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Abstract

G protein–coupled receptors (GPCRs) represent a large superfamily of
membrane proteins that mediate cell signaling and regulate a variety
of physiological processes in the human body. Structure-function studies
of this superfamily were enabled a decade ago by multiple breakthroughs
in technology that included receptor stabilization, crystallization in a mem-
brane environment, and microcrystallography. The recent emergence of
X-ray free-electron lasers (XFELs) has further accelerated structural studies
of GPCRs and other challenging proteins by overcoming radiation dam-
age and providing access to high-resolution structures and dynamics using
micrometer-sized crystals. Here, we summarize key technology advance-
ments and major milestones of GPCR research using XFELs and provide a
brief outlook on future developments in the field.
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INTRODUCTION

Over the last several decades, structural biology has considerably advanced our understanding
of biological processes at the molecular level. Over 130,000 three-dimensional macromolecular
structures deposited in the Protein Data Bank (8) provide invaluable templates for elucidating
functional mechanisms and assisting in the rational design of new therapeutics. Recently, the field
of structural biology has undergone a quantum leap propelled by the resolution revolution in
cryo-electron microscopy (cryo-EM) (4) and by the development of X-ray free-electron lasers
(XFELs) (90). XFELs generate extremely bright (9–10 orders of magnitude brighter than third-
generation synchrotrons) and extremely short in duration (femtoseconds) pulses of coherent X-
rays. With such unprecedented properties, XFELs enable high-resolution structure determination
of radiation-sensitive (41) and difficult-to-crystallize macromolecules (66) as well as provide access
to dynamics through the analysis of room temperature structures (98) and time-resolved pump–
probe experiments (86).

The first hard-energy XFEL, the Linac Coherent Light Source (LCLS) at the SLAC National
Laboratory in Menlo Park, United States, was commissioned in 2009 (28), followed by the Spring-
8 Angstrom Coherent Laser (SACLA) in Harima, Japan, in 2011 (78). Since each XFEL pulse can
totally destroy the crystal it interacts with, the data are usually collected using a serial femtosecond
crystallography (SFX) approach (15), in which crystals are rapidly delivered in the beam in random
orientations and diffraction patterns are recorded from tens to hundreds of thousands of individual
crystals. SFX required the development of new sample preparation protocols and crystal delivery
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hardware, as well as new data processing software, which have quickly progressed to the stage
where the SFX method has started to yield new, exciting results for many important biological
systems (48).

This review is focused on the applications of SFX to G protein–coupled receptors (GPCRs),
one of the most challenging protein families for structural studies.

STRUCTURAL BIOLOGY OF G PROTEIN–COUPLED RECEPTORS

In the following section, we introduce GPCRs and summarize developments that have led to their
successful crystallization and structure determination by traditional microcrystallography using
synchrotron sources.

G Protein–Coupled Receptor Structure and Function

GPCRs constitute the largest membrane protein superfamily in the human genome, with over
800 unique members, typically grouped into 5 classes (A, B, C, Frizzled, and Adhesion) according
to receptor topology and sequence homology (2, 44). GPCR-mediated signaling pathways play a
key role in all physiological systems (Figure 1) as well as pathophysiological conditions, includ-
ing cancer, immune disorders, cardiovascular diseases, metabolic disorders (e.g., obesity, diabetes),
pain, and addiction (38, 99), and are therefore important drug targets; over 30% of all prescription
drugs on the market act via these receptors (76, 81). GPCRs have a seven-transmembrane-helix
(7TM) topology and contain multiple binding sites for orthosteric ligands and allosteric modula-
tors. They recognize a diverse array of native signaling molecules, including ions, biogenic amines,
nucleotides, neurotransmitters, lipids, hormones, peptides, and small proteins (38, 99). Upon lig-
and binding, a signal is transmitted across the cell membrane to intracellular partner proteins,
such as G proteins, β-arrestins, and other effectors (3, 31, 79). Generally, GPCRs exist in the
plasma membrane in a dynamic equilibrium between multiple ground and signaling states. Dif-
ferent native and synthetic ligands, depending on their chemical structures, can stabilize different
states, exhibiting various signaling efficacies (i.e., acting as agonists, biased agonists, antagonists,
inverse agonists, or allosteric modulators) (31).

Detailed understanding of the mechanism of GPCR action requires high-resolution structural
information for many representative members of the family captured in different conformational
states, as well as in complex with different signaling partners. This level of structural detail, in
general, can be achieved only via crystallography, which requires obtaining sufficiently large and
well-diffracting crystals.

G Protein–Coupled Receptor Structure Determination Pipeline

Owing to the large-scale conformational transitions and their dynamic nature, GPCRs are inher-
ently highly flexible and unstable, especially when extracted from their native membrane envi-
ronment. This property conflicts with their propensity to crystallize, which requires a conforma-
tionally stable and pure receptor population that can form well-defined crystal contacts. GPCRs
can be stabilized in a number of ways, and in practice, often several approaches have to be used to
encourage crystallization.

