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Abstract

Proteins guide the flows of information, energy, and matter that make life
possible by accelerating transport and chemical reactions, by allosterically
modulating these reactions, and by forming dynamic supramolecular assem-
blies. In these roles, conformational change underlies functional transitions.
Time-resolved X-ray diffraction methods characterize these transitions ei-
ther by directly triggering sequences of functionally important motions or,
more broadly, by capturing the motions of which proteins are capable. To
date, most successful have been experiments in which conformational change
is triggered in light-dependent proteins. In this review, I emphasize emerg-
ing techniques that probe the dynamic basis of function in proteins lacking
natively light-dependent transitions and speculate about extensions and fur-
ther possibilities. In addition, I review how the weaker and more distributed
signals in these data push the limits of the capabilities of analytical methods.
Taken together, these new methods are beginning to establish a powerful
paradigm for the study of the physics of protein function.
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INTRODUCTION

It has been a long-standing dream of scientists to directly observe proteins in action. In rare in-
stances, it has been possible to do so by microscopy (84), and advances in high-speed atomic force
microscopy now provide the first glimpses of protein dynamics in cell membranes (50). Progress
also continues to be made on access to the excited states and kinetics of proteins via nuclear
magnetic resonance (NMR) spectroscopy (109), and initial findings have been reported on how
conformational heterogeneity observed in single-particle cryo-electron microscopy relate to pro-
tein dynamics at physiological temperature (11). Complementing these developments are dramatic
advances in time-resolved X-ray diffraction (TRX), which now allows the visualization of pro-
tein dynamics over the full range of timescales from the fastest femtosecond-scale vibrations and
chemical steps to millisecond- and second-scale conformational transitions in (near-)atomic detail.
In this survey of TRX, I address three overall questions: (#) How can we directly observe pro-
teins in action? (b)) How can we characterize the free energy landscape that enables these motions?
Otherwise put, how do proteins respond to physical stimuli (since change in energy = applied
force x induced displacement)? Finally, (c) how can we infer accurate models of protein excited-
state conformations from TRX data and integrate these with existing computational models?
TRX excels when dynamics can be triggered by laser excitation of native chromophores, yield-
ing amazing accomplishments like the direct observation of elementary steps in photosynthesis
(58,62,67,110).1 only briefly cover progress on light-dependent proteins, since this work has been
summarized in excellent reviews (16, 101). Instead, I focus on advances in TRX with a strong em-
phasis on areas where TRX is just beginning to demonstrate its potential: triggering progression
along the reaction coordinate of enzymes and mapping the dynamical properties of proteins and
enzymes more broadly. I focus on the present and future of the field; however, it should be noted
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that TRX builds not just on recent advances in source and detector technology, but also on heroic
efforts during the 1980s and 1990s to create the field of time-resolved X-ray crystallography. In
particular, Keith Moffat and his colleagues established many of the principles of the field, includ-
ing the use of Laue diffraction (75), data collection modalities (10), and data processing (93), along
with pioneering studies (49, 99) by others.

TRX was revitalized by the arrival of X-ray free electron lasers (XFELs) around 2009 and
the first report on serial femtosecond X-ray crystallography (SFX) on a protein at the Linear
Coherent Lightsource (LCLS) (25). This development followed an inspired proposal that protein
structures could be determined from many microcrystals, or even single molecules, by the diffract-
before-destroy principle (82)—a sample can diffract a number of X-ray photons far beyond the
usual damage threshold if it does so before damage leads to significant displacement during the
X-ray pulse (127). SFX has made many hard-to-crystallize targets newly tractable, leading, for
example, to the determination of a multitude of membrane protein structures, including of many
G protein—coupled receptors (108). A typical experimental design is shown in Figure 1a.

In parallel with the above-described advances in this field, there has been equally important
progress in time-resolved X-ray solution scattering (2, 52, 68) driven by the same advances in
instrumentation. Finally, traditional cryo-trapping experiments, in which progression through a
series of states is quenched by rapid freezing, remain a valuable complement to TRX, yielding, for
example, structures of intermediates in DINA replication (78), catalysis in dihydrofolate reductase
(21), and the Kok cycle of photosystem IT (PS IT) (111).

A BRIEF OVERVIEW OF DETECTORS, DELIVERY DEVICES,
AND SOURCES

Tremendous advances in pulsed X-ray sources and detectors are enabling the growth of the TRX
field. In particular, XFELs can now generate femtosecond-duration, extremely bright X-ray pulses
at high pulse repetition rates. The advent of XFELs has driven rapid innovation in sample delivery
platforms for serial crystallography, including gas virtual dynamic nozzles (32), electrospinning
(105), tape drives (19, 38), acoustic droplet generation (96), microfluidic devices that generate
segmented flows of precisely timed microdroplets (35), and chips that can hold tens of thousands
of microcrystals (95). These devices are typically developed to improve crystal quality, hit rate,
and sample consumption but are intriguing platforms for the development of new time-resolved
diffraction experiments.

In addition, XFELSs have driven the rapid development of new X-ray detectors to keep up with
the increasing data rate and improve experimental accuracy. At (near-)continuous synchrotron
X-ray sources, photon-counting detectors have achieved error-free detection of X-ray photons
at significant count rates (<10® photons per second per mm?; 23). With pulsed X-ray sources,
however, many more photons may arrive per unit time during an exposure. New generations of
integrating detectors, which measure total charge after a set exposure time, now enable TRX ap-
plications with similarly high sensitivity and frame rate. This includes CSPAD detectors (22) and,
more recently, the ePix and JUNGFRAU integrating detectors, which have adaptive or multiple
gain and single-photon sensitivity (77, 118).

DIRECT OBSERVATION OF PROGRESS ALONG THE
CONFORMATIONAL REACTION COORDINATE

The most direct way to learn how a protein works would be to observe its progression along
the conformational reaction coordinate (CRC)—the sequence of conformational changes
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required for function. Time-resolved crystallography provides a fairly direct way of doing this
with atomic and temporal detail—if progression along the CRC can be triggered, then TRX
yields an ensemble-averaged movie of this progression. Key parameters to a successful TRX
experiment are therefore (#) whether progression along the reaction coordinate can be triggered
in a sufficiently large fraction of protein molecules, (b)) with what level of synchrony one can do
so, and (¢) whether the process can be triggered repeatedly or is irreversible. Figure 1 illustrates
some of the discussed techniques.
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Figure 1 (Figure appears on preceding page)

Perturbations for time-resolved X-ray crystallography. (#) In most time-resolved studies to date, laser light is used to drive a transition
of a native chromophore (e.g., resulting in photoisomerization). As illustrated, such experiments are typically performed in a serial
fashion, in which one X-ray diffraction image is collected per image. (9) In rapid-mixing serial crystallography, small crystals are rapidly
mixed with ligands or substrates (red spheres) just before exposure to X-rays, e.g., resulting in enzyme products (blue spheres). Phenomena
on timescales slower than the crystal diffusion timescale can be followed in this way. (¢) In temperature-jump experiments, solvent is
heated by an infrared laser pulse, and heat is transferred to the protein on the unit cell thermal diffusion timescale (<1 ns). (d) In X-ray
pump, X-ray probe experiments, compressive shockwaves can be generated, rapidly compressing the protein molecules. (¢) In EF-X
experiments, an applied electric field directly exerts force on partial and elementary charges in proteins, resulting in a pattern of
piconewton forces inducing conformational change. (f) X-rays, when scattered off atoms, impart linear momentum (Ap). Differential
acceleration of heavier atoms (larger Z) may be detectable in time-resolved experiments. (g) Ring currents in aromatic groups lead to an
induced magnetic dipole moment in an applied magnetic field and therefore a torque toward alignment with the magnetic field.
Currently achievable fields are likely too weak for this effect to be useful. Abbreviations: EF-X, electric-field-stimulated time-resolved
X-ray crystallography; IR, infrared; VIS, light in the visible range (400-700-nm wavelength).

Chromophore Excitation

The most successful way of achieving such synchronized progression along a CRC has been via
absorption of light by a chromophore natively capable of triggering such progression (along with
the dynamics of electronic degrees of freedom), as illustrated in Figure 14. Many of the field’s most
prominent examples fall into this category. In particular, photoactive yellow protein, a bacterial sig-
naling protein, has been used not just as an interesting model system, but also as a paradigm for the
establishment of new TRX experiments, including early synchrotron studies (42, 59, 94), TRX at
XFELs (114), and MHz-rate TRX at EuXFEL (89). The series of electronic and conformational
transitions, including the key trans-to-cis isomerization of the chromophore, is now well char-
acterized; presumably, these transitions explain the physiological function of the chromophore
(which is not as well characterized).

