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A B S T R A C T

Background: The invention of the X-ray free-electron laser (XFEL) has provided unprecedented new opportu-
nities for structural biology. The advantage of XFEL is an intense pulse of X-rays and a very short pulse duration
(< 10 fs) promising a damage-free and time-resolved crystallography approach.
Scope of review: Recent time-resolved crystallographic analyses in XFEL facility SACLA are reviewed.
Specifically, metalloproteins involved in the essential reactions of bioenergy conversion including photosystem
II, cytochrome c oxidase and nitric oxide reductase are described.
Major conclusions: XFEL with pump-probe techniques successfully visualized the process of the reaction and the
dynamics of a protein. Since the active center of metalloproteins is very sensitive to the X-ray radiation, damage-
free structures obtained by XFEL are essential to draw mechanistic conclusions. Methods and tools for sample
delivery and reaction initiation are key for successful measurement of the time-resolved data.
General significance: XFEL is at the center of approaches to gain insight into complex mechanism of structural
dynamics and the reactions catalyzed by biological macromolecules. Further development has been carried out
to expand the application of time-resolved X-ray crystallography. This article is part of a Special Issue entitled
Novel measurement techniques for visualizing ‘live’ protein molecules.

1. Introduction

X-ray crystallography using synchrotron radiation is currently the
most powerful method in determining high-resolution structures of
biological macromolecules. However, a major problem in conventional
synchrotron-based X-ray crystallography is radiation damage, since the
ionizing effects of the X-ray beam changes the structure of the protein
[1,2]. X-ray irradiation produces both global and specific radiation
damage to the crystal of biological macromolecules, even at cryo-tem-
peratures [1,2]. Global damage of crystals appears as a gradual fading
of the intensities of Bragg reflection spot and vanishing of weak high-
angle reflections [3]. In addition to these visually apparent changes,
processed data also shows increased unit cell dimensions, crystal mo-
saicity and Wilson B-factors, as well as worse data statistics overall (eg.
I/σ(I), CC1/2 and R-merge). There are also specific chemical changes
that can be seen mainly by the reduction of transition metals, disulfide
bond breakage or elongation and decarboxylation of acidic amino acid

residues. Specific damage is faster than global damage [4].
The presence of large numbers of high energy solvated electrons

generated by X-ray irradiation during diffraction data collection is of
particular impact for studies on redox-sensitive systems such as me-
talloproteins [5,6]. Metal cofactors can absorb free electrons and
change their oxidation states, which can affect their coordination
structure of ligands. These specific radiation damages involving metal
ions in the active site can be misleading in the studies of the reaction
intermediates. In such cases, special care is required when building the
model in the electron density and interpreting crystal structures that
have been modified by X-ray damage during the data collection.
However, separating the radiation damage from an enzymatic reaction
mechanism and drawing the valid biological conclusions from crystal
structures can be extremely difficult.

Many efforts have been reported to obtain more intact protein
structures using X-rays from synchrotron and neutron scattering
[7–10]. In contrast, a recently emerged serial femtosecond
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crystallography (SFX) approach using X-ray Free Electron Laser (XFEL)
source overcomes radiation damage. The intense XFEL pulse results in
the complete destruction of any exposed microcrystal, yet the pulses are
so short that the diffraction from the crystal sample by a single XFEL
pulse occurs before the onset of significant radiation damage [11–13].
This scheme of “diffraction before destruction” [14] requires a fresh
crystal to be delivered to the XFEL beam position for the next pulse
[15,16]. Intense XFEL pulses enable the determination of high-resolu-
tion structures of proteins from a very small crystal size as well as for
extremely radiation sensitive macromolecules, such as metalloenzymes,
without any radiation damage. As another advantage for the use of
XFEL, the short duration of XFEL pulses allow access to dynamic in-
formation about unstable intermediate states, opening a new era of
time-resolved structural studies [13,17,18].

In addition to the damage-free structures obtained by XFEL ex-
periments, the information of the location of individual hydrogen atoms
and the protonation states of catalytically important residues provides
important insight into catalytic processes of proteins. Neutron diffrac-
tion is a complementary technique because it is uniquely able to vi-
sualize hydrogen atoms in structures at moderate resolutions (< 2.5 Å)
[19]. Neutrons can be used as gentle non-ionizing probes that easily
penetrate fragile biological samples without causing radiation damage,
because they are uncharged and have low thermal energies
(0.1–10meV) [20]. X-ray and neutron diffraction datasets can be
combined for crystallographic structure refinement, but a major lim-
itation is that the flux of available neutron beams (106–108 neutrons
cm−2 s−1) is many orders of magnitude less than beams from conven-
tional X-ray generators, requiring larger crystals and very long exposure
times to have detectable diffraction signals [20].

This review describes the XFEL-based crystallographic studies,
especially time-resolved X-ray crystallography, on three metallopro-
teins performed at SACLA, an XFEL facility in Japan [21]. The first
example is on photosystem II (PSII) in which photo-illumination in-
itiates the O2 evolution reaction [22,23]. In the second example, the
structural dynamics of cytochrome c oxidase (CcO) [24] are described.
In this case, a photolabile ligand is utilized as a trigger for time-resolved
crystallography. In the final example an attempt to observe the catalytic
reaction of nitric oxide (NO) reductase cytochrome P450 (P450nor)
using a photosensitive caged substrate is explained [25]. In addition,
insights into the future of time-resolved crystallography using XFELs
are also discussed.

2. Photosystem II

2.1. Introduction of photosystem II

Plants and other oxygenic photosynthetic organisms synthesize
carbohydrates from water molecules and carbon dioxide in the atmo-
sphere by utilizing light energy from the sun and concurrently releasing
dioxygen molecules as a byproduct. This process is called photosynth-
esis, which is achieved by a chain of electrons, a series of proton
transfers and enzymatic reactions cooperatively catalyzed by many
proteins. The first reaction of photosynthesis is the water oxidation by
PSII, a huge membrane protein complex consisting of 20 protein sub-
units. PSII utilizes light energy to oxidize water to dioxygen with the
removal of four protons and electrons according to the following
equation.

+ ++2H O 4H 4e O2 2

This water splitting and oxygen evolving reaction is catalyzed at the
catalytic center of PSII, termed the oxygen evolving complex (OEC),
through five oxidation steps of the Kok cycle (Si-state cycle, i=0–4),
where the S4 state is the most oxidized transient state that releases
dioxygen and successively turns back to the S0 state [26]. During the
reaction cycle, the OEC is known to change its structure slightly to
control the reaction precisely. In addition to an enormous amount of
progress in X-ray spectroscopy and electron paramagnetic resonance
studies [27–30], X-ray structure of PSII in the S1 state under dark
adaptation condition showed that the OEC has a chemical composition
of the Mn4CaO5 cluster as shown in Fig. 1 [31]. The structure un-
covered all oxo-bridges of the OEC and the hydrogen bonding network
of the amino acids and water molecules surrounding it. This solid
structural basis greatly advanced our understanding of the reaction
mechanism in combination with theoretical calculations and spectro-
scopic methods [32,33]. However, two critical issues remained un-
resolved: First, irradiation by strong X-rays of synchrotron radiation
(SR) during data collection may damage the OEC. Second, the crystal
structures in the intermediate Si-states were not solved but are indis-
pensable for elucidating the full mechanism of water splitting. XFEL-
based crystallographic techniques such as damage-free structural ana-
lysis and time-resolved crystallography enabled us to overcome these
essential issues [14]. Here, we review how XFEL is contributing to the
structural studies of PSII.

