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Abstract

Time-resolved X-ray diffraction provides direct information on three-
dimensional structures of reacting molecules and thus can be used to eluci-
date structural dynamics of chemical and biological reactions. In this review,
we discuss time-resolved X-ray diffraction on small molecules and proteins
with particular emphasis on its application to crystalline (crystallography)
and liquid-solution (liquidography) samples. Time-resolved X-ray diffrac-
tion has been used to study picosecond and slower dynamics at synchrotrons
and can now access even femtosecond dynamics with the recent arrival of
X-ray free-electron lasers.
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1. INTRODUCTION

Chemical reactions are dynamic processes whereby reactants transform into products with changes
in molecular structures and energies. The ultimate goal of reaction dynamics studies is to under-
stand how the constituent atoms in reacting molecules rearrange their chemical connectivity
during a chemical reaction, that is, the reaction mechanism. To achieve this goal, it is desirable
to monitor the progress of a reaction over time and, accordingly, various time-resolved methods
have been developed over many decades (1-9). Among them, time-resolved optical spectroscopy
has served as a major tool for elucidating the dynamics and mechanisms of chemical and biological
reactions. Time-resolved optical spectroscopic techniques make use of multiple laser pulses at op-
tical wavelengths and generally employ a pump—probe scheme, where an optical (pump) pulse is
used to initiate a photochemical reaction and a time-delayed, optical (probe) pulse is used to mon-
itor the progress of the reaction. With the technical advances of laser technology, femtosecond
laser pulses can be readily generated from tabletop lasers, and it has become possible to monitor
chemical dynamics with ultrafast temporal resolution using time-resolved optical spectroscopy.
In addition, time-resolved optical spectroscopy is a highly selective and sensitive technique for
monitoring the dynamics of molecular processes because specific molecular states can be selec-
tively excited and probed by varying the wavelengths and polarizations of the pump and probe
pulses. However, the optical spectroscopic signals are not directly related to the global molecular
structure; therefore, to obtain the time-dependent structural change of reacting molecules, it is
necessary to perform extensive theoretical analysis of time-resolved spectroscopic data, which is
quite difficult, or even impossible, for large molecular systems.

As ameans of addressing this limitation of optical spectroscopy, time-resolved X-ray diffraction
(or scattering) has been developed. In time-resolved X-ray diffraction, an X-ray pulse is used as
the probe pulse in the pump—probe scheme. Because X-rays are diffracted (or scattered) off all
atomic pairs present in the sample molecules, structural information of reacting molecules can be
directly retrieved from time-resolved diffraction patterns measured by varying the pump-probe
time delay. Through technical advances of analytical tools, time-resolved X-ray diffraction has
become applicable to samples not only in the solid crystalline phase but also in the liquid and
solution phases. More importantly, the recent development of X-ray free-electron lasers (XFELs)
has substantially improved the temporal resolution of time-resolved X-ray diffraction, which now
has superb resolution in both time and space domains. In this review, we discuss the applications
of time-resolved X-ray diffraction to the investigation of chemical and biological reactions in the
crystalline and solution phases.

2. TIME-RESOLVED X-RAY DIFFRACTION

In general, a chemical reaction involves multiple reaction pathways. To have a complete under-
standing of the reaction dynamics, it is desirable to elucidate the reaction rates and branching
ratios of all the reaction pathways. In this regard, time-resolved X-ray diffraction has several ad-
vantages over time-resolved optical spectroscopy. First, the X-ray diffraction pattern of a given
molecule can be calculated accurately using a rather simple equation as long as the structure of
the molecule is known or can be predicted. In contrast, the calculation of the electronic spectrum
of a given molecule is complicated and often inaccurate, especially for large molecules (10, 11).
Therefore, compared with time-resolved optical spectroscopy, it is more straightforward to ex-
plain the molecular origin of a time-resolved X-ray diffraction signal by theoretical tools. Second,
in addition to the direct relationship between the molecular structure and the X-ray diffraction
signal, the molecular structure can be predicted with high accuracy, even with low-cost quantum
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calculations, whereas the energy calculation of excited states requires high-level calculations but is
often still inaccurate (11, 12). Third, most importantly, time-resolved X-ray diffraction is equally
sensitive to all species formed during a reaction because the diffraction signal consists of contri-
butions from all the reaction species. In contrast, time-resolved optical spectroscopy is sensitive
only to specific species that have high oscillator strengths at given probe wavelengths. Therefore,
in principle, X-ray diffraction can probe all the species involved in the reaction without missing
any spectroscopically dark states. In this way, not only can the reaction species be identified, but
their relative fractions can be accurately determined from X-ray diffraction intensities. In other
words, time-resolved X-ray diffraction can directly visualize global reaction pathways and is thus
an excellent tool for studying chemical reaction dynamics. These advantages of time-resolved
X-ray diffraction, however, represent only one side of a coin. Because X-ray diffraction can detect
all the chemical species present in a sample, even including the solvent molecules in solution
samples, it has lower selectivity than optical spectroscopy. For example, by tuning the probe
wavelength, time-resolved optical spectroscopy can selectively probe a certain species of interest,
allowing it to detect even a species of extremely low concentration. In contrast, the contribution
of each species to a time-resolved X-ray diffraction signal is proportional to its concentration, and
therefore the contributions of minor species can be obscured by those of major species.