Mpyoglobin and hemoglobin are two other model systems (64, 65, 106, 107). Pioneering spec-
troscopic studies (5) used flash photolysis to dissociate ligands (CO or O,) from the heme group
and established the rugged shape of the CRC of myoglobin with several metastable intermedi-
ates and the ensemble nature of the ground state. Early TRX measurements on myoglobin (106,
107) provided the structural correlates of these intermediates. Subsequent time-resolved solution
scattering and SFX experiments showed that, on fast timescales (1-10 ps), the protein undergoes
a damped ringing motion, suggesting strong coupling of the state of the heme group to collective
vibrational degrees of freedom (6, 69).

More broadly, light-driven TRX is beginning to reveal the reaction coordinates of channel-
rhodopsins, which can pump or allow permeation of ions (85, 126) and are important optogenetics
tools; of switchable fluorescent proteins (27, 125); and of phytochrome proteins, which mediate a
host of sensing roles in bacteria and plants (26). The resulting insights into the sequence of con-
formational changes along the CRC may aid in engineering the specificity, efficiency, and kinetics
of these proteins.

Finally, staggering progress has been made on understanding the mechanism of photosyn-
thetic machinery, including PS II. PS II catalyzes the light-driven oxidation of water, liberating
four electrons in four subsequent light-driven steps from two molecules of water and yielding
molecular oxygen as a byproduct. A series of groundbreaking studies (62, 67, 110, 111) have
made available atomistic models of metastable intermediates describing the structural dynamics
of the oxygen-evolving complex (OEC); nearby waters acting as substrates and proton acceptors;
quinone molecules, which accept electrons; and residues that mediate the requisite conformational
changes of the OEC, quinones, and solvent motion. This work, the details of which are beyond
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the scope of this review, highlights several key aspects of TRX, including the interplay between
scientific and technical advances—including crystal delivery systems such as the tape drive (19),
the value of concomitant spectroscopic studies on crystals when these are possible, and the need
for validation by difference electron density maps (98). As their authors intended, these studies are
now inspiring synthetic photosynthetic systems (e.g., artificial leaves) intended to fulfill societal
needs for energy and renewable resources (34).

Alternative Direct Triggers of Functional Dynamics

The direct observation of light-driven functional protein motions is, of course, limited to the hand-
ful of proteins that respond directly to light. Their responses are also unusual: A visible-wavelength
photon deposits about 100 45T of energy into a protein within a few femtoseconds, mediated,
initially, by electronic degrees of freedom. The conformational dynamics of most proteins are,
instead, driven by much smaller forces. Two classes of TRX experiments stand out for their ability
to directly trigger progression along a CRC despite the lack of native chromophores that can
do so.

First, in photo-uncaging experiments, rapid formation of a molecule that triggers a functional
transition is achieved by photolysis of a stabilized molecule to yield an active molecule. For ex-
ample, in pioneering studies in the late 1980s, Schlichting and colleagues (99) obtained structures
of hRas bound to GTP before hydrolysis. To do so, they photolyzed 2-nitrophenylethyl-GTP to
yield GTP in the crystal. Photo-uncaging experiments have recently been reviewed in detail (76).
Small molecules like H* (photoacids), NO, CO,, and Zn** can be released by photoexcitation.
Alternatively, conformational change could be triggered by interaction of proteins with photo-
isomerizable azobenzenes and stilbenes (15). These tools significantly extend the range of systems
tractable by TRX.

Second, a yet more general approach is to flow in a substrate or cofactor to initiate a reaction
or binding process and follow it with TRX. Ordinarily, there would be major obstacles to doing so
in a crystal: As soon as the substrate binds to the enzyme and reacts to form the product, the show
is over—one would need to do this just before an X-ray exposure, but dynamics will blur out on
the timescale of a single enzymatic turnover. If one were to rapidly immerse a crystal in a bath of
substrate, then the timescale of diffusion into a crystal would scale as the square of its thinnest
dimension, which is slower than typical enzymatic turnover timescales even for thicknesses
>10 micron. In other words, the substrate would reach the various active sites at moments in
time spread all over the enzymatic cycle timescale, and crystallographically, one would merely
observe an average of states.

Mix-and-inject (86, 100) and other rapid-mixing (19) serial crystallography approaches over-
come both limitations by rapid mixing of microcrystals (5 microns or less in thickness) with
concentrated substrate solutions, followed by probing with bright, single XFEL pulses by SFX.
The approach is illustrated in Figure 15. In this approach, a reaction is triggered only once in each
crystal, and diffraction is obtained in a single shot before radiation damage has time to manifest.
Mix-and-inject experiments have been demonstrated to provide insight into enzyme mechanisms
for beta-lactamases (86), and their range of achievable timescales and enzymes will only increase.

Since protein crystals contain chemically and sterically heterogeneous solvent channels, diffu-
sion timescales of small molecules in different crystal forms may vary by orders of magnitude, such
that generic calculations have little relevance to specific systems. It therefore is crucial for design
and interpretation of these experiments to calibrate diffusion timescales. Such calibration has been
demonstrated by Pollack, Schmidt, and colleagues using both diffraction and EPR measurements
(20, 90).
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GENERAL PROBES OF PROTEIN MECHANICS

What if we cannot drive transitions along the CRC? Alternatively, what if we want to understand
how proteins enable progression along the CRC while precluding other motions? There are two
main reasons to be interested in general physical perturbations that do not necessarily drive a pro-
tein along its reaction coordinate. First, it may be that it is impossible to directly trigger transitions
along the CRC because of lack of a light-driven excitation strategy, substrate solubility, or diffusion
constraints, or because the initial step along the CRC is so slow that it blurs out subsequent steps.
Second, and more fundamentally, perturbative experiments can answer basic questions about the
physical design of proteins: Which motions are possible beyond the CRC? How do the motions
observed upon substrate binding, for example, relate to the intrinsic motions of an apo (free) en-
zyme? Can we reconstruct a plausible CRC by piecing together components from the repertoire
of concerted motions of which each state is capable? How does the protein support conforma-
tional changes along a CRC while precluding nonproductive motions? Can we use such insights
to re-engineer proteins, for example, to accommodate an alternative substrate or to implement
the ability to allosterically modulate protein function with small molecules?

Traditionally, these questions have been addressed by methods that infer equilibrium confor-
mational ensembles by NMR spectroscopy (12, 103, 109) or room-temperature crystallography
(18,36, 60,117), usually combined with stabilization of states of interest using mutations or transi-
tion state analogs observed by conventional structure determination. Static physical perturbations
have found limited application. These include changes in pH (120), temperature (37, 61), hydro-
static pressure (7), and humidity and osmotic pressure (4). TRX measurements of the dynamics
triggered by rapid physical perturbations can, however, provide dynamic information and allow
for strong perturbations that are intractable in their static form. Such measurements are just be-
ginning to become feasible. In this section, I discuss recent developments and speculate on what
may (not) lie across the horizon.

Temperature-Jump Experiments

Wolff et al. (124) recently reported the first proof-of-concept temperature-jump (T-jump) TRX
experiment using hen egg white lysozyme as a model system. In this experiment, a mid-infrared
laser was used to heat microcrystals within a few nanoseconds, followed by SFX to observe the
resulting conformational dynamics (Figure 1¢). Importantly, general thermal equilibration on the
length scale of unit cells takes place in less than a nanosecond (t = L?/D for a cell length of
100 A, a thermal diffusion coefficient of approximately 1 x 107 m?/s, and a timescale of 1 ns).
The timescale on which the protein relaxes its conformation is, however, dictated by its intrinsic
physics—exactly the motions of interest. Interestingly, the diffuse scattering background observed
in the diffraction image can serve as a reliable internal measurement of temperature.

Wollf et al. (124) describe a change in overall B-factors, which dominates the difference elec-
tron density map between the unperturbed crystals and the earliest time point (20 ns after the
T-jump), a natural expectation given the increase in temperature (37). At longer time points (20
and 200 ps), however, the contribution of global disorder gives way to site-specific differences re-
sulting from specific conformational changes. These changes are, moreover, sensitive to inhibitor
binding, suggesting that large, slow conformational changes are coupled to the state of the active
site and may be important for substrate binding and/or product release.

An exciting extension of T-jump experiments would be the ability to inject thermal energy site-
specifically, e.g., using infrared-absorbing moieties in the silent region, or transparent window,
of biomolecules around 1,800-2,500 cm™! (1). Examples of such vibrational handles are alkyne
and C-D bonds, which could be inserted as unnatural or deuterated amino acids. In particular,
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such probes would increase the value of studying timescales faster than 1 ns and could reveal the
flow of thermal energy through a protein, analogous to thought-experiment simulations that use
site-specific injection of thermal energy to reveal patterns of energy flow (54, 104).

