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ABSTRACT: Time-resolved serial femtosecond crystallography (tr-
SFX) enables the study of biomolecules in action at room temperature,
thus facilitating the construction of in crystallo mini-3D biomolecular
series (a stop-motion series) of biochemical reactions with unprece-
dented spatiotemporal details. One of the challenges encountered in
expanding this method is the insufficient tools available for triggering the
biomacromolecular reaction. Here, we highlight recent advances and
challenges in the mix-and-inject (diffusion-based) tr-SFX (MISC) as a
promising triggering method for studying the structural dynamics of
metalloproteins, redox enzymes, and their reaction kinetics. We further
discuss the results obtained using MISC tr-SFX and propose complex
MISC (cMISC) as a tool to study complex reaction kinetics such as
theenzyme-catalyzed bisubstrate (sequential and ping-pong) reactions.
KEYWORDS: biocatalysis, metalloproteins, redox enzymology, mix-and-inject tr-SFX, in crystallo enzyme kinetics, structural dynamics

■ INTRODUCTION
The extremely bright femtosecond X-ray pulses produced by
X-ray free electron laser (XFEL) sources have revolutionized
the field of structural biology and materials science with
unprecedented capabilities for tracking the structure and
dynamics of molecules in real time with high precision.1−5 In
particular, by using the diffraction-before-destruction con-
cept,1,6 this approach enables the study of inherently radiation-
sensitive and scientifically challenging biological systems, such
as metalloproteins and redox metalloenzymes, soluble and
membrane-embedded proteins, such as photosystem II,
cytochrome c oxidase, ferredoxins, hydrogenases, and heme
peroxidases.7−14 X-ray diffraction studies on metalloproteins
are particularly challenging in conventional macromolecular
crystallography owing to radiation damage. The damage is
caused primarily by high-flux X-ray exposure over time scales
ranging from milliseconds to seconds, which is longer than the
photon ionization processes. Consequently, this extended
exposure leads to significant damage to the unit cells of the
crystals even at cryogenic temperatures, and this damage
becomes more severe at room temperature.15−23

At synchrotron X-ray sources, photoionization of metal ions
with high atomic numbers (Z) due to X-ray irradiation is
unavoidable and may reach a very high reduction rate, even
when collecting diffraction data at cryogenic temperatures with
much lower X-ray doses.7,8,15,17,23,24 There are two types of
damage: i) global damage, which mostly affects the Bragg peak
intensities and high-angle reflections; and ii) local damage,

which occurs in the form of chemical deformations in specific
regions of biomacromolecules, such as metal centers, disulfide
bonds, and specific regions of residues.12,21,25,26 Damage may
occur indirectly in the metal centers of metalloproteins due to
the high tendency of large Z atoms to absorb free electrons
generated by X-ray irradiation and change their oxidation
states. This, in many cases, results in a misleading
interpretation of biological function.17,20,27,28 This is partic-
ularly evident when insufficient care is taken during data
collection and during the analysis of metalloproteins and redox
enzymes.29,30 These challenges are extended further when
dealing with biological samples that are difficult to purify and
crystallize, such as membrane proteins, adding another
dimension to the above-mentioned complexity.

The ultrashort pulses of X-rays at XFELs, i.e., in the
femtosecond regime, provide unprecedented opportunities for
structural biologists to overcome the inherent challenges posed
by X-ray radiation damage by collecting diffraction images
before the onset of radiation damage.2−5,21,31−33 One of these
challenges is the study of redox reactions catalyzed by
metalloproteins (redox enzymology), which involve redox
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cofactors and residues susceptible to photoreduction, such as
heme metal centers in hemoproteins and metal clusters in
iron−sulfur proteins and nitrogenases.22,34,35 Here, we high-
light recent advances and challenges in studying the structural
dynamics of metalloproteins and redox enzymology using the
mix-and-inject time-resolved serial femtosecond crystallogra-
phy (MISC) method. We also discuss the unique high
repetition rate X-ray pulse structure of the European X-ray
Free Electron Laser facility36−38 and its importance in the
study of complex and vulnerable biological macromolecules
that are highly prone to X-ray radiation damage, such as redox-
induced structural changes during the catalysis of metal-
loenzymes. These studies often require a large amount of
experimental data to be collected to cover the complete
reaction cycle of the process under investigation; notably,
obtaining beamtime to conduct such experiments is extremely
competitive with the limited number of XFEL facilities
worldwide. A general schematic representation of the MISC
experiments performed with the Single Particles, Clusters, and
Biomolecules & Serial Femtosecond Crystallography (SPB/
SFX) instrument of the European XFEL is shown in Figure 1

(see refs 36−40 for the detailed instrumentation and
experimental setup).

■ STRUCTURAL DYNAMICS OF METALLOPROTEINS
AND REDOX ENZYMOLOGY

■ DYNAMICS OF METALLOPROTEINS
Metalloproteins are a large group of proteins in which one or
more metal ions are bound at specific sites in the protein.
These proteins are ubiquitous in biological systems, and half of
all proteins are estimated to contain regulatory (e.g., Ca2+ in
cellular signaling), catalytic (e.g., Mn3+/4+ in the Mn4O5Ca
cluster of photosystem II), or structural metal ions (e.g., Zn2+,
such as in the Zn-finger) that are essential for their
function.22,29,43 The transition metals Zn2+, Mn2+, 3+, 4+,
Co2+, 3+, Mo2+, 3+, 4+, 5+, 6+, and Cu+, 2+ and Fe2+, 3+, 4+ are
among the most abundant metals in proteins. They have
characteristic d-electrons, enabling the formation of discrete
metal complexes in proteins where ligands are strongly bound
via a range of coordination modes.44 These transition metals
are highly prone to X-ray radiation damage, which causes
photoionization in the inner shells of the atom, which

Figure 1. Schematic representation of the typical mix-and-inject tr-SFX experimental setup at the SPB/SFX instrument of the European XFEL [for
example, see ref 41]. In MISC experiments, micrometer-sized crystals (with defined dimensions) are mixed with a substrate on the fly starting in the
mixing injector, and the microcrystals are then probed with ∼25 fs pulses of an X-ray-free electron laser at several delay times. The delay times (Δt)
can be controlled by either the loop of the mixing injector or by changing the distance between the interaction point and the mixing starting point
in the mixer, as indicated in the figure with a vertical double-headed arrow. The European XFEL delivers X-rays in pulse trains at 10 Hz, where each
train consists of up to 2700 pulses with an intratrain repetition rate of 4.5 MHz.36,38 The SPB/SFX instrument operates at up to a 1.13 MHz
intratrain repetition rate with up to 352 pulses per train, ensuring sufficient data sets in a very short time, which is necessary for time-resolved
experiments and enables the collection of sufficient data per delay time, thereby reducing the time required to complete the MISC tr-SFX
experiments without compromising the data quality. With the SPB/SFX instrument, two sets of focusing Kirkpatrick-Baez (KB) mirrors can be
used for SFX data collection from micron-focused (∼2 μm) or nanofocused beams (∼300 nm) with tunable photon energies usually at 9.3 keV
(∼1.33 Å) or 12.4 keV (∼1.0 Å) up to ∼16 keV. Various types of 3D-printed mixing injectors are available for MISC tr-SFX experiments,42 and the
instrument is also suitable for other types of mixing injectors, including a drop-on-demand injector.37,147 With the SPB/SFX instrument, the MISC
tr-SFX data are collected on an adaptive gain-integrating pixel detector (AGIPD) that was developed specifically to meet the unique high X-ray
pulse repetition rates of the European XFEL. The instrument also uses a direct beam (focused on compound refractive lenses) in a downstream
interaction region operated at a 10 Hz rate on a Jungfrau 4M detector, a 2D charge-integrating pixel detector developed by the Paul Scherrer
Institute,186 which is suitable for high-viscosity extruders (HVEs), including mixing-HVEs for the study of membrane proteins and their reaction
dynamics at slower rates up to 40 s of mixing delay.
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eventually leads to their reduction, thereby altering their
biological oxidation state. This phenomenon is particularly
devastating for redox proteins, as it alters the biochemical
function of the protein, thereby misleading data interpretation
in most cases.17,45