In this review, we classify time-resolved X-ray diffraction techniques by three criteria schemat-
ically shown in Figure 1:

B phase of target molecules (crystallography versus liquidography);

B size of target molecules (small molecules versus macromolecules); and
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Figure 1

A scatter plot showing the distribution of previous studies using (#) time-resolved X-ray crystallography and () time-resolved X-ray
liquidography with respect to the temporal resolution of the experiment and the size of its target molecules. Only studies on small
molecules and proteins are depicted. Each symbol represents a study. The shape of each symbol represents the size of the sample
molecules used for the study (circle: protein; square: small molecule). The color of symbols denotes the source of X-ray pulses used for
each study (black: synchrotron; red: X-ray free-electron laser). To avoid ambiguity, the shortest positive time delay measured in an
experiment is regarded as the experiment’s temporal resolution. The reference numbers for representative studies (58, 73, 98, 103, 119,
142, 145, 150-155, 165) are displayed next to their corresponding symbols.
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Comparison of X-ray crystallography and X-ray liquidography. (#) Diffraction from regular arrays of molecules in a single crystal
produces strong Bragg spots. The Bragg spots are collected at multiple orientations of the crystal and indexed to fully span the three-
dimensional diffraction intensities in reciprocal g-space. After retrieving phase information, the three-dimensional diffraction
intensities can be directly converted to a three-dimensional electron density distribution using a Fourier transform. Further refinement
using atomic models results in a high-resolution, three-dimensional structure. (b) Scattering from randomly oriented molecules in
solution yields smooth, centrosymmetric scattering patterns. The orientation-averaged pattern lacks the scattering intensities in three-
dimensional reciprocal space and instead contains only the scattering intensities in one-dimensional g-space. The one-dimensional
scattering intensities can be converted to a one-dimensional pair distance distribution in real space, which is not in one-to-one
correspondence with a three-dimensional structure. Therefore, a modeling approach based on prior knowledge is required to retrieve a
unique three-dimensional structure from the pair distance distribution.
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B temporal resolution of time-resolved X-ray diffraction dictated by the X-ray source (syn-
chrotron versus XFEL).

With respect to the first criterion, depending on the phase of a sample used for measurement, time-
resolved X-ray diffraction is called either time-resolved X-ray crystallography (TRXC), when ap-
plied to solid crystalline samples, or time-resolved X-ray liquidography (TRXL) [or time-resolved
X-ray solution scattering (TRXSS)], when applied to liquid or solution samples (see Figure 2). A
simple comparison between TRXC and TRXL is given in Table 1. Because of the difference in the
sample phase, X-ray diffraction patterns obtained by the two techniques are of different characters
and have different spatial resolutions. The diffraction from ordered arrays of molecules in crystals
yields intense Bragg spots, which can be directly converted to a three-dimensional (3D) structure
with atomic resolution. Thus, crystallography has been the most powerful tool for characterizing
molecular structure. In contrast, the scattering from randomly oriented molecules in the liquid
and solution phases yields smooth centrosymmetric patterns. These orientation-averaged patterns
can be converted to only one-dimensional (1D) atomic-pair distance distributions in real space.
Therefore, the conversion of the solution scattering pattern to a 3D structure requires a model-
ing approach, whereby a theoretical scattering pattern calculated from a 3D model structure is
compared with the experimental scattering pattern and the model structure is optimized until the
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Table1 Comparison of TRXL and TRXC
TRXL TRXC
Small molecules | Proteins Small molecules Proteins
Sample environment Solvated; randomly oriented (some photoselective Densely packed Loosely packed

alignment is possible); unequally spaced

Uniformly oriented; equally spaced

Obtained signal Centrosymmetric rings (some degree of anisotropic Bragg spots
scattering is possible)
Sample delivery Liquid jet Closed capillary or flow cell Crystal loop (low temperature); capillary

(room temperature); jets or fixed target
for SFX

Sample limitations Soluble molecules or proteins

Crystallizable molecules or proteins

Required coverage Wide (at least 3 A1 Small (less than 1 A1) Wide (typically more Medium
of scattering angles and typically more than 6 A1) (typically
than 6 A~1) ~2-4 A1)
Structural analysis Modeling approach Direct retrieval (electron density);

refinement of atomic structure

Spatial resolution Medium (near Limited (large conformational High (atomic

atomic structural changes or helices movements

changes) for well-defined rigid structure)

structural changes)

High (atomic
structural
changes)

Temporal resolution ~100 ps (synchrotron); <1 ps (XFEL)

Abbreviations: SFX, serial femtosecond crystallography; TRXC, time-resolved X-ray crystallography; TRXL, time-resolved X-ray liquidography; XFEL,

X-ray free-electron laser.

theoretical and experimental scattering patterns match each other. As a result, TRXL has a lower
spatial resolution than TRXC.

With respect to the second criterion, depending on the size of the target molecules, different
approaches to experiment and data analysis should be taken, especially for TRXL applied to
solution samples. Small molecules and proteins are two representative groups of target systems that
have been studied using time-resolved X-ray diffraction because of their importance in chemistry
and biology. When performing TRXL experiments, the experimental conditions, such as the
range of scattering angles and the sample delivery system, are very different for small molecules
and proteins. Also, the data analysis approach for TRXL is quite different for small molecules
and proteins. For small molecules, the data analysis aims to obtain detailed changes in molecular
structure at the atomic level. In contrast, for proteins, the data analysis aims to extract only large-
scale changes of global conformation, mainly because of the inherently limited spatial resolution
of TRXL. Although a variety of large systems, such as metal nanoparticles (13, 14), nanowires (15),
metal thin films (16), and DNAs (17), have also been studied using time-resolved X-ray diffraction,
only studies on small molecules and proteins are covered in this review (see Figure 1).

With respect to the third criterion, depending on the X-ray source, the temporal resolution of
time-resolved X-ray diffraction varies significantly. Because femtosecond optical laser pulses are
readily available, the temporal resolution of time-resolved X-ray diffraction is commonly dictated
by the temporal duration of X-ray (probe) pulses used for the experiment. When time-resolved
X-ray diffraction experiments are performed at third-generation synchrotrons, a temporal res-
olution of ~100 ps is obtained. Although the time-slicing approach was developed to improve
this temporal resolution, it is still difficult to study ultrafast reactions occurring on subpicosecond
timescales at synchrotrons. Recently, the arrival of XFEL sources has improved the temporal
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resolution of time-resolved X-ray diffraction experiments down to the femtosecond timescale (see
Figure 1), making the technique more powerful.

