KEYNOTE SPEAKER
Krystle McLaughlin, Vassar
Taking a community centered approach to diversity
Many studies have demonstrated that increasing levels of diversity in an organization leads to more varied and innovative ideas
and outcomes. Efforts towards increasing diversity in STEM fields have increased over the last several years. At almost every level
in academia, undergraduate, graduate, postdoctoral, and faculty, there are diversity programs designed to help broaden
participation of scholars from underrepresented groups. An important part of the diversity equation, inclusion, is often sidelined.
Whereas diversity in a group of people refer to differences in their demographic characteristics, inclusion refers to the creation of
an environment that fosters acceptance and involvement of multiple perspectives. Diversity efforts must include a focus on
inclusion to see meaningful long-term gains.
Though we can see initial recruitment numbers have improved, the number of scholars from underrepresented backgrounds
completing programs or advancing further has not increased as much as would be expected. Experiences in STEM by scholars from
underrepresented groups often paint a picture of an unwelcoming culture, prompting recent discussions calling for renewed focus
on inclusion. Here I will discuss some strategies towards creating a more inclusive working space for underrepresented scholars in
STEM. Improving community and building support systems, thereby facilitating the crucial connections that allow scholars from
different backgrounds to foster a sense of belonging and ownership, encourage retention in the field.

Biography
Krystle J. McLaughlin is an Assistant Professor in the Chemistry Department at Vassar College. Research in the McLaughlin Lab
involves using x-ray crystallography to characterize proteins that are potential drug targets from diverse microbial systems, such as
Bacteroides ovatus, Staphyloccocus aureus, and Mycobacterium bacteriophages. Dr. McLaughlin is also interested in best practices
in science pedagogy and improving chemistry education, with a particular focus on methods to improve retention of women and
underrepresented groups. Her most recent publication in J. Chem Ed. details an activity to introduce undergraduate students to
model building in crystallography using Coot. She has created and facilitated several workshops on research preparation for
undergraduates, active learning techniques for teachers, and inclusive teaching best practices. As an advocate for diversity in
science, Dr. McLaughlin has served since 2013 as the American Crystallographic Association’s (ACA) delegate to the AIP Liaison
Committee on Underrepresented Minorities, and successfully worked to introduce a Diversity and Inclusion session at ACA
meetings, where research and strategies on diversity issues from crystallographers are highlighted. Additionally, Dr. McLaughlin is
a member of the Steering Committee for the African Synchrotron Light Source (AfLS), committed towards construction of an
advanced light source on the African continent.
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Time-resolved XFEL crystallography and in crystallo spectroscopy for probing
reaction dynamics of respiratory metalloenzymes
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Time-resolved (TR) crystallography using X-ray free electron lasers (XFELs), combined with TR optical spectroscopy, is a powerful
technique to observe protein dynamics at work in real time. Using SACLA, we have applied this technique to two respiratory
metalloenzymes, bovine cytochrome c oxidase (CcO) and fungal NO reductase (P450nor).

CcO is the terminal oxidase of cell respiration that catalyzes O 2 reduction to H2O at the heme-cupper center, coupled with proton
pump across the mitochondrial inner membrane. In this study, the structural dynamics of CcO following CO ligand photodissociation from the heme was investigated, using serial femtosecond-rotational crystallography (SF-ROX) [1] combined with a
pump-probe system [2]. TR-IR in crystallo spectroscopy was also preformed to monitor the CO ligand kinetics in the crystalline
phase. By the TR crystallographic and spectroscopic analyses, we successfully observed the dynamic process of gate opening in the
proton-pump pathway, triggered by CO dissociation from the cupper site in the µs time domain [3].

P450nor is a heme enzyme that catalyzes NO reduction to N 2O in the anaerobic respiration in the fungal mitochondria. To track the
enzymatic reaction, a caged substrate (caged NO) was used as a reaction trigger in a pump-probe serial femtosecond
crystallography (SFX) system [4]. The kinetics of NO reduction reaction in the crystalline phase was assessed by TR-visible in
crystallo spectroscopy. Although the crystal packing affects the reaction rate, we captured NO binding to the heme at 20 ms after
the caged-NO photolysis [5]. This study demonstrates the utility of caged compounds, which will expand the applications of TR
crystallography for dynamic structural analyses of enzymes.
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Dynamic structural biology at XFELs: Complementary tools applied to
metalloenzymes that make or break O2 bonds
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An outstanding frontier challenge in structural biology is to determine time-resolved crystal structures directly from systems
engaged in catalysis at physiological pressure and temperature. To fully realize time-resolved/dynamic structural biology, one must
understand as much function as possible from the same sample and/or molecular state. However, it is difficult to study oxygen
intermediates in metalloenzymes by traditional, synchrotron-based macromolecular crystallography (MX) methods because their
reactivity also makes them very sensitive to photoreduction by the X-ray beam.

Many Fe-dependent oxygenases function by activating O 2 to create and then control high-valent intermediates during catalysis of
energetically difficult reactions. Such Fe(IV)=O intermediates have been proposed in many systems throughout biology, but
typically only detected by spectroscopic methods. In typical crystallographic analyses, it is difficult or impossible to differentiate Fe
(II/III)-(OH2), Fe(II/III)-O2, Fe(III)-O2-, Fe(III)-H2O2, Fe(IV)=O species by examining only electron density maps. Moreover, these
species are often photoreduced by synchrotron studies conducted at 100 K. Fortunately, the spectroscopic signature of these
species are different because they have different electronic structures. Consequently, we have developed on-demand acoustic
sample delivery strategies to more efficiently collect fully-correlated, time-resolved serial femtosecond crystallography (tr-SFX) and
X-ray emission spectroscopic (tr-XES) data from the same sample and XFEL pulse. The combinations of techniques provides
spectroscopic and crystallographic data to support electronic and atomic models of various species throughout the reaction cycles.
We have demonstrated with ribonucleotide reductase that it is possible measure X-ray emission spectra and demonstrate the
oxidation state of the Mn(IV) Fe(IV) intermediate in microcrystals, which cannot be deduced from typical electron density maps
alone.

Acoustic droplet ejection (ADE) is a general, touchless, on-demand method that uses focused sound waves to eject picoliter to
nanoliter volume droplets from the surface of one liquid to another location. Our injector delivers discrete sample amounts onto a
moving conveyor belt. It is optimized for photochemical and chemical reactions over a wide range of time scales and enables X-ray
diffraction in the forward direction simultaneously with XES measurements at 90 degrees. Studies with photosystem II,
ribonucleotide reductase R2 and several Fe-dependent oxygenases illustrate the power and versatility of these methods.