Many examples of metalloproteins, including those involved
in photosynthesis, cellular respiration, redox homeostasis, and
oxidative-stress-related proteins, have been extensively studied
using various biophysical methods. These methods include X-
ray absorption spectroscopy, static and time-resolved crystal-
lography, attenuated total reflectance-Fourier transform infra-
red spectroscopy (ATR-FTIR), FTIR difference spectroscopy,
FTIR spectroelectrochemistry, neutron crystallography, and
electron paramagnetic resonance spectroscopic techniques as
well as theoretical methods.7−9,15,18,21,33,46−71 These studies
have shaped our understanding of these vital biological
processes in significant detail. In particular, the advent of tr-
SFX has opened new opportunities to resolve ultrafast
biochemical processes with high spatiotemporal resolution,
especially in metalloproteins. It enables the tracking of ultrafast
processes such as energy, electron transfer, and redox tuning in
catalysis without noticeable photoreduction in catalytic
metals.63,65−69

Metalloproteins play essential roles in biological systems and
are involved in crucial processes such as oxygen transport,
electron transfer, removal of free radicals (e.g., nitric oxide and
peroxides), and energy transduction.30,70,72 Their functions
depend mainly on the chemistry of the metal cofactors, their
coordination, and the protein environment of the metals.73,74

Studying the conformational changes of these metalloproteins
using the tr-SFX technique can significantly extend our
understanding of these biological systems. This knowledge
could eventually facilitate the optimal design of artificial
catalysts, for instance, by mimicking the energy transfer process

in photosystems to ultimately yield comparable efficiencies,
thereby facilitating the transformation of this biomimicking
technology to industrial scales.59,75 A reliable biochemical
understanding of the function or catalysis of these metal-
loproteins, i.e., metalloenzymes, can be achieved by collecting
tr-SFX diffraction images before the propagation of radiation
damage in the vicinity of metal cofactors using the so-called
“short-pulse duration” (few femtoseconds) and, more
importantly, enabling SFX data collection at near-physiological
temperatures, thus allowing reliable interpretations of their
biological functions. The feasibility of using tr-SFX for studying
metalloproteins has been successfully demonstrated using a
pump−probe approach in several systems that are light
sensitive, including photosystems,63,65−67,76 cytochrome c
oxidases (CcO),77,78 cytochrome P450 NO reductase,64

flavoenzymes such as DNA photolyases,79 and various heme
proteins.80,81 Nonetheless, only a few of these studies have
implemented diffusion-based tr-SFX to elaborate on the
dynamics of metalloproteins or redox enzymes.77,82−84

■ STRUCTURAL DYNAMICS IN REDOX
ENZYMOLOGY

Redox reactions catalyzed by metalloproteins (i.e., metal-
loenzymes) can be traced using tr-SFX methods, ideally with a
pump−probe technique. The pump−probe tr-SFX technique
utilizes optical (pump) pulses to initiate biochemical reactions
in crystallo, followed by X-ray FEL (probe) pulses to probe the
reaction at different delay times. Consequently, light-triggered
reactions can be visualized in real time with high temporal and
spatial resolution.18,31,21,39,85−95 The pump probe tr-SFX
enables the determination of previously inaccessible reaction
intermediates of light-induced processes such as photo-
synthetic light-induced water oxidation (Kok’s cycle), molec-
ular events of vision in mammals, the photocycle of DNA

Figure 2. Time scales of the structural dynamics of proteins and methods used to track them. Outlines of protein structural dynamics, time scales,
and methods used to probe them. Different methods can be used to track protein dynamics at ultrafast time scales, such as molecular vibrations and
enzyme transitions, which can be determined using, for instance, theoretical calculations such as quantum mechanisms and molecular mechanics
(QM/MM) and ultrafast spectroscopy such as 2D electron spectroscopy (2DES) or pump−probe tr-SFX at the fs−ps time scale. For enzyme
catalysis (highlighted in orange), including local conformational changes, allostery, chemical exchange, and ligand binding, which occur at μs-to-ms
time scales, MISC tr-SFX complemented with first-principles calculations, such as coarse-grained MD simulations, remains the method of choice.
XES, X-ray emission spectroscopy; XAS, X-ray absorption spectroscopy; tr-SAXS/-WAXS, time-resolved small- and wide-angle X-ray scattering; T-
jump, temperature jump; tr-SE-ISRS, time-resolved surface-enhanced impulsive stimulated Raman spectroscopy.
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repairs, and ion pumping in prokaryotes.176−182 However, in
nature, only a few proteins are photoactive, while the majority
are nonphotoactive proteins. Therefore, methods for tracking
the dynamics of nonphotoactive proteins must be developed to
expand the utility of the tr-SFX tool. There are two alternative
methods for triggering biochemical reactions in proteins: i)
diffusion-based methods and ii) photocaged meth-
ods.41,64,96−100 Both methods are promising for tr-SFX and
synchrotron time-resolved serial crystallography (tr-SSX) for
the study of nonphotoactive proteins; indeed, these methods
have been implemented successfully,64,96,97 as the former is the
most realistic method because it uses natural sources that can
be widely applied to trigger enzymatic reactions. This is
achieved by direct and rapid mixing of protein nanocrystals
with their substrate and probing the enzyme dynamics and
reaction kinetics at different delay times.100

Protein dynamics play an important role in enzyme
catalysis.183,184 To this end, many methods have been
developed to track the reaction-induced dynamics of enzymes
and proteins in general (Figure 2). These methods rely mostly
on the in-solution characterization of the proteins, which
provided significant details on enzyme catalysis covering
dynamics in a wide-range of temporal resolution from fs to s.
On the other hand, time-resolved structural studies were only
feasible with solid-state NMR for small proteins (MW ≤ 30
kDa) and time-resolved Laue diffraction on large crystals at
synchrotrons, which laid the foundations in the field of time-
resolved macromolecular crystallography. However, Laue
diffraction is extremely sensitive to the degree of crystallinity,
which is difficult to achieve due to the common high mosaic
spread in protein crystals. The Laue method is limited to
photoactivated biological reactions only including those
activated with photocaged compounds. Moreover, the
complexity of handling Laue spots, i.e., polychromatic rays of
single to multiple reciprocal space reflection(s), has also
contributed to the limited application of this method, which
includes only a very narrow range of proteins. Most of these
limitations have been overcome by the tr-SFX method, thus
enabling a broader application of protein time-resolved
crystallography. Nonetheless, direct structural observation of
protein structural changes, especially for nonphotoactive
proteins, has remained challenging until recently due to
technical limitations, especially those related to sample delivery
methods such as rapid mixing injectors. To improve the time
scale to a single millisecond resolution and beyond, which is
essential for tracking enzyme catalysis and dynamics, Pollack
and co-workers developed a sophisticated mixing injector. This
approach significantly improved the mixing time to reach a
single millisecond resolution.122 However, achieving uniform
crystal sizes and subsequent rapid mixing of the substrate in
crystallo for a precise delay time approximation across crystals
remains highly challenging because the heterogeneity in
reaction initiation may result in a mixture of different transient
states at a single delay time. Recently, a droplet microfluidic
device has been developed that enables precise control of the
crystal sizes in subpicoliter droplets, thereby enhancing the
rapid mixing of the substrate in the crystal with temporal
resolution faster than 2 ms and up to 1.8 and 2.5 Å spatial
resolutions for lysozyme and Pdx1 microcrystals after mixing
with ligands (Table 1). This newly developed technology
provides a sophisticated solution to some of the challenges in
time-resolved serial crystallography in general. For example,
the new device addresses the following challenges: (i) it

