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ABSTRACT

The structure of a protein is closely related to its biological function. In this regard, structural changes, as well as static structures, have been
scrutinized as essential elements in understanding and controlling the function of a protein. In particular, the structural change in the
solution phase needs to be elucidated to properly understand protein functions under physiological conditions. Time-resolved x-ray liquidog-
raphy (TRXL), also known as time-resolved x-ray solution scattering, has attracted attention as a powerful experimental method for studying
the structural dynamics of proteins in the solution phase. Initially, TRXL was used to study the structural dynamics of small molecules in the
solution phase, and later, its application was extended to probe the structural changes in proteins. Via TRXL, structural changes ranging
from large quaternary movements to subtle rearrangements of the tertiary structures have been successfully elucidated. In this review, we
introduce various studies using TRXL to investigate the structural dynamics of proteins. These include early TRXL studies on model systems,
those on photoreceptor proteins, and recent studies using stimuli beyond the direct photoexcitation of proteins.
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protein’s function. For example, since the substrate binding of a pro-
tein is closely related to the protein structure, researchers often explain
the substrate-binding properties based on protein structures. This
approach is effective in designing drugs that control the function of a
protein.'* While determining a static protein structure is often satis-
factory in this regard, in reality, a protein is not confined to static con-
formations. Instead, the proteins in action usually undergo structural
changes while performing functions in vivo. Protein structural dynam-
ics, how proteins perform their functions through structural changes,
have an inseparable relationship with the functions of proteins.

One of the experimental methods developed for studying protein
structural dynamics is time-resolved x-ray liquidography (TRXL)." '
Initially, this method, also known as time-resolved x-ray solution scat-
tering (TRXSS), was used to study the structural dynamics of small
molecules in the liquid solution phase. For example, TRXL allowed for
the reaction pathways and the molecular structures of reaction inter-
mediates for the photodissociation of various haloalkanes,'' ** metal
halides,”” ** and halogen or halide molecules” ™ to be successfully
revealed. Since the first case of its application to protein systems was
reported in 2008,”” TRXL has been actively used for structural dynam-
ics studies on proteins as well as on small molecules. In a TRXL exper-
iment, the reaction of a target sample is initiated using a pump pulse,
and an x-ray pulse is delivered to the sample after a specific time delay
relative to the pump pulse to obtain an x-ray scattering signal.*> As
the x-ray scattering phenomenon is closely related to the structure of a
molecule, analyzing the changes in the x-ray scattering signal can
reveal how the structure of a protein changes with time.” TRXL has
several advantages over other techniques, such as time-resolved x-ray
crystallography (TRXC),”"” which allows for extracting the structural
dynamics of proteins. TRXC is a method for investigating the struc-
tural dynamics of molecules by employing x-ray crystallography and
has the advantage of visualizing the structural changes in molecules in
crystals with an atomic spatial resolution.”" " However, many biologi-
cal reactions occur in the liquid solution phase rather than in the crys-
talline phase. Several studies have reported that the structural changes
that occur in the crystalline phase may differ from those in the solution
phase.”* *” As TRXL uses a solution as a sample, it has the advantage
of observing the structural changes in the solution phase, which better
presents the physiological conditions in which many biological reac-
tions occur. In the case of time-resolved optical spectroscopy, which is
widely used to study reaction dynamics,’” " its signal is not a direct
function of the molecular structure, although the signal can be influ-
enced by the molecular structure. In general, an optical spectroscopic
signal is dominantly governed by the electronic state of a molecule
rather than the molecular structure. Accordingly, the time-resolved
optical spectroscopic signal offers information on the temporal changes
in populations in electronic states. Additional theoretical calculations
such as time-dependent density functional theory (TDDFT) and DFT
calculations are required to infer the molecular structures correspond-
ing to the electronic states. Such theoretical calculations are often com-
putationally demanding or inaccurate, especially for large molecules
such as proteins. On the contrary, because the signal of TRXL is a
direct function of the structure of a molecule, the structure of the mole-
cule can be more conveniently obtained from the TRXL signal.

Due to these advantages, TRXL has been widely used to study the
structural dynamics of proteins in the solution phase (Fig. 1). In this
review, we discuss how TRXL has been developed and applied to
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FIG. 1. A diagram depicting all of the proteins covered in this review in terms of time
resolution and protein size. Each color indicates the methods used for triggering the
reaction (red: photoexcitation, blue: T-jump, magenta: pH jump, green: electron trans-
fer, and purple: photocaged molecule). The proteins covered in this review are speci-
fied by the shapes of the symbols. The abbreviations used in this figure are as
follows: Hbl: homodimeric hemoglobin, PYP: photoactive yellow protein, RC: photo-
synthetic reaction center, LOV: light-oxygen-voltage domain, PGA: poly-L-glutamic
acid, SERCA: sarcofendoplasmic reticulum Ca®* ATPase, and AdK: adenylate
kinase. Four semitransparent crystal structures represent one of the proteins in each
sector in terms of protein size and time resolution (from left to right, green: cyt-c, red:
Mb, purple: bacteriorhodopsin (bR), one of the retinylidene proteins, and blue: phyto-
chrome). The earliest positive time delay of the experiment was considered as the
time resolution of the experiment unless the time resolution was explicitly specified.

protein systems by introducing various studies that reveal the struc-
tural dynamics of proteins in the solution phase using TRXL. First, in
Sec. IV, we introduce studies using photoexcitation as the means to
initiate a reaction, which was extensively used in the early days of
TRXL. Section IV is divided into Subsections IV A and IV B: Sec. IV A
is the TRXL studies on model systems such as hemoglobin (Hb) and
myoglobin (Mb), and Sec. IV B is those on proteins that are naturally
photoactive under physiological conditions, such as phytochromes. In
Sec. V, recent TRXL studies with various reaction triggers beyond pho-
toexcitation are discussed. This section is divided into four subsections
according to the reaction trigger: Sec. V' A temperature jump (T-jump)
of insulin, Sec. V B pH jump of poly-L-glutamic acid (PGA), Sec. V C
electron transfer and pH jump of cytochrome c (cyt-c), and Sec. VD
studies using photocaged molecules on adenosine 5'-triphosphate
(ATP)-binding proteins, such as the nucleotide-binding domain
(NBD) from a bacterial lipid flippase.

Il. EXPERIMENTAL SCHEME OF TRXL

In TRXL, a pump-probe scheme is combined with x-ray scatter-
ing to investigate the structural changes of molecules as a function of
time. In a typical pump-probe scheme, the reaction of the target sys-
tem is initiated using a pump pulse such as an optical laser pulse, and
the change that occurs during the reaction is tracked using a probe
pulse, which is often another optical laser pulse. The pump-probe
scheme has been widely used in the studies of reaction dynamics
because it can reveal the real-time reaction progress of the target sys-
tem by controlling the time interval (the time delay) between the
pump and probe pulses. In TRXL, an x-ray pulse is used as the probe,
and the x-ray scattering signals of the target system (sample) are mea-
sured at various time delays using a 2D area detector [Fig. 2(a)].
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FIG. 2. (a) Experimental schematic for TRXL on proteins. A reaction is initiated by a pump pulse, which is typically an optical laser pulse. Afterward, an x-ray pulse, the probe,
interrogates the structural change of a protein molecule accompanied by the reaction. The optical laser and x-ray pulses have an orthogonal geometry in a typical protein
TRXL experiment at a synchrotron, whereas they have a collinear geometry in a typical protein TRXL experiment at an XFEL. The scattered x-ray signal is collected on an
area detector. (b) Schematics for sealed capillary and flow cell systems, which are representative methods for protein sample delivery for TRXL. In the method using a sealed
capillary, the protein sample is loaded in a sealed capillary. For the method using a flow cell, the sample is flowed through a capillary back and forth between reservoirs using
a mechanical pump. (c) Schematic for the generation of a difference x-ray scattering curve. The x-ray scattering signal collected at a reference time delay (for example,
—10 us) is subtracted from the x-ray scattering signal collected at a positive time delay to generate a difference x-ray scattering signal. The difference x-ray scattering signal

contains information about the structural change during the reaction.

Typically, the x-ray and laser have an orthogonal geometry when a
protein TRXL experiment is performed at a synchrotron, whereas they
have a collinear geometry for a protein TRXL experiment at an x-ray
free-electron laser (XFEL). For the delivery of protein samples for a
TRXL experiment, a protein sample sealed in a thin capillary is typi-
cally used [Fig. 2(b)]. This method, which allows an experiment to be
performed with a small amount of sample, is often used for a protein
with a reversible photocycle. Still, it has the disadvantage of being vul-
nerable to the accumulation of damage due to x-rays and optical pho-
tons. In addition, such an approach is difficult to be used when a
target reaction has a long recovery time or is irreversible. Such prob-
lems can be remedied by repeatedly moving a capillary during the
measurement to change the position exposed to the pump and probe

pulses. An alternative method to solve this problem is to use a flow
cell [Fig. 2(b)]. In the method using a flow cell, the protein sample
circulates back and forth through a capillary via a mechanical
pump. In a method using a flow cell, a larger amount of a protein
sample can be used compared to the sealed capillary, which can
reduce the damaged fraction in the whole sample. The back-and-
forth flow of the sample can facilitate the dissipation of the dam-
aged portion throughout the whole sample, which reduces the
accumulation of the damaged sample in a specific position of a
capillary. In addition, as a back-and-forth flow cycle gives ample
time to allow the photoexcited molecules to be recovered to the
ground state, a flow cell can be applied to a system with a long
recovery time. A protein sample in a flow cell can often be flowed
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one way rather than in a back-and-forth manner, and the sample
exposed to a pair of pump and probe pulses is then discarded. In
this way, a method using a flow cell is applicable to a system with an
irreversible reaction. After measuring x-ray scattering images, differ-
ence x-ray scattering signals are obtained by subtracting the refer-
ence x-ray scattering signal from the x-ray scattering signals
collected at various time delays [Fig. 2(c)]. The x-ray scattering signal
measured before the reaction trigger or the x-ray scattering
signal measured without the reaction trigger is used as the reference
x-ray scattering signal. Since the x-ray scattering signal contains direct
information on the structure of the molecule, the difference x-ray scat-
tering signals contain information on how the structure of a molecule
has changed compared to that before the initiation of the reaction. In
general, as molecules in the solution phase have random orientations,
the 2D scattering signal of the solution sample obtained using a 2D
area detector has isotropic features. Based on these characteristics, the
2D scattering signal is averaged along the azimuthal angle to yield a
1D scattering curve, which is then used for analysis."”” On the other
hand, under certain circumstances, the angular distribution of mole-
cules can be anisotropic. For example, when molecules are excited
by a linearly polarized laser pulse, the excitation probability increases
as the angle between the laser polarization and the transition dipole
decreases. Accordingly, the orientational distribution of the excited
molecules becomes transiently anisotropic. In this case, the 2D scat-
tering signal and the 2D difference scattering signal exhibit aniso-
tropic characteristics, and the angular anisotropy can be analyzed
using the anisotropy of the difference x-ray scattering signal.”*” "
In most TRXL studies, optical laser pulses were used to initiate
the reaction. In this method, the chromophore of a protein is photoex-
cited by an optical laser pulse, and the subsequent structural change of
the protein is investigated [Fig. 3(a)]. One of the advantages of using
optical pulses as the pump is that a high time resolution can be

(a) Photoexcitation

Protein

(c) pH jump, photocaged molecules (ATP)

H+, — + H+’ +
ATP ATP

(d) Electron transfer

Cage

REVIEW scitation.org/journal/cpr

achieved thanks to the availability of temporally short optical laser
pulses. At synchrotrons,” ** the x-ray pulse width is ~100 ps or tens
of picoseconds, which is longer than that of a femtosecond laser pulse
and, accordingly, limits the time resolution. As a shorter x-ray pulse
width became available thanks to the advent of XFELs,” *” a time res-
olution better than a subpicosecond is now accessible. Such excellent
temporal resolutions were exploited to reveal changes in the structures
of molecules that could not be previously observed with synchrotron-
based TRXL due to their occurrence on faster time scales.” Because of
this advantage in terms of time resolution, early TRXL studies mainly
used reaction initiation using optical laser pulses.

Despite successful studies, the reaction initiation scheme using an
optical laser pulse limits the range of applicable proteins. The biologi-
cal functions of many proteins in physiological conditions are trig-
gered by stimuli other than light. For example, protein unfolding is
often triggered by external stimuli such as temperature changes or the
addition of denaturants. In addition, enzymatic activity, a typical bio-
logical function of a protein, can be activated by binding to a substrate.
Recently, various methods of initiating a reaction beyond photoexcita-
tion have been combined with TRXL, opening the possibility of
exploring the structural dynamics of nonphotoactive proteins with
TRXL. Representative examples include (i) a T-jump method
[Fig. 3(b)] to study structural dynamics triggered by temperature
changes, (ii) the release of protons or caged molecules upon photoexci-
tation [Fig. 3(c)] to investigate the reactions initiated via protonation
or substrate binding, and (iii) electron transfer from a photosensitizer
[Fig. 3(d)] to explore the reaction triggered by the change of an oxida-
tion state. In these methods, the optical laser pulse does not directly
excite the protein but other molecules to induce changes in chemical
and physical environments such as temperature, pH, and the elec-
tronic state of a metal ion in a protein or to release substrate molecules
that can bind the protein molecule.

® 9
0.
Protein

e

FIG. 3. Schematic of various schemes to
initiate a reaction. Reactions of a protein
sample can be initiated by various triggers.
(a) Direct photoexcitation: If a protein can
absorb light, a photoreaction can be initi-
ated by sending photons, which are com-
monly delivered in the form of an optical
pulse from a pulsed laser system, to the
protein. (b) Temperature jump (T-jump): an
; increase in the temperature, which is typi-
Protein cally achieved by photoexcitation of the
ﬁ' H*, vibrational modes of the solvent molecules
ATP by a laser pulse with a wavelength in the
G infrared (IR) region. (c) pH jump or release
of photocaged molecules: binding with pro-
tons or molecules, which are dissociated
from their cages upon photoexcitation. (d)
Electron transfer from a photoexcited pho-
tosensitizer: a change in the oxidation state
of a protein via the electron transfer from
the photosensitizer.
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I1l. DATA ANALYSIS TO EXTRACT THE KINETICS AND
STRUCTURAL DYNAMICS

The x-ray scattering intensity from a protein molecule in the
solution phase can be described as a function of the magnitude of the
momentum transfer vector (q) as follows:

S(q) = |45(q) — poA(q) + ApAu(q)|, 1

where S(q) is the x-ray scattering intensity, A,(q) is the scattering
amplitude of a protein in a vacuum, p, is the electron density of the
excluded volume, A(q) is the scattering amplitude of the excluded vol-
ume with unitary density, Ap is the electron density contrast of the
border layer around the protein (for example, the hydration shell) to
po> and Ap(q) is a scattering amplitude of the border layer with unitary
density. A(q), as well as other terms such as A.(q), contributing to the
x-ray scattering intensity, is largely affected by the structure of a pro-
tein. For example, A,(q) can be described as a function of the positions
(r;) and form factors [f(q)] of the atoms constituting a protein:

Aplq) =Y _fi(a)exp (~iq 1)), @)
J

As seen in this equation, the x-ray scattering intensity is closely
related to the protein structure, and the structural information can be
obtained from the x-ray scattering intensity. Distributed programs,
such as CRYSOL and FoXS, or inhouse programs are used for the cal-
culation of the x-ray scattering intensity.”””’ AS(g,), which is the dif-
ference between the x-ray scattering intensity at a time delay (f) and
that at a reference time delay (f,.s), can be expressed as follows:

As(q7 t) = S(% t) - S(% tref)~ (3)

The TRXL data obtained from experiments are analyzed via
kinetic analysis and structure refinement. One of the representative
methods used for the kinetic analysis of the TRXL data is the method
aided by singular value decomposition (SVD) and kinetic model-
ing.”>*””" In this method, SVD is used to decompose the TRXL data
into left singular vectors (ISVs), right singular vectors (rSVs), and sin-
gular values. LSVs, rSVs, and singular values correspond to time-
independent scattering signals, the time profiles of ISVs, and the con-
tributions of each singular vector to the data, respectively. Two types
of information can be obtained through an SVD analysis: One is the
minimum number of distinguishable reaction intermediates, which is
determined from the number of singular vectors that predominantly
contribute to the data. The other is the time constants for the transi-
tion between the reaction intermediates, which are obtained via the
kinetic fitting of the rSVs. Based on the information on the number of
reaction intermediates and time constants for the transition, candidate
kinetic models compatible with this information can be generated.
Then, for each kinetic model, the reconstructed TRXL data are
obtained using the concentrations and species-associated difference
scattering curves (SADSs) of the reaction intermediates. The SADSs
are optimized to minimize the disagreement between the recon-
structed TRXL data and the experimental TRXL data. Typically, the
discrepancy can be expressed as follows:

2
Asex isti) — ASrecon i bj
oY < » (404) (4 J>> W

ij U(qiv tj)

scitation.org/journal/cpr

where AS..,(g5tj) and AS.econ(qit;), respectively, are the x-ray scatter-
ing intensities of the experimental data and the reconstructed data at
gi and t;, and o(q;t) is the standard error of the mean at g; and ¢
Among the plausible kinetic models, the kinetic model whose recon-
structed data show the best agreement with the experimental data is
selected as the optimal kinetic model, and the concentration profiles
and SADSs of the intermediates obtained based on the optimal kinetic
model are used for further analysis. When the number of intermedi-
ates and time constants participating in the reaction is large, the num-
ber of candidate kinetic models compatible with the SVD results
increases as well. Accordingly, it becomes difficult to determine an
optimal kinetic model. We developed variable time range SVD (VT-
SVD) and SVD-aided pseudo principal component analysis (SAPPA)
to solve this problem.” In VT-SVD, SVD is performed on the experi-
mental data of several, limited time ranges rather than the entire time
range. Because kinetic models not consistent with the VT-SVD results
can be ruled out for further analysis, the number of possible kinetic
models can be substantially reduced. In SAPPA, the experimental data
in the time segments where rSVs are stationary are searched so that
they can be used as bases to decompose the experimental data. Then,
the experimental data at each time delay are fitted using a linear com-
bination of the bases to generate the time profiles of the bases. If the
number of time domains where rSVs are stationary is the same as the
number of reaction intermediates, the bases and time profiles obtained
from SAPPA can be regarded as the SADSs and time profiles of the
reaction intermediates, respectively. In this way, SAPPA allows a
kinetic analysis to be performed without determining the optimal
kinetic model. Since the SADSs obtained from the kinetic analysis
have information on the structures of the reaction intermediates,
structure refinement is performed on the SADSs to elucidate the struc-
tures of the reaction intermediates.

The structural information in the real space can be obtained by
the Fourier transform of the x-ray scattering or diffraction signal
observed in the g space (reciprocal space), as the real space and the g
space have a reciprocal relationship. For example, molecules in a crys-
tal have a periodic arrangement, and the x-ray diffraction signal from
a single crystal has spot-like features. In a crystallographic analysis, dif-
fraction spots are indexed with a set of Miller indices (h, k, and 1) in
the reciprocal space, and a 3D molecular structure in the real space
can be directly obtained through the Fourier transform of the ampli-
tudes of the structure factors of the diffraction spots if phase informa-
tion is given. In contrast, molecules in solution typically have random
arrangements leading to a diffuse isotropic x-ray scattering signal. For
such x-ray scattering signals, only 1D structural information, the dis-
tances between the atoms constituting the system, can be obtained. In
this regard, it is challenging to obtain a 3D molecular structure directly
from the x-ray scattering data due to the insufficient number of experi-
mental observables. To obtain a 3D molecular structure from 1D
structural information, structural modeling is required. For TRXL, two
modeling methods, one using dummy atoms and the other based on a
reported high-resolution protein structure, are widely used for such a
purpose. Typically, the former and the latter are used to analyze small-
angle x-ray scattering (SAXS) and wide-angle x-ray scattering
(WAXS) data, respectively.”

