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Abstract

After decades of diligent development at synchrotron light sources, the field of time-resolved
crystallography (TRX) is elevating to new heights. Driven by the appearance of X-ray free
electron lasers and supported by serial crystallography, a large number of biological systems can
now be investigated with TRX. This short review cannot comprehensively cover all of them, but
it will shine light on, and provide a connection between, some of the recent and past results.

Short Title: Advances in Time-Resolved Crystallography

Highlights:

X-ray Free Electron Lasers promote femtosecond time-resolution

Transitions through conical intersections can be visualized with single femtosecond precision
The mechanics of chloride-pumping is revealed in a chloride ion pumping rhodopsin

The complete Z to E isomerization in a biliprotein has been revealed by time-resolved
crystallography

The structures of transient states can be directly determined from enzyme catalyzed reactions by
diffusion of substrate into microcrystals.
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Intermediate States

Life is made possible by chemical reactions that are promoted by biological macromolecules.
Many proteins possess catalytic (or enzymatic) activity necessary to perform the functions of
life. Chemical reactions advance from fundamental, ultrashort events through reaction
intermediates (RI) to the formation of a product on longer time scales. A RI results from a
significant minimum in the energy landscape (EL) (Fig. 1 b) of a biological macromolecule, and
its lifetime should be much longer than a molecular vibration[1]. Although casually used, the
lifetime of an intermediate is a misnomer. An intermediate state is visited or occupied by an
ensemble of reacting molecules. Accordingly, in this context, the lifetime is equivalent to the
characteristic time an intermediate state is occupied. The timescale of a molecular vibration in
proteins spans from tens of femtoseconds (tens of terahertz, THZ) for very localized vibrations to
picoseconds for long range, global fluctuations with energies smaller than 4 meV (< 1 THz)[2,3].
Given the above definition, it is hard to envision a protein RI that is populated on a time scale
much faster than a few ps, unless very localized dynamics is considered. The EL of a
biomolecule is complex[4,5]. Relaxations between RIs might be non-exponential[4,6-8]. A large
number of shallow energy minima along the reaction pathway may exist that are not visited long
enough by reacting molecules that measurable occupancy can accumulate. This can make
observations of protein Rls difficult. However, if the EL is sufficiently simple[9] (Fig. 1 b), a
substantial fraction of reacting molecules can accumulate in distinct RIs. The dynamics of the
molecular ensemble can then be characterized (Fig. 1 a, c, d) by using transient state (TS)
measurements [10], results of which are interpreted by chemical kinetics [11]. On ultrafast time
scales different approaches are required (see e.g. below for the photoactive yellow protein), since
not enough time is available to the molecular ensemble to kinetically de-phase. Usually, multiple
RIs are occupied simultaneously at most time-points of the TS measurements. These mixtures
need to be separated to determine the physical properties (spectra, structures) of pure, admixture
free intermediate states. The time information inherent in time-resolved data can be exploited

computationally to achieve this separation [12-16].
Time-Resolved Crystallography at Synchrotron and XFELs

Reactions in biomolecules can be followed with near atomic resolution by TRX[17]. Initially, the

100 ps X-ray pulses at synchrotron light sources were limiting the time-resolution[18-22]. Free
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Electron Laser X-ray sources (XFELs)[23] greatly extended this limit to the femtosecond (fs)
regime[24-26]. Armed with this toolbox, biological reactions can now be investigated in hitherto
unimaginable detail. For a TRX experiment, a reaction must be initiated (triggered) in the
crystalline ensemble by a short perturbation which is typically a light pulse, but this can also be
achieved by other means such as an increase in temperature[27], by diffusion of substrate [28],
or even an electric field pulse[29]. The progress of the reaction is probed by X-ray pulses
through a succession of time delays At after initiation. With the development of serial
crystallography at XFELs[30-32] and its application at synchrotron sources[33-35] TRX gained
unprecedented popularity since very challenging problems could finally be solved[36]. Here, a

representative assortment of these experiments is reviewed.
Trans to Cis isomerizations