Fuller and Gul et al (2017) Nature Methods 14, 443–449
Young, Ibrahim, and Chatterjee et al (2016) Nature 540, 453–457
Roessler et al (2016) Structure 24, 631-640
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Petra Fromme, Arizona State University
Time-resolved femtosecond crystallography studies of photosystem II and I with X-ray
Free Electron Lasers
Petra Fromme (see references for co-authors)
School of Molecular Sciences and Biodesign Center for Applied Structural, Arizona State University, Tempe, Arizona 85287-1604 USA

The study of the dynamics biomolecules is one of the grand challenges of Structural Biology as most structures determined so far
only provide a static picture of the molecule. Serial Femtosecond Crystallography (SFX) provides a novel concept for structure
determination, where X-ray diffraction “snapshots” are collected from a fully hydrated stream of nanocrystals, using femtosecond
pulses from high energy X-ray free-electron lasers (XFELs) [1-4]. The XFEL pulses are so strong that they destroy any solid material,
but a femtosecond is so short (1 fs =10 -15 s) that X-ray damage is diminished and diffraction from the crystals is observed before
destruction takes effect [3]. It opens new avenues to determine molecular movies of Photosynthesis “in action” [6-10]. In this talk we
will present results from recent experiments to study the dynamic processes in Photosystem II by light-induced time-resolved
femtosecond crystallography conducted at LCLS, the X-ray Free Electron Laser in Stanford and also report preliminary results from
the first time resolved studies on Photosystem I from the European XFEL in Hamburg, Germany.

The talk will close with a progress report on the development of compact femto and attosecond X-ray Sources at ASU (CXLS and
CXFEL) and DESY (AXSIS) [11], which will provide unique new opportunities to study the ultrafast dynamics of reactions of
biomolecules with a combination of X-ray diffraction, X-ray spectroscopy and ultrafast optical spectroscopy.
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Tatiana Domratcheva, Max Planck Institute
Computational-chemistry analysis of twisted and planar photochemical
intermediates provides guidance for time-resolved structure determination
Tatiana Domratcheva*, Gromov, E., and Maximowitsch, E..
Max Planck Institute for Medical Research, Jahnstrasse 29, DE- 69120 Heidelberg, Germany.

Recent XFEL studies have provided crucial insight in femtosecond dynamics of photoreceptor proteins by structural
characterization of highly twisted short-lived intermediates involved in protein photoactivation via a double-bond isomerization
reaction. Characterization of these twisted intermediates of the photoactive yellow protein (PYP) chromophore using methods of
computational chemistry provided electronic structure details, relative energies, spectral signatures that all together facilitate
reconciliation of time-resolved structural and spectroscopy data. The twisted intermediates of the PYP protein, resulting from an
intramolecular charge-transfer electronic transition, have a biradicaloid structure with the energy highly sensitive to polar
interactions at the chromophore binding site. Besides the twisted biradicaloid intermediates, computational studies predicted
planar intermediates with a radical structure originating form an intermolecular charge-transfer electronic transition. In particular,
our calculations predicted that in photoreceptor phytochromes, radical intermediates are formed on a femtosecond timescale with
high efficiency, suggesting that in the photoactivation reaction sequence these planar radical intermediates may precede the
twisted intermediates mediating double-bond isomerization. The major structural degrees of freedom activated upon formation of
radical intermediates correspond to proton transfer and hydrogen bonding at the chromophore binding site. At present, the role of
radical intermediates in phytochrome photodynamics and light sensing is unknown. However, our computational results provide
testable suggestions implicating radical intermediates in color tuning, changes of pKas and control of double-bond isomerization.
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Structure and dynamics of chloride ion pumping rhodopsin
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The chloride ion pumping rhodopsin was studied with the powerful X-ray lasers and supercomputers, to reveal the molecular
mechanism of proteins. The chloride ion pumping rhodopsin (ClR) is a class-A GPCR protein, which utilizes energies from light to
actively transport Cl- ions through membranes. In this study, we report, for the first time, an atomic structure determined at room
temperature using serial femtosecond X-ray Crystallography (SFX) method using the second chamber with serial sample chamber
setup at LCLS. The atomic structure determined using SFX method is very consistent with the structure solved at synchrotrons.
Using the SFX structure of ClR as an initial model, extensive molecular dynamics simulations have been carried out to study the
pathway of Cl- ions through the rhodopsin channel. By using all-atom molecular dynamics simulation method, the plausible
pathways of Cl- ion were observed (Figure 1). The residues that undergo substantial conformational changes during the ion
transportation have been identified. We will carry out time-resolved experiments using pump-probe method at LCLS to validate
the results from simulations. Structures at three time delays will be determined to exam the conformational changes during the
ion transportation process in December 2017.

Figure1. SFX experimental data and simulation results.
Microcrystals in syringe (a) and in plate (b) both in LCP
medium. (c) A representative diffraction pattern
collected at CXI. (d) Steered molecular dynamics
simulation reveals intermediate states as Cl- ion moves
through the channel, each curve shows a simulated
transportation process. (e) A plausible pathway for ion
transportation (orange sphere, Cl- ion) and the key
residues identified in the simulations.
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Rapid mixing and injection for studying molecular dynamics in time-resolved liquid X
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The dynamics of biomolecules studied under physiologically relevant conditions provides the best possible insight into their
functional behaviour within their native environment. Whilst the atomic resolution structure of complex biomolecules in solution is
still a challenge which remains to be solved, important clues can be gained by studying their real-time conformational dynamics.
This information can be obtained via analysis of solution X-ray scattering data, which can be analysed to track changes in the
molecular envelope during chemical reactions. The development of XFEL based solution scattering experiments to probe molecular
dynamics offers significant advantages to the experimenter. These include, the ability to minimise radiation damage which both
limits resolution and complicates the data analysis, an improved signal-to-noise and the ability to much more finely sample
biomolecular dynamics. Whilst photo-activated pump-probe experiments at XFELs are now established, chemically-induces kinetic
studies at XFELs, particularly in the context of solution scattering, are still in their infancy. Here we discuss the design and
development of rapid mix-and-inject devices (MID) for time-resolved small angle X-ray scattering (SAXS) experiments performed on
biomolecules in a free-standing liquid jet. Our current device designs are able to achieve mixing times on the order of µs, providing
an accurate trigger for chemically-driven molecular dynamics. The mixer is coupled directly to a gas dynamic virtual nozzle (GDVN)
in order to focus the mixed solution into a free-standing jet using hydrodynamic forces. Simulations and preliminary experimental
data of stable jets with diameters ranging from 1 to 20 µm are presented which have an associated flow-rate of around 5 µl/min.
The devices we present are fabricated from SU-8 and PDMS using photolithography and will find immediate applications in the
study of the large-scale conformational changes that occur during protein complex formation.