From the analysis of the SAXS region, the overall protein size or
low-resolution structure can be obtained, as the data of the SAXS
region contain information on the global structure of the protein.
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A low-resolution structure is generally obtained as follows: First, the
species-associated static scattering curve (SAC) representing the x-ray
scattering curve of a reaction intermediate is constructed by adding
the x-ray scattering curve of the ground state to the SADS considering
the quantum yield of the reaction. Then, the pair distribution function
of a reaction intermediate is calculated by the sine Fourier transform
of the SAXS region of the SAC. Such a process is typically performed
using GNOM software.”” Finally, the ab initio structure is recon-
structed using the pair distribution function and SAC. In ab initio
structure reconstruction, the structure of a protein is regarded as being
made of bead-shaped dummy atoms, and structure reconstruction is
performed by optimizing the structure to describe the pair distribution
function and SAC. Ab initio structure reconstruction can be per-
formed via DAMMIN software.”* Although this approach provides a
low-resolution structure, it has the advantage of reconstructing the
protein structure without detailed prior knowledge of the protein
structure.

The analysis of the WAXS region can offer information on rela-
tively detailed structural change, including the movements of the ter-
tiary structures, such as the o helices and f sheets. To obtain such
information, a high-resolution template structure, such as a crystal
structure, is used as a starting template structure for the analysis. Trial
structures are generated from the template structure through various
methods. For example, trial structures can be generated from snap-
shots of molecular dynamics (MD) simulation results on the template
structure. In addition to generating various snapshots, MD simulations
aid in retrieving plausible 3D structures from the limited structural
information encrypted in x-ray scattering data by constraining the
search space to physically allowed structures. Among the trial struc-
tures, those of which the theoretical difference scattering curves have
good agreement with the SADS are selected as the structures of a reac-
tion intermediate. Typically, the disagreement between the theoretical
difference scattering curve and SADS can be expressed as follows:

2 ASsaps (i) — cAStneo(q1)\”
£ Z( a(qi) ) ' ®

where ASe,(9;) and ASy,eo(q;) are the x-ray scattering intensities of
the SADS and theoretical difference scattering curve at g;, respectively,
a(g;) is the standard error of the mean at g;, and ¢ is the scaling factor
between the SADS and theoretical difference scattering curve. The
scaling factor, ¢, is closely related to the concentration of the reaction
intermediate (or photoreaction yield) of the sample. One way to esti-
mate the scaling factor is to use the information obtained from spec-
troscopic measurements. Although this analysis method for TRXL
requires a 3D molecular structure of the protein as prior knowledge, it
has a great advantage in that it can refine even detailed structural
changes, such as the movement of the o helices. In some studies, to
facilitate the structure refinement process, modified MD simulations
with additional information rather than conventional MD simulations
were used to generate the trial structures. For example, a potential
energy term corresponding to the discrepancy of the theoretical differ-
ence scattering curve and a SADS is added to the conventional MD
simulation.”” Through this, MD simulations can be performed more
efficiently by guiding the simulations to obtain snapshots that exhibit
better agreement with the SADS. As the number of reported crystal
structures and the accuracy of MD simulations increase, this structure
refinement method has further room for improvement.

REVIEW scitation.org/journal/cpr

IV. TRXL STUDIES USING PHOTOEXCITATION
A. Heme proteins
1. Hemoglobin

Hemoglobin (Hb) is a heme protein with a heme group as the
cofactor. The heme group of Hb can bind small gaseous molecules
such as dioxygen and carbon monoxide, and Hb is involved in the
transportation of gaseous molecules. Hb forms a tetrameric structure
composed of four subunits, and the ligand-binding affinity of each
subunit is regulated by the ligand-binding state of the other subunits,
which is called allosteric regulation.%’q8 For example, Hb exhibits
cooperative ligand binding, in which the ligand-binding affinity of a
subunit increases as other subunits become ligated. Hb has a ligand-
bound R state with high ligand-binding affinity and a ligand-unbound
T state with low ligand-binding affinity, and the two states have differ-
ent structures [Fig. 4(a)]. Since gaseous molecules bound to the heme
group of Hb undergo dissociation from the heme group upon photo-
excitation, the transition from the R state to the T state (R-T transition)
of Hb can be easily induced via photoexcitation.”’ Because of these
properties, Hb has been investigated extensively as a model system to
study the dynamics of the allosteric regulation of proteins.'” "%
Indeed, Hb is one of the first proteins to which TRXL was applied, and
the structural dynamics of Hb in solution during the R-T transition
were studied with TRXL.™'% !

In the first TRXL study on Hb, an optical pulse with a temporal
width of ~150ns was used, and the TRXL data were collected for a
time range from 200 ns to ~10 ms. A kinetic model with two interme-
diate states can explain the data [Fig. 4(b)].”” The first intermediate
state is assigned to the R-like state with some tertiary structural
changes but without noticeable quaternary structural changes. The R-
like state transforms into the second intermediate (T-like state), which
was assigned to a fully deoxygenated state, accompanying both tertiary
and quaternary structural changes. Such a transformation corresponds
to the R-T transition, and its timescale is ~1-3 ps. A similar time con-
stant (2 ps) for the R-T transition was also reported in a later TRXL
study on Hb, in which the data were measured with a narrower time
interval.'”” The results of the TRXL studies clarified the timescale for
the quaternary structural change upon the R-T transition. In fact,
there was a discrepancy in the time constants for the R-T transition
obtained from the spectroscopic studies. For example, in some
studies, *>'""'** it was suggested that the quaternary structural change
upon the R-T transition occurs with a time constant of ~20 us, but in
later studies using time-resolved Raman spectroscopy and time-
resolved magnetic circular dichroism (CD),'*>'""'% it was argued that
the quaternary structural change upon the R-T transition begins to
occur with a faster time constant of microseconds or less. Via TRXL, it
was confirmed that the quaternary structural change upon the R-T
transition occurs with a time constant of ~2 us by identifying the
global structural change, which is not easy to clarify with the spectro-
scopic methods. In addition to the kinetics, the conformation of Hb in
solution was revealed through a structural analysis of the TRXL data.
In particular, the conformation of the R state of Hb in the solution
phase was determined from the analysis. While only one crystal struc-
ture was reported for the T state, multiple crystal structures, including
R and R2, were reported for the R state depending on the crystalliza-
tion conditions.'>'"” The structure of the R state in the solution phase
was unveiled by using the theoretical difference scattering curves that
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FIG. 4. (a) Representative structure of Hb in its carboxy and deoxy states. Two o
subunits are shown in orange, and two /3 subunits are shown in blue. (b) Time pro-
files for the populations of the R-like and T-like states obtained from the kinetic
analysis of the TRXL data from Hb. (c) Experimental difference scattering curves
(black) at 200 ns and 100 us superimposed by the theoretical difference scattering
curves (red) calculated for the structural changes of Hb. For the difference scatter-
ing curve at 100 us, the theoretical difference scattering curve was calculated by
subtracting the x-ray scattering intensity calculated with the crystal structure of R2
from that with the crystal structure of the T state. For explaining the difference scat-
tering curve at 200 ns, the crystal structure of R2 was used for the carboxy R state,
and the R2 structure was modified assuming the clamshell motion for the R-like
state generated upon photoinduced CO dissociation. The theoretical difference
scattering curve was generated by subtracting the x-ray scattering intensity of R2
from that of the modified structure.

were calculated using these crystal structures. The theoretical differ-
ence scattering curves were generated by using either R or R2 as the
carboxy structure before photoexcitation and the crystal structure of
the T state as the structure of the T-like state identified by TRXL.
Between two theoretical difference scattering curves, the curve calcu-
lated using R2 for the carboxy R state in the solution phase shows
better agreement with the experimental difference scattering curve at
100 us [Fig. 4(c)], which can represent the difference scattering curve

REVIEW scitation.org/journal/cpr

of the T-like state generated by photoexcitation. Based on this result, it
was suggested that the carboxy state of Hb in the solution phase has a
structure similar to that of R2. The structure analysis of the R-like state
generated by photoinduced CO dissociation was performed using the
difference scattering curve at 200 ns. Considering the clamshell motion
of the E and F helices upon the R-T transition proposed in previous
studies,''*'"” the crystal structure of R2 was modified to mimic the
clamshell motion in the R-like state. Then, a theoretical difference scat-
tering curve was generated by subtracting the x-ray scattering intensity
of R2 from that of the modified structure. The theoretical difference
scattering curve qualitatively agreed with the target experimental differ-
ence scattering curve at 200 ns [Fig. 4(c)]. This result implies that the
clamshell motion occurs during the transition to the R-like state.

Later, a TRXL study for a wider time domain was performed on
wild-type (WT) Hb and mutant Hb (HbYQ) using a shorter optical
laser pulse with a temporal width of 3ns.""” In HbYQ, two residues
near the distal heme pocket of each subunit were mutated [H(E7)Q
and L(B10)Y]. As with WT, this mutant has cooperative ligand bind-
ing, but geminate recombination is suppressed.'*''” The TRXL data
from HbYQ are similar to those of WT Hb, although the amplitude of
the difference scattering curve at 100 us at which the T-like form is
generated is larger for HbYQ. It was interpreted that a larger fraction
can undergo the R-T transition for HbYQ because the geminate
recombination has hardly occurred in HbYQ. The kinetics showed a
difference between WT Hb and HbYQ. For kinetic analysis of WT Hb
and HbYQ, the Monod-Wyman-Changeux (MWC) model, fre-
quently used for kinetic analyses of allosteric regulation, was used.”’
The kinetics of both WT Hb and HbYQ were well-described through
the MWC model, suggesting the generality of the MWC model. The
kinetic analysis was performed on the TRXL data at time delays longer
than 250 ns, to which a simplified model could be applied, as the gemi-
nate recombination and changes in the tertiary structure are com-
pleted in this time domain. This MWC kinetic model was used to
calculate the time profiles of the populations of R-like and T-like
states. Then, several parameters of the MWC kinetic model, such as
the time constant for the R-T transition, were optimized by fitting the
experimental data with the theoretical data based on the MWC kinetic
model. As a result, the optimized time profiles of the populations and
SADSs were obtained [Figs. 5(a) and 5(b)]. The rate for the R-T tran-
sition of HbYQ is ~10 times slower than that of WT Hb. It was sug-
gested that even the mutations of the residues nearby the heme pocket
may interfere with the movements of the residues in the subunit inter-
face, whose movements are the largest during the quaternary struc-
tural change upon the R-T transition, via the change in the interaction
between the residues. Such limited movements of the residues in the
interface could slow down the R-T transition.

2. Myoglobin

Myoglobin (Mb), as with Hb, is involved in the transport and
storage of gaseous molecules using a heme group, and its ligand disso-
ciation can be easily induced through photoexcitation. In contrast to
Hb, Mb has a much simpler, monomeric structure. Because of these
properties, Mb has been widely studied as a model system for studying
the structural dynamics of proteins.”'**''%"'** The structural dynam-
ics of Mb have also been studied using TRXL, including studies on Mb
from sperm whale (swMb)™>**”"'** and Mb from horse heart
(hhMb).Th,]ZS—IZS
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FIG. 5. (Top) SADSs and (bottom) time profiles of the populations of intermediates obtained from the kinetic analysis of the TRXL data from (a) WT Hb (HbA) and (b) HbYQ.
The SADSs and the populations obtained from the kinetic model for the R-like and T-like states are shown in solid and dashed lines, respectively. The optimal populations for
the R-like and T-like states, obtained by fitting the experimental data using the linear combination of the SADSs, are shown with circles and squares, respectively. Reproduced
with permission from Levantino et al., Proc. Natl. Acad. Sci. U. S. A. 109, 14894 (2012). Copyright 2012 National Academy of Science.

In an early TRXL study on swMb,'** the structural dynamics of
Mb were studied using data ranging from 100 ps to 10 ms. Although
Mb shows only a small change in its tertiary structure, the difference
scattering curves obtained in the TRXL experiment show noticeable
features. Based on the analysis of the SAXS region of the TRXL data, it
was suggested that the expansion of Mb occurs after photoexcitation,
followed by contraction. In addition, the relaxation of the tertiary
structure was identified through the change in the signal in the WAXS
region, although the detailed information on the change in the 3D pro-
tein structure was not clarified. The kinetic analysis was performed
using a kinetic model with two-step relaxation of the tertiary structure
of Mb, followed by the escaping of the CO ligand from the protein or
recombination with the CO ligand. On the contrary, in another TRXL
study, a different kinetic model was suggested through a kinetic analy-
sis using SVD.”’

This TRXL study on swMb revealed the existence of two substates
of proteins and their effects on structural dynamics. A protein in a spe-
cific conformational state can have multiple conformational substates,
which can affect the biological function of the protein. Such conforma-
tional substates of Mb were investigated using TRXL. For example, it
had been reported that the carboxy state (A state), as well as the state
formed rapidly upon the ligand dissociation (B state), has multiple
conformational substates depending on the conformation of the distal
histidine residue and the orientation of the CO ligand."””"*" Via
TRXL, it was possible to confirm how conformational substates affect
the global structural change of the protein. The kinetic analysis aided
by SVD on the TRXL data in the time domain from 100 ps to 10 ms
showed that the four reaction intermediates (B, C, D, and S states)

are involved in the reaction before Mb returns to the carboxy state
[Fig. 6(a)]. The B-to-C state transition has a biphasic feature with time
constants of 460 ps and 3.6 ns, which had not been reported in spectro-
scopic studies. Such a biphasic transition was explained by the confor-
mational substates of the B state. In particular, the interaction between
the CO molecule and the adjacent His residue is different for each con-
formational substate of the B state, inducing different kinetics for the
transition to the C state.

A biphasic B-to-C state transition in hhMb, which is similar to
that of swMb, was revealed via TRXL as well. In an early TRXL study
performed at a synchrotron, it was observed that the B-to-C state tran-
sition occurs with a time constant of hundreds of picoseconds.'”” In a
subsequent TRXL study on hhMb, using time slicing to improve the
time resolution, an additional sub-100 ps time constant was identified
for the B-to-C state transition.'”® Via the time slicing technique, the
time resolution of the TRXL data collected at a synchrotron (typically
~100 ps) was improved by the deconvolution of the TRXL data using
the known temporal width of an x-ray pulse. As a result of a kinetic
analysis of the TRXL data from hhMb ranging to 160 ps, two reaction
intermediates, which were assigned to the B and C states, were identi-
fied. In addition, it was confirmed that the B-to-C state transition
occurs with a time constant of 70 ps [Fig. 6(b)], which was not
observed in the previous TRXL study. These results, combined with
those obtained from the earlier TRXL study, indicate that the transi-
tion from the B state to the C state of hhMb also occurs biphasically.

The structural dynamics of Mb were elucidated in terms of not
only kinetics but also detailed structures. For swMb, the structure of a
reaction intermediate was visualized using structure refinement on the

Chem. Phys. Rev. 3, 041304 (2022); doi: 10.1063/5.0101155
© Author(s) 2022

3, 041304-8


https://scitation.org/journal/cpr

Chemical Physics Reviews REVIEW

—_
(2)
~

(a)
% v
1000

scitation.org/journal/cpr

= Experiment
MD_ -2g0r

10ns

A <100 ps s
R o
230 mM-!s’! - od
8
S B <
460 ps & 1000
(46 %) 3.6ns &
1.4 ps (54%) O
-2000
T iy o5
(b) (d)
1.5
&
= 1.0
5 0.5
o g O
_E e 0.0
E;_ < -05
<o o o g -1.0
1% column vector of V", 3
-1.5
1% column vector of V7, ® Iy, -2

2120 80 -40 0 40 80 120 160
Time (ps)

FIG. 6. (a) Schematic for the kinetics upon the photoreaction of swMb obtained from a TRXL experiment. Reproduced with permission from Oang et al., J. Phys. Chem. Lett.
5, 804 (2014). Copyright 2014 American Chemical Society. (b) The first rSV obtained from the TRXL data from hhMb (open square) and the first rSV obtained assuming an
instantaneous response convoluted by the temporal profile of the x-ray intensity (red solid line). The instantaneous response was modeled using an exponential function with a
time constant of 70 ps. The dashed line indicates the integration of the temporal profile of the x-ray intensity over time. Reproduced with permission from Oang et al., Chem.
Phys. 442, 137 (2014). Copyright 2014 Elsevier B. V. (c) (Left) Experimental difference scattering curve at 10 ns obtained from a TRXL experiment on swMb (black) and theo-
retical difference scattering curve obtained from the structure refinement (red). (Right) Structures of Mb before (magenta) and after (green) photoexcitation. The A and F heli-
ces, which exhibit large movements, are labeled red and blue, respectively. Reproduced with permission from Ahn et al., J. Phys. Chem. B 113, 13131 (2009). Copyright 2009
American Chemical Society. (d) Oscillation of the Ry of hhMb in the ultrafast time domain obtained from a fs-TRXL experiment. Adapted from Levantino et al., Nat. Commun.
6, 6772 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) License.

difference scattering curve at 10ns [Fig. 6(c)].”" Structure refinement
was performed by moving the rigid bodies, which were the helices and
heme group of the known crystal structure. The resulting structural
change upon photoexcitation is similar to the structural change from
the carboxy state to the deoxy state observed in the crystallography
study [Fig. 6(c)]. Through this structural analysis, it was confirmed
that the clamshell motion of the E and F helices reported in the crystal-
lography study also occurs during the photoreaction of Mb in the solu-
tion phase. On the other hand, the movement of the A helix shows a
larger structural change than that in the crystal. It was suggested that
the movement of the A helix is possibly limited by the crystal contacts
within the crystal lattice. The structural change revealed through
TRXL agrees with the results of a time-resolved Raman spectroscopy
study that suggested the movement of the A and E helices upon
photoexcitation.”!