Even without these future extensions, T-jump TRX experiments can now provide critical
new data to build and refine physical models of protein dynamics and may serve as stringent
benchmarks of molecular dynamics simulations.

X-Ray Pump, X-Ray Probe Methods

X-ray pump, X-ray probe experiments are made possible by so-called split-and-delay (129) ca-
pabilities at XFEL facilities, generating pairs of X-ray pulses, as well as megahertz X-ray pulse
repetition rates of next-generation XFELs (46). These capabilities offer pathways toward probing
protein physics. X-rays can lead to reduction of metal ions and cysteine groups by the uptake of
photoelectrons. Such photoreduction can trigger functionally relevant conformational transitions.
For example, Gudmundson et al. (45) studied copper-dependent lytic polysaccharide monooxy-
genase. By collecting X-ray diffraction data from a single crystal while spreading out X-ray dose,
the authors obtained structures of both the Cu(I) and Cu(II) states of the enzyme.

More recently, Nass et al. (80) reported time-resolved X-ray pump, X-ray probe experiments on
lysozyme and thaumatin, observing clear increases in disulfide bond lengths in as little as 20 fs and
continuing for atleast 100 fs, an expansion at about the speed of sound but progressing more slowly
and to a smaller extent than one would expect in a vacuum (80), indicating strong coupling to the
surrounding protein and solvent matrix and to free photoelectrons. The results have repercussions
for XFEL experiments with pulse lengths over 20 fs, as the observed diffraction will be affected by
radiation damage. Because of the multifaceted nature of X-ray damage, including to aromatic and
carboxylic amino acids, such X-ray pump, X-ray probe experiments may not constitute a viable
way to probe physiologically relevant protein physics except in cases where change can be induced
at sensitive metal ions or residues at a radiation dose that does not lead to widespread damage.

Intriguingly, XFEL X-ray pulses can also impulsively generate shockwaves in liquid jets com-
monly used for SFX (Figure 1d). These shockwaves propagate through liquid jets, including
upstream crystals. This may pose a problem for high-repetition rate data collection at XFELs,
as shockwaves can diminish diffraction quality and lead to structural perturbations. By clever use
of a two-bunch mode at LCLS, Griinbein et al. (48) studied this problem with X-ray-pump, X-ray
probe experiments on hemoglobin. The shockwaves appeared to result in pressure spikes on the
nanosecond timescale, peaking in the 0.1-1 GPa range. This may result in strong uniaxial com-
pression and possibly local pressure gradients steep enough to disrupt noncovalent interactions.
The directionality and spatiotemporal dynamics of these shockwaves remain to be characterized
further. It may be that shockwave properties can be tuned by varying jet viscosity and diameter, X-
ray power, and crystal spacing. Regardless, it is exciting that neighboring crystals remained intact
(with some loss of resolution) and exhibited apparent conformational changes. Since the exerted
stresses are likely uniaxial (directional), it seems necessary to process this kind of TRX data in a
lower-symmetry space group and sort by crystal orientation. Tools like those developed for post
facto temporal positioning of diffraction images along a one-dimensional manifold (56) (e.g., the
phase of the shockwave) provide a possible route toward extracting movies of proteins along the
cycle of a propagating shockwave.

Electric Field-Stimulated Time-Resolved X-Ray Crystallography

Electric fields provide a versatile tool to directly exert force on molecules through coupling of
their electrical charges, ¢, with electric field, E, as F = ¢E. Proteins contain electrical charges. Full
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charges occur, for example, on carboxylate (—e) and amine (+¢) groups, and partial charges, and
therefore electrical dipoles, occur on peptide groups and water molecules. Nature itself uses elec-
tric fields to drive conformational change in voltage-sensing domains (113), to drive ions through
ion channels (53), and to affect the function of other membrane proteins (8, 9). Response to local
electric fields also mediates allosteric control by phosphorylation (91) and conformational change
around RNA and DNA.

Exploiting this idea, Hekstra, White, Ranganathan, and colleagues (51) developed electric-
field-stimulated time-resolved X-ray crystallography (EF-X). In an EF-X experiment, strong
electric field pulses are applied to protein crystals, and the resulting motions are observed via short
X-ray pulses (Figure 1e). Typical motions in proteins transport ~ ¢ of charge over ~1 A, requiring
electric fields of ~1 MV/cm to achieve energetic biases of ~1 kT In terms of forces, 1 MV/cm
corresponds to 108 N/C, or 16 piconewton per elementary charge—on the same scale as single-
molecule force spectroscopy methods (81). To address the generality of EF-X as a method to study
the physics of proteins, Hekstra et al. studied a PDZ domain, an abundant type of protein domain
that does not require the ability to respond to an electric field for its function. They found that
an electric field of 1 MV/cm was sufficient to cause pervasive conformational change, confirming
that electric fields can generically probe accessible conformations. To examine the relationship be-
tween observed dynamics and protein function, they compared their results to the conformational
changes observed in the PDZ domain family between apo and ligand-bound forms as a proxy for
the conformational reaction coordinate and found substantial overlap between the motions ob-
served by EF-X and the changes between apo and ligand-bound end points. By comparing their
results to a high-resolution room-temperature crystallography data set (1.1 A resolution), they
further demonstrated that the induced excited states are detectable without the electric field but
that the electric field can increase their occupancy sufficiently to enable determination of their
structures.

At the time of this proof of concept, EF-X experiments failed on most crystals, even for the
most robust crystal forms. The largest challenge has been the need for extensive manipulation of
the crystals when placing them on electrodes, applying glue, and bringing in a second electrode.
Through both mechanical stresses and exposure to air and liquid of slightly different osmotic
pressures, translational order is readily compromised. Crystals with imperfect translational or-
der (mosaicity) yield streaky diffraction spots under polychromatic X-ray exposure, which, with
current detectors and software, leads to increased readout noise, poor geometric refinement, and
spot overlaps. To address this, our group has developed new electrode devices and sample han-
dling protocols (not yet published) that strongly reduce stresses on crystals and now enable data
collection on delicate crystals.

As described above, existing sample delivery platforms may be modifiable to accommodate
TRX experiments, and this can include the use of graphene as X-ray transparent electrodes (112)
or microfluidic devices with integrated electrodes (63). These devices make the development of
serial EF-X conceivable. A key consideration is the effective electric circuit of the experiment. In
the experiments described by Hekstra et al. (51), a conductive path exists from electrode, through
crystal and liquid, to electrode. A different class of designs, called capacitive designs, has been
proposed several times informally. In such designs, a crystal is sandwiched between two dielectric
layers (e.g., plastic or air) that act as capacitors. For resistors in series, the largest resistor will see
the largest voltage drop, while for capacitors in series, the smallest capacitor will see the largest
voltage drop in steady state. Protein crystals are wet and will, in general, support both capacitive
and resistive current. Capacitive designs, therefore, have a maximal timescale beyond which resis-
tive sample currents will drain any remaining voltage drop over a protein crystal. This timescale
depends sensitively on physical details and is best characterized experimentally.
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Itis also conceivable to use the electric field component of light to exert force on atoms, as light
propagation is accompanied by orthogonal time-varying electric and magnetic fields. Specifically,
single- or few-cycle pulsed lasers of THz or higher frequency can generate transient pulses with
electric field strengths at or above the 1 MV/cm range (39, 128). These field strengths are com-
parable to those in EF-X experiments. The energetic biases that can be attained at 1 MV/cm field
strength are modest for low-amplitude picosecond collective vibrations (amplitudes typically be-
low 1 A), but such experiments are now, in principle, possible. Analogous to capacitive designs,
however, the relative permittivity of water sets an upper bound on the timescales on which such
experiments can be performed: Water molecules can reorient on the single-picosecond timescale
and therefore screen out most of the electric field. Therefore, the effective field strength expe-
rienced in crystals during a passing electromagnetic pulse will depend strongly on experimental
conditions and pulse frequency.

Despite some challenges, there is good reason for optimism: A permanent setup for EF-X is
available at the BioCARS facility at the Advanced Photon Source, including a pulse generator that
can generate pulses with positive and negative half-waves with full control of pulse parameters;
new devices are improving success rates; samples can now be prepared off-site; and progress on
the data analysis pipeline, including for scaling and merging of polychromatic diffraction data (see
below), is beginning to relieve demands on diffraction quality.