First, a high-affinity ligand can be used that keeps the receptor predominantly in a single, active
(agonist), or inactive (neutral antagonist or inverse agonist) conformation (115). As the inactive
state is usually the ground state of the receptor, crystallization is often more straightforward with
antagonists. Indeed, more antagonist-bound than agonist-bound structures have been determined
to date (107).
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Figure 1
GPCR function and pervasiveness in physiology and pathology. Physiological systems (bold black) and pathological conditions (bold red )
linked to GPCR families (black) are indicated. Abbreviations: CNS, central nervous system; GnRH, gonadotropin-releasing hormone;
GPCR, G protein–coupled receptor; OR, olfactory receptors.

Second, the receptor can be engineered so as to be more stable than the wild-type protein. This
can be achieved by truncation of N- and C-termini, which for some receptors can be long and (at
least in absence of interaction partners) unstructured, point mutations (40) and by replacement
of loop regions with compact soluble protein domains (fusion partners) (23). Stabilizing point
mutations can be identified by brute force, such as alanine scanning (68, 87) or by using in vitro
evolution approaches (26, 82), can be designed rationally (97), and can sometimes be transferred
between different receptors.

Third, a specific receptor conformation—in particular, an active or active-like one—can be sta-
bilized by receptor binding partners, including G proteins and arrestins (51, 80), or their mimetic,
such as engineered mini-G proteins (14), antibodies, or nanobodies (24, 32, 47).

In addition to the benefit of stabilizing receptor for crystallization, both ligand binding and
receptor engineering also help alleviate the second bottleneck of GPCR crystallization, low
protein yield. Ligands can often increase protein yield drastically, be it when adding ligands to
the expression medium or during protein purification. Similarly, it is not uncommon to observe
yield increases by several orders when introducing fusion partners or identifying beneficial point
mutations.
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Figure 2
GPCR structure determination pipeline. The pipeline contains several feedback loops and readout options (biochemical assays) that
allow monitoring of project progress, often bringing the process back to initial construct design. Figure adapted from Reference 93.
Abbreviations: GPCR, G protein–coupled receptor; HDX-MS, hydrogen–deuterium exchange coupled with mass spectrometry; HT,
high-throughput; LCP, lipidic cubic phase; NMR, nuclear magnetic resonance; SFX, serial femtosecond crystallography.

GPCR structure determination is, therefore, commonly achieved using a pipeline (93), which
can be used to operate in parallel with several constructs and even several targets (Figure 2). Within
this process, attempts are made to achieve several intermediate goals: the large-scale production of
stable constructs and their characterization, the crystallization of these constructs, the acquisition
of high-quality diffraction data, and finally the determination and refinement of the structure.
These goals are commonly achieved through an iterative process using protocols and technologies
described in a number of publications (12, 17, 23, 29, 95). The process requires design, production,
and testing of a large number of protein constructs (typically a few hundred) and screening dozens
of ligands to identify the construct–ligand combination that can be crystallized. The pipeline relies
on a number of metrics measured at specific process steps, which have proven to be an important
guide in reducing processing work (and cost) on nonproductive constructs.

For each new structure solved, extensive computational modeling is conducted to analyze
conformational states and structural features in the context of other receptors, as well as the
structural role of single-nucleotide polymorphisms and other disease-related mutations. Molecular
dynamics simulations and molecular docking studies are often used to probe the dynamic nature
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of the receptors and their interaction with ligands. Each structure determination is accompanied
by comprehensive functional and mutagenesis studies to decipher the impact of different residues
and important structural features on ligand recognition and signal transduction.

Lipidic Cubic Phase Crystallization

One of the important technology advancements that enabled structural studies of GPCRs was the
development of crystallization in a membrane mimetic environment, known as the lipidic cubic
phase (LCP) (12, 16). LCP represents a liquid-crystalline mesophase that spontaneously forms
upon mixing a specific lipid and an aqueous solution at a certain ratio. LCP consists of a single
lipid bilayer forming a triply periodic structure with zero mean curvature and cubic symmetry
(12). Topologically, the single lipid bilayer divides the space into two interpenetrating networks
of continuous water channels. Therefore, LCP is often referred to as a bicontinuous lipidic cubic
phase, meaning long-range space continuity in both hydrophilic and hydrophobic milieus exists.
Such bicontinuity is responsible for many unique properties and applications of LCP, including its
ability to support nucleation and growth of membrane protein crystals. Since its first introduction
in 1996 (60), LCP crystallization has contributed high-resolution structures of over 120 unique
membrane proteins from most major families.