After the development of XFELs, the ultrafast structural dynam-
ics of Mb, which are inaccessible via synchrotron-based studies, were
explored using femtosecond TRXL (fs-TRXL) at an XFEL."” In this
study, the ultrafast global structural change of Mb was revealed by
applying the Guinier analysis to the SAXS region of the TRXL data
with a time resolution better than 1 ps. The ultrafast change of the

radius of gyration (R,) was observed within 1 ps after photoexcitation
[Fig. 6(d)]. A similar ultrafast change of the R, of Mb was reported by
another fs-TRXL study where SAXS data were used for the structural
analysis."”* In addition, the R, and volume exhibited an underdamped
oscillatory feature. It was suggested that such underdamped oscillation
is attributed to the synchronized motion of Mb by photoexcitation,
not the ensemble-averaged behavior of the typical thermal process of
molecules. However, a theoretical study argued that the underdamped
oscillation of the Ry and volume of Mb originated from the change in
the hydration shell rather than the motion of the protein because the
SAXS region used for the analysis was affected not only by the protein
motion but also by the changes in the hydration shell."”* Indeed,
another TRXL study showed that when the WAXS region of the
TRXL data is analyzed, the underdamped oscillatory motion is not
observed."*”

3. Homodimeric hemoglobin

Homodimeric hemoglobin (HbI) is a heme protein with a homo-
dimeric structure [Fig. 7(a)].">* As with many other heme proteins,
the heme group can bind small molecules such as carbon monoxide
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FIG. 7. (a) Molecular structure of Hbl. Red spheres indicate interfacial water molecules. Phe97 residues, which were mutated for a comparative TRXL study, are shown in
blue. (b) Kinetic model for the structural dynamics of WT Hbl upon photoexcitation determined by a kinetic analysis of the TRXL data. Three reaction intermediates (14, I, and
I3) are identified from the TRXL data. (c) Structural change upon the photoexcitation of WT Hbl determined via a structural analysis of the TRXL data. The subunit rotation
(blue arrows) and heme-heme distance contraction (green arrows) are the movements relevant to the quaternary structural changes associated with the R-T transition. The
transition from I, to I3 shows a larger quaternary structural change compared to the other transitions, such as the transition from the R state to |; and that from |4 to I,, indicat-
ing that it corresponds to the R-T transition. Adapted with permission from Kim et al., J. Am. Chem. Soc. 134, 7001 (2012). Copyright 2012 American Chemical Society.

and thus transport these substances. The ligand-binding phenomenon
of HbI shares similar properties with that of Hb in terms of coopera-
tive ligand binding.'”> As with Hb, HbI has cooperative ligand bind-
ing, where the oxygenated state (R state) has a high ligand affinity, and
the deoxygenated state (T state) has a low ligand affinity,*® and the
R-T transition of HbI can be triggered by photoexcitation. Compared
to Hb, with a complicated, heterotetrameric structure, HbI has a sim-
pler structure, making HbI attractive for investigating cooperative
ligand binding. Accordingly, HbI has been investigated via time-
resolved optical spectroscopic methods and TRXC." """ &till,
the detailed structural dynamics of HbI in solution remained elusive
until TRXL was applied to HbL. In addition, TRXL experiments on
several mutants were conducted for comparative studies, from which
it was possible to unveil how the residues affect the structural dynam-
ics associated with the R-T transition of HbI.

A TRXL study on WT HbI(CO), at a synchrotron unveiled the
structural dynamics of HbI from ~100 ps to 10 ms.” It was confirmed

that HbI already shows a distinct TRXL signal at ~100 ps, indicating
that the structural change of HbI occurs within 100 ps. A kinetic anal-
ysis using SVD revealed that three reaction intermediates (I;, I, and
I5) are involved in the structural dynamics of HbI in the time range
from ~100 ps to 10 ms [Fig. 7(b)]. The first intermediate, I}, is formed
within the time resolution (~100 ps), and then I; transforms into the
second intermediate, I,, with a time constant of 3.2 ns. Via geminate
recombination, a portion of I, is recovered to the ground state, passing
through I;. The remaining fraction of I, makes a biphasic transition
(730 ns and 5.6 us) to Is. A laser fluence dependence experiment veri-
fied that the fast and slow components of the biphasic transition cor-
respond to transitions of the fully and partially photolyzed forms of
HBb], respectively. Although the time constants for the I,-to-I5 transi-
tion of the fully and partially photolyzed forms are different, the TRXL
signals for the two forms are the same. The identical TRXL signals of
the two forms indicate that the partially and fully photolyzed forms
have the same structure, confirming a cooperative structural change.
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Finally, the recovery of the ground state occurs through the bimolecu-
lar recombination of I3 and the CO molecules. A structural analysis
was performed using structure refinement aided by Monte Carlo sim-
ulations using rigid body modeling. According to the analysis results,
during the formation of I, and I,, the quaternary structural change is
not large, as the heme-heme distance slightly decreases, and the subu-
nit rotation has hardly occurred [Fig. 7(c)]. In contrast, for the forma-
tion of I5, the subunit rotates by 3.5°, and the heme-heme distance
decreases more than in I; and L,. The subunit rotation in the solution
phase is larger than that in the crystalline phase (~0.6°), which was
reported by a TRXC study."”

TRXL studies on HbI were carried out not only for WT but
also for various mutants, including F97Y, T72V, 1114F, and K30D,
which enhanced the understanding of the structural dynamics of HbI
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[Fig. 8(a)]. Phe97 is a residue near the interface [Fig. 8(a)]. It was
reported that the flipping of Phe97 occurs during the R-T transition
of Hbl, changing the orientation of the side chain from the interface-
facing conformation to the inward-facing conformation.'* It was
known that such a change affects the entry of interfacial water mole-
cules located between subunits and the ligand-binding affinity. Since
the flipping of Phe97 is absent in the F97Y mutant, the effect of Phe97
flipping on structural dynamics can be unraveled by comparing the
structural dynamics of F97Y and WT.*® According to the kinetic anal-
ysis results for the F97Y mutant, F97Y and WT have the same kinetic
framework, but the rate constants for the transitions are different.
Notably, the CO recombination rate is larger in FO7Y by ~10 times. In
addition to similar kinetic frameworks, the I; and I, of F97Y (I,"7¥
and L,"7Y) have similar SADSs to those of I, VT and LV7, respectively.
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FIG. 8. (a) Structure of WT Hbl and residues mutated for comparative TRXL studies. The residues mutated for comparative TRXL studies, such as Phe97, Thr72, lle114, and
Lys30, are shown. Asp89, which forms the salt bridge with Lys30, is also shown. Blue spheres are the interfacial water molecules. The backbone and heme groups of Hbl are
shown in translucent gray ribbon and stick representation, respectively. The carbon and oxygen atoms of carbon monoxide molecules near the heme groups are represented
with translucent gray and red spheres. (b) Changes in the quaternary structures of various mutants investigated using TRXL. (c) Schematic for the ultrafast structural dynamics

of Hbl revealed by fs-TRXL on WT Hbl. Reproduced from Lee et al., Nat. Commun.
(CC BY) License.

12, 3677 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution
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In contrast, the SADS of I;**”¥ has an opposite sign to that of I;¥", in
the SAXS region. This difference in the SAXS region was interpreted
in terms of interfacial water molecules. The number of interfacial
water molecules increases during the R-T transition in WT, whereas it
decreases in F97Y. Based on the structural analysis, it was reported
that ;7Y has a subunit rotation angle similar to LY but a smaller
change in the heme-heme distance than WT. It was suggested that the
absence of the flipping of Phe97 hinders the heme-heme distance con-
traction [Fig. 8(b)]. In addition, the long heme-heme distance of
L,™7Y, which is close to that of the R state, seems to promote bimolec-
ular CO recombination.

Thr72 is a residue participating in the hydrogen bond of interfa-
cial water [Fig. 8(a)]. A crystallographic study reported that the T72V
mutant in the deoxy state has two fewer interfacial water molecules
than WT and greater cooperativity between two subunits than that in
WT."*" A TRXL study on T72V unraveled how such a change in the
interfacial water molecules affects the structural dynamics of HbL'**
According to the kinetic analysis, T72V has the same kinetic frame-
work as WT, but the kinetic parameters show some differences. In
T72V, the rate ratio of the two kinetic components for the biphasic
I,-to-I; transition (slow component/fast component) is decreased, and
the rate of bimolecular CO recombination is accelerated. The reduced
rate ratio of the biphasic transition means that the larger cooperativity
of T72V facilitates the I,-to-I5 transition of the partially photolyzed
form, such that the difference in the transition speeds between the par-
tially and fully photolyzed forms is reduced. The SADSs of I;""*¥ and
I,"%V are similar to those of WT, indicating that the structures
of ,7#V and "%V are similar to those of I, V' and LW7, respectively.
Still, the SADS of 1572V is different from that of I;"", implying that
L7?V has a different structure from I;"". The refined structure of
I,""?V indicates that subunit rotation occurs at a similar level to that of
I3WT, but the heme-heme distance contraction is less significant than
that of LYY [Fig. 8(b)]. In addition, the distance between the E and F
helices is less increased in I;"7" than in I;V". A crystallographic study
elucidated that the distance between the E and F helices increases in
the R-T transition, which accompanies the decrease in ligand affin-
ity.”' The shorter E-F distance and accelerated bimolecular CO
recombination of 1,772V compared to LT agree with the negative cor-
relation between the E-F distance and ligand affinity observed in the
crystallographic study.

Tle114 is related to the migration of CO in HbI and located in the
channel through which the dissociated CO moves from the primary
docking site to the secondary docking site [Fig. 8(a)]. With Ile114 resi-
due mutated into a bulky Phe residue, the 1114F mutant inhibits ligand
migration.'*” In addition, it was reported that the I114F mutation hin-
ders ligand-related heme movement, and the liganded state of I114F
has a structure similar to that of the T state structure of WT."* A
TRXL study on I114F unveiled how the inhibition of ligand migration
and the changes in the liganded structure affect the structural dynam-
ics of HbL.'** The kinetic framework of I114F elucidated by TRXL
resembles that of WT, but the geminate recombination of I114F
occurs immediately in the I state, as opposed to WT, whose geminate
recombination occurs in I,. The rates of the I;-to-I, transition and
bimolecular CO recombination are decelerated, suggesting that these
processes are related to the migration of the ligand between the pri-
mary and secondary docking sites. Furthermore, the SADSs of 1114F
have smaller amplitudes than those of WT. In particular, the SADS of
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15" "*F has a similar shape to that of I;", but its amplitude is approxi-
mately 2.8 times smaller. In fact, in the intermediate structures of
I114F obtained from structure refinement, the changes in the quater-
nary structures are smaller than those of WT [Fig. 8(b)]. It was sug-
gested that the structural similarity between the liganded state of I114F
and the T state of WT accounts for the small structural change in
[114F.

The Lys30 of HbI forms a salt bridge with the Asp89 of the other
subunit, affecting the dimer formation of HbI [Fig. 8(a)].'* Since the
salt bridge is absent in the K30D mutant, a TRXL study on K30D
could unveil how the salt bridge affects the structural dynamics of
HbL.'* For a kinetic analysis of the TRXL data from K30D, a kinetic
model considering the contributions from both a dimer and a mono-
mer was used, as opposed to other studies where only the dimer was
considered. The dimer of K30D has the same kinetic framework as
that of WT, but the detailed reaction rates differ. For example, the I,-
to-I5 biphasic transition of K30D is accelerated compared to that of
WT, and the bimolecular CO recombination is slower. Furthermore,
according to the structural analysis, I;**°” has a remarkably different
structure from I;V". While I;Y" has a T-like structure, I,¥*°® has an
R-like structure, which exhibits a small root mean square deviation
(RMSD) against the crystal structure of the R state and a small quater-
nary structural change compared to the liganded state [Fig. 8(b)]. The
acceleration of the I,-to-I5 transition in K30D compared to WT was
explained through the structural changes extracted from the structural
analysis. As opposed to L,"" and I;"", which have R-like and T-like
structures, respectively, both L5 and 1,°°P have R-like structures.
Such a structural similarity between L5 and L,5*P leads to the
acceleration of the I,-I; transition in K30D. However, I,**°" has a
slower CO recombination than I;7, even though L**P has a more
similar structure to the R state with a higher ligand affinity. It was sug-
gested that this phenomenon indicates that the absence of the salt
bridge interferes with ligand binding in K30D. It was also suggested
that the salt bridge plays a critical role in the allosteric transition of
HbI and that the inhibited formation of the salt bridge in K30D can
cause a decrease in quaternary structural changes.

The TRXL studies on HbI were typically performed at synchro-
trons, and the limited time resolution did not allow for exploring the
ultrafast structural dynamics of HbI earlier than 100 ps. Later, the
ultrafast structural dynamics of HbI were unveiled via an fs-TRXL
experiment at an XFEL [Fig. 8(c)]."” As discussed for Mb, it had been
suggested that changes in the hydration shell can significantly influ-
ence the SAXS data of an fs-TRXL experiment."”” Considering this
argument, prior to the analysis, simulations were performed to gener-
ate difference scattering curves, assuming that the structural changes
in the protein are the same but that the electron density changes of the
hydration shell are different. The results indicated that the change in
the hydration shell significantly affects the SAXS region of the differ-
ence scattering curve but not the WAXS region. These simulation
results were taken into account, and accordingly, a protein structure
analysis was performed using fs-TRXL data in the WAXS region only,
without including the SAXS region. A kinetic analysis on the WAXS
region of the fs-TRXL data identified I, an intermediate preceding I,.
In addition, the TRXL signal deviated from exponential behavior in
the ultrafast time domain, implying that a coherent motion of HbI
occurs. The structure refinement revealed that some structural change
in the entire protein has already occurred during the formation of .

Chem. Phys. Rev. 3, 041304 (2022); doi: 10.1063/5.0101155
© Author(s) 2022

3, 041304-12


https://scitation.org/journal/cpr

Chemical Physics Reviews REVIEW

This ultrafast global structural change in HbI was explained as a result
of the protein quake, in which the structural change initiated from the
heme group is rapidly transferred to the whole protein in a way similar
to the propagation of a wave. In addition, it was revealed that overall
protein expansion and contraction occur in the ultrafast time domain
(<3 ps), where coherent motion exists. Then, I transforms into I;, the
intermediate observed in the synchrotron-based TRXL, with a time
constant of 8.7 ps. During the Ip-to-I; transition, the protein contraction
and the movements of the C helix and CD loop region are observed. In
addition to protein structure, the change in the electron density of the
hydration shell upon photoexcitation was tracked using the TRXL data
in the SAXS region, which is significantly affected by changes in the
hydration shell according to the simulation results. The electron density
of the hydration shell initially decreases after photoexcitation up to
~1.5 ps, and then it increases along with the formation of I;.

4. Cytochrome c

Cytochrome ¢ (Cyt-c) plays a role in various biological phenom-
ena, such as electron transfer in mitochondria and cell apoptosis. Cyt-c
has a heme group as a cofactor [Fig. 9(a)], and its function and structure

(c)
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are significantly affected by the ligation state of the heme group. For
example, in the native structure, the iron atom of the heme group has a
hexa-coordinated structure.""” In this conformation, Met80 and His18
residues are bound as axial ligands, and cyt-c serves as an electron trans-
fer protein. When the Fe-S bond between the heme group and Met80 is
dissociated, cyt-c can act as a peroxidase.**'*” Meanwhile, the protein
folding of cyt-c can be triggered by a change in the ligation state. For
example, when cyt-c has an unfolded structure, the heme group can
bind to small molecules, such as carbon monoxide. When the heme
group is excited, Fe-CO bond dissociation occurs, followed by protein
folding through the ligation of Met80. During the folding, not only
native ligation, where Met80 binds to the heme group, but also non-
native ligation, where residues such as His26 bind to the heme group,
can occur.””""">’ Due to the characteristics of cyt-c that a change in
function and protein folding can be readily induced, cyt-c has been
investigated intensively as a model system to study protein structural
dynamics.'”* "*° Likewise, since the development of TRXL on proteins,
many TRXL studies have been performed on cyt-c.”>"*" "

For example, a TRXL study was performed to study the folding
dynamics of cyt-c upon the change in the ligation state of the heme
group.'” In this study, x-ray transient absorption (XTA), also known
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as time-resolved x-ray absorption spectroscopy, and TRXL were com-
bined to clarify the detailed structural dynamics of protein folding by
investigating both the local structural changes around the heme group
and the global structural changes in the protein. The XTA experiment
unveiled the local structural changes, such as the change in the ligation
state around the heme group. Based on the analysis of the XTA data, it
was suggested that penta-coordinated species, water-ligated species,
Met-ligated species, and His-ligated species are involved in the reac-
tion dynamics [Fig. 9(b)]. The Met-ligated species and His-ligated spe-
cies correspond to Uy and Uy, respectively, identified in a TRXL
experiment which will be introduced shortly. The Fe-S bond length of
the Met-ligated species obtained from the XTA experiment is 2.65 A,
which is 0.36 A longer than that of the native state. The TRXL experi-
ment revealed a global structural change accompanied by a change in
the ligation state of the heme group. A kinetic analysis of the TRXL
data identified three reaction intermediates (Uy;, Fy, and Upy)
[Fig. 9(b)]. Uy, formed with a time constant of 1.8 us, was assigned to
be the Met-ligated species based on a comparison to the time constant
obtained from the XTA experiment results. Based on a SAXS region
analysis, it was suggested that Uy, has a partially folded state that is
more compact than the ground state (unfolded state) but more flexible
than the folded state. Uy is transformed into Fy; with a time constant
of 6.6 ms. The SADS of Fy; shows good agreement with the difference
scattering curve between the folded and unfolded states of cyt-c, which
was obtained from a static x-ray scattering experiment [Fig. 9(c)]. In
addition, the cyt-c in the Fy; state is more compact than that in Uy,
and has a similar protein size to that of the folded state. Based on these
results, Fy; was assigned to the folded state. The formation of Uy, prior
to Fy indicates that the native folded conformation is not formed
immediately after Fe-Met ligation but that additional rearrangement is
required after the ligation. The Uy state is formed in a parallel manner
to the formation of Uy, and its formation is biphasic, with time con-
stants of 18 and 400 us. Based on a comparison with the previously
known time constants for His ligation and the time constant identified
in the XTA experiment, Uy was assigned to the His-ligated species.
The SADS of this state exhibits negative features in the SAXS region,
indicating that the protein is expanded and disordered. The Uy decays
to the ground state with a time constant of 20.4 ms without transition
to the native folded structure. In terms of thermodynamics, the Fe-His
bond is more favorable than the Fe-Met bond. Nevertheless, the inter-
mediates with the Fe-Met bond (the Uy, and Fy states) are observed
according to XTA and TRXL data. The structural heterogeneity of the
protein was suggested as a reason for the formation of the Fe-Met
bond in the Uy, and Fy states. The CO-bound unfolded state of cyt-c
can have multiple conformations. Among them, for a population with
alocal structure in which the binding of Fe-Met80 is favorable, the Fe-
Met80 bond would be formed upon photoexcitation, and protein fold-
ing would occur. Otherwise, Fe-His bond formation would occur,
leading to misligation.

TRXL was also used to scrutinize the effect of misligation by His
residues on protein folding dynamics.'”” As imidazole and histidine
have similar molecular structures, imidazole can transiently bind to
the heme group to prevent misligation with His residues. From a
TRXL study performed on a CO-ligated cyt-c sample with and without
imidazole [Fig. 10(a)], the effect of the presence of imidazole on the
kinetics of protein folding was examined. In the case where imidazole
was absent, the first and second rSVs of the TRXL data could be
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described with three exponentials with time constants of 40 us, 2.3 ms,
and 37 ms [Fig. 10(b)]. Because the time constant of 40 ys is similar to
the timescale where the misligation of His residues occurs, ”*'° this
kinetic component was assigned to the misligation process. The TRXL
signal corresponding to misligation was not observed when imidazole
was present. Based on this result, it was suggested that misligation by
His residues is inhibited in the presence of imidazole. Other kinetic
components with 2.3 and 37 ms time constants were assigned to ligand
replacement from the His residues to the Met residue and successive
small structural changes, respectively. For the kinetic component with
a time constant of 2.3ms, the TRXL signal in the SAXS region
(9<025A7") increases, which implies that the protein folding is
accompanied by global structural changes. In the presence of imidaz-
ole, the first and second rSVs of the TRXL data can be described with
two exponentials with time constants of 370 us and 56 ms [Fig. 10(b)].
The TRXL signal of the kinetic component with a time constant of
370 us is similar to that with a time constant of 2.3 ms, obtained from
the TRXL experiment on a sample without imidazole, indicating that
it corresponds to protein folding. Based on the smaller time constant
for protein folding, it was suggested that protein folding is promoted
when misligation is inhibited by imidazole. In the presence of imidaz-
ole, ligand replacement (from imidazole to Met) and successive struc-
tural changes involve one time constant (56 ms) rather than two.