excludes the need to handle microcrystals, thus reducing the
differences between different batches and decreasing the
variations in crystallographic statistics; (ii) it produces
homogeneous microcrystals (∼2−3 μm) in highly mono-
dispersed subpicolitre droplets, allowing rapid and uniform
substrate diffusion with rates much faster than the lifetime of
the reaction intermediates; and (iii) the method also reduces
the need for a large amount of sample, as is the case for
traditional mixing experiments with GDVN nozzles.190 Rapid
mixing in the droplets is initiated by impact-induced
convection, thereby allowing fast and efficient mixing. The
space between the droplets on the drop-on-demand Kapton
tape can also be highly controlled, ensuring an accurate mixing
time among droplets as well as transporting the mixture to the
X-ray interaction region with a precise temporal resolu-
tion.112,147,190 However, it remains challenging to apply this
technology to high repetition rate XFEL facilities such as the
European XFEL and the upcoming sources such as LCLS II
and SHINE. Improving physical factors such as the Kapton
speed, droplet velocity, crystal size, and concentration of
ligands (diffusion time) will allow for faster reaction initiation
as well as the rate at which the droplets reach the interaction
region.

The MISC tr-SFX is suitable for the measurement of
irreversible enzymatic reactions or other transient structures
formed during irreversible biological/biochemical or chemical
processes that cannot be measured using other methods, such
as conventional X-ray crystallography or cryo-electron
microscopy. Alterations in the crystalline structure due to
irreversible conformational changes cannot be tracked in a
single crystal or may require thousands of large crystals to
achieve a complete data set for a single delay time, making this
experiment impractical. On the other hand, the temporal
resolution at third-generation synchrotrons is limited by the
pulse length, which is in the millisecond range. This pulse
length is also a limiting factor in metalloproteins, as longer
pulse durations with high synchrotron radiation may cause
serious damage to metalloenzymes. Therefore, MISC tr-SFX
represents an ideal method for studying the structural
enzymology of nonphotoactive enzymes. Table 1 summarizes
recent studies using the MISC time-resolved crystallography
method at both XFEL and synchrotron sources and the
progress that has been made thus far to make the method more
versatile.

The development of mixing devices has led to significant
advances in the MISC tr-SFX method, as demonstrated by the
study of the Mycobacterium tuberculosis ß-lactamase BlaC
enzyme, a major determinant of ß-lactam antibiotic resist-
ance,101−103 in complex with third-generation cephalosporin
antibiotics (ceftriaxone (CEF)) as well as the ß-lactamase
inhibitor sulbactam.41,97,104,105 The temporal resolution has
improved drastically to 3−5 ms, opening up the potential for
studying the structural dynamics of nonphotoactive enzymes.
In these pioneering studies, Schmidt and co-workers
investigated the inhibitory mechanism of the ß-lactamase
inhibitor sulbactam, as well as the effect of the antibiotic
ceftriaxone on BlaC with mix-and-inject tr-SFX. The substrate,
sulbactam or ceftriaxone solution was mixed with the BlaC
microcrystals at the mixing point (Δt = 0) in the mixing
injector. The reaction, initiated by ligand diffusion, was probed
with X-rays at various delay times (Δtx = t1, t2, t3, . . ., tn), where
Δtx is the time difference between the probing X-rays in the
interaction region and the mixing starting point Δt0. This
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approach enabled recording of reaction intermediates of BlaC
with ceftriaxone with delay times ranging between 3 ms and 2
s.41,104 For instance, Figure 3 shows the evolution of the

antibiotic ceftriaxone (CEF) with increasing delay time,
starting from zero occupancy of the substrate (CEF) at Δt =
0 (which represents a structure without substrate) to 100%
occupancy in the catalytic center of BlaC (Δt > 50 ms). At this
point, the catalytic residue Ser70 of BlaC hydrolyzes
ceftriaxone and cleaves the dioxotriazine head, thereby helping
to elucidate the molecular mechanism of BlaC and the kinetics
of CEF binding and release of modified CEF as a product.41,104

By altering the delay time between the mixing region and the
X-ray interaction point, e.g., by changing the distance to the X-
ray interaction point, conformational changes in the active site
upon substrate binding can be observed. This observation can
be used to gain insight into the underlying biochemical
processes involved. The information required to determine the
conformation at a specific delay time (Δt) includes the
fractional concentration (occupancy) at that specific delay time
and the reference structure, which is the protein structure
without substrate in the resting state. In other words, the
required information is the isomorphous difference electron
density (DED) map obtained from the refined structures of the
isomorphous pair (reference structure factor amplitudes |Ffree

Obs|
for the enzyme-free state and substrate-bound models |Ft

Obs|,
which accounts for the relative accumulation of an
intermediate at a specific delay time, Δt, after reaction
initiation) (see refs 93, 106 for recent accounts on tr-SFX
data processing and extraction of transiently formed inter-
mediate states).

In redox enzyme catalysis, following redox triggering
through substrate mixing, the enzyme undergoes subtle to
large conformational rearrangements in the catalytic cleft of the
redox center and, in some cases, over long-range distances.
This enables the trapping of redox intermediate states, as
demonstrated in the case of bovine cytochrome c oxidase
(CcO) microcrystals during reaction with molecular oxygen
(O2).77 CcO oxidoreductase is an essential metabolic redox
enzyme responsible for catalyzing the four-electron reduction
of O2 into two water molecules through several intermediate
states. The system uses the generated redox energy to pump
four protons across the membrane through an electrochemical
gradient (downhill), thereby generating a proton electro-

chemical potential, which is used by ATP synthase to
synthesize ATP molecules.78,107−109 Using a T-shaped mixing
injector, a buffer saturated with O2 was mixed with fully
reduced CcO microcrystals before probing the reaction
intermediate with 40 fs X-ray pulses 8 s after the O2 diffusion.
This slower delay time was controlled by a mixer loop, and the
time was chosen based on in crystallo optical spectroscopy data.
However, given the microcrystal dimensions (20 × 20 × 4
μm3) used in the experiment and the size and chemical nature
of O2, diffusion was estimated to occur within approximately 2
ms, several orders of magnitude faster than the accumulation of
the reaction intermediate.77 Such faster substrate diffusion is
critical not only for scanning the primary intermediates of
certain reactions but also for capturing the transitions between
different intermediates, which are important for obtaining an
overall understanding of biochemical reactions. Large con-
formational changes were observed upon redox reaction in
crystallo, particularly in the local vicinity of heme a. These
changes included flipping (swinging) of nearby residues and a
change in the farnesyl side chain of heme a cofactor as well as
large-scale motion and rotation of some key residues, implying
that redox electron transfer event(s) may induce noticeable
conformational changes in the catalytic site that are useful for
inferring the catalytic mechanism.77 Such information offers
direct insight into redox enzyme catalysis when combined with
individual redox state structures, i.e., fully reduced and oxidized
states, as has been demonstrated for CcO and the NADPH-
cytochrome P450 reductase.77,78,109,110 By using MISC tr-SFX,
it was also possible to observe the gating conformational
dynamics of the redox hydrolase enzyme isocyanide hydratase
(ICH) during catalysis, resolving a set of correlated conforma-
tional changes, i.e., nonequilibrium protein motions, that alter
the ICH active site and increase catalytic efficiency.83 ICH
catalyzes the irreversible reaction of isocyanide hydration to
form N-formamide from a cysteine-derived thioimidate
intermediate.83,84 Microcrystals of ICH were mixed with a
para-nitrophenyl isocyanide (p-NPIC) substrate using a
coMESH microfluidic T-junction mixing injector to the X-
ray interaction region after 15 s and 5 min delay times.
Isomorphous difference maps of |F15s

obs-Ffree
obs |, calculated using the

structure factor phases of the enzyme-free state (φfree), showed
widely distributed conformational changes across ICH upon
cysteine (Cys101) modification, i.e., thioimidate intermediate
formation between the sulfhydryl group of Cys101 and the p-
NPIC substrate, indicating the importance of these changes in
ICH catalysis.83,84