Photoactive Yellow Protein. The function of the photoactive yellow protein (PYP) naturally
depends on light. Conformational changes triggered by the absorption of blue light (A ~ 450 nm)
are believed to be responsible for a behavioral change of the bacteria[37]. Light illumination
results in the trans to cis isomerization of the central para-coumaric acid (pCA) chromophore
that rotates about the C>=C; (A23) double bond (Fig. 2 a). Isomerization reactions are very
important in chemistry[38] and fundamental to the living world[39]. The isomerization triggers a
photocycle (Fig. 1 a). Several Rls (Fig. 1 a)[14,21,22,40] with increasing lifetimes have been
identified and characterized by TRX. A giant leap forward was the application of time-resolved
serial femtosecond crystallography (TR-SFX)[24] at the Linac Coherent Light Source (LCLS).
There, the frans to cis isomerization of the pCA has been observed in PYP with a time-resolution
of about 100 fs[26]. The fs time-range was covered by about 320,000 indexed diffraction pattens.
By sorting intensities originating from similar pump-probe delays into time-bins, complete
crystallographic datasets that covered the fs time range were obtained[26]. From these datasets
difference electron density maps were calculated which characterized the isomerization directly
by shifting electron density clouds, and ultimately structures that relax on the fs time-scale.
Relaxations are driven by electronic interactions on both the excited state potential energy
surface (ES-PES) and the ground state (GS)-PES of the pCA. The trans to cis isomerization
occurs at around 600 fs after photo-initiation (Fig. 2 b), when exited state wave-packets

transition through a conical intersection (CI) to the electronic ground state[26]. Recently, the
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transition through the CI in PYP has been re-examined by applying a manifold-based machine
learning (ML) algorithm[41] to the raw, highly partial, fs time-dependent intensities collected
earlier[26,41]. The algorithm greatly enhanced the precision with which the data can be analyzed
to a few fs[41]. This way, one can show that the molecular ensemble crosses the CI at 615 fs.
The application of the ML algorithm yields four significant spatial modes (reaction coordinates)
and corresponding temporal modes that are required to explain the transition. Although these
modes were not assigned structurally, one can surmise that two of them are likely associated with
the bending of the chromophore along its axis, and the rotation about the A>3 double bond,
respectively, as noted earlier[26]. However, from individual modes difference electron density
maps can be calculated and combined to movies with few-fs frame rate which give an impression
how the pCA structure changes when crossing the CI. Trajectories through the CI were further
explored by a quantum mechanical (QM) calculation whose parameters could be tied directly to
the experiment by fitting the result of the QM calculation to the significant modes provided by
the ML algorithm[41]. This then results in a fs movie that pictures the wavepacket dynamics
from the ES-PES to the GS-PES through the CI. After the CI (around 800 fs) the pCA is
observed in a twisted cis configuration that relaxes further on the GS-PES. At about 3 ps, a first
photocycle intermediate can be identified with the pCA very close to the cis-configuration. (Fig.
2 ¢). Its structure is already similar to the early intermediate It (Fig. 1 a) observed by synchrotron

Laue experiments at around 100 ps [21,22,42].

Bacteriorhodopsin. Bacteriorhodopsin (BR) is a model system for light driven reactions. The
reaction is caused by the frans to cis isomerization of its retinal chromophore[43]. The retinal is
bound to a lysine forming a Schiff base (Fig. 2 d). BR displaces protons from the inside, across
the cell membrane to the outside of bacteria. The resulting proton gradient is used to fuel the
bacteria’s life-functions. Although extensively investigated, TRX structures were elusive until
XFELs became available. BR microcrystals are exquisitely well suited for TR-SFX. Small
crystals allow uniform penetration by laser light[24,26,44] that maximizes reaction initiation and
population transfer. This made it possible to characterize the fundamental Ai3,14 trans to cis
isomerization of the retinal[45,46]. The combination of TR-SFX at slower time-scales[47] and
time-resolved synchrotron serial crystallography (TR-SSX)[48] was employed to structurally
characterize RlIs during the complete BR photocycle. Furthermore, reactions in cation (Na") and

anion (CI) pumping rhodopsins (Fig. 1 d) were investigated[49,50]. The advantage is that
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electron densities of the ions (Na™: 10 ¢, CI* 18 ¢") can be identified whereas the H" in BR
remains invisible to X-rays. The CI" (but not the Na") initially interacts with the positively
charged Schiff-base (Fig. 2 e). During isomerization the Schiff-base releases the CI that is then
free to move to the other side of the membrane[50]. Since Na" is not bound to the Schiff base in
the Na" pump, its locations are difficult to identify, but they have been inferred with the help of
site specific mutations and computational approaches[49]. Subsequent conformational changes

of the respective rhodopsins assist in transferring the pumped ions across the membrane[49,50].