Other Possibilities: Photon Momentum, Quantum Mechanics, and Magnets

One could imagine other ways of physically perturbing protein molecules. For instance, photons
carry a linear momentum p = b/, where 5 is Planck’s constant, and 2 is the wavelength, which
can be used to move atoms and objects. This is the idea behind, for example, solar sails for space
exploration. Photon momentum can be transferred to atoms during elastic (Thomson) scattering
or to electrons, such as in Compton scattering. Since Compton recoil electrons and photoelectrons
travel some distance (97), it appears that Thomson scattering provides the only means to impart
momentum to specific atoms (Figure 1f). The momentum imparted depends on scattering angle
but on average will be aligned with, and of similar size to, the photon’s momentum. To get to
photons with a momentum comparable to thermal momenta, one needs X-rays. For example, a
1 A X-ray photon carries p = 6.6 x 10-2* kg m/s, while a typical atom of mass 7 of about 2Z Dalton
has a root-mean-square momentum due to thermal fluctuations p,,, = /mkgT ~ 2.5 x 10~ Ny
kg m/s for atomic number Z. Since X-ray absorption is Z and edge dependent, there may well exist
a spectral and chemical window in which site-specific Thomson scattering results in displacements
visible by X-ray pump, X-ray probe experiments at X-ray doses that do not obliterate crystals
immediately. Just as in EF-X (51), however, the deposition of linear momentum is a vectorial
perturbation. It is therefore essential to analyze the resulting diffraction data in the appropriate
reduced-symmetry space group (most generally P1) and to account for the orientation of each
crystal relative to the X-ray beam when doing so.

Recently, it has also been proposed that radiation may directly stimulate certain quantum phe-
nomena. For example, Katona and colleagues (70) described the putative observation of quantum
behavior in the collective vibrational modes of hen egg white lysozyme crystals stimulated by low-
amplitude terahertz laser pulses. Without a doubt, the quantum-mechanical nature of matter can
manifest itself in surprising ways, and this research direction deserves further elaboration.

Finally, magnetic fields could, conceivably, provide another way to directly interact with
proteins—in particular, when a magnetic dipole has a structural rather than electronic basis. To
assess the feasibility of this idea, I looked at the clearest example of such a structural magnetic
dipole, that of aromatic ring currents (Figure 1g). Based on existing measurements (28, 30), the
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typical magnetic susceptibility of an aromatic ring is approximately 10~* cgs emu, corresponding
to around 10~? m3/mol in ST units. The corresponding energy of an induced magnetic dipole in
a magnetic field comes to 0.3 J/mol at 20 T' or approximately 8 J/mol at 100 T, among the largest
static and pulsed magnetic field strengths, respectively, that are currently achievable. For com-
parison, applying Ampere’s law, at a 5 kA peak current in an LCLS free electron laser pulse, one
obtains a transient magnetic field of only 1 T at 1 mm from the electron beam. Under none of
these conditions is the energetic bias close to 1 RT (2.5 kJ/mol). In other words, such experiments
are likely to remain beyond the horizon for the near future, but I am happy to be proven wrong!

GROWING PAINS: ANALYSIS OF TIME-RESOLVED X-RAY
CRYSTALLOGRAPHY EXPERIMENTS

Time-resolved X-ray diffraction has inherited much of its analytical machinery from conventional
X-ray crystallography, but analysis of time-resolved diffraction data poses its own challenges. In
this section, I briefly discuss (#) challenges inherent in the use of short X-ray pulses, (#) challenges
in accurately extracting the often subtle changes in structure factor amplitudes, (c) challenges in-
herent in obtaining refined models of excited states when only a small fraction of molecules is
actually perturbed away from the ground state ensemble, and (d) challenges in combining insights
from time-resolved X-ray diffraction experiments and simulations of protein dynamics. Each of
these sets of challenges is formidable and needs to be addressed to make the recording of molecular
movies and the building of effective physical models of proteins routinely possible.

Partiality and Polychromatic Time-Resolved X-Ray Diffraction

In a time-resolved experiment, protein crystals are illuminated using picosecond or femtosecond
X-ray pulses. This precludes use of the conventional rotation method, in which crystals are rotated
during exposure to fully observe the intensities of the Bragg reflections. As a result, individual
XFEL time-resolved observations are always partials (but see 119 for a quasirotation experiment
at an XFEL), and additional information is needed to get from partial observations of reflection
intensities to merged structure factor amplitudes. The implied extrapolation can be done based on
parametric models of the shape of reflections in reciprocal space, e.g., using a Lorentz or Gaussian
line shape (44, 116); be based on a model of lattice disorder and forward modeling (66, 74); or be
implied by a neural network (29). These methods rely on accurate experimental geometry and can
improve the accuracy of estimated structure factor amplitudes.

To generate sufficiently bright X-ray pulses for TRX, synchrotron-based sources typically use
a beam spectral bandwidth of 1-5%, in contrast to monochromatic radiation (0.01% bandwidth
or less) and XFEL SASE spectra (self-amplified spontaneous emission; approximately 0.3 % band-
width). Historically, the main reason for using these pink or Laue pulses was the increase in photon
flux that comes with keeping more of the photons generated by undulators (47). A second ad-
vantage is that, when pink X-ray sources are used, most reflections are full reflections: Slightly
different wavelengths will interfere constructively from unit cells of slightly different orienta-
tion, altogether capturing the full diffraction intensity. By the same logic, more reflections can be
observed per diffraction image. The benefit of such pink sources for serial crystallography was re-
cently demonstrated at both a synchrotron source [BioCARS (72)] and an XFEL [SwissFEL (79)];
in both cases, there were large reductions in the required numbers of diffraction images over data
collection using other sources.

A major drawback of pink radiation has been the limited availability of software capable of
indexing polychromatic diffraction images, resolving harmonic overlaps (reflections of which of
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the Miller index triplets are rational multiples of each other), and correcting for the wavelength
dependence of constructive interference and absorption. The first step, indexing, was recently ad-
dressed in new open-source software, PinkIndexer (43), which interfaces with CrystFEL (121),
and the latter two steps have been addressed in Careless (29). Efforts are underway to support the
steps preceding scaling and merging in the DIALS framework (122). In other words, long-standing
challenges in analyzing pink diffraction may soon be mitigated sufficiently for pink diffraction to
become an attractive modality for TRX at synchrotrons and XFELs alike. One final issue is the
inevitable radial streaking commonly observed when mosaic crystals are exposed with a pink beam
(14). This remains an obstacle for several reasons: With radial streaking, standard analysis methods
that identify spot centroids and integrate counts over an integration mask become less dependable,
more pixels mean larger readout noise, and spots more often overlap. Forward modeling, in which
the counts at each pixel are repeatedly predicted based on intermediate estimates of crystal prop-
erties and experimental geometry (74), are computationally intensive but may ultimately make
pink beam data analysis tractable even for somewhat mosaic crystals. The most recent detectors,
moreover, mitigate the increase in readout error for streaky diffraction data.

Extracting Small Differences

The structural changes observed in TRX are often modest in terms of their effect on overall struc-
ture factor amplitudes. Moreover, in most TRX experiments, a large portion of the molecules
remain in the ground-state ensemble—in light-stimulated experiments, this is because chro-
mophores have limited quantum efficiency or exhibit multiple relaxation pathways, and in other
TRX experiments, it is because the perturbation may be much less strong or the response may be
blurred out over time (e.g., due to rate-limiting diffusion of substrate). Therefore, the identifica-
tion of excited states of a protein is often much more challenging than the identification of the
ground state. The needs of TRX are not well supported by crystallographic analysis suites like
PHENIX and CCP4.

Furthermore, while observed intensities are proportional to the squared structure factor am-
plitudes, the proportionality factor is not a constant. As discussed above, diffraction intensity can
vary with distance of reflections from a perfect diffraction condition (the Ewald offset) and with
the wavelength at which constructive interference takes place and can be modulated by crystal
mosaicity and size. In addition, beam polarization, detector geometry [angles subtended, absorp-
tion, point-spread function, (mis)calibration], and radiation damage affect diffraction intensity
(55). Therefore, care is required to put the observed intensities on the same scale (scaling) before
extracting merged structure factor amplitudes. Several approaches have been developed to address
scaling imperfections, but room for improvement remains. For example, after scaling, it is com-
monly observed that ON (perturbed) and OFF structure factor amplitudes still show systematic
differences in magnitude—this can be due to both real effects (perturbed crystals often exhibit
increased disorder and therefore decreased amplitudes) and systematic errors in scaling. These
scale differences are often addressed by after-the-fact scaling of one time point to another using
SCALEIT (57) (see, e.g., 85, 114, 123); by local scaling in SOLVE (51, 71); or, for difference maps,
by PHENIX’s isomorphous difference map routine, which appears to be undocumented (e.g., 21,
83). Time points can sometimes be scaled jointly and merged separately [e.g., in CrystFEL (114)
or Careless (29)].

