are solved at a
resolution within the 1.5 — 3 A range (Figure 3c), with the highest resolution structure, that
of proteinase K solved to 1.20 A [54], pushing the atomic resolution level. Such resolution is
not routinely accessible for room temperature structure determination at synchrotron sources
due to radiation damage. The smallest protein crystals that yielded high-resolution structure
by SFX had an average volume of less than 0.016 pm? and contained 9,000 unit cells [101].

One of the most successful applications of SFX has been the structural study of membrane
proteins using LCP as the crystallization and crystal delivery medium, which led to structure
determination of several GPCRs [13-19] including the signaling complex between GPCR
and arrestin [20], the membrane enzyme diacylglycerol kinase [102], and the light-activated
proton pump bacteriorhodopsin [103].
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GPCRs constitute the most abundant protein superfamily in the human genome with over
800 members. They mediate cellular signaling, regulate the majority of physiological
processes and serve as targets for about a third of marketed drugs [79]. Initial development
and implementation of SFX data collection on GPCR microcrystals grown and delivered in
LCP was done using the human serotonin receptor 5-HT,g [13]. Compared with the
structure solved by using traditional microcrystallography from cryo-cooled crystals the
room temperature XFEL structure displayed a distinct distribution of thermal motions and
conformations of residues that likely more accurately represent the receptor structure and
dynamics in native cellular environments. For the smoothened receptor, a critical tumor
target, SFX enabled the determination of its structure bound to the teratogen cyclopamine,
where high mosaicity had prevented synchrotron data collection on large crystals, but small
crystals were found to diffract to 3.2 A at LCLS [14]. Similarly, whereas the synchrotron-
generated structure for the 8-opioid receptor (with a resolution of 3.4 A) could not
unambiguously identify the binding mode of a bifunctional peptide pain-killer with reduced
tolerance and dependency, the 2.7 A structure obtained at LCLS revealed the correct
conformation of the bound peptide [15]. Furthermore, the angiotensin receptor AT{R, which
is antagonized by many antihypertensive drugs, represents the first novel GPCR structure
solved by SFX [16].

More recently, SFX was instrumental for the structure determination of a GPCR-arrestin
signaling complex (Figure 4a). Arrestins play a dual role in cell signaling. First, they bind to
activated and phosphorylated receptors abolishing signaling through G proteins and leading
to receptor desensitization and internalization [104]. In addition to terminating G protein
signaling, arrestins initiate G protein-independent signaling pathways leading to distinct
cellular responses. After extensive efforts in stabilizing the rhodopsin-arrestin complex,
small (10-15 pm in size) crystals were obtained in LCP, which diffracted only to ~8 A at a
synchrotron source. The same crystals diffracted to ~3.3 A (anisotropic) resolution at LCLS
leading to the first high-resolution structure of a GPCR-arrestin complex [20]. This
pioneering study is a great example of the potential of XFELSs applied to structural biology,
where systems not tractable by traditional synchrotron-based structure determination can be
successfully studied by using the high intensity XFEL beams.

Another major application of XFELSs in structural biology is to utilize the inherent temporal
resolution capacity of XFELSs to study reaction intermediates or other structural changes.
Currently the best time resolution achievable at third generation synchrotrons is ~100 ps,
however many key structural changes occur at time scales much faster than that, such as sub-
picosecond collective motions in CO myoglobin [29]. Hence, utilizing the temporal
resolution of an XFEL can significantly improve the accessibility of ultra-fast reactions and
internal motions. Furthermore, the use of XFELs can overcome the problem of radiation
damage [4, 105] and simultaneously evade the problem of studying irreversible reactions
since each crystal is exposed to the XFEL beam only once. An additional advantage of using
small crystals is that the induced conformational changes are more uniform in time and
space throughout the crystal. A number of recent studies have shown the potential of using
XFELs for time-resolved crystallography, following a pump-probe approach that uses an
optical laser as a reaction trigger, including photosystem Il (PSII) [27, 35, 106], photoactive
yellow protein PYP [28, 107] and light-driven proton pump bacteriorhodopsin [30]. PSlI, a
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large multi-subunit membrane protein complex, is part of the photosynthetic machinery
which catalyzes the light-driven splitting of water to oxygen, a process which is essential to
maintain the Earth’s atmosphere. XFEL time-resolved experiments allowed for probing
several intermediates of the PSII photocycle providing mechanistic insights into the oxygen
evolution reaction.