3. TIME-RESOLVED X-RAY CRYSTALLOGRAPHY
FOR MACROMOLECULES

In the middle of the twentieth century, it was demonstrated that the complex structure of macro-
molecules, even ones consisting of tens of thousands of atoms, can be characterized using X-ray
crystallography (18). Since that success, X-ray crystallography has served as a workhorse tool for
characterizing the structures of biological macromolecules, for example, proteins. Researchers
have recently realized that, for a better understanding of the mechanism of protein functions,
the dynamic structure of a protein that evolves during its structural transition is more relevant to
investigate than its static structure. Accordingly, TRXC was proposed (1, 19, 20) and developed
(21, 22) as a tool for investigating the structural dynamics of protein transitions.

For TRXC studies of protein crystals, the Laue crystallography method has been mainly used.
Laue crystallography utilizes Laue diffraction patterns obtained by the diffraction of intense poly-
chromatic X-rays off protein crystals and has many advantages (23) over monochromatic X-ray
diffraction techniques. A time-resolved difference electron density map measured by TRXC is an
intricate mixture of many dynamic structures. To retrieve the structures and transition kinetics of
various reaction intermediates from the TRXC data, it is necessary to perform kinetic analysis for
a series of time-resolved density maps measured at various time delays. Such analysis is facilitated
by applying a mathematical method called singular value decomposition (SVD) (24) to the crys-
tallographic data (25). Subsequent analysis of the singular vectors obtained from the SVD analysis
provides the structures and kinetics of the intermediate species simultaneously. The procedure of
SVD-based analysis is described in detail in the literature (25, 26).

Although TRXC has served as a powerful tool for elucidating structural dynamics of macro-
molecules (27-31), its application has been limited to only a few proteins for several technical
reasons. First, X-ray crystallography requires well-diffracting protein crystals, but it is often dif-
ficult or impossible to prepare sizable protein crystals. Second, for experimenters to collect data
with a sufficiently high signal-to-noise ratio (SNR) within a limited beam time, a protein transition
needs to be readily reversible, that is, the photoexcited protein returns to its initial ground state
in a reasonably short time (at most a few seconds). Third, a protein crystal should be reasonably
strong against X-ray radiation, so that diffraction images of decent SNR can be measured at various
time delays and at all needed crystal orientations without significant radiation damage. Because of
these requirements, TRXC has been applied to only a few model proteins that undergo reversible
photoinduced transitions, for example, photoactive yellow protein (PYP) (26-28, 31-35), homodi-
meric hemoglobin (36, 37), and myoglobin (29, 38-43). Excellent reviews on the TRXC studies of
protein dynamics were presented by Bourgeois & Royant (44), Neutze et al. (45), and Moftat (46).

Recent development and operation of a new X-ray source, XFELs, has been a breakthrough
for X-ray crystallography. By fully making use of the ultrashort, intense X-ray pulses generated
by XFELs, researchers devised a new scheme for X-ray crystallography called serial femtosec-
ond crystallography (SFX) (47-50). In this novel experimental scheme, each diffraction image
is obtained with a single femtosecond X-ray pulse diffracted off a fresh crystal of protein. This
single-shot diffraction scheme minimizes radiation damage because the femtosecond X-ray pulse
interacts with the crystal for only a brief moment and is diffracted before the protein crystal is
damaged by the X-ray radiation. Thanks to the extreme brightness of the X-ray pulse from an
XFEL, the diffraction intensity is still large enough to give a diffraction image with a high SNR. A
protein crystal exposed to a single X-ray pulse is disposed of because it can be damaged significantly
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after even a single interaction with the intense X-ray pulse from an XFEL (51). To fully span the
diffraction intensities in the reciprocal space, this single-shot measurement is repeated hundreds
of thousands of times, and such repeated measurements for different, fresh crystals are why this
experimental scheme is said to be serial. The static structure of a protein can be determined by
SFX with minimal radiation damage (47, 52-55). Also, when the SFX technique is combined with
an optical pump pulse to initiate the photoinduced transition, it can be implemented in a time-
resolved manner so that the structures of short-lived transient intermediates formed during the
protein transition can be captured (56-59).

It was recently demonstrated that time-resolved serial femtosecond crystallography (TRSFX)
can serve as an excellent tool for probing structural dynamics of protein transitions, with several
advantages over conventional TRXC based on the Laue method (56, 58-61). First, nano-to-
microcrystals can serve as excellent samples for TRSFX, whereas they are considered too small
for the time-resolved Laue crystallography performed at synchrotrons (47). Such small crystals
are often observed during the crystallization process that leads to the formation of macrocrystals
and are believed to be much easier to prepare than macrocrystals (62-65), although there is some
debate (66). In addition, the small crystals generally have fewer defects than larger crystals. Thus,
TRSFX has great potential to be applied to more diverse proteins than conventional TRXC, es-
pecially to proteins that are difficult to crystallize in large size. Second, TRSFX can determine the
transient structures of a protein without the effect of X-ray radiation damage, as expected from
the principle of SFX and supported by theoretical studies (51, 67). The lack of X-ray radiation
damage is particularly important for some proteins that are very vulnerable to such damage (68—
71). Third, most importantly, TRSFX can be implemented with femtosecond temporal resolution
when combined with femtosecond optical pump pulses. In general, large-amplitude conforma-
tional change of a photoactive protein is triggered by a small structural change in an organic
chromophore (72). To completely understand the mechanism of a protein structural transition, it
is important to reveal the underlying connection between the local structural change of residues
surrounding the chromophore and the global conformational change of the entire protein matrix.
Because the initial structural change of the chromophore often occurs very fast, even down to
tens of femtoseconds, the achievement of femtosecond temporal resolution by TRSFX is a major
breakthrough that will allow us to capture the earliest events of protein transitions.