Jochen Hub, Gottingen University
Interpretation of (time-resolved) solution X-ray scattering data by explicit-solvent
molecular dynamics simulation
Jochen S. Hub
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Small and wide-angle X-ray scattering (SWAXS) provides a view on
structures, ensembles, and dynamics of proteins in solution. However,
the interpretation of the signals has remained challenging due to the
low information content of SWAXS data, scattering contributions from
the solvent (hydration layer and excluded solvent), and due to unclear
confidence intervals of structural models that were refined against the
data. We aim to overcome such problems by combining SWAXS data
with explicit-solvent molecular dynamics (MD) simulation. Specifically,
we have developed methods for SWAXS curve prediction and for
structure refinement against SWAXS data based on explicit-solvent
MD and Bayesian inference [1,2]. The calculations fully account for
scattering contributions from the hydration layer and excluded
solvent, thereby avoiding any solvent-related fitting parameters.
Recently, we used such methods to interpret time-resolved SWAXS
(TR-SWAXS) data of myoglobin (Mb), following the ultrafast “quakelike” dissipation of energy after CO-photodissociation. The simulations revealed that the protein quake is characterized by single
pressure peak that propagates in a highly anisotropic and asynchronous manner across the protein and further into the solvent. By
computing TR-SWAXS patterns from the simulations, we could interpret features in the reciprocal-space SWAXS signals as specific
real-space dynamics, such as CO displacement and quake propagation.
A Guinier analysis applied to recent experimental TR-SAXS data of Mb revealed underdamped oscillations of the radius of gyration
and of protein volume, which were interpreted as underdamped oscillations of the entire protein, thus challenging the view of
overdamped global protein dynamics [4]. Our simulations offer an alternative interpretation of the data. The calculations suggest
that the small-angle signals reflect mainly solvent and not protein dynamics, thereby reconciling the TR-SAXS data the idea of
overdamped protein dynamics. Moreover, the analysis demonstrates that an accurate modeling of solvent contributions is
required to interpret the data.
[1] Chen and Hub, Biophys. J. 107, 435-447 (2014); Chen and Hub, Biophys. J. 108, 2573–2584 (2015); Chen and Hub, J. Phys. Chem.
Lett., 6, 5116–5121 (2015); Shevchuk and Hub, PLoS Comp Biol 13, e1005800 (2017); Cordeiro et al., Nucleic Acids Res. 45,
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Femtosecond X-ray scattering of membrane proteins with a free electron laser
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We describe the use of X-ray free electron laser (XFEL) technology in a pump-probe, time-resolved wide-angle X-ray
scattering experiment to structurally interrogate the conformational changes of membrane proteins, with an emphasis on G-proteincoupled receptors. The XFEL beam of the Linac Coherent Light Source (LCLS) has a very high peak X-ray brightness, which is key for
probing elusive ultra-fast structural changes during the biological function of protein molecules. With XFEL detection, femtosecond
time-resolved small- and wide-angle X-ray scattering (TR-SWAXS) experiments afford unprecedented opportunities in membrane
biophysics. For the pump, either an optical parametric amplifier (OPA) or a Nd:YLF laser is used at the Coherent X-ray Imaging (CXI)
instrument of LCLS. The protein in detergent micelles is delivered to the X-ray beam using micro-jet technology involving a gasdynamic virtual nozzle (GDVN) of 50-mm diameter. The 2D images of the scattered X-rays are recorded with an ultra-fast CornellSLAC Pixel Array Detector (CSPAD) with pump laser on-versus-off frequency of 60 Hz (X-ray pulse frequency 120 Hz) generating light
minus dark-state data for specified time points. The 2D-scattered X-ray intensities are radially integrated to generate 1D-scattering
profiles (scattered X-ray intensity versus momentum transfer vector Q). On-the-fly data analysis using the OnDA software package
reveals the light-triggered ‘‘protein quake’’ during the very early stages of the activation. Data reduction involves singular value
decomposition (SVD) together with all-atom molecular mechanics simulations. We combine MD and QM/MM simulations of
rhodopsin in ground and excited states to provide a mechanistic interpretation of the changes observed in the radius of gyration.
Establishing whether there is a single activation pathway or an energy landscape mechanism will be a significant step to
understanding the functional GPCR activation mechanisms.
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There is a conspicuous gap in our ability to determine the structures of biological filaments such as amyloid fibrils present in
Alzheimer's and Parkinson's disease patients. Such filaments are periodic along the fibril axis, therefore cannot be crystallized for
structure determination by conventional X-ray crystallography, instead requiring the use of complementary structural methods.
We developed a new approach to X-ray fiber diffraction using a free-standing graphene support and single nanofocused X-ray
pulses of femtosecond duration from an X-ray free electron laser. We measured low-background diffraction from a limited number
of amyloid fibrils aligned on the graphene substrate, providing superior measurements than obtainable at synchrotron radiation
sources and exhibiting noticeable asymmetry. Improvements of this low-background method, that have been realized so far, and
potential applications for imaging weakly scattering objects at XFELs and electron microscopes will be discussed.
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Virus conformational landscapes from single-particle X-ray scattering
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X-ray free-electron lasers (XFELs) provide a novel approach to single-particle (SP) virus studies. We report coherent diffraction
imaging experiments conducted at the Linac Coherent Light Source (LCLS) at SLAC National Laboratory as part of the SP imaging
initiative (SPI). SPI consists of an international team of collaborators working to develop XFEL-based high-resolution imaging of non
-crystalline targets, such as viruses, cells, and proteins. Bacteriophage PR772, one of several model viruses, was delivered to the
LCLS Atomic Molecular Optics (AMO) XFEL femtosecond soft X-ray pulsed beam. Single virus particle diffraction snapshots from the
experiment were analyzed to determine the 3D structure and conformational landscape of PR772 to a detector-limited resolution
of 9 nm (1). Data analysis identified a single dominant conformational coordinate controlling an expansion of the virus reminiscent
of virus “swelling”, coupled with emptying of the virus internal contents (2). PR772 is similar to bacteriophage PRD1. Recent studies
indicate that PRD1 uses its internal lipid membrane to form a nanotube that facilitates viral genome delivery (3). The
conformational changes revealed by analysis of PR772 diffraction at LCLS show changes similar to those observed in the PRD1
studies. The results provide important new information about the biology of PR772. Viruses undergo conformational changes
critical for their life cycles. Our analysis suggests that SP XFEL scattering has the potential to shed new light on changes that viruses
undergo during their life cycles. Complementary studies with cryoEM advances opens new opportunities to reveal the
conformational landscape of a virus population which will help provide insight into their dynamic nature relevant to biological
processes during infection. Ongoing cryoEM studies and future XFEL/cryoEM experiments capitalizing on the complementary
single-particle approaches will be discussed.
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Mixing injector for time-resolved crystallography at X-ray free electron lasers
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Mix-and-inject serial crystallography at X-ray free electron laser sources provides a window for observing structural changes of
biomolecules as they function. This exciting new technique can capture atomically detailed structures of intermediate states to
provide more complete understanding of biomolecular machines. I will discuss recent developments in mixing injector technology
that enable measurements of chemically initiated reactions in crystals on time scales ranging from milliseconds to seconds [1]. A
new interface between the mixer and sample chamber reduces the time required to assemble an injector and increases the ease of
operation. These robust mixing devices have been used to probe enzyme structural dynamics over a broad range of time points [2].
They have been successfully implemented at serial femtosecond crystallography beamlines at LCLS and European XFEL.
This project is supported by BioXFEL, an NSF Science and Technology Center, grant 1231306.
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Condisderations for SFX data collection at MHz XFELs
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The new megahertz (MHz) X-ray free-electron lasers (XFEL) promise data collection in an extremely rapid and sample-efficient
manner. However, this can only hold true under the stringent condition that pristine sample is provided at a rate commensurate to
the XFEL pulse rate which imposes severe constraints on sample delivery. Liquid jet injection is ideally suited for this task and the
method of choice for biological samples. However, the high intensity of the XFEL pulse not only destroys the exposed sample in the
jet but the energy deposited by the XFEL beam results in an explosion, generating a gap in the liquid jet transporting the sample
[1]. Moreover, a shock wave is launched, propagating along the jet and producing ns-long pressure jumps on the order of 1-10 kbar
within the jet medium, possibly affecting the sample [1]. Recent findings and implications from serial femtosecond crystallography
experiments studying the described effects will be discussed.