Phytochromes. Photochromes are red light receptors found in plant, bacteria and fungi[51].
Although phytochromes are structurally diverse, most of them harbor a photosensory core
module (PCM, about 75 kDa) that reacts with light and transfers the signal to an effector domain
with enzymatic activity. In bacteriophytochromes (BphP) the light is absorbed by a covalently
bound biliverdin (BV), an open chain tetrapyrrole located in the PCM (Fig. 3 b). A typical
phytochrome rests in a red-light absorbing state called Pr. Upon illumination with red light, the
BV D-ring isomerizes about the Ais,16 double bond (Fig. 3 b) from a cis configuration (Z for
‘zusammen, together’) to a trans configuration (£ for ‘entgegen, distant’). The Z to E
isomerization drives one half of a photocycle with several intermediates (Fig. 1 c) that ends in a
stable conformation called Pg that absorbs in the far-red. Illumination with far-red light causes
the D-ring to flip back to the Z form, after which the phytochrome relaxes towards P; (Fig. 1 c).
The isomerization is sensed by an enzymatic domain covalently attached to the PCM whose
activity is light controlled this way. Full length BphP crystals are difficult to obtain. Therefore,
truncated constructs that consists of the PCM or the even smaller chromophore binding domain
(CBD) are crystallized. Microcrystals of the Deinococcus radiodurans DrBphP CBD[52] and
those of the Stigmatella aurantica SaBphP2 PCM[53,54] diffract exquisitely well at XFELs with
resolutions at or better than 2 A[52,53,55] which makes them well suited for TR-SFX
experiments. Rotations of BV ring-D were first identified by TR-SFX experiments at the
Japanese XFEL Spring-8 Angstrom Compact X-ray Laser (SACLA) on the smaller CBD
fragment[56]. The CBD is only transiently photoreactive as it quickly (< 1 ns) relaxes back to the
dark state. Surprisingly, the so-called pyrrole water (see Fig. 3 c for its location) is photo-ejected
within 1 ps. The BV D-ring rotates about 50° in a counterclockwise direction. At the same time
the chromophore’s hydrogen bonds to the surrounding protein matrix are disrupted. As a result,

already at 1 ps substantial difference electron density is observed up to 15 A from the pyrrole
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water [56]. The larger SaBphP2 PCM is weakly photostable and crystals diffracts to record high
resolution[53]. With nanosecond TR-SFX, performed also at SACLA, RI structures at 5 ns (Fig.
3 a) and 33 ms were obtained[54]. Similar to the DrBphP CBD, the pyrrole water is photo-
ejected (Fig. 3 ¢). But in contrast to the CBD, ring D rotates clockwise by 180° (Fig. 3 ¢) in the
PCM thereby completing the Z to E isomerization. The PHY domain that is present in the PCM
but not in the CBD is in direct contact with the chromophore via an extension called the sensory
tongue (Fig. 3 a). This may be the cause for the differences in the structural responses between
both constructs. At 5 ns the chromophore adopts a twisted configuration and is displaced by
several A. This results in structural changes that distribute across the protein into the PHY
domain (Fig. 3 a). Large scale structural changes of the PHY domains which were observed in
other, static structures[57], are not observed even at a 33 ms pump-probe delay. It is not clear
whether this is a consequence of crystal lattice contacts, or whether the structure continues to

evolve beyond 33 ms. Further experiments at longer time delays are required.
Enzymology with the Mix-and-Inject Technique

TRX experiments on enzymes are rare with exceptions[58,59] in particular when an inactive,
caged substrate is available that can be activated by a laser pulse[60-62]. A more general method
to trigger reactions in enzymes is diffusion which only requires mixing of crystals with
substrate[28,63,64]. This idea was initially pursued by researchers using crystals with edge
lengths of hundreds of um[65]. Diffusion times were much longer than the turnover rate of even
relatively slow enzymes[66]. This changed substantially when XFELs became available. High
resolution diffraction patterns can be collected from micron and sub-micron sized crystals[67].
The crystals are thin in all three dimensions which greatly shorten diffusion times[28]. Due to the
‘diffraction-before-destruction’ principle[68], radiation damage is not critical. Diffusion follows
Fick’s laws. Solutions exist for several three dimensional shapes[69] with which substrate
concentrations in protein crystals can be calculated[28,70]. Substrate binding and the catalytic
reaction of the enzyme B-lactamase (BlaC, Fig. 4 a) from M. tuberculosis with a cephalosporin
antibiotic has been investigated at the LCLS[71] and the European XFEL (EuXFEL)[72] (Fig. 4
d-i). As a result, an apparent diffusion coefficient of the substrate in the crystalline environment,
the time and space dependent substrate concentrations as well as their occupancies could be

deduced experimentally everywhere in the crystal and at any time (Fig. 4 b, c¢). After about 30
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ms, the formation of the enzyme-substrate complex is complete (Fig. 4 g). About 500 ms later,
the so-called acyl-RI is observed[71] (Fig. 4 i) which is critical for antibiotics inactivation. A
practical method now exists to observe biologically and biomedically relevant reactions with

