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Abstract: Ever since the first structure of an enzyme, lysozyme, was solved, scientists have been eager
to explore how these molecules perform their catalytic function. There has been an overwhelmingly
large body of publications that report the X-ray structures of enzymes determined after substrate
and ligand binding. None of them truly show the structures of an enzyme working freely through
a sequence of events that range from the formation of the enzyme–substrate complex to the dissociation
of the product. The technical difficulties were too severe. By 1969, Sluyterman and de Graaf had
pointed out that there might be a way to start a reaction in an enzyme crystal by diffusion and
following its catalytic cycle in its entirety with crystallographic methods. The crystal only has to be
thin enough so that the diffusion is not rate limiting. Of course, the key questions are as follows: How
thin should the crystal be? Will the existing X-ray sources be able to collect data from a thin enough
crystal fast enough? This review shines light on these questions.

Keywords: time-resolved crystallography; enzymology; mix-and-inject serial crystallography;
X-ray free electron lasers; diffraction before destruction

1. Introduction

Although ordered in three dimensions, protein crystals appear soft and sometimes gel-like [1,2].
Unlike crystals of small molecules such as sugars, protein crystals display large, mostly water-filled
pores that permit the diffusion of chemical compounds through the crystal lattice [3]. The soaking of
protein crystals with heavy atom compounds, for example, has been extensively used to solve the phase
problem in protein crystallography [1,4]. Enzymes are proteins with catalytic activity. The first X-ray
structure of an enzyme was solved in 1965 [5]. However, X-ray structures are static and do not reveal
how enzymes perform their function. It was pointed out very early on [6] that an enzymatic reaction
may be initiated by the diffusion of a substrate. If the crystals are very small or very thin, diffusion
might be much faster than the enzymatic cycle, meaning that it can be triggered by simply mixing the
substrate with the crystals [6–8]. If reaction initiation through diffusion works, enzyme catalysis can
then be observed “on-the-fly”, unperturbed, at room temperature and in real time by time-resolved
crystallographic methods [7,9,10]. This provides an easy, straightforward way to structurally and
kinetically analyze all kinds of enzymatic reactions [8] by preserving, and even exploiting, the dynamics
of the molecular ensemble in the crystal.

2. Diffusion into Protein Crystals

Diffusion is governed by Fick’s 1st and 2nd laws. The 2nd law is a partial second order differential
equation of the form

D∇2C =
∂C
∂t

, (1)

where C is the time and space dependent concentrations in a volume, D the diffusion coefficient, and ∇2

the Laplace operator (divergence of the gradient) in a 3D space. This differential equation has solutions
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for certain boundary conditions. Fortunately, a solution exists for shoe-box-shaped objects like crystals
with half edge length a, b, and c [11]:

C(x, y, z, t) = C0
[
1− 64

π3

∞∑
l=0

∞∑
m=0

∞∑
n=0

(−1)l+m+n

(2l+1)(2m+1)(2n+1)

× cos (2l+1)πx
2a cos (2m+1)πy

2b cos (2n+1)πz
2c

× exp−
Dπ2

4 [
(2l+1)2

a2 +
(2m+1)2

b2 +
(2n+1)2

c2 ]·t
] (2)

The coefficients l, m, and n are integer numbers. Equation (2) looks complicated but can
be easily coded in a computer program. It is evident that concentration C at position x,y,z and
at time t within the shoe-box-shaped crystal is dependent on the initial outside concentration C0,
on the position in the crystal, and on a time dependent exponential term. The term in the exponent
Dπ2