Fundamentally, again, scaling poses a dual estimation problem: to infer both the scales of re-
flections and the merged structure factor amplitudes. Although different time points or conditions
in TRX experiments should not yield identical structure factor amplitudes, they should often be
close. Exploiting this similarity may be key to mitigating the tradeoff between scaling accuracy
and coverage of the time domain.
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Specifically, even though protein dynamics are intrinsically high dimensional, average elec-
tron density dynamics follow single-dimensional trajectories (in a high-dimensional space). TRX
studies can therefore, in principle, be effective with a much smaller number of diffraction images
per time point than in current practice (56, 102). Two approaches already exploit continuity be-
tween time points to improve inference of changes in structure factor amplitudes. First, Schmidst,
Moffatt, and colleagues (102) developed singular value decomposition to infer the structures of
intermediates in the time evolution of PYP, for which a mixture of intermediates is present at many
time points, achieving both a separation of states and averaging of signal present at different time
points. A second, more recent advance is the use of machine learning to sort diffraction images
along an underlying one- or low-dimensional manifold (56). This approach has proved powerful
in the analysis of ultrafast dynamics for which the estimated time stamps are inaccurate relative
to the timescale of meaningful variation in average dynamics, as illustrated vividly for dynamics
associated with the crossing of a conical intersection in PYP with concomitant abrupt changes in
electron density (56). Intriguingly, this latter approach is embedded earlier in data processing, pos-
sibly improving scaling and postrefinement beyond what is achievable with post hoc corrections.

More generally, the basic elements exist to exploit the correlations between time points and
conditions in a statistically efficient manner. This includes Bayesian formalisms (17, 29, 40),
multivariate priors (92), machine learning algorithms, and large computational power.

Refining Excited State Models

The next goal of TRX is the elucidation of the structures of the excited states of proteins. These
excited states are typically present at low occupancy, and conventional refinement algorithms will
often simply return the ground state when performing naive refinement against perturbed (ON)
data. To refine structural models, one could extrapolate from the observed difference in structure
factor amplitude (e.g., |Fon| — |Fof) and the ground state (|Fogl) to something more akin to the
structure factor amplitudes of the excited state, e.g., as |Fexe| = N (|[Fon| — |Fost]) + |Fosel. This
calculation of so-called extrapolated structure factor amplitudes (ESFAs) was first introduced by
Genick, Srajer, Moffatt, and colleagues in 1997 (41, 42) and remains widespread practice.

There is substantial variation in the field, however, in how ESFAs are calculated, e.g., whether
to use the calculated or observed |F,| in the second term; whether to apply weights; and how to
calculate the extrapolation factor based on, for example, the appearance of negative electron den-
sity features (126) or optimization of the |Foy| — |Ff| difference map, e.g., around a chromophore
(26,125). For photoexcitation studies, the extrapolation factor can be directly interpreted in terms
of excitation efficiency, while for more distributed perturbations, extrapolation simply amplifies
the contribution of excited states to the electron density (while also amplifying errors). Calcula-
tion and analysis of ESFAs is still largely based on per-group custom scripts, but a tool may soon
be available that brings together different forms of ESFA calculation (31).

Extrapolation of structure factor amplitudes is based on an obvious approximation—that the
phases of the ground state and ON state (mixed ground and excited state) do not differ significantly.
One approach to loosening this assumption is to re-extrapolate once structure refinement provides
information about the phase differences between ground and excited state (101, 115, 126), to do
so iteratively (87), or to use putatively representative structures to provide phase differences for
extrapolation (26). Validation of this approach, e.g., using synthetic data, is necessary to understand
its convergence properties and sensitivity to model errors. Since the sign of the phase difference
between ground- and excited-state structure factors does not affect the extrapolation, model bias
seems to be a limited risk.

A further step toward accurate extrapolation is the refinement of excited states against ON
data in the presence of a fixed ground-state model. This approach implicitly considers the phase
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difference between ground state and excited states at each step, adjusting the implied extrapolation
continuously during refinement. Neutze and colleagues (33) successfully applied a limited variant
of this protocol (with fixed occupancy and applied to a limited region). This approach could be
combined with restraints on the real or reciprocal space differences between ground states and
excited states and/or exploit similarities along time series to finally yield a common platform for
automated refinement of excited states that can achieve the movies that the field painstakingly
strives for.

Integration with Computational Methods

TRX provides experimental trajectories of the electron density of proteins in (nearly) atomic de-
tail across a wide range of timescales (16). At the same time, molecular dynamics (MD) simulations
allow replication of trajectories of the dynamics of individual protein molecules across the same
timescales, which allows an observer to know the forces and energies leading to the conformations
and kinetics observed. TRX data are inherently ensemble measurements, which can obscure and
smooth out transitions (especially when a fast transition happens following a slow one), and the
inference of atomistic movies is further hampered by errors in extrapolated structure factor am-
plitudes. MD simulations, in contrast, attain detailed atomistic trajectories, but these are subject
to systematic errors in energetics and, therefore, errors in kinetics and systematic conformational
biases. Attaining sufficient sampling of conformational space often remains a challenge as well.

Despite the complementary strengths of MD simulations and TRX experiments, advances
at their interface are slow. MD simulations may be used to motivate feasibility in beamtime
proposals, but in the literature they are, at best, used for qualitative comparisons (e.g., 3, 33,
83) (confusingly, figures displaying calculated difference electron density maps usually refer to
the difference in electron density calculated for structural models refined against different time
points, rather than to results from MD simulations). More rigorous comparisons between MD
and crystallographic experiments are found elsewhere, e.g., in comparison to protein diffuse X-
ray diffraction measurements (73). Part of the difficulty stems from systematic errors in forcefields
and/or system preparation (e.g., of the disordered solvent component; 24), leading to systematic
displacement of molecules relative to crystal structures, which degrades the ability to directly com-
pare structure factor amplitudes or electron density. Attempts at quantitative comparison have
been limited due to multiple causes: a lack of interaction between the TRX and MD fields; a
focus by the MD community on quantities (atomic coordinates) that are not primary crystallo-
graphic observables (structure factor amplitudes or electron density maps); and a credit assignment
problem—when MD predictions do not match experimental observations, what does one change?
Forcefields contain thousands of different parameters that contribute in myriad ways to the simu-
lation outcome. Solutions could include developing protocols for maximum entropy modification
of forcefields (13) or simplifying the physical models used, e.g., to Markov state models (88), such
that fine-tuning on the basis of experiment becomes unambiguous.

CONCLUSION

In this review, I describe key developments in time-resolved X-ray diffraction studies on proteins,
with an emphasis on techniques that do notrely on the ability to trigger progress along the reaction
coordinate based on a native chromophore. These approaches still span the range from nearly
inconceivable (e.g., pulsed magnetic field studies) to nearly mature (e.g., some photo-uncaging
and rapid-mixing studies). Overshadowed by technical and instrumentation advances, analytical
challenges are receiving too little attention; solving them may enable more efficient use of scarce
pulsed X rays.
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Much of the terrain of TRX, then, remains poorly charted, and the limits of what is possible
remain unclear. Nevertheless, the terrain promises to provide paths toward the understanding of
the physical basis of function for a wide array of biomolecules. The hoped-for reward is not just
the ability to piece together the conformational reaction coordinate of proteins, but also a deeper
understanding, in the form of experimentally constrained physical models, of how proteins shape
their functional transitions while closing off a multitude of unproductive transformations. Such
insight, in turn, may tell us how nature designed its myriad miraculous machines and how to design
some of our own.

DISCLOSURE STATEMENT

The author is not aware of any affiliations, memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

I thank Drs. Michael Thompson (University of California, Merced), Bo Ram Lee and Rama
Ranganathan (University of Chicago), K. Ian White (Stanford University), Matthias C. Hoffmann
(SLAC National Accelerator Laboratory), V. Srajer (Argonne National Laboratory), A. Brewster
(Lawrence Berkeley National Laboratory), and T.J. Lane (DESY) and members of my research
group for stimulating comments and discussions.

