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*Email: richard.neutze@qu.se

Abstract:

Conformational changes within biological macromolecules control a vast array of chemical
reactions within living cells. Time-resolved crystallography can reveal time-dependent
structural changes that occur within protein crystals, yielding chemical insights at unparalleled
detail. Serial crystallography approaches developed at x-ray free electron lasers are now
routinely employed for time-resolved diffraction studies of macromolecules. These techniques
are increasingly being applied at synchrotron radiation sources and to a growing diversity of
macromolecules. Here, we review recent progress in the field, including visualizing ultrafast
structural changes that guide the initial trajectories of light-driven reactions, and capturing
biologically important conformational changes on slower timescales, with illustrative case

studies being bacteriorhodopsin and photosystem 1.

Single-sentence summary:
Time resolved crystallography is growing rapidly as serial approaches developed at x-ray free

electron lasers become widespread.
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Time-resolved macromolecular x-ray crystallography allows for visualization of the
movements of atoms with time and thereby provides insight into the chemical pathways
underpinning biological reactions. A successful time-resolved diffraction experiment requires
well diffracting crystals of the target enzyme, a means to initiate a reaction throughout these
crystals, a method of rapidly collecting diffraction data, and tools for analyzing x-ray diffraction
data in terms of time-dependent conformational changes. The extent to which the reaction is
synchronized and the duration of the x-ray exposures sets a lower-bound on the reaction
timescale that can be probed. Electron density changes due to an enzyme catalyzed reaction
occurring within crystals were first visualized several decades ago (1-3), yet numerous technical
challenges have hindered the widespread application of time-resolved crystallography (4).
Serial crystallography (5), in which x-ray diffraction data are collected from a sequence of
microcrystals that are being continuously replaced, was first developed at an x-ray free electron
laser (6) (XFEL) and has sparked renewed excitement in time-resolved diffraction since it
proved relatively straightforward to adapt serial data-collection strategies to the study of protein

structural changes (7).

Here we briefly outline historical developments underpinning both time-resolved diffraction
and serial crystallography. We then discuss how XFEL pulses a few femtoseconds in duration
have created new possibilities for studying ultrafast protein reaction dynamics. We illustrate
the power of time-resolved serial crystallography on slower timescales by highlighting
structural results from two light-driven, energy-transducing membrane proteins,
bacteriorhodopsin (bR) and photosystem Il (PSII), neither of which were amenable to more
traditional time-resolved diffraction approaches. We also sketch recent successes using caged
compounds or mixing schemes to initiate enzymatic reactions within microcrystals, which

extend the sphere of application beyond naturally light-driven systems. These advances bode



well for time-resolved structural enzymology to increasingly be used to characterize the

functional mechanisms of biological macromolecules.

Time-resolved Laue diffraction and time-resolved x-ray solution scattering

When determining a static x-ray structure of a macromolecule, diffraction data are typically
collected using a monochromatic x-ray beam from a crystal that is cooled to cryogenic
temperature. For time-resolved studies it is essential that the reaction proceeds within a crystal,
which means that diffraction data are collected at room temperature. Moreover, each diffraction
frame must be collected more rapidly than the reaction of interest and this requirement
motivated a revival of Laue diffraction approaches, whereby a crystal is exposed to a
polychromatic x-ray beam (8, 9) and consequently more diffraction spots are sampled. Laue
diffraction allowed data to be collected using much shorter x-ray exposures (4) but the method

is extremely sensitive to crystalline disorder.

Pioneering time-resolved Laue diffraction experiments used the photolysis of caged GTP to
record time-dependent electron density changes from crystals of Ha-Ras p21 (3) and achieved
a time-resolution of minutes. A sequence of time-resolved Laue diffraction studies utilizing
crystals of myoglobin with carbon monoxide bound to the active site heme (Mb:CO) (10, 11)
and photoactive yellow protein (PYP) (12-15) later extended this time-resolution into the
millisecond (12), nanosecond (10, 13) and picosecond (11, 14, 15) regimes using increasingly
powerful synchrotron radiation beams and higher performance x-ray detectors. Conformational
changes in Mb:CO and PYP are initiated using a laser flash, both proteins return to their resting
conformation within seconds, and both proteins yield very well diffracting crystals that are
highly resistant to disorder. Very few proteins fulfil all of these requirements and consequently

time-resolved Laue diffraction successes have been reported for only a handful of other proteins



including dimeric hemoglobin (dHb) (16), tetrameric hemoglobin (Hb) (17), the heme domain
of the oxygen sensor FixL (18) and a photosynthetic reaction center (19, 20). One highly
creative recent study used very strong electric fields (~100 kV/mm) in combination with time-
resolved Laue diffraction to visualize electric field induced conformational changes in crystals

of a PDZ domain of human E3 ubiquitin ligase LNX2 (21).

Beyond almost Herculean efforts spanning several decades that addressed technical challenges
(4), time-resolved Laue diffraction established that electron density changes in proteins can be
visualized in real time and the trajectories of dissociated ligands, the isomerization of a buried
cofactor, and the response of surrounding side-chains could be measured experimentally. An
intrinsic limitation of time-resolved x-ray diffraction is that motions which conflict with the
crystal packing cannot be visualized and, in some cases, the natural course of a reaction may be
slowed or suppressed. To some extent this limitation has been addressed by developing time-
resolved x-ray solution scattering (TR-XSS) (22-26) which measures secondary structural
rearrangements from proteins in solution. TR-XSS is not as information rich as x-ray diffraction
and consequently structural modelling is performed as low-resolution shape reconstructions
(25, 26) or relies upon additional information such as deposited crystallographic structures (22,

23) or the output from molecular dynamics simulations (26).

Serial femtosecond crystallography

Five-decades of collaboration between structural biologists and synchrotron radiation facilities
(27) highlight the interdependence of x-ray sources and their users. A disruptive technology
emerged eleven years ago when the Linac Coherent Light Source (LCLS) was the first XFEL
to lase at wavelength of 1.5 A (6). An XFEL is a revolutionary source since it allows extremely

short and intense x-ray pulses to be focused upon very small samples (Box 1, Fig. 1) and thereby



facilitates major advances across many fields of science. Simulations predicted that the atoms
of a biological sample would ionize during the course of an XFEL exposure and the sample
would be destroyed, yet interpretable diffraction data could be recovered if the XFEL pulse had
passed through the sample before it had time to explode (28). This idea, later coined “diffraction
before destruction” (29), was verified experimentally by observing how the diffraction power
falls-off as protein crystals are exposed to XFEL pulses from 70 fs to 300 fs (1 fs = 10 s) in

duration (30).

For macromolecular crystallography studies, the problem of sample destruction was addressed
by continuously injecting a stream of micrometer sized crystals (microcrystals) across a focused
XFEL beam using a microjet (31, 32) (Box 2). Diffraction data were read out at the repetition
rate of the XFEL source (5) and data from a large number of microcrystals were merged
together to recover complete diffraction data (33). This approach was termed “serial
femtosecond crystallography” (SFX) (34) because data were collected in serial fashion using
XFEL pulses a few femtoseconds in duration. The first SFX structures were determined at low-
resolution (5, 35) but the method was extended to high resolution (36-38) as soon as an
experimental station operating with an x-ray wavelength near 1 A was commissioned (39).
Several SFX structures have since been solved to high resolution (40-42), crystallographic
phasing with XFEL radiation has been demonstrated (43-46), and phasing approaches that

exploit the information recorded between diffraction spots have been described (47, 48).