4

[
(2l+1)2

a2 +
(2m+1)2

b2 +
(2n+1)2

c2

]
merits special attention. It is a relaxation rate with units 1/s. The inverse

of it is a characteristic time τc, also called the diffusion time. Obviously, the smaller the crystal half
edge lengths a, b, and c are, the shorter τc is. Since it is a quadratic relationship, making the crystal
smaller dramatically decreases the diffusion time. In addition, increasing the diffusion coefficient D
decreases the diffusion time proportionally. Figure 1 shows a plot of concentrations in a cross section
through the middle of a crystal with 5 µm edge lengths (2.5 µm half edge lengths) using the diffusion
coefficient 2.3 × 10−6 cm/s of a larger ligand molecule, the antibiotic ceftriaxone, in water. As one can
see, the approximate diffusion time to reach half the outside ligand concentration in the middle of the
crystal is only about 5 ms. In rapid mixing experiments, one molecule of ligand per enzyme active site
is required for optimum reaction initiation and must be delivered into the crystal by diffusion. This 1:1
ratio of catalytic clefts to substrate is called a stoichiometric concentration (StC). StC is the minimum
concentration required to establish an essentially full occupancy of the ligand in the catalytic cleft
under optimal conditions, in which the rate coefficients for substrate binding and dissociation strongly
favor the formation of the enzyme–substrate complex. A high occupancy results in strong, easily
interpretable ligand electron density in the catalytic cleft. The protein concentration in crystals can be
quite large, on the order of 20–25 mmol/L [12] and higher [13,14]. Accordingly, StCs are also rather
high in a crystal. However, if the outside ligand concentration C0 is much higher than the enzyme
concentration in the crystal, StC is reached much faster than the diffusion time as also suggested by
Equation (2). Accordingly, to effectively start a reaction in a crystal by diffusion and to produce a strong
electron density signal in the catalytic cleft, (i) the crystal must be as small as possible, (ii) the outside
ligand concentration C0 should be as high as possible and (iii) the diffusion coefficient should be as
large as possible. All of this can be manipulated within limits. To address point (i), crystals with edge
lengths in the single digit µm or even smaller need to be prepared. There are a number of methods to
achieve this, which were all developed in recent years and subsumed by Beale and colleagues [15].
To reach high ligand concentrations (ii), the ligand needs be as soluble as possible in conditions near
the chemical composition of the mother liquor that stabilizes the microcrystals. The ligand can also be
provided in a low ionic strength buffer to maximize solubility. Crystals would usually decompose
in such a buffer. However, crystal cracking happens, usually during times much longer than the
millisecond time scale [12]. If diffusive mixing is complete before the crystal decomposes, and the
mixture is measured sufficiently rapidly, such an approach is feasible. In addition, to keep ligand
concentrations high, the ligand can be provided in much larger volumes compared to the crystal
volume, so that the depletion of the ligand by diffusion into crystals remains small. This may be
achieved by mixing the ligand with a much larger flow rate compared to that of the crystal slurry,
or by the application of a large droplet containing ligand (see below for both techniques). To promote
large diffusion coefficients (iii), large, water-filled channels or pores should be present in the crystal.
This is crystal-form dependent, see [12] for an example. The shard crystal form of the β-lactamase
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used by Olmos and colleagues [12] is much better suited to facilitate fast diffusion than the much more
compact needle crystal reported by the same team. However, the ligand was detected in both crystal
forms. It appears as if protein dynamics transiently opened and closed channels in the very densely
packed needle crystal form, so that effective diffusion was possible despite the restricted pore sizes.
It should be mentioned at this point that all-atom molecular dynamics simulations of diffusion into
protein crystals are challenging since these simulations require an in-silico representation of a chunk
of crystal with a large number enzyme molecules and up to seconds in simulation times. This is still
currently outside the scope of even the fastest computers. Accordingly, simplified crystal and protein
models need to be employed [16], and diffusion coefficients in protein crystals are merely estimates.
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Figure 1. Concentration profile through the center of a 5 μm shoe box crystal. The initial ligand 
concentration is assumed to be 100 % instantaneously outside the crystal. The diffusion coefficient of 
the ligand is 2.3 × 10−6 cm2/s. Equation (2) was solved with n, l, and m ranging from 0 to 20 and plotted 
across x, with y and z equal to 0. 
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Figure 1. Concentration profile through the center of a 5 µm shoe box crystal. The initial ligand
concentration is assumed to be 100 % instantaneously outside the crystal. The diffusion coefficient
of the ligand is 2.3 × 10−6 cm2/s. Equation (2) was solved with n, l, and m ranging from 0 to 20 and
plotted across x, with y and z equal to 0.