[1] Stan, C. A., et al. (2016). "Liquid explosions induced by X-ray laser pulses." Nat Phys 12(10): 966-971
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Nass Kovács, K. Nass, C. Roome, I. Schlichting, R.L. Shoeman, and C. Stan for planning, conducting, discussing and evaluating the
presented experiments and results.

Sarah Perry, UMass Amherst
Graphene microfluidics for room temperature crystallography
Sarah L. Perry
Department of Chemical Engineering, University of Massachusetts Amherst, Amherst, MA 01003, USA (perrys@engin.umass.edu)

Coupling microfluidic technology with advanced protein crystallography techniques for in situ analysis is an area of research where
significant advances can be made. Microfluidic platforms have the benefit of not only enabling experiments at small volumes, but
also of creating an environment free of inertial or convective effects while providing exquisite control over local conditions and
gradients. A significant problem in microfluidic-based crystallography is the background scattering resulting from the interaction of
X-rays with the device materials, which may reduce the signal-to-noise ratio obtained from small or weakly diffracting crystals.
These challenges can be overcome by decreasing the overall thickness of the microfluidic device. In particular, we utilize graphene
as an ultra-thin X-ray compatible window material. Furthermore, the mechanical strength, gas impermeability, and conductivity of
graphene have the potential to enable a tremendous range of structural biology experiments including room temperature serial
crystallography, the analysis of oxygen-sensitive proteins, high-throughput ligand screening, and electric-field stimulated
crystallography experiments.

We acknowledge support from the NSF Science and Technology Center on Biology with X-ray Lasers (NSF-1231306).

Alexandra Ros, Arizona State University
Droplet microfluidics for serial femtosecond crystallography with XFELs
Alexandra Ros1,2, Austin Echelmeier1,2, Sebastian Quintana1,2, Jorvani Cruz Villarreal1,2, Ana Egatz-Gomez1,2, Jesse Coe1,2, Gerrit
Brehm3, Mark Messerschmidt4, José Domingo Meza-Aguilar1,2, Britta Weinhausen4, Grant Mills4, Patrik Vagovic4, Yoonhee Kim4,
Joachim Schulz4, Katerina Dörner4, Raymond G. Sierra6, Adrian Mancuso4, Uwe Weierstall2,5, John C. H. Spence2,5, Henry N.
Chapman7, Nadia Zatsepin2,5, Petra Fromme1,2, Richard Kirian2,5

1. School of Molecular Sciences, Arizona State University, Tempe, Arizona, USA; 2. Center for Applied Structural Discovery, The Biodesign
Institute, Arizona State University, Tempe, Arizona, USA; 3. Institute for X-ray Physics, Georg-August-University, Göttingen, Germany; 4. European
XFEL, Hamburg, Germany; 5. Department of Physics, Arizona State University, Tempe, Arizona, USA; 6. SLAC National Accelerator Laboratory,
Menlo Park, California, USA; 7. Center for Free-Electron Laser Science, DESY, Hamburg, Germany.

Sample waste resulting from the low pulse frequency of current X-ray free electron lasers (XFELs) remains an unsolved issue for
serial femtosecond crystallography (SFX). All crystals injected continuously between the fs laser pulses run to waste and do not
contribute to the analysis. The majority of protein crystals are time consuming and costly to prepare as well as difficult to obtain in
suspensions of adequate concentration and quantities required for full dataset recording. Current XFEL pulse frequencies are in the
range of 10 Hz to 120 Hz resulting in waste of the majority of crystals. Approaches to reducing sample volume include the
development of jets which slowly extrude crystals suspended in a viscous medium, such as for example lipidic cubic phase (LCP).
However, not all proteins can be crystallized or maintained in the viscous media and the viscous media might increase the
background of the diffraction signal. Furthermore, viscous jets are too slow for refreshing sample matching the fast pulse
repetition within a pulse train of the European XFEL. Other approaches including gas dynamic virtual nozzle (GDVN) switching,
acoustic injection or fixed-target methods have special requirements and caveats such as repetition rate, increased background or
incompatibility with time-resolved methods.
Here, we propose utilizing microfluidic liquid-in-liquid droplets coupled to a GDVN to reduce the volume of sample required to
collect a full data set for an SFX experiment. By generating small water-in-oil droplets at a frequency synchronized with the XFEL
pulses, an order of magnitude less sample volume may be required for a full SFX data set compared to traditional GDVN injections.
This method thus overcomes limitations for proteins which are extremely difficult to crystalize, expensive to prepare or are not
compatible with the high viscosity media required for LCP injectors. We developed 3D-printed water-in-oil droplet generators and
a droplet frequency detector that can be employed in a typical SFX experiment. Through tuning of the flow rate ratios of the
intersecting oil and water phases, droplets in a frequency range from 10Hz up to 120Hz can be generated. We tested this approach
at the Macromolecular Femtosecond Crystallography (MFX) instrument at the SLAC National Accelerator Laboratory and at the
EuXFEL.