Fig. 1. Structure of PSII and water oxidation reaction. (a) Crystal structure of PSII. (b) Structure of the OEC and its ligand environment. (c) The Kok-cycle.
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2.2. Radiation damage free structure of PSII in the S1 state

In the Mn4CaO5 cluster of the OEC, three Mn atoms and one Ca atom
form the Mn3CaO4 cuboid cluster and the fourth Mn atom is connected
at the outside of the cuboid by two oxo-bridges, making the whole
structure resembling a distorted chair [31] (Fig. 1). Two distinguishable
features of this natural catalyst compared to the artificial inorganic
catalysts are as follows: One is the difference in the bond distance be-
tween Ca and oxygen and the typical bond distances between Mn and
oxygen, with the former (2.3–2.5 Å) slightly longer than the latter
(1.8–2.1 Å), making the Mn3CaO4 cuboid asymmetric. The other is the
differences among the bond distances of Mn‑oxygen atoms, where O5,
an oxo-bridge connecting the cuboid and the fourth Mn atom has longer
distances with its nearby Mn atoms (2.4–2.7 Å) than the typical
Mn‑oxygen distances. The longer bond distances suggest that O5 binds
weakly to the Mn atoms, and therefore it may serve as one of the
substrates for the dioxygen formation. The MneMn distances de-
termined in the SR structure of the OEC, however, are slightly longer
(0.1–0.2 Å) than those obtained by extended X-ray absorption fine
structures (EXAFS) [34,35] or theoretical calculations based on the SR
structure [36–38]. These discrepancies were likely brought by the
specific radiation damage mentioned above during data collection. In-
deed, EXAFS showed the possibility that the X-ray dose used for the SR
analysis reduced 25% of the OEC Mn atoms to Mn2+ atoms [39]. In
fact, the three shortest MneMn distances of the 1.9-Å resolution
structure (PDB 3WU2) are 2.8 Å, 2.9 Å and 3.0 Å [22], whereas the
corresponding values by the EXAFS are 2.7 Å, 2.7 Å and 2.8 Å, respec-
tively [30]. While the inconsistencies between them were similar to the
estimated errors in the X-ray structure (the Cruickshank diffraction-
component precision index (DPI) [40] is 0.11 Å), clarification of the
slight differences found in the MneMn distances between the SR
structure and EXAFS/theoretical studies may be necessary for the elu-
cidation of the reaction mechanism. This is because catalysts usually
change and arrange their structures slightly during the catalytic cycles,
and the OEC may change its structure to a similar extent during the Kok
cycle [41]. In order to eliminate the possible effects of radiation da-
mage, diffraction data was collected using femtosecond XFEL pulses
and the structure at 1.95 Å resolution was analyzed to distinguish slight
differences in the bond lengths from the coordinate error or radiation
damage [22]. Since PSII is a large membrane protein complex with a
molecular mass of about 700-kDa in a dimeric form, PSII crystals in
large sizes, with a maximum length of 1mm were used with a fixed-
target serial femtosecond rotational crystallography (SF-ROX) approach
[42]. SF-ROX is one of the data collection methods compatible with the
“diffraction-before-destruction” paradigm of XFEL crystallography
[14]. The irradiation points by the XFEL pulses were separated by
50 μm on the large PSII crystals and it was confirmed that this distance
is enough to ensure that every irradiation point on the crystal was not
damaged. A few hundred of highly isomorphous, large PSII crystals
were used to collect a full dataset and two independent datasets were
obtained from two different preparations of the crystals and the struc-
ture at 1.95 Å resolution was analyzed from both datasets to determine
the interatomic distances based on the average of two structures (PDB
4UB6 and 4UB8). The OEC was independently determined in two non-
crystallographic symmetry related PSII monomers, giving some in-
dication of the agreement of OEC across monomers and across datasets.

The overall structure of the OEC determined by using XFEL is si-
milar to the SR structure. The orientation of the side chains, except for
in the vicinity of metal-binding sites, as well as most of the water
molecules found in each structure, are almost identical, indicating that
X-ray diffraction is sufficient to determine the overall protein en-
vironment. However, differences are found in the interatomic distances
of the Mn atoms as shown in Fig. 2. Notably, all the interatomic dis-
tances between the Mn atoms are shorter by 0.1–0.2 Å compared with
the SR structure, and they are mostly consistent with the results of
EXAFS. This suggests that the XFEL structure is radiation-damage free

and the previous SR structure may have suffered some radiation da-
mage, leading to partial reductions of the Mn atoms and therefore
causing slight elongations of the distances between the Mn atoms.

The exceptionally longer distances between O5 and Mn atoms (Mn1,
Mn3, and Mn4) found in the SR structure have provoked discussions on
the possible role of the O5 atom in the water splitting reaction. In the
XFEL structure, the bond distances between the metal atoms and O5 are
2.7 Å (Mn1-O5), 2.2 Å (Mn3-O5), 2.3 Å (Mn4-O5), and 2.5 Å (Ca-O5),
respectively. Thus, the feature of long bond distances between O5 and
the Mn atoms remained, although the bond of Mn1-O5 is longer by
0.1 Å and the other bonds Mn3-O5, Mn4-O5 and Ca-O5 are shorter by
0.1 Å than those of the SR structure. This suggests that the feature of the
long bond distances between Mn and O5 is not an artifact of radiation
damage, but an inherent characteristic of the catalyst. Based on the
MneO and Mn-ligand distances revealed by the radiation-damage free
structure as well as the existence of a Jahn-Teller axis on the Mn+3

atoms, the valances of the four Mn atoms are consistent with a dis-
tribution of (Mn1, Mn2, Mn3, Mn4)= (+3, +4, +4, +3) in the S1
state [27,43]. The high resolution, XFEL structure obtained provides a
vital understanding of the relationship between the structure of the
OEC and its physical properties.

2.3. Structure of PSII in the intermediate S3 state

Although the XFEL structural analysis of PSII in the S1 state revealed
the accurate interatomic distances of the OEC and the putative valance
states of the four Mn atoms, detailed structural changes that occur
during the reaction cycle remained unknown. In particular, the long
bond distances between O5 and Mn atoms suggested that its binding is
weak and unstable, and therefore the O]O bond formation may pro-
ceed between the O5 atom and a water molecule newly inserted in the
intermediate Si-state. This reaction mechanism has indeed been dis-
cussed based on the results of theoretical calculations, spectroscopies
and crystal structures by SR and XFEL, however, the reaction me-
chanism cannot be determined from the structure in the S1 state only,
and other types of mechanisms have also been proposed and discussed
[44,45]. In order to reveal the real mechanism of water oxidation,
structural analysis of the intermediate Si-states are indispensable.
Especially, the highest metastable intermediate S3 state was considered
to be important because spectroscopy showed that all Mn atoms of the
OEC become octahedrally coordinated in S3 while one of the Mn atoms
in S2 is five coordinated, suggesting an insertion and binding of the
possible substrate water into the OEC during the S2 to S3 transition
[27]. There have been several reports on the structural analysis of in-
termediate Si-states using the approach of pump-probe with the XFEL-
SFX method [46–48], which demonstrated simultaneous crystal-
lography and spectroscopy measurement at an XFEL, showing that the
Mn ions are not affected by the intense XFEL pulses [37,39]; however,
these works were not conclusive for the O]O bond formation me-
chanism due to the insufficient resolution of the diffraction data. For
example, insertion of a new water during the Si-state transitions was not
observed, and it was not clear how and where protons were released
from the OEC, with regards also to the mechanism that prevents
backflow of protons. To answer these questions, the structure of PSII in
the intermediate S3 state was analyzed.