A drop-on-demand tape-drive-based sample delivery method
was used to collect tr-SFX data on isopenicillin N-synthase
(IPNS) with catalytic ferrous ions (Fe2+), revealing the
catalytic events of the reaction of L-δ-(α-aminoadipoyl)-L-
cysteinyl-D-valine (ACV) with dioxygen to form isopenicillin
(IPN), the precursor for all penicillin and cephalosporin
antibiotics.82 ACV substrate-bound fully reduced (IPNS:Fe-
(II):ACV) anaerobic microcrystal slurries were exposed to
atmospheric O2, and redox intermediates were probed with X-
rays at different delay times from 400 ms to 3.0 s via
simultaneous collection of tr-SFX and tr-XES (time-resolved
X-ray emission spectroscopy) data using a similar setup to that
used for photosystem II.56 The delay time was controlled by
the speed of the Kapton tape. Enzyme dynamics involving
long-range conformational changes essential for the conversion
of ACV to IPN were observed. Intriguingly, O2 binding was
found to alter the crystal lattice and induce motion beyond

Figure 3. An example of an MISC experiment conducted at the SPB/
SFX instrument of the European XFEL. The first MISC tr-SFX on ß-
lactamase BlaC enzymatic catalysis to achieve a single millisecond
temporal resolution,41 in which a series of events of a ceftriaxone
antibiotic substrate binding to the active Ser70 residue in subunit B
are tracked and recorded with ultrashort XFEL pulses from 0 ms (the
reference structure of the enzyme-free state) to 50 ms, where the CEF
gradually substituted the inorganic phosphate in the active site to
reach a dominant occupancy at ∼10 ms. The appearance of a partial
CEF substrate was observed for 5 ms. The blue mesh represents the
enhanced polder maps contoured at the 3.0 σ level. This figure is
adapted from ref 41. Copyright 2021 IUCTJ.
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those at the active site, causing dynamic changes throughout
the IPNS.82 A 50% increase in the temperature factor (B-
factor) was observed at peripheral regions of the IPNS, which
was consistent with the increase in O2 binding. Importantly,
the B-factor returned to its ground state upon the formation of
the end product IPN and the removal of two water molecules,
i.e., full consumption of the reactive dioxygen. Such
comprehensive analysis is inevitable, especially when dissecting
the catalysis of redox enzymes, as the dynamics associated with
single or multiple electron transfers upon substrate binding
play critical roles in tuning catalysis and may entail
conformational changes throughout the protein.111 Very
recently, Nguyen et al. improved upon their drop-on-drop
method for studying biochemical reactions in crystallo by
including a second droplet dispenser. This approach enabled
them to drop a tiny volume of droplets (in picoliter) of a
second substrate, peracetic acid, containing hydrogen peroxide,
on a large drop of microcrystalline slurry of M. tuberculosis
cytochrome P450 (in nanoliter) with its native substrate (L-
tyrosine-L-tyrosine, cYY) at different delay times, thereby
enabling rapid mixing and subsequent reaction initiation before
probing the triggered reaction with X-rays. As a result of such
important developments in the MISC tr-SFX, an enzyme−
substrate [E•S] complex of P450-based ferric-hydroperoxo
(compound 0), a long-awaited high-spin intermediate that was
not feasible before, was captured in crystallo at an ∼200 ms
delay time, and the structure was resolved at a resolution of
1.85 Å (Figure 4). Shorter delay times were achieved by
reducing the distance between the mixing point and the X-ray
interaction region.112

■ IN CRYSTALLO ENZYME KINETICS BASED ON
MIX-AND-INJECT TR-SFX

Recent results on structural enzymology using the MISC tr-
SFX technique provide a comprehensive and detailed under-

standing of the processing and interpretation of MISC data,
thus enabling scientists to extract essential structural
information on the different transient-kinetic states during
the catalytic cycles of these enzymes.41,104−106 MISC tr-SFX
enables direct estimation of enzyme kinetics, as previously
demonstrated in BlaC β-lactamase microcrystals, by directly
observing the early events of enzyme and substrate complex
[E·S] formation at a single millisecond temporal resolution.
The fully saturated enzymatic active site shows the formation
of CEF (aminothiazole and dioxotriazine) with the BlaC
catalytic residue Ser70 after approximately 50 ms and partial
formation of the reaction product, as indicated by the
weakened electron densi ty of the CEF density
map.41,97,104,105 By combining very short and longer delay
times and probing intermediates with sufficiently short
intervals, it becomes possible to delineate the complete
enzymatic reaction steps, from the formation of the
enzyme−substrate complex (E·S) to the decomposition of E·
S, resulting in the regeneration of the free enzyme (E) and the
release of the reaction product (P) (Figure 5). This enables a

reasonable estimation of the reaction kinetics in crystallo by
following the Michaelis−Menten (MM) approximation model.
Here, the reaction rate (υ) is defined as = [ ]

+ [ ]
V S

K S
max

m
, where

Vmax is the maximal velocity reached at high substrate
concentrations for a given enzyme concentration [E] (i.e.,
when all active sites of the enzyme in the crystal are occupied
by substrates reaching a 1:1 stoichiometric state, assuming a

Figure 4. Reaction pathway of cytochrome P450 CYP121 and the in
crystallo tr-SFX intermediate structures. a) Proposed pathway for the
catalytic reaction of CYP121 on the native substrate cYY. b) Low-spin
ES complex before the addition of an oxidant (H2O2) and trapping of
the high-spin Cpd0 intermediate after 200 ms of mixing and delay
time (drop-on-demand mixing of tr-SFX). The formation of the ferric
hydroperoxo (PEO) of Cpd 0 facilitated hydrogen bond formation
with the substrate cYY, suggesting its direct role in the C−C coupling
cyclization of the substrate via a mechanism that is not common in
heme enzymes.112 The distances in panel b are in Å. Panel a is
adapted from ref 112. Copyright 2023 American Chemical Society.

Figure 5. Diffusion of the substrate into microcrystals and two
possible kinetic mechanisms in crystallo following single-substrate or
two-substrate diffusion. a) A highly concentrated substrate on the
immediate surface of a microcrystal diffuses quickly as the diffusion
time increases in proportion to the crystal size in the flux direction
from a high concentration (outside surface) to a low concentration
(inside microcrystals), allowing quick binding of the substrate. b)
Standard enzymatic mechanism with a single-substrate reaction
showing the binding kinetics of the forward (K+1) and reverse
(K−1) pathways and the formation of the enzyme−substrate complex
intermediates [E·S] and [ES′], which accumulate in crystallo at
different delay times after mixing, as well as the turnover constant
(K+3). c) Example of a two-substrate Ping-pong reaction-like
mechanism displaying the formation of an enzyme−substrate A
(SA) complex, an intermediate product (an activated enzyme with the
first product P [E*·P]), an enzyme−substrate B complex and the
formation of the second product (P‡).
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first-order reaction). The Michaelis constant Km is calculated

as = + +

+
K K K

Km
( )1 3

1
, representing the substrate concentration at

which the enzymatic rate equals half of Vmax (refer to Figure
5b).63,104,105 Here, the forward (K+1) and reverse (K−1) rate
constants and the catalytic rate constant (K+3) (i.e., Kcat) are
unknown and can be estimated based on the substrate
diffusion time, concentration, and rate of product formation.
It should be noted, however, that the majority of the enzymatic
reactions have a moderate turnover rate of ∼10 s−1,191

meaning that the currently achieved temporal resolution is
suitable to cover the dynamics of most of these enzymes.
However, for fast enzymatic turnover kinetics (1/Kcat), such as
those of the metalloenzymes catalase (∼4 × 107 s−1) and
carbonic anhydrase (104 to 106 s−1), which are on the order of
microseconds, the diffusion time is much slower than that for
the formation of reaction intermediates. This makes it
extremely challenging to capture their intermediates with the
currently available technology.87,100