Femtosecond TRSFX study of protein dynamics was first demonstrated by Schlichting and
coworkers (73). In that work, ultrafast structural changes in CO-bound myoglobin (MbCO) were
directly observed with subpicosecond resolution. In particular, the detailed motions of amino acid
residues and the heme chromophore within 500 fs after CO dissociation were clearly visualized (see
Figure 3). Interestingly, collective movements of residues around the heme exhibit an oscillatory
feature. The coherent oscillatory motions indicate strong coupling between the dissociation of the
CO ligand and the collective motions of surrounding residues. Later, Schmidt and coworkers (58)
used femtosecond TRSFX to probe the earliest events of the photocycle of PYP. In that work, the
structural changes associated with the #rans-to-cis isomerization of the chromophore were clearly
visualized (see Figure 4). In particular, it was found that, at ~550 fs, the isomerization of the PYP
chromophore passes through a conical intersection between the electronically excited state and
the ground state.

Besides these advantages of TRSFX over conventional TRXC, the serial nature of TRSFX
is expected to lead to another significant breakthrough for TRXC. Previously, the application of
conventional Laue-type TRXC was limited to reversible protein transitions because measurement
on irreversible protein transitions would require too much time and sample. However, the inves-
tigation of irreversible protein transitions is inherently allowed by the serial nature of the TRSFX
scheme, whereby a fresh crystal is provided for each pair of laser and X-ray pulses. In addition,
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Figure 3

Ultrafast collective motions of residues around the heme chromophore in CO-bound myoglobin observed using femtosecond time-
resolved serial femtosecond crystallography (73). () The ground-state structure of CO-bound myoglobin. The heme chromophore and
surrounding residues exhibiting ultrafast motions are displayed using sticks. (b-#z) Ultrafast structural fluctuation of the chromophore
and the residues displayed in panel #. For each residue, data points showing the time dependence of a structural parameter are plotted
as empty circles, and their theoretical fit with a damped oscillation or a single exponential is displayed as a red line.

TRSFX provides the opportunity of going beyond structural transitions of photoactive proteins.
For example, photocaged molecules, which release molecules trapped inside the cage upon pho-
toexcitation, can be used to synchronize diffusion-controlled reactions of macromolecules that are
inactive to photoexcitation. Previously, it was demonstrated with a conventional TRXC experi-
ment that a substrate—enzyme reaction can be triggered with photoexcitation of a caged substrate
bound to an enzyme (21, 74-77). Thus, the targets of the TRXC technique are no longer limited
to a few model systems that undergo reversible photocycles but now include a wide variety of
biologically meaningful macromolecules.

4. TIME-RESOLVED X-RAY CRYSTALLOGRAPHY
FOR SMALL MOLECULES

TRXC can also be applied to small molecules, as X-ray crystallography is presumably the most
effective method for determining molecular structure, irrespective of the size of molecules.
However, the crystallography is implemented quite differently for small molecules and
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Figure 4

Ultrafast structural dynamics of the chromophore in photoactive yellow protein (PYP) captured using
femtosecond time-resolved serial femtosecond crystallography (58). (#) Weighted difference electron density
(DED) maps around the PYP chromophore in red (—30) and blue (30), shown in front view (top) and side
view (bottom), where o indicates one standard deviation of the DED. The time-dependent DED maps clearly
show the progress of trans-to-cis isomerization of the pCA chromophore. The reference dark structure, the
structure before the transition, and the structure after the transition are shown in yellow, pink, and light
green, respectively. () Structures of the trans (left) and cis (right) isomers of the chromophore; front view
(left, within each of cis and trans) and side view (right, within each of cis and #rans). (c) Dynamics of the
torsional angle ¢,; of the chromophore tail. The theoretical fit with a 590-fs transition time is presented as a
dashed line. Pink and light green regions correspond to the times before and after the transition. The gray
region is the time that was not probed by the experiment.

macromolecules because of the different natures of their crystals. The crystals of small molecules
are of much higher quality than those of macromolecules, for example, because the small
molecules are more regularly ordered and more densely packed in the crystal. The high-quality
crystals of small molecules produce strong Bragg diffraction spots up to high orders, which
produce molecular structures at subatomic resolution. The phase can be routinely obtained
using a direct method, and structural refinement is simple because of the small number of atoms
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constituting the small molecules. From the viewpoint of dynamics, however, reactions in the
crystals of small molecules are highly constrained (78-80) because the constituent molecules are
packed densely and strongly, in contrast to macromolecules, which are loosely packed and often
surrounded by a large number of solvent molecules in the crystalline phase.

At the beginning of TRXC experiments for small molecules, monochromatic X-ray pulses were
used as probes in order to obtain high-resolution molecular structures at atomic or subatomic levels
(78). To compensate for the low intensity of monochromatic X-ray pulses, the sample, excited by
a short optical laser pulse, was immediately exposed to a long train of X-ray pulses (up to tens of
microseconds after excitation by the laser pulse) and the pump—probe cycle was rapidly repeated (at
a frequency of up to several kilohertz) (81, 82). Because of the rapid repetition, this type of TRXC
method is not applicable to irreversible reactions or molecular crystals that are easily damaged
by laser and X-ray radiation. This method has been applied to photoinduced reactions of various
molecular crystals, including diplatinum complex (82), copper phenanthroline (83, 84), copper
pyrazolate trimer (85), dirhodium complex (86), iron complex (87), and electron-transfer organic
molecules (88).