Light energy transferred to the reaction center of PSII (P680) in-
itiates the initial charge separation between P680 and pheophytin, and
consequently an electron is transferred to plastquinone QB through the
electron transport chain, thereby generating a proton gradient across
the thylakoid membrane and reducing equivalents for CO2 assimilation.
The positive charge on P680+ generated immediately oxidizes the ra-
dical active tyrosine YZ (Try-161), which then oxidizes the OEC. Until
accumulation of the four oxidizing equivalents (S4 state), each step of
the Si-state transitions in the Kok-cycle is driven by the absorption of
one photon at P680, causing structural changes on the order of tens of
microseconds to a few milliseconds. The O]O bond formation and
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release of the dioxygen molecule occur during the transitions of S3→
(S4)→ S0 as mentioned above (Fig. 1C). PSII microcrystals with a
maximum length of 100 μm were prepared to ensure both high effi-
ciencies of excitation for the advancement of the Kok-cycle [49] and a
high resolution of the diffraction by the method of SFX. The PSII
crystals were excited by two laser flashes separated by 10ms to advance
the dark-adapted S1 state to the S3 state, followed by exposure to the
XFEL pulses 10ms after the second flash. The structures of the dark-
adapted S1 state and the doubly flashed S3 dominant state were ana-
lyzed at 2.35 Å resolution [23].

The overall structure of PSII in the S3 state is almost identical to the
S1 state structure. The difference Fourier map between the isomorphous
datasets is most potent to detect subtle structural changes in the time-
resolved analysis, where structural changes induced by the transition to
the different state appear as positive densities while the structure that is
not identical to the initial state appears as negative densities. Thus, a
high isomorphism between the datasets is critical for the difference
Fourier map to yield meaningful signals. The Fobs (S3) - Fobs (dark)
difference Fourier map obtained showed pairs of positive and negative
peaks covering the regions around the OEC and QB as shown in Fig. 3,
indicating the occurrence of light-induced structural changes at both
electron acceptor and donor sides. This indicates efficient progress of
the Kok cycle within the crystals.

The difference Fourier map revealed that six significant structural
changes occurred around the OEC during the progress of the Kok-cycle

(Fig. 4). They are: (i) The Mn4 atom moves slightly outward from the
OEC, and consequently, the interatomic distance between Mn4 and
Mn1 becomes longer by 0.1–0.2 Å. (ii) The Ca atom of the OEC moves
slightly away from Mn4. (iii) A sharp electron density which corre-
sponds to a new water molecule O6 appears at a position near O5. (iv)
The side chain of E189 flips away from the OEC providing a space that
can accommodate the O6 between Mn1 and O5. (v) A strong negative
electron density covering the water 665 (W665) was observed, sug-
gesting that W665 becomes mobile, which leads to a breakage of the
extended hydrogen bond network from the OEC mediated by W665.
(vi) As a result of the above five structural changes, the ligands to the
OEC (D61, D170, H332, and A344) slightly move and change their
orientations. Among these changes, the displacement of W665 and in-
sertion of O6 provides novel insights, particularly into the mechanism
of the water splitting reaction (Fig. 5). In the S1 state, W665 is located
in the O4 channel (a 15 Å-long water channel beginning from the O4 of
the OEC) and is hydrogen-bond with W567 (water molecule 567 which
hydrogen-bonds with W665 and the O4). Upon a transition to the
higher Si-state, W665 becomes mobile which disrupts the hydrogen-
bond with W567, with W567 moving towards the O4 by 0.2 Å to
strengthen the hydrogen bond with the O4. This movement breaks the
hydrogen bond network starting from O4 to the luminal surface of PSII,
consistent with this hydrogen bond network works as a path for proton
transfer [50], suggesting that the proton transfer has occurred through
this network during the transition of the Kok-cycle (S1→ S2 or S2→ S3),

Fig. 2. Radiation damage free structure of PSII in the S1 state determined by the SF-ROX method. (a) Structure of the Mn4CaO5 cluster shown with electron density
maps of individual atoms. The 2mFo-DFc map and the oxygen-omit mFo-DFc map are shown as gray and brown meshes and contoured at 7 σ and 6 σ levels,
respectively. (b, c) Interatomic distances (Å) between Mn atoms (b) and MneO and CaeO (c). Numbers in bracket indicate the corresponding distances in the SR
structure.

Fig. 3. Light-induced structural changes in PSII. The Fobs - Fobs isomorphous Fourier difference map between the S3-state and the S1 state contoured at± 4.5 σ levels
is shown in turquoise (positive) and magenta (negative) in the top (a) and side (b) views. Red dashed circles in (b) indicate two regions in which major difference
peaks are localized. (c) Enlarged and stereo view of the region boxed by dashed lines in (b). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
This figure is modified from Suga et al. Nature, 543 (2017) 131.
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and the breakage of the hydrogen bond network by displacement of
W665 may provide a mechanism by which PSII avoids backflow of the
released proton to the OEC. The insertion of O6 into the site between
the O5 and Mn1 changes the OEC to a Mn4CaO6 cluster in the S3 state.
The distance between O6 and O5 is around 1.5–2.0 Å, which is suitable
for the O]O bond formation. Theoretical calculation suggests possible

chemical structure of the O6 and O5 atoms are (i) superoxide (1.3 Å),
(ii) peroxo (1.5 Å), (iii) oxyl/oxo (2.0 Å), and (iv) hydrooxo/oxo (2.4 Å)
[51], and the structure fits well with either peroxo and oxyl/oxo, but
the assignment was not conclusive due to the limited resolution. In any
case, the result therefore suggests that an O]O bond formation may
occur between them. This reaction mechanism nicely explains why the
OEC has the distorted chair structure with the unusually long bonded

Fig. 4. Structural changes around the OEC during the transition from the S1 to S3 state. (a, b) The structures in the S1 and the S3 states are shown with the
isomorphous difference Fourier map contoured at± 5.0 σ levels in turquoise (positive) and magenta (negative) colors. The S1 state structure where changes occurred
during the progress of the Kok-cycle are shown in a transparent presentation and black arrows indicate corresponding structural changes. Blue arrows indicate the
positions of O6 and W665. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
This figure is modified from Suga et al. Nature, 543 (2017) 131.

Fig. 5. A possible mechanism for the O]O bond
formation and proton transfer pathways from the
OEC. The dotted circle indicates increased mobility
of the water molecule W665 next to the water W567
that is hydrogen-bonded with O4. The displacement
of W665 results in the approach of W567 to O4 in the
S2 or S3 state. The dot arrows indicate proton transfer
in the O4-channel. A new water molecule O6 is in-
serted in the vicinity of O5 in the S3 state. The
oxygen atoms encircled by dashed pink lines re-
present the possible site of O]O bond formation.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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form of O5 [22,31–33,52].

2.4. Structural insights into the mechanism of water splitting reaction
revealed by XFEL irradiation

Since the birth of XFEL sources which provide femtosecond X-ray
pulses with a billion-folds greater brilliance than SR X-rays, the new
opportunity to study the damage free structure of PSII and its structural
dynamics was brought to us. It is known that the OEC adjusted the
structure finely during the Kok-cycle thereby enabling the water split-
ting reaction under the mild environmental conditions. The damage
free structure in the S1 state analyzed by SF-ROX shows the distorted
chair form structure of the OEC with particularly long MneO distances
for the O5 atom, and also the structure in the intermediate S3 state
analyzed by time-resolved SFX demonstrates the insertion of a new
water molecule (O6) into the OEC for the O]O bond formation in a
position nearby (O5). These results have provided substantial progress
for our understanding of the water splitting reaction mechanism oc-
curring in nature. It is our hope that these structural insights not only
greatly advance our understanding on the photosynthetic water split-
ting reaction but may also provide important clues for rational designs
of artificial catalysts that can be used to oxidize water by visible light
through which, clean and renewable energy may be obtained.

