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Abstract 23 

X-ray free electron laser (XFEL) light sources have allowed for the rapid growth of time-24 

resolved structural experiments, which provide crucial information on the function of 25 

biological machines and their mechanisms. We set out to commission the SwissMX fixed-26 

target sample delivery system at the SwissFEL Cristallina experimental station using the PSI 27 

developed MISP-chip for pump-probe time-resolved experiments.  To characterise the system, 28 

we used the light-sensitive protein crystals of the Light-Oxygen-Voltage domain 1 (LOV1) 29 

from Chlamydomonas reinhardtii. Using different experimental settings, the adjacent-well 30 

light contamination was carefully assessed, indicating that it is crucial to control the light 31 

scattering from solid supports otherwise significant contamination can occur. However, our 32 

results show that, after the initial experiments and parameter refinement, the opaque MISP-33 

chips are suitable for pump-probing a light-sensitive protein. This crystallographic experiment 34 

also probed the sub-millisecond structural dynamics of the LOV1 and indicated that at Δt=10 35 

µs the covalent thioether bond is already established between the reactive Cys57 and FMN 36 

cofactor. This experiment validated the crystals to be suitable for in-depth follow up studies of 37 

the still poorly understood signal transduction mechanism. Importantly, the fixed-target 38 

delivery system also permitted a tenfold reduction in protein sample consumption compared to 39 

the most successful system used at XFEL, the high-viscosity extruder. This development 40 

creates the prospect of an exciting increase in XFEL project throughput for the field. 41 

 42 
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Introduction 45 

The emergence of serial crystallography has greatly benefited time-resolved macromolecular 46 

crystallography (MX). Developments in serial femtosecond crystallography (SFX) and serial 47 

synchrotron crystallography (SSX) enable even more experimental routines in the field and, 48 

altogether, have resulted in an expansion of time-resolved science. Although new triggering 49 

methods such as substrate mixing are continuously evolving, the optical laser remains the pump 50 

of choice for many pump-probe experiments. This is unsurprising given the time-resolved 51 

community's early and ongoing focus on light-sensitive proteins. However, optical lasers can 52 

also be used to release photocages (Schulz et al., 2022), activate biological switches (Wranik 53 

et al., 2023), and induce temperature jumps in non-photoactive targets (Wolff et al., 2023) 54 

beyond the scope of light-sensitive proteins.  55 

 56 

The very high peak brightness in X-ray free-electron laser (XFEL) sources that spurred the 57 

<diffraction before destruction= methodology (Wilmanns, 2000, Neutze et al., 2000, Chapman 58 

et al., 2011), creates the need for constant sample replenishment and high-performance sample 59 

delivery systems (also beneficial for synchrotron sources). The most widely used delivery 60 

systems include gas-focusing nozzles (DePonte et al., 2009), electrospun liquid microjets 61 

(Sierra et al., 2012) and the high-viscosity extruders, which work for both membrane and 62 

soluble proteins (Weierstall et al., 2014, Fromme et al., 2015, Nogly et al., 2015, Botha et al., 63 

2015). Together these technologies have resulted in many novel insights into protein dynamics 64 

with the use of time-resolved SFX (TR-SFX). However, the sample efficiency of all jet-based 65 

methods is reduced when performing pump-probe measurements.  During photoexcitation in a 66 

jet, the distance within the jet between adjacent XFEL shots needs to be safely larger than the 67 

width of the pump pulse (Smolentsev et al., 2013) to preclude shot-to-shot light contamination. 68 

The increased jet speed means higher sample consumption. Preparations for experiments often 69 

require months of work invested in purifying and crystallizing sufficient protein quantities. 70 