LITERATURE CITED

1. Adhikary R, Zimmermann J, Romesberg FE. 2017. Transparent window vibrational probes for the
characterization of proteins with high structural and temporal resolution. Chem. Rev. 117:1927-69
2. Arnlund D, Johansson LC, Wickstrand C, Barty A, Williams GJ, et al. 2014. Visualizing a protein quake
with time-resolved X-ray scattering at a free-electron laser. Nat. Methods 11:923-26
3. Askerka M, Wang J, Brudvig GW, Batista VS. 2014. Structural changes in the oxygen-evolving complex
of photosystem II induced by the S1 to S2 transition: a combined XRD and QM/MM study. Biochemistry
53:6860-62
4. Atakisi H, Moreau DW, Thorne RE. 2018. Effects of protein-crystal hydration and temperature on
side-chain conformational heterogeneity in monoclinic lysozyme crystals. Acta Crystallogr. D 74:264-78
5. Austin RH, Beeson KW, Eisenstein L, Frauenfelder H, Gunsalus IC. 1975. Dynamics of ligand binding
to myoglobin. Biochemistry 14:5355-73
6. Barends TR, Foucar L, Ardevol A, Nass K, Aquila A, et al. 2015. Direct observation of ultrafast collective
motions in CO myoglobin upon ligand dissociation. Science 350:445-50
7. Barstow B, Ando N, Kim CU, Gruner SM. 2008. Alteration of citrine structure by hydrostatic pressure
explains the accompanying spectral shift. PNAS 105:13362-66
8. Ben-Chaim Y, Chanda B, Dascal N, Bezanilla F, Parnas I, Parnas H. 2006. Movement of “gating charge”
is coupled to ligand binding in a G-protein-coupled receptor. Nature 444:106-9
9. Ben-Chaim Y, Tour O, Dascal N, Parnas I, Parnas H. 2003. The M2 muscarinic G-protein-coupled
receptor is voltage-sensitive. 7. Biol. Chem. 278:22482-91
10. Bilderback DH, MoffatK, Szebenyi DME. 1984. Time-resolved Laue diffraction from protein crystals—
instrumental considerations. Nuclear Instrum. Methods Phys. Res. A 222:245-51
11. Bock LV, Grubmuller H. 2022. Effects of cryo-EM cooling on structural ensembles. Naz. Commun.
13:1709
12. Boehr DD, McElheny D, Dyson HJ, Wright PE. 2006. The dynamic energy landscape of dihydrofolate
reductase catalysis. Science 313:1638-42
13. Boomsma W, Ferkinghoff-Borg ], Lindorff-Larsen K. 2014. Combining experiments and simulations
using the maximum entropy principle. PLOS Comput. Biol. 10:1003406

www.annualreviews.org o X-Ray Diffraction for Protein Dynamics



270

14. Bourgeois D, Schotte F, Brunori M, Vallone B. 2007. Time-resolved methods in biophysics. 6. Time-
resolved Laue crystallography as a tool to investigate photo-activated protein dynamics. Photocherm.
Photobiol. Sci. 6:1047-56

15. Bozovic O, Jankovic B, Hamm P. 2022. Using azobenzene photocontrol to set proteins in motion. Nat.
Rev. Chem. 6:112-24

16. Branden G, Neutze R.2021. Advances and challenges in time-resolved macromolecular crystallography.
Science 373(6558):eaba0954

17. Bricogne G. 1997. Bayesian statistical viewpoint on structure determination: basic concepts and
examples. Methods Enzymol. 276:361-423

18. Burnley BT, Afonine PV, Adams PD, Gros P. 2012. Modelling dynamics in protein crystal structures by
ensemble refinement. eLife 1:¢00311

19. Butryn A, Simon PS, Aller P, Hinchliffe P, Massad RN, et al. 2021. An on-demand, drop-on-drop
method for studying enzyme catalysis by serial crystallography. Nat. Commun. 12:4461

20. Calvey GD, Katz AM, Zielinski KA, Dzikovski B, Pollack L. 2020. Characterizing enzyme reactions
in microcrystals for effective mix-and-inject experiments using X-ray free-electron lasers. Anal. Chem.
92:13864-70

21. CaoH, Skolnick].2019. Time-resolved x-ray crystallography capture of a slow reaction tetrahydrofolate
intermediate. Struct. Dyn. 6:024701

22. Carini GA, Boutet S, Chollet M, Dragone A, Haller G, et al. 2014. Experience with the CSPAD during
dedicated detector runs at LCLS. 7. Phys. Conf. Ser: 493:012011

23. Casanas A, Warshamanage R, Finke AD, Panepucci E, Olieric V, et al. 2016. EIGER detector:
application in macromolecular crystallography. Acta Crystallogr. D 72:1036-48

24. Cerutti DS, Case DA. 2019. Molecular dynamics simulations of macromolecular crystals. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 9:e1402

25. Chapman HN, Fromme P, Barty A, White TA, Kirian RA, et al. 2011. Femtosecond X-ray protein
nanocrystallography. Nature 470:73-77

26. Claesson E, Wahlgren WY, Takala H, Pandey S, Castillon L, et al. 2020. The primary structural
photoresponse of phytochrome proteins captured by a femtosecond X-ray laser. eLife 9:¢53514

27. Coquelle N, Sliwa M, Woodhouse J, Schiro G, Adam V, et al. 2018. Chromophore twisting in the
excited state of a photoswitchable fluorescent protein captured by time-resolved serial femtosecond
crystallography. Nat. Chem. 10:31-37

28. Dailey BP. 1964. Chemical shifts, ring currents, and magnetic anisotropy in aromatic hydrocarbons.
7 Chem. Phys. 41:2304

29. Dalton KM, Greisman JB, Hekstra DR. 2022. A unifying Bayesian framework for merging X-ray
diffraction data. Nat. Commun. 13:7764

30. Davies DW. 1961. The relation between theoretical and experimental diamagnetic susceptibilities for
aromatic hydrocarbons. Nature 190:1102-3

31. De Zitter E, Coquelle N, Oeser P, Barends TRM, Colletier JP. 2022. Xtrapol8 enables automatic
elucidation of low-occupancy intermediate-states in crystallographic studies. Commun. Biol. 5:640

32. DePonte DP, Weierstall U, Schmidt K, Warner J, Starodub D, et al. 2008. Gas dynamic virtual nozzle
for generation of microscopic droplet streams. 7. Phys. D 41:195505

33. Dods R, Bath P, Morozov D, Gagner VA, Arnlund D, et al. 2021. Ultrafast structural changes within a
photosynthetic reaction centre. Nature 589:310-14

34. Dogutan DK, Nocera DG. 2019. Artificial photosynthesis at efficiencies greatly exceeding that of natural
photosynthesis. Acc. Chemr. Res. 52:3143-48

35. Echelmeier A, Cruz Villarreal J, Messerschmidt M, Kim D, Coe JD, et al. 2020. Segmented flow
generator for serial crystallography at the European X-ray free electron laser. Nat. Commun. 11:4511

36. Fraser JS, Clarkson MW, Degnan SC, Erion R, Kern D, Alber T. 2009. Hidden alternative structures
of proline isomerase essential for catalysis. Nature 462:669-73

37. Frauenfelder H, Petsko GA, Tsernoglou D. 1979. Temperature-dependent X-ray diffraction as a probe
of protein structural dynamics. Nature 280:558-63

38. Fuller FD, Gul S, Chatterjee R, Burgie ES, Young ID, et al. 2017. Drop-on-demand sample delivery for
studying biocatalysts in action at X-ray free-electron lasers. Nat. Methods 14:443-49

Hekstra



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Fulop JA, Tzortzakis S, Kampfrath T. 2020. Laser-driven strong-field terahertz sources. Adv. Opt. Mater.
8:1900681

Garcia-Bonete MJ, Katona G. 2019. Bayesian machine learning improves single-wavelength anomalous
diffraction phasing. Acta Crystallogr: A 75:851-60

Genick UK. 2007. Structure-factor extrapolation using the scalar approximation: theory, applications
and limitations. Acta Crystallogr: D 63:1029-41

Genick UK, Borgstahl GEO, Ng K, Ren Z, Pradervand C, et al. 1997. Structure of a protein photocycle
intermediate by millisecond time-resolved crystallography. Science 275:1471-75

Gevorkov Y, Barty A, Brehm W, White TA, Tolstikova A, et al. 2020. pinkIndexer—a universal indexer
for pink-beam X-ray and electron diffraction snapshots. Acta Crystallogr. A 76:121-31

Ginn HM, Messerschmidt M, Ji X, Zhang H, Axford D, et al. 2015. Structure of CPV17 polyhedrin
determined by the improved analysis of serial femtosecond crystallographic data. Naz. Commun. 6:6435
Gudmundson M, Kim S, Wu M, Ishida T, Hadadd Momeni M, et al. 2014. Structural and elec-
tronic snapshots during the transition from a Cu (II) to Cu (I) metal center of a lytic polysaccharide
monooxygenase by X-ray photoreduction. 7. Biol. Chem. 289(27):18782-92

Gisriel C, Coe J, Letrun R, Yefanov OM, Luna-Chavez C, et al. 2019. Membrane protein megahertz
crystallography at the European XFEL. Nat. Commun. 10:5021