Among a large variety of lipids, only two lipid classes, monoacylglycerols (MAGs) (13) and
isoprenoid-chain lipids (36, 46, 108), consistently form LCP at or below room temperature,
rendering them suitable as host lipids for membrane protein crystallization. The most successful
of them are monounsaturated MAGs with a commonly used N.T MAG notation, in which N
represents the number of carbon atoms between the ester group and the double bond and T
represents the number of carbons between the double bond and the terminal methyl group.
Depending on their chemical structure, temperature, hydration, and other parameters, N.T MAGs
can form a large variety of mesophases; therefore, a detailed knowledge of their respective phase
diagram is critical for successful application of these lipids for LCP crystallization. While N.T
MAGs are not native lipids of biological membranes, they can be doped with native lipids, which,
in certain cases, may be essential for crystallization (18). For example, a mixture of 10% w/w
(weight by weight) cholesterol and 90% w/w monoolein (9.9 MAG) was established as a default
host lipid for GPCR crystallization (22, 34).

Macroscopically, LCP is a transparent, optically isotropic and highly viscous gel-like material.
Such a gel-like consistency makes handling these materials very challenging, which prompted the
development of special tools, protocols, and instruments to miniaturize and automate crystalliza-
tion tasks and interrogate behavior of proteins and their interaction with lipids in LCP (16).

The success of the LCP crystallization approach can be attributed mainly to two factors.
First, the lipid bilayer of LCP provides a more native-like stabilizing environment for integral
membrane proteins compared to detergent micelles (16, 63). Second, in contrast to protein–
detergent complexes, in which the transmembrane hydrophobic part of the protein is shielded
from forming specific protein–protein interactions, membrane proteins embedded in LCP have
the ability to interact with one another through their hydrophobic domains. The result is the
formation of a type I crystal lattice with extensive hydrophilic as well as hydrophobic (often lipid-
mediated) contacts between protein molecules, contributing to better ordering of molecules in
the crystal lattice and consequently higher resolution diffraction (16).

The intrinsic microstructure of LCP, including the curvature of its lipid bilayer and the dimen-
sions of its water channels (∼50 Å in diameter in its narrowest parts), imposes steric limits on the
size of membrane proteins or their oligomeric aggregates that can diffuse within the lipid bilayer
of LCP. To overcome this limitation, crystallization of large membrane proteins (>100 kDa) may
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require swelling LCP by using special additives (19, 21) or even complete transformation into a
liquid-like sponge phase. Owing to a higher propensity to nucleation and relatively slow diffusion,
LCP crystallization typically leads to a large number of small, micrometer-sized crystals whose
optimization may be challenging.

Current Status of G Protein–Coupled Receptor Structure Determination

Multiple technological breakthroughs related to GPCR stabilization, expression, purification,
crystallization, and crystallographic data collection (32, 107) have enabled, since 2007, high-
resolution structure determination of ∼45 unique receptors (44), contributing over 200 entries in
the Protein Data Bank (8, 44). Most of these receptors were captured in their ground inactive state,
while structures of 13 unique receptors are available in an active-like state or in a fully engaged
active state in complex with a heterotrimeric Gs protein (80) and arrestin (51).

These structure-function studies have helped explain ligand selectivity, establish common and
diverse structural elements, and identify activation microswitches and major structural rearrange-
ments during receptor activation (52, 99, 111). They led to the understanding that GPCRs
function as intrinsic allosteric machines, which are not only controlled by their native signal-
ing molecules but also modulated by lipids, such as cholesterol (22, 34), sodium ions (53, 62), and
water molecules (1). They helped identify a variety of allosteric sites in GPCRs for modulation by
drug-like molecules (42), including those on the receptor–lipid interface (110) and at the intra-
cellular surface (117). Lastly, they provided plausible explanations for unusual signaling behavior
in some receptors (112).

Notwithstanding such formidable progress, we are still far away from completely understanding
the whole GPCR superfamily, with known structures covering only 5% of the superfamily as a
whole and, considering extension by homology, only ∼30% of nonolfactory receptors. Lack of
structural coverage for GPCRs is one of the key bottlenecks for rapid expansion of available tool
compounds and drug discovery efforts on new GPCR targets. It is becoming obvious that new
technologies are needed to accelerate new discoveries, and quite timely, the emergence of XFELs
and advancements in cryo-EM are starting to fulfill this need.

SERIAL FEMTOSECOND CRYSTALLOGRAPHY

The serial femtosecond approach is a new paradigm in crystallography that promises to alle-
viate some of the traditional bottlenecks that hamper structure determination of challenging
systems such as GPCRs and other membrane proteins. Here, we contrast serial and traditional,
goniometer-based approaches and highlight their promise to obtain structures and complementary
dynamic information that was previously unattainable.