3. X-ray Light Sources and Techniques that Support Mixing Experiments

Since fast reaction initiation by diffusion requires microcrystals, the X-ray light sources need to be
powerful enough to generate a diffraction pattern from a crystal that is in the order of 10 µm or smaller.
This has not been possible until recently. Originally, the idea of reaction initiation by diffusion was
proposed for experiments at the X-ray free electron laser (XFEL) [7,8], but, now, microfocus beamlines
at synchrotron light sources have also become sophisticated enough to interrogate tiny crystals. In any
case, the rotation of the crystal through the Ewald sphere is only possible when very slow time scales
are explored [17]. In all other cases, still exposures are required. Laue crystallography [18–21] has
been used to avoid moving the crystal during X-ray exposure. With this method, the integrated
reflection intensity can be collected almost instantaneously during exposure to a fast or ultrafast X-ray
pulse [21]. It turns out, however, that the Laue method is very sensitive to crystal mosaicity. Due to
the broad bandwidth of the pink X-ray beam, reflections become streaky and data processing is then
not possible. In addition, a more empirical observation is that, caused by larger background noise,
the spatial resolution in Laue crystallography may be inferior to that reached by monochromatic
X-rays. In any case, the Laue method might enjoy a revival with recent successful data collection on
microcrystals [22,23]. The advantage is that only a few diffraction patterns (on the order of 100–200)
are necessary to cover reciprocal space. In contrast, with monochromatic X-rays, all reflections of
a still exposure are partials and reflection intensities are therefore not proportional to the square of the
structure factor amplitude. To reconstruct the integrated reflection intensity, 100 or more sightings
of individual reflections are required [24] and their intensities averaged. This has been called Monte
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Carlo averaging, and it requires that tens of thousands of indexable diffraction patterns are collected
for an accurate, high resolution dataset [25,26]. In any case, microcrystals are quickly damaged by
exposure to X-ray radiation, sometimes even after exposure to only one X-ray pulse. This necessitates
the exposure of a large number of fresh crystals to the X-rays. Serial crystallography was born [26,27].

XFELs produce femtosecond (fs) short, spatially coherent, hard X-ray pulses of unprecedented
brilliance. The exposure to only one fs X-ray pulse completely damages a crystal [28,29]. Since diffraction
is instantaneous, yet the damage requires some time to evolve, femtosecond X-ray pulses from
an XFEL produce essentially damage-free diffraction patterns [26,27,29]. This is called the
‘diffraction-before-diffraction’ principle [26,30–32]. Already in the first experiments at XFELs [26,27,33],
fresh microcrystals were provided and injected into the X-ray interaction volume by a liquid injector
called a ‘gas dynamic virtual nozzle’ (GDVN) [34]. The GDVN generates a liquid jet that moves the
crystals with a velocity of 10 m/s and faster into the X-ray interaction volume. During a typical 40 fs
X-ray pulse from an XFEL, the jet only moves 400 fm (4 × 10-3 Å). The crystal is effectively frozen
in space and time during X-ray exposure. Subsequently, serial crystallography was also adapted to
work at the synchrotron [35,36]. Since X-ray pulses at synchrotrons are less intense than those at the
XFEL, exposure to multiple synchrotron radiation pulses are required. When a GDVN is used, crystals
move 10 mm across the X-ray beam during a typical 1 ms exposure time [35]. This is unacceptable.
Therefore, at a synchrotron the use of a GDVN for mixing experiments is discouraged until technology
advances to the point that X-ray diffraction patterns from single X-ray pulses can be analyzed [22,23,37].
Fixed targets (see below), however, could be equally well used at the XFEL and the synchrotron [35,38].

With serial micro-crystallography, the initiation of a reaction by diffusion is easily conceivable since
this method automatically provides crystals that are three dimensionally thin, fulfilling the conditions
envisioned by the early protein crystallographers. To make reaction initiation by diffusion feasible,
a number of approaches are currently pursued: the mix-and-inject technique using a GDVN [8,12,39–41],
acoustic ligand droplet ejection onto a chip [42] or a moving tape-containing crystals [43], and the
‘fountain pen’ method that also uses a tape drive [44] to transport the microcrystals towards the
X-rays. All these techniques mix the ligand with the crystals and they do so reliably and rapidly.
The latter two are suited for both XFEL and synchrotron applications. The former requires a mixing
device [39,40,45–47] that terminates in a modified GDVN, producing a fast liquid jet. This approach
should be used at XFELs only unless the devices (perhaps the electrospun injector [48]) that mix into
a slowly moving liquid column become available to allow for longer exposure times that are necessary
at the synchrotron.