However, TRXC using monochromatic radiation was subject to a number of major limi-
tations, such as serious radiation damage of the sample, limited access to processes with slow
recovery times, and inability to access processes faster than the duration of a long X-ray pulse
train. As a means of overcoming these limitations, intense, polychromatic X-rays can be used as
a structural probe of molecular crystals, as already demonstrated for time-resolved Laue crystal-
lography of proteins. With the development of a new analytic method (89), the Laue method can
resolve even very small changes of atomic positions in molecular crystals. Consequently, the time-
resolved Laue method has been applied to various photoreactions of small molecules, including
bridged dirhodium complex (78, 90), spin-crossover iron complex (91), silver—copper tetranuclear
complex (92), and copper phenanthroline complex (93). As time-resolved Laue crystallography
has been applied to molecular crystals successfully, it has become possible to probe processes as
fast as the subnanosecond timescale with atomic spatial resolution. Most TRXC studies on small
molecules have been done by Coppens and coworkers, who published an excellent review on this
topic (94).

The TRXC technique has not yet been applied to molecular crystals at XFELs. Instead, there
have been a number of studies by Miller and coworkers (95, 96) on the reactions of molecular
crystals using ultrafast electron diffraction. However, the method of retrieving the molecular
structures used in these electron diffraction studies was significantly different from the one used for
X-ray crystallography. With ultrafast electron diffraction, the diffraction intensities were measured
only from a few selected orientations of the crystal, and therefore the diffraction amplitudes were
sampled for only a part of reciprocal space, which is not enough to reconstruct an electron density
map via a Fourier transform. To retrieve a molecular structure from such limited information,
the diffraction intensities were fitted by theoretical intensities calculated from model structures, a
method that resembles the data analysis strategy used for TRXL.

It is worthwhile to note that the TRXC methods using either monochromatic or polychro-
matic X-rays at synchrotrons are suitable for rapidly reversible reactions in crystals but inadequate
for irreversible reactions or reversible reactions with very slow recovery time. To gain access
to the structure of intermediate species in such irreversible reactions, the scheme of TRSFX
can be adapted to molecular crystals. The feasibility of TRSFX has already been demonstrated
for proteins (47, 52, 59, 71). By employing the serial concept of SFX, it is expected that ultra-
fast dynamics of irreversible reactions occurring in molecular crystals can also be accessed using

TRXC.
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5. TIME-RESOLVED X-RAY LIQUIDOGRAPHY
FOR MACROMOLECULES

Although TRXC has served as an excellent tool for investigating the structural dynamics of macro-
molecules, it has two major drawbacks. First, TRXC is only applicable to proteins that can be
crystallized. Second, the structural dynamics probed by TRXC occur in the crystalline phase and
might be different from those occurring in the aqueous phase, which is the physiological condition
of living organisms. For example, large conformational changes such as protein folding/unfolding
can destroy the crystalline lattice or be restricted by crystal packing in the crystalline phase. Because
most biological functions of living organisms are performed in the solution phase, it is desirable
to observe the structural changes of proteins in solution. In this regard, TRXL is relevant for
observing the motions of proteins in their physiological conditions.

However, the visualization of the reaction dynamics in solution is not as straightforward as
for reactions in the crystalline phase because molecules in solution are unequally spaced and
randomly oriented. As a result, centrosymmetric scattering patterns, not Bragg spots, are ob-
tained from solution samples, and therefore TRXL has inherently lower spatial resolution than
TRXC. For large macromolecules such as proteins, it is not practically possible to elucidate all
the atomic-level details of structural changes using TRXL. In addition, in the solution phase, a
solute molecule of interest is surrounded by a much larger number of solvent molecules, most of
which do not directly participate in the reaction, and the solution scattering pattern is dominated
by the contributions of solvent molecules. To minimize the solvent contribution, difference scat-
tering curves are obtained in the TRXL measurement by taking the difference between scattering
curves measured before and after initiating the reaction, AS(g) = S(¢)pump on — S(@)pump ofi- Once
a series of time-resolved difference scattering curves are measured at various time delays, they
can be kinetically analyzed using SVD and principal component analysis to extract (#) species-
associated difference scattering curves, which are characteristic of the structures of reaction in-
termediates, and (b) time-dependent concentrations of the reaction intermediates (97-104). In
general, the formation of reaction intermediates of a protein structural transition accompanies
large-amplitude changes of global conformation of the protein. Therefore, from kinetic analy-
sis, the dynamics of conformational changes of proteins can be revealed by TRXL. Also, with
the aid of structural refinement methods such as rigid-body modeling, the detailed motions of
secondary structural elements (for example, «-helices) can be retrieved from the TRXL data.
The experimental scheme and data analysis of TRXL are described in detail in the literature
(3, 105-108).

Previous TRXL studies on several model proteins in the solution phase performed at syn-
chrotrons demonstrated that molecular movies of proteins in the solution phase can be filmed
using TRXL, as described in a recent review (109). In particular, TRXL has elucidated the struc-
tural dynamics of various heme proteins, such as hemoglobin (Hb) (110), myoglobin (Mb) (102,
103, 111-113), and homodimeric hemoglobin (97, 104). For example, TRXL was used to in-
vestigate the structural changes of Hb related with its function, that is, the R-T transition that
occurs with uptake or release of small ligand molecules (110). That study revealed the dynamics of
tertiary and quaternary structural changes of Hb related to its R-T transition and is the first case
of probing the structural dynamics of proteins in the solution phase using time-resolved X-ray
diffraction. For Mb, TRXL studies elucidated the details of tertiary structural changes (111) and
comprehensive structural dynamics (102, 113) down to a timescale of less than 100 ps (103). In
addition, anisotropic scattering patterns measured from transiently aligned Mb molecules by lin-
early polarized photoexcitation were analyzed to determine the rotational diffusion time (~15 ns)
of the protein (114).
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Besides the heme proteins, TRXL has been used to investigate structural dynamics of various
proteins, for example, bacteriorhodopsin and proteorhodopsin (115), which are light-driven pro-
ton pumps in membranes; PYP (100, 116, 117) and phytochrome (99), which are photosensory
proteins; and cytochrome c (Cyt c) (101, 110), which is a heme protein involved in the electron
transport chain in mitochondria. Among these examples, the TRXL studies of Cyt ¢ clearly show
the advantage of TRXL over TRXC (110). Cyt ¢ has served as a good model system for studying
folding and unfolding processes of proteins. The folding and unfolding processes of a protein
cannot be probed by TRXC because (#) they destroy the crystalline lattice due to large confor-
mational changes and (/) the unfolded proteins cannot be crystallized due to their flexible nature.
In contrast, TRXL can readily probe large conformational changes of proteins, even for flexible
proteins (118), as demonstrated by TRXL studies on the folding process of Cyt ¢ (101, 110).