Serial Femtosecond Crystallography Versus Traditional Crystallography

Despite all advances in GPCR sample preparation and crystallization, obtaining large, well-
diffracting crystals for synchrotron data collection remains a tedious, expensive, and often frustrat-
ing process. GPCR crystallization in LCP typically leads to the formation of initially very small,
micrometer-sized crystals whose optimization is time-consuming, may introduce growth defects,
and sometimes may just fail. The amount of crystallographic information that can be obtained
from such well-ordered but small microcrystals using state-of-the-art microfocus beamlines at
third-generation synchrotron sources is strongly limited by radiation damage. Current practices
include collecting small wedges of data of a few degrees from many frozen crystals and merging
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them together in a data set (20). This procedure requires extensive optimization of crystal growth,
harvesting and cryo-cooling hundreds of crystals, aligning them by beam rastering, and using
special algorithms for data processing, all of which involve substantial commitments in time and
effort, while at the end still having to tolerate a certain amount of radiation damage.

All these time-consuming steps and, most importantly, effects of radiation damage can be essen-
tially avoided by taking advantage of new-generation XFEL sources. XFELs produce extremely
high-brilliance X-ray pulses of a few femtoseconds duration, allowing one to outrun radiation
damage and collect high-resolution data on microcrystals at room temperature, employing the
diffraction-before-destruction principle (9, 75). SFX makes this “one crystal, one shot” approach
practicable by constantly replenishing crystals. Rather than traditional oscillation crystallography,
where diffraction images are collected from multiple exposures of a rotating single crystal (or a
few crystals), SFX using XFELs collects single exposures of tens to hundreds of thousands of
randomly oriented micrometer- and submicrometer-sized crystals. These small crystals are often
found to be better ordered and have fewer growth defects, resulting in similar or even better
diffraction at XFELs compared to larger frozen crystals at synchrotron sources, making the SFX
method especially enticing for challenging systems such as membrane proteins and, particularly,
GPCRs.

The “one crystal, one shot” approach also facilitates time-resolved crystallography of irre-
versible processes and therefore access to dynamics without limiting achievable time resolution
more than the femtosecond timescale of the X-ray pulses. This opens up the possibility to study
conformational transitions at timescales from subpicoseconds to seconds and beyond and has
already found many attractive applications (5, 54, 55, 58, 59, 73, 77, 85, 89, 91, 94).

Practical aspects of GPCR sample preparation for SFX along with necessary developments in
instrumentation and data processing are outlined in the following sections.

Lipidic Cubic Phase–Serial Femtosecond Crystallography: Sample Preparation
and Data Collection

The development of viscous media injectors (103, 104) has allowed combining the advantages of
LCP crystallization and SFX data collection by facilitating sample delivery directly in the native
crystal growth matrix, thereby circumventing the need to harvest individual crystals. The high
viscosity of the crystal delivery matrix allows for a wide range of flow rates. Such wide range allows
for better matching to the XFEL pulse repetition rates and leads to a significantly reduced crystal
consumption compared to a popular liquid-media Gas Dynamic Virtual Nozzle (GDVN) injector
(25). The viscous media injector (104) consists of a reservoir (typically 20, 40, or 100 μL) for sample
loading, a capillary nozzle (20–100-μm inner diameter) through which the sample is extruded,
and a hydraulic plunger that applies high pressure necessary for extrusion of LCP through the
narrow capillary. The plunger is connected through a water line with an HPLC pump, which
can be remotely controlled to monitor the pressure and adjust the flow rate. The LCP stream
exiting from the injector nozzle is supported by a coaxial sheath flow of gas (typically helium or
nitrogen) to prevent it from curling back and sticking to the nozzle. The gas pressure can also be
adjusted remotely to ensure a stable flow. The injector can stream samples both inside of a vacuum
chamber and in a helium atmosphere. In the case of a vacuum chamber, the LCP matrix should
be prepared from a short chain MAG, such as 9.7 MAG or 7.9 MAG (70), or doped with one of
these lipids just before loading in the injector to prevent its transition into a lamellar crystalline
phase upon evaporative cooling (104).

The use of injectors for SFX has imposed new requirements for sample preparation (45, 64).
Rather than optimizing crystals to grow sparse and large, such as the ones desired for synchrotron
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data collection, approximately 30–100 μL of LCP densely packed with small and uniform crystals
is needed for a complete data set collection by LCP-SFX. An optimal protocol to achieve these
requirements includes initial screening and optimization by high-throughput nanovolume crys-
tallization in 96-well glass sandwich plates, followed up with scaling up the volume by ∼1,000
times in gas-tight syringes with the objective of high crystal density and uniform, small crystal size.
Achieving a high crystal density is extremely important because crystals grown in LCP can only be
further diluted but not concentrated owing to the high viscosity of the matrix. Low crystal density
leads to low efficiency of data collection. As with any technique, sample quality is paramount for
success. Since each sample change and evaluation takes ∼30–60 min of valuable XFEL beamtime,
all samples should be carefully prescreened to characterize their average crystal size and density
before loading them in the injector.