The mixing of the substrate with the enzyme in crystallo can
be considered similar to the stopped flow method in solution,
with the major difference being that the substrate diffuses
much faster than in crystallo.113−115 The diffusion of the
substrate adopts Fick’s second law (Laplace’s equation):

=D C c2 , where the diffusion coefficient D defines the
amount of substrate C that diffuses from the highest
concentration region (surface of the crystals assuming
homogeneous distribution before mixing) across a unit area
(in this case, it is a 3D microcrystal with defined dimensions)
in a unit of time, and ∇2 is the Laplacian, which is defined as

= + +
x y z

2 2

2

2

2

2

2 for a spatial flux of substrate in 3D box-

like objects (e.g., protein microcrystals).100,104 Substrates are
used at sufficiently high concentrations (up to ∼15 times
higher than the enzyme concentrations in crystals) to ensure
rapid diffusion (i.e., increasing the osmotic pressure).100,112

Olmos et al. estimated that the stoichiometric ratio of
BlaC:CEF can be reached at a time t = tD·f, where tD is the

diffusion time and = [ ]
[ ]( )f ln 1 S
S

in

out
, in which [S] is the

substrate concentration inside and outside the crystal.104 This
means that a 1:1 stoichiometric ratio between the substrate
and the enzyme in crystallo can occur at a much faster delay
time than that of diffusion.

Notably, the biomolecules (e.g., enzymes) in crystallo are
densely crowded and highly packed in a crystallographic unit
cell, which can, in some cases, result in limited solvent access
channels.116,117 Such steric confinement occasionally prevents
effective diffusion of relatively large enzyme substrates and
ligands into crystals, resembling the macromolecular crowding
state, which decreases the diffusion rate and affects enzyme−
substrate interactions, with the exception that crowded
crystalline proteins or enzymes are highly ordered and remain
in close contact with weak interactions, i.e., spatially organized
molecules.118−120 Therefore, identifying crystallization con-
ditions for target enzymes that preserve solvent accessibility
channels and flexibility is crucial. This allows for effective
diffusion while maintaining high-quality diffraction without
causing changes or deformations in the crystalline order, which
could complicate the processing and extraction of meaningful
information from MISC tr-SFX data. It is also necessary to take
the differences between solution and the crystalline environment

into consideration when interpreting tr-SFX data, as reaction
kinetics in solution are not necessarily similar to those in
crystallo.

Notably, based on currently available mixing delivery
systems,42,82,83,112,121−123 the above-mentioned discussion
holds true only for the MM kinetics of a standard single-
substrate enzymatic reaction (Figure 5b). This approach is not
applicable when considering enzymatic reactions involving two
or more substrates, which is the case for many enzymes, such
as those following the ping-pong bibi (double-displacement)
or sequential mechanism.124,125 One classical example of such
enzymes is the heme peroxidase superfamily, which includes
dye-decolorizing peroxidases (DyPs) and adopts a double-
substrate ping-pong kinetic model.126 The resting state of
DyPs is initially oxidized by hydrogen peroxide (substrate 1
(SA)) by abstracting one electron from heme-Fe3+ to form a
reactive transient intermediate with high-valent heme species
(compound I) (i.e., ferryl heme or [Fe4+�oxo] together with
porphyrin π-cation radical species), an activation step essential
for the subsequent oxidative catalysis of reducing substrate 2
(SB) (i.e., synthetic dyes, lignin, and other chemical species
such as carotenoids) and the formation of the second transient
intermediate (compound II or Fe4+�oxo) by abstracting an
electron from substrate 2. The reduction of compound II by
another substrate 2 regenerates the resting state.55,127−131 In
recent static room-temperature SFX studies, radiation damage-
free structures were successfully obtained, and significant
details on the redox structures of the different transient states
were explored to determine the chemistry of various DyPs,
dehaloperoxidase B, and cytochrome c peroxidase, among
other metalloenzymes.14,128,132 These studies adopted a
soaking method of peroxidase microcrystals with peroxide or
peroxybenzoic acid to prepare ferryl heme species from the
target transient intermediate (i.e., compound II) and presented
evidence that the compound II intermediate state differs
among different peroxidases, highlighting differences in the
hydrogen bonding network and the bond lengths of the Fe4+�
oxo species.14 However, the dynamics and conformational
changes that occur in the catalytic centers of these metal-
loenzymes during catalysis have not yet been revealed. This is
largely due to the lack of a suitable triggering method for tr-
SFX or the insufficiency and difficulties associated with
currently available methods such as MISC tr-SFX or
photocaging. It is also difficult to trap the transient state of
compound I because it spontaneously decays to compound II
on time scales in the absence of an exogenous electron donor,
which is most often infeasible to probe at ambient temper-
atures and is enabled only by the cryotrapping method, which
prevents further decay.133,134 Here, we propose that developing
a sophisticated mixing injector for complex mix-and-inject tr-
SFX (cMISC) experiments could pave the way for unraveling
the dynamics and kinetics of metalloenzymes that adopt
double-substrate or multisubstrate mechanisms. The develop-
ment of such a tool will enable the trapping of fast transient
intermediates, which have proven to be elusive using
conventional crystallographic methods.

Two scenarios appear to be feasible for the complex MISC
(cMISC): (i) Presoaking the microcrystals with the first
substrate (SA) to generate the first enzymatic intermediate.
Subsequently, a slurry of reaction-activated microcrystals was
used to initiate the next reaction steps by mixing the mixture
with the second substrate (SB) before the enzymatic cycles
were probed with X-rays, and (ii) the two substrates were
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mixed on the fly, while the delay times were tuned. This allows
SA to diffuse first, thereby activating the enzyme in crystallo
followed by a second mixing with SB in a defined delay time
before the chemical reactions were probed with X-rays (Figure
5a). Alternatively, both substrates and enzymes can be mixed
simultaneously using a single mixer to mix the substrates and
enzymes immediately before jetting the mixture into the X-ray
interaction region (Figure 5b). Currently, to the best of our
knowledge, there is no such microfluidic device that satisfies
the second proposal of cMISCs. Moreover, the first scenario is
possible only for cases where the formed intermediate is stable;
it is unfeasible, for instance, where the transiently formed
intermediate is unstable and decays rapidly to other
intermediates. One of the challenges that may be encountered
with the cMISC method is the synchronization of the diffusion
of SA and SB in the microcrystals. How to fine-tune the timing
of the diffusion of both substrates and reduce the artifacts that
may occur when the first model is applied (Figure 4a) will
facilitate the downstream data processing of the different delay
times. This approach will eventually provide a sensible
biochemical interpretation of the data. In the second case,
the limitation relies mostly on whether it is important for SA to
bind first or not to allow proper enzymatic catalysis (Figure
5b). The cMISC technique can also be applied using a drop-
on-demand tape-drive delivery system82 to study slower
enzymatic cycles. This can be achieved, for instance, by
applying sequential or synchronized droppings of different
substrates with a well-defined spacing on the same droplet of
microcrystals before probing the initiated reaction with X-rays.
Here, the synchronization of substrate droplets with micro-
crystals during a tape drive can be challenging. While preparing
for the submission of this perspective, Nguyen et al. reported
interesting results on P450 reductase, applying a similar
approach to that of the first scenario.112