In a recent study, high quality electron density maps of PYP at 1.6 A were obtained for time
points between 100 fs and 3 ps, enabling the visualization of one of the fastest reactions in
biomolecules, the cis/trans isomerization of a chromophore [107]. For bacteriorhodopsin, a
molecular movie consisting of 13 snapshots of conformational changes evenly spaced on a
logarithmic scale between 16 ns and 1.725 ms after photoactivation were reported [30]
(Figure 4c).

Besides fast, light-triggered reactions, slower processes, allowing the investigation of more
general, substrate-triggered biological reactions can be studied by mix-and-inject serial
crystallography [108]. With diffusion rates strongly depending on the crystal size, the small
crystal size amenable to structural studies with XFELSs facilitates a millisecond time
resolution, which is currently not possible with larger crystals required for time-resolved
synchrotron studies [108]. Using mix-and-inject approach, conformational changes in an
RNA riboswitch have been probed at 10 s and 10 min after binding of an adenine ligand
[31]. This study captured a ligand-bound intermediate state of the riboswitch with
implications for understanding the molecular mechanisms of regulation of gene expression
[31]. More recently, binding of an antibiotic to p-lactamase from M. fuberculosis has been
demonstrated [64]. Taken together, these groundbreaking experiments have enabled time-
resolved structural studies of enzymatic and other ligand-driven biological processes [109].

What will the future bring?

While the SFX field is still relatively young, it has already led to multiple breakthroughs in
structural biology enabling damage-free room temperature structure determination of
important biomolecules and complexes, as well as the recording of molecular movies with
sub-picosecond temporal resolution. With the advent of new XFEL facilities being built
around the world and upgrades of current XFELs (LCLS-II) (Figure 1), the speed of
technological development and subsequent scientific discoveries will only accelerate.

One of the most important features of the new XFELSs that use superconducting accelerators
is a faster X-ray pulse repetition rate, which can significantly shorten the data collection
time, allowing for multiple sets of data collection within a single beamtime shift.
Additionally, multiplexing experiments by switching beams between experimental stations
or refocusing ‘unused’ beam will also increase the available beamtime. Better detectors with
higher dynamic range and faster acquisition rates will not only lead to improved data but
will also increase data collection efficiency.

With development of new sample delivery methods such as fixed targets or drop-on demand
injectors, sample consumption can be further reduced, while simultaneously increasing the
efficiency of data collection by synchronization to the XFEL pulses. Furthermore,
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standardization of sample injection protocols should allow for automated data collection,
with the possibility of shipping samples and collecting data remotely, similar to what
currently is implemented at synchrotrons.

XFELSs begin to blur the boundaries between crystallographic studies and single-molecule
structure determination. While recent technological breakthroughs in cryo-electron
microscopy enabled the structure determination from single molecules with better than 3 A
resolution [110], thus bypassing the major bottleneck of crystallization, analysis of recent
SFX data indicated that current XFELSs can be used for high-resolution structure
determination from protein crystals with as low as 100 unit cells, suggesting that room
temperature single-molecule imaging of biological macromolecules soon could be within
reach [101].

In conclusion, the rapid development of tools, protocols, instrumentation and data
processing over the past few years is a tremendous achievement and the future indeed looks
bright for overcoming new frontiers in structural biology using XFEL radiation.
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Crystal hit rate
the ratio between the number of detector images with identified diffraction spots and the
total number of collected images.
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Cryocrystallography
cryo-cooling crystals during crystallographic data collection in order to reduce radiation
damage effects.