Recently, with the development of XFELs, the ultrafast structural
dynamics of cyt-c were investigated. This study elucidated the ligand
dissociation dynamics of cyt-c in the native state via time-resolved x-
ray emission spectroscopy (TR-XES) and TRXL."”’ Based on the TR-
XES data, it was suggested that, upon the 7-7" transition of the por-
phyrin ligand, cyt-c eventually forms a >MC state via a *MC state. It
was argued that the 3MC state has a configuration of 31d,>d,,"], which
has an antibonding ™ character, thereby inducing Fe-S bond dissocia-
tion. Nevertheless, the detailed mechanism for the formation of these
states was not clarified. The change in the protein structure upon pho-
toexcitation was investigated via the TRXL signal. For a detailed struc-
tural analysis of the TRXL data, a structural model considering only
the movements of the heme group and axial ligands was used
[Fig. 11(a)]. Accordingly, a structural analysis was performed for the
ultrafast time domain (<300 fs), assuming that the local structural
change near the heme group is dominant in this time domain. The
TRXL data in the ultrafast time domain could be explained by
increased distances between the Fe atom and axial ligands such as
Met80 and His18 [Fig. 11(b)]. For the later time domain, this simple
structural model could not reproduce the experimental difference scat-
tering curve well, implying that structural motions other than the sim-
ple Fe-ligand displacement participate in the dynamics.

B. Photoreceptor proteins
1. Phytochrome

Phytochrome is a photoreceptor protein found in various organ-
isms, from bacteria to plants.'*”'®" It plays an important role in vari-
ous biological functions, such as the seed germination of plants.
Phytochrome has a dimeric structure, and a monomer is composed of
photosensory and output domains. The photosensory domain of phy-
tochrome typically consists of PAS (Per/Arndt/Sim), GAF (cGMP
phosphodiesterase/adenyl cyclase/FhlA), and PHY (phytochrome-
specific) domains.'®” The photosensory domain is linked to the output
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FIG. 10. (a) TRXL data from cyt-c without (black) and with (red) imidazole (IM) upon photoexcitation. (b) The first and second rSVs of the TRXL data from cyt-c without and
with imidazole. The upper two curves are the first (black-filled squares) and second (red-filled circles) rSVs of the TRXL data from cyt-c without imidazole and their fits (black
and red solid lines). The lower two curves are the first (black open squares) and second (red open circles) rSVs of the TRXL data from cyt-c with imidazole and their fits (black
and red solid lines). The time constants from the fits are also shown. Reproduced with permission from Kim et al., Bull. Korean Chem. Soc. 35, 697 (2014). Copyright 2014

Korean Chemical Society.

domain that performs a catalytic function through the PHY domain.
Phytochrome has a biliverdin chromophore, and the chromophore is
usually present in the PAS-GAF domain. According to the consensus
of several phytochromes, the isomerization of a double bond of the
chromophore occurs during photoexcitation. The isomerization of the
chromophore induces the structural change in the entire protein as
well.'*>'** For the bacterial phytochrome superfamily, the proteins are
classified into two types, canonical and bathy, according to their pho-
toconversion properties.'”'®” Canonical bacterial phytochromes
adopt the Pr state as the parental state, which converts into the Pfr
state by absorbing red light. Upon the absorption of far-red light, the
Pfr state is converted back into the Pr state. In contrast, bathy bacterial
phytochromes adopt the Pfr state as the parental state, and the Pfr
state is converted into the Pr state by absorbing far-red light. The Pr
state returns to the Pfr state by absorbing red light. Although phyto-
chrome performs various biological roles and has photochromic
dynamics, few studies directly had visualized the structural dynamics
of phytochrome. In addition, in contrast to the heme proteins intro-
duced in Sec. IV A, phytochromes under physiological conditions are
naturally photoactive and perform their functions via photoexcitation.
In this regard, the TRXL studies on phytochrome provided an oppor-
tunity to reveal the biologically relevant movement of phytochrome by

using the advantage that the TRXL signal is directly sensitive to the
structural change in the protein.'**"'”*

a. Phytochrome from Deinococcus radiodurans. The first TRXL
study on phytochromes was performed on the canonical bacterial phy-
tochrome from D. radiodurans, which was known to undergo a photo-
induced Pr-to-Pfr transition.'”® The TRXL signal rose with a time
constant of 4.3 ms, similar to the formation time for the Pfr state
observed in a spectroscopic experiment. The difference scattering
curve obtained from the TRXL experiment was in agreement with the
difference between static scattering curves before and after light illumi-
nation. In this study, crystallography was also used to scrutinize the
structural change in the photosensory domain upon irradiation. The
crystal structures obtained for the dark and illuminated states, which
can represent the Pr and Pfr states, respectively [Fig. 12(a)], show that
the structures of the tongue regions of the PHY domains are changed
from a f§ sheet conformation to an o helix conformation upon light
illumination, resulting in the opening of the dimeric photosensory
domain. Based on this information, MD simulations were performed
on the two crystal structures to uncover the structural change in phy-
tochrome in the solution phase. Among the structures obtained from
the MD simulations, those that reproduced the experimental
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FIG. 11. (a) Structure representation of cyt-c used for the structure refinement on the fs-TRXL data. The translation of His18 and rotation of Met80, which are shown with black
arrows, were considered during the structure refinement. Such movements induced the change of the distances from the iron atom to the axial ligands, the Fe-N distance for
His18 (red) and the Fe-S distance for Met80 (blue). (b) The distances between the heme group and axial ligands over time obtained from the analysis of the fs-TRXL data.
The Fe-S and Fe-N distances are shown in blue and red, respectively. The dashed lines indicate the Fe-S (blue) and Fe-N (red) distances in the ground state. Reproduced
from Reinhard et al., Nat. Commun. 12, 1086 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY) License.

difference scattering curve corresponding to the Pr-to-Pfr transition
were selected. The experimental difference scattering curve used for
the structure refinement was generated from the x-ray scattering
curves of the Pr and Pfr states obtained from a static x-ray scattering
experiment rather than the TRXL experiment. The structure refine-
ment revealed that a similar but larger structural change occurs in the
solution phase compared to that observed in the crystalline phase
[Fig. 12(b)]. It was suggested that such a structural change in the pho-
tosensory domain induces the conformational change in the output
domain, which performs catalytic functions.

In a subsequent study, which combined TRXL and Fourier trans-
form infrared (FTIR) spectroscopy, it was investigated whether the
dimeric interface played an important role in the activation of phyto-
chrome by mutating residues at the interface of the photosensory
domain to generate a monomeric structure.'”” The rise of the TRXL
signal of the monomeric photosensory domain was delayed by an order
of magnitude compared to that of the dimeric photosensory domain.
Structure refinement was performed using MD simulations similar to
the case of the dimeric photosensory domain. Among the structures
obtained from the MD simulations, those capable of describing the
experimental difference scattering curve of the Pf-to-Pfr transition were
selected. These structures show the bending of the monomeric struc-
ture along the long scaffolding helix and the twist motion of the PHY
domain during the Pr-to-Pfr transition [Fig. 12(c)]. Additionally, in the
FTIR experiment, the structural change in the tongue region from a f§
sheet to an o helix was observed. Such a structural change is similar to
that obtained from the TRXL study on the dimeric photosensory
domain. Based on the comparison of kinetics and structural changes
between the dimeric and monomeric photosensory domains, it was

suggested that the interaction between the monomers in a dimer affects
the kinetics of the structural change rather than the structural change
in the photosensory domain itself. In addition, the fact that the dimeric
interface does not significantly affect the structural change may indicate
that various dimeric photosensory domains can have a common struc-
tural change in the monomeric photosensory domain, although their
dimeric interfaces are different.

In addition to the TRXL study on the photosensory domain, there
is a study that used TRXL and transient absorption (TA) and compared
the structural dynamics of the full-length bacterial phytochrome with
those of the PAS-GAF domain and the PAS-GAF-PHY domain.'”’
The TRXL data from the full-length protein show almost no distinct
signal in the microsecond time domain but a large change in the milli-
second time domain. Likewise, the TRXL signals of the PAS-GAF and
PAS-GAF-PHY domains emerge on millisecond time scales. Based on
this observation, it was suggested that the structural change in the
PAS-GAF domain binding the chromophore is the rate-limiting step
in the millisecond time domain. The time domain in which the TRXL
signal shows a large change is similar to that for the formation of the
meta-Rc state, which accompanies the transfer of protons from the pro-
tein to the surroundings. The Guinier analysis and low-resolution
structure reconstruction were performed using SAXS data of the Pr
and Pfr states to elucidate the detailed structural changes occurring in
the full-length protein. The SAXS curve of the Pfr state used for the
structure refinement was obtained using the difference scattering curves
in the millisecond timescale and the static SAXS curve of the Pr state.
The Guinier analysis results indicated that the Pr and Pfr states have a
similar R, and volume. The low-resolution structure reconstruction
identified a concerted motion of the photosensory domain and the
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FIG. 12. (a) Crystal structures of the dimeric photosensory domain of the canonical bacterial phytochrome from D. radiodurans in the dark (gray) and illuminated (orange)
states. The tongue regions of the PHY domains, of which the structure changes from a f sheet conformation to an o helix conformation upon illumination, are marked with
blue circles. (b) Structures for the Pr (left) and Pfr (right) states obtained from the structure refinement. The structure refinement was performed using the experimental differ-
ence scattering curve generated from a static x-ray scattering experiment on the dark and illuminated states. The chromophores, the PHY domains, and the scaffolding helices,
which connect the PHY and PAS-GAF domains, are shown in orange, green, and blue, respectively. Reproduced with permission from Takala et al., Nature 509, 245 (2014).
Copyright 2014, Nature Publishing Group. (c) Structures of the monomeric photosensory domain of the canonical bacterial phytochrome from D. radiodurans in the Pr and Pfr
states obtained by TRXL. The structures representing the Pr and Pfr states are shown in gray and white, respectively. The scaffolding helices of the Pr and Pfr states are
shown in blue and green, respectively. Reproduced from Takala et al., Struct. Dyn. 3, 054701 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution
(CC BY) License. (d) Structural change in the full-length bacterial phytochrome from D. radiodurans upon the Pr-to-Pfr transition. The arrow A indicates the refolding of the pho-
tosensory domain, and B indicates the rotation of the output domain. Reproduced from Bjorling et al., Sci. Adv. 2, 1600920 (2016). Copyright 2016 Authors, licensed under a
Creative Commons Attribution 4.0 License.

output domain, as well as the rotation of the output domain during the
Pr-to-Pfr transition [Fig. 12(d)].

sequentially for the cyanobacterial phytochrome. Based on an SVD
analysis of the TRXL data, it was suggested that both the photosensory
domain and the full-length protein have three significant SVD compo-

b. Phytochrome from Synechocystis sp. PCC6803. In addition to nents. The second and third ISV of the TRXL data from the full-length

the bacterial phytochrome, TRXL was applied to the full-length phyto-
chrome and photosensory domains of a cyanobacterial phytochrome
from Synechocystis sp. PCC6803."" The TRXL data indicated that the
cyanobacterial phytochrome has different structural dynamics from
the bacterial phytochrome. For example, the photosensory domain and
the output domain of the bacterial phytochrome show a concerted
motion. In contrast, the movements of the two domains occur

protein, which are associated with the TRXL data in the time domain
from microseconds to milliseconds, are similar to the second and third
ISVs of the data from the photosensory domain, respectively
[Fig. 13(a)]. In addition, the third ISV of the data from the full-length
protein is similar to the TRXL signal obtained from the photosensory
domain of the bacterial phytochrome [Fig. 13(a)]. Based on these simi-
larities, the second and third SVD components of the data from the
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FIG. 13. (a) (Top) Comparison of the second ISVs of the TRXL data from the full-length protein and the photosensory domain of the cyanobacterial phytochrome from
Synechocystis sp. PCC6803 with the TRXL data. (Bottom) Comparison of the third ISVs of the TRXL data from the full-length protein and the photosensory domain of the cya-
nobacterial phytochrome with the TRXL data from the photosensory domain of the bacterial phytochrome. (b) Structural change in the cyanobacterial phytochrome upon the
Pr-to-Pfr transition obtained via TRXL. Low-resolution structures for the Pr and Pfr states are shown in pink and green, respectively. Adapted from Heyes et al., Commun. Biol.
2,1 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) License.

full-length protein were assigned to the movement of the photosensory
domain. In contrast, the first ISV, responsible for the TRXL data at sev-
eral hundred milliseconds, shows different characteristics for the photo-
sensory domain and full-length protein. Based on this difference, the
first SVD component of the data from the full-length protein was
assigned to the movement of the output domain, which does not occur
in a concerted manner with the structural change in the photosensory
domain. The different structural dynamics of the bacterial phytochrome
and the cyanobacterial phytochrome suggest that proteins belonging to
the phytochrome family may have different reaction pathways. Detailed
structural changes during the Pr-to-Pfr transition of the cyanobacterial
phytochrome were elucidated via the low-resolution structure recon-
struction using static x-ray scattering curves of the Pr and Pfr states. The
result showed that the opening motion of the dimeric interface of the
output domain occurs during the Pr-to-Pfr transition [Fig. 13(b)].

c. Phytochrome from Pseudomonas aeruginosa. A TRXL study
was also performed on the dimeric photosensory domain of a bathy
phytochrome from P. aeruginosa, not a canonical phytochrome.'”” A
kinetic analysis of the TRXL data showed that the final photoproduct
(the P state) is formed with a time constant of 21 ms via the Pfr-to-Pr
transition, which is similar to the time for the Pr state formation
observed in a spectroscopic study.'”” To investigate the structural prop-
erties involved in the Pfr-to-Pr transition of the protein, a structural
analysis guided by MD simulations was conducted on the TRXL data.

For the MD simulations, the previously reported crystal structures of
bacterial phytochromes were classified into three representative struc-
tural frames according to the conformations of the helical backbones
in their photosensory domains: (i) II-frame, (ii) O-frame, and (iii)
Y-frame [Fig. 14(a)]. Based on this structural information, various can-
didate structures targeting the three different frames were generated
through the MD simulations, and the optimal structures for the Pfr-to-
Pr transition were obtained from the combination of the candidate
structures. The optimal structures demonstrated that the photoconver-
sion of the bathy bacterial phytochrome involves a structural transition
from the II-framed Pfr state to the O-framed Pr state [Fig. 14(b)]. This
conformational change in the bathy bacterial phytochrome is different
from those of other canonical bacterial phytochromes involving the
structural transition from the O-framed Pr state to the Y-framed Pfr
state, suggesting that the photoconversion of canonical and bathy bac-
terial phytochromes involves different global conformational changes.

2. Retinylidene proteins

Retinylidene proteins, which have retinal chromophores, par-
ticipate in molecular pumps and signal transduction processes. For
example, bacteriorhodopsin (bR), found in some archaea, and pro-
teorhodopsin (pR) of marine organisms, transport protons upon
photoexcitation,'”*'” and rhodopsin, found in the vertebrate, plays
an important role in vision by performing signal transduction as a
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G-protein-coupled receptor (GPCR). ” The retinal chromophore
of a retinylidene protein is covalently bound to the protein in the form
of a Schiff base, and it has a C = C double bond which can isomerize
upon photoexcitation. The isomerization of the retinal chromophore
induces the structural change in retinylidene proteins and their func-
tions in vivo. In the cases of bR and pR, the retinal chromophore trans-
forms its conformation from the all-trans conformation to the 13-cis
conformation upon photoexcitation.'”"'”® This structural change
accompanies the transportation of a proton via the protonation—
deprotonation process of several residues. In the case of rhodopsin, the
11-cis conformation of the retinal chromophore becomes the all-trans

REVIEW scitation.org/journal/cpr

conformation upon photoexcitation, inducing the structural change in
the protein and eventually the signal transduction.'’*"”""”
Retinylidene proteins have served as model systems for photoactive
proteins and been extensively investigated with time-resolved spectro-
scopic methods. For example, using methods such as time-resolved
FTIR, the reaction intermediates involved in the photoreaction of bR
were identified, and the proton pump mechanism was elucidated as
well by revealing the protonation states of the chromophore and key
residues.*”'®" Nevertheless, it remained challenging to unveil the
structural dynamics of retinylidene proteins via crystallography due to
the difficulty in crystallization, which is a general problem for mem-
brane proteins. In this regard, TRXL opened a new door for investigat-
ing the structural dynamics of retinylidene proteins, which are difficult
to study using crystallography.

a. Bacteriorhodopsin and proteorhodopsin. In a study of WT bac-
teriorhodopsin (bR) and proteorhodopsin (pR), structural dynamics
in the time domain ranging from hundreds of nanoseconds to hun-
dreds of milliseconds were investigated using TRXL.”” The TRXL data
from bR and pR are similar but show differences in detailed peak posi-
tions and amplitudes. In particular, for both cases, the difference scat-
tering data in the WAXS region (0.4-0.6A™") in the microsecond
timescale show distinct signal features attributable to helix rearrange-
ment. The kinetic analysis suggests that three reaction intermediates
(early, intermediate, and late species) are involved [Fig. 15(a)].
Although the SADSs of all three intermediates were obtained from the
kinetic analysis, the SADS of the early intermediate was not used for
structure refinement due to the insufficient signal-to-noise ratio.
Structure refinement was performed using rigid-body modeling. In
this method, the protein was divided into several rigid bodies. Then,
based on the structural change in bR and pR suggested by previous
studies, *'* the rigid bodies were allowed to move to imitate the pro-
tein motion that best describes the SADSs of intermediates. It should
be noted that retinylidene proteins, including bR and pR, are sur-
rounded by lipid or detergent molecules. The surrounding molecules,
different from water, affect the electron density of the excluded volume
and the density of the border layer, thereby changing the x-ray scatter-
ing intensity. In addition, the arrangement of the surrounding mole-
cules can be altered upon the structural change in the protein.
Accordingly, the surrounding molecules also contribute to the TRXL
signal. Their simulation results showed that the contribution of the
arrangement change in the surrounding molecules to the TRXL signal
is not significant in the WAXS region, which was used for the struc-
ture refinement in the study of bR and pR. Accordingly, the movement
of surrounding molecules due to the change in the protein structure
was ignored during the structure refinement. For example, the changes
in the shape and density of a micelle were not considered.
Nevertheless, the x-ray scattering intensity was calculated by using a
system in which the protein was inserted into a micelle to consider the
presence of the micelle surrounding the protein. Based on the structure
refinement, the SADSs of the intermediate and late species of bR can
be described using the movements of the C, E, and F helices.
Specifically, the cytoplasmic portion of the C helix moves inward, and
the cytoplasmic portions of the E and F helices move outward
[Fig. 15(b)]. The amplitude of protein movement increased by ~50%
in the late species than in the intermediate species. From previous
studies, it was known that the deprotonation of the Schiff base, the
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FIG. 15. (a) (Top) SADSs of the reaction intermediates involved in the photoreaction of bR obtained from the TRXL data. (Bottom) The corresponding time profiles of the popu-
lations. The early, intermediate, and late species are shown in green, black, and red. For the time profiles of the population, the squares in the time profiles indicate the optimal
populations of the reaction intermediates at each time delay, which were obtained by fitting the TRXL data with the linear combination of the SADSs of the intermediates. The
solid lines indicate the population change calculated using the kinetic model, and the solid gray line indicates the population of the deprotonated Schiff base obtained from a
TA experiment. (b) Structural change in bR upon photoexcitation obtained by TRXL. The ground state (resting conformation), intermediate species (intermediate conformation),
late species (late conformation), and chromophore are shown in green, black, red, and magenta, respectively. Reproduced with permission from Andersson et al., Structure 9,

1265 (2009). Copyright 2009 Elsevier Ltd.

chromophore, plays an important role in proton transfer.'”*'** The
TA signal, which was measured in addition to the TRXL data, indi-
cates that the deprotonation of the Schiff base occurs between the for-
mation of the intermediate species and the late species [Fig. 15(a)]. A
structural analysis of TRXL data showed that the intermediate and late
species have the same structural motion in terms of the directions of
helix movements, although the late species has a larger amplitude of
motion than the intermediate species. In this regard, it was suggested
that the deprotonation of the Schiff base enhances only the amplitude
of the structural change without greatly altering the directions of helix
movements. Meanwhile, the structural change in the protein obtained
through TRXL was found to be larger than that observed in the crys-
talline phase. Structure refinement was performed on pR in the same
manner as used for bR. Based on the result of the structure refinement,
it was suggested that the capping motion of the G helix, as well as the
structural change observed in bR, occurs in the late species of pR. On
the other hand, for the intermediate species, it was difficult to deter-
mine the structural change due to the unsatisfactory agreement
between the SADS and the theoretical difference scattering curve
obtained from the structure refinement.