4. Mixing Techniques for Structure-Based Enzymology

4.1. Jet Based Technique

The terms ‘mix-and-inject’ [8] and ‘mix-and-inject serial crystallography’ (MISC) [39] suggest that
a slurry of enzyme microcrystals is mixed with substrate, and the mixture is injected after a delay
∆t into the X-ray interaction region. Mixing initiates the reaction by the diffusion of the substrate
into the microcrystals. The diffusion time, or alternatively the time required for the substrate to reach
StC, whichever is faster, determines the time resolution of the method. The time-delay is given by
the time the X-rays probe the reacting crystals after mixing. The easiest mixing device is a T-junction
installed upstream of an injector device, which is typically a GDVN that injects the mixture into the
X-ray interaction region (Figure 2a). Enzyme microcrystals that run straight through the T-junction
are mixed with substrate. The delay is determined by the flow rate and the distance of the T-junction
from the end of the GDVN nozzle. When installed outside the nozzle rod that supports the GDVN
in a vacuum chamber at an XFEL, typical time-delays are seconds [39,40], which is usually too long
to investigate the catalytic cycle of enzymes. However, a slower reaction can be observed [40] or
the steady state of the enzymes can be structurally probed [39]. Mix-and-inject techniques (in fact,
mix- and-diffuse techniques) employing a T-junction way upstream of the nozzle rod were applied
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to investigate adenine binding to an RNA molecule acting as a riboswitch [40], see, e.g., [49] for
a review on riboswitches. The presence of adenine initiates large conformational changes of the
riboswitch that even cause unit cell and space group changes. Interestingly, the microcrystals absorb
these changes by rearranging without cracking and the conformational changes can be followed on
a second time scale. Once the specially designed mixing devices [45–47] became available (Figure 2b),
millisecond and, in theory, sub-millisecond time-delays can be probed. The mixing device consists of
a mixing region where a concentric flow of substrate is rapidly mixed with an enzyme slurry flowing
through a central capillary. The time-delay is then provided by a delay line between the location of the
mixer and the end of a GDVN-like nozzle that injects the mixture into the X-ray interaction region
(Figure 2b). The time-delay is given by the length of the delay line and the flow rates of both substrate
and crystal slurry. A mix-and-inject experiment that features single digit millisecond diffusion times
to explore an enzymatically catalyzed reaction was recently conducted at the Linac Coherent Light
Source (LCLS) [12] using an optimized mixing device produced by Pollack and colleagues [45] and is
shown in Figure 2b. Microcrystals of the M. tuberculosis β-lactamase (BlaC) were flown into the mixer
and mixed with 200 to 300 mmol/L of the cephalosporin antibiotic ceftriaxone (CEF). The mixture
was probed at time-delays of 30, 100, and 500 ms (Figure 3). Previously [39], the steady state was
probed using a T-junction upstream of the nozzle rod resulting in a 2 s delay time. Accordingly, a time
series that consists of five time-points and spans from the unmixed state to the steady state at 2 s
has been obtained. At 30 ms full occupancy of CEF is observed. As the catalytic cleft concentration
in the BlaC crystals is about 25 mmol/L, a comparable amount of ligand must have been delivered
purely by diffusion (Figure 3a) [12]. Since the turnover time of BLAC is about 1 s, this experiment
shows that the mix-and-inject approach works properly and that diffusion is not rate- limiting in
this case. After the formation of the enzyme–substrate complex (Figure 3a,b), the β-lactam ring of
CEF is then opened at 500 ms, and the now inactive CEF is covalently bound to the catalytic serine
(Ser-70) of the BLAC (Figure 3c). For the first time, the unknown structures of the non-covalent
enzyme–ceftriaxone complex and an intermediate along the catalytic pathway with a covalently bound
open ring cephalosporin is observed by means of the same experimental setup at ambient temperatures
and in real time. Fifty years after the early protein crystallographers envisioned such an approach,
it became reality, and can now be used to investigate all sorts of enzymatic reactions. MISC seems to
be established now as an accepted technique to investigate enzymatic reactions [12,39,41,42].
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The optimized mixing device fabricated by the Pollack group. The substrate is mixed with 
microcrystals (pink) within the nozzle device and quickly injected into the X-ray interaction region. 
Delays between mixing and injection can be in the sub-millisecond region. This figure is a modified 
version of the one shown in Calvey et al. [44]. 