TRX][70] provided that microcrystals and soluble substrate are available.
XFELs and Synchrotron Light Sources

Mixing experiments were conducted with mix-and-inject serial crystallography at XFELs[71,73-
77] and using fixed targets at the synchrotron[78,79]. Since a large number of diffraction patterns
is required, it is desirable to identify a method to substantially reduce this number for the swift
collection of complete datasets. By increasing the bandwidth of the X-ray radiation, all or a
substantial part of the integrated reflection intensity is collected from a still exposure[80]. This
reduces the number of diffraction pattern necessary[81,82]. When crystals smaller than about 10
um are used for mixing experiments, it is important to tightly focus the X-ray beam and to
expose longer. This may become possible with new storage ring designs that promise sub-10 um
focal spots[83,84]. The experiment can then be performed with smaller crystals with few ps
exposure times. SFX and SSX were compared at the EuXFEL and the synchrotron Petra-III,
respectively, with the conclusion that data of comparable quality can be obtained[85]. However,
when carbonmonoxy myoglobin, a heme protein, is investigated with SSX[85], difference
density features appeared on and near the heme iron which is indicative of a change of the
oxidation state of the metal. Further experiments are necessary to home-in on this effect.
Crystallography will transition (has already moved) from the determination of static structures to
the collection of time series with closely spaced time delays that span an entire reaction pathway
from fundamental events to the formation of product, from which RIs can be extracted. The next
grand challenge is to predict both structure and dynamics from protein sequences[86]. To
generate the required data base, it is essential that XFELs and synchrotron light sources are
available to a wide community to guarantee access to latest technology and continuing

innovation.
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Annotations

Pandey, S. et al. Time-resolved serial femtosecond crystallography at the European XFEL. Nature
methods 17, 73-78, d0i:10.1038/s41592-019-0628-z (2020).

* The authors report the first TR-SFX experiment at the European XFEL. It is shown how to adjust the
XFEL pulse repetition rate to the liquid jet speed, and how it takes for the laser excited jet volume to
leave the X-ray interaction region.
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Hosseinizadeh, A. et al. Single-femtosecond atomic-resolution observation of a protein traversing a
conical intersection. Nature, doi:doi.org/10.1101/2020.11.13.382218 (2021).

** The precision of TR-SFX has been algorithmically enhanced by machine learning approaches from

about 140 fs to a few fs. This way, the transition through the concial intersecition in PYP could be

pinpointed to 615 fs, and characterized by tying the parameters of a quantum mechanical calculation to

the experiment.

Martin-Garcia, J. M. Protein Dynamics and Time Resolved Protein Crystallography at Synchrotron
Radiation Sources: Past, Present and Future Crystals 11, doi:doi.org/10.3390/cryst1 1050521 (2021).
* This paper provides a comprehensive snapshot of synchrotron based serial crystallographic
experiments.

Mehrabi, P. et al. Time-resolved crystallography reveals allosteric communication aligned with molecular
breathing. Science 365, 1167-1170, doi:10.1126/science.aaw9904 (2019).

* The paper demonstrates how reactions in enzymes can be effectively triggered by using caged

substrates. The progress of the reaction is followed by synchrotron based serial crystallography.

Skopintsev, P. et al. Femtosecond-to-millisecond structural changes in a light-driven sodium pump.
Nature 583, 314-+ (2020).

** TR-SFX with fs time-resolution was applied to a solar driven Na" pump. The entire pumping
mechanism was recorded from the fundamental isomerization reaction to the end.

Yun, J. H. ef al. Early-stage dynamics of chloride ion-pumping rhodopsin revealed by a femtosecond X-
ray laser. Proceedings of the National Academy of Sciences of the United States of America 118,
doi:10.1073/pnas.2020486118 (2021).

** TR-SFX with fs time-resolution was applied to a solar driven, molecular chloride pump. The

mechanics of the piston of the pump is revealed in atomic detail.

Carrillo, M. et al. High-resolution crystal structures of transient intermediates in the phytochrome
photocycle. Structure, doi:10.1016/j.str.2021.03.004 (2021).