■ CHALLENGES AND FUTURE FOCUS
We reviewed recent advances in tr-SFX using a diffusion-based
method known as mix-and-inject tr-SFX and highlighted the
current achievements in studying the structure and dynamics
of nonphotoactive metalloenzymes. In addition, we discussed
the opportunities and challenges in obtaining crystallographic
kinetic information via this method. Mix-and-inject tr-SFX is
the only available versatile method applicable to all light
nonresponsive proteins and can directly trigger the biochem-
ical reaction of target proteins in crystallo by mixing with its
native substrate(s) and probing the formation of reaction
intermediates at well-defined and controllable delay times
upon substrate binding.97,100 One of the major challenges in
MISC tr-SFX, however, is the inevitable requirement for a large
number of indexed images of highly isomorphous microcrystals
to ensure high accuracy for the reflection intensities within and
between the different delay times.93,106,135−138 Achieving such
a tedious goal may require initially growing homogeneous and
highly isomorphous microcrystals and obviously several days of
continuous diffraction data collection with reasonable stability
in the XFEL sources given the limitation of beamtime
availability in XFEL sources. The SACLA, SwissFEL, PAL-
XFEL, and LCLS XFEL sources operate at repetition rates in
the 10−120 Hz range, which limits the number of delay times
(i.e., reaction intermediates) needed to be collected in a given
beamtime, which is usually 2 days to full week of data
collection.139−143 The European XFEL is the only running
facility that operates at high repetition rates up to 4.5 MHz.144

With the SPB/SFX instrument, we operate maximally at 1.13
MHz for SFX experiments with up to 352 pulses per train (10
Hz) (see, for example, Figure 1),38,144,146 enabling the
recording of diffraction data at 1.2 million images per 5 min
of run.36−38,40,145 This unique capability of the SPB/SFX
Instrument of the European XFEL opens opportunities for
collecting tr-SFX data with full reaction cycles in an
unprecedented short beamtime and has been the key to
achieving successful tr-SFX experiments using MISC and laser
excitation.37,38,146

It is also challenging to obtain sub-millisecond temporal
resolutions for ultrafast enzymatic reactions such as bond
breaking owing to the difficulties associated with the
limitations of mixing devices as well as because crystals that
are too small may not diffract given the current limitations in
photon fluxes.41,100,122 It is possible to compensate for such
limitations with, for example, high substrate concentrations
and crystal size optimization. Well-diffracting microcrystals
with sizes less than 2 × 2 × 2 μm3 in combination with ∼20
times higher concentrations of the substrate can achieve delay
times of several hundred microseconds.135 Smaller diffraction
crystals down to the nanoscale will ensure uniform diffusion
and a populated intermediate at the respective delay times,
which is essential for successful MISC tr-SFX experiments and
in crystallo kinetics analysis.100 As some biochemical reactions
can progress at rates down to several seconds, it is important to
cover slower delay times to obtain a comprehensive under-
standing of the enzymatic cycles of some processes. While this
approach is feasible for certain delivery systems that operate at
low repetition rates, such as the on-demand, drop-on-drop
method (from 0.6 to 2 s)147 and those used for synchrotron-
based time-resolved serial crystallography, such as the
Spitrobot plunger for cryo-trapped intermediates (from 0.05
to 30 s) and the liquid application method for time-resolved
analyses at synchrotron (LAMA setup) (0.015 to 60 s),98,148 it
is not practical for facilities operating at high repetition rates.
Achieving this would likely require significant modification in
the device to slow the arrival time of the mixed crystalline
slurries or simply operate at low repetition rates. At the SPB/
SFX instrument, two interaction regions exist: upstream and
downstream. The latter is dedicated to experiments that
operate at low repetition rates and for samples that require
high-viscosity extruder devices (HVEs) to jet, such as
membrane protein microcrystals embedded in the viscous
lipid cubic phase.36,149 We recently succeeded in developing a
mixing-HVE device that can achieve mixing times of 2 to 20 s,
and this was demonstrated via a fluorescence quenching
experiment on iq-mEmerald fluorescent protein microcrys-
tals.123 It is possible to use mixing-HVE devices with various
viscous materials, such as grease or Vaseline,150−152 agarose,153

hydroxyethyl cellulose,154 and lards,155 which can cover a wide
range of different metalloenzymes and membrane proteins
without compromising their diffraction quality. This approach
can serve as a complementary mixing device for longer delay
times within a single facility, allowing us to cover delay times
from a few milliseconds to several seconds; however, it is still
tedious to run experiments that require a wide range of delay
times (e.g., from microseconds to milliseconds), for example,
running both interaction regions of the SPB/SFX instrument
within a single dedicated beamtime.

Data processing of SFX has been challenging and often
requires experts to quickly process the data and provide
preliminary feedback to allow planning for the remaining
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experimental times, especially for tr-SFX data, to allow real-
time selection of the appropriateness of the triggering strategy,
e.g., when isomorphous signals are unobservable or when
significant changes in the unit cell parameters have occurred
due to mixing with a substrate. Several software programs are
used to process SFX data: online data monitoring software
such as OnDa;156 offline data analysis tools such as
crystFEL,157,158 Cheetah,159 cctbx.xfel,160 nXDS,161 cppxfel,162

psocake at PAL-XFEL;163 and the online/offline pipeline tool
(adapted from crystFEL and Cheetah) at the SACLA.164 At
European XFEL, a semiautomated pipeline to streamline data
processing has been developed recently based on cryst-
FEL.165,166 Nonetheless, dealing with tr-SFX data in general,
including MISC data, has been extremely challenging. This is
largely due to the difficulties associated with the analysis of
small structure factor signals of the populated reaction
intermediates, which often accumulate at specific times in
fractions within the crystal unit cell, resulting in an ensemble of
averaged accumulated structures of these fractions (∼10 to
45% of reflection intensities and less than 20% in most
cases).66,167,168 More commonly, multiple intermediate states
populate in a single microcrystal, especially at slower time
scales; this phenomenon is also expected in cases where the
intermediate state is unstable or decays simultaneously, such as
when compound I decays into compound II in peroxidases,133

resulting in several intermediate states in the averaged
structure (i.e., structure factor intensities with mixed states)
that are trapped at a single delay time.105,169 In addition, the
shot-to-shot heterogeneity, nonisomorphic unit cell parame-
ters, and crystal orientation problems complicate further
analysis of the tr-SFX data, leading to difficulties in detecting
difference structure factor signals Δ|F|τ.106 Principal compo-
nent analysis (PCA) methods such as single value decom-

position (SVD) were used previously170 to analyze time-
resolved macromolecular X-ray data using photoactive yellow
protein crystals and were successfully applied to pump−probe
tr-SFX data.37,168 SVD allows for unbiased differentiation
between signals and noise, thereby enhancing the detection of
small difference structure factor signals. Moreover, SVD is
effective at deconvoluting various components of the
enzymatic cycle and identifying different intermediates as
well as decay or relaxation times based on differences in
structure factor signals.105,170 SVD can also provide informa-
tion regarding the enzyme kinetics and thermodynamics of
biochemical reactions.171−173 Recently, Malla et al. used SVD
to analyze MISC tr-SFX data collected from ß-lactamase-free
products and from sulbactam inhibitors at several delay times
between 3 and 700 ms.105 Their SVD analysis, using the same
set of MISC tr-SFX data, revealed not only the structural
changes that occur within these temporal resolutions but also
the ligand binding heterogeneity, induced fit, cooperativity,
and conformational changes that facilitate the accommodation
of the ligand in the binding pocket (an induced fit-like
mechanism).105,174 This opens opportunities to study the
structural dynamics and enzymatic catalysis of many enzymes,
including those of particular biomedical and pharmacological
interest. In 2022, De Zitter et al. reported the Xtrapol8
software tool, which uses a Bayesian-statistics weighting of the
Fourier difference maps to improve the low occupancy signals
of the structure factor amplitude differences between reference
and triggered tr-SFX data.175 This method can also differ-
entiate between coexisting intermediate states in the same set
of data, which is important in handling tr-SFX data. Although
Xtrapol8 has been applied only to pump−probe tr-SFX data, it
may also be effective for MISC tr-SFX.