Therefore, any improvement in sample efficiency is of great interest to the structural biology 71 

field. 72 

 73 

An alternative to jet-based systems is a fixed-target delivery system where protein micro-74 

crystals are immobilized on a solid support or chip (Zarrine-Afsar et al., 2012). These 75 

techniques emerged later than their jet-based cousins but have proved to be robust and a user-76 

friendly sample delivery system. Fixed-targets were first applied to SFX at LCLS where a 77 

micro-crystal slurry was applied to a silicon nitride membrane and rastered through in step with 78 

the XFEL pulse (Hunter et al., 2014). Since then, a large variety of different supports have 79 

emerged. These can be roughly grouped by whether they have apertures, and if these apertures 80 

need to be aligned to the beam (Carrillo et al., 2023). For these aperture-aligned fixed-targets, 81 

the key development was the coupling of precision silicon fabrication technique (Oghbaey et 82 

al., 2016) to precise stage motion and alignment strategies (Sherrell et al., 2015). The three 83 

prominent examples of these apertured targets are the HARE chip (Mehrabi et al., 2020) the 84 

Oxford chip (Ebrahim et al., 2019) and the Micro-Structured Polymer (MISP) chip (Carrillo et 85 

al., 2023). Examples of the raster-based targets are the NAM-based sample holder (Park et al., 86 

2020, Nam et al., 2021), the Advanced Lightweight Encapsulator for Crystallography (ALEX) 87 

mesh holder (Sherrell et al., 2022), and the MPI sheet-on-sheet (SOS) chip (Doak et al., 2018). 88 

Solid support allows for a precise positional control that results in remarkable decreases in 89 
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sample use without the need for gas flow or electrodes (Hunter et al., 2014, Mueller et al., 90 

2015, Doak et al., 2018). 91 

 92 

Given the utility of the fixed-targets and optical lasers for time-resolved crystallography, chip 93 

developers must ensure that optical lasers are compatible with their new tools. The significant 94 

issue in the case of fixed-targets is the precise illumination of a given crystal with an optical 95 

laser while leaving all the other crystals dark. This problem is not as trivial as it may first 96 

appear, and if not properly checked, it can lead to significant contamination of both the 97 

interleaved <light= and <dark= diffraction patterns, preventing the correct interpretation of 98 

relevant structural changes. In jet and extruder-based delivery systems, the oncoming crystals 99 

are safely housed in the dark enclosure of the jetting device and are delivered down a single 100 

axis, but this is not the case with fixed-target delivery [Figure 1(a)]. Fixed targets achieve time 101 

and sample efficiency by increasing the number of potential crystal locations on the chip face 102 

in a 2D array. The entire sample is loaded onto the target and is potentially reachable by the 103 

optical laser [Figure 1(b)]. Since the adjacent crystals are distributed in two dimensions, light 104 

contamination can propagate much further from the desired time delay [Figure 1(c)]; tens of 105 

milliseconds or even seconds depending on the location of contamination. This elongation of 106 

the probed domain will dilute the desired point of interest and probably create a large ensemble 107 

of different intermediates. Ultimately, making any subsequent analysis very challenging or, 108 

most likely, impossible. 109 

 110 

XFELs are uniquely suited to the study of  ultrafast dynamics on the femtosecond-microsecond 111 

scale; however, fixed-targets have yet to be exploited for time-resolved work at XFELs; 112 

although their utility has been proven for similar experiments at synchrotrons (Mehrabi et al., 113 

2019). The serial crystallography with solid-support MX (SwissMX) endstation at the 114 

SwissFEL Cristallina experimental station (Paul Scherrer Institute, Villigen, Switzerland) and 115 

PSI developed MISP chips were designed to address this gap. However, extensive tests were 116 

obviously essential to validate these tools for optical laser-based pump-probe experiments. This 117 

work describes a commissioning experiment conducted in November 2022 at the SwissFEL 118 

Cristallina station, demonstrating the utility of the MISP chip (Carrillo et al., 2022) for TR-119 

SFX. The aim was to find and understand the parameters that enable time-resolved pump-probe 120 

experiments using the SwissMX and MISP chips. To achieve this, a pump-probe 50:50 121 

light:dark (hereafter referred to as interleaved-light and interleaved-dark, respectively) 122 

experimental routine with both transparent and opaque MISP chips was undertaken. The 123 

protein used in these experiments was the Light-Oxygen-Voltage (LOV) domain 1 from 124 