Time-resolved serial femtosecond crystallography
Serial crystallography addresses many of the technical hurdles that limited the broader
application of time-resolved Laue diffraction. First and foremost, because microcrystals are

continuously replaced (Box 2, Fig. 2A) serial crystallography completely removes the



constraint that a system of study must return to its resting state in order to cycle data-collection
protocols. The extreme sensitivity of Laue diffraction to crystal disorder was also side-stepped
by using quasi-monochromatic XFEL pulses, which typically have a photon energy bandwidth
approximately 0.1 % of the x-ray photon energy and is almost two orders of magnitude narrower
than what is often used in Laue diffraction studies at synchrotron sources. Conversely, new
challenges arose in working with these data (49) due to large shot-to-shot energy and spectral
fluctuations in the XFEL source (6), variations in microcrystal quality, the random sampling of
crystal orientation, and the fact that crystals do not have time to rotate during a femtosecond
exposure and therefore only partial diffraction intensities are collected. A landmark
demonstration of time-resolved-SFX (TR-SFX) used microcrystals of PYP to benchmark light-
induced electron density changes measured using XFEL radiation (7) against earlier time-
resolved Laue diffraction studies. PYP is a blue-light receptor that contains a buried para-
coumaric acid chromophore which is photo-isomerized to initiate a structural transition to the
protein’s signaling state. Convincing difference Fourier electron density maps (50) (Box 3)
presented the experimental differences between data-collected with and without
photoactivation as changes in electron density for the time-delays At = 10 ns and 1 us (7) (Fig.
2C). The lower optical density of microcrystals allowed a higher fraction of photoexcited PYP
to be achieved when compared with Laue diffraction studies using larger crystals (12-15) and
this impacted positively on the quality of the observed electron density changes (7). Whereas
experimental fluctuations between individual diffraction intensity measurements were large,
these could be averaged out by merging diffraction data from a very large number of
microcrystals. In practice, 10 000 to 50 000 processed diffraction images are usually required

for high quality difference Fourier electron density maps to be recovered.

Ultrafast motions in biological structures



Light-sensitive proteins contain various chromophores with conjugated double and/or aromatic
bonds. After a photon is absorbed the committed step, such as the isomerization of a
chromophore, the movement of an electron, or the dissociation of a ligand, is typically complete
within hundreds of femtoseconds to a few picoseconds. Protein conformational changes are not
hindered by thermal energy barriers on this timescale and therefore ultrafast trajectories cannot
be visualized using low-temperature trapping methods (51). XFEL radiation thus creates an
experimental opportunity to elucidate the influence of structural changes on ultrafast biological
reactions and draw comparison with theoretical predictions (52). Nonetheless, the requirement
for high crystallographic occupancy in time-resolved diffraction studies (Box 3) led to the first
ultrafast TR-SFX experiments being performed using pump laser power densities (Table 1) that
would be regarded as excessive in time-resolved spectroscopy applications. Consequently, the
biological relevance of structural observations recovered when working with power densities a

few tens or hundreds of GW/cm? has been debated (53-55) (Box 4).

Ultrafast protein breathing motions were observed in XFEL based TR-XSS studies of a
photosynthetic reaction center under artificial conditions of extreme multiphoton excitation
(56) (Table 2, Movie 1). TR-XSS experiments also revealed underdamped oscillatory motions
with a period of 3.6 ps after CO was photodissociated from the heme cofactor of myoglobin
(57), although this signal may have arisen from density modulations within the solvent
surrounding the protein rather than from oscillations within the protein (58). Considerably more
structural details were provided by TR-SFX studies of Mb:CO (59), in which correlated
movements of a-helices A and E towards the heme and a-helices C, F and H away from the
heme were observed. Heme doming, in which the iron moves out of the plane of the
protoporphyrin X ring as the ring periphery moves in the opposite direction (Fig. 3A), arose

faster than the time-resolution (250 fs) of this study (59). This finding is consistent with XFEL



based time-resolved x-ray absorption spectroscopy studies of Mb:CO for which a rapid signal
(~70 fs) was assigned to doming of the heme iron and a slower component (~400 fs) was
attributed to a displacement of helix F (60). Thus, while the biological function of myoglobin
is to assist the diffusion of oxygen within muscles, the photo-dissociation of CO from
myoglobin is a heavily studied reaction that has provided structural insight into ultrafast protein

motions associated with the breaking of a metal-ligand bond.

TR-SFX has also enabled ultrafast isomerization trajectories within naturally light-sensitive
proteins to be visualized, including PYP (61, 62), a photo-switchable green fluorescent protein
(rsEGFP2) (63) and a bacterial phytochrome (64). TR-SFX studies of PYP revealed a structural
transition at At =~ 550 fs associated with the trans-to-cis transition of its para-coumaric acid
chromophore. This was modeled as the isomerizable double bond first adopting a highly twisted
trans-configuration before rotating a further 90° to reach a twisted cis-conformation by At =
700 fs (61) (Fig. 3B, Movie 2). Similarly, TR-SFX studies of the light-triggered switch from a
non-fluorescent to a fluorescent conformation of the hydroxybenzylidene imidazolinone
chromophore of rsEGFP2 showed that by At = 1 ps, the photo-isomerization reaction had
proceeded to a twisted configuration approximately halfway between the cis (non-fluorescent)
and trans (fluorescent) isomers (63) (Fig. 3C) and was fully isomerized by At = 10 ns (65). The
protein binding pocket’s ability to accommodate the twisted conformation was argued to be
essential for photo-switching. A twisted conformation also characterized the photo-
isomerization trajectory of the biliverdin chromophore of bacterial phytochromes. By At = 1 ps
the C15=C16 double-bond linking the C and D rings of biliverdin had rotated approximately
50° (Fig. 3D) (64), which was both significantly faster and in the opposite sense to what had

been anticipated (66). Prominent difference electron density features were observed to have



spread entirely throughout a related phytochrome by At =5 ns (67) as the structural signal from

biliverdin isomerization is rapidly propagated.

Structural trajectories of microbial rhodopsins

Microbial rhodopsins are a family of seven-transmembrane, retinal binding proteins including
light-driven ion pumps, light-gated ion channels and light sensors. Bacteriorhodopsin (bR) is
an archetypal proton-pump and, in its resting conformation, bR contains an all-trans 15-anti
retinal covalently bound to Lys216 through a protonated Schiff base. Retinal was observed to
transition through a twisted geometry at At = 450 fs approximately halfway between the trans
and cis configurations, before relaxing into a twisted 13-cis geometry on the picosecond
timescale (54, 68) (Fig. 3E). Low-amplitude a-helix motions arose and decayed as retinal
isomerized (69) (Movie 3) illustrating the subtle yet surprisingly complex nature of protein
dynamics on this timescale. These motions enhanced the isomerization yield by steering the
positon of a water molecule (wao2, Fig. 4, At = 49 to 406 fs), which forms an H-bond with the
Schiff base nitrogen in the bR resting state, and thereby guiding the retinal through its
isomerization trajectory (68) and into the K-state (Fig. 4). Vibrational motions with a period of
approximately 400 fs were also observed for residues and water molecules in the immediate
surroundings of the retinal chromophore (54), illustrating how vibronic coupling may also

enhance the isomerization yield.

