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Abstract: The ultrabright and ultrashort pulses produced at X-ray free electron lasers (XFELs) has
enabled studies of crystallized molecular machines at work under ‘native’ conditions at room temper-
ature by the so-called time-resolved serial femtosecond crystallography (TR-SFX) technique. Since
early TR-SFX experiments were conducted at XFELs, it has been largely reported in the literature
that time-resolved X-ray experiments at synchrotrons are no longer feasible or are impractical due to
the severe technical limitations of these radiation sources. The transfer of the serial crystallography
approach to newest synchrotrons upgraded for higher flux density and with beamlines using sophis-
ticated focusing optics, submicron beam diameters and fast low-noise photon-counting detectors
offers a way to overcome these difficulties opening new and exciting possibilities. In fact, there
is an increasing amount of publications reporting new findings in structural dynamics of protein
macromolecules by using time resolved crystallography from microcrystals at synchrotron sources.
This review gathers information to provide an overview of the recent work and the advances made in
this filed in the past years, as well as outlines future perspectives at the next generation of synchrotron
sources and the upcoming compact pulsed X-ray sources.

Keywords: protein dynamics; time-resolved serial crystallography; synchrotrons; XFELs;
microcrystals

1. Introduction

“Watching” biological macromolecules in action at atomic resolution rather than just
being limited to 3D-dimensional static pictures, has been the holy grail for structural biolo-
gists since the first high-resolution structure of an enzyme was solved [1]. The technique of
time-resolved crystallography is an experimental technique that detects molecular changes
at atomic and temporal resolutions [2], providing the opportunity to bring the dimension
of time into the crystallographic experiment. Historically, time-resolved macromolecular
crystallography at ambient temperature has been conducted on large single crystals us-
ing Laue diffraction techniques (see review [3]). The pink X-ray beam (or polychromatic
beam) used in the Laue technique offers an average photon flux 100 times higher than the
monochromatic beams and is coupled with the 100 ps time-resolution capability, which
provides a dependable platform for probing structural intermediates of essential biolog-
ical macromolecules. Pioneered by Moffat and colleagues [4–11], the Laue method has
been applied to the study of photoreceptor intermediates, ligand photolysis and allosteric
action in heme proteins, enzymatic reactions, ligand–enzyme interactions, viruses, and
viral drug complexes [12–16]. Due to the feasibility of rapid reaction initiation by a laser
pulse, this technique has been widely used to study light-active protein systems including
myoglobin [17], hemoglobin [7], photoactive yellow protein [18–20], photosystem II [21–26]
and bacteriorhodopsin [27–29].

The higher X-ray flux of the pink X-ray beam along with the broad bandwidth, which
leads to a high fraction of fully integrated Bragg peaks recorded in a snapshot pattern and
a greater coverage of reciprocal space, are advantages that have long been appreciated for
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time-resolved Laue diffraction experiments at synchrotron facilities [30]. The increased
bandwidth used in the Laue crystallography has two benefits over the monochromatic
X-ray beams used in conventional crystallography: (1) reflections falling within the limiting
Ewald spheres are fully recorded, so that one can avoid rotating the crystals during X-ray
data collection; and (2) more reflections fall within the Ewald sphere so that only a few
diffraction patterns are needed to collect a complete data set. On the other hand, Laue
crystallography has also a big disadvantage, its high sensitivity to crystal mosaicity. The
broad bandwidth of the pink X-ray beam makes reflections become streaky and sparse, so
that data processing fails using Precognition (Renz Research Inc; https://biocars.uchicago.
edu/facilities/software/precognition-documentation/), the most widely used Laue data
processing software. The signal-to-noise ratio (SNR) of a given reflection decreases if the
increasing bandwidth leads to increased intensity because the background scattering is
proportional to the incident intensity. So, the ideal bandwidth to fully record reflections
with maximum SNR is probably slightly larger than that required to match the crystal
mosaicity. Despite this disadvantage, the technique of Laue crystallography has rapidly
evolved over the past 25 years with developments in cryo-technology, tunable lasers,
increased computing power and vastly improved X-ray detectors, as well as synchrotron
radiation itself, which has allowed the technique to move from the millisecond [5] to the
picosecond temporal resolution regimes [18]. While this technique continues to improve,
it faces some hard limitations due to the nature of large crystals and current synchrotron
sources, namely: (1) temporal resolution is limited by pulse length achievable using a
synchrotron; (2) irreversible reactions cannot be studied as the induction of a reaction
would cause a permanent modification of the molecules in the crystal; (3) only light
activated, pump-probe type experiments are generally feasible at present, with limited
light penetration being one of the major obstacles; and (4) homogeneity of reaction initiation
must be considered and presents a challenge.

The field of structural biology is continuously evolving and experiencing numerous
technological breakthroughs that are rapidly accelerating not only the 3D structure deter-
mination of macromolecules but also structural dynamics. Among these advances are the
high-brightness and high repetition rate of photon sources such as X-ray free electron lasers
(XFELs). In 2009, XFELs came into play producing extraordinarily powerful and ultrashort
X-rays to take diffraction snapshots of nano- or micro-crystals at room temperature on the
fly before they are destroyed by the so called, serial femtosecond crystallography (SFX)
technique, with the potential to make molecular movies and discover how macromolecules
work. The major challenge in the field of time-resolved X-ray crystallography has been the
study of irreversible reactions, which can be initiated by a flash of light or by diffusion of a
substrate into the crystal lattice of a macromolecule. Recent advances in sample delivery
technology and XFELs have allowed time-resolved serial femtosecond crystallography
(TR-SFX) to be extended to other systems as well [31–33]. Stagno and co-workers reported
TR-SFX data that demonstrate the binding of adenine to a riboswitch, an aptamer of mes-
senger RNA that regulates gene expression. In this study, the crystallographic structures
of the adenine riboswitch aptamer domain during the course of the reaction mechanism
(two unbound apo structures, one ligand-bound intermediate and the final ligand-bound
conformation) were determined using mix-and-inject technologies at an XFEL [33]. It has
also recently been demonstrated that the binding of an antibiotic to an enzyme can be stud-
ied by collecting data at room temperature using time-resolved SFX at LCLS [31,32]. Such
studies have remained largely elusive at synchrotron sources because of X-ray radiation
damage, the need for growing large single crystals, challenges with crystal replenishment,
and the difficulty in initiating reactions uniformly in macroscopic crystals.