Chlamydomonas reinhardtii (CrLOV1). CrLOV1 is a light-sensitive protein domain that 125 

undergoes a long photocycle (~200 s recycle time) and, therefore, is acutely sensitive to 126 

photoactivation from stray photons from adjacent cavities. A covalent thioether bond forms 127 

between the flavin mononucleotide (FMN) cofactor and Cys57 from the protein binding site 128 

after photoexcitation (Fedorov et al., 2003). These tests also served to benchmark the data 129 

collection making CrLOV1 an ideal candidate with a distinct active state signature that can be 130 

used to assess adjacent-well light contamination. 131 

 132 
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Material and methods 133 

Expression and purification.  134 

The expression and purification protocols have been described previously (Gotthard et al., 2023). 135 

Briefly, the expressed protein sequence was amino acids 16-133 of the Phot1 protein LOV1 domain 136 

from Chlamydomonas reinhardtii. The protein possess an N-terminal His-tag followed by a Factor Xa 137 

protease site. The expression was conducted in Escherichia coli BL21 DE3 using auto-inducible media 138 

(Studier, 2005). The expressed protein was purified by Ni2+ affinity followed by size exclusion 139 

chromatography. Fractions corresponding to the protein were pooled and concentrated to 10 mg·ml-1 140 

for crystallization. 141 

 142 

Crystallization.  143 

Limited proteolysis with trypsin allowed a more reproducible and controlled crystallization process 144 

(Gotthard et al., 2023). Microcrystals were grown at 293 K in batch with a 2:1 protein to well condition 145 

ratio in 0.1 M Sodium cacodylate pH 6.5, 1.0 M Sodium citrate dibasic trihydrate. An average crystal 146 

size of 25 µm ∓ 7 µm was measured using a Leica microscope(Kaminski et al., 2022). The crystals 147 

concentration was measured using a cell counter and estimated to be 1.0-2.0 x 107 crystals·ml-1. 148 

 149 

Chip mounting. 150 

Firstly, the crystal concentration was adjusted by diluting the micro-crystal slurry with crystallisation 151 

solution to a final concentration of 1-2×106 crystals·ml-1. Subsequently, 400 µl of crystalline solution 152 

was pipetted onto a MISP-chip that was either made with transparent cyclic olefin polymer (COP) film 153 

or an opaque film made by mixing 10 % (w/w) carbon black with cyclic olefin copolymer (COC) 154 

(Carrillo et al., 2023). Once loaded, the MISP-chip was placed on a loading stage connected to a vacuum 155 

that served to remove the excess mother liquor and funnel the crystals into the wells. Filter paper was 156 

occasionally required to blot away any excess solution. After this, the chip was placed onto the MISP-157 

chip holders (Carrillo et al., 2023) that sealed the chip inside two pieces of 6 µm Mylar® film and 158 

maintained the crystal hydration. They were then placed inside a darkened humidity chamber kept at 159 

80 % relative humidity and transported to the beamline. X-ray data collection was performed at the 160 

Cristallina experimental station of the SwissFEL using the SwissMX endstation. Due to concerns over 161 

crystal hydration, only 5 chips were consecutively loaded and kept in the humidity chamber at a time. 162 

Chips were manually mounted from the humified chamber to the SwissMX. Collecting each set of 5 163 

chips took approximately 50-60 minutes and all of this was done at room temperature (23-25 ℃, 164 

depending on the location within SwissFEL). 165 

 166 

Beamline setup 167 

Data were collected over a 24-hr period on November the 27th 2022. The X-ray beam energy was 12.4 168 

keV with a pulse energy at the sample position of approximately 50 µJ. The X-rays were focused using 169 

Kirkpatrick-Baez (KB) mirrors to a spot size of approximately 1.5 x 1.5 m and the repetition rate was 170 