  

Figure 2. Mixing strategies using liquid jets. (a) Mixing with a T-junction outside the nozzle rod.
The crystals (green) are mixed with the substrate (Ceftriaxone, yellow). The mixture is injected with
a gas dynamic virtual nozzle (GDVN) into the X-ray beam (red). The diffraction pattern is collected
on an X-ray sensitive area detector. The time-delays are on a second scale. Figure from Kupitz et
al. [38]. (b) The optimized mixing device fabricated by the Pollack group. The substrate is mixed with
microcrystals (pink) within the nozzle device and quickly injected into the X-ray interaction region.
Delays between mixing and injection can be in the sub-millisecond region. This figure is a modified
version of the one shown in Calvey et al. [44].

Crystals 2020, 10, 116 7 of 16 

 

 

 

Figure 3. Ceftriaxone binding (a), enzyme-substrate complex formation (b), and the formation of the 
covalently bound acyl-complex (c) in the BlaC of M. tuberculosis determined by a mix-and-inject 
experiment at the LCLS. The dashed arrown in (b) and (c) indicates the formation of the covalent 
bond between the enzyme and substrate that happens between 100 and 500 ms. This figure is a 
modified version of the one shown in Olmos et al. [12]. 

4.2. Mixing on Fixed Targets 

When microcrystals are applied to a thin solid material which is translated into the X-ray 
interaction volume, they can be conveniently exposed to X-ray pulses [43,44,50–54]. These fixed 
targets may consist of diverse materials, such as silicon (nitride), graphene, mylar, and more. Fixed 
targets are designed for serial crystallography, since individual microcrystals are deposited on these 
substrates and scanned subsequently through the X-ray interaction volume. It is easily conceivable 
how substrate droplets can be mixed rapidly with the deposited microcrystals, and a catalytic 
reaction is initiated by diffusion. The substrate might either be applied to the crystals with an acoustic 
droplet injector [42,43], or mixed as co-flow together with the crystals [44]. Serial crystallography 
with fixed targets may also be performed in vacuum [50,55] to reduce the scattering background. 
Bare surfaces harboring properly humidified microcrystals need to be protected from vacuum [55], 
otherwise the microcrystals dry out rapidly and decompose. However, any vacuum protection might 
interfere with the mixing process, and, consequently, a mixing experiment in vacuum will require 
complex technical innovations that are not yet available. Outside the vacuum, the extended exposure 
of microcrystals to dry air needs to be avoided. The advantage of a fixed target, however, is that its 
position and orientation can be precisely controlled. This way, it can be used at the XFEL as well as 
the synchrotron with both monochromatic X-rays [22] as well as with the Laue method [22,23]. With 
monochromatic X-rays at a synchrotron, the exposure times required to obtain a decent, interpretable 
diffraction pattern might be milliseconds [35,44], which constrains the time resolution. It must be 
assessed whether exposure times can be reduced further either by being able to index and analyze a 
larger number of sparse patterns [56] or by a quick excitation of the entire reflection range by a 
broader X-ray bandwidth [23]. In any case, to date, larger crystals are required at the synchrotron 
with correspondingly longer diffusion times that then limit the time resolution in addition to the 
millisecond exposure times. Certainly, applying enzyme crystals and substrate using either acoustic 
injection [42,43] or with a fountain pen style mixer [44] to a fast moving tape or to a smooth or 
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Figure 3. Ceftriaxone binding (a), enzyme-substrate complex formation (b), and the formation of
the covalently bound acyl-complex (c) in the BlaC of M. tuberculosis determined by a mix-and-inject
experiment at the LCLS. The dashed arrown in (b) and (c) indicates the formation of the covalent bond
between the enzyme and substrate that happens between 100 and 500 ms. This figure is a modified
version of the one shown in Olmos et al. [12].