3. Bovine cytochrome c oxidase

3.1. Introduction of cytochrome c oxidase

In cell respiration of almost all aerobic organisms including mam-
malian, cytochrome c oxidase (CcO), terminal oxidase in the respiratory
chain is the most important protein complex, where protons from the
mitochondrial matrix move to outside of the mitochondrial inner
membrane, driven by reduction of O2 to water [53,54]. Since the proton
motive force generated by respiratory chain complexes is utilized for
ATP synthesis, understanding the mechanism of linkage between
proton-pumping and the redox reaction by CcO has been a significant
subject in bioenergetics and bioinorganic chemistry fields. CcO from
bovine heart includes 4 metal sites (CuA, heme a, heme a3 and CuB) for
O2 reduction, with the O2 reduction site comprising of Fea3 of heme a3
and CuB (Fig. 6a and b). The structure of the O2 reduction site defines 6
distinguishable intermediates (R, A, P, F, O and E-form) in a reaction
turnover (Fig. 6c) [53,54]. The X-ray crystallographic analysis of CcO
from bovine heart muscle in resting and reduced state revealed the
structure of these metal site and possible amino acid residues involving
intramolecular electron transfer and redox-coupled proton pumping
[55–57]. The protein sample of CcO for X-ray structural analysis was
natively purified from bovine heart as a resting oxidized form which
stops turnover due to a peroxide bridging between the Fea3 and CuB and
is not involved in the catalytic cycle. Although the resting oxidized form
is absolutely stable without addition of any reductants, it is easy to fully
reduce the O2 reduction site by some reductants to produce R-form
(Fea32+ and CuB1+) which has no exogeneous ligand [58–60]. R-form
of CcO binds molecular oxygen (O2), yielding an oxygenated inter-
mediate (Fea32+–O2), A-form. O2 is reduced by 4 electrons from Fea3,
CuB and Y244 to be converted to water via the reaction intermediates of
P, F, O and E (Fig. 6c) [53,61]. Y244 is the conserved residue and
covalently linked to one of the histidines coordinated to CuB. Structures
of these intermediates in O2 reduction site were established by time-
resolved resonance Raman spectroscopy [62–64]. The FeeO stretching
frequencies of Raman band were determined for all the intermediates.
Stoichiometric analysis revealed that each proton is transferred out of
the membrane (P-side), coupled with each electron transfer from cy-
tochrome c via CuA and Fea to O2 bound on Fea3 (i.e. 4 protons are
pumped per an enzymatic turnover) [65–68]. X-ray structural analyses
of bovine CcO at various oxidation and ligand-binding states [69] and
other spectroscopic analyses including optical absorption [61], electron

paramagnetic resonance (EPR) [60] and infrared (IR) [70–73] have
provided significant insights into the structures of catalytic inter-
mediates and mechanism of proton pumping and O2 reduction. How-
ever, the mechanism of highly efficient proton pumping coupled with
electron transfer (H+/e− ratio of 1.0) and unidirectional proton
pumping are still unclear, because the effects of structural change in O2

reduction site on the dynamics of the proton transfer pathway is not
fully understood.

In the well-studied CcO from bovine heart, protons used for the
chemical reaction to reduce O2 are transferred through proton con-
ducting pathways known as the D- and K-pathway, towards the O2 re-
duction site from the mitochondrial matrix (N-side) [53,54]. On the
other hand, protons are transferred through another proton conducting
pathway, H-pathway, composed of a water channel and a hydrogen-
bond network (Fig. 6b) [54,69]. Since the water channel contains
several water cavities, in which water molecules can migrate thermo-
dynamically, protons are transferred as hydronium ions through the
water cavities from the N-side to the formyl group of heme a which is
located at the bottom end of the hydrogen bond network. Comparison
of the high resolution crystal structures revealed that helix X, involved
in the formation of the H-pathway, has two types of structures (Fig. 6d)
[69,74]. The structure in the R-form shows the open structure of the H-
pathway with a water cavity between helix X and heme a. In contrast,
the resting oxidized or ligand-binding form shows that the backbone
C]O of S382, in helix X, occupies the space for this water cavity to
prevent water molecules from reaching the hydrogen-bond network
(referred to as the closed conformation). Thus, it was suggested that the
conformation of helix X regulates the open/closed structure of the H-
pathway to suppress the proton back-leakage via the water channel
[69,74].

Since the H-pathway is closed when any ligand binds to Fea3, pro-
tons have to be incorporated into CcO before O2-binding in the R-form
can occur in order to close the H-pathway. Moreover, protons should be
temporarily stored in CcO until proton-pumping, coupled with se-
quential electron transfer from cytochrome c via CuA and heme a to O2

bound on Fea3, occurs. A Mg-containing water cluster, which is isolated
from the bulk solvent region and connected via hydrogen bonds to the
hydrogen-bond network of the H-pathway, has been identified (Fig. 6b)
[74]. This water cluster contains ca. 20 water molecules and various
hydrophilic side chains, enough to store four temporary excess positive
charges. From these findings, it is proposed that the water cavity is
disappeared by O2 binding to Fea3, after incorporation of 4 protons into
the water cluster. The electrostatic repulsion between the stored pro-
tons and the positive charge of Fea, created upon donating an electron
equivalent to reduce O2 bound on Fea3, then drives proton-transfer from
the water cluster to the hydrogen-bond network of the H-pathway. A
proton transferred to the hydrogen-bond network is unidirectionally
pumped to the P-side because the water channel is closed. Therefore,
for highly efficient proton-pumping, timely closure of the H-pathway,
by the conformational change of helix X from open to closed con-
formation, must be executed after the collection of 4 protons. In this
section, we focus on the methods and results of structural analysis using
XFEL to understand the mechanism of the H-pathway closure upon li-
gand binding to Fea32+ [24].

3.2. Time-resolved XFEL analysis for determining a short-life intermediate
structure

For time-resolved analysis, it is necessary to synchronize rigorously
the reactions of CcO molecules in a crystal. The preparation of CO-
bound reduced CcO crystal was well established, and it was known that
the CO bound to Fea3 in reduced CcO is readily dissociated from the O2

reduction site by visible laser irradiation [70,71,75]. Since the struc-
tural changes of CcO in a crystal, upon CO release, remain synchronized
when laser irradiation is used to advance them, time-resolved analysis
is possible. Capturing the structural snapshots of CcO by X-ray
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crystallography in the CO-release process upon photodissociation is to
see the reverse process of the structural changes coupled with the O2

binding. For a high resolution X-ray dataset, crystal size should be as
large as possible. For capturing the structural changes of protein
moiety, the X-ray data collection under non-cryo condition is necessary.
SF-ROX [23,42] can meet both these needs if it is combined with the
humid air and glue coating (HAG) method, which prevents the loss of
the diffraction spot quality and resolution caused by drying up of
crystals [76].

Before the pump-probe time-resolved XFEL measurements, the
visible laser (pump laser) energy for complete photodissociation of the
CO from O2 reduction site was determined by analyzing the visible
absorption spectroscopy of the crystalline sample. Furthermore, the
enzymatic reaction dynamics of CcO in the crystalline state is likely to
differ from that in soluble state because the flexibilities of protein
moieties are restricted by the molecular packing in crystalline. Thus,
the decision of a desirable time-point, based on the time-course of
spectral changes in crystalline state, is prerequisite to the XFEL data

collections. Although the visible absorption spectroscopy is a useful tool
for obtaining the kinetics of photodissociation of CO from Fea3, it does
not provide the kinetics of transient CO-binding to CuB, after dissocia-
tion from Fea3. The time-resolved infrared (IR) spectroscopy is a unique
technique for this purpose. In Fig. 7, the time-resolved IR spectral
changes are traced from 20 ns to 500ms after photodissociation of CO
from the O2 reduction site. They were measured using a recently de-
veloped highly sensitive IR spectrometer [73]. CO stretch band of CO-
CuB (~2060 cm−1) appeared at 20 ns after pump laser irradiation co-
incidentally with the disappearance of that of CO-Fea3 (~1960 cm−1),
and the intensity of the CO stretch band of CO-CuB did not change
within 100 ns (Fig. 7a and b). Biphasic CO-release was observed with
76% of CO molecules released from CuB at τ=4.4 μs with 24% residual
types of these released much slower (τ=12.8ms). The released CO was
then shown to rebind to Fea3 at τ=6.2ms and 34.0ms; the dissociation
kinetics in crystal are different from in solution reported before
[70,71,73,77] (i.e., the time constant of CO release from CuB is de-
termined to be 1.5–1.6 μs in solution, whereas that in crystal is 4.4 μs).