Once retinal has isomerized, the next key event is the L-to-M transition (Fig. 4) due to a proton
being transferred from the protonated Schiff base to Asp85 and this occurs on a timescale of
microseconds. One longstanding puzzle is why retinal photo-isomerization rotates the Schiff
base proton towards the cytoplasm when protons are released into the extracellular medium?

TR-SFX studies of bR (70) revealed that wag, disorders within a few nanoseconds following



retinal isomerization (Fig. 4, At = 760 ns), which disrupts the extended extracellular H-bond
network of charged residues and water molecules that separate the proton affinities of the donor
(the Schiff base) and acceptor (Asp85) by eleven orders of magnitude. A rearranged network
of H-bond interactions then evolves within microseconds which raises the pKa of Asp85, lowers
the pKa of the Schiff base and establishes a transient pathway for proton exchange between
these two groups via a new water molecule (was2) and Thr89 (Fig. 4, At = 760 ns). The futile
reverse proton transfer from Asp85 to the Schiff base is prevented by the H-bond connection
between Asp85 and Thr89 being broken once Asp85 is protonated (70) and other structural
changes ensure that a proton is released to the extracellular medium. Time-resolved serial
synchrotron crystallography (TR-SSX) studies of bR revealed the transient ordering of three
water molecules (Fig. 4, At =10 to 15 ms) and the opening of the protein towards the cytoplasm
(71). These structural changes create a pathway for Schiff base reprotonation from the

cytoplasm and complete the proton pumping-cycle.

Light-induced electron density changes have recently been reported for three further microbial
rhodopsins: sodium (KR2) (72) and chloride (CIR) (73) pumps originating from marine
flavobacteria and a chimeric construct of the light-gated channelrhodopsins 1 and 2 (C1C2)
deriving from green alga (74). Sub-nanosecond TR-SFX data showed that retinal had
isomerized to a 13-cis conformation within 2 ps of photoactivation in both CIR (74) and KR2
(72), with the retinal’s C20 methyl group displaced towards helix C in both cases. This contrasts
with bR, for which the C20 methyl initially tilts towards helix G (68, 70) and illustrates how
strain energy stored within a nonplanar retinal is adapted to protein functionality. A chloride
ion bound in the local vicinity of the retinal in CIR was also displaced within a few picoseconds
(73), analogous to the rapid displacement of Wat402 observed in bR (54, 70). TR-SFX data

recorded for KR2 (72) and C1C2 (74) on us to ms timescale observed retinal isomerization
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induced conformational changes associated with helix C, but larger amplitude motions of the
cytoplasmic portions of helices E and F (71) did not arise. Side-chain rearrangements in KR2
created two putative sodium-binding sites on the extracellular side of the retinal which, in
combination with Schiff base deprotonation neutralizing a positive electrostatic barrier, were
suggested to facilitate the active transport of sodium out of the cell (72). By contrast, in C1C2
a prominent outward displacement of helix C near the retinal binding pocket (74) was
hypothesized to open a constriction site and thereby facilitate the passive permeation of ions
across a biological membrane. Altogether, these structural findings illustrate how a shared
transmembrane heptahelical scaffold uses strikingly diverse reaction pathways to achieve

distinct biological tasks.

Structural changes during the water-splitting reaction of photosynthesis

Plants, cyanobacteria and photosynthetic bacteria utilize integral membrane protein complexes
to convert the energy of a captured photon into the movement of an electron. A conserved
structural core at the heart of these complexes includes ten transmembrane helices which
support several photosynthetic pigments arranged about an axis of pseudo twofold symmetry.
Dioxygen (O2) produced at the oxygen evolving complex (OEC) of photosystem 11 (PSII) (Fig.
5A) of plants and cyanobacteria is one of the most intensely studied biochemical reactions. TR-
SFX has recently allowed structural changes in cyanobacterial PSlI to be visualized (75-82). In
these experiments, a laser flash photo-oxidizes a special pair of closely spaced chlorophyll
molecules (Peso) near the OEC, and the liberated electron reduces a mobile plastoquinone
molecule approximately 3 nm distant, on the opposite side of an energy transducing membrane.
TR-SFX studies of a purple bacteria photosynthetic reaction center (which lacks the OEC)

reveal that the equivalent light-driven charge separation reaction induces a subtle adjustment of
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the protein’s structure in response to the movement of an electron, and that these

rearrangements occurring on a picosecond timescale help to stabilize the separated charges (83).

In PSII, the OEC supplies the electrons needed to reduce photo-oxidized Psgo™ and is comprised
of four manganese atoms, one calcium atom and five structural water molecules (MnsCaOs)
(84). According to Kok’s S-state clock (85), four photoactivation events advance the OEC
through a sequence of metastable intermediates called Si, Sz, and Sz and the transient Ss state
which spontaneously decays to So (85) as molecular oxygen generated by the water-splitting
reaction 2H,O = Oy + 4e” + 4H" is released from the OEC. PSII microcrystals are prepared in
the Sy state (75-81) and the S-state probed is determined from the number of laser flashes each
microcrystal experiences, with a delay of 100 ms or more between each laser flash being
recommended in order to accommodate the reaction Kinetics of the plastoquinone electron
acceptor (86). Proton release and uptake events on opposite sides of an energy transducing
biological membrane results in four protons being transferred from the stroma to the lumen for
every O molecule produced. Structural studies of PSII have also driven innovation in sample
delivery technologies including simultaneous x-ray emission spectroscopy and x-ray diffraction
measurements from microcrystals (75), the development of drop-on-tape sample delivery
systems (80, 87), and flash-freeze approaches that employed microcrystals mounted upon a

solid mesh (81).

One key feature of femtosecond XFEL pulses when studying PSI1 is that they do not allow time
for x-ray induced radiation damage (88) to cause the photo-reduction of metal centers (89). X-
ray emission spectroscopy data collected from PSII microcrystals confirmed that the MnsCaOs
complex is not photo-reduced by the XFEL beam (75). A high-resolution structure of PSII

recovered by merging XFEL diffraction data collected from large crystals cooled to 100 K (90)
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showed subtle differences in the interatomic distances (~ 0.1 A to 0.2 A) of the OEC relative to
a similar resolution structure solved using synchrotron radiation (84). Although these difference
may arise from the OEC being photo-reduced when using synchrotron radiation, coordinate
errors also play a role since all high-resolution structures of PSII solved using XFEL radiation

(78-82) show similar variations in their internal OEC distances.

Initial TR-SFX studies of PSII were at low (~4.5 A) resolution (75-77). Two of these studies
did not report any discernable conformational changes associated with S, (75) or Sz (76) relative
to S1. A third study argued that the MnsCaOs complex is elongated in Sz and a loop containing
OEC ligands is displaced (77), but these conclusions were contested (86). A breakthrough came
when changes in the growth, handling and the use of larger PSII microcrystals allowed TR-SFX
diffraction data to be recorded to 2.35 A resolution or better, at which point light-induced
changes in electron density within the OEC could be resolved (78-82) and movements due to

the reduction of plastoquinone observed (79, 80, 82).