100 Hz. The pulse width was approximately 35 fs root mean square (RMS). The diffraction data were 171 

recorded on a JUNGFRAU 8 Mpixel detector. 172 

 173 

Laser coupling. 174 

As of November 2022, the Cristallina station was not provided with a through-space connection to a 175 

pump laser. The SwissMX endstation was limited to a 70 m fiber connection to a nanosecond laser 176 

located in the SwissFEL laser room. Due to this constraint, the decision was taken to couple the laser 177 

to the sample position through the SwissMX on-axis-viewing (OAV) system. Such couplings are 178 

common on synchrotron protein crystallography beamlines and this solution offered the best 179 
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compromise between the final achievable focus and the physical meshing with other instrumentation at 180 

the sample position. 181 

 182 

For fixed-targets the key parameter in a pump-probe experiment is the laser focal-spot size. The 183 

efficiency of the fixed-target is dependent upon the number crystal locations that can be squeezed onto 184 

the chip-surface. For the apertured fixed-targets this means having a small pitch between adjacent 185 

cavities. The achievable laser focus, therefore, has a direct influence on the efficiency of the experiment 186 

as an increase in the diameter of the focus will necessitate an increase in the aperture pitch. 187 

 188 

The laser spot size was estimated to be 50x50 µm2 based on its reflection from a piece of opaque COC 189 

film held at the OAV focus. The OAV was calibrated against known distances, but it is impossible to 190 

accurately infer from this the 1/e2 or full-width half-maximum (FWHM). The pulse energy was set to 191 

approximately 2 µJ. 192 

 193 

Pump-probe setup 194 

X-ray data collection over the whole chip in a dark environment without any laser excitation was used 195 

as 8reference9 for the calculation of the Fourier difference electron density maps (Fobs
laser-off). Light 196 

contamination from the transparent and opaque chips and SwissMX setup was assessed using two chip 197 

orientations: open, with the wider side of the cavity directed towards the laser, and flat, with the wider 198 

side of the cavity facing the detector. All pump-probe data were collected 50:50 interleaved light:dark, 199 

i.e., XFEL at 100 Hz, ns laser at 50 Hz, giving a laser pulse in every other aperture. 200 

 201 

Data processing. 202 

Serial data processing was performed using the CrystFEL version 0.10.1 software suite (White, 2019). 203 

Diffraction hits were identified using the peakfinder8 and XGANDALF (Gevorkov et al., 2019) 204 

algorithms with a hexagonal unit cell (a = b = 122, c = 46 Å). Peaks integration was performed using 205 

the three-rings methods in indexamajig with integration radii of 2, 3, and 5 pixels. Indexing rates 206 

were between 50 and 80 %. Interleaved-dark and the interleaved-light image lists were generated by the 207 

labelling images with a 8laser-on9 event generated by the SwissFEL event master. This event is passed 208 

to the JUNGFRAU whilst data are collected and propagated with it thereafter. By following the laser 209 

events, the interleaved data could be indexed and integrated independently. Stream files were merged 210 

using partialator using the unity partiality model with a pushres option of 1.6-2.0 nm-1. hkl 211 

files were converted into mtz with f2mtz from the CCP4 suite(Winn et al., 2011). A resolution cut-off 212 

was applied when CC1/2 was falling below 30%. Dataset statistics are reported in Table 1. 213 

 214 

Isomorphous difference maps 215 

Fourier difference electron density maps were calculated using the phenix.fobs_minus_fobs_map 216 

program from the Phenix suite (Liebschner et al., 2019). A resolution cut-off of 1.8 Å and a sigma cut-217 

off of 3.0 were applied and the multiscale option was used to calculate the difference maps. The 218 

presence of contamination could be observed by subtracting data collected without laser illumination 219 

(laser-off) from the interleaved data (interleaved dark or light): Fobs
interleaved-dark/light – Fobs

laser-off. 220 

Assuming no contamination can be observed, the signal from the Fobs
interleaved-light – Fobs

laser-off should also 221 

be the same as the interleaved difference map, Fobs
interleaved-light – Fobs

interleaved-dark. Figures were prepared 222 

using PyMOL (DeLano, 2020). 223 

 224 

Results and discussion 225 

 226 
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Pump-probe with fixed-targets 227 