The transfer of the serial crystallography approach to next-generation synchrotrons
upgraded for higher flux density and with beamlines using sophisticated focusing optics,
submicron beam diameters and fast low-noise photon-counting detectors offers a way out
of this conundrum. In applications such as room-temperature data collection or phasing
from radiation-sensitive microcrystals, SMX at synchrotrons has developed into a viable
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alternative in the past seven years with 41 SSX experiments carried out, so far, at these
facilities (see Table 1). At present, almost each one of the most powerful synchrotrons
has at least one microfocus beamline (see Table 1) that offers the SSX capability and can
be developed into a routine method for room-temperature structure determination of
macromolecules. This successful adaptation of SX at synchrotrons has been mostly feasible
due to the rapid advances in sample delivery technology (see review by [34], which reduces
sample consumption significantly compared to liquid jets.

Even though serial crystallography (SX) techniques were originally developed for the
XFEL, there is growing interest in pursuing SX at synchrotron sources where beam time
availability is not as scarce. Early SSX experiments implied the use of viscous jets [35,36].
However, recent advances in sample delivery methods have extended its use to more
types of proteins, protein complexes, as well as opened-up the possibility of conducting
time-resolved SX experiments at synchrotrons. Serial methods can provide vital insight into
challenging areas such as room temperature studies, protein dynamics and overcoming
problems from radiation damage. This review focuses on the latest results of enzymatic
reactions that are activated by light. It also highlights the most recent advances towards
developing the first mix-and-inject time-resolved experiments at synchrotrons.

2. Some Important Considerations for Time-Resolved Crystallography Experiments

The serial femtosecond crystallography (SFX) technique has increased the number of
structures of macromolecules in the PDB with 383 currently deposited as of 1 May 2021,
as well as expanded the information that can be obtained from them regarding structural
dynamics (see review [37]). The high solvent content and the weak forces that stabilize
crystal contacts typically present in macromolecular crystals, have always been a challenge
to obtain large and well-diffracting crystals. However, the porous nature of macromolecular
crystals with large solvent channels has allowed for slight conformational movements
of the proteins, and the diffusion of ligands (substrates and antibiotics) to the active site
within crystals, being an opportunity to “watch” structure of intermediate states along
an enzymatic reaction [31–33]. Thus, it is now possible to understand the relationship
between structure and function of macromolecules by time-resolved SFX (TR-SFX) studies,
in which numerous structures along a reaction pathway can be determined. This approach
has potential applications in the field of structure-based rational design, renewable energy
and photosynthesis by unraveling the mechanism of biological processes.

However, some important considerations must be considered before carrying out
reliable time-resolved experiments: (1) The way in which data is collected must be con-
sidered, especially when studying irreversible reactions [38]. For instance, in traditional
X-ray crystallography, data sets are collected as crystals are rotated so that each diffraction
pattern collected corresponds to a rotational increment of the reciprocal space. Thus, for an
irreversible reaction in which crystals are permanently altered after the induction of the
reaction, one would require lots of relatively large crystals and multiple crystal settings
for each time point, in order to collect a complete data set. However, the serial nature of
SFX experiments, with one diffraction pattern collected from each individual microcrystal,
bypasses this limitation by the development of new data processing methods to recover
the integrated X-ray intensities from the partial reflections recorded in SFX. The integrated
intensities are merged from thousands of snapshots for each indiviudal reflection collected
from individual microcrystals in random orientations, leading to accurate structure factors
for time-resolved experiments. This approach is called Monte Carlo integration [39,40].
In SFX, an iterative process of hit finding and indexing is typically done until a sufficiently
large number of indexable diffraction patterns is identified [41–43].
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Table 1. SMX experiments carried out at synchrotron radiation sources. TR-SSX experiments are highlighted with asterisk.

Exp.
# Machine Beamline Delivery Method Protein/Substrate Temp. Resol.

(Å) PDB Code Ref.

1 PETRA III P14 Cryo-loop Cathepsin B 100 K 3.00 4N4Z [44]

2 PETRA III P11 Glass-capillary Lysozyme 293 K 2.10 4O34 [45]

3 CHESS F1 Microfluidic/chip Glucose Isomerase (GI) 293 K 2.1 Not deposited in PDB [46]

4 ESRF ID13 Silicon nitride chip Lysozyme 293 K 1.95 4WL7 [47]

5 SLS X10SA High-viscosity injector Lysozyme 293 K 1.90 4RLM [35]

6 ESRF ID13 High-viscosity injector Bacteriorhodopsin (bR) 293 K 2.40 4X31 [36]

7 APS 23-ID-D Silicon nitride chip Lysozyme 293 K 1.55 4Z98 [48]

8 SLS X10SA
Cyclic olefin copolymer
(COC) sandwich plates

Lysozyme 100 K 1.8 4XJD

[49]Alginate Transporter (AlgE) 293 K 2.8 4XNI

Petptide Transporter (PepT) 293 K 2.9 4XNK

9 ESRF ID29 Cryo-loop

Lysozyme

100 K

1.6 5A3Z

[50]
Thermolysin 1.3 5A3Y

Bacteriorhodopsin (bR) 2.5 5A44

Thaumatin 1.2 5A47

10 DLS I24 Silicon chip
Thaumatin

293 K
2.2

Not deposited in PDB [51]
Proteinase K 2.1

11 DLS I24 Silicon chip
Polyhedrin

293 K
1.5 4X35

[52]
Lysozyme 2.1 4X3B

12 SLS X06SA/X10SA
Cyclic olefin copolymer
(COC) sandwich plates

Lysozyme

100 K

1.7 5D5C

[53]