In the resting Si state, the OEC has Mn1, Mn2, Mn3, Ca and four oxygen atoms (O1, 02, O3
and O5) arranged as eight corners of a distorted cube, whereas Mn4 and O4 occupy positions
defining the backrest of a distorted-chair configuration (84). X-ray structures show that Mn1
and O5 are separated by 2.7 A, which is too long for a ligand-bond and the complex is said to
adopt an open cubane geometry (80, 84). Progression from S; to Sz involves only subtle changes
and the coordination states of all OEC metals are unchanged (80-82). The S; to Ss transition,
however, is characterized by the transient ordering of a new oxygen atom, named O6 (79, 81)
or Ox (80, 82), which occupies the sixth coordination site of Mn1, provides a second bridge
from Mn1 to Ca, and is in close proximity to O5. The distance separating this new oxygen atom

and O5 was first modeled as 1.5 A (79) which corresponds to a peroxide (0-0%) with O5 and
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06 covalently bound (Fig. 5B); this distance was then modeled as 2.1 A and the new oxygen
atom was assigned as either an hydroxide (OH") or an oxo (O%) species (80) (Fig. 5C); a third
study modeled this separation as 1.9 A, suggesting an oxyl (-O) oxo (0%) pair for O5 and 06,
with the specific assignment dependent upon the redox state of the Mn atoms to which they
ligate (81) (Fig. 5D); and the most recent study models this separation as 1.9 + 0.14 A 150 ps
after a second-laser flash, maturing to 2.2 A + 0.25 A in the S3 state. Moreover, the insertion
of Ox was shown to correlate with the oxidation state of Mn1 (82). The transient S, state and
its decay into the metastable So conformation (80) were also visualized using TR-SFX,
revealing that a new water molecule replaces the oxygen atom lost at the O5 position as O is
released. Movements of several residues including D1-Tyr161 (or Tyrz) (82) and neighboring
water molecules were also visible in these very rich TR-SFX data (78-82), suggesting pathways

for the uptake of water and the release of protons from the OEC.

TR-SFX studies have thus converged upon a model in which O5 is one substrate oxygen (79-
82) which either combines with O6/Ox to form dioxygen (79-81) (Fig. 5E), or alternatively
another water molecule attacks O5 (Fig. 5F,G) and O6/Ox moves to occupy the vacated O5
position as dioxygen is released (80). A unique assignment of all oxygen species in the Sz-state
is required to distinguish between these competing models (82). A consensus picture must also
be consistent with the oxidation and spin states of each Mn atom of the OEC (91) and be
supported by quantum chemistry calculations (92). Thus, the accuracy of the O-O and O-Mn
distances are critical and highlight a weakness of time-resolved crystallography, since modeling
these distances with partial-occupancy to better than 0.1 A is testing the limits of the method

and judgement is needed when applying non-standard bond-length constraints.

Dynamical studies of enzymes that are not light sensitive
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Light sensitive proteins are ideal targets for time-resolved diffraction due to the ease with which
the reaction of interest can be initiated, but they encompass only a small fraction of biologically
important enzymes. Other approaches to reaction triggering are therefore essential for the field
to grow to its full potential. Convincing time-dependent electron density changes have been
reported for enzymes that are not naturally light-sensitive when mixing crystals with a substrate
to initiate a reaction, or when using photo-caged compounds or other strategies that allow light

to be used as a trigger.

One such example is cytochrome c oxidase (CcO), which couples the four-electron reduction
of dioxygen to water to proton pumping and thus catalyzes the opposite chemical reaction to
PSII. As a metal-containing redox enzyme, CcO is sensitive to x-rays and CcO crystals can be
photo-reduced when diffraction data are collected at a synchrotron radiation source. A damage
free structure of bovine CcO was first recovered by collecting data from large crystals cooled
to cryogenic-temperature using XFEL radiation (93). Room temperature SFX structures of
bovine CcO (94) and CcO from a thermophilic bacteria (95) followed shortly afterwards, with
electron density at the heme-copper active site being interpreted as either a hydroxide (or water)
(95) or peroxide (93) species. As with other heme containing enzymes (10, 11, 16-18), the first
time-resolved diffraction study used large crystals of reduced CcO with CO bound to the active
site heme and this ligand was photo-dissociated using a laser flash (96). A more innovative
study, which aimed to observe structural intermediates of the dioxygen reduction reaction, used
a mixing jet (97) to combine microcrystals of reduced CcO with a saturated oxygen solution
(98). Spectroscopic measurements showed that the enzyme turnover is slowed to minutes within
crystals, whereas the reaction is complete within a few milliseconds in solution, and spectra
recorded 8 s after mixing were consistent with a ferryl species: either the Pr or the F

intermediate. Accordingly, electron density calculated from TR-SFX data measured 8 s after
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mixing was assigned from the refined Fe-O and Cug-O distances as representing the Pr species

(Fe**=0?; Cug?'-OH") (98) despite Pr normally rising and decaying within microseconds.

Initiating enzymatic reactions within crystals by exchanging reagents within a flow-cell date to
pioneering studies of elastase (1) and glycogen phosphorylase B (2). As the study of O2
reduction by CcO (98) illustrates, serial crystallography in combination with mixing creates a
very promising method for recording structural changes in enzymes that are not naturally light-
sensitive. Other successful mixing experiments include observing electron density changes
associated with the binding of inhibitors to lysozyme (99, 100) and the binding of substrate and
ring opening catalyzed by xylose isomerase (100) and g-lactamase (97, 101). Similar reaction
initiation protocols allowed a putative thioimidate intermediate, in which an active site cysteine
residue is covalently modified through a nucleophilic attack on an organic isocyanide, to be
observe in isocyanide hydratase (ICH) 15 s after microcrystals were mixed with substrate (102).
This cysteine modification was also shown to displace a neighboring a-helix, and it was
speculated that this movement allowed a water molecule to enter into the active site, hydrolyze
the thioimidate intermediate, and release the product. In another mixing experiment,
conformational changes within an RNA molecule that regulates mRNA translation though
ligand binding (a riboswitch) were reported. TR-SFX data collected 10 s after mixing revealed
the rearrangement of active site bases associated with ligand binding (103) and larger
conformational changes associated with the fully ligated structure were observed after a 600 s

delay.

Although it is conceptually straightforward to initiate a TR-SFX or TR-SSX study by mixing
microcrystals with appropriate reactants or reagents, and theoretical considerations suggest that

the time required for small molecules to diffuse into microcrystals may allow many enzymatic
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reactions to be rapidly initiated (104), this class of experiments frequently encounter many
challenges in practice. Most importantly, the reaction must be synchronized and it is telling that
the examples above (97, 98, 100-103) all involved reactions that are slowed to seconds or longer
within crystals, in some cases almost stalling at a specific point along the enzymatic reaction
pathway. Moreover, for electron density changes to be interpreted relative to enzymatic
function, it is helpful if the reaction can be characterized within crystals in advance of x-ray
diffraction studies using ultraviolet-visible spectroscopy (98), EPR spectroscopy (105), or other

biophysical methods.