Here, we present laser-triggered, pump-probe experiments using the SwissMX endstation and MISP-228 

chips at the SwissFEL Cristallina experimental station. To translate samples, the SwissMX is equipped 229 

with two orthogonal linear stages (Parker) for x and y motions and two additional stages z and additional 230 

x motion (Standa). The MISP-chips have a reliable active area of 162 x 162 cavities totalling 26,244 231 

apertures. All data from the chips were collected in a serpentine-like pattern. Figure 2 shows the final 232 

stage of the optical pump-laser coupling through the SwissMX OAV. The setup is current only used for 233 

in-air data collection. Scatter guards are, therefore, required to catch the beam from the OAV to the 234 

sample and from the sample to the detector face. The total exposed length to air is approximately 15 235 

mm. 236 

 237 

Data were collected on two different chip types, named transparent and opaque from their transparency 238 

to visible spectrum or lack thereof, and in two different orientations, open and flat. The transparent 239 

chips were made from commercially available 50 µm COP film, whereas the opaque chips were 240 

fabricated with an in-house cast film using COC pellets and the addition of carbon black powder 241 

(Carrillo et al., 2023)  242 

 243 

Time-resolved spectroscopy experiments on CrLOV1 used in this experiment indicated that it 244 

undergoes the formation of a covalent thioether bond between FMN cofactor and Cys57 at Δt=10 µs 245 

after photoexcitation (Kottke et al., 2003, Holzer et al., 2002), which then persist even late into the 246 

photocycle (Fedorov et al., 2003, Kottke et al., 2003) (Figure 3). Given the significant strength of 247 

expected signal in the Fourier difference maps for the covalent bond formation, this time delay was 248 

selected to test the suitability of the CrLOV1 crystals for TR-SFX experiments and make use of their 249 

long photocycle, on the order of 200 s, as a light contamination indicator. 250 

 251 

We employed a 50:50 interleaved light:dark experimental routine with the XFEL at 100 Hz and the 252 

pump-laser at 50 Hz. While a comprehensive analysis of the LOV-FMN light-activated structure is 253 

beyond the scope of this paper, it suffices to expect a photoactivated structure with the FMN-Cys 254 

covalent adduct formation in the laser-exposed wells. The unpumped wells should yield a dark state 255 

structure without the thioether bond signature. We also collected SFX data entirely without pump laser 256 

(laser-off) for reference as a <properly= dark state. Ultimately, the laser-off should be indistinguishable 257 

from the dark datasets in the interleaving TR-SFX experiment. 258 

 259 

It is important to stress the importance of delivering light-contamination-free time-resolved data. 260 

Otherwise, the crystallographic data would represent multiple overlapping protein trajectories triggered 261 

by more than one pump laser pulse, impairing its correct interpretation. Importantly for the current 262 

work, the CrLOV1 domain was specifically chosen for the fixed-target pump-probe commissioning 263 

since the 200 s resting state recovery time of the domain significantly exceeds the 10 ms interval 264 

between the consecutive XFEL pulses into the adjacent cavities of the chip. The 200 s recovery time 265 

also exceeds the time to image over half the chip, so potential adjacent column light contamination will 266 

also be observed. 267 

 268 

In the quest to explore different experimental geometries of the fixed-target setup, two orientations of 269 

the chips with respect to the incidence pump laser and X-rays were tested. One with laser incidence 270 

coming from the wider side of the pyramidal cavity (open side) or coming from the narrower side (flat 271 

side). This option has been debated since the original use of apertured opaque fixed-targets for pump-272 

probe experiments since this decision may have an impact on the excited fraction of the crystal (see 273 

Figure 4 left hand panel).  274 
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 275 

Assessment of contamination 276 

 277 

The TR-SFX experiment was carried out with a Δt=10 µs between the laser pump and X-ray probe 278 

pulses. Fourier difference electron density maps were evaluated in terms of successful photoactivation 279 

and potential light contamination in the nearby wells. The transparent chip setup yielded positive signal 280 

indicating thioether bond formation in Fobs
interleaved-dark – Fobs

laser-off [Figure 4(a)], Fobs
interleaved-light – Fobs

laser-281 
off [Figure 4(b)] and Fobs

interleaved-light – Fobs
interleaved-dark [Figure 4(c)]. While it presence of features 282 

characteristic of the light activated state, the light signal present in the Fobs
interleaved-dark – Fobs

laser-off 283 

indicates that each pump laser pulse did not exclusively photoactivate a single well of the chip but that 284 

the light reached the adjacent wells leading to light contamination. Although light contamination was 285 

more likely in the transparent chips, the level of its pervasiveness was not expected and was interesting 286 

to observe that the signal for the Fobs
interleaved-dark – Fobs

laser-off was as strong as for the Fobs
interleaved-light – 287 

Fobs
interleaved-dark

 maps. The light contamination was likely due to the transmission of the laser light 288 

orthogonally through the chip from the scattering source, either an interaction with the crystal or chip. 289 