As was the case for TRXC, femtosecond X-ray pulses introduced by an XFEL can improve
the temporal resolution of TRXL down to hundreds of femtoseconds, allowing us to investigate
the initial steps of photoinduced reactions of proteins in solution. Two successful cases were re-
cently demonstrated by Neutze and coworkers (98) and Cammarata and coworkers (119). Using
femtosecond TRXL, Neutze and coworkers studied the photoinduced structural transition of
the photosynthetic reaction center, which performs the primary energy conversion reactions of
photosynthesis. In spectroscopic studies, it had been suggested that the primary charge separa-
tion reactions in this complex would accompany ultrafast structural change (120-123). From the
femtosecond TRXL experiment on the reaction center performed by Neutze and coworkers (98)
using XFEL technology, the dynamics of structural deformation were captured on a subpicosec-
ond timescale. In particular, it was revealed that the structural deformation of the reaction center
is initially localized at the chromophore and propagates to a domain of the complex over time.
This observation is valuable as the first direct structural evidence of the protein quake in solution
(124, 125), a rapid propagation of light-induced structural deformation through a protein via a
quake-like intramolecular motion.

Cammarata and coworkers (119) used TRXL at an XFEL to unveil the initial stage of the
photolysis of MbCO in solution (see Figure 5). Time-resolved X-ray scattering curves were
measured with subpicosecond temporal resolution (see Figure 5#) and analyzed to provide time-
dependent structural parameters of proteins, for example, the radius of gyration (R,) and the
volume of protein (V},) (see Figure 5b). Notably, the time evolution of those structural parameters
reveals an oscillatory collective motion of constituent atoms of Mb, especially significant within
10 ps. Based on the oscillatory collective motion, the authors postulated an intrinsic ballistic-like
nature of protein motion (see Figure 54) that is generally hidden in ensemble measurements on
longer timescales.

These two results demonstrate the capability of TRXL as a tool for investigating the structural
dynamics of proteins. Owing to the excellent structural sensitivity of X-ray solution scattering and
the short and intense X-ray pulses generated from XFELs, the initial steps of protein transitions
can be directly visualized. Accordingly, fascinating opportunities are now available in the field
of structural biology; that is, the entire structural dynamics of proteins in their physiological
condition can be captured from beginning to end using TRXL at XFELs.

6. TIME-RESOLVED X-RAY LIQUIDOGRAPHY
FOR SMALL MOLECULES

Although TRXL has lower structural resolution than TRXC, it can still reveal the atomic-level
details of structural changes involved in chemical reactions of small molecules, unlike for macro-
molecules, because small molecules have much simpler molecular structures than macromolecules.
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Ultrafast structural changes in CO-bound myoglobin (MbCO) observed by using time-resolved X-ray liquidography at an X-ray
free-electron laser (119). (#) Time-resolved difference X-ray scattering intensities for MbCO in solution. The difference scattering
intensities in both small-angle and wide-angle regions develop even before 1 ps, and their shape and amplitude change over time. The
horizontal axis shows the magnitude ¢ of the momentum transfer vector, represented as a function of the X-ray wavelength A and the
scattering angle 6. (b,c) Time-dependent changes of (b) the radius of gyration, Ry, and (c) the volume of the protein, V},. Structural
parameters of the protein can be obtained by Guinier analysis in the small-angle region (black lines in the small-angle curves in panel #).
This analysis reveals that ultrafast increase of Ry by ~1 A occurs within 1 ps and is followed by delayed expansion of Vp by 220 A3
within 2 ps. In addition, it is clearly visualized that both Ry and V}, exhibit notable damped oscillations within 10 ps. (4) On the basis of
observations of the oscillatory features, Cammarata and coworkers (119) postulated an intrinsic ballistic-like nature of the protein
motion (red curve) that is generally hidden in ensemble measurements at longer timescales (b/ue curve). (¢) Protein quake in MbCO. The
segments exhibiting the collective oscillatory motions are highlighted in red. Abbreviations: SAXS, small-angle X-ray scattering;
WAXS, wide-angle X-ray scattering.

In general, TRXL data for small molecules are analyzed by global fitting, in which the time-
resolved difference scattering curves are fitted by theoretical scattering curves that are constructed
by a linear combination of scattering curves calculated for all possible species involved in a reaction,
that is, reactants, products, and intermediate species. From global fitting analysis, the identities
of reactants, intermediates, and products, as well as their time-dependent concentrations, are
obtained. In general, the molecular structures of chemical species used for calculating the theo-
retical scattering curves are obtained from quantum calculation. However, the exact structures of
short-lived intermediate species are not known as well as the ground-state structures of reactants
and products. Using TRXL, these structures can be determined more accurately by fitting the
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time-resolved scattering curves while finely varying structural parameters of intermediates, such
as bond lengths and bond angles. Besides the structural dynamics of solute molecules, collective
motions of the solvation cage and solvent molecules can also be visualized by TRXL. This unique
ability of probing the comprehensive structural dynamics of solution-phase reaction systems has
made TRXL a powerful technique for studying reaction dynamics in solution.