Photo-caged substrates overcome one of these limitations since the caged compound can be
infused into crystals in advance of the reaction being initiated by a laser pulse. It is three decades
since this approach first yielded observable electron density changes occurring over several
minutes during GTP hydrolysis by Ha-Ras p21 (3). Recent TR-SFX data recorded 20 ms after
caged nitric oxide (NO) was released by light showed the mode of binding of NO to the active
site heme of fungal P450 nitric oxide reductase (106). Photo-caged fluoroacetate was also used
as a source of substrate for the enzyme fluoroacetate dehalogenase (107). A sequence of TR-
SSX data collected 30 ms to 30 s after the release of fluoroacetate revealed the sequence of
substrate binding; the formation of an ester-bonded intermediate; the guided attack of a water
molecule that cleaved the ester bond; and the release of the glycolate product (107). A novel
mechanism of allosteric communication between the active-sites of the homodimer also

emerged from these TR-XSS studies.

Future trajectories
High-quality difference Fourier electron density maps were first calculated from TR-SFX data

six years ago (7). This milestone sparked a marked acceleration in the rate at which time-
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dependent structural changes have been reported from new macromolecular systems (Fig. 6).
TR-SFX also opened up the domain of ultrafast structural biology (Fig. 3), which represents a
revolutionary advance since it was not previously possible to visualize protein conformational
changes on the timescale at which chemical bonds break (59), chemical bonds isomerize (54,
61-64, 68, 72) or electrons are transferred between cofactors (83). More evolutionary
adaptations of mature approaches for reaction initiation (1-3) to time-resolved serial
crystallography include mix-and-inject serial crystallography (97-101, 103) and the use of
photo-cages (106, 107). We anticipate that temperature jumps may soon also be utilized as
another tool for reaction initiation (108, 109) in serial crystallography studies. These advances
allow the field to expand beyond the constraints of studying light-sensitive proteins and pave

the way for elucidating the structural mechanism of a broad diversity of enzymes.

Synchrotron radiation facilities typically support an order of magnitude more experiments each
year than XFELs and there are many more synchrotron radiation laboratories worldwide. The
recent technology transfer of time-resolved serial crystallography to synchrotron radiation
facilities (71, 99, 100, 107, 110-113), as well as related approaches requiring far fewer crystals
(113), is therefore critical for the field to develop. A larger user community will also drive
standardization and this will lower entry barriers for new users. Data processing pipelines could
become more streamlined (33) and structural modeling and interpretation tools could be
developed to strengthen confidence in the structural conclusions drawn from these studies (83,
114, 115). These advances may ultimately facilitate extraordinary discoveries in life science
that cannot be achieved using any other biophysical approach. Some possibilities include
allosteric control of chemical pathways (107) or a deeper understanding of the role of low-
amplitude protein vibrational modes (21, 54, 59, 68) in enzyme catalysis. Given the current

pace of development we believe that structural enzymology, both using time-resolved x-ray
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diffraction and emerging single-particle cryo-electron microscopy approaches (116, 117), will
mature into powerful experimental approaches that provide wide-ranging insights into the

chemical subtleties of a living cell.
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Box 1: Synchrotron and x-ray free electron laser radiation

When electrons oscillate they radiate electromagnetic radiation. This principle is utilized in all
broadcasting devices such as television antenna and mobile telephones. At large x-ray user
facilities, an electron bunch is accelerated to relativistic energies and passed through a periodic
array of magnets (undulators) that are aligned in opposite directions within an array (Fig. 1).
These alternating magnetic fields cause passing electrons to oscillate and their relativistic
energies mean that x-rays are generated. Synchrotrons are circular machines typically 500 to
1400 m in circumference and most experimental instruments use undulators less than 5 m long.
XFELs are driven by linear accelerators from 700 m to 3400 m long that direct electrons into
undulators typically 50 m to 150 m in length. Linear accelerators produce far more compact
electron bunches (~10 fs in duration) than synchrotrons (~100 ps in duration) and hence XFEL
pulses are several orders of magnitude shorter. The longer undulators used at XFELSs facilitate
a feedback mechanism whereby x-rays produced early in the undulator interact with the electron
bunch and a coherent process of lasing arises. Lasing produces many orders of magnitude more
x-ray photons, with XFELs operating around 1 A wavelength usually delivering 10! to 10* x-

ray photons/pulse for user experiments.
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Box 2: Sample delivery

In conventional macromolecular crystallography a single crystal is cooled to cryogenic
temperature, exposed to a monochromatic x-ray beam and rotated to sample diffraction from
multiple orientations. A single exposure to a focused XFEL beam will destroy a protein crystal
(5, 28) and therefore other approaches which continuously replace the sample are required. This
was first achieved using a liquid microjet (31, 32) that continuously injects a stream of
microcrystals across an XFEL beam (5). Innovative sample-delivery developments have since
realized micro-jet injectors for viscous samples (118) and increasingly sophisticated mix-and-
inject systems (97, 98, 101, 103, 119-122) that blend a solution containing microcrystals with
another containing substrate or other reagents prior to delivery across an x-ray beam. Fixed
target platforms are increasingly popular and involve pre-mounting microcrystals upon a chip
that is physically translated between each x-ray exposure (81, 100, 110-112, 123, 124).
Continuously circulating tape has also been used to pass microcrystal droplets through an x-ray
beam (87, 99). As these platforms mature, it seems likely that user convenience will lead to a

smaller number of standardized sample delivery systems becoming widely used.
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Box 3: Structural interpretation

In time resolved diffraction studies, a crystal in which a reaction has been initiated behaves as
an ordered ensemble of both protein molecules at rest and a sub-population which evolves with
time. Since the latter sub-population is only a fraction of the total (f, termed the activated state
occupancy), comparisons are normally made between diffraction data collected from crystals
in which the reaction has been initiated (activated data) and data collected from crystals without
the reaction being initiated (reference data). When both data sets have close to identical unit
cell parameters, an isomorphous Fops(activated) - Fons(reference) difference Fourier electron
density map is calculated by subtracting the scaled structure factor amplitudes of the reference
data set, Fobs(reference), from the scaled structure factor amplitudes of the activated data set,
Fons(activated), using a structural model refined against the reference data for phases.
Difference Fourier electron density maps (Fig. 2C-H) are very sensitive to small changes in
electron density (50) and are not biased by the phases of the active conformation. Positive
difference electron density features indicate where new electron density arises for the activated
state, whereas negative difference electron density indicates where electron density from the
resting state is depleted. The diffraction quality of the crystals and the activated state occupancy
are key experimental parameters to optimize, and very high multiplicity data should be collected
in serial crystallography studies in order to average out noise contributions inherent to
individual measurements (71). Bayesian schemes for estimating structure factor amplitude
differences (114) and singular value decomposition protocols (83, 115) have also improved the

signal to noise in difference Fourier electron density maps.

Whereas complementary positive and negative difference electron density features indicate the
regions of a protein which move, the magnitudes of the atomic displacements must be modelled.