While for synchrotron data collection, several dozens of individual large crystals can be har-
vested from a few (nanoliter-volume) drops or even a single drop in glass sandwich plates, for a
complete LCP-SFX data set, often thousands to tens of thousands of microcrystals are required
in a volume of a few tens of microliters. These very different sample requirements necessitate
divergent optimization objectives after obtaining initial crystal hits.

An LCP-SFX data collection experiment requires careful consideration and optimization of
several parameters with the ultimate goal of minimizing data collection time while acquiring the
most accurate data. Thus, real-time data monitoring and evaluation are essential for ensuring
the most efficient use of the scarce XFEL beamtime (69). Microcrystals, randomly dispersed in
LCP, are injected into the sample chamber, intersecting with the pulsed XFEL beam with each
exposure being recorded by a detector (Figure 3). These detector images are analyzed in real time
to identify those that contain at least a certain amount of Bragg diffraction peaks with a specified
signal-to-noise threshold. Such patterns are referred to as crystal hits. Crystal hit rates depend
on the crystal density and size, the injector nozzle diameter, and the XFEL beam size and pulse
intensity but not on the LCP flow rate, because on the timescale of each pulse, the crystals appear
stationary. The choice of the injector nozzle capillary is dictated by the following considerations.
Smaller capillary diameters can minimize the unwanted background scattering; however, they lead
to lower crystal hit rates, require higher pressure for LCP extrusion, and are prone to clogging. In
practice, we established that 50-μm inner diameter capillaries provide a reasonable compromise
between the reliability and ease of the injector operation and the obtained data quality. Larger or
smaller diameter capillaries can be used in some cases, depending on the crystal size and density.
The optimal crystal size for LCP-SFX is approximately 2–20 μm. Crystals larger than 20 μm can
typically be used at synchrotrons. Crystals smaller than 2 μm do not produce sufficiently strong
diffraction signal at high resolution, considering relatively large background scattering from the
LCP stream of ∼50 μm in diameter. The XFEL beam size ideally should match the average crystal
size; however, it is typically fixed for a given sample chamber by the X-ray optics used. A highly
intense XFEL beam passing through an LCP stream leaves a trail of gas bubbles (Figure 3c) (92).
The extent of the affected area depends on the X-ray flux density. The LCP flow rate should
be adjusted, therefore, to be sufficiently fast to clear out the damaged material and expose intact
fresh crystals to the next incoming pulse. Increasing XFEL beam intensity eventually leads to a
complete disruption of the LCP flow, recovery from which is not practically possible, thus limiting
the maximum intensity for LCP-SFX (Figure 3d). In our experience, this occurs at approximately
10% of the total LCLS intensity operating in the nominal regime and producing 9.5-keV X-rays,
with a total pulse energy of 4 mJ, when experiments are conducted in the 1-μm sample chamber
at the Coherent X-ray Imaging (CXI) beamline (10).

Typical LCP-SFX data collection parameters used for GPCR structure determination are
listed in Table 1. All experiments were conducted on the CXI beamline at LCLS (10). LCP
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Figure 3
Lipidic cubic phase (LCP)–serial femtosecond crystallography (SFX) process. (a) Schematic of an LCP-SFX data collection setup.
X-ray free-electron laser (XFEL) beam is focused to a diameter of ∼1 μm by a pair of Kirkpatrick-Baez mirrors on a stream of LCP
delivering micrometer-sized crystals that intersect the beam in random orientations. Diffraction patterns are collected by a Cornell-
SLAC pixel array detector at 120 Hz. (b) A zoom in on the sample interaction region and LCP microstructure. (c) XFEL beam
footprints at ∼1% intensity (8 · 109 photons/pulse). (d ) An XFEL beam at ∼50% intensity (4 · 1011 photons/pulse) creates an explosion
of ∼100 μm in size. Panel a modified from Reference 65.