Scattering from a solution sample is often dominated by scattering from numerous solvent
molecules surrounding the solutes, especially for small solute molecules. However, when the
solute contains strong scatterers such as halogen atoms and heavy metals, structural changes of even
small solute molecules can be manifested as oscillatory features in the difference scattering curves.
Accordingly, TRXL has mostly been used to investigate reaction dynamics of the following two
classes of small molecules: halogen-containing organic molecules (126-132) and organometallic
complexes containing heavy transition metals (133-142). Thus far, target systems studied by TRXL
include molecular iodine (143), dihalogen and trihalogen molecules (143-148), haloalkanes (126—
132), and coordination complexes (133-142).

The major shortcoming of TRXL experiments implemented at synchrotrons is their limited
temporal resolution (~100 ps), as was the case for TRXC as well. As a means of improving
this limited temporal resolution, an experimental scheme called time slicing was developed (142,
145, 149). In the time-slicing scheme, time-resolved X-ray scattering curves at early time delays
(for example, from —200 to 400 ps) are measured with fine steps (for example, 10 ps) that are
much smaller than the temporal resolution of the experiment (~100 ps). By deconvoluting the
temporal profile of the X-ray pulse from the measured time-resolved difference scattering curves,
the difference scattering curves, with less temporal blurring, can be retrieved at time delays shorter
than 100 ps. In a TRXL study on geminate recombination of photoexcited molecular iodine
(L), the time-slicing scheme was employed to visualize the formation of the vibrationally hot I,
molecule, which has a longer I-I distance than the ground state, and its fast relaxation to the
ground state (145). It should be noted that the vibrational relaxation occurs on the timescale of
tens of picoseconds, which is not accessible without the time-slicing scheme. In the same work,
collective motions of surrounding solvent molecules in response to the structural change of solute
molecules were directly visualized, demonstrating the power of TRXL for resolving the complex
solute—solvent interaction.

Many important elementary chemical reactions occur on ultrafast timescales from tens of fem-
toseconds to picoseconds, for example, the making and breaking of chemical bonds, isomerization,
and charge transfer. The advent of XFELs provides the ability to probe the structural dynamics
of such fast reactions in real time using TRXL. For example, the research group led by Thee &
Adachi (150, 151) visualized the bond formation process of a gold trimer complex, [Au(CN), ],
in real time by performing TRXL at an XFEL (see Figure 6). Unlike for unimolecular processes
such as bond breaking, it is difficult to precisely initiate and follow the diffusion-limited, bimolec-
ular process of bond formation in solution with ultrahigh temporal resolution. The [Au(CN), ]
trimer is a unique model system relevant for studying the bond formation process because gold
atoms in this complex in the ground state are weakly bound to each other by noncovalent in-
teraction (called aurophilicity) and, upon photoexcitation, covalent bonds are formed among the
gold atoms without being limited by slow diffusion through the solvent. This study is the first
example of probing the structural dynamics of a chemical reaction with subpicosecond temporal
resolution using TRXL. In addition, anisotropic scattering patterns measured from transiently
aligned molecules by linearly polarized photoexcitation were analyzed to obtain the rotational
diffusion time (~13 ps) of the gold trimer complex (152).

Haldrup and coworkers (153) recently studied the structural evolution of [Co(terpy),]**
[terpy = terpyridine or 2,6-bis(2-pyridyl) pyridine] complex triggered by a spin-state transition
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Photoinduced bond formation and related structural changes in [Au(CN), |3 observed using time-resolved X-ray liquidography
(TRXL) at an X-ray free-electron laser (150). (#) Experimental difference scattering curves as a function of the magnitude ¢ of the
momentum transfer vector measured at various time delays. (b)) Radial distribution functions (RDFs) of transient species as a function of
interatomic distance 7 at various time delays. The RDFs of transient species were obtained by adding the RDF of the ground state, So,
to the difference RDFs, which were obtained by sine Fourier transformation of difference scattering curves after subtracting solvent
contributions. The time-dependent change of the p; and p; peaks and the rise of the p3 peak are emphasized by blue arrows and a red
dashed line. The p; and p; peaks can be assigned to the distances between adjacent and distant Au atoms in the gold trimer,
respectively, and the p3 peak can be assigned to the longest distance between Au atoms in the gold tetramer. (¢) Time-dependent
concentrations of reaction intermediates (S1, T'1, and tetramer) and the recovered ground state (Sp). (d) Species-associated RDFs of the
ground state (Sp) and the intermediate species (S, T, and tetramer). The species-associated RDFs (b/ack) were obtained from singular
value decomposition and principal component analyses of the measured TRXL data, and their fits (red) were obtained by using model
structures. (¢) Mechanism of the photo-induced bond formation in [Au(CN),"]3. Upon photoexcitation, the gold trimer complex
undergoes sequential structural changes, including covalent bond formation, bent-to-linear relaxation, Au-Au bond shortening, and
tetramer formation. The structural dynamics associated with the formation of the Au—Au bond were visualized with subangstrom
spatial resolution and subpicosecond temporal resolution.
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using TRXL at an XFEL. In that study, it was revealed that the Co-N bond between the central
metal atom and the surrounding ligands elongates with the formation of a high-spin state. No-
tably, the increase of Co-N bond length was followed by coherent oscillations of the bond length
with small amplitude (~0.01 A) and subpicosecond periods. The oscillations were interpreted to
arise from impulsive vibronic excitation of two different vibrational modes of the complex, one a
breathing-like mode and the other a pincer-like mode. This work is the first example of directly
probing wave-packet dynamics in real space using time-resolved X-ray diffraction.