Graber T, Anderson S, Brewer H, Chen YS, Cho HS, et al. 2011. BioCARS: a synchrotron resource for
time-resolved X-ray science. 7. Synchrotron Radiat. 18:658-70

Griinbein ML, Gorel A, Foucar L, Carbajo S, Colocho W, et al. 2021. Effect of X-ray free-electron
laser-induced shockwaves on haemoglobin microcrystals delivered in a liquid jet. Nat. Commun. 12:1672
Hajdu J, Machin PA, Campbell JW, Greenhough TJ, Clifton IJ, et al. 1987. Millisecond X-ray-diffraction
and the first electron-density map from Laue photographs of a protein crystal. Nature 329:178-81
Heath GR, Scheuring S. 2019. Advances in high-speed atomic force microscopy (HS-AFM) reveal
dynamics of transmembrane channels and transporters. Curr: Opin. Struct. Biol. 57:93-102

Hekstra DR, White KI, Socolich MA, Henning RW, Srajer V, Ranganathan R. 2016. Electric field-
stimulated protein mechanics. Nature 540:400-5

Henry L, Panman MR, Isaksson L, Claesson E, Kosheleva I, et al. 2020. Real-time tracking of protein
unfolding with time-resolved x-ray solution scattering. Struct. Dyn. 7:054702

Hille B. 2001. Ion Channels of Excitable Membranes. Sunderland, MA: Sinauer Assoc.

Ho BK, Agard DA. 2010. Conserved tertiary couplings stabilize elements in the PDZ fold, leading to
characteristic patterns of domain conformational flexibility. Protein Sci. 19:398-411

Holton JM, Classen S, Frankel KA, Tainer JA. 2014. The R-factor gap in macromolecular crystallogra-
phy: an untapped potential for insights on accurate structures. FEBS 7. 281:4046-60

Hosseinizadeh A, Breckwoldt N, Fung R, Sepehr R, Schmidt M, et al. 2021. Few-fs resolution of a
photoactive protein traversing a conical intersection. Nature 599:697-701

Howell PL, Smith GD. 1992. Identification of heavy-atom derivatives by normal probability methods.
F- Appl. Crystallogr. 25:81-86

Ibrahim M, Fransson T, Chatterjee R, Cheah MH, Hussein R, et al. 2020. Untangling the sequence
of events during the S2 — S3 transition in photosystem II and implications for the water oxidation
mechanism. PNAS 117:12624-35

Ihee H, Rajagopal S, Srajer V, Pahl R, Anderson S, et al. 2005. Visualizing reaction pathways in
photoactive yellow protein from nanoseconds to seconds. PNAS 102:7145-50

Keedy DA, Fraser JS, van den Bedem H. 2015. Exposing hidden alternative backbone conformations in
X-ray crystallography using qFit. PLOS Comput. Biol. 11:¢1004507

Keedy DA, Hill ZB, Biel JT, Kang E, Rettenmaier T], et al. 2018. An expanded allosteric network in
PTP1B by multitemperature crystallography, fragment screening, and covalent tethering. eLife 7:¢36307
Kern J, Chatterjee R, Young ID, Fuller FD, Lassalle L, et al. 2018. Structures of the intermediates of
Kok’s photosynthetic water oxidation clock. Nature 563:421-25

Kim D, Echelmeier A, Cruz Villarreal J, Gandhi S, Quintana S, et al. 2019. Electric triggering for
enhanced control of droplet generation. Anal. Chem. 91:9792-99

www.annualreviews.org o X-Ray Diffraction for Protein Dynamics

271



272

64.

Kim KH, Muniyappan S, Oang KY, Kim JG, Nozawa S, et al. 2012. Direct observation of cooperative
protein structural dynamics of homodimeric hemoglobin from 100 ps to 10 ms with pump-probe X-ray
solution scattering. 7. Am. Chem. Soc. 134:7001-8

65. Knapp JE, Pahl R, Srajer V, Royer WE. 2006. Allosteric action in real time: time-resolved
crystallographic studies of a cooperative dimeric hemoglobin. PNAS 103:7649-54

66. Kroon-Batenburg LM, Schreurs AM, Ravelli RB, Gros P. 2015. Accounting for partiality in serial
crystallography using ray-tracing principles. Acta Crystallogr. D 71:1799-811

67. Kupitz C, Basu S, Grotjohann I, Fromme R, Zatsepin NA, et al. 2014. Serial time-resolved
crystallography of photosystem IT using a femtosecond X-ray laser. Nature 513:261-65

68. Lee SJ, Kim TW, Kim JG, Yang C, Yun SR, et al. 2022. Light-induced protein structural dynamics in
bacteriophytochrome revealed by time-resolved x-ray solution scattering. Sci. Adv. 8:eabm6278

69. Levantino M, Schiro G, Lemke HT, Cottone G, Glownia JM, et al. 2015. Ultrafast myoglobin structural
dynamics observed with an X-ray free-electron laser. Nat. Commun. 6:6772

70. Lundholm IV, Rodilla H, Wahlgren WY, Duelli A, Bourenkov G, et al. 2015. Terahertz radiation induces
non-thermal structural changes associated with Frohlich condensation in a protein crystal. Struct. Dyn.
2:054702

71. Matthews BW, Czerwinski EW. 1975. Local scaling: a method to reduce systematic errors in
isomorphous replacement and anomalous scattering measurements. Acta Crystallogr. A 31:480-87

72. Meents A, Wiedorn MO, Srajer V, Henning R, Sarrou I, et al. 2017. Pink-beam serial crystallography.
Nat. Commun. 8:1281

73. Meisburger SP, Case DA, Ando N. 2020. Diffuse X-ray scattering from correlated motions in a protein
crystal. Nat. Commun. 11:1271

74. Mendez D, Bolotovsky R, Bhowmick A, Brewster AS, Kern J, et al. 2020. Beyond integration: modeling
every pixel to obtain better structure factors from stills. [UCr7 7:1151-67

75. Moffat K, Szebenyi D, Bilderback D. 1984. X-ray Laue diffraction from protein crystals. Science
223:1423-25

76. Monteiro DCF, Amoah E, Rogers C, Pearson AR. 2021. Using photocaging for fast time-resolved
structural biology studies. Acta Crystallogr: D 77:1218-32

77. Mozzanica A, Bergamaschi A, Brueckner M, Cartier S, Dinapoli R, et al. 2016. Characterization results
of the JUNGFRAU full scale readout ASIC. 7. Instrum. 11:C02047

78. Nakamura T, Zhao Y, Yamagata Y, Hua Y-j, Yang W. 2012. Watching DNA polymerase n make a
phosphodiester bond. Nature 487:196-201

79. Nass K, Bacellar C, Cirelli C, Dworkowski F, Gevorkov Y, et al. 2021. Pink-beam serial femtosecond
crystallography for accurate structure-factor determination at an X-ray free-electron laser. IUC7¥ 8:905—
20

80. Nass K, Gorel A, Abdullah MM, Martin AV, Kloos M, et al. 2020. Structural dynamics in proteins
induced by and probed with X-ray free-electron laser pulses. Nat. Commun. 11:1814

81. Neuman KC, Nagy A. 2008. Single-molecule force spectroscopy: optical tweezers, magnetic tweezers
and atomic force microscopy. Nat. Methods 5:491-505

82. Neutze R, Wouts R, van der Spoel D, Weckert E, Hajdu J. 2000. Potential for biomolecular imaging
with femtosecond X-ray pulses. Nature 406:752-57

83. Nogly P, Weinert T, James D, Carbajo S, Ozerov D, et al. 2018. Retinal isomerization in
bacteriorhodopsin captured by a femtosecond x-ray laser. Science 361:eaat0094

84. Noji H, Yasuda R, Yoshida M, Kinosita K. 1997. Direct observation of the rotation of F1-ATPase. Nature
386:299-302

85. Oda K, Nomura T, Nakane T, Yamashita K, Inoue K, et al. 2021. Time-resolved serial femtosecond
crystallography reveals early structural changes in channelrhodopsin. eLife 10:¢62389

86. OlmosJL Jr., Pandey S, Martin-Garcia JM, Calvey G, Katz A, et al. 2018. Enzyme intermediates captured
“on the fly” by mix-and-inject serial crystallography. BMC Biol. 16:59

87. Pande K, Hutchison CD, Groenhof G, Aquila A, Robinson JS, et al. 2016. Femtosecond structural
dynamics drives the trans/cis isomerization in photoactive yellow protein. Science 352:725-29

88. Pande VS, Beauchamp K, Bowman GR. 2010. Everything you wanted to know about Markov State
Models but were afraid to ask. Methods 52:99-105