injectors with 50-μm capillary nozzles were used in all experiments with the LCP flow rates
ranging from 0.17 to 0.22 μL/min, corresponding to ∼15-μm displacement of the matrix between
two consecutive XFEL pulses arriving at 120 Hz (104). The total data collection time and the
corresponding total number of images depended primarily on the crystal hit rate but often were
limited by the amount of sample and/or beamtime available. While the crystal hit rates and indexing
rates are the two parameters typically reported in publications, the definition of a crystal hit is
often different between different experiments; thus, the most consistent parameter defining the
efficiency of data collection is the percent of indexed images. This parameter was as low as 0.35%
for the most challenging rhodopsin–arrestin sample (51) and as high as 7.7% in the case of the
so-called easiest GPCR sample, the adenosine A2A receptor, which is often used as a test sample
in various new developments. The total sample volume used for each data set varied between
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30 and 140 μL while the total amount of consumed protein was estimated to be in the range
of 100 to 800 μg. From our experience, a minimal LCP-SFX data set should contain at least
10,000 images to sample all possible crystal orientations and to average out fluctuations because
of a large pulse-to-pulse variability in the XFEL beam parameters as well as uncertainties in
crystal size, quality, and orientation. Therefore, we normalized the total protein consumption
in each data set, which resulted, on average, in 100 μg of protein used (from 20 to 450 μg) per
10,000 indexed images. The accuracy of the structure factor amplitudes, in general, increases
with the number of merged diffraction images; however, the improvements above 30,000–50,000
images are typically marginal, and in most cases insignificant, especially for structures solved
by the molecular replacement method. In contrast, it has been shown that achieving sufficient
accuracy for experimental phasing by sulfur single-wavelength anomalous diffraction (S-SAD)
required about 10 times more data (>500,000 indexed images) with correspondingly increased
data collection time (∼17 hours) and the amount of consumed protein (∼2.7 mg) (7).

Detectors for XFEL have a very different profile of requirements than those for synchrotron
data collection. While crystals at synchrotrons are exposed to radiation for milliseconds to seconds,
XFEL pulses have a much shorter, femtosecond duration and arrive at a high pulse repetition rate,
such as 120 Hz at LCLS and up to 4.5 MHz at the newly commissioned European XFEL. All
GPCR data to date have been acquired using a Cornell-SLAC pixel array detector (35), which has
a high sensitivity and fast readout but suffers from a low dynamic range and is prone to damage by
high-intensity diffraction, caused by, for example, accidental salt crystals or ice. These drawbacks
along with even faster readout rates are being addressed in the development of next-generation
detectors for XFELs (39, 71).

Serial Femtosecond Crystallography Data Processing

Along with progress in instrumentation and sample delivery, the advancement of new approaches
and protocols for data processing has been critical for the success of SFX. Several specialized
software packages have been developed for monitoring data collection in real time, applying
detector corrections, and identifying images with Bragg spots, as well as for indexing, integrating,
scaling, and merging individual reflections (6, 27, 33, 37, 49, 50, 56, 83, 84, 96, 106, 109). The
common challenges of SFX data processing include location of sharp spots, which often consist
of a single or a few pixels; background subtraction, which in the case of crystal delivery in LCP
can be substantial; indexing of single patterns and, related to that, indexing ambiguity; and scaling
and merging of individual partial reflections that is typically done using a Monte Carlo approach
(56). The algorithms for SFX data processing have constantly been improved, with recent notable
additions including refinement of the detector geometry (109), estimation of partiality of the
reflections (33), and postrefinement (83, 105), as well as methods for resolving indexing ambiguity
(11). All these advancements make possible the reduction of the amount of data collected while
increasing the quality of obtained structures.

APPLICATIONS OF LIPIDIC CUBIC PHASE–SERIAL FEMTOSECOND
CRYSTALLOGRAPHY TO STRUCTURAL STUDIES OF G
PROTEIN–COUPLED RECEPTORS

In the last part of this review, we detail the tangible benefit LCP-SFX has already brought to
the field of GPCR structural studies before concluding this review with an outlook on future
developments that promise to bring it to full fruition.
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LCP-SFX introduction
First GPCR structure

5-HT2B A2AAR AT2R SMOΔCRD-SMO δ-OR Rho-Arr

AT1R GCGR
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LCP injector
Novel ligand
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Figure 4
Timeline of GPCR structure determination at XFELs. Important milestones (top) and determined GPCR structures (bottom) are shown
on a timeline. Abbreviations: GPCR, G protein–coupled receptor; LCP, lipidic cubic phase; SFX, serial femtosecond crystallography;
S-SAD, sulfur single-wavelength anomalous dispersion phasing with sulfur atoms; XFEL, X-ray free-electron laser.

From Initial Validation to Ligand Cocrystal Structures

Early applications of LCP-SFX to GPCR structural biology have quickly surpassed the proof-
of-principle stage. LCP-SFX was first introduced in 2013 with the determination of the room-
temperature structure of the serotonin 5-HT2B receptor bound to the migraine drug ergotamine
(Figure 4) (65). The new approach was validated by comparing this structure to the corresponding
synchrotron cryostructure (100). Despite the substantial differences in crystal size (5 × 5 × 5 μm3