Figure 6. Schematic views of two proposed mixing injectors for complex mixing-and-inject (cMISC)tr-SFX. These cMISC injectors are suitable for
studying enzyme catalysis with double substrates such as dye-decolorizing peroxidases. a) The design consists of two independent mixers for the
two substrates with a defined spacing between mixers. Here, microcrystals and substrate 1 can be applied at the same time via separate channels to
control their arrival at mixer I, which delays ΔtS1 to the X-ray interaction point; then, a third channel arrives at the same time for substrate 2 to mix
with mixer II containing the mixed microcrystals. A delay time of ΔtS2 will define the diffusion time of substrate 2 with the activated enzyme. The
delay times can then be controlled by the jet length (ljet). b) This design consists of a single mixer with three independent channels for the
microcrystals and substrates 1 and 2. The delay time here accounts for the diffusion of both substrates, which is controlled to arrive at the same
time as for the microcrystals in the mixer.
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It should be noted that even with a reliable data processing
method, complementary computational methods such as first
principle calculations are inevitable for a reliable interpretation
of the biochemical function of the systems.185 Understanding
how enzymes catalyze the acceleration of chemical reactions
and the conversion of substrates to diverse products is
essential. It is also crucial to study these enzymes in different
environments, such as under different crystalline conditions, in
different solutions, and in crowded media. Such studies are
fundamental to the general understanding of enzyme catalysis
and a prerequisite for the efficient design of novel catalysts. To
this end, integrating theoretical calculations and time-resolved
experimental data can provide such a fundamental under-
standing.185,187,188 The experimental conformational changes
that evolve on different time scales in protein crystals are
important for the molecular function of proteins; however, as
such, changes may coexist in a specific time and space,
especially in crystals, because the inherent inhomogeneity of
reaction triggering can be extremely complex to retrieve and
accurately interpret. Recently, a crystalline dynamic simulation
was performed to generate calculated electron density maps by
introducing crystal packing similar to that of photosystem II tr-
SFX data, which not only reproduced the electron density
dynamics of tr-SFX but also revealed structural changes
beyond the experimental data. Adding to this is the application
of the SVD method to MISC tr-SFX data on the BlaC enzyme,
as described above, which enables the extraction of the
temporal variation in the difference in electron density and
hence can infer the multistate conformations, kinetics, and
energetics of the reactions. Using numerical simulations,
factors such as diffusion time in crystals of different sizes,
time-dependent concentrations of intermediates, and magni-
tudes of reaction rate coefficients were simulated based on the
crystalline environment and compared with experimental
results.100 With the currently available high computing
power, using simulations can enhance the interpretation of
the experimental tr-SFX data, unlock unique features in some
cases, and provide new insights into the system under study.
State-of-the-art methods such as Markov state models and ab
initio molecular dynamics (AIMD) can be implemented to gain
atomistic insights into the dynamics of biomolecules in crystallo
or in solution. Accurate experimental data are also important
for refining and enhancing the accuracy of computational
methods.

■ CONCLUSIONS
Here, we discuss recent works using the mix-and-inject tr-SFX
method with a primary focus on prominent examples. We have
also outlined the current challenges and ongoing efforts to
cope with them. We envision that MISC tr-SFX, in
combination with newly developed analysis and mixing
injectors, will soon become a popular method of choice for
studying the structural dynamics of proteins, particularly in the
context of biocatalysis and the reaction kinetics of enzymes.
This approach has the potential to significantly enhance our
understanding of how enzymes function at the molecular level
with high spatiotemporal resolution. Ongoing developments in
the field of instrumentation, including our current proposals
for cMISC tr-SFX, as well as the development of downstream
data processing, will eventually broaden the applications of
MISC tr-SFX and deepen our understanding of the structure
and dynamics of biomolecules, notably biocatalysis.

The MISC tr-SFX method, despite having recently evolved
following the advent of XFELs and still undergoing continuous
development, has led to significant advances in the field of
structural enzymology and contributed to the discovery of
previously unknown structural mechanisms. This includes
structural changes that unravel the mechanism of induced-fit,
enzymatic heterogeneity, and the discovery of a reaction
intermediate that was not known before, such as the trapping
of compound 0 (Fe3+-OOH), a long-sought reaction
intermediate, in the crystalline state of cytochrome P450
reductase CYP121 with a native substrate. This high-spin (S =
5/2) compound 0 intermediate has been challenging due to its
high reactivity and short lifetime ranging from a few to less
than a millisecond. This observation was only made possible
using chemically modified substrates, i.e., halogenated
substrate analogs, as demonstrated in the case of heme-
dependent L-tyrosine hydroxylase and lactoperoxidase, where
the halogen stabilizes the complex, thereby enabling its
cryotrapping. Unexpectedly, in structurally trapped compound
0 of CYP121 with the native substrate cYY, unlike other heme-
containing enzymes, the hydroperoxyl group was found in
close proximity (∼2.9 Å) to the substrate, suggesting the direct
involvement of this intermediate in the oxidation and the C−C
coupling cyclization of the substrate (Figure 4). This new
finding in heme-based enzymology was enabled by the recent
development of the on-demand rapid mixing injector method,
which can achieve a temporal resolution of milliseconds.
Moreover, using MISC tr-SFX with high temporal resolution,
Schmidt and colleagues were able to structurally observe, for
the first time, the ligand-gating, induced-fit structural
ensembles, and conformational selectivity of an enzyme that
was previously unattainable. This was made possible by the
introduction of SVD to deconvolute the structural features of
the enzyme-ligand complex in crystallo at different delay times.
The authors demonstrate how the ligand enters the occluded
binding pockets of two monomers selectively following a
displacement of guarding residues, a mechanism that has not
been described before, suggesting possibly a novel mechanism
of ligand gating. These findings clearly demonstrate the
potential of MISC tr-SFX for the study of structural
enzymology. Multidimensional growth in the field of structural
enzymology is foreseen in the near future with more MISC tr-
SFX studies on different enzymes.

With MISC tr-SFX, it becomes feasible to probe the entire
enzymatic cycle within the temporal range of single milli-
seconds to seconds of enzymatic catalysis, opening up
opportunities for many nonphotoactive enzymes. To lead the
field of time-resolved structural enzymology, however, MISC
tr-SFX has to overcome the aforementioned challenges
regarding rapid mixing, timing synchronization, and data
analysis tools that enable the extraction of reliable reaction
kinetics. It should also be emphasized here that the
development of theoretical methods to model and simulate
such complex structural data would complement and benefit
the development of methods for broader use in the future.
Overall, the structural visualization of enzyme catalysis will
advance our basic understanding and pave the way toward
efficient biomimetic catalysts or developing strategies to find
effective medicines against an increasing number of multidrug-
resistant enzymes. We finally hope that researchers interested
in studying nonphotoactive enzymatic catalysis are well
informed about the MISC tr-SFX technique and thus can
employ it to explore fundamental questions in biocatalysis.
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Öhrwall, G.; Malerz, S.; Céolin, D.; Trinter, F.; Winter, B.; Wilkinson,
I.; et al. Radiation damage by extensive local water ionization from
two-step electron-transfer-mediated decay of solvated ions. Nat.
Chem. 2023, 15 (10), 1408−1414.