Fig. 6. The structure of the H-pathway in bovine heart CcO. (a) Overall structure of bovine heart CcO in dimeric state is shown. A monomer is colored and another
one is shown in gray. (b) The locations of the water channel and the hydrogen-bond network composing the H-pathway are shown by the blue and red curves. The
short hydrogen bond network (a gray area) connects the hydrogen bond network of the H-pathway and the proton storage site (the blue area). A water molecule in
the proton storage site marked by HOH 10 forms a hydrogen bond to H291. (c) The reaction cycle of CcO represented by the redox state of O2 reduction site. The
protons for pumping are shown by red font and arrow, while the protons for chemical reaction are in black. (d) Water cavities are marked by brown cages. Helix X
structures of the closed structure with two bulges at S382 and M383 and the open structure with one bulge at V380 are given in the right and left panels. These bulges
are marked by red dotted lines. The broken arrows indicate the location of the water channel which includes the water cavities (brown cages). The channel extends
up to R38 at the N-side end of the hydrogen bond network of the H-pathway and hydrogen bonded to the formyl group of heme a. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
This figure was originally published in the Science Advances. Shimada A., et al. (2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.
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Based on these spectral results, diffraction data was collected at 20 ns
and 100 μs after flash photodissociation of CO to obtain the structural
information of both CO bound to CuB and released from CuB.

Following to the protocol of the SF-ROX measurements, a CcO
crystal was rotated by a small angle in a stepwise fashion to collect still
diffraction images that are discrete and sequential in the course of the
crystal rotation. Each XFEL irradiation spot is separated with 50 μm to
avoid XFEL radiation damage. For measuring diffraction spots with
sufficient data completeness, 40, 24 and 43 crystals were used in the
condition before pump-laser irradiation (abbreviated as “dark” here-
after), at 20 ns and 100 μs after flash photodissociation of CO, respec-
tively. Each crystal structure of “dark”, 20 ns and 100 μs after flash
photodissociation, was successfully determined at 2.2, 2.4 and 2.2 Å
resolution, respectively.

3.3. CO migration in the O2 reduction site

Fobs-Fcalc difference Fourier map calculated without CO molecule in
the O2 reduction site revealed that CO bound to Fea3 in “dark”, whereas
CO migrated to CuB at 20 ns and was released from the O2 reduction site
at 100 μs after photodissociation (Fig. 8a). Although any significant
residual densities of CO were not detected at 100 μs at 3.5 σ level, the
weak positive density was observed around CuB at 100 μs as mentioned
below. Fobs(20ns)-Fobs(dark) and Fobs(100μs)-Fobs(dark) maps showed clearly
the movement of CO from Fea3 via CuB to the outside of the O2 re-
duction site (Fig. 8b). Furthermore, the migration of CuB towards Fea3
at 20 ns was detected as a pair of positive and negative densities around
the CuB in Fig. 8b in Fobs(20ns)-Fobs(dark) map. The geometry of the O2

reduction site, at 20 ns after flash photodissociation, showed the
shortest distance between CuB and Fea3 and the largest migration of CuB
from the trigonal plane among three datasets (“dark”, 20 ns, and
100 μs), representing that the trigonal plane including CuB was per-
turbed at 20 ns (Fig. 8c). Since CuB in the trigonal plane consisted of
nitrogen atoms of histidine coordinated to CuB, which is too stable to
make an additional link with a ligand, it is suggested that the dis-
placement of CuB from the plane is a prerequisite for the binding of CO
at CuB.

In the structure refinement, the position of CO molecule at the O2

reduction site was carefully evaluated from the resulting Fobs-Fcalc dif-
ference Fourier map and comparison of atomic displacement para-
meters (B values) of CO with surrounding atoms (i.e. heme a3, Fea3 and
CuB). The peak heights of CO in Fobs – Fcal difference Fourier map of
“dark”, 20 ns, and 100 μs: 1.34, 0.99, and 0.22, respectively, were de-
termined by calculating the ratio of the peak height of CO averaged that
of two reference water molecules detected at full occupancy in any
reported CcO structures (Table 1). The peak height of 0.22 near CuB at
100 μs after photodissociation is consistent with IR results which shows
the presence of residual (24%) CO bound to CuB at 100 μs. When 100%
occupancy of CO for “dark” and 20 ns, obtained from IR analysis, was
used for the structure refinement with XFEL data, CO bound to CuB at
20 ns was characterized by higher temperature factors than CO bound
to Fea3 in “dark”. Thus, information from the time-resolved analysis of
both IR and XFEL are important to elucidate the property of CO moiety
at each of the three states (Table 1).

3.4. The open/closed structure transition of H-pathway upon CO release

Although the location of heme a3 was fixed because the propionate
and hydroxyl-farnesylethyl groups interacted with surrounding hydro-
philic side chains, the subtle but significant translational shift of the
region of C-pyrrole ring of heme a3 was observed upon CO-release from
the O2 reduction site (Fig. 9a). Superposition of the crystal structure of
each state onto the fully reduced ligand-free structure, which adopts the
open conformation of helix X, showed the same distance between the Cβ
atom of L381 in helix X and the vinyl group of heme a3 as that at 100 μs
(3.37 Å) (Fig. 9b). On the other hand, a shorter distance was observed
in the structures of “dark” and 20 ns (3.06 and 3.13 Å, respectively).
This repulsion by hydrophobic groups would mediate the transduction
of the conformational change from hemea3 to the region of V380 to
G384 in helix X. Considering that the observed structural changes upon
CO-photodissociation reflect the reverse process of O2-binding, the
binding of O2 to CuB prior to the binding to Fea3, is proposed to trigger
the translational shift of heme a3 towards L381 in helix X, thereby
leading to the transition of the closed conformation in the H-pathway.

Based on the Fobs-Fcalc density maps at the helix X, the conforma-
tions of helix X in “dark” and 20 ns were revealed to be closed, in-
dicating that S382 protrudes to eliminate the water cavity in the H-
pathway (Fig. 10a and b). On the other hand, at 100 μs, the structure of
helix X was mixed with 55% closed and 45% open conformation
(Fig. 10c). If the CO-binding to CuB made the helix X in the closed
conformation, the above-mentioned CO occupancy bound to CuB at
100 μs should be corresponding to the occupancy of closed conforma-
tion of helix X at 100 μs. However, the occupancy of CO (22.3%) bound
to CuB differed from that of closed conformation of helix X (55%) at
100 μs (Table 1), representing that the conformational change was not
perfectly concomitant with the CO-release from O2 reduction site. Al-
though the occupancy of CO bound to CuB was not in agreement with
that of the closed conformation of helix X at 100 μs, it is plausible that
CO-release from the O2 reduction site drove the conformational change
in helix X from closed conformation to open conformation.

From the time-resolved structural analysis using CO-bound CcO, the
following relay system for the closing H-pathway is proposed. O2

binding to CuB before Fea3 drives the translational shift of heme a3 close
to helix X. The resulting van der Waals interaction between Cβ atom of

Fig. 7. CO ligand dynamics initiated upon CO photodissociation of CcO in the
crystalline phase at 4 °C. (a) Time-resolved IR difference spectra upon CO
photodissociation. Each difference spectrum was obtained by subtracting the
probe-only (CO-bound) spectrum. (b) Temporal changes in the Fe-CO and Cu-
CO intensities. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
This figure was originally published in the Science Advances. Shimada A., et al.
(2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.
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L381 belonging to helix X and the vinyl group of heme a3 alters the
conformation of helix X. As the conformational change of helix X from
the open to the closed conformation occurs, the interaction between the

O atom of S382 backbone and the N atom of V386 backbone is broken
and then the backbone C]O group of S382 protrudes to the water
cavity near the bottom end of the hydrogen bond network in the H-
pathway.