4.2. Mixing on Fixed Targets

When microcrystals are applied to a thin solid material which is translated into the X-ray interaction
volume, they can be conveniently exposed to X-ray pulses [43,44,50–54]. These fixed targets may
consist of diverse materials, such as silicon (nitride), graphene, mylar, and more. Fixed targets are
designed for serial crystallography, since individual microcrystals are deposited on these substrates
and scanned subsequently through the X-ray interaction volume. It is easily conceivable how substrate
droplets can be mixed rapidly with the deposited microcrystals, and a catalytic reaction is initiated by
diffusion. The substrate might either be applied to the crystals with an acoustic droplet injector [42,43],



Crystals 2020, 10, 116 7 of 15

or mixed as co-flow together with the crystals [44]. Serial crystallography with fixed targets may
also be performed in vacuum [50,55] to reduce the scattering background. Bare surfaces harboring
properly humidified microcrystals need to be protected from vacuum [55], otherwise the microcrystals
dry out rapidly and decompose. However, any vacuum protection might interfere with the mixing
process, and, consequently, a mixing experiment in vacuum will require complex technical innovations
that are not yet available. Outside the vacuum, the extended exposure of microcrystals to dry air
needs to be avoided. The advantage of a fixed target, however, is that its position and orientation can
be precisely controlled. This way, it can be used at the XFEL as well as the synchrotron with both
monochromatic X-rays [22] as well as with the Laue method [22,23]. With monochromatic X-rays at
a synchrotron, the exposure times required to obtain a decent, interpretable diffraction pattern might be
milliseconds [35,44], which constrains the time resolution. It must be assessed whether exposure times
can be reduced further either by being able to index and analyze a larger number of sparse patterns [56]
or by a quick excitation of the entire reflection range by a broader X-ray bandwidth [23]. In any
case, to date, larger crystals are required at the synchrotron with correspondingly longer diffusion
times that then limit the time resolution in addition to the millisecond exposure times. Certainly,
applying enzyme crystals and substrate using either acoustic injection [42,43] or with a fountain pen
style mixer [44] to a fast moving tape or to a smooth or patterned surface is an attractive concept and
it may provide millisecond time resolution. Recently, a mixing experiment on the enzyme xylose
isomerize (XI) on a chip has been performed at the PETRA III storage ring at DESY (Deutsches
Elektronen-Synchrotron), Hamburg [42]. The experiments were performed at ambient pressure and at
room temperature (20 ◦C). The somewhat larger crystals (~20 µm edge lengths) were kept moist using
a flat nozzle that provided a humidified air stream across the entire chip. Pico-liter droplets of glucose
(78 pL, 1 mol/L glucose) were ejected by an acoustic droplet injector onto the crystals. The mixture
was subsequently probed by an X-ray exposure [42,57] that lasts milliseconds to accumulate enough
diffracted intensity on the detector. The diffusion times were estimated from Equation (2) to be about
30 ms. However, already after 15 ms, strong electron density of glucose was found in the active site of
the XI. This is owed to the very high applied ligand concentration that rapidly provides (near) StCs
in the crystal. A previously unidentified intermediate with an open glucose ring was found after
60 s. Since the XI’s temperature optimum is higher than 60 ◦C, the enzyme is quite inactive at 20 ◦C.
Accordingly, no further intermediates could be identified. A high temperature experiment is ultimately
desirable to follow glucose isomerization to the end with this enzyme. When the temperature is varied,
the barriers of activation of an enzymatically catalyzed reaction can be determined as demonstrated
for a photoreceptor [14]. This would then provide a complete view of an enzymatically catalyzed
reaction, which will go far beyond the approach envisioned 50 years ago by the early crystallographers.
In summary, reaction initiation by diffusion works at synchrotrons and XFELs. Since, at XFELs,
very small crystals can be probed, diffusion times may be appropriately fast (see Equation (2)),
and initial phases of fast enzymatic reactions may be probed only there.