Besides the works described above, several other investigations of small-molecule systems in the
solution phase have been carried out by TRXL at XFELs to reveal interesting ultrafast phenomena,
for example, ultrafast solvation dynamics of an iron complex (154) and nonequilibrium dynamics of
intramolecular electron transfer in a bimetallic RuCo complex (155). These results demonstrate the
unique capabilities of TRXL at XFELs, that is, it can (#) capture the ultrafast structural dynamics
of chemical reactions in solution with subpicosecond temporal resolution and (b) elucidate the
structural dynamics of solute, solvent, and solvation cage comprehensively.

7. CONCLUDING REMARKS

Owing to pioneering research efforts in the field of TRXC and TRXL, the methodologies of
experiment and data analysis for those techniques are now well established and can be used to
study a wide range of molecular reactions, from small molecules to macromolecules. In particular,
with the advent of XFELs, it has become possible for TRXC and TRXL to access reaction
dynamics on a subpicosecond timescale, where many important ultrafast processes in chemistry
and biology occur. All we need to do is find out target systems of scientific importance, waiting for
investigation using these methods. For example, the structural dynamics of molecules near conical
intersections can be studied using TRXC or TRXL performed at an XFEL. Although the presence
of conical intersections (156, 157) and the wave-packet dynamics near conical intersections (158,
159) have been intensively examined in energy space using spectroscopic tools (160), observation
of the wave-packet motion in real space using time-resolved X-ray diffraction will be desirable to
better understand the nonadiabatic behavior of excited molecules around conical intersections.
For example, a recent TRXC study on PYP (58) showed that the ultrafast isomerization of the
PYP chromophore occurs through a conical intersection.

Besides reactions in the crystalline and solution phases, chemical reactions in the gas phase can
be explored by using time-resolved X-ray diffraction employing intense X-ray pulses from XFELs,
that is, time-resolved X-ray gas scattering (TRXGS). In contrast to the condensed phase, the gas
phase is an isolated, collision-free environment with negligible intermolecular interaction and thus
is ideal for unambiguously elucidating reaction dynamics. In addition, the scattering data measured
from gas-phase samples contain contributions only from target molecules of interest, making the
data analysis simpler than for solution samples. Previously, TRXGS was not realized because of
the low photon flux of X-ray pulses generated from synchrotrons, but a TRXGS experiment on
the ring-opening reaction of 1,3-cyclohexadiene was recently demonstrated at an XFEL (161),
giving a direct structural view of how the bond-breaking reaction occurs. This work clearly shows
the feasibility of TRXGS experimentation at XFELSs, opening a new opportunity for studies of
chemical reaction dynamics in the gas phase.

Single-molecule X-ray scattering is another fascinating field that needs to be developed. Ini-
tially, the concept of single-molecule diffraction was proposed as a means of determining the
3D atomic structure of macromolecules without the need for crystallography (162), but later it
was suggested that a single-shot, single-molecule scattering scheme might provide completely
new opportunities for chemical reaction dynamics and biophysics (163, 164). For example, as
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demonstrated from a theoretical study by lhee and coworkers (164), a structural phase space
spanned by structural fluctuation of molecules can be retrieved by single-object scattering sam-
pling (SOSS) experiments. Such structural fluctuation is crucial to understanding the dynamic
behavior of certain biomolecules, such as flexible proteins and RNAs. In addition, a state with
extremely low population and short lifetime, for example the transition state of a chemical re-
action, can be structurally characterized using SOSS experiments combined with time-resolved
techniques. For experimental demonstrations, the biggest obstacle to the realization of SOSS
experiments is recording single-shot, single-molecule scattering patterns with a sufficiently high
SNR for structural analysis. The X-ray flux currently available from XFEL:s is still far from enough
to produce strong scattering signals from most small molecules and biomolecules. Thus, a spe-
cially designed sample is required to amplify the single-shot, single-molecule scattering signal.
The most straightforward method is to label the sample molecules with heavy scatterers such as
gold nanoparticles in a site-specific manner.

In this article, we have briefly reviewed the recent developments of time-resolved X-ray diffrac-
tion techniques and their applications to samples of various phases and sizes, with particular em-
phasis on experiments at XFELs. Although TRXC and TRXL performed at synchrotrons have
already proven to be useful tools for probing the structural dynamics of chemical and biological
processes, the recent development of XFELs has made them more powerful by extending their
temporal resolution down to the femtosecond regime. In the near future, we are looking forward
to more exciting and more scientifically valuable studies carried out using TRXC and TRXL
methods at both synchrotrons and XFELs.

SUMMARY POINTS

1. Time-resolved X-ray diffraction provides a direct structural probe of dynamic processes
by using a hard X-ray probe pulse in the pump-probe scheme and complements time-
resolved optical spectroscopy.

2. Time-resolved X-ray diffraction is classified into time-resolved X-ray crystallography and
time-resolved X-ray liquidography depending on the sample phase (single solid crystal
versus liquid solution).

3. The temporal resolution of time-resolved X-ray diffraction is dictated by the tempo-
ral duration of X-ray pulses. X-ray pulses of 100-ps duration are generated from syn-
chrotrons, whereas femtosecond X-ray pulses are available from recently developed X-ray
free-electron lasers.

4. Serial femtosecond crystallography performed at X-ray free-electron lasers is a major
breakthrough for time-resolved X-ray crystallography because it allows the use of small
crystals as samples, minimizes radiation damage, achieves femtosecond temporal resolu-
tion, and is applicable to irreversible reactions.

5. Time-resolved X-ray liquidography can be used to elucidate comprehensive structural
dynamics of chemical reactions and protein structural transitions in the solution phase,
including the structural changes of solute, solvent, and solvation cage. In particular, time-
resolved X-ray liquidography performed at X-ray free-electron lasers can probe ultrafast
processes with femtosecond temporal resolution.
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