3.5. The structural basis assuring unidirectional proton transfer

The process of structural changes upon CO-release determined by
time-resolved XFEL analysis provides significant insights for under-
standing the unidirectional proton transfer mechanism as below. In R-
form, where all metal sites are reduced and no ligands bind to the O2

reduction site, protons are transferred from the N-side as hydronium
ions through the water channel, then stored at the Mg-containing water
cluster in the H-pathway (Fig. 11a). One of the water molecules
(Wat101) in the water cluster links to H291 coordinated to CuB, sug-
gesting that the proton saturation in the water cluster is sensed by CuB
via H291 from the water molecule in the water cluster (Fig. 11b). H291
perturbs the trigonal plane including CuB, enhancing the sensitivity of
CuB for coordinating with another ligand. O2-binding to CuB initiates

Fig. 8. Structures of the O2 reduction site of the CO-bound fully reduced state at dark and at 20 ns and 100 μs after the photodissociation. (a) Fo-Fc difference electron
density maps at 3.5 σ and structural models are illustrated. Purple, blue and light-blue spheres represent iron ions, copper ions and oxygen atoms of water molecules,
respectively. Blue and red sticks indicate nitrogen and oxygen atoms, respectively. Red, green and light-blue sticks are the other atoms of the structures measured at
dark and at 20 ns and 100 μs after photodissociation, respectively. CO, water 1 and water 2 were not included in the structure refinement. (Significant electron
density assignable to the CO molecule between Fea3 and CuB is not detectable in the 100 μs structure at the σ-level in the figure.) (b) The Fo(20 ns or 100 μs) –Fo(dark)
difference electron density maps at +5.0/−5.0 σ level are shown as green/red mesh. The difference density maps show the directions of CO and CuB movements
given by red and blue arrows, respectively. (c) Geometries of CO in the O2 reduction site in the structures measured at dark and at 20 ns and 100 μs after photo-
dissociation. Thick gray line at the top of each structure shows a side view of the CuB coordination plane consisting of three imidazole nitrogen atoms. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
This figure was originally published in the Science Advances. Shimada A., et al. (2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.

Table 1
The peak height of CO molecule at O2 reduction site.
This table was originally published in the Science Advances. Shimada A., et al.
(2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.

Dark 20 nsec 100 μsec

Reference water molecules
Water1 (heme a) (e−/Å3) 0.472 0.269 0.395
Water2 (heme a3) (e−/Å3) 0.472 0.373 0.406
Average (e−/Å3) 0.472 0.321 0.401
CO at Fea3 (e−/Å3) 0.631
CO at CuB (e−/Å3) 0.319 0.089
Ratio (CO/monitor) 1.337 0.994 0.222

Occupancy of CO (%)
IR 100.0 100.0 24.0
X-ray 100.0 100.0 22.3
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the relay system as mentioned above; (i) translational shift of heme a3
occurs, (ii) van der Waals interaction between L381 and vinyl group of
heme a3 alters the conformation of helix X, and (iii) protruded C]O of
S382 towards the water cavity closes the H-pathway (Fig. 11c). After
the closure of the water channel in the H-pathway, O2 migrates to Fea3
and is reduced by Fea3, followed by an electron transfer from Fea to the
O2 reduction site. The electrostatic repulsion between a proton stored in
the water cluster and the positive charge created upon the oxidation of
Fea drives unidirectional proton-pumping (Fig. 11d). This proton-
pumping model is established only by the determination of the short-
lived intermediate structure (CO binds to CuB) captured using XFEL
time-resolved crystallography.

4. Nitric oxide reductase: cytochrome P450nor

4.1. Introduction

NO reduction is involved in denitrification by microorganisms
growing in oxygen-limited environments [78]. The bacterial deni-
trifying system comprises of four reducing steps; NO3

−→NO2
−→

NO→N2O→N2, with each step catalyzed by different enzymes
[79,80]. The reducing equivalents for these reactions are provided from
the respiratory chain coupling to the synthesis of adenosine tripho-
sphate (ATP), and thus bacterial denitrification functions as anaerobic
respiration. The mechanism of the NO reduction step that produces N2O
has received increasing attention because N2O is the main stratospheric
ozone-depleting substance [81–83]. N2O is also a greenhouse gas. Even
though the quantity of N2O emissions released into the atmosphere is
far less than that of carbon dioxide (CO) [81,84], its global warming
potential is 300-times more potent than carbon dioxide over a 100-year
time horizon [85,86]. In recent decades, as nitrogen fertilizer applica-
tions and nitrogen deposition have increased worldwide, global levels
of N2O have increased [87]. The changes in the nitrogen cycle and
composition of the global atmosphere provides great implications for

future global climate change.
In addition to bacteria, many fungi and yeasts also exhibit deni-

trifying activities [88,89]. P450nor is a heme enzyme isolated from the
fungus Fusarium oxysporum [90]. The function of P450nor is the re-
duction of nitric oxide (NO) into nitrous oxide (N2O) using NADH as an
electron donor (2NO+NADH+H+→N2O+NAD++H2O) [91].
P450nor is a soluble enzyme (Fig. 12a) and its enzyme family is distinct
from membrane-integrated bacterial NO reductases [92]. The reaction
catalyzed by P450nor has two unique features among the P450 super-
family. Firstly, it is not a monoxygenase reaction using molecular
oxygen. Secondly, P450nor active center can be reduced with hydride
(H−) directly from NADH [93]. In other members of P450, a small
ferredoxin or a membrane-associated diflavin reductase supplies elec-
trons to P450 [94].

The reaction scheme of P450nor has been proposed based on
spectroscopic analysis [95–98]. As shown in Fig. 12b, the resting state
of P450nor has a ferric heme with a water molecule and a Cys thiolate
as axial ligands of iron [98]. In the first step, the water molecule at the
sixth coordination site is displaced by NO, forming the ferric NO
complex as an initial intermediate [97]. The ferric NO complex is then
reduced with hydride (H−) from NADH, producing the second inter-
mediate, designated as intermediate-I (I) [95,97]. I is a two-electron
reduced product of the ferric NO complex, although whether it is a
singly or doubly protonated form is not clear. In the final step, I reacts
with a second NO to generate the reaction product, N2O [97]. Studies of
model compounds, theoretical calculations [99–102] and X-ray crys-
tallography [93,103] have supported this reaction mechanism. Early
structural studies have reported the structure of P450nor in ferric NO
complex at 1.8 Å resolution using data collected at synchrotron source
from SPring-8 at 100 K [104]. However, X-ray induced radiation da-
mage of protein crystals is well known to occur even at cryogenic
temperatures [1,2], especially metal centers which are very rapidly
reduced by the X-ray beam. The reduction of the heme iron greatly
affects the geometry of the ligand molecule bound to metal ion.

Fig. 9. Structural comparison of heme a3 region in the structures measured at dark and at 20 ns and 100 μs after the photodissociation. (a) Each structure is
superposed on that of the fully reduced ligand-free state (PDB ID, 5B1B) by least-squares fitting of the main chain atoms of subunit I. Red, green, light-blue and blue
colors indicate the structures measured at dark, at 20 ns and 100 μs after photodissociation and at the ligand-free fully reduced state, respectively. Dark-blue sticks
and red spheres of heme a3 indicate nitrogen atoms and iron ions, respectively. The light blue sphere denotes the location of Water 2 shown in Fig. 8a. Amino acid
side chains interacting with the heme a3 by hydrogen bonds are drawn in thick stick models for the fully reduced state. These interactions are fully preserved in any
time resolved structures. The characters, A, B, C and D, in the heme designate the PDB naming of the pyrrole rings. The CAC marks one of the carbon atoms of the
vinyl group covalently bounded to the C-ring. (b) A close-up of the vinyl group regions in panel (a). The structures of heme a3 and Cα drawings of protein regions at
dark, 20 ns and 100 μs are illustrated using the same color code as in panel (a). Helix X of the ligand-free fully reduced state (PDB ID, 5B1B) is illustrated by a thin
stick model, where oxygen atoms are red and the other atoms are blue. The distances between CAC and the β carbon of L381 at 20 ns (green) and 100 μs (blue) are
given by the digits with arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
This figure was originally published in the Science Advances. Shimada A., et al. (2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.
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Therefore, time-resolved analysis with SFX is an indispensable method
for obtaining the precise and intact geometries of these intermediate
states (initial ferric NO state and following intermediates). The new
structural information combined with the data of time-resolved spec-
troscopy (UV–visible or IR spectroscopy) and theoretical calculations is
necessary to fully understand the mechanism of enzymatic N2O pro-
duction by P450nor. More specifically, mechanism of NO-activation by
hydride transfer from NADH, and the relationship between the elec-
tronic state of the protonated NO ligand and its reactivity for being
attacked by the second NO molecule are interesting topics to be eluci-
dated.