5. High Repetition Rate XFELs

Recently, the first superconducting XFEL, the European XFEL (EuXFEL) in Germany,
came online [58–60]. It features short trains of X-ray pulses with MHz intra-train pulse rates. A total of
10 of these trains repeat in one second (Figure 4). When the desired design specifications are reached,
2700 pulses can be in a train. Accordingly, the average X-ray pulse rate can be up to 27,000 pulses/s [58].
The high X-ray pulse repetition rates can be very beneficial for a mix-and-inject experiment, as discussed
below. An X-ray detector, the Adaptive Gain Integrating Pixel Detector (AGIPD) [61,62], which works
with MHz frame rates, was developed. For the first user-supported experiment at the EuXFEL in the
fall of 2017, only 15 X-ray pulses were in a train [63]. These pulses, however, arrived with a 1.15 MHz
rate, hence they were separated by about 0.9 µs. Accordingly, each pulse train lasted only 13 µs,
from which high-quality diffraction data were collected. This successful experiment already provided
invaluable information on how to design new experiments (including mix-and-inject experiments)
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with MHz X-ray pulse rates. In subsequent experiments [64,65], the number of X-ray pulses in the
train steadily increased. From these, it becomes evident that spacing the X-ray pulses closely in time
has essentially no impact on the quality of the structures determined from them [64,66,67]. For the
first time-resolved crystallographic experiment at the EuXFEL [68] 176 pulses were provided for in
each train, hence the average pulse rate was 1760 s−1. The MHz rates cause substantial challenges.
These challenges are outlined here for a time-resolved experiment with the pump probe method,
so that strategies for a mix-and-inject experiments can be understood more easily. In a pump–probe
experiment, the optical laser pulses that start the reaction must be synchronized to the single X-ray
pulses that probe the progress of the reaction after an ultra-short time-delay (Figure 5a). Accordingly,
tunable optical lasers needed to be designed and constructed that generate powerful femtosecond
optical pulses with MHz rates. Such an engineering marvel is available at the EuXFEL [69] and enables
time-resolved serial femtosecond crystallographic (TR-SFX) [25] experiments at the SPB/SFX [70]
and the FXE instruments [60]. A pump-probe TR-SFX experiment [68] was recently performed at
the SPB/SFX instrument. It covered a previously unexplored time range in the photocycle of the
photoactive yellow protein (PYP) [25,68,71–73]. The main challenge was that the GDVN must transport
a once-excited jet volume entirely out of the X-ray interaction region before the next optical laser
pulse excites a new volume. Otherwise, crystals might become excited twice or even multiple times
with undesirable results. Appropriate waiting times must be anticipated before the next jet volume
is excited (Figure 5b). As a result, only one out of four X-ray pulses in the train contributed to
the ultrafast time-delays (Figure 5b), which reduced the data collection efficiency by a factor of 4.
In Figure 6a, the different electron density determined at a 10 ps time-delay is shown as an example.
Three subsequent pulses were used to measure how and when the excited jet volume left the X-ray
interaction volume (Figure 6b–d). As the first X-ray pulse after the laser pulse (compare Figures 5b
and 6a) probes the 10 ps time-delay, the following X-ray pulses probe fast µs time-delays up to 5.33 µs
(Figure 6b–d). This signal disappears completely in Figure 6d. This shows that shortly after 3.56 µs,
the laser exited volume completely left the X-ray interaction volume (see the region marked in red
in Figure 5b), and the reaction can be restarted in fresh crystals by another laser pulse to accumulate
more diffraction patterns for the 10 ps time-delay.
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is applied with a few percent of fluorinated oil that is added by a T-junction. Crystals are excited by
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pulse sequence is organized in trains and is shown in the inset. The Adaptive Gain Integrating Pixel
Detector (AGIPD) collects the diffraction patterns, which will be sorted based on the pulse ID (arrows).
The figure is from Pandey et al. [66].
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Figure 5. Timing schemes for ultrafast pump-probe strategies (a), (b), and mix-and-inject (c) experiments.
(a) Intra-train reaction initiation: N X-ray pulses, each, are in a pulse train separated by up to a few µs
depending on the pulse rate of the EuXFEL (European XFEL). Before an individual X-ray pulse arrives,
the reaction is initiated by an optical laser pulse (blue). Short time-delays on the femtosecond time
scale can be reached. One X-ray pulse in between probes a reference in the dark. The pulse trains
repeat every 99.5 ms. (b) A real example from the first TR-SFX experiment at the EuXFEL with 88
pulses per train, 556 kHz X-ray pulse repetition rate and 141 kHz laser excitation (blue bars). The red
box denotes the time it takes for the laser excited jet volume to move out of the X-ray interaction region.
(c) Green bar: the reaction initiation by mixing and diffusion (mix-and-inject); the millisecond time
scale is probed on time scales > 5 ms by the entire pulse train. Since the time-delay is fixed by the
distance between the mixing region and the X-ray interaction region, all X-ray pulse in the train (as
well as in all subsequent trains) contribute to the same time-delay. This figure is a modified version of
the one shown in Pandey et al. [66].
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Figure 6. Results of a pump–probe experiment on photoactive yellow protein (PYP) by Pandey et al.,
2019. Demonstration how the laser excited volume leaves the X-ray interaction region. After 3.56 µs,
the signal vanishes. Difference electron densities in red (−3 σ) and blue (3 σ). (a) 10 ps pump-probe
delay with features α (negative) and β positive. Blue structure: PYP in cis configuration. (b–d):
microsecond time-delays measured by subsequent X-ray pulses show how the laser excited volume is
transported out. Features α and β differ from (a). The features are interpreted by the mixture of pR1
(magenta) and pR2 (red) intermediates which are typical for PYP on this time scale. Feature β2 (arrow)
remains up to 3.56 µs, and is completely absent at 5.33 µs. Figure from Pandey et al. [66].