Insuline 1.5 5D53

Alginate Transporter (AlgE) 2.4 5D5D

Petptide Transporter (PepTst) 2.4 5D58

Diacylglycerol kinase (DgkA) 2.8 5D56

β2-adrenergic receptor (β2AR) 2.5 5D5A
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Table 1. Cont.

Exp.
# Machine Beamline Delivery Method Protein/Substrate Temp. Resol.

(Å) PDB Code Ref.

13 DLS I03 Silicon chip Insulin 293 K 1.9 5FB6 [54]

14 Spring-8 BL41XU Loop Luciferin 107 K 1.6 5GX1 [55]

15 APS 23-ID-D High-viscosity injector

Adenosine A2a Receptor (A2aAR)

293 K

3.1 5UVI

[56]
Phycocyanin 3.2 5UVK

Lysozyme 2.1 5UVJ

Proteinase K 2.6 5UVL

16 APS 14-ID-B Chip
Phycocyanin

293 K
2.1 5MJP

[57]
Proteinase K 2.2 5MJL

17 PETRA III P11 Tape-drive Lysozyme / Chitotriose (CTO) 293 K 1.7 5JNP, 5NJQ, 5JNR, 5JNS * [58]

18 SLS X06SA High-viscosity injector

Adenosine A2a Receptor (A2aAR)

293 K

2.1 5NLX

[59]

Lysozyme 1.5 5NMJ

αβ-tubulin-darpin Complex (TD1) /
Colchicine 2.1 5NQT

Molybdenum Storage Protein
(MOSTO) 7.7 5OW5

19 SLS X10SA High-viscosity injector

Thermolysin

293 K

2.3

Not deposited in PDB [60]
Glucose Isomerase (GI) 2.0

Lysozyme 1.9

Bacteriorhodopsin (bR) 2.3

20 ANSTO MX2 Micro-mesh Bombyx mori cytoplasmic
polyhedrosis virus 1 (BmCPV1) 300 K 1.51.9 5EXY, 5EXZ [61]

21 ESRF ID23-2 Micro-mesh chips Thaumatin
100 K

2.1 5FGT
[62]

Insulin 1.7 9INS

22 PETRA III P11 High-viscosity injector Proteinase K 293 K 1.9 6FJS [63]
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Table 1. Cont.

Exp.
# Machine Beamline Delivery Method Protein/Substrate Temp. Resol.

(Å) PDB Code Ref.

23 NSLS-II FMX Regular loops meshes Proteinase K
100 K

2.0 Not deposited in PDB [64]
Trypsin 1.5

24 NSLS-II FMX Micro-well-mounts Thaumatin 100 K 2.5 6C5Y [65]

25 PETRA III P14 Microfluidic chips

Thaumatin

293 K

1.9 1LR2

[66]Glucose Isomerase (GI) 1.7 4ZB2

Thioredoxin 3.0 4FYU

26 APS 14-ID-B Quartz chips
Ultraviolet-B receptor (UVR8)

293 K
2.0 6DD7

[67]
Photolyase PhrB 2.3 6DD6

27 PETRA III P14 Hit And Return
(HARE) chip

Fluoroacetate dehalogenase (FAcD) /
Photocaged fluoroacetate 293 K 1.8 6GXH, 6FSX, 6GXD,

6GXT, 6GXF, 6GXL * [68]

28 SLS X06SA Cyclic olefin copolymer
(COC) sandwich plates Petptide Transporter (PepTst) 100 K 2.6 Not deposited in PDB [69]

29 APS 14-ID-B High-viscosity injector Adenosine A2a Receptor (A2aAR)
293 K

4.2 6MH8
[70]

Proteinase K 1.8 6MH6

30 SLS X06SA High-viscosity injector Bacteriorhodopsin (bR) 293 K 1.8–2.3 6RQP, 6RQO,
6RNJ,6RNH * [29]

31 PETRA III P14
Liquid Application

Method for time-resolved
Analysis (LAMA) chip

Lysozyme / Chitotriose (CTO)

293 K

1.7–1.8 6RNB, 6RNC, 6QNB

* [71]
Xylose Isomerase (XI) / Glucose 1.7–2.0

6QNH, 6RND, 6RNF,
6QNC, 6QNI, 6QNJ,

6QND

32 PETRA III P11/P14 Hit And Return (HARE)
chip

Fluoroacetate dehalogenase (FAcD) /
Photocaged fluoroacetate 293 K 1.7–1.9

6QHY, 8QHV, 6QHU,
6QHT, 6QHS, 6QHQ,
6QHP, 6QHW, 6QHZ,

6QI0, 6QI1, 6Q12, 6QI3

* [72]

33 ESRF ID13 Microfluidic device Lysozyme 293 K 2.1 6H79 [73]

34 ESRF ID30A-3 Goniometer/loops Phototropin-2 293 K 2.2–2.9 6S45, 6S46 *# [74]
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Table 1. Cont.

Exp.
# Machine Beamline Delivery Method Protein/Substrate Temp. Resol.

(Å) PDB Code Ref.