4.2. Use of caged NO for time-resolved experiments

The pump-probe technique with SFX using XFEL is a powerful tool
for investigating protein structural dynamics if the target protein has a
light-triggered reaction such as the case with PSII (See Section 2),
photo-dissociation of ligand (i.e. CO) from the heme groups of hemo-
protein (e.g. CcO or myoglobin [105]) (See Section 3), chromophore
isomerization-driven reactions within photoactive yellow protein [106]
or proton-pump bacteriorhodopsin [17,107,108]. If the enzyme is not
light-sensitive, photosensitive caged compounds offer a crystal-
lographic method to coherently initialize enzymatic reactions for time-
resolved SFX. Their ability for time-resolved crystallography was first

Fig. 10. Fobs-Fcalc difference electron density maps of structures measured at dark and at 20 ns and 100 μs after the photodissociation. The structure factors of Fcalc
were calculated from the closed and open structures of helix X with two bulges at S382 and M383 (a) and with one bulge at V380 (b), and the Fobs-Fcalc difference
electron density maps were drawn at 3.5 σ together with the closed and open structures of helix X, respectively. The red circles mark the location of these bulges. (c)
The Fobs-Fcalc difference electron density map of the structure measured at 100 μs after photodissociation where structure factors of Fcalc were calculated with multiple
structures of helix X (55% closed structure with the two bulges and 45% open structure with the one bulge) and drawn at 3.5 σ together with the open and closed
structures of helix X. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
This figure was originally published in the Science Advances. Shimada A., et al. (2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.
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demonstrated by an X-ray Laue diffraction [109]. Caged NO is useful as
a reaction initiator for P450nor [110] since this compound can quan-
titatively release the NO on the microsecond time scale upon UV illu-
mination (Fig. 13) and generate the ferric NO complex of P450nor at
ambient temperature upon photolysis [25].

4.3. Enzyme kinetics in crystal

It is essential to characterize the reaction kinetics of P450nor in the
crystalline phase prior to time-resolved SFX (as mentioned in the case of
the CcO study). The visible and IR absorption spectroscopies at 293 K
were performed to investigate the reaction kinetics in the crystalline
phase. The time-resolved spectral changes in microcrystals of P450nor
induced by UV pump illumination at 308 nm are shown in Fig. 14. The
presence of a positive difference band at 437 nm indicates that the NO
released from the caged-NO binds to heme at 20ms (Fig. 14a). In the
presence of NADH (Fig. 14b), after the NO-binding at 20ms, another
positive difference band was observed at 450 nm with the concomitant
disappearance of the 437 nm band on the second time scale. The
450 nm band indicates the formation of I upon the reaction of the ferric
NO complex with NADH [97]. Production of N2O by NO reduction in

the crystalline phase was demonstrated by the measurement of IR
spectroscopy [25]. However, the reaction rate of I formation in crystal
is approximately two orders of magnitude slower than in solution [97].
This difference was likely caused by the slow NADH-binding at the
active site of P450nor due to crystal packing.

4.4. Capturing the initial intermediate using caged NO

For the SFX experiment of P450nor, hydroxyethyl cellulose [111]
was included as a carrying medium into the solution containing both
the microcrystals and caged-NO to generate a stable sample stream.
Since this carrying medium is not fully transparent in the UV region and
decreases the excitation efficiency of caged-NO by ~33%, the UV laser
was irradiated from two directions at the same time for homogenous
excitation. The XFEL pulse of SACLA irradiated the sample stream at
30 Hz, whereas the UV pump pulse illuminated it at 10 Hz. Thus, each
diffraction image was obtained sequentially upon pump illumination
(“light” data), followed by two diffraction images without the pump
illumination (“dark1” and “dark2” data) with a time interval of
33.3 ms. NO is expected to be released only in the “light” data. Ad-
vantage of collecting “dark” datasets is a reduction of systematic errors

Fig. 11. A schematic representation of the water channel closure mechanism. (a) The water channel closure system in which the O2 reduction site composed of CuB
and Fea3 is in the fully reduced state under turnover conditions. The Mg-containing H2O cluster is the H+-storage site which connects with CuB via H291 and a fixed
water molecule (HOH10 in Fig. 6) in the storage site. The heme a3 vinyl group is in van der Waals contact with L381. Protons are transferred by H3O+ through the
open water channel. (b) Full protonation of the Mg-containing H2O cluster promotes the protonation of the fixed water, resulting in the distortion of the regular
trigonal coordination of CuB1+. Then, this distortion increases the O2-affinity of CuB1+. (c) Closure of the water channel upon O2 binding to CuB as follows; (i)
migration of the plane of heme a3; (ii) structural change of L381; and (iii) formation of the bulge at S382 to close the channel. (d) Proton pump after the channel
closure. After migration of O2 to Fea3, Fea2+ is oxidized to pump protons. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
This figure was originally published in the Science Advances. Shimada A., et al. (2017) Sci. Adv., 3, e1603042, doi: https://doi.org/10.1126/sciadv.1603042.
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derived from slight difference in the sample lot and conditions in-
cluding the concentration of each composition (carrying media, NADH,
microcrystals or caged NO). These errors would affect the quality of Fobs
(light) – Fobs (dark) difference Fourier map. Two “dark” datasets should
be collected to ensure that the scattering of pump laser for light data
does not affect the other data.

Comparison of the active site of the resting enzyme and ferric NO
complex as an initial intermediate (20ms after photolysis) obtained by

the SFX technique is illustrated in Fig. 15. In the structure of the resting
state (Fig. 15a), a water molecule is bound to the ferric heme as a sixth
ligand with 60% occupancy. The structure at 20ms, after caged-NO
photolysis, determined at 2.1 Å resolution is shown in Fig. 15b. The Fobs
(light) – Fobs (dark2) difference Fourier map showed a strong positive
electron density at the sixth heme coordination site (distal side), which
was assigned to the bound NO. A small negative density between the Fe
and S atom of C352 indicated that the iron atom was pulled towards the
distal side of the heme by NO binding. The occupancy of the bound NO
was estimated to 50%. Further increase of NO occupancy was not ap-
propriate in this experiment because the UV pump energy had to be
reduced to prevent laser damage to the crystal. The NO is bound to the
iron in a slightly bent form (Fe-N-O angle of 158°) with a short Fe-NO
distance (1.67 Å) compared to the damaged structures from data ob-
tained by synchrotron radiation [25]. In addition, positive and negative
difference densities were observed around A239, indicating a structural
change with 0.2 Å movement by a steric repulsion between the bound
NO and the main-chain carbonyl group (C=O) of A239 (Fig. 15c).