versus 80 × 20 × 10 μm3) and data collection temperature (294 K versus 100 K), both structures
showed comparable resolution (2.8 Å versus 2.7 Å) and final quality of the model. Overall, while the
backbones of the structures overlapped closely, the room-temperature XFEL structure displayed
a unique distribution of thermal motions and conformations of some residues, likely more accu-
rately representing the receptor structure and dynamics in its native environment. Subsequently,
the cocrystal structure of the transmembrane part lacking the extracellular cystein-rich domain
(CRD) of the smoothened receptor (�CRD-Smo), an important antitumor target, bound to the
teratogen cyclopamine was solved using LCP-SFX (104). While several structures of �CRD-
Smo bound to different ligands had been solved at a synchrotron source earlier (101, 102), the
cyclopamine complex had eluded structure determination due to high crystal mosaicity and in-
consistent diffraction. At the same time, smaller, micrometer-sized crystals displayed much lower
mosaicity and better diffraction at LCLS, resulting in a 3.2-Å (anisotropic) resolution structure,
which revealed the location of cyclopamine inside a long and narrow cavity in the transmembrane
part of the receptor. Similarly, for the delta opioid receptor (δ-OR) bound to a bifunctional peptide
acting as a potential nonaddictive painkiller, LCP-SFX data collection substantially improved the
resolution from 3.4 Å achieved at a synchrotron source to 2.7 Å, enabling unambiguous ligand
placement in the pocket and uncovering the molecular details of its recognition (30).
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First Novel G Protein–Coupled Receptor Structures Solved by Lipid Cubic
Phase–Serial Femtosecond Crystallography

The next important milestone of LCP-SFX was the determination of receptor structures that had
previously been completely unknown (Figure 4). The structure of the angiotensin II receptor
type 1 (AT1R) (114), a major blood pressure regulator and a target for many antihypertensive
drugs, was the first novel GPCR structure solved by XFEL. This achievement was followed
by the structure determination of the AT2 receptor (112), an angiotensin receptor subtype with
unique signaling properties. The structures provided important insights into the distinct functions
of the two angiotensin receptors and outlined the structural basis for ligand binding and selectivity.

De Novo Phasing of G Protein–Coupled Receptor Lipid Cubic Phase–Serial
Femtosecond Crystallography Data

The crystallographic phase problem for new GPCR structures can usually be solved by molecular
replacement, thanks to the common 7TM topology of their transmembrane domain. However,
with XFELs opening up a novel space of structure determination for proteins that are difficult to
crystallize and LCP-SFX promising to achieve the same for membrane proteins, de novo phasing
techniques had to be developed for these most challenging systems that use XFEL data and go
beyond the simplest proof-of-principle cases (72, 74).

While some common de novo phasing techniques can utilize heavy atoms incorporated into the
crystal either by soaking or mutagenesis, practical implementation of these techniques requires
extensive screening and is not always successful. It has been demonstrated that the extremely
weak anomalous signal from endogenous sulfur atoms present in most proteins can be sufficient
for S-SAD phasing, provided data can be collected with high accuracy (61). Achieving such high
accuracy for SFX data collected at XFELs has been challenging.

Recently, it has been demonstrated that LCP-SFX data can be phased using S-SAD to au-
tomatically solve a GPCR structure (Figure 4), leading to the bias-free structure of the human
adenosine A2A receptor (A2AAR) (7). This success has underlined the impressive progress in data
collection and data processing of LCP-SFX. Crucially, XFEL beam energy can be tuned so as to
achieve optimal anomalous scattering strength for a given element while simultaneously maximiz-
ing resolution. Anomalous data have been collected at the X-ray energy of 6 keV as a reasonable
compromise between the strength of the signal, effects of X-ray absorption, dependence of resolu-
tion on the X-ray wavelength, and the efficiency of the beamline optics and the detector. Notably,
the crystallized A2AAR construct contained only 24 sulfur atoms (15 Cys and 9 Met) per its 447
residues, 12 of which were sufficient for phasing; 88% of human proteins contain more than this
ratio of sulfur atoms per residue, suggesting that S-SAD should be a generally applicable method
for solving the crystallographic phase problem using XFELs (7).

G Protein–Coupled Receptor Complexes

One of the current frontiers of GPCR structural biology is the elucidation of the structure
of membrane protein complexes. As previously described, the receptor–ligand interactions
allosterically modulate the interactions of the receptor with a multitude of intracellular protein
binding partners and effectors that initiate or inhibit different signaling pathways, thereby
allowing the cell to respond to environmental cues. Since stable receptor–effector complexes
require a particular and well-defined receptor conformation, this adds an extra level of complexity
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and makes crystallization even more challenging than for the receptor–ligand complex alone, and
systems have to be chosen and optimized even more carefully.