De novo phasing

experimental approaches for deriving phases of structure factors from measured intensities
using such methods as SIR/MIR (Single/Multiple Isomorphous Replacement, SAD/MAD
(Single/Multiple-wavelength Anomalous Dispersion) or SIRAS/MIRAS (Single/Multiple
Isomorphous Replacement combined with Anomalous Scattering).

Fixed target
a concept for sample delivery that relies on immobilizing the sample on a solid support for
serial data collection by rastering with the XFEL beam.

Goniometer
a device used to position the crystal in selected orientations for optimization of data
collection.

Lipidic Cubic Phase (LCP)
a gel-like membrane mimetic matrix that supports membrane protein crystallization from a
native-like environment and can be used for efficient sample delivery.

Microfocus beamline
a synchrotron beamline equipped with beam-focusing optics and precise goniometers to
enable data collection from micrometer-sized crystals.

Molecular replacement
a method for solving the phase problem (see below) by using initial phases from a similar
(homologous) protein.

Phase problem

reconstitution of electron density requires the knowledge of structure factor phases, however,
in a crystallographic experiment only structure factor amplitudes, but not their phases, are
measured.

Pump-probe
a time-resolved experiment in which an optical pulse (pump) triggers a reaction followed by
an XFEL pulse (probe) at a variable time delay.

Radiation damage (primary, secondary)

Primary radiation damage implies immediate ionization effects caused by absorbed photons
and ejected photoelectrons while secondary radiation damage occurs through (mainly) the
formation of free radicals (caused by primary ionization events).

Resolution

a measure of the visibility of details in a density map. In crystallography, resolution is
traditionally measured in Angstréms (1 A=0.1 nm). The lower the value, the more details
can be seen. At approximately 3.5 A, individual amino acid side chains are visible and at 2.5
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A, waters are discernible, at better than 2 A resolution multiple amino acid conformations
could be modeled.

Self-Amplified Spontaneous Emission (SASE)

a process by which a laser beam is generated from a high-energy electron beam. An electron
bunch is accelerated to a relativistic speed and passed through a long undulator, which
supplies a transverse magnetic field that is periodically changing in space, encouraging
electrons to follow a sinusoidal path emitting X-ray photons. Interaction between
spontaneously emitted photons and electrons induces alignment of electrons
(“microbunching™), thereby causing them to emit X-ray radiation coherently.

Serial Femtosecond Crystallography (SFX)
a data collection paradigm where diffraction data are collected from a large number of
microcrystals in a “one crystal, one shot” approach using an XFEL.

Third generation synchrotron source

a synchrotron source equipped with straight sections containing undulator or wiggler
magnets leading to increased brilliance as well as spatial and temporal coherence of X-ray
beams compared to earlier generation synchrotron sources.

Time-resolved crystallography

a method used to visualize conformational transitions occurring within a protein as it
performs its function with a high spatial and temporal resolution. The time-component is
achieved by collecting X-ray data at several time-points after initiation of the reaction.

X-ray free electron laser (XFEL)
a latest generation light source producing ultra-bright pulses of coherent X-rays with ultra-
short duration employing the SASE principle on freely moving electrons.
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Trends box

X-ray free electron lasers (XFELS) allow radiation damage to be overcome,
enabling high-resolution room temperature structures of difficult-to-
crystallize proteins, for which only small crystals are available, and extremely
radiation sensitive macromolecules, such as metalloenzymes.

De novo phasing at XFELSs has been established on several different targets
and by different methods thereby enabling structure determination of novel
macromolecules of biological interest.

The extremely short femtosecond duration XFEL pulses provide access to
dynamic information about unstable intermediate states and irreversible
reactions.

The development of new injectors, crystal delivery media and fixed target
devices has dramatically reduced the amount of required crystallized protein.
Mixing injectors provide an important avenue to study biological interactions
in four-dimensional space.

Developments in data processing software reduce the required amount of data
and improve data quality.
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Outstanding questions (box)

What is the minimal number of diffraction images required for structure
determination by SFX?