4.5. Next challenge: how to determine the next intermediate

In the reaction scheme in Fig. 12, ferric NO state is followed by the
binding of NADH to form the next intermediate (I). As shown in Fig. 14,
the formation of I from ferric NO state is a slow reaction in crystalline
phase. The delay time of> 33ms was out of range in the normal setting
of time-resolved SFX measurement, because the illumination position of
UV pump laser had to be very close to that of the XFEL pulse. Therefore,
the measurement to obtain the next intermediate (I) requires another
type of injector with a longer pathway between pump and probe po-
sitions. For example, Stagno et al. [112] used a mix-and-inject SFX
system with a 10 s mixing delay to determine the intermediate state of
the RNA riboswitch structure. The ligand solution and slurry of mi-
crocrystals in a HPLC line were fed into a T-junction mixer, which was
connected to a gas-directed virtual nozzle through the long capillary to
provide long delay times. Fuller et al. [113] used a tape drive device
(conveyor belt system in combination with acoustic droplet ejection
[114]) as a sample delivery and reaction initiation method to extend
the range of delay time to 0.2–10 s in the time-resolved XFEL experi-
ment. The conveyor belt continuously transports droplets containing
crystal slurry through the reaction region, consisting of laser excitations
for photochemical reactions or gas-activation. These two devices ap-
pear to be convertible to the measurement of intermediate (I) of

Fig. 12. Structure and reaction cycle of P450nor. (a) overall structure of P450nor. (b) P450nor reduces NO to N2O through the NO-bound state and intermediate-I.
This figure is modified from Tosha et al. Nat. Commun., 8 (2017) 1585.
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Fig. 13. Caged-NO photolysis. One caged-NO releases two NO molecules upon
UV light illumination. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
This figure is modified from Tosha et al. Nat. Commun., 8 (2017) 1585.

Fig. 14. Visible absorption spectra of microcrystal of P450nor. (a) Time-re-
solved visible absorption difference spectra of microcrystal after caged-NO
photolysis in the absence of NADH and (b) in the presence of NADH. The dif-
ference was calculated by subtracting the spectrum recorded prior to photo-
lysis. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
This figure is modified from Tosha et al. Nat. Commun., 8 (2017) 1585.
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P450nor. In addition to these injector-based techniques, a fixed-target
sample delivery approach based on chip [115] or freeze-trapped
methods would also be useful to take the snapshot of the reaction.

5. Future potential of time-resolved XFEL

Time-resolved analysis using XFEL offers a crystallographic method
to visualize the process of enzymatic reactions. As shown in this review,
successful application of SFX or SF-ROX for time-resolved analysis of
photo-reaction or in conjunction with a photosensitive caged-com-
pound were demonstrated. However, successful examples of time-re-
solved analyses measured at SACLA are currently limited to the proteins
reviewed here in addition to bacteriorhodopsin [17,107]. Although the
limited availability of beamtime is one of the reasons for the limited
achievements, the start of the operation of second undulator beamline
(BL2) at SACLA and the European XFEL from 2017 will accelerate
further progress in time-resolved crystallography.

What is the technical bottleneck for its application to a wide range
of samples? The key technical component that needs to be developed is
the method of sample delivery. In the early stages of development, li-
quid-jet injectors were used for sample delivery in LCLS and SACLA
[116,117]. Since then, a variety of delivery methods have been devel-
oped and used for SFX: viscous extruder (LCP-injector) [118–121],
acoustic droplet ejection coupled with a conveyor belt drive [113], and
fixed target systems [122] (The methods for sample delivery are re-
viewed by Grunbein et al. [123], and the technical challenges for
membrane proteins with XFEL are reviewed by Standfuss [124] and
Feld et al. [125]). These methods are designed to reduce the sample
consumption and increase the hits of XFEL pulse with the crystal sample
to obtain indexable diffraction images, which will provide us with more
chance for obtaining the time-resolved datasets from limited amounts
of sample.

Development of methods for a reaction trigger is also an important
technical component for a wide-range of applications in time-resolved
crystallography, since most of enzymatic reactions are not photo-
sensitive (various methods are reviewed by Schlichting et al. [126]).
Mixing of enzyme microcrystals with the substrate using a mixing in-
jector, without using photo-trigger, has great potential [112,127], al-
though the diffusion of substrate into the crystals takes a millisecond at
least. As described in Section 4, use of caged compound can be a
powerful tool for the initiation of the reaction. There are many caged

compounds now commercially available (including ATP, other nu-
cleotides, metals, amino acids and a variety of other substrates)
[128,129]. However, not all of them may be suitable for time-resolved
experiments. Most of them were originally developed for cellular or
molecular biology experiments. The properties required for time-re-
solved experiments are a high efficiency yield of substrate releasing
from the cage and a fast response rate upon the irradiation by pump
laser (UV or visible light). On a practical level, the yield of uncaging is
often decreased due to the attenuation of pump laser by the buffer
composition or released substrate itself. The solubility and stability of
caged compounds in carrying media at ambient temperature would also
limit their concentration in the crystal. Design of an excellent caged
substrate is thus necessary for application in a time-resolved experi-
ment.

Finally, when conducting time-resolved experiments, attention must
be directed to several experimental parameters. There will be many
conflicts between both the solution and crystallization condition on the
solubility and the substrate-binding affinity. The slow diffusion rate and
restricted dynamics of a protein in the molecular packing in the crystal
lattice results in a slower reaction rate, as shown in the P450nor (See
Section 4.3). In addition, it is not easy to resolve multiple intermediates
from electron density maps. In such a case, the quantitative information
of the population of intermediates by spectroscopy is essential to de-
termine the occupancy of each species. For the general application of
studying conformational dynamics, the attachment of the photo-
receptor into the protein and monitoring by UV–visible or fluorescence
spectroscopy [130,131] is an important technique to analyze the frac-
tion of each intermediate in both the solution and crystalline phase.
Since the reaction conditions vary in each protein, a variety of crystal
delivery and reaction initiation methods, as well as an equipped la-
boratory with a spectroscopic monitoring system, will broaden the
possibility for future studies of time-resolved crystallography.

6. Conclusions

Three examples of time-resolved XFEL studies of metalloproteins
were presented in this review. These studies provided a technical basis
and future direction for time-resolved crystallography at XFEL. As
shown in the PSII studies (Section 2) and the studies of bacter-
iorhodopsin [17,107,108], the pump-prove SFX method using micro-
crystals has been well-established for observation of the photo-driven

Fig. 15. SFX structures of P450nor. (a) Resting state structure using the “dark2” data. The 2Fobs− Fcalc maps are shown in gray and contoured at 1.2 σ. The
Fobs − Fcalc maps are shown in orange and contoured at 4.0 σ (b) Transient structures at 20ms after caged-NO photolysis in the absence of NADH. (c) Superposition of
the resting state (blue stick model) and at 20ms after caged-NO photolysis (yellow stick model). The Fobs(light)− Fobs(dark2) difference Fourier maps are shown in
turquoise (positive) and magenta (negative) and contoured at 6.5 σ in b and 2.8 σ in c. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
This figure is modified from Tosha et al. Nat. Commun., 8 (2017) 1585.
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protein dynamics in photo-sensitive proteins. The CcO study described
in Section 3 demonstrated that combinational use of the SF-ROX
method and the HAG system is applicable to the pump-prove type time-
resolved crystallography even for larger crystals. This technique is
helpful to obtain a high-resolution data set. The photo-trigger methods
used in CcO (Section 3) and P450nor (Section 4) showed that not only
photo-sensitive protein like PSII but also non-photosensitive proteins
can be analyzed by XFEL-based time-resolved crystallography. Since the
CO ligand functions as a photolabile protecting group in many me-
talloproteins, including CcO, photoinduced dissociation of the CO li-
gand can be a trigger for time-resolved crystallography. Use of a pho-
tosensitive caged substrate has potential for a much wider application
to time-resolved study. In order to succeed in observing the structural
dynamics, it is crucial to determine the efficiency and kinetics of the
protein reaction in the crystalline state by spectroscopic techniques as
shown in the studies of CcO and P450nor. Currently several other
sample delivery systems and reaction initiation methods are developed
for time-resolved experiments in XFEL. Further improvement and de-
velopment will open the possibility of time-resolved analyses for many
important biological macromolecules.
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