 290 

Next, we performed tests using the opaque MISP-chips in two orientations. The open orientation, which 291 

allows the most light to reach the sample and maximizes the excited fraction of molecules, again yielded 292 

positive signal indicating the thioether bond formation in the Fobs
interleaved-dark – Fobs

laser-off [Figure 4(d)]. 293 

Although yielding significantly weaker signals than in the case of transparent chips, contamination is 294 

still evident. A similar signal was also present in the Fobs
interleaved-light – Fobs

laser-off [Figure 4(e)] and 295 

Fobs
interleaved-light – Fobs

interleaved-dark [Figure 4(f)]. 296 

 297 

However, in the alternative chip orientation, with the flat side of the cavity now facing the pump laser, 298 

no thioether signal was observed in the Fobs
interleaved-dark – Fobs

laser-off [Figure 4(g)]. This lack of thioether 299 

bond signal confirms that there was no detectable light contamination. At the same time, the Fobs
interleaved-300 

light – Fobs
laser-off [Figure 4(h)] and Fobs

interleaved-light – Fobs
interleaved-dark

 [Figure 4(i)] both show the expected 301 

electron density signature for the covalent adduct formation. Therefore, the opaque chips with the 302 

constrained (flat side) incidence of the laser light onto the sample did prove to be a successful setup in 303 

this experiment. 304 

 305 

The reason for the success of the experiment in the flat orientation compared to the open was likely due 306 

to the reduced potential exposure of the crystals in this orientation (Figure 5). As stated in the methods, 307 

due to issues at the beginning of beamtime, the laser beam profile could not be precisely measured, only 308 

approximately inferred from scattered light off a black film. This means that the laser profile could 309 

conceivably be larger than the 50x50 µm2 estimate. Figure 5(a) shows how an increased laser profile 310 

could enable light contamination in the open chip orientation. The flat orientation could, by restricting 311 

the view of the crystals by the pump laser, help to prevent the contamination even with a larger laser 312 

profile. It is also possible that stray scattered light of either the collimator or chip sealing film may have 313 

been a contaminating factor [Figure 5(b)]. Another potential contributing factor was the synchronization 314 

of the stages and XFEL pulse. Subsequent experiments have showed that the XFEL pulse was delivered 315 

approximately 1 ms (12 µm) behind its intended location. 316 

 317 

Reduction in sample consumption 318 

Sample preparation is a laborious and challenging task for TR-SFX experiments. Various sample 319 

parameters must be considered and optimized depending on the delivery system used. Not only does 320 

the sample need to be of high quality but also the large quantities of crystalline protein can require 321 

months of sample production in preparation for every experiment. One of the attractive features of 322 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 13, 2023. ; https://doi.org/10.1101/2023.12.12.571218doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.12.571218
http://creativecommons.org/licenses/by/4.0/


8 

 

fixed-targets is their low sample consumption when compared to other delivery methods. The sample 323 

consumption from our fixed-target TR-SFX experiment was calculated to be only ~200 g for collection 324 

of every 10,000 indexed diffraction images. For comparison, Table 2 shows the quantities of samples 325 

consumed in several jet-based experiments. The development of the high-viscosity extrusion (HVE) for 326 

sample delivery was a significant improvement (>10x) when it comes to sample consumption compared 327 

to the first GDVN experiments. The HVE has resulted in a drastically increased number of successful 328 

TR-SFX experiments reported (Nogly et al., 2018, Mous et al., 2022, Nango et al., 2016, Suga et al., 329 