35 ESRF ID30A-3 Microfluidic device
Aspartate α-decarboxylase (ADC) 293 K 2.0 6RXH

[75]
Lysozyme 2.0 6RXI

36 SSRF 18U1 Microfluidic plate Lysozyme
293 K

2.2 7C09
[76]

Proteinase K 2.1 7C0P

37 ESRF ID13 Silicon chip Lysozyme 293 K 6Q8T, 6Q88 [77]

38 ALBA XALOC High-viscosity injector Rhodopsin KR2 293 K 2.5 6YC0 * [78]

39 PETRA III P14 Loops Glycine transporter 1 (GlyT1) 100 K 3.4–3.9 6ZBV, 6ZPL [79]

40 Spring-8 BL41XU Polyimide mesh loop Lysozyme 293 K 1.7–1.8
7CDK, 7CDM, 7CDN,
7CDP, 7CDQ, 7CDR,
7CDS, 7CDT, 7CDU

[80]

41 PETRA III P14
Hit And Return (HARE)

chip
Fluoroacetate dehalogenase (FAcD)

293 K 1.7
7A42

[81]
Myoblobin 7A44

# Despite data sets from t = 0 ms to t = 4.1 s were collected, only two crystal structures corresponding to initial (t = 0 ms) and final (t = 4.1 s) states and were deposited in the PDB.
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(2) Structural homogeneity and the constraint of Laue crystallography to mostly
pump-probe type experiments are closely connected due to one parameter, diffusion [38].
Until recently, Laue crystallography has always been limited to photo-activated reactions
since chemically activated ones would necessitate the diffusion of a ligand (substrate
or antibiotic) throughout large crystals, which limits the reaction time scales currently
available. Assuming the active site of a macromolecule is unobstructed and the substrate
is sufficiently small, the large solvent channels present in macromolecular crystals may
allow for diffusion of ligands via soaking approaches [82–84]. However, the relatively
large size of the crystals used in Laue crystallography would limit diffusion times, con-
straining the accessible time resolution regime of reaction intermediates in an experiment.
Despite this limitation, there have been chemically activated time-resolved experiments
performed successfully by incorporating photo-activated caged ligands into large crystals
by either soaking or co-crystallization techniques [85–87]. However, in contrast to Laue
crystallography, the tiny size of the crystals used in SFX allow for diffusion times on the
order of millisecond time scales, allowing access to many reactions on the short millisecond
regimes without the need of using photo-caged ligands [88]. (3) Reaction homogeneity
throughout the crystals [39]. Despite reaction initiation is more homogeneous and rapid in
photo-activated reactions than in diffusion-based reactions, the degree of reaction initiation
by photoinduction is also limited by the size of the crystals since protein macromolecules
absorb light as it travels through the crystal, which results in a decrease in transmission
of light as the crystal size increases. As pointed out by Martin-Garcia et al., the reaction
homogeneity of the molecules inside large crystals is sensitive to the lifetime of an inter-
mediate state as compared to the time difference of reaction initiation between the front
and back surfaces of the crystal relative to the pump laser [38]. The distance traveled by
light between the front and back of photo-activated crystals is not the main cause of this
temporal offset but the attenuation of its intensity as it proceeds through the crystal due to
absorption and scattering processes [38]. This could be addressed by just increasing the
power of the laser; however, this practice could lead to severe photo-damage and heating
effects inside the crystals. However, the tiny size of the crystals used in TR-SFX provides a
big advantage over large crystals since they allow for a much smaller difference of reaction
initiation throughout the tiny crystals and, thus, requiring less pump laser intensities for
maximal reaction initiation. In addition, the volume of the microcrystals is so small that
nearly the entire crystal is illuminated by the laser, which minimizes the intensity profile of
the pump laser. These considerations make TR-SFX to provide with the basis for a much
higher reaction initiation yield, a point that has already been shown in practice [19].

3. Time-Resolved Serial Femtosecond Crystallography (TR-SFX)

Time-resolved crystallography (TRX) has historically been performed on large single
crystals by Laue pink X-ray beam diffraction (for a review see [3]) and has exhibited consid-
erable gains over the past 25 years, moving from the millisecond [5] to the picosecond [18]
temporal resolution regimes, opening the door to observing conformationally dynamic
proteins in action at atomic scale. However, while this technique continues to improve, it
has two main limitations: (1) the time resolution currently achievable with even the best
synchrotron radiation source is limited by the X-ray pulse length of approximately 100 ps;
and (2) it requires a rapid reaction initiation that quickly spreads uniformly across all
molecules in the crystals and with high efficiency, and this represents a clear challenge with
large crystals. Due to these two limitations, irreversible reactions are impractical by Laue
crystallography as the induction of a reaction would cause a permanent modification of the
protein molecules in the crystal, thus, only pump-probe experiments with light-activated
proteins or enzymatic reactions with photo-caged substrates are currently feasible.

Thus, the serial “diffraction before destruction” nature of SFX experiments along
with the short pulse durations of X-ray beams produced at XFELs, complements the Laue
method by accessing to experiments previously impossible bypassing the above challenges.
The short pulse durations of X-ray beams produced at XFELs, on the order of tens of fem-
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toseconds, allows us to detect and resolve time points in fast catalytic reaction processes so
that, more temporally constrained intermediates can be detected along a reaction pathway.
In addition, SFX use small crystals allowing for much faster diffusion times on microsec-
ond time scales compare to second time scales of large crystals [89], thus, time-resolved
SFX (TR-SFX) permits access to reactions that occur on the short millisecond and even
microsecond regimes, providing time-lapse snapshots of transient intermediates. Initial,
intermediate and final state(s) can then be viewed in a quick succession from start to finish
to reveal motion of the enzyme “in real time” to unravel how macromolecules proceed
in nature. To date, numerous TR-SFX experiments have been carried out successfully
on both light-activated and rapid-mixing reactions. Examples of the most relevant and
exciting discoveries in the emergent technology of TR-SFX at XFELs have been gathered in
a recently published review [37].