Afterward, the structural dynamics of pR were revisited using
TRXL.'® In this study, different from the previous study in which the
TRXL experiment was performed only on the native form, the TRXL
experiment was performed not only on native pR but also on the

protein in which one of the methyl groups of the retinal chromophore
was substituted with iodine (I-pR). Since x-ray scattering is affected by
the electron density of molecules, heavy-atom labeling has been pro-
posed as a method to increase sensitivity to subtle local structural
changes nearby the labeled atom. One of the problems with heavy-
atom labeling is that it may change the kinetics of the structural
dynamics of the molecule or even the structural change itself. In this
regard, TRXL experiments on native pR and I-pR could be used to
confirm the effect of heavy-atom labeling on the protein structural
dynamics. Overall, I-pR shows faster kinetics compared to native pR.
Both native pR and I-pR data can be explained by the formation and
decay of a reaction intermediate. In native pR, the intermediate is
formed with a time constant of 2 us and decayed with a time constant
of 49 ms [Fig. 16(a)]. For I-pR, the TRXL signal has fully emerged by
the fastest time delay (2 us) of the experiment and decayed with a time
constant of 2 ms [Fig. 16(a)]. As opposed to the differences in kinetics,
the first ISV of the TRXL data from two proteins, which can represent
the SADSs of the intermediates of the two proteins, are similar
[Fig. 16(a)]. The structure refinement was performed using rigid-body
modeling and MD simulations. First, the structures of the ground and
intermediate states that can explain the intermediate difference scatter-
ing curve well were obtained using rigid-body modeling in a similar
way to that used for bR and pR. Then, MD simulations were per-
formed using those resultant structures. The MD simulations were
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FIG. 16. (a) The first ISVs (top) and rSVs (bottom) of the SVD results obtained
from the TRXL data from native pR (blue) and I-pR (red). (b) Structural change in
pR upon photoexcitation obtained by TRXL. The structure of the ground state is
shown in blue. The structure of the intermediate state is shown in a gray-to-red
scale according to the amplitude of the movement. Reproduced with permission
from Malmerberg et al., Biophys. J. 101, 1345 (2011). Copyright 2011 Biophysical
Society.

performed on a system containing surrounding molecules as well as
the protein, in which both the presence of the surrounding molecules
and their arrangement change due to the structural change in the pro-
tein can be considered. Among the structures obtained from the MD
simulations, the structure pair of the ground and intermediate states
that best described the SADS was selected for further analysis
[Fig. 16(b)]. The structural changes observed in the best structure pairs
for native pR and I-pR were similar, indicating that the structural
changes in native pR and I-pR are similar. The different kinetics of
native pR and I-pR were explained by the different steric interactions
around the chromophore. According to additional MD simulations
for estimating the free energy differences of native pR and I-pR,
heavy-atom labeling induces the larger steric interaction between the
chromophore and the nearby residues and destabilizes the protein
with the 13-cis chromophore, resulting in the acceleration of the struc-
tural change after the isomerization of the chromophore.

b. Rhodopsin. Rhodopsin has a different photoreaction pathway
from other retinylidene proteins, such as bR and pR, in terms of the
reversibility of the reaction. As opposed to bR and pR, which have
reversible photocycle, the retinal chromophore of rhodopsin is eventu-
ally released from the protein via hydrolysis after isomeriza-
tion."”>!””'” Because of this irreversible characteristic, a fresh sample
should be continuously provided during the TRXL experiment on rho-
dopsin, and the iterative measurement on the same sample, which is
often used in TRXL experiments, cannot be easily utilized. Using a
rapid readout detector can overcome such a limitation. In a typical
TRXL experiment, the sample is exposed to a single x-ray probe pulse

scitation.org/journal/cpr

with a specific time delay after the initiation of the reaction by a pump
pulse, and the scattered x-ray pulse is collected by a detector to gener-
ate an x-ray scattering image. In other words, for each pump pulse, a
single x-ray pulse is used to obtain an x-ray scattering signal. In con-
trast, in the experimental scheme using a rapid readout detector, a
series of x-ray pulses instead of a single x-ray pulse pass through the
sample after the photoexcitation by the pump pulse.'*” Because of the
short readout time of the detector (for example, 3 ms in this case), the
detector can record multiple x-ray scattering images with different
time delays, each of which is from a different portion of an x-ray pulse
series, while a series of x-ray pulses pass through the sample. Namely,
multiple x-ray scattering images with different time delays are
obtained using a single pump pulse. The sample exposed to a series of
x-ray pulses is then replaced with a fresh sample. In this way, the
amount of sample required for collecting x-ray scattering images with
various time delays can be greatly reduced. A caveat is that such an
experimental scheme using a rapid readout detector has a disadvan-
tage in that damage due to x-rays can be accumulated because the
sample is repeatedly exposed to a succession of x-ray pulses. In the
TRXL experiment on rhodopsin, the TRXL data were collected on
the rapid readout detector for various time delays from -200ms to
2.8 s [Fig. 17(2)].”" By analyzing the kinetics of the TRXL data, it was
confirmed that a light-activated state is generated with a time constant
of 13 ms from the resting state and is then maintained up to 2.8 s.
Structural analysis of the light-activated state was performed in a man-
ner similar to that used for the analysis of pR and I-pR. Considering
the suggestion from previous studies using atomic force microscopy
(AFM) that rhodopsin forms a dimer,"®”"*® the structure refinement
was performed on both the monomeric and dimeric forms of rhodop-
sin. The SADS of the light-activated state could be described slightly
better when the dimeric form was used for the refinement. Regardless
of the oligomeric states, the outward tilt of the cytoplasmic portion of
helix 6, the inward tilt of the cytoplasmic portion of helix 5, and the
outward movement of cytoplasmic loop III, connecting helix 6 and
helix 5, are observed [Fig. 17(b)]. The movement of these helices is
similar to that observed in previous crystallography studies. Still, the
amplitude of the structural change observed in the solution is larger by
80% than that observed in the crystal, and the amplitude is similar to
that of the structural change induced by the coupling of a homologous
GPCR protein and a G protein. It was suggested that the movements
observed by crystallography are limited due to various factors, such as
crystal contacts.

3. Photoactive yellow protein

Photoactive yellow protein (PYP) is known to play a role in the
negative phototaxis of bacteria called Halorhodospira halophila."®
PYP has p-coumaric acid as the chromophore. Upon photoexcitation,
trans-to-cis isomerization of p-coumaric acid occurs, accompanying
the structural changes in the protein.””'”' Because PYP can be readily
produced and has natural photoactivity under physiological condi-
tions, the structural dynamics of PYP have been investigated using
TRXL as a model system to study the photoreceptor proteins. Even
before the development of TRXL, local structural changes in PYP,
including the partial unfolding of the N-terminal of PYP, had been
identified via experimental tools sensitive to local structural changes,
such as FTIR and CD spectroscopy.'”” '”* TRXL revealed the global
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FIG. 17. (a) TRXL data from rhodopsin obtained using a rapid readout detector. The TRXL data at five representative time intervals (negative delays, 10 ms, from 10 to
100 ms, from 100 ms to 1 s, and from 1 to 2.8 s) are shown. (b) Stereo view representation of the structural change in rhodopsin obtained by TRXL. The resting state is shown
in red, while the cytoplasmic portions of helix 5 and 6 and the loop IIl connecting those helices in the light-activated state are shown in yellow. Reproduced with permission
from Malmerberg et al., Sci. Signaling 8, ra26 (2015). Copyright 2015 American Association for the Advancement of Science.

structural changes in PYP, and the results were compared with those
of other studies to elucidate the relation between local and global
structural changes.

The first TRXL experiment on PYP, combined with other techni-
ques, such as nuclear magnetic resonance (NMR) spectroscopy and
double electron-electron resonance (DEER) spectroscopy, was per-
formed to unveil the structural dynamics of PYP in the solution
phase."”” The TRXL signal of PYP obtained at 10 ms provides infor-
mation on the global structural changes in the pB, state (the I,’ state),
which corresponds to the signaling state of PYP. The TRXL signal in
the SAXS region of the difference scattering curve increases, whereas
the signal decreases at q=0.13 A? [Fig. 18(a)]. Based on these fea-
tures, it was suggested that the R, of the protein increases in the pB,
state. The TRXL data, together with the results obtained by other
experimental methods, were used for the structure refinement
[Fig. 18(a)]. According to the refinement results, the N-terminal region
loses its o-helical content in the pB, state [Fig. 18(b)]. In addition, pB,
has a structure in which the N-terminal region and the chromophore
binding cleft are closely located.

In a subsequent TRXL study, the structural dynamics of PYP
over a long time range (3.16 us to 300 ms) rather than a single time
point were clarified.”” The kinetic analysis uncovered that four reac-
tion intermediates (pR;, pR,, pBy, and pB,) are involved in the photo-
reaction [Fig. 19(a)]. To elucidate the structures of the intermediates,
low-resolution structure reconstruction was performed on the SACs of
the intermediates. The SACs were generated by adding a properly
scaled static x-ray scattering curve of the ground state (pG) to the
SADSs obtained from the kinetic analysis. From the low-resolution
structure reconstruction results, it was confirmed that a protrusion
occurs upon photoactivation [Fig. 19(a)]. The protrusion gradually

increases as time passes, increasing the R, of the protein. Based on the
previous TRXL study, it was suggested that protrusion is due to the
motion of the N-terminal region. Concerning the kinetics, it was pro-
posed that a parallel model in which both pR; and pR, are generated
from pG in a parallel manner is more suitable than a sequential model
in which pR, and pR,; are sequentially generated from pG [Fig. 19(a)].
Then, pR; and pR, are transformed into pB; and pB, in a sequential
manner. Meanwhile, the structural change in PYP observed in the
solution phase is similar to that observed in the crystalline phase,™ but
the structural change is much larger in the solution phase. This result
showcases that the movement of the protein within the crystal is
restricted by the crystal contact.

Afterward, another TRXL study on PYP, covering a longer time
range (100 ps to 1 s) than the previous study, was conducted.'”® It was
suggested that four intermediates are involved in the structural
dynamics of PYP, as reported in the previous TRXL study. According
to their analysis, an increase in the R, of PYP was observed in the sig-
naling state, but the degree of the increase in the Ry, revealed in this
study (1.9 A) was larger than that of the previous study (0.9 A). The
reconstructed low-resolution structure of the signaling state exhibits
protein elongation, and it was suggested that the unfolding of the resi-
dues in the N-terminal region is responsible for the elongation.

In addition to the TRXL study on WT PYP, a mutant study was
performed to dlarify the role of a key residue, Glu46."”” The Glu46 res-
idue is located near the chromophore of PYP and forms a hydrogen
bond with the chromophore. Upon photoactivation, Glu46 transfers a
proton to the chromophore,'”*'*” and such a transfer is known to be
involved in the generation of the pB state, the signaling state. In E46Q
PYP, proton transfer by Glu46 cannot occur since the Glu46 residue is
mutated into Gln. To investigate the effect of proton transfer from
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FIG. 18. (a) Comparison of the experimental difference scattering curve of PYP at 10 ms (black) obtained from a TRXL experiment and theoretical difference scattering curves
(blue and red). The theoretical difference scattering curve obtained from a structural change refined using DEER and NMR is shown in blue, and that in which DEER, NMR,
and TRXL were used for the refinement is shown in red. (b) Stereo view representation of the structures for the ground state (top) and the pB; state (the I,’ state) (bottom).
The structure of the ground state was obtained using DEER and NMR, and the structure of the pB state was obtained using DEER, NMR, and TRXL. Adapted with permission
from Ramachandran et al., J. Am. Chem. Soc. 133, 9395 (2011). Copyright 2011 American Chemical Society.

Glu46 on the structural dynamics of PYP, a study on the E46Q
mutant, which combined TRXL and TA, was performed over a time
range from a microsecond to a hundred milliseconds. The TA result
confirmed that a state whose absorption is red-shifted compared to
the ground state is formed upon photoexcitation. Then, the transition
to a different state whose absorption is blue-shifted occurs with a time
constant of 64 us. The kinetic analysis of the TRXL data from the
E64Q mutant established a kinetic model in which four intermediates
evolve and decay sequentially. The time for the second-to-third inter-
mediate transition is 143 us, similar to that of the 64 us observed in
the TA experiment. Accordingly, the first and second intermediates
were assigned to pR, and pRg, respectively, and the third and fourth
intermediates were assigned to pB, and pBg, respectively [Fig. 19(b)].
The larger time constant obtained from TRXL (143 us) compared to
that obtained from TA (64 us) suggested that the propagation of the
structural change from the chromophore to the whole protein takes
time. Similar to the study on WT, SACs were generated for the reac-
tion intermediates. The SACs of pR,, and pRg are similar to each other,
and those of pB,, and pBy are also similar. These results indicate that a
relatively large structural change is accompanied by the pRy-to-pB,
transition, but the structural changes are not significant for the rest of
the transitions, such as the transition from pR, to pRg. According to
the result of low-resolution structure reconstruction using SACs, the
structural change observed in pB, is similar to that observed in the
pB, of WT. Based on this, the pB, state was assigned to the signaling
state [Fig. 19(b)]. The amplitude of the structural change occurring in
pB,, was smaller than that of the pB, state of WT. It was suggested that
the smaller structural change in E46Q is caused by a smaller structural
perturbation in the N-terminal region due to the decrease in the
hydrogen bond strength between the chromophore and the 46th resi-
due and the absence of proton transfer.

Using the characteristics of PYP, that a structural change readily
occurs upon photoactivation and that the structural change had been
well-elucidated, a molecular switch composed of PYP was developed
and characterized using TRXL.”" In this molecular switch, four PYP
monomers were connected in a circular form to create a circular oligo-
mer PYP (coPYP) that can change the overall size of a protein upon
photoactivation. The electronic state dynamics and structural dynam-
ics of this molecular switch were explored using TA and TRXL. The
TA data confirmed that the electronic state dynamics of monomeric
PYP and coPYP have similar time constants, and various intermedi-
ates identified in the TRXL experiment were assigned following the
TA results. The kinetic analysis of the TRXL data indicated that three
intermediates (I, I, and P) contribute to the TRXL signal in the time
domain from 3.16 us to 178 ms. Through a comparison with the time
constants obtained from TA, I, I,, and P were assigned to the pR,,
pBi, and pB, states, respectively. Structure refinement was performed
using MD simulations and the ensemble optimization method
(EOM). Structure pools of the ground and intermediate states were
generated using MD simulations. Afterward, using the structures in
the structure pools, structure ensembles were generated through the
EOM so that the ensembles could describe the SACs of the ground
and three intermediate states well. According to the refinement result,
the R; of the structure ensemble for coPYP in the ground state has a
major peak at 32 A [Figs. 20(a) and 20(b)]. In I, and I,, the global
structural changes are not large, and only the distributions of the
major peaks are broadened. This result indicates that, in I; and I, a
local structural change occurs and that the protein becomes flexible. In
the refinement results of the P state, not only is the distribution of the
major peak broadened, but a new peak emerges at 28.5 A, which
means that protein contraction occurs [Figs. 20(c)-20(e)]. The protein
contraction of coPYP is contradictory to the expectation that protein
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FIG. 19. (a) Reconstructed molecular shapes of the reaction intermediates and ground state of WT PYP obtained using TRXL. The time constants for the transition between
reaction intermediate and ground state recovery are shown. The reconstructed molecular shape of pB, is superimposed on a reported protein structure obtained from a study
that used NMR, DEER, and TRXL.'” Reproduced with permission from Kim et al., J. Am. Chem. Soc. 134, 3145 (2012). Copyright 2012 American Chemical Society. (b)
Reconstructed molecular shapes of the reaction intermediates and ground state of the E46Q mutant of PYP obtained using TRXL. In the magenta box, the molecular shape of
the signaling state of WT is also shown for comparison. The time constants for the transitions obtained from TA and TRXL are shown in red and black, respectively.
Reproduced with permission from Kim et al., Phys. Chem. Chem. Phys. 18, 8911 (2016). Copyright 2016 the PCCP Owner Societies.

expansion would occur upon photoactivation through the N-terminal
protrusion motion of monomeric PYP. It was suggested that such an
unexpected protein contraction originates from the flexibility of
coPYP, allowing coPYP to form new interactions among the constitu-
ent monomeric PYPs.