2017, Nogly et al., 2016, Skopintsev et al., 2020, Claesson et al., 2020, Nass Kovacs et al., 2019, James 330 

et al., 2019, Hosaka et al., 2022, Liu et al., 2022, Maestre-Reyna et al., 2022, Li et al., 2021) 331 

  332 

The use of the MISP-chip reported here required approximately 10 times less sample than the HVE 333 

with less than 1 mg of protein required for a full dataset. With every improvement in sample delivery, 334 

TR-SFX becomes approachable to the broader scientific community and a wider range of interesting 335 

targets; many of which may not be easily overexpressed in greater quantities. Another practical point is 336 

that the preparation for the experiments can now be shortened in many cases from months to weeks 337 

facilitating timely completion of the TR-SFX projects. 338 

 339 

The potential drawback of the sample delivery on the MISP-chips includes the time that it takes 340 

mounting each chip in a humid environment and transporting the chips in a humidity chamber from the 341 

dark room to the beamline, a procedure that took around half an hour for each 5 mounted chips. 342 

However, there is also a potential to employ robotic systems for the chip mounting for more efficient 343 

use of the beamtime. The light contamination is an important concern when compared to jet-based 344 

experiments, where the sample is enclosed in dark before delivery and injected in a stream. However, 345 

as shown in this commissioning experiment, even with a non-ideal chip configuration and large laser 346 

spot profile, a light contamination-free TR-SFX can still be performed. 347 

 348 

The clear advantage of sample delivery fixed-target systems is lack of the often-tricky control of jet 349 

streams in the vacuum. Moreover, there isn't a need for a dust-free environment when preparing the 350 

samples and crystal size distribution does not impact the efficiency of sample delivery. There are no 351 

additional sample losses related to clogging or instabilities (not accounted for in Table 2) often observed 352 

with jet delivery.  353 

 354 

All in all, we completed the TR-SFX experiment with limited sample usage but achieved the best 355 

diffraction limit for these crystals to date, making the approach a method of choice for many projects. 356 

 357 

Conclusion 358 

XFELs have allowed for the rapid growth of time-resolved structural experiments which provide crucial 359 

information on the function of biological machines9 and molecular mechanisms. This is the first 360 

experiment of its type using a light-activated protein CrLOV1 at the Cristallina endstation of the 361 

SwissFEL and using the novel MISP-chips for sample delivery. The light contamination present with 362 

the transparent MISP-chip was interesting to observe and showed the absolute necessity for using an 363 

opaque chip. With the opaque chips, the laser spot size and various other parameters are still critical to 364 

the success of the experiment. Many of these, particularly the laser spot profile, undoubtably lead to the 365 

contamination observed in the open orientation. Future commissioning experiments will focus on 366 

enabling TR-SFX in the open orientation as this conformation has the greatest propensity for crystal 367 

excitation. Ultimately, the reported experiments are an important step towards a making XFEL fixed-368 

target sample delivery compatible with pump-probe time-resolved experiments and making these 369 
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experiments more sample efficient. Increasing sample and experimental time efficiency will make these 370 

experiments more attainable for the general structural biology community. 371 
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Figure 1. Practical differences between potential regions of light contamination in fixed-targets and jets. 