Until recently, the only receptor–effector complex for which a structure was known was that
of the β2-adrenergic receptor (β2AR) in complex with the Gs protein (80). Canonical signaling
through G proteins, however, represents only a fraction of physiologically relevant signaling,
and so considerable efforts have been made to obtain the complex structure of a GPCR bound
to an arrestin. Arrestins bind to activated and phosphorylated receptors, terminating G protein
signaling and leading to receptor desensitization and internalization, all the while initiating G
protein–independent signaling pathways that lead to disparate cellular responses (67). This dual
role in signaling has led to a considerable interest in molecular determinants of this interaction, as
specifically modulating those with so-called signaling biased ligands bears the promise to alleviate
many problems associated with unwanted side effects such as those observed for opiate painkillers.

Rhodopsin-arrestin cocrystals that were initially obtained in LCP could not be optimized be-
yond 20 μm in size and diffracted to only 7–8 Å at synchrotron; however, at LCLS, similar crystals
diffracted to approximately 3.3-Å (anisotropic) resolution, revealing specific interactions between
rhodopsin and arrestin (51). Later, the resolution was further improved to 3.0 Å (anisotropic),
allowing the identification of specific phosphorylation codes for arrestin recruitment by GPCRs
(118).

Another type of complex that has garnered considerable interest in recent years is that of re-
ceptors bound to monoclonal antibodies. Some of these antibodies can bind extracellularly and
stabilize the receptor in distinct activation states, thereby offering an attractive alternative to tra-
ditional therapeutic accession points that becomes increasingly important, given the traditionally
high attrition rate of small-molecule drug development (43). By using LCP-SFX, researchers
could determine the structure of the complex between an antibody Fab fragment and the human
5-hydroxytryptamine 2B (5-HT2B) (serotonin) receptor, the target for many anxiety- and mood-
regulating drugs (47). This interaction involves a receptor epitope formed by all three extracellular
loops and for the first time illustrates this important modulation by biologics (47).

Multidomain G Protein–Coupled Receptors

Initial structural studies of GPCRs have been limited to mostly transmembrane class A receptors
and to 7TM domains of multidomain class B, C, and Frizzled receptors. Most recently, with
advancements in receptor stabilization technologies, the attention of the community has turned to
full-length nonclass A GPCRs in attempts to understand how their extracellular domains (ECDs)
modulate receptor structure and function. The first full-length structures to be determined were
those for the class Frizzled smoothened receptor (116) and the class B glucagon receptor GCGR
(113), aided and enabled by LCP-SFX.

The relevance of smoothened receptor in the cancer context has been described above, and
while the previously obtained structures of ligands bound to the 7TM part have provided a molec-
ular foundation for ligand modulation (101, 102), this picture had not been complete without an
understanding of how the ECD influences ligand recognition and receptor activation through
allosteric effects.

Similarly, for GCGR, which is a key player in glucose homeostasis and the pathophysiology
of type 2 diabetes, separate structures for ECD (57) and 7TM were known (88), but the full-
length structure had eluded structure determination owing to difficulties with crystallization.
Using LCP-SFX, the full-length structure could be determined to 3.0-Å resolution and made
visible the alternate conformation of the N-terminal stalk region, linking ECD and 7TM by
forming a short beta strand with ECL1 (113).
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In both cases, LCP-SFX brought with it a considerable improvement in resolution as compared
to synchrotron data collection.

CONCLUSIONS AND FUTURE OUTLOOK

Since its introduction in 2013, LCP-SFX has demonstrated a tremendous success with ten GPCR
structures published within the last four years, significantly advancing our understanding of this
biomedically important protein superfamily. The most substantial current limitation that prevents
even wider spread and impact of this approach is the shortage of XFEL beamtime. Three new
XFELs (European XFEL in Hamburg, Germany; PAL-XFEL in Pohang, South Korea; and
SwissFEL in Villigen, Switzerland) have been recently commissioned and were scheduled to start
their user program operations in 2017–2018, to be followed by the LCLS-II upgrade in 2020.

A number of new developments related to structural biology studies of GPCRs at XFELs are an-
ticipated within the next few years. They will likely include the establishment of a structure-based
drug development platform that will take advantage of small crystal size and streamlined proce-
dures of cocrystal preparation and SFX data acquisition with many different receptors in complex
with a large variety of ligands. Complementing injector-based crystal delivery methods with fixed
target approaches may help decrease the relatively strong background from the surrounding crys-
tals’ LCP matrix, enable the use of the full XFEL power, obtain high-resolution data from even
smaller submicrometer-sized crystals, and further lower sample consumption. New XFELs (Euro-
pean XFEL, LCLS-II) will enable faster data acquisition with higher pulse repetition rates, which
will require the development of new fast-readout detectors and faster sample delivery systems.
Last but not least, many open questions about the dynamic nature of the GPCR signaling will be
addressed by collecting time-resolved molecular movies of conformational changes during GPCR
activation triggered by photoswitchable or photocaged ligands. All these advancements should
substantially accelerate the pace of structural biology studies of the whole GPCR superfamily to
holistically understand the structural diversity of these receptors and their signaling mechanisms.
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