Peter Berntsen, La Trobe University
Serial crystallography development in partnership with the Australian Synchrotron
Peter Berntsen1, Marjan Hadian Jazi1, Mick Kusel2, Connie Darmanin1,
Jun Aishima2, Tom Caradoc-Davies2 and Brian Abbey1.

1. Australian Research Council Centre of Excellence in Advanced Molecular Imaging, La Trobe Institute for Molecular Science, La Trobe University,
Melbourne 3086, Australia. 2. ANSTO – Australian Synchrotron, 800 Blackburn Road, Clayton, Victoria 3168, Australia.

A novel set-up to perform serial millisecond crystallography (SMX) has been established at the Australian Synchrotron. The project
is based around the rapid readout capacity of the Eiger 16Ṁ detector installed at the MX2 microcrystallography beamline and
utilizes a syringe pump injection system for continuously streaming protein crystals, suspended in a highly viscous matrix, into the
X-ray beam. This project incorporates a number of design elements that allows the beamline to be changed from cryocrystallography to room temperature SMX within 15 min to facilitate routine use of the method. Proof of concept experiments
were carried out and here we will describe the design and performance of this new high-viscosity injector which is named
”Lipidico”.

Michael Hennig, leadXpro
X-ray free electron laser: Opportunities for drug discovery
Robert Cheng, Rafael Abela and Michael Hennig
leadXpro AG, PARK INNOVAARE, CH-5234 Villigen, Switzerland

Past decades have shown the impact of structural information derived from complexes of drug candidates with their protein
targets to facilitate the discovery of safe and effective medicines. Despite recent developments in single particle cryo-electron
microscopy, X-ray crystallography has been the main method to derive structural information. The unique properties of X-ray Free
Electron Laser (XFEL) with unmet peak brilliance and beam focus allow X-ray diffraction data recording and successful structure
determination from smaller and weaker diffracting crystals shortening timelines in crystal optimization. To further capitalize on the
XFEL advantage, innovations in crystal sample delivery for the X-ray experiment, data collection and processing methods are
required. This development was a key contributor to serial crystallography allowing structure determination at room temperature
yielding physiologically more relevant structures. Adding the time resolution provided by the femtosecond X-ray pulse will enable
monitoring and capturing of dynamic processes of ligand binding and associated conformational changes with great impact to the
design of candidate drug compounds.

Figure: Sample delivery systems for serial crystallography. The most frequently used system at the moment are injector-based. All
can be used for room temperature data collection, but the fixed target approach provides the option for cryo-crystallography as
well.

Recent Publications
Weinert, T., et al. Serial millisecond crystallography for routine room-temperature structure determination at synchrotrons.
Nature Communication, (2017).
Cheng, K.Y.R., Abela, R., Hennig, M. X-ray Free Electron Laser: opportunities for drug discovery. Essays in Biochemistry (2017) 61,
529-542.

Andrea Markelz, University at Buffalo
Measuring protein intramolecular dynamics with terahertz light: Functional
changes and relevance to biology
Yanting Deng, Mengyang Xu, Deepu Koshy George, Catherine Luck, Akansha Sharma and Andrea Markelz
Department of Physics, University at Buffalo, SUNY, Buffalo, NY 14260

As Austin and coworkers showed over 45 years ago [1], thermally activated motions are critical to protein function, however the
characterization of these motions has been challenging. In the last 20 years new optical instrumentation in the critical terahertz
(THz) frequency range has enabled unprecedented characterization of these dynamics revealing changes in the collectivity and
orientation of motions with functional state for enzymes and photoactive proteins [2-5]. In this talk I will review measurements of
protein intramolecular vibrations, their directionality and their impact on steering function. The various shortcomings of standard
simulation methods to analyze the optical results will be discussed as well as possible strategies to overcome these. This work was
supported by National Science Foundation MRI^2 grant DBI2959989, IDBR grant DBI1556359, and MCB grant MCB1616529, and
the Department of Energy BES grant DE-SC0016317.
1.
2.
3.
4.

5.

Austin, R.H., et al., Dynamics of Ligand Binding to Myoglobin. Biochemistry, 1975. 14(24): p. 5355-5373.
Falconer, R.J. and A.G. Markelz, Terahertz Spectroscopic Analysis of Peptides and Proteins. J. Infrared, Millimeter and THz
Waves, 2012. 33: p. 973-988.
Niessen, K.A., et al., Moving in the Right Direction: Protein Vibrational Steering Function. Biophysical Journal, 2017. 112(5):
p. 933-942.
Niessen, K., M. Xu, and A.G. Markelz, Terahertz optical measurements of correlated motions with possible allosteric
function. Biophysical Reviews, 2015. 7: p. 201-216.
Acbas, G., et al. Optical measurements of long-range protein vibrations. Nature Communications, 2014. DOI: 10.1038/
ncomms4076.

Doeke Hekstra, Harvard University
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Adrian Mancuso, European XFEL
Recent advances in instrumentation and methodology for XFEL structural studies
from the SPB/SFX team at the European XFEL
This presentation will outline the basic properties of the newly operational European XFEL [1], in particular focusing on the
capabilities of the SPB/SFX Instrument [2] which is the European XFEL’s only purpose-designed instrument to support biological
structure studies. The suite of instrumentation at SPB/SFX will be presented—including focusing optics, sample delivery technology
and the capabilities of its 2D detector, along with highlights from its commissioning and first experiments that took place from
September 2017.

If time permits, some research highlights from the SPB/SFX team will also be presented, which predominantly include
developments in methods to determine the three-dimensional structure of non-crystalline specimens in both theoretical and
experimental aspects [3-5].
[1]

T. Tschentscher, C. Bressler, J. Grünert, A. Madsen, A. P. Mancuso, M. Meyer, A. Scherz, H. Sinn, and U. Zastrau, Applied
Sciences 7, 592 (2017).

[2]

A. P. Mancuso, N. Reimers, G. Borchers, A. Aquila, and K. Giewekemeyer, Technical Design Report: Scientific Instrument
Single Particles, Clusters, and Biomolecules (SPB) (European XFEL, 2013).

[3]

R. P. Kurta, J. J. Donatelli, C. H. Yoon, P. Berntsen, J. Bielecki, B. J. Daurer, H. DeMirci, P. Fromme, M. F. Hantke, F. R. N. C.
Maia, A. Munke, C. Nettelblad, K. Pande, H. K. N. Reddy, J. A. Sellberg, R. G. Sierra, M. Svenda, G. van der Schot, I. A.
Vartanyants, G. J. Williams, P. L. Xavier, A. Aquila, P. H. Zwart, and A. P. Mancuso, Phys. Rev. Lett. 119, 237 (2017).