4. Time-Resolved Serial Synchrotron Crystallography (TR-SSX)

The limited availability of XFEL beamtime along with the highly demand and com-
plexity of the SFX experiments, the continuous developments in hardware at synchrotrons
with faster detectors and brighter microfocus beams, have targeted standard synchrotrons
beamlines to become an alternative to perform serial crystallography experiments at these
light sources. The successful adaptation of this approach at synchrotrons has been possible
mostly due to the development of low sample consumption sample delivery methods such
as the use of high-viscosity media, fixed targets, and hybrid devices. Liquid jets are not suit-
able for SSX due to the very short residency time of crystals in the X-ray interaction region
as a result of the fast flow rates. As of April 2021, 41 SSX experiments have been conducted
at synchrotrons using exposure times of a few milliseconds (Table 1). Almost every one of
the 3rd and 4th generation synchrotrons have at least one macromolecular beamline that
may offers the serial data collection approach as a routine method for room-temperature
structure determination of proteins and its complexes. As shown in Table 1, most of the
SSX experiments reported the structure determination of static protein structures, however,
there exist a lot of interest in re-engineering the current sample delivery methods to be able
to carry out time-resolved SSX (TR-SSX) at synchrotrons. For TR-SSX, one must consider
the speed of the reaction initiation as well as the speed at which the sample is probed. The
former requires sample delivery methods that can efficiently deliver tens of thousands
of crystals into the X-ray beam and allow for rapid reaction initiation, either by a laser
light pulse or by rapid mixing, before the sample is probed by the X-rays. The latter is a
direct function of the beamline chosen for the experiment, being what has so far limited
the achievable time-resolution to the millisecond domain for monochromatic microfocus
beamlines at synchrotrons. However, higher time-resolutions can be achievable using
pink X-beam SSX, offering the possibility to record data with time-resolution as short as
100 ps [57,70]. So far, just a few examples of TR-SSX experiments have been reported
(Table 1), which will be highlighted in sections below.

5. Examples of Time-Resolved Experiments at Synchrotrons
5.1. TR-SSX with Viscous Jets

Originally developed to deliver crystals of membrane proteins embedded in lipidic cu-
bic phase (LCP) at XFELs [90], the use of the high-viscosity injectors was quickly extended
to deliver crystalline samples of more type of proteins including membrane and soluble
proteins as well as protein complexes at synchrotrons. Taken advantage of the extremely
low sample consumption of the injector-based approach, SSX with viscous jets has become,
along with fixed target approach, the most used sample delivery method at synchrotrons
(Table 1). The SSX with high-viscosity injectors has demonstrated to have important applica-
tions such as: (1) structure determination of membrane proteins [29,36,56,78]; (2) structure
determination of novel protein complexes of pharmacological targets [59,60]; and (3) de
novo phasing approaches [63]. However, and thanks to the possibility of collecting data
at room temperature, which is key in the elucidation of protein dynamics, another im-
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portant application of the viscous jet-based approach is the time-resolved pump-probe
crystallographic studies, TR-SSX.

An example of this was reported recently by Standfuss and co-workers for bacteri-
orhodopsin protein [29]. The pump-probe SMX experiment resulted in a series of snapshots
at time points from 0 ms to 15 ms upon light activation. This experiment was conducted
on beamline X06SA at SLS synchrotron. Large structural rearrangements were observed
in one of the helices, opening the cytoplasmic side and leaving a big gap that leads to the
formation of a network of water molecules connecting the intracellular Asp96 with the
retinal Schiff base (Lys216). The formation of this proton wire recharges the protein pump
with a proton for the next cycle [29]. The results of this work, along with those previously
obtained at XFELs for the mechanisms of the isomerization of the retinal chromophore, as
well as that of the proton-released [27,28], clearly manifests the perfect synergy between
synchrotrons and XFELs, and provides a complete picture of the mechanism of a biological
pump. Figure 1 illustrates the results obtained from this experiment.
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Figure 1. TR-SSX experiments for bR with viscous jets. (A) Proton pumping photocycle in bR with the relevant time domains
for the individual steps. (B) Overview of the three principal steps in the photo cycle of bR. Structure of bR highlighting
the key residues that participate in proton exchange from the cytoplasm to the exterior of the cell. Dashed arrow indicates
the proton-transfer steps between charged residues. (C) Proton released step captured at 0–5 ms timepoint shows the
rearrangements occurring at the necessary for proton release. The dark state is shown in orange and the closed state (0 to
5 ms) is shown in green. The red arrows indicate the direction of proton transfer reaction. (D) Proton uptake step captured
at 10 to 15 ms timepoints in which the opening of the hydrophobic barrier between the primary proton donor Asp96 to the
Shiff Base. The dark state is shown in orange and the open state (10 to 15 ms) is shown in pink. The conformational changes
are accompanied by network of three water molecules (red spheres). The red arrows indicate the direction of proton transfer
reaction. The displacement of about 9Å occurring on the cytoplasmic side at the end of helix F is also shown.

An unresolved matter of the viscous jets is the possibility of conducting mix-and-
inject time-resolved experiments. The viscous jet-based approach has two drawbacks,
the high-viscosity of the media and the jet speed currently achievable with this type
of injectors, making the mix-and-inject approach for time-resolved experiments more
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complicated. The naturally viscous consistency of the viscous media impedes ligands to
quickly diffuse into de crystals making time-resolved experiments impractical. Despite the
above limitations, SSX with viscous jets has been shown to be suitable for ligand soaking as
demonstrated when mixing the substrate colchicine with TD1 microcrystals [59] and heavy
metals into Lysozyme crystals as a proof-of-concept for the “de novo” single anomalous
data (SAD) phasing [35] in LCP medium. However, there exists a lot of interests in making
high-viscosity injectors suitable for time-resolved studies. Indeed, there are a few groups
currently working on advancing injector technology in order to make the high-viscosity
injectors suitable for mix-and-inject time-resolved studies.