How quickly can a complete data set can be routinely collected by SFX? Can
SFX data collection surpass the throughput of traditional crystallography?

What is the effect of primary radiation damage from an XFEL pulse, and how
does it depend on the pulse duration and intensity, X-ray energy, and the
distribution of electron-rich clusters in the protein structure, such as those in
metalloenzymes?

What is the limit in the number of unit cells in the crystal sufficient for high-
resolution data collection at XFELs? Will it be possible to collect atomic
resolution data from single protein molecules, and when?

Which new technologies are needed to increase access to XFEL beamtime
and improve the efficiency of the XFEL beamtime usage?
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XFEL facility Location X-ray energy Pulses per Photons  Date of user
range [keV] second per pulse  operation

LCLs (Lews-)  MES Menlo Park, CA 120(109  ~10%
. SAClA °
guropean XFEL [l Hamburg, Germany  0.3-24 27,000 >108 2017

PAL-XFEL i8} Pohang, SouthKorea 0.25-124 60 >1x10% 2017

0.25-12.8 (to 25) 2009 (2020)

~5x 104

Harima, Japan 4-20 2012

SwissFEL & villigen, Switzerland  0.2-12.4 100 ~104 2018

/"

Figure 1. Locations and parameters of XFEL facilities across the world (red squares)
For reference, locations of the most widely used third generation synchrotron sources are

indicated by orange dots (including all 16 facilities with an average of 100 or more deposited
structures per year between 2013 and 2015, as well as new facilities in Jordan and Brazil
that are not yet commissioned). Locations are approximate. AuthaGraph map projection
used with kind permission of Hajime Narukawa.
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a GDVN injector b Lcp injector C MESH/CoMESH
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(-0.2 kV)
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d Drop-on-Demand € Fixed Target
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Figure 2. X-ray generation by FELs and an SFX beamline setup
An electron bunch is accelerated to a relativistic speed and passed through an over 100 m

long undulator, generating an extremely bright and short pulse of coherent X-rays, which is
further focused by a pair of Kirkpatrick-Baez (K-B) mirrors or other X-ray optics to micron
or submicron-sized spot inside a sample delivery chamber. Inserts demonstrate different
methods of sample delivery into the focal point of the XFEL beam. Diffracted X-rays are
recorded by a fast-reading detector while the direct beam passes through a hole in the
detector and potentially can be re-focused and used for another experiment downstream.
Different parts in this figure are not drawn to scale.
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Figure 3. Statistics on the macromolecular structures solved using XFELSs to date
(a) Growth in the number of macromolecular structures deposited to PDB using the data

obtained at LCLS (blue bars) and SACLA (orange bars) (b) Growth in the number of
“unique” (each protein is counted only once at the earliest deposition date) macromolecular
structures deposited to PDB that were solved using XFELSs. Structures of soluble proteins
are shown as yellow bars and structures of membrane proteins are shown as green bars. ()
Number of structures falling into the respective resolution ranges. (d) Number of structures
solved using different sample delivery methods.
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Figure 4. Representative protein structures solved using XFELs

(a) The structure of a major signaling complex between a GPCR and arrestin. (b) Native
phasing of XFEL data: the structure of a GPCR, adenosine A,a receptor, was solved using
sulfur SAD. The Ay receptor is shown as green sticks, the ligand ZM-241,385 is shown in
ball-and-stick representation, the 2mF,-DF; electron density map is shown as a grey mesh
and contoured at 1.5 o, and the anomalous difference map is shown as an orange mesh and
contoured at 5 o. (c) Time resolved atomic structure of bacteriorhodopsin. The structures at
different time points (760 ns — cyan. 36.2 us — magenta, 1.725 ms — yellow) are
superimposed with the ground structure (green). Solid arrows indicate the direction of
changes in the structure with time, the dashed arrow indicates water molecule W402
becoming unstructured after the retinal isomerization. Adapted from Ref. [30].
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