[4]

C. Fortmann-Grote, A. Buzmakov, Z. Jurek, N. T. D. Loh, L. Samoylova, R. Santra, E. A. Schneidmiller, T. Tschentscher, S.
Yakubov, C. H. Yoon, M. V. Yurkov, B. Ziaja-Motyka, and A. P. Mancuso, IUCrJ 4, 560 (2017).

[5]

M. Mehrjoo, K. Giewekemeyer, P. Vagovic, S. Stern, R. Bean, M. Messerschmidt, B. Keitel, E. Plönjes, M. Kuhlmann, T. Mey,
E. A. Schneidmiller, M. V. Yurkov, T. Limberg, and A. P. Mancuso, Opt Express 25, 17892 (2017).

Matthew Coleman, Lawrence Livermore National Laboratory
Using XFELs to characterize nanolipoprotein particles that form HDL and LCL
complexes
Coleman, M.A.,1,2 Shelby, M.,1 Gilbile, D.,2 Grant, T.,3 Seuring, C.,4 Segelke, B.,1 He W.,1 Evans A.C.,1 Cheng, H.,2 Pakendorf, T.,4
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The overall goal of this project is to develop methods for high-throughput and high-resolution biological imaging that will enable
temporal and spatial studies for formation of High Density Lipid (HDL) and Low Density Lipid (LDL) particles. HDL and LDL particles
are involved in lipid and cholesterol scavenging and transport. These nanolipoprotein particles (NLPs; aka nanodiscs), form 10-25
nm discs and can be reconstituted using cell-free expression systems. The resulting discs consist of a 5 nm lipid bi-layer surrounded
by a “belt” of apolipoproteins and represent a stable intermediate state in HDL and LDL formation. Cell-free expressed, assembled,
and purified particles were submitted for high-throughput crystallization trials through the High-Throughput Crystallization
Screening Center at the Hauptman-Woodward Medical Research Institute. A total of 65 different conditions resulted in crystals
that ranged in size from sub-5 um to ~100 um. Optimized crystals showed similar rod-like morphologies for both types of
nanoparticles. Optimized crystals were pipetted (40 - 60 uL per) on to a Roadrunner compatible Si support with 8 um pores at
moderate crystal densities (104 cm-2) in a hydrated 100% Rh environmental chamber. Wafers with crystals were mounted in the
high-speed Roadrunner goniometer for sample delivery at the LCLS MFX- end station and X-ray diffraction data was collected using
a 3 um focused beam. Diffraction images revealed similar 2D fiber-like diffraction (up to ~11.5 A) for both forms of the HDL and LDL
particles. We achieved a maximum hit rate of approximately 3% for ApoA1 (HDL) and 2% for ApoE4 (LDL) crystals with an average
acquisition rate of ~4.2X104 shots in under 30 mins. The ApoA1 (HDL) showed distinct Bragg peaks along the meridian whereas
more diffuse spots were observed for the ApoE4 (LDL) samples. Diffuse arcs observed at ~4.5 Å d-spacing centered around the
perpendicular to the meridian are from the lipid bilayer. Layer spacing of diffraction along the meridian translates to ~5.5 nm in
real space for both ApoA1 and ApoE4 containing samples. These patterns are consistent with Rouleau structure previously
reported from EM studies. These diffraction patterns (diffuse Bragg peaks and layer lines) could also be replicated by 2D Fourier
transformation of the EM images of the Rouleau structures. This represents the first comparative study of HDL and LDL particles
using XFELs. Overall, cell-free expression represents a unique solution to address multiple bottlenecks in the production,
purification, and characterization of lipid-binding proteins that were previously difficult to obtain. On-going studies will further
refine the resolution and therefore structure of these proteins involved in membrane and cholesterol transport.

This work was performed, in part, under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under
Contract DE-AC52-07NA27344. This work was also supported by NIH grants R01GM117342 (NIGMS) and R21AI120925 (NIAID) and NSF STC
‘BioXFEL’ 1231306. Use of the LCLS, SLAC National Accelerator Laboratory, is supported by the U.S. Department of Energy, Office of Science,
under contract no. DE-AC02-76SF00515.

Gebhard Schertler, ETH Zurich-PSI
Exploring G protein coupled receptors and membrane protein dynamics with X-ray
free electron lasers and solution NMR
Gebhard F.X. Schertler
Professor for Structural Biology ETH Zürich D-BIOL and Head of Biology and Chemistry Division, Paul Scherrer Institut, 5232 Villigen PSI,
Switzerland

Free-electron lasers are X-ray sources with unprecedented peak brilliance and time structure. We are applying them to explore
serial crystallography for membrane proteins using bacteriorhodopsin as a model system. Our collaborative international team was
able to trigger its photo cycle in lipidic cubic phase, and we have observed reaction intermediates at room temperature. From a
series of snap shots taken after different delay times we were able to construct an informative movie of bacteriorhodopsin. The
order changes of water molecules close to the retinal could be observed, and we can now explain important changes in the proton
affinity to the Schiff base nitrogen which is central to the proton pump mechanism of bacteriorhodopsin. We can observe already
after 16 ns disordering of a water cluster that is directly hydrogen bonded to the Schiff base. The difference densities are further
increasing over time. This change is an important part of the mechanism that modulates the affinity of the proton to the Schiff base
nitrogen. Later structural changes raise the pKa of Asp85 to the point where it spontaneously accepts a proton from the Schiff
base. With another collaborative Swiss team we have successfully introduced N15-labeled valine in a conformationally stabilized
beta 1 adrenergic receptor and used the labeled positions for evaluating backbone dynamics of this GPCR. We were able to see
heterogeneous responses across the receptor after binding a number of agonists and antagonists. But, remarkably, we were able
to pick up a homogenous response reflecting the signaling transmission within the receptor in a region distant from the ligand
binding site. In addition, we were able to observe changes of loop dynamics in the ligand entrance channel of the adrenergic
receptor.
New G-protein-coupled receptor crystal structures: insights and limitations
B Kobilka, GFX Schertler
Trends in pharmacological sciences 29 (2), 79-83 (2008)
Membrane protein structural biology using X-ray free electron lasers
R Neutze, G Brändén, GFX Schertler
Current opinion in structural biology 33, 115-125 (2015)
Lipidic cubic phase serial millisecond crystallography using synchrotron radiation
P Nogly, D James, D Wang, TA White, N Zatsepin, A Shilova, G Nelson, ...
IUCrJ 2 (2), 168-176 (2015)
Serial millisecond crystallography for routine room-temperature structure determination at synchrotrons
T Weinert, N Olieric, R Cheng, S Brünle, D James, D Ozerov, D Gashi, ...
Nature communications 8 (1), 542 (2017)