This step often utilizes partial occupancy structural refinement in which the resting state
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conformation is held fixed as the coordinates and B-factors of the active-state conformation are
refined with occupancy f against Fons(activated) (70). Alternatively, the active-state
conformation may be refined against data extrapolated to approximate that recorded from a
hypothetical crystal with full occupancy, whereby Fops(extrapolated) = 1/f x Fops(activated) +
(1-1/f) x Fons(reference) (125). Both structural refinement protocols involve compromise since
partial occupancy refinement depends heavily upon the quality of the resting state model,
whereas linearly extrapolation of X-ray diffraction data exaggerates experimental errors (125).
Coordinate errors can be estimated from an ensemble of activated state conformations refined
against a set of crystallographic observations with simulated noise (82), or refining against a
set of serial crystallography observations generated by resampling a sub-set of the measured

diffraction intensities (83, 88, 126).
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Box 4: Photoexcitation and multiphoton excitation

Time resolved diffraction studies of light-sensitive proteins aim to visualize how the absorption
of a single photon induces biologically important conformational changes. In an idealized
scenario, a pump-laser pulse will photo-activate a high fraction of the protein molecules within
a crystal (Fig. 2A) from their resting state to the first excited state (Fig. 2B), which evolves
along the reaction coordinate before decaying into the ground-state of the biologically relevant
trajectory. The product of the protein’s resting-state absorption cross-section (o) with the pump
laser fluence (F) divided by the photon’s energy (hv) provides an estimate of the number of
photons absorbed per protein molecule when o-F/hv << 1. When o-F/hv is the order of unity or
greater (Table 1 and 2), and especially when using a pump laser pulse with duration < 107 s,
coherent multi-photon activation, stimulated emission, stimulated Raman scattering, branching
onto unproductive pathways, photo-reversal of the desired product (Fig. 2B) and numerous
other reactions (53-55, 127, 128) may all be induced to a significant extent. Under these
conditions the photoexcitation pathways are determined by the effective non-linear cross
sections of all accessible states (55, 127) rather than the ground state cross section alone. A
microjet may also focus the pump-laser beam (129) and estimates for losses due to light
scattering from and within a microjet diverge markedly (54, 56, 64, 67, 68, 129). Consequently,
the product o-F/hv systematically overestimates the number of photons absorbed per protein

molecule when compared with values extracted from TR-XSS data (Table 2).

Photoexcitation of competing reaction pathways risks obscuring the biological interpretation of
any measured structural change (53). Difference electron density arising from valence electron
changes is not expected to be visible below 0.8 A resolution (49) and therefore the photo-
excitation of aromatic residues and multiphoton ionization processes (53, 54) have not been

visualized directly in any TR-SFX study to date. Moreover, because x-ray diffraction averages
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scattering from billions of molecules within each crystal, time-resolved diffraction cannot
usually resolve electron density changes arising from conformations with much lower
occupancy than the prevailing structural trajectory. Multiphoton excitation, however, may
perturb reaction pathways by altering the distribution of charges or increasing the kinetic energy
of light-absorbing cofactors. In one extreme case, the absorption of approximately 800 photons
per molecule (Table 2) induced a quasi-isotropic expansion of a bacterial photosynthetic
reaction center (56) with Co atoms displaced by up to 0.5 A within 7 ps (Movie 1). Despite
these concerns, TR-SFX experiments spanning ten orders of magnitude in pump-laser power-
density (Table 1) show electron density changes that correlate with functional pathways and
concur with biologically important structural changes on microsecond (Fig. 2C,D) (7, 62) and
millisecond (Fig. 2E-H) (54, 68, 70, 71) timescales, suggesting that proteins may have evolved
to direct all deposited energy towards functional outcomes (53). While these observations do
not prove that multiphoton and single-photon pathways are identical, they highlight the value
of working above single-photon excitation thresholds (Table 1) to maximize crystallographic
occupancy (Box 3) while remaining within the regime for which the evolution of spectral
changes are consistent with single-photon excitation. It will, nevertheless, be important to
repeat ultrafast TR-SFX studies at lower power densities once photoexcitation conditions have

been optimized using time-resolved spectroscopy (55, 127).
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CAPTIONS TO FIGURES:

Figure 1: Schematic illustrating how x-rays are generated at user facilities. (A) A

synchrotron radiation source. (B) An XFEL source. Approximate length scales are indicated.

Figure 2: Photoexcitation and multiphoton pathways. (A) Schematic illustrating a TR-SFX
study of a light-sensitive protein. Microcrystals are injected across a focused XFEL beam and
an optical pump-laser photo-excites these microcrystals a time-delay At prior to the arrival of
an XFEL pulse. X-ray diffraction data are recorded on an x-ray detector that is read-out for each
and every XFEL pulse. (B) Oversimplified scheme of photochemical pathways that may be
populated at high-laser power densities. These include: single-photon excitation of the ground
state (So + hv = Sy, green arrow); coherent multi-photon activation of the ground state (So +
2hv = Sy, green arrows); excited state activation (S1 + hv = S, green arrow); photo-reversal
of the desired product (Po + hv = Ss, green arrow); stimulated emission (S1 + hv 2 So + 2 hv
or S; +hv = S1 + 2 hv, orange arrows); and various relaxation pathways (S1 = Po; S1=> So; S2
- Sy, blue arrows) including branching onto unproductive pathways (eg. Sz = U). Several
other possible pathways are not illustrated (49). (C-H) Dependence of experimental
isomorphous Fops(activated) - Fobs(reference) difference Fourier electron density maps on the
pump laser power density. (C) Difference Fourier electron density map (blue positive electron
density and yellow negative electron density, contoured at 3.0 o) calculated from PYP for the
time-point At = 1 ps when using a pump laser power density ~ 11x10°3 GW/cm? (Table 1) (7).
(D) Difference Fourier electron density map (contoured at 3.0 o) calculated from PYP for the
time-point At = 200 ns when using a pump laser power density ~ 230 GW/cm? (Table 1) (61).
(E) Difference Fourier electron density map (contoured at 3.2 o) calculated from bR for the

time-point At = 10 — 15 ms when using a pump laser power density ~ 4x10® GW/cm? (Table 1)
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(71). (F) Difference Fourier electron density map (contoured at 3.7 o) calculated from bR for
the time-point At = 1.725 ms when using a pump laser power density ~ 30x10-3 GW/cm? (Table
1) (70). (G) Difference Fourier electron density map (contoured at 3.3 o) calculated from bR
for the time-point At = 8.33 ms when using a pump laser power density < 700 GW/cm? (Table
1) (70). For this experiment the microcrystals were translated approximately 175 um during the
8.33 ms time-delay and therefore the pump-laser power density at the microcrystal position is
considerably less than this nominal value but not known precisely. (H) Difference Fourier
electron density map (contoured at 3.2 o) calculated from bR for the time-point At = 33 ms
when using a pump laser power density ~ 530 GW/cm? (Table 1) (54). The average power

density within the FWHM of the pump laser is quoted from Table 1.