5.2. TR-SSX with Fixed Targets

In this sample delivery approach, crystals are immobilized on a solid support and
then scanned through the X-ray beam. They offer a variety of advantages, namely: (1) high
hit rates; (2) low sample consumption; and (3) they can be used at room temperature and
cryogenic temperatures. However, they also have some drawbacks such as a relatively
high background caused by the solid support itself and the excess of mother liquor, high
preferential orientation of the sample on matrix, and low repetition rates limited by me-
chanical aspects. Fixed target devices have rapidly evolved in the past 2–3 years with the
development of two sample holders, the hit-and-return (HARE) system and the liquid
application method for time-resolved analysis (LAMA), which allow for efficient data
collection of time-resolved experiments at 3rd and 4th generation synchrotrons sources.

5.2.1. The HARE System

Schulz and co-workers recently introduced a newly designed fixed-target-based
method using Si chips mounted on a high-speed translation stage that allows for time
resolutions on the range from milliseconds to seconds and longer in pump-probe TR ex-
periments [68]. The HARE is a very versatile system that allows for a large variety of
time delays, covering large time windows that can go from 30 ms to 30 s. This is, in turn,
a limitation of the HARE system since it is restricted to sampling time points that are
mechanically encoded in the chip pattern and the acceleration of the translational stages.
Despite this limitation, the HARE system can be used to study a large variety of reaction
mechanisms as it covers the complete turnover cycle of most light-triggered enzymes. The
proof-of-concept pump-probe time-resolved experiments were conducted at beamline P14
at PETRA III using fluoroacetate dehalogenase (FAcD) from Rhodopseudomonas palustris as
sample [68,72]. Microcrystals of FAcD were mixed with an inactive version of the natural
substrate of FAcD, a photocaged fluoroacetate, which can undergo a fast photocleavage
upon illumination with UV light produced by a femtosecond laser. In the first experiment
by Schulz et al. 2018, intermediates of the reaction of FAcD with fluoroacetate were success-
fully captured at three-time delays, 30 ms, 752 ms and 2 s, demonstrating the suitability of
this approach [68]. In the follow up experiment by Merhabi et al. 2019, the HARE method
was applied to further understand the allostery and dynamics of FAcD with fluoroacetate
over the course of the full catalytic reaction as a function of time [72]. A total of 18 high-
resolution crystal structures were determined at time delays between 30 ms and 30 s. From
this experiment, the binding of the substrate to the active site of FAcD, all conformational
changes occurring during the accommodation of the substrate within the active site, the
positioning of a water molecule for hydrolysis of the intermediate, as well as the formation,
release of the final product and regeneration of the enzyme, were seen for the first time
ever. Figure 2 illustrates the whole reaction pathway.
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5.2.2. The LAMA System

Typically, in rapid mixing approaches, a substrate and a crystals slurry are mixed
and delivered to the X-ray beam either as liquid jets [31–33,90] or on a tape-drive device
(see Section 5.3). However, the major limitation of all these liquid-mixing techniques is
the reduced minimal time-resolution due to the fast diffusion of the ligand into the active
site. Ligand diffusion speed into crystals greatly varies depending on several factors:
(1) crystal size, (2) mother liquor compositions and (3) nature (chemical and physical
properties) of the ligand. Liquid-jet based mixing systems are limited for collecting time
points with long time delays (seconds), which are of great relevance to many biological
reaction mechanisms. Tape-drive-based approaches are limited for faster time delays
(milliseconds regime). The LAMA system overcomes the above limitations and is ideal for
conducting mix-and-diffuse time-resolved experiments at synchrotrons in those cases in
which the diffusion of a substrate occurs faster than the turnover of the enzymatic reaction.

The LAMA method uses the fix-target device mentioned above, the HARE system,
coupled to a piezo-drive droplet generator, which dispenses picoliter-sized droplets con-
taining a substrate onto protein microcrystals and then probed them after a certain time
delay. The proof-of-concept experiment was carried out with two model systems, the
reaction of lysozyme microcrystals with its natural ligand N-acetyl-chitotriose ((GlcNAc)3)
at 50 ms, 100 ms and 1 s time delays [72]. From this experiment, it was seen that the ligand
reaches the binding site after 50 ms time delay, achieving a maximum occupancy after
100 ms upon mixing. Apart from the proof-of-concept test, a more “real life” system, the
enzyme xylose isomerase and its natural ligand, was chosen [72]. Xylose isomerase is a
metal-activated enzyme, and a key component used by bacteria to catalyze the conversion
of xylose and glucose into xylulose and fructose, respectively, so that bacteria can use
them as nutrients [91]. In this experiment, microcrystals of xylose isomerase were reacted
with glucose as substrate and the high-resolution structures of various intermediates were
obtained at different time delays (0 ms, 15 ms, 30 ms, 100 ms, 1 s, 4.5 s and 60 s) [72].