Lipidic cubic phase injector is a viable crystal delivery system for time-resolved serial crystallography
P Nogly, V Panneels, G Nelson, C Gati, T Kimura, C Milne, D Milathianaki, ...
Nature communications 7, 12314 (2016)
A three-dimensional movie of structural changes in bacteriorhodopsin
E Nango, A Royant, M Kubo, T Nakane, C Wickstrand, T Kimura, ...
Science 354 (6319), 1552-1557 (2016)
Diverse activation pathways in class A GPCRs converge near the G-protein-coupling region
AJ Venkatakrishnan, X Deupi, G Lebon, FM Heydenreich, T Flock, ...
Nature 536, 484 (2016)
Backbone NMR reveals allosteric signal transduction networks in the β1-adrenergic receptor
S Isogai, X Deupi, C Opitz, FM Heydenreich, CJ Tsai, F Brueckner, ...
Nature 530 (7589), 237-241 (2016)
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XFEL Diffraction studies of the oxygen evolving complex of photosystem II
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X-ray free electron lasers (XFELs) provide a unique opportunity for time resolved, damage-free studies of dynamic systems. We
have applied this technique to the study of the oxygen-evolving complex (OEC) in photosystem II (PSII), the membrane-bound
protein responsible for water splitting and oxygen evolution in plants and photosynthetic cyanobacteria. In order to probe the
structure of the OEC in multiple illuminated states and evaluate the possible oxygen-evolving mechanisms consistent with these
structures, we conducted simultaneous X-ray emission spectroscopy/X-ray diffraction experiments at the XFEL facility at LCLS. We
recently published the first high-resolution room-temperature diffraction data for the dark and twice-illuminated (2F) states of PSII.
Differences between these structures and cryogenic structures with similar packing and unit cells evidence the importance of room
temperature data collection of crystals in near-native conditions. Several key advancements in data processing capabilities have
contributed to significantly improved data quality over the course of recent experiments, including development of the cctbx.xfel
graphical user interface for rapid feedback and changes to the handling of XFEL still images in the dials.stills_process pipeline. We
will discuss the above developments in relation to the advancement of the PSII data analysis.

(IDY was supported by NIH / NIGMS grant GM102520 to NKS.)

Henry Chapman, DESY
Incoherent diffractive imaging for structure determination at atomic resolution
H. N. Chapman1, K. Ayyer1, F. Trost1, R. Röhlsberger2, A. Classen3, and J. von Zanthier3
Center for Free-Electron Laser Science, DESY, Hamburg, Germany
Photon Science, DESY, Hamburg, Germany
Institut für Optik, Information und Photonik, Universität Erlangen-Nürnberg, Erlangen, Germany

We proposed a method of utilising incoherent and fluorescence photons to
obtain structures of molecules [1], based on Hanbury-Brown Twiss intensity
interferometry [2]. The information of the atomic arrangements of the
emitting atoms is determined from correlations of the angularly-resolved
emission intensities, detected within the coherence time of the emission
process. This can be achieved by using the natural time-gating of X-ray freeelectron laser pulses which can be made as short as the 2 fs coherence time
set by the lifetime of the inner-shell X-ray fluorescence radiation.
We plan to explore this method on metal-bearing proteins, by
detecting XFEL-induced fluorescence using large-area pixellated detectors. A
detector has about three million pixels, giving 5 x 1012 intensity correlations in
a single shot. The correlation between a pair of pixels located at scattering
wave-vector directions (relative to the sample) of k1 and k2 encode the
strength of the Fourier component of the object given by q = k1 - k2.
Remarkably, the trillion observations of I(k1) I(k2) map out a volume q = k1 - k2
of Fourier space (see Figure) rather than the usual two-dimensional manifold
accessible in a coherent diffraction experiment. This means that true threedimensional information can be obtained from measurements in a single
A map of 3D correlations at locations q = k1 - orientation.
k2 of simulated fluorescence intensities from a
This 3D imaging will be discussed, as well as several more advantages
Fe-bearing protein crystal exposed to a single over the conventional crystallographic techniques that have been in use for
X-ray FEL pulse shorter than the Fe core-hole
lifetime. From the 4.6×1012 correlations, one the last 100 years. The fluorescence emission for an atom such as Fe is about
already observes periodicity of the Fourier 200 times the probability for scattering from a carbon atom, allowing
components, indicating the (crystalline) measurements on single molecules, in solution. The chemical specificity of
structure.
the emission means systems can be examined in natural environments, and
chemical states (such as oxidation) can be discriminated. Analogues can be
made of all diffraction experiments (powder diffraction, solution scattering, time-resolved). We expect atomic resolution without
suffering from atomic form factors that limit high-resolution coherent scattering measurements. The method can be easily
combined with diffraction, and thus may have great impact for understanding the structure, dynamics, and energetics of proteins
and other materials.
A. Classen, et al. PRL 119, 053401 (2017)
R. Schneider et al. Nature Physics 2017 on-line; doi:10.1038/nphys4301

David Case, Rutgers University
What can we learn from MD simulations of biomolecular crystals?
Case, David A.
Dept. of Chemistry and Chemical Biology, Rutgers University, Piscataway, NJ 08854 USA

The adaption of graphical processing units (GPUs) to biomolecular simulations has made microsecond-scale simulations of
biomolecular crystals available on a nearly-routine basis [1-5]. Typically, a super-cell consisting of several crystallographic unit cells
becomes the periodically-repeating unit in the simulation; in this talk, I will consider super-cells with up to 125 unit cells. Here are
some ways this data might be used:


Straightforward comparisons between computed and experimental average structures and atomic displacement parameters
can be used to identify problems in biomolecular force fields [1-4]. The high accuracy and precision crystallography (compared
to NMR or other solution methods) makes such comparisons uniquely informative, and the statistics of such comparisons
benefit from having many copies of chains in equivalent environments in the simulation.



Structural fluctuations in the simulations can be used to estimate diffuse scattering intensities, which can be compared to
recent measurements using modern detectors [5,6]. I will show examples of results for lysozyme in three crystal forms, using
data collected at CHESS by Steve Mesiburger and Nozomi Ando as a reference. These provide important insights into the
contributions to diffuse scatter from water and from lattice vibrations of the protein.



Simulations provide a model for density fluctuations in regions of "disordered" or "bulk" solvent (mainly water). Such models
appear to account for solvent contributions to Bragg intensities in ways that are a systematic improvement over the
procedures used in most protein structure refinement protocols.