** The complete Z to E isomerization of a bilin chromophore in a classical bacteriophytochrome (in fact

in any biliprotein) is observed by time-resolved crystallography.

Sorigue D et al.: Mechanism and dynamics of fatty acid photodecarboxylase. Science 2021, 372.

* This paper shows how a wealth of experimental data obtained by mutiple spectrocopic methods and
quantum chemical calculations in combination with TR-SFX can be used to elucidate the function of an
enzyme involved in fatty acid synthesis.

Pandey, S. et al.: Observation of substrate diffusion and ligand binding in enzyme crystals using high-
repetition-rate mix-and-inject serial crystallography. /UCrJ 2021, 8:878-895.

** A Mix-and-inject experiment with single ms time-resolution is reported. The experiment was
performed with high X-ray pulse repetition rates at the European XFEL. The formation of the enzyme-
substrate complex was observed. Substrate occupancies can be determined in the catalytic cleft of the
enzyme at all times and at any location in the microcrystals.

Mehrabi, P. et al. Liquid application method for time-resolved analyses by serial synchrotron
crystallography. Nature methods 16, 979-982, doi:10.1038/s41592-019-0553-1 (2019).

* Acoustic droplet mix-and-inject serial crystallography at the synchrotron is demonstrated using a fixed
target chip on time scales from 30 ms and longer.
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Tolstikova, A. et al. 1 kHz fixed-target serial crystallography using a multilayer monochromator and an
integrating pixel detector. fucrj 6, 927-937 (2019).

* A multilayer monochromator is used to extract a narrow symmetric energy spectrum from borader

undulator X-ray radiation at the European Synchrotron Radiation Facility. Protein crystal diffraction

patterns produced by the symmetric X-ray spectrum can be indexed by CrystFEL. Exposure times are less

than 5 ps.

Nass, K. ef al. Pink-beam serial femtosecond crystallography for accurate structure-factor determination
at an X-ray free-clectron laser. /[UCrJ 8, 15, doi:doi.org/10.1107/S2052252521008046 (2021).

* This paper reports the first pink beam (Laue) crystallographic experiment at an XFEL. The number of

diffraction pattern necessary for successful SAD phasing and automatic structure building is reduced by a

factor of two compared to those required with the nominal SASE bandwidth at XFELs.

Figure Captions

Figure 1. RIs in biological macromolecules. (a) Photocycle of the photoactive yellow protein with
intermediate states Ir, pRi, Ict, pR2, pB1 and pB, whose structures were determined with Laue TRX at the
synchrotron. Red dashed box: the trans to cis isomerization occurs on the ultrafast time scale accessible
only to X-ray pulses from an XFEL; pG and pG*: dark (reference) state and electronically exited state,
respectively. (b) Conformational energy landscape (EL, schematic). The conformational energy (CE,
arbitrary units) is presented as a function of two reaction coordinates (rcl and rc2) which could be for
example a bending angle and a rotational angle. Two Rls are depicted. The reaction proceeds through
trajectories (dashed arrows, back reactions are ignored) through the EL. Trajectories are usually not
accessible by TRX and may be deduced by computational methods. (¢) Phytochrome photocycle with
spectroscopically identified transient states Lumi-R, Meta-Ra, Meta-Rc, Lumi-F and Meta-F. P;: red light
absorbing state; Pg: far-red light absorbing state. Insets show the structural changes of the photosensory
core module after light absorption. Slow thermally excited transitions from Pg to P; are possible (dashed
arrow). (d) Photocycle of the chloride pumping rhodopsin. The K/L, L/O, O and O/FR’ Rls were all
characterized spectroscopically[87]. Their absorption maxima are indicated by the subscripts.