The results show that the binding of the glucose molecule occurs within the millisec-
ond time regime, being clearly visible 15 ms after mixing and reaching near full occupancy
about 100 ms upon mixing. Then, the glucose ring remains intact until 60 s after mixing,
at which the ring is found in its open conformation, an intermediate of this enzyme has
never been captured before by other crystallography methods. In previously reported
crystal structures, the open ring conformations could only be obtained by soaking or co-
crystallization techniques using a linearized (cleaved) glucose [92,93]. Thus, by means
of fast diffusion of glucose into the microcrystals it has been possible to capture the first
reaction intermediate of the isomerization reaction using the wild-type enzyme with its nat-
ural substrate. The initial and final states of the reaction of xylose isomerase with glucose,
along with the intermediate states, are shown in Figure 3. This study clearly demon-
strates the high applicability of the LAMA method for TR-SSX studies in the millisecond to
high seconds time regime. In addition, the LAMA method consumes a significantly less
amount of ligand that current mixing devices, making it also ideal for high-throughput
drug screening approaches.
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5.3. TR-SSX with Hybrid Sample Delivery Devices

It is well-known that liquid injectors, such as those used to deliver samples at XFELs,
are not suitable for SSX because the jet flow rates are faster than the residency time of the
crystals in the interaction region. However, it has been demonstrated that even with liquid
injectors, if a T-junction mixing geometry is used, it is possible to carry out mix-and-inject
TR-SFX experiments to study protein dynamics at time delays between 500 ms and a few
seconds or more [31,33]. With this in mind, Beyerlein and co-workers came up with a novel
sample delivery method for conducting time-resolved experiments at synchrotrons [58].
The novel mixing injector combines T-junction mixing and the fixed target approaches [58].

The proof-of-concept of a TR-SSX using the hybrid sample delivery device, commonly
known as the tape-drive device, was to explore the binding of a natural short carbohydrate,
the (GlcNAc)3, that acts as inhibitor of lysozyme [58]. Lysozyme catalyze the hydrolysis of
β-(1,4)-linkages between N-acetylmuramic acid (MurNAc) and N-acetyl-D-glucosamine
(GlcNAc) in peptidoglycans, the cell wall that protects bacteria from the exterior [94]. The
binding site of lysozyme can accommodate up to six GlcNAc residues of a chitin polymer,
each binding in six subsites along a cleft of the protein. Cleavage occurs at the linkage
between the GlcNAc residues occupying the third and fourth subsites [94,95]. In this
TR-SSX study, lysozyme microcrystals of less than 10 µm in size were mixed with the
natural substrate (GlcNAc)3 using a T-junction mixer and the mixture dispensed onto a
polyimide tape, which was continuously rolling from a feeder roller to a collector roll [58].
The speed of the tape was kept constant to 0.6 mm/s, resulting in a translation distance of
24 µm between frames. The flow rate of the two solution was kept constant to 0.6 µL/min
to ensure a 1:1 mixing ratio. The mix-and-diffusion SSX experiment was carried out on P11
beamline at PETRA III. X-rays were generated as pulses of 7.5 ms duration at a frequency
of 25 Hz by a rotating beam chopper placed upstream of the focusing optics, and this was
synchronized with the readout of the detector PILATUS 6M. Two mixing times were tested,
2 and 50 s, by replacing the thickness and the length of the capillaries. Data collection
time was 8.5 h for each mixing time, resulting in a total sample consumption of 300 uL
(<20 mg of protein). Electron density maps of the data set at 2 s show the ligand chitotriose
at the binding site demonstrating that the tape-drive device can be used as an effective
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mix-and-diffusion device. At this time delay, more than 90% of the lysozyme binding sites
were occupied by the substrate, being nearly to 100% in the case of 50 s time delay. The
most significant differences were found in a network of water molecules connecting the
substrate to the binding site. They found a higher number of waters at 2 s time delay than
at 50 s.

This proof-of-concept experiment opens up the possibility of investigating enzymatic
reactions that are on a similar timescale, though further advances in sample delivery
methods able to deliver crystals at higher speeds, combined with advances in detector
technology along with brighter synchrotron sources and the use of pink X-ray beams could
reduce the time scale below 1 s.

5.4. Goniometer-Based Time-Resolved Serial Oscillation Crystallography (TR-SOX)

As it is well-known, SX bases on recording still snapshots from hundred thousand of
crystals requiring large amounts of sample. Aumonier and co-workers present an alterna-
tive way of collecting data where the sample is subjected to oscillation [74] This method has
been called serial oscillation crystallography (SOX). Using SOX one can determine crystal
structures from only tens to hundreds of microcrystals, reducing sample consumption
notably. As proof-of-concept experiment, Aumonier and co-workers carried out a TR-SOX
experiments coupled with “in crystallo” optical spectroscopy to follow and provide dy-
namics insight into the activation mechanism of the light, oxygen and voltage 2 (LOV2)
domain of the phototropin-2 protein from Arabidosis thaliana [74]. Phototropin-2 is a plasma
membrane-associated photoreceptor of blue light and UV-A/B radiation that mediates pho-
totropism, chloroplast positioning and stomatal opening [96]. Phototropin-2 contain two
LOV domains at the protein N-terminus (LOV1 and LOV2) and an additional C-terminal
Ser/Thr kinase domain. Both LOV domains are bound with their chromophore, flavin
mononucleotide (FMN), which absorbs blue and UV-A/B light [97,98]. The photochemical
properties of phototropins-2 rely on the interaction between LOV1 and LOV2, which is
facilitated by their intervening linker sequence [96].