Hekstra



89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Pandey S, Bean R, Sato T, Poudyal I, Bielecki J, et al. 2020. Time-resolved serial femtosecond
crystallography at the European XFEL. Naz. Methods 17:73-78

Pandey S, Calvey G, Katz AM, Malla TN, Koua FHM, et al. 2021. Observation of substrate diffusion
and ligand binding in enzyme crystals using high-repetition-rate mix-and-inject serial crystallography.
IUCr7 8:878-95

Pearlman SM, Serber Z, Ferrell JE Jr. 2011. A mechanism for the evolution of phosphorylation sites.
Cell 147:934-46

Read RJ. 1990. Structure-factor probabilities for related structures. Acta Crystallogr. A 46:900-12
RenZ, MoffatK. 1995. Quantitative analysis of synchrotron Laue diffraction patterns in macromolecular
crystallography. 7. Appl. Crystallogr. 28:461-81

Ren Z, Perman B, Srajer V, Teng TY, Pradervand C, et al. 2001. A molecular movie at 1.8 A reso-
lution displays the photocycle of photoactive yellow protein, a eubacterial blue-light receptor, from
nanoseconds to seconds. Biochemistry 40:13788-801

Roedig P, Ginn HM, Pakendorf T, Sutton G, Harlos K, et al. 2017. High-speed fixed-target serial virus
crystallography. Nat. Methods 14:805-10

Roessler CG, Agarwal R, Allaire M, Alonso-Mori R, Andi B, et al. 2016. Acoustic injectors for drop-on-
demand serial femtosecond crystallography. Structure 24:631-40

Sanishvili R, Yoder DW, Pothineni SB, Rosenbaum G, Xu SL, et al. 2011. Radiation damage in protein
crystals is reduced with a micron-sized X-ray beam. PNAS 108:6127-32

Sauter NK, Echols N, Adams PD, Zwart PH, Kern J, et al. 2016. No observable conformational changes
in PSIL. Nature 533:E1-E2

Schlichting I, Almo SC, Rapp G, Wilson K, Petratos K, et al. 1990. Time-resolved X-ray crystallographic
study of the conformational change in Ha-Ras p21 protein on GTP hydrolysis. Nature 345:309-15
Schmidt M. 2013. Mix and inject: reaction initiation by diffusion for time-resolved macromolecular
crystallography. Adv. Condens. Matter Phys. 2013:167276

Schmidt M. 2019. Time-resolved macromolecular crystallography at pulsed X-ray sources. Int. 7. Mol.
Sci. 20:1401

Schmidt M, Rajagopal S, Ren Z, Moffat K. 2003. Application of singular value decomposition to the
analysis of time-resolved macromolecular x-ray data. Biophys. 7. 84:2112-29

Sekhar A, Kay LE. 2013. NMR paves the way for atomic level descriptions of sparsely populated,
transiently formed biomolecular conformers. PNAS 110:12867-74

Sharp K, Skinner JJ. 2006. Pump-probe molecular dynamics as a tool for studying protein motion and
long range coupling. Proteins 65:347-61

Sierra RG, Laksmono H, Kern ], Tran R, Hattne J, et al. 2012. Nanoflow electrospinning serial
femtosecond crystallography. Acta Crystallogr. D 68:1584-87

Srajer V, Ren Z, Teng TY, Schmidt M, Ursby T, et al. 2001. Protein conformational relaxation and
ligand migration in myoglobin: a nanosecond to millisecond molecular movie from time-resolved Laue
X-ray diffraction. Biochemistry 40:13802-15

Srajer V, Teng T, Ursby T, Pradervand C, Ren Z, et al. 1996. Photolysis of the carbon monoxide complex
of myoglobin: nanosecond time-resolved crystallography. Science 274:1726-29

Stauch B, Cherezov V. 2018. Serial femtosecond crystallography of G protein-coupled receptors. Annu.
Rev. Biophys. 47:377-97

Stiller JB, Otten R, Haussinger D, Rieder PS, Theobald DL, Kern D. 2022. Structure determination of
high-energy states in a dynamic protein ensemble. Nature 603:528-35

Suga M, Akita F, Sugahara M, Kubo M, Nakajima Y, et al. 2017. Light-induced structural changes and
the site of O=0 bond formation in PSII caught by XFEL. Nasure 543:131-35

Suga M, Akita F, Yamashita K, Nakajima Y, Ueno G, et al. 2019. An oxyl/oxo mechanism for oxygen-
oxygen coupling in PSII revealed by an x-ray free-electron laser. Science 366:334-38

Sui S, Wang YX, Dimitrakopoulos C, Perry SL. 2018. A graphene-based microfluidic platform for
electrocrystallization and in situ X-ray diffraction. Crystals 8:76

Tao X, Lee A, Limapichat W, Dougherty DA, MacKinnon R. 2010. A gating charge transfer center in
voltage sensors. Science 328:67-73

www.annualreviews.org o X-Ray Diffraction for Protein Dynamics

273



274

114.

TenboerJ, Basu S, Zatsepin N, Pande K, Milathianaki D, et al. 2014. Time-resolved serial crystallography
captures high-resolution intermediates of photoactive yellow protein. Science 346:1242-46

115. Tripathi S, Srajer V, Purwar N, Henning R, Schmidt M. 2012. pH dependence of the photoactive yellow
protein photocycle investigated by time-resolved crystallography. Biophys. 7. 102:325-32

116. Uervirojnangkoorn M, Zeldin OB, Lyubimov AY, Hattne J, Brewster AS, et al. 2015. Enabling X-ray
free electron laser crystallography for challenging biological systems from a limited number of crystals.
eLife 4:¢05421

117. van den Bedem H, Bhabha G, Yang K, Wright PE, Fraser JS, et al. 2013. Automated identification of
functional dynamic networks from X-ray crystallography. Nat. Methods 10:896-902

118. van Driel TB, Nelson S, Armenta R, Blaj G, Boo S, et al. 2020. The ePix10k 2-megapixel hard X-ray
detector at LCLS. 7. Synchrotron. Radiat. 27:608-15

119. van Thor JJ, Warren MR, Lincoln CN. 2014. Signal to noise considerations for single crystal
femtosecond time resolved crystallography of Photoactive Yellow Protein. Faraday Discuss. 171:439-55

120. Wan Q, Bennett BC, Wymore T, Li Z, Wilson MA, et al. 2021. Capturing the catalytic proton of
dihydrofolate reductase: implications for general acid-base catalysis. ACS Catal. 11:5873-84

121. White TA, Mariani V, Brehm W, Yefanov O, Barty A, et al. 2016. Recent developments in CrystFEL.
7 Appl. Crystallogr. 49:680-89

122. Winter G, Waterman DG, Parkhurst JM, Brewster AS, Gildea R], et al. 2018. DIALS: implementation
and evaluation of a new integration package. Acta Crystallogr: D 74:85-97

123. Wohri AB, Katona G, Johansson LC, Fritz E, Malmerberg E, et al. 2010. Light-induced structural
changes in a photosynthetic reaction center caught by Laue diffraction. Science 328:630-33

124. Wolff AM, Nango E, Young ID, Brewster AS, Kubo M, et al. 2022. Mapping protein dynam-
ics at high-resolution with temperature-jump X-ray crystallography. bioRxiv 2022.06.10.495662.
https://doi.org/10.1101/2022.06.10.495662

125. Woodhouse J, Nass Kovacs G, Coquelle N, Uriarte LM, Adam V, et al. 2020. Photoswitching mechanism
of a fluorescent protein revealed by time-resolved crystallography and transient absorption spectroscopy.
Nat. Commun. 11:741

126. YunJH,LiX, Yue J, ParkJH, Jin Z, etal. 2021. Early-stage dynamics of chloride ion-pumping rhodopsin
revealed by a femtosecond X-ray laser. PNAS 118:¢2020486118

127. Zeldin OB, Brockhauser S, Bremridge J, Holton JM, Garman EF. 2013. Predicting the X-ray lifetime of
protein crystals. PNAS 110:20551-56

128. Zhang XC, Shkurinov A, Zhang Y. 2017. Extreme terahertz science. Nat. Photonics 11:16-18

129. Zhu DL, Sun YW, Schafer DW, Shi HL, James JH, et al. 2017. Development of a hard X-ray split-delay
system at the Linac Coherent Light Source. In Proceedings of SPIE Optics + Optoelectronics: Advances in
X-Ray Free-Electron Lasers Instrumentation IV, Prague, 24-27 April, art. 102370R. Bellingham, WA: SPIE

Hekstra


https://doi.org/10.1101/2022.06.10.495662