4. Light-oxygen-voltage domain

A light-oxygen-voltage (LOV) domain participates in the regula-
tion of several protein functions via structural changes in response to
various stimuli, such as light, oxygen, and voltage. A LOV domain has
a flavin mononucleotide as a chromophore. When the chromophore
is excited by blue light, a triplet excited state is formed via intersystem
crossing from the singlet excited state [Fig. 21(a)].”"' **" Eventually, a
covalent bond between the chromophore and a nearby Cys residue is
formed,””"* accompanying the structural change in the LOV
domain. The structural change in a LOV domain plays a role in

regulating the function of a protein”’>*"® by inducing the association
or dissociation of the protein or the structural change in the overall
protein. The global structural changes in LOV domains and the subse-
quent structural changes of other motifs were investigated using
TRXL.

a. Light-oxygen-voltage domain from Bacillus subtilis YtvA. In the
case of the bacterial LOV domain from Bacillus subtilis YtvA
(BsYtvA),”” the LOV domains form a dimer via the A’o helices and
are connected to other motifs of the protein through the Ja helices.
Using the photoresponsive properties of the LOV domains, a chimeric
protein (YF1) where a histidine kinase and the LOV domains from
BsYtvA are fused together was prepared. TRXL experiments were per-
formed on the LOV domains” and full-length protein™” of this chi-
meric protein to elucidate their structural dynamics. The TRXL signal
of the LOV domains emerged with a time constant of ~2 us, which is
in agreement with the time for the formation of the chromophore-
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FIG. 20. Results from structure refinement of the ground state and the P state using MD simulations and the EOM on the x-ray scattering data from coPYP. (a) Experimental
static curve (black) for the ground state and the fitted static curve (red) of the ensemble obtained from the analysis of the x-ray scattering data. The weighted R factor (WR) indi-
cates the discrepancy between the experimental and fitted static curves. (c) The counterpart of (a) for the P state. (b) and (d) The distributions of Ry in (b) the ground state
and (d) the P state determined by an EOM analysis. (e) Overlay of the ground state (blue) and P (magenta) states of coPYP composed of four monomeric PYPs. Reproduced
with permission from Lee et al., Cell Rep. Phys. Sci. 2, 100512 (2021). Copyright 2021 Elsevier.

cysteine adduct observed in a spectroscopic study [Fig. 21(b)].”"*
After that, there is no significant change in the signal until the millisec-
ond timescale. Based on this result, it was suggested that the signaling
state is formed with a time constant of ~2 us. A Fourier transform
was performed on the TRXL data to elucidate the approximate struc-
tural change, and the pair distribution function at the large distance
was positive, indicating that protein expansion occurs upon photoacti-
vation [Fig. 21(b)]. Detailed structural changes were revealed through
structure refinement using MD simulations. In this method, two MD
simulations were performed using the crystal structure of YF1 under
two different force fields. One force field was that of the dark state (the
ground state) to describe the protein structures in the dark state. The
other was the force field for the adduct state, where the chromophore
forms a covalent bond with a Cys residue to describe the protein struc-
ture in the signaling state. Then, among the structures obtained from

the MD simulations, structure pairs that can describe the TRXL data
well were selected for structural characterization. The result of the
structure refinement indicated that the distance between the two
monomeric LOV  domains increases upon photoexcitation
[Fig. 21(a)]. The increase in the distance between the monomers is the
greatest in the C-terminal region where the Jo helix is attached and the
smallest in the N-terminal region. The observed structural change is
similar to the structural changes found in the crystalline phase, but the
amplitude of the change is larger than that in the crystalline phase.
Such a structural change in the LOV domains is transferred to
other motifs of the protein, resulting in structural changes in other
motifs. The structural change in the overall protein induced by the
LOV domains was investigated in a TRXL study, which used TA as
well, on full-length YFI. Two reaction intermediates were identified
from the kinetic analysis of the TRXL data. The first intermediate
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FIG. 21. (a) Schematic for the change in the chromophore and the LOV domains upon photoexcitation. The structures of the ground and signaling states are represented by
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(Top) Time profile for the population of the signaling state (blue) obtained from the kinetic analysis of the TRXL data from the LOV domains and the time profile for the decay
of the chromophore in the triplet state (dashed line) from a TA study. (Bottom) Change in the pair distribution function obtained using the TRXL data at >100 ms. Reproduced

with permission from Berntsson et al., Structure 25, 933 (2017). Copyright 2017 Elsevier.

(YF1,,,) is formed with a time constant of 2 us and transforms into the
second intermediate (YF1g, ) with a time constant of 250 ms. The time
constant for the formation of YF1;,,, is similar to the decay time of the
triplet state of the chromophore, which was obtained from the TA
experiment, indicating that the formation of YF1;,, accompanies the
adduct formation. The structural changes occurring at each intermedi-
ate were elucidated via structure refinement using MD simulations,
similar to that used for the LOV domains. The formation of YF1j,.
accompanies the structural change in the LOV domains, the left-
handed supercoiling of the Ju helices, and the left-handed rotation of
the kinase motif (Fig. 22). Based on these results, it was concluded that
the structural change in the LOV domains causes left-handed supercoil-
ing of the Jo helices. In the structure refinement results of YF1g,,, the
movements of the catalytic and ATP-binding (CA) domains of the
kinase motif were observed (Fig. 22). It was suggested that the concept
of structural change transfer from the LOV domains to other motifs
can reflect the reaction pathways of other signal receptor proteins.

b. Light-oxygen-voltage domain from green algae Chlamydomonas
reinhardtii. In addition to the LOV domains from BsYtvA, the

structural dynamics of the LOV domain from the phototropin of
green algae Chlamydomonas reinhardtii (CrPhot)”’”*'’ were also
explored using TRXL.”"" CrPhot has two LOV domains, LOV1 and
LOV2 [Fig. 23(a)]. LOV2 is known to be related to the activity control
of a kinase motif.”'” On the other hand, it had been suggested that
LOV1 is related to the dimerization of the protein or the lifetime of
the signaling state, but the role of LOV1 had not been clear.”'**"*
Using TRXL, the structural dynamics of LOV1 were unveiled, and the
interaction between LOV1 and LOV2 was suggested based on the
analysis results. The TRXL data from CrPhot indicated that the struc-
tural dynamics of the microsecond time regime can be described by a
kinetic model with an intermediate state (the product state), which is
formed monoexponentially. The product state is formed with a time
constant of 0.99 us. The structural change upon photoexcitation was
elucidated using MD simulations, as in the case of other proteins
related to the LOV domains. The structure refinement showed that
CrPhot has a structural change similar to that of the LOV domains
from BsYtvA, although the biological roles of LOV1 from CrPhot and
the LOV domains from BsYtvA are different [Fig. 23(b)]. In addition,
the results indicated that changes in the hydrogen bond and salt bridge
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FIG. 22. Schematic for the structural change in full-length YF1 revealed by TRXL.
Upon photoexcitation, the structural change in the LOV domains (arrow a), the
supercoiling of the Jo: helices, and the rotation of the kinase motif (arrow b) occur,
followed by the movement of the catalytic and ATP-binding (CA) domains of the
kinase motif (arrow c). Overall protein structure is shown in gray, whereas regions
with significant movements during transitions are marked in different colors. The
LOV domains, the dimerization and histidine phosphotransfer (DHp) domains, and
the CA domains are shown in yellow, orange, and brown, respectively. The DHp
domains and the CA domains constitute the kinase motif. The A’ and Jo: helices
are shown in blue and green, respectively. Adapted with permission from Berntsson
et al., Nat. Commun. 8, 284 (2017). Copyright 2017 Authors, licensed under a
Creative Commons Attribution (CC BY) License.

in the protein occur during the structural change. For example, a
hydrogen bond between GIn120 and Asn99 is observed in the dark
state, whereas that between GIn120 and Thr21 is identified in the
product state. The salt bridge between Aspl22 and Arg91, which is
absent in the dark state, is observed in the product state. It was sug-
gested that the change in the surface charge of LOV1 due to the
change in the salt bridge may affect LOV2, inducing the changes in
the lifetime of the signaling state.

5. Other examples

a. Cryptochrome from Drosophila melanogaster. Cryptochromes
are photoreceptors participating in the circadian clock and magnetore-
ception.””*'” Cryptochromes have flavin adenine dinucleotide
(FAD) as a chromophore [Fig. 24(a)]. When FAD is photoexcited,
electron transfer occurs, forming a radical pair with residues around
FAD [Fig. 24(b)].”"® After the deprotonation of the residues, the

REVIEW scitation.org/journal/cpr

recombination of radical pairs occurs on a millisecond timescale.
TRXL revealed the structural dynamics of a cryptochrome accompa-
nied by the redox reaction of the chromophore.”"” The cryptochrome
to which TRXL was applied was that from D. melanogaster (DmCry).
DmCry plays a role in regulating the interaction between proteins
called Timeless (TIM) and E3-ubiquitin ligase Jetlag (JET).”*"*** An
important moiety for controlling this protein-protein interaction is
the C-terminal tail (CTT) in the C-terminal of DmCry, which blocks
the interaction surface in the dark state. In addition, His378 had been
suggested to play an important role. It was proposed that the hydrogen
bond network changes when the protonation of His378 occurs, which
induces the detachment of the CTT.””” With these aspects taken into
account, TRXL experiments were performed on not only WT DmCry
but also the H378 A DmCry mutant. In addition, for a comparative
study, a TRXL experiment was performed on photolyase from
Xenopus laevis (Pho), which has a homologous structure to DmCry
but does not have the CTT. From the kinetic analysis of the TRXL
data from DmCry in a time range from 10 ns to 10 ms, five intermedi-
ates (DmCry,, DmCrys, DmCry,, DmCry;, and DmCry,), which
evolve and decay sequentially, were identified [Fig. 24(b)]. The SADSs
of DmCrys and DmCry, have distinct signals in the high-q region
[q=1 (A™Y)], whereas the SADSs of other intermediates only have
distinct signals in the SAXS region. Considering the reciprocal relation
of the g space and real space, it was suggested that the signal in the
high-q region originates from a structural change corresponding to a
distance of approximately 6 A. Based on this result, this signal was
assigned to the structural change in the o helix of the CTT. The TRXL
signal of Pho, which does not have the CTT, is similar to the SADS of
DmCryy, and the distinct signal in the high-g region was not observed.
Considering that the SADSs of DmCrys and DmCry, have distinct
high-g signals, the absence of distinct high-g signals in the TRXL data
from Pho indicates that the structural change in the CTT is involved
in the formation of DmCrys and DmCry,. DmCry, was assigned to a
signaling state because its signal was similar to the difference between
the light state and the dark state obtained from a static x-ray scattering
experiment [Fig. 24(c)]. The difference pair distance distribution curve
obtained from the SADS indicated that protein expansion occurs in
DmCry,, suggesting that the extended structure is formed due to the
detachment of the CTT. Through a comparison with the structural
dynamics of the H378A mutant, it was unveiled that the signaling state
formation is not due to the change in His378. The H378A mutant has
a kinetic framework similar to that of WT DmCry, and the TRXL data
from the H378A mutant also have similar features to those of WT.
These results imply that the His378 residue is not an exclusive factor
inducing structural changes necessary for the formation of the signal-
ing state. According to the MD simulation results, His378 stabilizes
the protein in the dark state rather than affecting the structural change
in the protein. In addition, it was suggested that the signal relay from
the chromophore to the CTT occurs via a Coulombic interaction
between the reduced chromophore and residues in the CTT rather
than His378.

b. The photosynthetic reaction center. The photosynthetic reaction
center (RC) participates in photosynthesis, and it is one of the first
proteins studied using fs-TRXL with the development of XFELs.
When the RC is exposed to strong light, it is necessary to rapidly
release excessive energy so that such light does not damage the
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and the refined structures obtained from the structure refinement using the TRXL data. Reproduced with permission from Berntsson et al., Biochemistry 59, 3206 (2020).
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integrity of the protein. To investigate such ultrafast dynamics, fs-
TRXL at an XFEL, which can provide a femtosecond time resolution,
was performed on the RC.”** As a result, the heat transfer dynamics
and protein structural dynamics involved in excessive energy dissipa-
tion were revealed using fs-TRXL. In this study, the fs-TRXL experi-
ment was conducted under a high-laser-fluence condition where an
RC molecule would absorb ~800 photons, which can generate exces-
sive energy. The TRXL data from 0.5 ps to 280 ps can be described
using a kinetic model with four components (C1, C2, C3, and C4).
The first two components (C1 and C2) are assigned to the structural
change in the chromophore and protein, respectively, and the last two
components (C3 and C4) are related to the heat propagation rather
than the structural change in the protein. The structure refinement of
C1 and C2 was performed using MD simulations. For C1, the results
of the MD simulations where only the movement of the cofactors was
considered can describe the experimental curve well. On the other
hand, the movement of the entire protein was allowed in the MD sim-
ulations for C2. The structure refinement results of C2 indicate that
the expansion of the transmembrane domain is involved in the forma-
tion of C2. In addition to the structure refinement of C1 and C2, the
MD simulation results were used to assign C3 and C4. According to
the MD simulation results, the time profile of heat propagation
through the protein is similar to that of C3, and that of heat propaga-
tion into the surroundings is similar to that of C4. Based on these simi-
larities, it was suggested that C3 and C4 correspond to the heat flow
through the protein and that from the protein to the surroundings,

respectively. In terms of kinetics, protein structural changes (C1 and
C2) precede heat transfer processes (C3 and C4). Based on this result,
it was proposed that the photoexcitation of the RC accompanies the
protein quake, which is the propagation of structural changes through
a protein in a similar manner to wave propagation, and that the pro-
tein quake facilitates the rapid dissipation of the excessive energy gen-
erated by the photoexcitation. The results of the TRXL study on the
RC promoted a question concerning biological relevance. It was sug-
gested that the structural change observed under the extreme experi-
mental condition (absorption of ~800 photons per protein molecule)
may not represent the actual structural change in the protein related to
its biological function. In this sense, it is highly desirable to use a flu-
ence as low as possible, ideally to the level of not compromising the
biological relevance. However, if the experiment is performed with a
low laser fluence, it is difficult to obtain satisfactory TRXL data in a
beamtime. For this practical reason, high laser fluences, although not
as strong as that used for the TRXL study on the RC, are frequently
used for TRXL experiments to obtain stronger TRXL signals and,
eventually, better TRXL data. XFELs with higher repetition rates can
potentially make it possible to collect TRXL data with satisfactory sig-
nal-to-noise ratios even with low laser fluences. Recently developed
EuXFEL or LCLS-II-HE under development provides a repetition rate
of ~1 MHz or more, which is more than ~10 000 times that of typical
XFEL facilities. The high repetition rates of these facilities can greatly
reduce the time necessary to accumulate sufficient data as far as the
repetition rates of the optical lasers can match those of the XFELs.
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FIG. 24. (a) Molecular structure of DmCry. The inset shows the structure near the FAD chromophore. (b) Reaction schematics for the chromophore determined by TA (outer
blue circle) and the overall protein revealed by TRXL (inner red circle). (c) Comparison between the experimental difference scattering curve upon photoexcitation obtained
from a static x-ray scattering experiment (black solid line) and the SADSs of DmCry, of WT (orange solid line) and H378A mutant (orange dashed line). Reproduced with
permission from Berntsson et al., Sci. Adv. 5, eaaw1531 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution 4.0 License.

With this advantage, it will be feasible to perform laser fluence titration
to find the effect of laser fluence on the structural dynamics of a pro-
tein, select an optimal laser fluence, and acquire high-quality TRXL
data even under low-laser-fluence conditions.

V. TRXL STUDIES USING OTHER PUMP METHODS
A. Insulin (T-jump)

Insulin is a protein hormone that plays roles in important biolog-
ical functions, such as regulating blood sugar. Before activation, insulin
forms a hexamer, which has good long-term stability in vivo, and the
hexamer becomes monomers upon activation.”””**® In addition to
the monomer and hexamer, insulin can form a dimer,”””*** which is
the constituent unit for the hexamer.”” Because insulin can exist in
various forms through interactions between proteins, it can be a model
system for studying protein association dynamics due to interprotein
interactions. As the oligomeric form of insulin can be controlled via
temperature, T-jump TRXL was performed on insulin to understand
the structural dynamics of the protein oligomer formation mecha-
nism.”*”**" In particular, based on the fact that TRXL is sensitive to
global structural changes, the global structural change in insulin has

been intensively investigated. In the T-jump TRXL experiment, the
overtone of the O-H stretch mode of the water solvent was excited by
an IR laser pulse with a wavelength of ~1.4 yum and a temporal width
of ~7ns. The estimated temperature increase due to IR irradiation
was about 8 °C.

1. Insulin dimer

The insulin dimer is the smallest form of an oligomer, and in par-
ticular, the insulin hexamer exists as a trimer of the dimers. In this
sense, the reaction dynamics of an insulin dimer may be relevant to
the structural dynamics of larger oligomers. Insulin dimers can be
formed by changing the solution composition and temperature. For
example, a static x-ray scattering experiment on insulin in a solution
of water and ethanol indicated that insulin has a dimeric form at low
temperatures and a monomeric form at relatively high temperatures.
In addition, temperature-dependent (T-dependent) CD spectra showed
that the signal of the intermolecular f§ sheet disappears when the tem-
perature is increased, suggesting that the dimer-to-monomer transition
occurs at high temperatures. Based on these results, the experimental
conditions were set (for example, an initial temperature of 35°C)
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such that the T-jump TRXL data could reflect the structural dynamics
of the dimer-to-monomer transition. The T-jump TRXL data ranging
from ~10 ns to ~100 ms indicated that five reaction intermediates are
involved in the reaction dynamics [Fig. 25(a)].**” Before several hun-
dred microseconds, three reaction intermediates (D", Dy, and D,) are
identified. Their SADSs show clear signals in the SAXS region, but they
are nearly featureless in the WAXS region. Based on this result, it was
suggested that no loss of the intermolecular 8 sheet occurs in these
intermediates [Fig. 25(b)]. Instead, these intermediates accompany
structural changes such as protein expansion (D*), solvent uptake (D),
and the internal rearrangement of the monomers (D,). The fourth

scitation.org/journal/cpr

intermediate (2M), formed 240 s after the T-jump, has prominent sig-
nals not only in the SAXS region but also in the WAXS region, indicat-
ing that the dimer-to-monomer transition occurs through the loss of
the intermolecular f} sheet. The SADS of 2M is similar to the difference
scattering curve for the transition from a dimer to monomers obtained
in the T-dependent static x-ray scattering experiment. In addition, the
SADS agrees with the theoretical difference scattering curve corre-
sponding to the structural change for the dimer-to-monomer transition
calculated using the crystal structures. Therefore, 2M was assigned to
the dissociated insulin monomers [Fig. 25(b)]. The SADS of the final
reaction intermediate (2M’), which is formed on a millisecond

(a) = (b)
1 emp lR
Laser
5 xS S e
5 0.6 ‘o ns o
8 L. e~ &€ .
o 04 o &
o Gl T o
0.2 - > e
s
0 ms | B
n o u u [} %] [} nw o
S s§~S55EEE
¥ ¥ g2 = = 8 G Y
time delay o ",’ »-
j‘%
&4 &
& oo
o "c’.
(c)
Hexamer (H) Dimers (D)

T jump

AS(q,t), a.u.

2Mm'

0.02 00501 0.2 04 0.6 0.8
q A"

Expanded, flexible
av1  hexamer (H*, HE)

> Tetramer + Dimer
(TD)

FIG. 25. (a) Kinetic analysis of the TRXL data from the insulin dimer. (Top) The time profiles of the populations of the reaction intermediates of the insulin dimer upon a T-
jump. The change in temperature is also shown. (Bottom) The SADSs of the reaction intermediates. The time profiles of the populations and SADSs of D*, D4, Dy, 2M, and
2M’ are shown in red, yellow, green, cyan, and blue, respectively. For clarity, the WAXS region of the SADSs is scaled up by 10. (b) Schematic for the photoreaction of the
insulin dimer revealed by TRXL. On the nanosecond timescale, the increase in the temperature induces the structural change of an insulin dimer while maintaining its dimeric
form. On the microsecond timescale, the insulin dimer dissociates into insulin monomers. Finally, the insulin monomer recovers to the insulin dimer on the millisecond time-
scale. Reproduced with permission from Rimmerman et al., J. Phys. Chem. Lett. 8, 4413 (2017). Copyright 2017 American Chemical Society. (c) Schematic for the photoreac-
tion of the insulin hexamer elucidated by TRXL. Upon T-jump, an insulin hexamer becomes expanded and flexible. Then, the insulin hexamer dissociates into a tetramer and a

dimer. Finally, the insulin tetramer further dissociates into two insulin dimers.
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timescale, is similar to that of 2M in the SAXS region, but the signal of
the WAXS region is smaller than that of 2M. This result indicates that
a structural rearrangement of the monomer occurs during the transi-
tion from 2M to 2M’ prior to the dimer formation through recombina-
tion with another monomer. Although such a rearrangement
preceding association had been suggested previously, the TRXL study
offered evidence for the rearrangement.