Figure 3: Ultrafast distortions of protein chromophores. (A) Heme doming associated with
the photo-dissociation of CO from the active site of myoglobin (59). Superimposed upon the
resting conformation (green, pdb entry 5¢cmv) is the refined structure for At =10 ps (light grey,
pdb entry 5cne). (B) Twisting of the para-coumaric acid chromophore of PYP during photo-
isomerization about the C2=C3 bond (61). Superimposed upon the resting conformation
(yellow, pdb entry 5hd3) are refined structures for At= 100 fs to 400 fs (orange, pdb entry 5hdc)
and At = 800 fs to 1200 fs (red, pdb entry 5hdd). (C) Twisting of the hydroxybenzylidene
imidazolinone chromophore of rsEGFP2 during photo-isomerization about the CA2=CB2
bond. (63). Superimposed upon the resting conformation (dark blue, pdb entry 508a) are refined
structures for At =1 ps (cyan, pdb entry 508b) and At = 10 ns (light blue, pdb entry 6t3a). (D)
Twisting of the biliverdin chromophore of a bacterial phytochrome during photo-isomerization
about the C15=C16 bond. (64) Superimposed upon the resting conformation (blue, pdb entry
6t3l) is the refined structure for At = 1 ps (purple, pdb entry 6t3u). (E) Twisting of the retinal

chromophore of bR during photo-isomerization about the 13=14 bond. (68). Superimposed
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upon the resting conformation (dark purple, pdb entry 6g7h) are refined structures for At =49
fs to 406 fs (violet, pdb entry 6g7i) and At = 457 fs to 646 fs (light purple, pdb entry 6g7j) and
At=10 ps (grey, pdb entry 6g7k). Yellow arrows in B to E indicate the photo-isomerized bond.

Surfaces represent the protein’s pocket surrounding the chromophore.

Figure 4: Light initiated structural changes driving proton pumping in bR. Protein
conformations associated with selected spectral states (bR resting state, K-state, L & M; states,
and M2 & N states) are arranged as a photocycle with an approximate timescale for each
structural transition indicated. Refined light activated structures (light purple), the resting bR
structure (dark purple) and the corresponding isomorphous Fons(activated) - Fops(reference)
difference Fourier electron density map (blue positive electron density and yellow negative
electron density) are shown as insets. For At = 49 to 406 fs the map is calculated from pdb
entries 6g7i minus 6g7h and is contoured at + 4.6 o (where o is the root mean square electron
density of the cell). For At = 16 ns the map is calculated from pdb entries 5b6w minus 5b6v and
is contoured at = 3.7 o. For At = 760 ns the map calculated from pdb entries 5b6x minus 5b6v
and is contoured at + 3.1 o. For At = 10-15 ms the map calculated from pdb entries 6rph minus

6rgp and is contoured at + 3.0 ©.

Figure 5: Electron density changes during the water splitting catalyzed reactions of PSI|.
(A) Overview showing the structure of PSII and location of the OEC. (B) F°-F°° omit electron
density map (pdb entry 5ws6, calculated with O6 removed from the model) associated with the
Ss state of PSII. Data were recorded 10 ms after two laser flashes separated by 10 ms. (C) Fobs-
Fealc omit map (pdb entry 6dho, calculated with Ox removed from the model) associated with
the Ss state of PSII. Data were recorded 200 ms after two laser flashes separated by 200 ms.

(D) Fos-Fealc omit map (pdb entry 6jll calculated with O6 removed from the model) associated
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with the Sz state of PSII. Data were recorded from microcrystal immediately flash-frozen after
two laser flashes separated by 1 s. Green and red mesh show positive and negative FoPs-Fealc
omit electron density contoured at + 3.5 . (E) Schematic indicating a putative mechanism
whereby O5 and O6/0Ox combine to form O (79-81). (F, G) Schematic indicating a putative
mechanism whereby O5 and a water molecule, either W3 (F) which coordinates Ca?* of the
OEC or W2 (G) which coordinates Mn4 of the OEC, combine to form O (80). Substrate oxygen
atoms are indicated in red, Mn atoms in blue, Ca?* in green, and other oxygen atoms in black.
For simplicity, only the atoms of the OEC or ligands participating in O, formation are shown.

This scheme is adapted from that given in reference (80).

Figure 6: Summary of time-resolved crystallography studies using synchrotron and
XFEL radiation. The date of publication (x-axis) and the time-domain of each study (y-axis)
are indicated. Only time-resolved diffraction studies reporting diffraction data beyond 4 A
resolution are represented. Low-temperature Kinetic crystallography or intermediate trapping
studies are not shown, bar one exception (81). Structural results are grouped as: studies of
enzymes that are not naturally light-sensitive (light-insensitive enzymes: glycogen
phosphorylase B (2), Ha-Ras p21 (3), cytochrome c oxidase (96, 98), fluoroacetate
dehalogenase (107), xylose isomerase (100), p-lactamase (101), P450 nitric oxide reductase
(106), isocyanide hydratase (ICH) (102)); studies of heme containing proteins from which a
CO ligand was photo-dissociated (Heme proteins: myoglobin (10, 11, 59), dimeric hemoglobin
(16), heme domain of FixL (18), tetrameric hemoglobin (17)); studies of light receptors
(photoactive yellow protein (7, 12-15, 61, 62), bacterial phytochromes (64, 67), LOV2 domain
of phototropin-2 (113)); studies of photosynthetic proteins (photosynthetic reaction center (19,
20, 83), photosystem 11 (78-82)); studies of electric field induced motions (PDZ domain of

LNX2 (21)); studies of bacterial rhodopsins (bacteriorhodopsin (54, 68, 70, 71), sodium
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pumping KR2 (72), chloride pumping CIR (73), chimeric channelrhodopsin (74)); studies of
RNA (riboswitch RNA (103)); and studies of fluorescent proteins (rsEGFP2 (63, 65)). Time-
resolved diffraction studies which sampled a time-domain overlapping with earlier work on the
same protein are not shown unless it used a different approach, emphasized a different structural
conclusion, or was associated with a technical milestone. Empty rounded-rectangles represent
the first XFEL operating at 1.5 A (black); the first demonstration of SFX (5) (red); and the first
demonstration of synchrotron serial crystallography (130) (blue). First demonstrations of TR-
SFX (7) and TR-SSX (71) are indicated with black rounded-rectangles around these

experiments. Some adjustments to publication dates were made to minimize the overlap of bars.
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Captions to Movies

Movie 1: Ultrafast structural response of a bacterial photosynthetic reaction center to extreme
multiphoton excitation as measured using TR-XSS (56). These motions reached a maximum

amplitude at At =7 ps and decayed with a half-life of 44 ps.

Movie 2: Ultrafast structural response of PYP to the photo-isomerization of its para-coumaric
acid chromophore measured using TR-SFX. This movie is a constructed from the sequences of

pdb files: 5hd3 (resting), Shdc (At = 100-400 fs), 5hdd (At = 800-1200 fs) and 5hds (At = 3 ps).

Movie 3: Ultrafast structural response of bR to the photo-isomerization of its retinal

chromophore measured using TR-SFX. This movie is a constructed from the sequences of pdb

files: 6g7h (resting), 6271 (At = 49-406 fs), 627j (At = 457-646 fs) and 6g7k (At = 10 ps).
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Table 1: Experimental parameters for time-resolved X-ray diffraction studies of light-sensitive proteins.