Figure 2. Trans to cis isomerization reactions in Photoactive Yellow Protein (PYP) and in the chloride
ion pumping rhodopsin (CIR). (a) — (¢) Trans to cis isomerization in PYP. (a) The chemical structure of
the para-coumaric acid (PCA) in its trans-configuration as bound to Cys69 in PYP. The torsional angle ¢t
of the Az; double bond is marked. (b) The isomerization reaction of the PCA chromophore as directly
observed on the fs time scale. The torsional angle @r is plotted (solid spheres) as a function of At after
reaction initiation by a 140 fs laser pulse (blue arrow). The dashed, black line represents a (step-like)
logistics function that follows the @r across the transition as a guide to the eye. The isomerization
happens around 600 fs during the transition from the electronic excited state potential energy surface (ES-
PES, the time-span it is populated is indicated by the red, horizontal bar) to the ground state energy
surface (GS-PES, see green, horizontal bar). Inset: chromophore in the cis-configuration lined out in red.
(c) Difference electron density 269 fs and 3 ps after reaction initiation. Negative and positive difference
electron densities are shown in red and blue, respectively (3 sigma level). The dark state (reference)
model is shown in yellow; the PYP structure at 269 fs is shown in pink and that at 3 ps in green. The Az 3
double bond is marked by a red arrow on the left. The #rans and cis configurations are apparent. (d-e) The
trans to cis isomerization in the chloride ion pumping rhodopsin (CIR). (d) The chemical structure of
retinal bound to Lys235 in CIR. Isomerization occurs about the Ai34 double bond (red arrow). The
torsional angle of the Ais14 double bond is marked. The Schiff base is marked in green. (e) Overall
structure of CIR. The CI" ion is pumped across the membrane from the extracellular to the cytoplasmic
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side. The seven transmembrane helices (A-G) of the rhodopsin are marked. Helix G is cut open from
residues 225 to 234 to allow an unperturbed view on the retinal (marked as ret) and the Schiff base. In the
dark, Cl" (green) interacts with the Schiff base. The retinal (yellow) is in its A3,14 frans configuration.
After light illumination the retinal isomerizes about the Ai3 14 double bond to cis (green structure). The
cis-configuration is shown in transparent red. @ is marked. After 1 ps the CI (red sphere) is released, and
moves initially towards the extracellular side (red, dashed arrow). The isomerization causes the Schiff-
base nitrogen to turn away to prevent the interaction with CI. Difference electron density is localized to
the position of the Schiff base and the CI" and is shown in red (negative, -3 sigma) and green (positive, 3
sigma).

Figure 3. Z to E isomerizations in bacterial phytochromes (BphPs). (a) Structure of the SaBphP2
photosensory core module (PCM) overlayed onto a difference map (2.7 sigma contour level for negative,
green and positive, red difference features) obtained at 5 ns. The chromophore pocket is marked by the
red box and shown enlarged within the dotted box. The PAS, GAF and PHY domains are marked and
depicted in yellow, green and magenta respectively. The red arrow denotes the beginning of a long helix
that connects the PHY domain to the effector domain with enzymatic activity. The smaller chromophore
binding domain lacks the PHY domain. (b) The chemical structure of the biliverdin chromophore bound
to the BphP. The D-ring is in the Z (cis) configuration; the torsional angle ¢ is marked in red. (c)
Observed difference electron density near the BV 5 ns after light absorption. Red/green: negative/positive
difference electron density, respectively, on the 3 sigma level. The pyrrole water (PW) is photo-ejected.
The D-ring occupies two conformations (light blue and orange), one with a @t of 72°, and another with ¢@r
of 172° (see inset), the D-ring rotates clockwise if viewed along the axis of BV rings D to B. The structure
of the dark/ reference state is shown in gray. Inset: extrapolated electron density (blue) supports the two
structural intermediates shown in blue and orange. The D-ring (orange structure) is in the E (trans)
configuration.

Figure 4. Reaction of BlaC with Ceftriaxone (CEF). (a) Overall BlaC structure with 4 subunits in the
asymmetric unit. Transparent boxes: catalytic centers. (b) Fractional concentrations of the enzyme
substrate complex (BlaC-CEF) in the platelet microcrystals at 5 ms. Blue: low occupancies < 5 %, pink
and gray hues: high occupancies. Red dashed line and below: central cross-section. (¢) Fractional
concentrations of BlaC-CEF at 10 ms; colors as in (b). Red dashed line and below: central cross-section.
(d) — (i) Reaction of CEF with BlaC shown in the catalytic cleft of BlaC subunit B (red box in (a)). Some
important amino acids and the P; are marked in (d); (e-g) data are collected at the European XFEL;
difference electron density is shown as Polder maps[88] (blue, 3 sigma contour level); (h-i) data are
collected at the LCLS; mFo-DFc omit-difference maps are shown in green (2.7 sigma contour level). (d-f)
BlaC-CEF complex formation, (g-h) fully evolved enzyme substrate complex, (i) catalytic reaction,
formation of the acyl-complex by establishing a covalent bond (red arrow) between the catalytic Ser-70
and the CEF. The leaving group present in intact CEF (grey) is cleaved off (black arrow).
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