2. Insulin hexamer

At a lower temperature (15°C), insulin can form a hexamer,
which was confirmed via T-dependent static x-ray scattering and CD
spectroscopy experiments, although dimers also exist with a large pop-
ulation at 15 °C. In the T-jump TRXL experiment on insulin hexamers,
a T-jump was induced using an IR laser in a similar way to the experi-
ment on dimers.””’ The TRXL data ranging from 10 ns to 100 ms can
be described using a kinetic model with four reaction intermediates,
represented by difference scattering curves at 10ns, 20 us, 2ms, and
100 ms, respectively. The difference scattering signals of the first two
intermediates (H* and HE), which are formed before 1 ms, show dis-
tinct signals only in the SAXS region but not in the WAXS region.
Therefore, those intermediates were assigned to the states in which the
protein is expanded and has a flexible conformation rather than the
dissociation of a hexamer [Fig. 25(c)]. Such dynamics that occur at
the beginning of protein dissociation are expected to be similar to those
occurring at the end of protein association. On the basis of these con-
siderations, it was suggested that insulin exists as an expanded state
immediately after protein association and then becomes a compact
state through internal restructuring. The difference scattering signal for
the last intermediate (3D) shows distinct features not only in the SAXS
but also in the WAXS region. The difference scattering curve for 3D is
similar to the hexamer-to-dimer transition obtained from a
T-dependent static x-ray scattering experiment. In addition, it shows
qualitative agreement with the theoretical difference scattering curve
calculated using the crystal structures of the hexamer and the dimer.
Based on these results, the last intermediate was assigned to dimers dis-
sociated from a hexamer [Fig. 25(c)]. The difference scattering curve of
the third intermediate (TD) has distinct features in both the SAXS and
WAXS regions, but the signal in the WAXS region is different from
that of 3D. Therefore, this intermediate was assigned to a pair of a tetra-
mer and a dimer, which is dissociated from a hexamer [Fig. 25(c)].

B. Poly-L-glutamic acid (pH jump)

Protein function and conformation are significantly affected by
the surrounding chemical environment. For example, as the proton-
ation state of protein residues changes according to a change in pH,
the structure and function of a protein can be affected. Such a struc-
tural change in a protein in response to a change in pH was investi-
gated using TRXL.”'

Poly-L-glutamic acid (PGA) is a polypeptide composed of gluta-
mic acids, and the conformation of PGA varies according to pH. At a
neutral pH, PGA has an unfolded state due to the negative charges in
the Glu residues.”” In contrast, at a low pH, the residues are proton-
ated and lose negative charges. Consequently, peptide folding occurs,
accompanying the formation of o helices.””*** It is known that the
peptide folding kinetics of PGA are affected by the peptide
length, that is, the number of constituent amino acids. The structural
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dynamics of PGA upon a change in pH and its peptide length depen-
dence were explored using pH-jump TRXL.

In pH-jump TRXL, a photoacid is used to induce the change in
pH. Since photoacids release protons upon photoexcitation, the photo-
excitation of photoacids lowers the pH of the target systems. For
example, a photoacid called o-nitrobenzaldehyde (0-NBA) was used
for the pH-jump TRXL study on PGA. As a result of the pH jump,
after photoexcitation, the pH was decreased by 0.5 from its initial value
of 6. The pH-jump TRXL experiment was performed on PGA pepti-
des with multiple chain lengths to reveal the structural dynamics for a
time range from 250 ns to 100 us. To confirm the structural change
upon a change in pH, a pH-dependent static x-ray scattering experi-
ment on PGA was performed prior to the pH-jump TRXL experiment.
The results indicated that the scattering signals at a low pH correspond
to monodisperse peptides, indicating that PGA forms a folded struc-
ture with o helices. At a neutral pH, a new peak emerged in the SAXS
region, and the signal in the WAXS region decreased compared to the
signal collected at a low pH. It was suggested that the signal change in
the SAXS region originates from the interchain interactions between
the PGA molecules due to the repulsive force. Such interchain interac-
tions result in interchain packing, where the peptides maintain a cer-
tain distance from each other. For the signal change in the WAXS
region, it was suggested to originate from the loss of the o helices.

The pH-jump TRXL data from PGA, consisting of 200 amino
acids, indicated that two species (I, and F,,) participate in the reaction
[Fig. 26(a)]. I, is an intermediate generated before 250 ns, the first
time delay of the experiment. In the SADS of I,,, the SAXS region has
strong signals, whereas the signal in the WAXS region is much weaker.
The signal in the SAXS region is similar to that due to the interchain
packing change obtained from the pH-dependent static x-ray scatter-
ing experiment. Therefore, it was suggested that the inter-PGA dis-
tance changes due to residue protonation in I, [Fig. 26(b)]. The
amplitude of the SAXS data does not change significantly after the
generation of I,, implying that the change in the protonation state of
the peptides and the change in the interchain interactions are already
completed within 250 ns. F,, is a state formed with a time constant of
1.8 us, and the distinct signals in both the SAXS and WAXS regions
are observed in the SADS of F,,. The SADS of F;, is similar to the differ-
ence scattering curve before and after the helix formation obtained
from the pH-dependent static x-ray scattering experiment, indicating
that helix formation occurs in F,, through a pH jump [Figs. 26(b) and
26(c)]. The pH-jump TRXL experiments were also performed on sev-
eral PGAs with different peptide chain lengths, such as 20, 50, and
100, to study the chain length dependence of the dynamics. The
kinetic models are similar regardless of the chain length, but the time
constants for the I,-to-F,, transition vary. The chain-length-dependent
kinetics were explained using the nucleation-propagation mechanism
for protein folding.”** In this mechanism, helical nucleation occurs as
a local process, and helix formation then spreads to the entire protein,
making protein folding dependent on peptide length.

C. Cytochrome c (pH jump and electron transfer)

Another example in which protein structure is affected by pH is
cytochrome ¢ (cyt-c). For example, the ligation state of cyt-c can be
altered by a change in pH [Fig. 27(a)]. At a neutral pH, His26 or His33
can be ligated to the axial position of the heme group in the unfolded
state of cyt-c.m At a lower pH, because His residues are protonated,
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FIG. 26. (a) (Left) Time profiles for the populations of the reaction intermediates of PGA. (Right) SADSs of the reaction intermediates obtained from the TRXL data from PGA.
Those for I, and F, are shown in blue and red, respectively. (b) Reaction pathway of PGA upon a change in pH. Upon ‘pH jump’, the protonation of PGA and change in the
interchain interaction occur on the nanosecond timescale, followed by the helix formation on the nanosecond to microsecond timescale. (c) Comparison between the SADS of
Fo (red) and the experimental difference scattering curve upon the change in pH obtained from a static x-ray scattering experiment (black). Reproduced with permission from
Rimmerman et al., J. Phys. Chem. B 123, 2016 (2019). Copyright 2019 American Chemical Society.

a water molecule can be ligated to the axial position instead of the
His residues.” Such different ligation states of the heme group can
affect the folding process of cyt-c. To investigate the change in the
ligation state depending on pH, pH-jump TRXL was also performed
on cyt—c.235

The ‘pH jump’ was performed using a photoacid called o-NBA,
which was also used in the TRXL study on PGA, and proton release
occurred approximately ~20ns after the photoexcitation. The ligand
exchange reaction was initiated by lowering the pH from 5.5 to 4.5 via
a ‘pH jump’. As a result of a kinetic analysis using SVD on the TRXL
data from 5 us to 80 ms, it was found that two species (Iyy- and Ug-)
are involved in the dynamics [Fig. 27(b)]. Uy, formed later than Iy,
is generated with a time constant of 4 ms. The difference scattering
curve at 20 ms, which can represent the TRXL signal of Uy, shows
similar features to the difference scattering curve due to the change in
the ligation state from a His residue to a water molecule, which was
obtained from a pH-dependent static x-ray scattering experiment [Fig.
27(c)]. Therefore, Uy+ was assigned to the state in which the axial
ligand is changed from a His residue to a water molecule. Regarding
I+, formed in a microsecond timescale, it was suggested that Iy is
not an intermediate with heme-related changes because such an inter-
mediate had not been identified in that time domain in previous opti-
cal spectroscopy studies. The SADS of Ijy- shows a positive feature
overall, indicating that slight protein contraction occurs.

In Sec. IV A4, the TRXL studies on the folding dynamics of
cyt-c triggered by photoexcitation are introduced. In fact, the folding
of cyt-c can be induced by stimuli other than photoexcitation. A rep-
resentative example of such stimuli is electron transfer (ET). Upon
the reduction of the heme group from the ferric state [Fe(III)] to the
ferrous state [Fe(II)], protein folding occurs in a time period of lon-
ger than microseconds.”*® Such folding dynamics of cyt-c have been
investigated via TRXL, which used ET to initiate the reaction.”””**”
As previously mentioned, the change in the ligation state due to the
change in pH can affect the folding dynamics of cyt-c. To study the
effect of pH on folding dynamics, a TRXL experiment using ET was
performed on cyt-c at two different pHs in the same study that used
a ‘pH jump’. ET was induced using the photoexcitation of
[Ru(bpy)s]*", and the measurement was performed for a time range
between 100 us and 1 ms, considering the time for ET and back ET
to occur. The TRXL signal due to the structural change in the pro-
tein was not observed in the data collected at a pH of 7 [Fig. 27(d)],
which implied that protein folding does not occur in the measured
time domain when a His residue is ligated. On the other hand, when
the pH was set to 4, the TRXL signal that originated from the struc-
tural change was observed in several hundred microseconds
[Fig. 27(d)]. The TRXL data exhibited a negative signal in the SAXS
region but no distinct signal in the WAXS region. This result indi-
cated that the loss of a ligated water molecule occurs, yielding a
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FIG. 27. (a) Schematic for the folding of cyt-c under various pHs and oxidation states. (b) SADSs of the reaction intermediates formed upon a ‘pH jump’ obtained from the
kinetic analysis of the TRXL data from cyt-c. (c) Comparison between the experimental difference scattering curve at 20 ms collected from a TRXL experiment (black) and the
experimental difference scattering curve due to the change in the axial ligand upon a change in pH obtained from a static x-ray scattering experiment (red). (d) Experimental
difference scattering curves of cyt-c at 500 us from TRXL experiments using ET collected under pHs of 7 (black) and 4 (red). Reproduced with permission from Rimmerman
et al., J. Phys. Chem. B 122, 5218 (2018). Copyright 2018 American Chemical Society.

reduced five-coordinate heme group while the overall protein struc-
ture is maintained.

A TRXL study using ET was also performed over a wider time
range.”” In this study, the heterogeneity in the unfolded state, differ-
ent kinetics for protein folding due to the heterogeneity, and struc-
tural characteristics of the reaction intermediates were revealed via
TRXL. Nicotinamide adenine dinucleotide (NADH) was used to
induce ET, which, in turn, initiated the reaction, and TRXL data
were measured over a wide time domain from 31.6 us to 316 ms. In
addition to the TRXL experiment, to obtain structural information
about the unfolded and folded states, a static x-ray scattering experi-
ment was performed on the oxidized state (unfolded state) and the
reduced state (folded state). Then, the ensembles of protein struc-
tures that describe the static x-ray scattering signals of the oxidized
and reduced states well were obtained using MD simulations and the
EOM. According to the results, at least four conformations are
required for the unfolded state, whereas the folded state is described

with only one conformation [Fig. 28(a)]. This result indicated the
heterogeneous nature of the unfolded state.

The kinetic analysis results of the TRXL data showed that two
species (U’ and F) contribute to the folding dynamics of cyt-c
[Fig. 28(b)]. Transitions between these species cannot be described
using a simple single exponential but rather using a stretched expo-
nential or two exponential functions. According to the analysis using
the maximum entropy model, the stretched exponential model is
more suitable than the model with two exponential functions. The
stretched exponential kinetics indicate that the U’-to-F transition
occurs through various pathways due to the heterogeneous character-
istics of the unfolded state [Fig. 28(c)]. The F state is formed with a
time constant of 185 ms, and the SADS of the F state is similar to the
difference scattering curve between the reduced and oxidized states of
cyt-c obtained from the static x-ray scattering experiment [Fig. 28(b)].
Based on this result, the F state was assigned to the folded state. The
U’ state is formed within 31.6 us, and considering the time for the
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FIG. 28. (a) Representative structures for the oxidized and reduced states of cyt-c obtained from the structure refinement using the MD simulations and EOM. The structure
refinement was performed on the static x-ray scattering data from oxidized and reduced cyt-c. (b) (Left) SADSs of the reaction intermediates formed during the folding of cyt-c
(black and red) obtained from the kinetic analysis of the TRXL data and the experimental difference scattering curve upon the folding of cyt-c obtained from a static x-ray scat-
tering experiment (gray). (Right) Time profiles of the populations of the reaction intermediates obtained from the kinetic analysis of the TRXL data (circles) and their fits (solid
line). Gray lines indicate the time profiles, assuming different stretching exponents (/3) ranging from 0.15 to 1. The fits were obtained when /3 was 0.7. The first and second spe-
cies correspond to U" and F, respectively. (c) Schematic for the folding pathway of cyt-c. Reproduced with permission from Kim et al., Proc. Natl. Acad. Sci. U. S. A. 117,
14996 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY-NC-ND) License.

reduction via the solvated electron generated through NADH (~33
us), it was suggested that U’ has a reduced heme group. The SADS of
U’ has a negative feature in the SAXS region, indicating that protein
expansion occurs. Therefore, it was suggested that, under the experi-
mental conditions, cyt-c passes through an intermediate distinct from
a molten globule state because a molten globule state would have a
more compact structure than the unfolded state.

D. ATP-binding proteins (photocaged molecule)

Many proteins perform their functions through structural
changes induced by interactions with other small molecules. A typical
example of a small molecule inducing structural changes is a nucleo-
tide, such as ATP. These small molecules can induce reactions such as
the binding of a protein to another protein and the phosphorylation of
a protein residue, thereby participating in molecular transport or sig-
nal transduction.””***" Therefore, elucidating the structural changes
in proteins activated by these small molecules is essential for under-
standing the functions of various proteins.

1. Nucleotide-binding domain from MsbA

MsbA is one of the proteins that perform their functions using
ATP. MsbA is a lipid flippase, a type of ATP-binding cassette (ABC)
transporter, and plays a role in transporting lipids.”*”**' MsbA has a
nucleotide-binding domain (NBD), and, after ATP binding, the NBD
undergoes dimerization [Fig. 29(a)], causing a change in the overall
structure of the protein and lipid transport.”** Structural dynamics
caused by ATP binding to the NBD of MsbA have been studied using
TRXL.**’ The ATP binding of the NBD was achieved through caged
ATP, which releases ATP upon photoexcitation and TRXL data were
obtained for the time range from 50ms to 1400ms [Fig. 29(b)].
According to the SVD analysis results, two reaction intermediates are
involved in the reaction dynamics. An intermediate generated in the
late time was assigned to a dimerized form derived from ATP binding
based on the increase in the signal in the SAXS region and the similar-
ity of the TRXL signal to the difference scattering curve for the dimer-
ization calculated using the crystal structures. A more detailed
structural analysis was performed by analyzing the R, using data from
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FIG. 29. (a) Schematic for the dimerization reaction of the NBD of MsbA. The protein and ATP are labeled blue and yellow, respectively. (b) Experimental difference scattering
curves of the NBD of MsbA obtained from a TRXL experiment. The time delays increase from blue to red. The difference scattering curves at the first two time delays are
shown in the inset. (c) Time profile of the Ry (black square) and its fit (black line) obtained from TRXL. Adapted from Josts et al., IUCrJ 5, 667 (2018). Copyright 2018 Authors,

licensed under a Creative Commons Attribution (CC BY) License.

the SAXS region or by obtaining a low-resolution model. The analysis
results indicated that the R, increased with time, coinciding with the
generation of a dimer [Fig. 29(c)]. Furthermore, the low-resolution
structure of the NBD at 1400 ms is similar to the crystal structure of
the dimer. The difference scattering curve of the intermediate gener-
ated in the early time shows a different feature from that of the dimer,
and this intermediate was assigned to a state with a change in the
internal structure of the NBD by ATP binding.

2. Sarco/endoplasmic reticulum Ca?* ATPase

The structural change in a protein induced by phosphorylation
after ATP binding is another example studied via TRXL.”** Sarco/
endoplasmic reticulum (SR/ER) Ca®>" ATPase (SERCA) is a protein
abundantly present in the membrane of the SR and plays a role in
transporting Ca>" from the cytosol to the SR. The cytoplasmic domain
of SERCA is mainly composed of three domains: the nucleotide-
binding (N) domain, the phosphorylation (P) domain, and the actua-
tor (A) domain [Fig. 30(a)]. Additionally, there is another domain,
called the membrane (M) domain, located at a membrane of the SR
and ER. When SERCA binds two Ca®" cations and one ATP, the
phosphorylation of a protein residue and a structural change in the
protein occur to transport Ca*" cations.”” The states of SERCA can
be categorized into two states: an E1 state with high ion affinity and an
E2 state with low ion affinity.”****” Reaction intermediates with differ-
ent phosphorylation states and protein structures participating in the
transition between these two states were determined through crystallo-
graphic studies.”*” The TRXL study tracked the movement of SERCA
in the solution phase with the aid of prior knowledge obtained from
crystallographic studies. The sample solution used for the TRXL

experiment was saturated with Ca>" cations so that Ca®" cations
could bind to SERCA before the ATP release. Then, the ATP release
from the photocaged molecules occurred upon photoexcitation to ini-
tiate the structural change in SERCA. The TRXL data ranging from 20
us to 200 ms can be best described using a kinetic model in which
three intermediates participate [Fig. 30(b)]. Among the intermediates,
a detailed analysis was performed on the second species (intermediate
state) and the last species (late state). Structure refinement was per-
formed in two steps. In the first step, using MD simulations, the crystal
structure of [Ca,]E1 (the E1 state bounded with two Ca*" cations),
representing the ground state (prepulse state), was driven toward other
crystal structures, such as [Ca,]E1ATP (the E1 state bounded with two
Ca®" cations and ATP) and E2P (the phosphorylated E2 state). Then,
protein structures that best described the SADSs of the intermediates
were selected from the snapshots from the MD simulations. In the sec-
ond step, MD simulations considering the membrane around the pro-
tein were performed on the protein structures selected in the first step
and the [Ca,]E1 crystal structure to describe the effect of the mem-
brane. Finally, from the protein structures obtained from the MD sim-
ulations considering the membrane, structure pairs that could describe
the SADSs well were selected and used for structural characterization.
The structure refinement result indicated that the ground state has a
more compact conformation than the crystal structure of [Ca,]EI.
The N and A domains are located closer in the solution than in the
crystal. In the intermediate state, the cytoplasmic domains have a
more closed conformation compared to that of the ground state
[Fig. 30(c)]. In the late state, the structure and position of the N
domain are similar to that of the E1 state. Still, the movement of the A
domain, which is observed in the crystal structure of the E2P state,
partially occurs [Fig. 30(c)]. In addition, the nucleotide-binding site is
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exposed in the late state. Based on these results, the late state was
assigned to the [Ca,]E1P state, which had not been reported by crys-
tallographic studies.