(28) Garman, E. F.; Weik, M. Radiation damage to biological
macromolecules. Curr. Opin. Struct. Biol. 2023, 82, 102662.

(29) Bowman, S. E.; Bridwell-Rabb, J.; Drennan, C. L. Metal-
loprotein Crystallography: More than a Structure. Acc. Chem. Res.
2016, 49 (4), 695−702.

(30) Liu, J.; Chakraborty, S.; Hosseinzadeh, P.; Yu, Y.; Tian, S.;
Petrik, I.; Bhagi, A.; Lu, Y. Metalloproteins containing cytochrome,

ACS Catalysis pubs.acs.org/acscatalysis Perspective

https://doi.org/10.1021/acscatal.4c02526
ACS Catal. 2024, 14, 10853−10870

10865

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+H.+M.+Koua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:faisal.koua@xfel.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huijong+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Bean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02526?ref=pdf
https://doi.org/10.1038/35021099
https://doi.org/10.1038/nphys461
https://doi.org/10.1038/nphys461
https://doi.org/10.1038/nature09750
https://doi.org/10.1146/annurev-biochem-013118-110744
https://doi.org/10.1146/annurev-biochem-013118-110744
https://doi.org/10.1107/S205225251402702X
https://doi.org/10.1107/S205225251402702X
https://doi.org/10.1098/rstb.2013.0313
https://doi.org/10.1098/rstb.2013.0313
https://doi.org/10.1038/nature09913
https://doi.org/10.1038/nature09913
https://doi.org/10.1073/pnas.1219922110
https://doi.org/10.1073/pnas.1219922110
https://doi.org/10.1073/pnas.1219922110
https://doi.org/10.1038/nmeth.2962
https://doi.org/10.1038/nmeth.2962
https://doi.org/10.1021/cr4005814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature13991
https://doi.org/10.1038/nature13991
https://doi.org/10.1107/S1600577515002349
https://doi.org/10.1107/S1600577515002349
https://doi.org/10.1107/S1600577519006805
https://doi.org/10.1107/S1600577519006805
https://doi.org/10.1002/anie.202103010
https://doi.org/10.1126/science.1128186
https://doi.org/10.1126/science.1128186
https://doi.org/10.1073/pnas.0600973103
https://doi.org/10.1073/pnas.0600973103
https://doi.org/10.1073/pnas.0600973103
https://doi.org/10.1107/S0907444910008656
https://doi.org/10.1107/S0907444910008656
https://doi.org/10.1016/j.sbi.2015.07.014
https://doi.org/10.1016/j.sbi.2015.07.014
https://doi.org/10.1016/j.sbi.2015.07.014
https://doi.org/10.1007/978-1-4939-7000-1_20
https://doi.org/10.1007/978-1-4939-7000-1_20
https://doi.org/10.1107/S2059798319000317
https://doi.org/10.1107/S2059798319000317
https://doi.org/10.1016/j.bbagen.2019.129466
https://doi.org/10.1016/j.bbagen.2019.129466
https://doi.org/10.1016/j.sbi.2021.07.007
https://doi.org/10.1016/j.sbi.2021.07.007
https://doi.org/10.1007/s11120-022-00941-8
https://doi.org/10.1007/s11120-022-00941-8
https://doi.org/10.1007/s11120-022-00941-8
https://doi.org/10.1021/jacs.6b09666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b09666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b09666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/cryst8040157
https://doi.org/10.3390/cryst8040157
https://doi.org/10.1103/PhysRevB.84.214111
https://doi.org/10.1103/PhysRevB.84.214111
https://doi.org/10.1038/s41557-023-01302-1
https://doi.org/10.1038/s41557-023-01302-1
https://doi.org/10.1016/j.sbi.2023.102662
https://doi.org/10.1016/j.sbi.2023.102662
https://doi.org/10.1021/acs.accounts.5b00538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400479b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c02526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


iron-sulfur, or copper redox centers. Chem. Rev. 2014, 114 (8), 4366−
469.

(31) Orville, A. M. Recent results in time resolved serial
femtosecond crystallography at XFELs. Curr. Opin. Struct. Biol.
2020, 65, 193−208.

(32) Barends, T. R. M.; Stauch, B.; Cherezov, V.; Schlichting, I.
Serial femtosecond crystallography. Nat. Rev. Methods Primers 2022, 2,
59.

(33) Bergmann, U.; Kern, J.; Schoenlein, R. W.; Wernet, P.;
Yachandra, V. K.; Yano, J. Using X-ray free-electron lasers for
spectroscopy of molecular catalysts and metalloenzymes. Nat. Rev.
Phys. 2021, 3, 264−282.

(34) Fukuda, Y.; Tse, K. M.; Suzuki, M.; Diederichs, K.; Hirata, K.;
Nakane, T.; Sugahara, M.; Nango, E.; Tono, K.; Joti, Y.; et al. Redox-
coupled structural changes in nitrite reductase revealed by serial
femtosecond and microfocus crystallography. J. Biochem. 2016, 159
(5), 527−538.

(35) Fukuda, Y.; Tse, K. M.; Nakane, T.; Nakatsu, T.; Suzuki, M.;
Sugahara, M.; Inoue, S.; Masuda, T.; Yumoto, F.; Matsugaki, N.; et al.
Redox-coupled proton transfer mechanism in nitrite reductase
revealed by femtosecond crystallography. Proc. Natl. Acad. Sci.
U.S.A. 2016, 113 (11), 2928−2933.

(36) Mancuso, A. P.; Aquila, A.; Batchelor, L.; Bean, R. J.; Bielecki,
J.; Borchers, G.; Doerner, K.; Giewekemeyer, K.; Graceffa, R.; Kelsey,
O. D.; et al. The Single Particles, Clusters and Biomolecules and Serial
Femtosecond Crystallography instrument of the European XFEL:
Initial installation. J. Synchrotron Radiat. 2019, 26, 660−676.

(37) Pandey, S.; Bean, R.; Sato, T.; Poudyal, I.; Bielecki, J.; Cruz
Villarreal, J.; Yefanov, O.; Mariani, V.; White, T. A.; Kupitz, C.; et al.
Time-resolved serial femtosecond crystallography at the European
XFEL. Nat. Methods 2020, 17 (1), 73−78.

(38) Wiedorn, M. O.; Oberthür, D.; Bean, R.; Schubert, R.; Werner,
N.; Abbey, B.; Aepfelbacher, M.; Adriano, L.; Allahgholi, A.; Al-
Qudami, N.; et al. Megahertz serial crystallography. Nat. Commun.
2018, 9 (1), 4025.

(39) de Wijn, R.; Melo, D. V. M.; Koua, F. H. M.; Mancuso, A. P.
Potential of Time-Resolved Serial Femtosecond Crystallography
Using High Repetition Rate XFEL Sources. Appl. Sci. 2022, 12, 2551.

(40) Mills, G.; Bean, R.; Mancuso, A. P. First Experiments in
Structural Biology at the European X-ray Free-Electron Laser. Appl.
Sci. 2020, 10, 3642.

(41) Pandey, S.; Calvey, G.; Katz, A. M.; Malla, T. N.; Koua, F. H.
M.; Martin-Garcia, J. M.; Poudyal, I.; Yang, J. H.; Vakili, M.; Yefanov,
O.; et al. Observation of substrate diffusion and ligand binding in
enzyme crystals using high-repetition-rate mix-and-inject serial
crystallography. IUCrJ. 2021, 8 (6), 878−895.

(42) Vakili, M.; Bielecki, J.; Knosǩa, J.; Otte, F.; Han, H.; Kloos, M.;
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