The SOX experiments were conducted at room temperature using a humidity control
device at beamline ID30A-3 at the ESRF. Crystals (50 × 50 × 50 µm3) were mounted on
regular goniometer and data collection carried out on an EIGER 4M detector using a 15 um
diameter beam size. For each crystal, 990 frames were collected with a 0.5◦ oscillation and
an exposure for about 4.1 s, in some way the LED illumination was synchronized with the
X-ray shutter opening, the goniometer axis rotation and the readout of the detector [74].
To prevent crystals from being radiation damaged, the photon flux was attenuated so
that the dose absorbed per crystals was always below 170 kGy. The light state of the
phototropin-2 was obtained by illuminating a total of 88 crystals with a UV-vis LED at a
wavelength of 470 nm. For the dark state, a total of 32 crystals were measured without
LED illumination. To build up the light state, data sets of each of the 88 crystals were split
into 66 sub-data sets, each containing 15 frames corresponding to a total of 66 time points
from 63 ms to 4.1 s. The light absorption by the chromophore FMN leads to conformational
changes of the neighboring residues (Val392, Ile403, Cys426, Phe470, Gln489), as well was
of the own FMN within the time scale explored in this study (Figure 4). These molecular
motions lead to the formation of a covalent bond between Cys426 and the FMN that forces
the chromophore to rotate about 6◦ [74].
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6. In-Flow Microfluidics Devices for TR-SSX

Despite all of the above sample delivery approaches have shown to produce high-
quality SSX and TR-SSX data, they all require the handling and transfer of microcrystal
slurries during loading, which sometimes can be problematic samples that are sensitive to
changes in environment such as humidity changes and mechanical stress. An alternative is
the use of microfluidic devices, which have emerged as platforms for in situ crystallization
as well as sample delivery methods at synchrotrons. With microfluidics, one can probe
microcrystals in their original mother liquor with no or minimal environment changes.
As stated by Alexandra Ros and co-workers [34], essentially, all sample delivery approaches
can qualify as microfluidic techniques as the critical dimensions of sample delivery are
adapted to the size of the crystals used in serial crystallography experiments, which ranges
from a few micrometers to a few tens of micrometers. With that in mind, I will refer to
microfluidic devices to all those devices in which the crystal slurries are continuously
flowed in micrometer-sized channels, in-flow microfluidic devices.

Since the first in-flow SSX experiment reported by Stellato and co-workers, in which a
slurry of lysozyme microcrystals was continuously flowed through a glass capillary [45],
no further technical optimizations of in-flow microfluidics followed until very recently.
Monteiro et al. have developed in-flow 2D [73] and 3D-printed [75] microfluidic chip
devices. The proof-of-concept of collecting SSX data using a flow-focused sample was
carried out with a 2D in-flow microfluidic device in which the crystal structure of lysozyme
was determined to 2.1 Å resolution using just 30 µL of sample in about 1 h of continuous
data collection [73]. The second experiment of flow-focused sample was carried out with
a 3D-printed in-flow microfluidic device [75]. The crystal structures of lysozyme and
aspartate α-decarboxylase (ADC) proteins were determined with sample consumption
similar to that of the 2D device. However, a big advantage of 3D-printed devices over 2D
devices is that they reduce the difficulty of the experimental design, as well as simplify chip
fabrication significantly. In addition, in-flow microfluidic devices have been demonstrated
to avoid clogging issues and operate without interruption for multiple hours. Despite
it has yet to be demonstrated, in-flow microfluidics also offers the possibility of future
millisecond-mixing-based time-resolved structural experiments at modern synchrotrons in
which ligands (substrates or antibiotics) can be added to the focusing buffer to trigger a
reaction mechanism “in crystallo”.
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7. Conclusions

The SSX methods emerged as a complementary method to standard crystallography,
and will continue evolving in upcoming years. However, current existing methods are
mature enough for routine use. The SSX approach overcomes the limitations of standard
crystallography with single-crystals with respect to the availability of large crystals, crystal
handling, cryo-cooling and the radiation damage that a single crystal can tolerate. In
standard crystallography, single crystals must be harvested and mounted, one at a time,
followed by X-ray diffraction screening, which makes the screening of all available crystals
impractical. As reviewed here, SSX offers attractive alternatives with innovative and
automated sample delivery and serial data collection methods. The technologies developed
for SSX along with the next generation synchrotron sources will enable the possibility of
acquiring better data from smaller crystals, which was either impossible or rather tedious
and time consuming previously. It should be feasible to obtain high resolution structures
with micrometer or even nanometer sized crystals. The serial nature of the SSX experiment
makes automation indispensable, which calls for further development in workflows from
crystallization, sample delivery to data collection, processing and merging. SSX is also
important for screening initial hits in crystallization and for pre-characterizing samples for
SFX experiments.

Time resolved crystallography (TRX) is a powerful tool for understanding protein
dynamics and catalysis, allowing much greater understanding of structural dynamics and
intermediate states in proteins. Early TRX work was largely limited to proteins whose
conformational changes could be triggered optically using an intrinsic chromophore, and
whose motions were reversible in the crystal, so that a single crystal could be pumped and
reset multiple times to generate the diffraction data. These classical approaches of TRX via
populating intermediate states by protein mutations or chemical trapping, gradually fell out
of favor in the past decade. However, the recent development of serial crystallography (SX)
at XFELs [99], coupled with advances in sample delivery methods [100] and X-ray detectors
technology [101–105], has resulted in a renewed interest in TRX, first at free-electron lasers
(TR-SFX) (see review [37]) and more recently at synchrotron sources (TR-SSX) (see Table 1).

As discussed in this review, TR experiments, including those of irreversible reactions,
similar to TR-SFX, can also be performed at synchrotrons, albeit with lower time resolution.
Despite, time-resolved experiments at synchrotron beamlines are limited to a time resolu-
tion of several milliseconds, the time needed to collect diffraction patterns with sufficient
intensity. However, upcoming synchrotron upgrades to next-generation diffraction-limited
sources will allow measurements in the microsecond and perhaps nanosecond range,
which is highly relevant for the study of the majority of enzymatic processes in biology.
As well, to further increase the photon flux (∼100 times) and the time resolution, a pink
X-ray beam can be used instead of a monochromatic beam. This also works in the high-
throughput serial data-collection regime, as successfully demonstrated by raster scanning
a fixed target [57] and viscous jets [70].
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