Simulations provide a plausible, if imperfect, model for conformational heterogeneity in biomolecular crystals. Having both
Bragg intensities computed from the average electron density (as a refinement target) and hints from the trajectory itself as to
the nature of the underlying conformational transitions, James Holton has created and refined atomic models with many more
than the traditional number of "alternate locations"; these can closely reproduce the synthetic Bragg intensities. We hope that
such models may provide clues about how to construct better models to refine against real data.



TeraHertz spectroscopy in biomolecular crystals, and its orientation dependence [7], can be directly compared to predictions
from MD simulations.

[1] D.S. Cerutti, P.L. Freddolino, R.E. Duke and David A. Case. Simulations of a protein crystal with a high resolution X-ray structure:
Evaluation of force fields and water models. J. Phys. Chem. B 114, 12811-12824 (2010).
[2] P.A. Janowski, D.S. Cerutti, J. Holton and D.A. Case. Peptide crystal simulations reveal hidden dynamics. J. Am. Chem. Soc. 135,
7938-7948 (2013).
[3] C. Liu, P.A. Janowski and D.A. Case. All-atom crystal simulations of DNA and RNA duplexes. Biochim. Biophys. Acta 1850, 10591071 (2015).
[4] P.A. Janowski, C. Liu and D.A. Case. Molecular dynamics of triclinic lysozyme in a crystal lattice. Prot. Sci. 25, 87-102 (2016).
[5] A.H. Van Benschoten, L. Liu, A. Gonzalez, A.S. Brewster, N.K. Sauter, J.S. Fraser and M.E. Wall. Measuring and modeling diffuse
scattering in protein X-ray crystallography. Proc. Natl. Acad. Sci. USA 113, 4069-4074 (2016).
[6] S.P. Meisburger and N. Ando. Correlated Motions from Crystallography beyond Diffraction. Acc. Chem. Res. 50, 580-583 (2017).
[7] K.A. Niessen, M. Xu, A. Paciaroni, A. Orecchini, E.H. Snell and A.G. Markelz. Moving in the right direction: Protein vibrational
steering function. Biophys. J. 112, 933-942 (2017).

Helen Ginn, Diamond Light Source-Oxford University
The slip-and-slide algorithm: a refinement protocol for detector geometry
Geometry correction is traditionally plagued by mis-fitting of correlated parameters, leading to all sorts of 'decoy' local minima. This
makes it a messy, difficult job, requiring significant skilled human intervention to create a meaningful definition of detector
geometry. Segmented detectors pose an enhanced risk of mis-fitting: even a minor confusion of detector distance and panel
separation can prevent improvement in data quality. The slip-and-slide algorithm breaks down effects of the correlated parameters
and their associated target functions by shifting from parameterisation in Cartesian coordinates to a spherical coordinate system.
This change allows an incredibly simplified mechanism for geometry refinement with a significant reduction in human judgement
required. The target function used is like that of other geometry refinement protocols (reducing the offsets between observed and
predicted reflection positions). However, the spherical coordinate system is now divided into two types of parameters, which are
sensitive to different aspects of the usual target function. Due to the refinement of decoupled parameters, this geometry method
also reaches convergence and is more insensitive to noise. This technique can quite powerfully bring out tilts in detectors not
completely perpendicular to the beam, and is supported by improvement in indexing rates and more accurate estimation of
anomalous differences.
Reference:
Ginn & Stuart, J. Synchrotron Rad. (2017). 24, 1152–1162
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Progress with solid sample supports for weakly diffracting objects
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Solid sample supports (aka “fixed targets”) offer some potential advantages over aerosol or liquid jet based sample
introduction for biological imaging with XFELs. With solid sample supports, the sample density and sample properties
can be characterized and optimized before an X-ray imaging experiment and samples can be archived afterwards. Solid
sample supports can help orient and align samples (e.g., fibrils), keep 2D protein crystals flat, and allow tilting the
sample in a controlled fashion with respect to the incident X-rays during the X-ray measurement. Solid sample supports
may also facilitate new types of pump-probe experiments that involve integrating microfluidics for controlled sample
mixing or applying an electrical field to a sample. At the same time, this sample introduction approach comes with
practical challenges, including undesired X-ray scatter background from the support, potential distortion of a sample
due to interaction with the support surface, and the need to protect the sample from dehydration in vacuum.
Moreover, most fixed target measurements at LCLS and other XFELs, so far, have been relatively slow due to limited
scanning speed and precision (typically ~1 shot/second). Here we describe recent progress in addressing these
challenges with solid sample supports for weakly diffracting objects, such as 2D protein crystals, protein fibrils, and
nanoliprotein particles (NLPs) and discuss the new opportunities provided by fast scanning stages, such as the
Roadrunner system (developed by CFEL) that allows data acquisition at the full 120 Hz repetition rate of LCLS and,
potentially, beyond.
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Hard X-ray Free Electron Lasers (XFEL) are enabling new breakthroughs in structural biology research, as evidenced by recent
structure depositions to the Protein Data Bank (PDB, pdb.org). Annual XFEL structure deposition rates have grown rapidly over the
last 3-years from 6 structures in 2013 to 67 in 2016, illustrating the rapid pace of technical developments in this area. The high
brightness of the coherent photon pulse from the XFEL enables data collection on microcrystals maintained at near-physiological
conditions, while avoiding the detrimental effects of radiation damage. As the femtosecond duration of XFEL photon pulses match
the time scales of certain molecular motions, direct observation of previously inaccessible biological processes are now possible.
Recent Serial Femtosecond Crystallography (SFX) studies at XFEL facilities include enzyme intermediate and transition state
structures, time-resolved structural changes, and even molecular movies.

In order to meet the myriad challenges of archiving XFEL data and metadata in a manner that allows PDB users to fully understand
the import of these experiments and reproduce important results, the Worldwide Protein Data Bank (wwPDB, wwpdb.org)
partnership has worked with the wwPDB PDBx/mmCIF Working Group and experts from the XFEL community to develop new
PDBx/mmCIF metadata extensions that faithfully represent XFEL experiments (https://github.com/pdbxmmcifwg/xfel-extension).
These data items help to support deposition of structures determined by XFEL methods. Herein, we review the current state of
XFEL structures in the PDB archive, providing information relating to growth in number of depositions, data collection and
experimental protocols, structure types, and metrics pertaining to both molecular and structural complexity. With selected highprofile examples, we also describe how to access XFEL/SFX structural data and metadata using the RCSB.org website of the RCSB
Protein Data Bank (RCSB PDB), the US Regional Data Center for the wwPDB organization.
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