3. Adenylate kinase

A TRXL study using ATP binding was also performed on adeny-
late kinase (AdK).”*® AdK is involved in the conversion of diverse
adenosine phosphates. For example, AdK binds with an adenosine 5’-
monophosphate (AMP) and an ATP to convert them into two adeno-
sine 5-diphosphates (ADPs).”*” In terms of structure, AdK consists of
the AMP-binding domain (NMPbd), ATP-binding domain (LIDbd),
and central domain (CORE domain) [Fig. 31(a)]. Based on crystal
structures collected under different conditions, AdK has closed and
open configurations,””*”" and the kinetics for the transition between
the two configurations were reported as well.””"*>* Using TRXL, struc-
tural dynamics over a wide time range and cooperativity related to the
closing motion of AdK were revealed. AMP-bound AdK was used for
the TRXL experiment, and photocaged ATP was uncaged and released
upon photoexcitation to initiate structural changes via ATP binding.
TRXL data were collected for the time domain of 20 us to 25 ms, and
the kinetic analysis of the TRXL data identified two intermediates (the
early intermediate and late intermediate). The early intermediate is

formed even at the earliest time delay and transforms into the late
intermediate with a time constant of 4.3 ms [Figs. 31(b) and 31(c)].
The formation of the early intermediate occurs earlier than the ATP-
release time (millisecond timescale), and the early intermediate was
excluded from the structure refinement as the early intermediate may
be irrelevant to ATP binding. Structure refinement was performed
using the results of the MD simulations based on the crystal structures
of the closed and open configurations. Various structure pairs were
made using snapshots obtained through MD simulations, and the
degrees of agreement between the theoretical difference scattering
curves of the structure pairs and the SADS of the late intermediate
were calculated. The ten structure pairs with the highest agreement
showed that partial closing occurs upon photoexcitation [Fig. 31(d)].
During this closing motion, not only LIDbd, where an ATP molecule
is bound but also NMPbd, where an AMP molecule is bound, moves.
Through this, it was suggested that the closing motion of AdK has a
cooperative mechanism. In addition, according to the MD simulation
results, a partial unfolding of the secondary structure in LIDdb occurs.
Based on this result, it was suggested that the structural change
obtained from the TRXL data is consistent with the cracking model, in
which the conformation transition accompanies the local unfolding
and refolding of the secondary structure.”””
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FIG. 31. (a) Molecular structure of AdK in its open form. The AMP-binding domain (NMPbd), ATP-binding domain (LIDbd), and central domain (CORE domain) are shown in red, yellow,
and blue, respectively. The structural change upon substrate binding is indicated by arrows. (b) SADSs of the reaction intermediates of AdK upon ATP binding. (c) Time profiles of the
reaction intermediates corresponding to (b). The SADSs and time profiles were obtained from the kinetic analysis of the TRXL data. For (b) and (c), the early and late intermediates are
labeled as black and red, respectively. (d) Structural change in Adk upon ATP binding revealed by TRXL. The substrate-unbound and substrate-bound structures are shown in white and
magenta, respectively. Reproduced with permission from Oradd et al., Sci. Adv. 7, eabi5514 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution 4.0 License.

E. Other examples
1. Hemoglobin

As mentioned in Sec. IV A 1, the structural heterogeneity of Hb
in the R state was reported via multiple crystal structures, such as R
and R2.""*'"> A T-jump TRXL study on Hb proposed that the struc-
tural heterogeneity of Hb may also be found in the solution phase.””*
Prior to a T-jump TRXL experiment, a T-dependent static x-ray scat-
tering experiment was performed on carbonmonoxy Hb (HbCO) and
deoxy Hb (deoxyHb), which represent the R and T states, respectively,
and the difference scattering curves of the two proteins due to the tem-
perature change were obtained. The difference scattering curves of
HbCO and deoxyHb have different shapes [Fig. 32(a)]. A difference
scattering curve has two contributions: one from the change in the

hydration shell and the other from the change in the protein structure.
Based on the assumption that the change in the hydration shell would
be similar for HbCO and deoxyHDb, it was proposed that the inconsis-
tency in the difference scattering curves originates from the different
structural changes in HbCO and deoxyHb. Nevertheless, it was not
determined whether only one or both proteins undergo structural
changes. To answer this question, a T-jump TRXL experiment cover-
ing the time range from 316 ns to 100 us was conducted. The TRXL
data from HbCO show time-dependent changes in the WAXS region
[Fig. 32(b)], but those from deoxyHb do not show such time depen-
dence. This difference indicates that only HbCO undergoes a struc-
tural change upon a T-jump. Based on this result, it was suggested that
the R state of Hb has at least two conformations and that the x-ray
scattering intensity changes upon a T-jump due to the change in the
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at the last three time delays shows different features in the WAXS region compared to
upon T-jump. Adapted with permission from Cho et al., J. Phys. Chem. B 122, 11488 (2

equilibrium between the conformations. In addition, it was proposed
that the difference between the time constants for the R-T transition
reported by the previous TRXL studies (~2 us) and spectroscopic
studies (~20 us) can be explained using multiple conformations of the
R state.

2. Cyclophilin A

Cyclophilin A (CypA) is a peptidylprolyl isomerase and functions
as a protein-folding chaperone.”” In addition, CypA is known to
affect the organ rejection process after transplantation. In an NMR
study on CypA, the movements of a loop near the active site (loop
region) and several residues extended between the active site and the
protein core (core region) were observed.””® These movements have
relevance to the function of the protein. For example, the substrate
binding specificity is changed when the loop region is mutated, while a
mutation in the core region induces the reduction of catalytic activ-
ity.””**® Such motions of CypA can be significantly affected by tem-
perature. To confirm the effect of temperature change on the
structural dynamics of CypA, a T-jump TRXL experiment was per-
formed on CypA.”” In particular, through a comparison with other
mutants, the key structure domain affecting the catalytic activity of
CypA was unveiled. A T-jump was induced using IR irradiation,
which generated a temperature increase by ~10.7 °C. By tracking the
signal in the SAXS region of the TRXL data, a two-step kinetic model
was established. A structural analysis was performed by using the
Guinier analysis on the static scattering curve at each time delay,
which was generated by adding the static scattering curve in the
ground state to the difference scattering curve of each time delay. The
R, obtained from the Guinier analysis was used to extract information

that at the first three time delays, indicating that the protein structure of HbCO changes
018). Copyright 2018 American Chemical Society.

about global structural change. According to the analysis results, pro-
tein contraction occurs before the first time delay (562 ns). Then, the
protein is expanded over a few microseconds, corresponding to the
fast kinetic component, and, eventually, it is contracted again over a
few tens of microseconds, which corresponds to the slow kinetic com-
ponent. In addition to WT, T-jump TRXL was performed on the
D66N/R69H mutant and the S99T mutant, which have mutations in
the loop region and core region, respectively, to investigate how each
region affects the protein dynamics. The kinetic analysis showed that
the slow kinetic component is not observed in the S99T mutant,
whereas the fast kinetic component is not observed in the D66N/
R69H mutant. The absence of the slow kinetic component in the S99T
mutant indicated that the structural change corresponding to the slow
kinetic component affects the catalytic activity. Additionally, it was
suggested that the fast kinetic component in the D66N/R69H mutant
was not observed due to the accelerated rate of the structural change,
which positioned it out of the time window of the TRXL experiment.

3. Bovine a-lactalbumin (BLA)

Protein structures are closely related to the functions of proteins.
Still, some proteins, called intrinsically disordered proteins, do not
have fixed tertiary structures. Moreover, a disordered state of proteins
can play a role in unfolding. In this regard, the study of the disordered
structure of a protein can be regarded as an important topic for pro-
tein structure studies. One of the model systems for proteins with such
a disordered structure is bovine o-lactalbumin (BLA) [Fig. 33(a)]. BLA
can form a molten globule state during protein unfolding at high tem-
peratures.””’ According to the reported characteristics of BLA in the
molten globule state, although native-like secondary structures are
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FIG. 33. (a) Molecular structure of BLA. The o helices and 3 sheets are labeled purple and yellow, respectively. The green sphere indicates the Ca?* cation bound to the pro-
tein. (b, ¢) Structure refinement results obtained from the TRXL data. (b) Change in the SASA for the reaction intermediates of the unfolding of BLA. The bar plots for the
SASAs show the changes in the SASAs of the protein residues. For protein structures under the bar plots for the SASAS, the red color indicates the residues of which SASAs
are increased, and the red color becomes pronounced as the increase in the SASA becomes larger. The green spheres in the protein structures indicate the Ca®* cation
bound to the protein. (c) Change in the secondary structure contents for the reaction intermediates. The bar plots for the secondary structure contents show the changes in
secondary structure contents such as o helices (blue), /5 sheets (red), and random coils (yellow). In the structures under the bar plots for the secondary structure contents, the
residues where o helices or /3 sheets are formed are labeled blue, and those where « helices or /5 sheets are unfolded are labeled red, respectively. For all of the protein struc-
tures, the green sphere indicates the Ca®* cation bound to the protein. (d) Free energy surfaces for the | (green), Uy (red), and U (blue) states obtained from the MD simula-
tions used for the structure refinement of BLA. The minimum of each FES is set to zero. The Ry and « helix score for the folded state are indicated with a black dot.
Reproduced from Hsu et al., J. Chem. Phys. 154, 105101 (2021), with the permission of AIP Publishing LLC.

maintained, the Ry of the protein increases, and the packing interac-
tions of the side chains are weakened.””"**” Nevertheless, the detailed
structural dynamics of the molten globule state had been unclear. The
results of a T-dependent static x-ray scattering experiment indicated
that the unfolding of BLA occurs with a melting temperature of
~74°C. Building on this result, T-jump TRXL was used to investigate
the pathway of the unfolding and structural features of the molten

globule and unfolded states.” IR laser irradiation was used to T-jump
in a similar manner to the TRXL study on insulin (Sec. V' A), and a
temperature rise of ~11.5°C was generated upon a T-jump. The
TRXL data were collected for a time range from 20 us to 70 ms. The
initial temperatures used to induce the unfolding of BLA upon a
T-jump were between 60 and 70 °C. The TRXL data could be well-
described by using a kinetic model with two parallel unfolding
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pathways. One pathway is a three-state pathway in which unfolding
occurs via one reaction intermediate (from the folded state to the I
state and then to the Uj state), and the other pathway is a two-state
pathway where an unfolded state (U,) is formed directly from the
folded state. In the three-state pathway, the I state is formed within 20
us and then transformed into the U, state with a time constant of 920
us. The Uj state decays with a time constant of 8.6 ms. In the two-state
pathway, the U, state is formed with a rising time of 2.2 ms and decays
with a time constant of 40 ms. A detailed structural analysis was per-
formed using MD simulations driven by a score describing the dis-
agreement between the theoretical and experimental difference
scattering curves. According to the structure refinement results, the
solvent-accessible surface area (SASA) of the I state increases com-
pared to that of the ground state [Fig. 33(b)]. In addition, the o helix
score, which indicates the concreteness of the helices, of the I state is
lower than that of the ground state, indicating that some o helices lost
the properties of the helix [Figs. 33(c) and 33(d)]. Meanwhile, the Ry
of the I state does not increase significantly compared to that of the
ground state [Fig. 33(d)]. Based on these results, it was suggested that
the I state has similar characteristics to the molten globule state.

The U, and U, states have larger Rgs and SASAs, as well as
smaller o helix scores, than the I state and show the unfolding of 8
sheets, which are not significant in the I state [Figs. 33(b)-33(d)]. The
origins of the increased SASAs are different for the U; and U, states.
In the U, state, the increase in the SASA originates from the protein
expansion from the core, but in the U; state, the residues located on
the surface are more exposed to the solvent, resulting in an increase in
the SASA. Based on these structural analysis results, it was suggested

(a)

Population

scitation.org/journal/cpr

that protein folding pathways vary depending on whether the solvent
can access the protein core. When the protein core is accessible to the
solvent, the folding process can bypass the molten globule state, owing
to the easier structural rearrangement of the protein.

4. Myoglobin

In addition to the unfolding of BLA, the unfolding of Mb without
the heme group (apoMb) was investigated using T-jump TRXL.”"’ The
T-jump was performed using IR irradiation, as in previous studies,
with the temperature increase by about 10 °C during the T-jump. Since
the melting temperature of apoMb obtained from a tryptophan fluo-
rescence experiment was about 56 °C, the initial temperature of the
experiment was set to 50 °C to induce protein unfolding upon the T-
jump. According to the results of the SVD analysis on the TRXL data,
at least three intermediates contribute to the TRXL data. Structure
refinement was performed through MD simulations. Structure ensem-
bles that can describe the static x-ray scattering curve collected at 50 °C
and the difference scattering curve at each time delay were obtained
through a genetic algorithm using the snapshots from the MD simula-
tions. Based on the SVD results, the structures composing these ensem-
bles were clustered using the R,, SASA, RMSD, and helicity to yield
three clusters. Among the three clusters, cluster I occupies approxi-
mately 15% of the population at time delays shorter than 1 us, and,
afterward, its population gradually decays [Fig. 34(a)]. Cluster I has a
compact structure similar to that of the native structure [Fig. 34(b)],
and many residue-residue contacts observed in the crystal structure
were also identified. Based on these results, cluster I was assigned to
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FIG. 34. (a) Time profiles for the populations of the three clusters obtained from the structure refinement of apoMb using the TRXL data. Clusters I-Ill are shown in blue, red,
and yellow, respectively. Cluster Il is the most dominant cluster across the time domain investigated by TRXL. Cluster | occupies ~15% of the population on the nanosecond
timescale and decays over time, whereas cluster Il emerges on the microsecond timescale. (b) The Ry, RMSD, SASA, and helicity of the three clusters formed during the
unfolding of apoMb. The parameters for clusters I, II, and Ill are shown in blue, red, and yellow, respectively. The Ry, RMSD, and SASA of cluster Il are larger than those of
cluster I, whereas the helicity of cluster Il is smaller than cluster I. Cluster Ill has larger Ry, RMSD, and SASA than the other clusters, while its helicity is smaller than the others.
Reproduced from Henry et al., Struct. Dyn. 7, 054702 (2020). Copyright 2020 Authors, licensed under a Creative Commons Atftribution (CC BY) License.
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the native state. Cluster II is the dominant species for all of the time
delays [Fig. 34(a)]. It has larger R; and SASA as well as a less helical
character than cluster I [Fig. 34(b)]. In addition, a similar pattern of
the residue-residue contacts observed in the crystal structure was
found as well, although the contacts have a transient character. Since
these characteristics are similar to those of the molten globule state,
cluster II was assigned to the molten globule state. Cluster III was
observed in time delays longer than 1 us [Fig. 34(a)]. The Ry and SASA
of cluster III are significantly large compared to those of cluster I,
whereas the helical character of cluster III is much smaller than that of
cluster I [Fig. 34(b)]. Based on these results, cluster IIT was assigned to
the unfolded state. The molten globule state revealed in this study
(kinetic molten globule state) shows different characteristics from those
of the equilibrium molten globule state, which was identified under
low-pH conditions in a previous study.””* For example, the kinetic
molten globule state shows a smaller increase in the Ry than that of the
equilibrium molten globule state. Based on the difference, it was sug-
gested that the unfolding pathway of apoMb under nonequilibrium
conditions may be different from that under equilibrium conditions.

VI. SUMMARY AND OUTLOOK

The structure of a protein is an important property that is closely
related to the function of a protein. TRXL is an attractive experimental
method to reveal the structural dynamics of proteins and has been
applied to various proteins to study their conformational changes,
which are related to their functions. The outstanding advantage of
TRXL is its sensitivity to the local and global structural changes in the
solution phase. In exploring the structure-function relationship of
proteins, it is important to elucidate the dynamic behavior of protein
structures under physiological conditions. Still, experimental techni-
ques that satisfy this requirement are rare. For example, although
TRXC is an excellent method for elucidating the structure of a protein,
its application is limited to proteins in the crystalline phase. NMR,
which is widely used to study protein structures, generally cannot be
applied to obtain high-resolution structures of large proteins and has a
limited time resolution compared to other techniques. With spectro-
scopic methods such as TA and time-resolved vibrational spectroscop-
ies, which are applicable to proteins in the solution phase, it is often
difficult to observe global structural changes in proteins because they
are sensitive only to energy states or, indirectly, to local structural
changes. As this review has demonstrated, TRXL has been performed
on proteins of various sizes in the solution phase, ranging from poly-
peptides composed of several dozen amino acids to large proteins such
as a cyanobacterial phytochrome from Synechocystis sp. PCC6803,
which consists of ~1500 amino acids with a molecular weight of
~170kDa. In addition, TRXL is directly sensitive to various move-
ments, from subtle changes in the tertiary structures of proteins to
large-scale quaternary motion. Recently, with the development of
XFELs, the time resolution of protein TRXL has been enhanced to be
better than even 100 fs. Thanks to these characteristics, TRXL has
been in the spotlight as a complementary tool for other experimental
techniques, including time-resolved spectroscopic and crystallographic
methods. Indeed, combining the results obtained through TRXL and
other experiments has made it possible to obtain a comprehensive pic-
ture of protein structural changes, from the changes in a chromophore
to global structural changes.

scitation.org/journal/cpr

In this review, we summarized the TRXL studies on various pro-
teins. TRXL was first applied to heme proteins, such as Hb, Mb, and
cyt-c, which have been studied extensively as model systems with
other techniques, such as time-resolved spectroscopic methods.
Afterward, the applications of TRXL were broadened to include natu-
rally photoactive proteins such as phytochrome, rhodopsin, and PYP.
The structural changes in the proteins in the solution phase revealed
by TRXL often differ from those in the crystal phase, suggesting the
importance of studying protein structures in the solution phase using
TRXL. Recently, the reaction triggering of TRXL has been expanded to
various methods, such as T-jump, pH jump, electron transfer, and the
use of photocaged molecules, beyond the conventional direct photoex-
citation of proteins using an optical laser pulse. Through these new
pump methods, it was possible to reveal the structural dynamics of
naturally nonphotoactive proteins, such as the dissociation of insulin
oligomers, the folding of PGA and cyt-c, and the dimerization of
MsbA-related NBD, which are difficult to investigate with traditional
TRXL. Along with these advances, the improvement in time resolu-
tion, thanks to the development of XFELs, has widened the application
of TRXL to an unprecedented level. Due to such unceasing improve-
ments, it is expected that TRXL will become a typical tool for investi-
gating the reaction dynamics of proteins.

Nevertheless, there is still room for improvement in TRXL. First,
a typical TRXL experiment on proteins requires a large amount of a
protein sample with a high concentration. In particular, the require-
ment for such a large amount of the sample poses a critical problem
when target proteins have irreversible reactions. If the reaction of a tar-
get protein is irreversible, it is difficult to repeat the measurement mul-
tiple times on the same sample, thereby requiring an even larger
amount of sample for a TRXL experiment. In this regard, an experi-
mental scheme that can overcome this limitation is desirable. A scheme
that can reduce the amount of sample consumed will greatly facilitate
the wide application of TRXL on difficult-to-express proteins as well as
proteins with irreversible reactions. Another limitation to overcome is
the time resolutions for stimuli other than direct photoexcitation. For
example, the time resolutions of the T-jump TRXL studies have been
approximately several nanoseconds. When photocaged molecules are
used, the time resolutions of the TRXL studies are typically limited to
microseconds due to the time for the photodissociation of the caged
molecules. As the structural change in a protein that occurs on a nano-
second or even shorter timescale can be a key process in inducing sub-
sequent structural changes, improving the time resolutions of TRXL
using stimuli other than photoexcitation is highly demanded.
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