Publication Pump Pump Focal Mean Pump laser Peak laser | Average *Molar o.F/hv
laser laser diameter fluence (F) pulse power power absorption | on FWHM
energy wave- FWHM* through duration (GW/cm?) through coefficient
(W) length (um) FWHME (s) FWHME ()
(nm) (mJ/cm?) (GW/cm?2) | (M1.cm)
Myoglobin
Srajer et al. 1996 13 000 635 750 1470 7.5x10° 0.27 0.20 300 5.4
Schotte et al. 2003 23 570 200 x 1207 61 1.0x 1012 85 61 8 000 5.3
Barends et al. 2015 5 532 88 41 150 x 1015 377 272 12 000 5.0
Hemoglobin
Knapp et al. 2006 1100* 615 600 195 7 x 107 0.039 0.028 600 1.4
Schotte et al. 2013 42 520 90 x 250 119 100 x 1012 1.6 1.2 31 000 37
PYP
Genick et al. 1997 497 1000 2 000 0.2 1.4x10% | 1.0x1038 1400 27
Perman et al. 1998 4000 495 1500 113 7 x10° 0.022 0.016 1400 1.5
Schotte et al. 2012 390 120 x 600 350 120 x 1012 4.0 2.9 12 500 33
Jung et al. 2013 40 418 120 x 240 88 100 x 1012 1.2 0.9 30 000 21
Tenboer et al. 2014 15 485 1508 76 7 x 10° 0.011 0.011 4 800 3.4
Pande et al. 2016 10 450 140 32 140 x 1015 322 232 42 000 12
Pandey et al. 2020 2.3 420 42 83 240 x 1015 479 345 27 500 20
FixL
Key et al. 2007 1000 615 1000 64 7.5 %107 0.012 0.009 1500 1.1
Bacteriorhodopsin
Nango et al. 2016 2x2# 532 40 80 4 x10° 0.03 0.02 45 600 37
Nogly et al. 2018 17 529 56 70l 100 x 1015 4 800 700! 45 600 32
Nass Kovacs et al. 2019 5.9 532 58 76* 145 x 1015 1060 530% 45 600 36
Weinert et al. 2019 14 520 102 x 617 143 5x 103 4x 108 4x 108 45 600 67
Other rhodopsins
Skopintsev et al. 2020 3 575 47 86 150 x 101> 796 574 25 000 24
Yun et al. 2021 550 150 90 100 x 101> 1247 900 40 000 38
Odaetal. 2021 2x10% 470 40 386 6 x 10° 0.09 0.06% 40 000 139
Switchable GFP
Coquelle et al. 2018 1.5 400 40 94 230 x 1015 565 407 6 800 4.9
Woodhouse et al. 2020 46 400 180 90 100 x 1012 1.25 0.90 6 800 4.7
Phytochromes
£Claesson et al. 2020 40 640 100 x 80" 318 70 x 1015 6 300 4 550 27 700 109
£Carrillo et al. 2021 2x11# 640 52 260 5x 107 0.07 0.05 27 700 88
Photosystem Il
Suga et al. 2017 2x19*% 532 2408 42 7 x 10° 0.006 0.006 5000 2.1
Kern et al. 2018 527 120 120 x 10° 0.0014 0.0010 5000 6.0
Suga et al. 2019 19 500 532 55008 82 7 x 10° 0.012 0.012 5000 4.2
Ibrahim et al. 2020 532 /527 120 8/120x 1079 0.021 0.015 5000 6.0
Reaction center
Baxter et al. 2004 3000 630 1000 190 7 x10° 0.038 0.027 25000 58
Wohri et al. 2010 200 527 200 x 600" 106 100 x 10 0.0015 0.0011 100 000 107
Dods et al. 2021 11.8 960 190 21 150 x 1015 192 139 100 000 38
Cytochrome c oxidase
Shimada et al. 2017 100# 532 200 159 4 x107° 0.055 0.040 16 500 27

*When it was not specified if the focal spot diameter corresponded to 1/e? or to FWHM, we assumed FWHM.

¥Estimated from literature sources and may deviate from values in the crystalline form.

€ Mean fluence (F) and average power density through FWHM are quoted to approximately correct for x-ray and laser beam misalignments and

spatial drift.”

"Ellipsoidal spot profile.
IFocal spot off-set 50 um from the laser peak maximum so that the fluence at the crystal position does not correspond to maximum fluence.
*Focal spot off-set 25 um from the laser peak maximum so that the fluence at the crystal position does not correspond to maximum fluence.
SFocal spot off-set 6 um from the laser peak maximum so that the fluence at the crystal position does not correspond to maximum fluence.
#lncoming laser split into two beams from opposite sides. Values correspond to the power density and fluence for only one of these beams.
STop-hat profile for the laser with fluence within the FWHM given in the publication. All other profiles are treated as Gaussian.
£EWhen the grease carrier medium was mixed with crystals and buffer this attenuated the light intensity by up to two order of magnitude.

0 =€ x 1000 x In(10)/Na where Na is Avogadro's number. If 0.F/hv approaches or is larger than unity, the effective non-linear cross sections of all




accessible states must be used to estimate the number of absorbed photons, rather than using the resting state cross section alone.




Table 2: Experimental parameters for time-resolved X-ray solution scattering studies of light-sensitive proteins.

Publication Pump | Pump Focal Mean Pulse Peak laser Average *Molar [Protein] AT (°C) o-F/hv *Photons
energy | wave- diameter fluence (F) | duration power power absorption (mM) measured on absorbed
(W) length FWHM through (s) (GW/ cm?) FWHM coefficient FWHM per protein
(nm) (um) FWHM (GW/ cm?) () molecule
(mJ/cm?2) (M.cm)
Hemoglobin
Cammarata et al. 2008 500 527 1000x220* 145 150 x 10° 0.0013 0.0010 40 000 1.2 1.8 59 27
Myoglobin
Cho et al. 2010 115 480 120x600" 102 35x 1012 4.0 2.9 7 000 3.0 0.35 6.6 1.9
Levantino et al. 2015 25 538 300 18 250x1015 98 71 14 500 2.35 0.10% 2.7 0.8
PYP
Kim et al. 2016 460 100 7 x10° 0.020 0.014 26 000 4.4 0.40 23 1.4
Bacteriorhodopsin
Andersson et al. 2009 250 527 265 227 4 x10° 0.079 0.057 45 600 0.57 0.50 105 15
DrBphP
Bjorling et al. 2016 660 200 5x 107 0.056 0.040 38 000 0.3 0.50 96 38
Bjorling et al. 2016 680 200 2 x 1012 139 100 54 000 0.3 0.14 141 11
RCvir
Arnlund et al. 2014 260 800 147 764 500x1015 2120 1530 180 000 0.22 7.0 1180 808%

¥Estimated from literature sources.

* Calculated from the measured temperature change multiplied by the heat capacity divided by the energy per photon divided by the protein concentration. Heat capacities were
approximated as 4.1 J/cm3 for soluble protein solutions and 3.8 J/cm3 for membrane protein solutions containing detergent. TR-XSS measurements are not sensitive to
multiphoton pathways for which a significant fraction of the photon’s energy does not ultimately emerges as heat, such as stimulated emission or stimulated Raman
scattering. Energy stored within the protein will also not be visible as heat.

*Ellipsoidal spot profile.

SAn upper estimate for the induced heating since the agreement with heating calibration data recorded at a synchrotron was only approximate.
&Extreme case of coherent multiphoton excitation for which the appropriate cross-section has not yet been reported.
0 =€ x 1000 x In(10)/Na where N, is Avogadro's number. If 6.F/hv approaches or is larger than unity, the effective non-linear cross sections of all accessible states must be used to

estimate the number of absorbed photons, rather than using the resting state cross section alone.
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