Crystals 2020, 10, 116 10 of 15

Although the experiment on PYP was a pump–probe experiment, it already suggests ways how
to design a successful mix-and-inject experiment that may benefit from all X-ray pulses in the trains.
First and foremost, reaction initiation by diffusion is orders of magnitude slower, milliseconds, than the
intra-train X-ray pulse separation time, which is on the order of 200 ns to 2 µs depending on the pulse
repetition rate of the machine. Accordingly, reaction initiation in between the X-ray pulses in a train,
as shown in Figure 5a,b, is not possible. However, the mix-and-inject method necessarily initiates the
reaction in the nozzle (Figure 5c). A time-delay is exclusively determined by the distance between
the mixing region and the X-ray interaction region (see Figure 2b). Once this distance is established,
all X-ray pulses, regardless of whether they arrive within a single train or within subsequent trains,
probe the same time-delay. Contrary to TR-FSX experiments, where the excited jet volumes must first
leave the X-ray interaction region, mix-and-inject experiments can utilize the maximum permissible
X-ray pulse rate for optimum data collection speed. Still, the jet produced by the mixing device must
be fast enough that the gap that is forming in the jet after X-ray exposure [63,67,68] is transported
away quickly enough, so that a fresh jet volume is present to interact with the next X-ray pulse.
Otherwise the hit rate is decaying considerably, as also experienced in the TR-SFX experiment described
above [68]. When the final design specifications are reached, 27,000 pulses/s are available, of which
about 3500 patterns/s can be stored and streamed out by the AGIPD. With an assumed hit rate of 5%
and an indexing rate of 60%, 25,000 indexed patterns that are necessary for a decent dataset require
about 830,000 patterns [12,39,63,67,68]. Even with the AGIPD’s limited storage and readout capacity,
a dataset can be collected within 230 s or 4 minutes. If technical improvements permit the use of all 2700
X-ray pulses in the train, a SFX dataset can be collected in only half a minute and requires only a few
micrograms of protein [74]. In any case, pump–probe and mix-and-inject experiments are on the same
footing and can make use of highly efficient data collection strategies at the high-repetition-rate XFELs.

6. Mix-and-Inject Experiments at High Repetition Rate XFELs

The EuXFEL opens new avenues to the rapid collection of multiple data sets. As schematically
illustrated in Figure 7, multiple compounds, which can either be small chemicals, drugs, or drug
fragments, can be mixed with microcrystals one by one. With this, highly efficient fragment
screening [75] becomes conceivable as a tool for structure based drug design. As the collection
of a dataset only takes a few minutes at the EuXFEL, hundreds of compounds can be investigated
within a shift by subsequently applying them through a simple T-junction (Figures 2a and 7). It may
well be that in the near future the XFEL significantly contributes to the knowledge base to save lives
either by directly observing molecules of biomedical importance in action through a mix-and-inject
experiment, or by probing a drug target with a multitude of active compounds as suggested by Figure 7.
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