(a) and (b) A schematic of pump-probe in jets and fixed-targets, respectively. The sample reservoir in the fixed-
targets is completely accessible to pump laser. (c) A schematic of a 50:50 interleaved light:dark setup in a 
MISP-chip. Importantly, light contamination in fixed-targets can happen both between consecutive apertures 
(10 ms at 100 Hz) and adjacent apertures, i.e., A1 to B1 or even C1. The contamination of these adjacent 
apertures give rise to much longer timescale contamination; A1 to B1 = 3.24 s. The sample area or cavities are 
depicted in yellow, the X-ray are shown in red, and the stage path is depicted as a dashed grey line. The pump 
laser is shown in blue. 
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Figure 2. A schematic of the pump-probe experimental set-up at Cristallina, SwissFEL. The pump laser 
(yellow) is coupled to the sample position via the endstation OAV. An exchange dichroic mirror (light green) 
enables different pump wavelengths to be reflected whilst transmitting light for the chip alignment. The X-rays 
pass through the center of the drilled objective and prism of the final part of the laser coupling. Air scatter from 
the X-ray is minimized using pre-and post-sample scatter-guards. The blue box highlights an area of the chip 
showing a 50:50 interleaved light:dark scheme, where X-rays are delivered to every well and laser pump only 
to every other. 
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Figure 3. Thioadduct formation between CrLOV1 and its FMN cofactor upon illumination. Crystal 
structures of Chlamydomonas reindhartii LOV1 domain in light and dark stationary states present two 
conformations of the binding-site cysteine (Cys57), where blue-light absorption readily causes after 10 s the 
formation of a covalent bond between the flavin C(4a) and the thiol of Cys57. The reaction proceeds through 
an excited flavin singlet to a triplet state that then decays monotonically to the adduct in which this cysteine 
moves ~1.5 Å closer to the FMN-C(4a) for adduct formation (Holzer et al., 2002, Kottke et al., 2003). Light 
absorption (and thus, thioadduct formation) then triggers rearrangements throughout the whole LOV domain. 
(Gotthard et al., 2023)  

 393 
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 395 

 
 

Figure 4. Chip placement for laser incidence and Fourier difference electron density maps for TR-SFX 

with CrLOV1 at Δt=10 µs (first experiment). Transparent chip with cavity facing the pump pulse yields 
activation signal in all three maps corresponding to thioether bond formation between Cysteine and FMN: (a) 
Fobs

interleaved-dark – Fobs
laser-off (b) Fobs

interleaved-light – Fobs
laser-off (c) Fobs

interleaved-light – Fobs
interleaved-dark Opaque chip 

with cavity facing the pump pulse yields activation signal in all three maps: (d) Fobs
interleaved-dark – Fobs

laser-off (e) 
Fobs

interleaved-light – Fobs
laser-off (f) Fobs

interleaved-light – Fobs
interleaved-dark Opaque chip with aperture facing the pump 

pulse yields activation signal where expected while the lack of signal in the Fdark – Flaser-off  indicates that in this 
setup light contamination was avoided: (g) Fobs

interleaved-dark – Fobs
laser-off

  (h) Fobs
interleaved-light – Fobs

laser-off
  and 

(i) Fobs
interleaved-light – Fobs

interleaved-dark. Fourier difference electron density maps show positive density depicted 
in blue (atoms move in) and negative density depicted in gold (atoms move out) highlighting differences 
between datasets. The cartoon and sticks representation show in light grey the dark state of the protein with its 
FMN ligand adjacent to it but not covalently bound and in purple the photoactivated late photocycle 
intermediate for reference with FMN covalently binding to LOV. To the left side of the difference electron 
density maps there is a schematic representation of the chip (yellow) with a crystal sample (pink/blue) 
placement with respect to pump laser (blue) and XFEL pulses (red). The bottom panel shows the practical 
arrangement of the data from the wells contributing to the different maps. 

 396 

  397 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 13, 2023. ; https://doi.org/10.1101/2023.12.12.571218doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.12.571218
http://creativecommons.org/licenses/by/4.0/


14 

 

 

Figure 5. Possible explanations for the light contamination observed in the open orientation but not in 

the flat. (a) Schematic of the X-ray/pump laser view of the chip in the open and flat orientation. In the open 
view, the entire crystal is visible, enabling contamination via a large laser profile. The same large laser 
profile in the flat orientation does not give rise to contamination due to the restricted view of the crystals. 
(b) A schematic showing how potential scattered pump laser from the pre-sample scatter guard could give 
rise to light contamination. Again, restricted view of the crystals in the flat orientation prevents 
contamination of crystals in adjacent well. 
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 400 

Table 1. Data collection parameters and data reduction for the 1st experiment 401 

 402 

403 

Data collection parameters 

 Laser-off 
Interleaved-

dark 
Interleaved 

light 
Laser-off 

Interleaved-
dark 

Interleaved 
light 

Laser-off 
Interleaved-

dark 
Interleaved 

light 

Chip type Transparent Transparent Transparent Opaque Opaque Opaque Opaque Opaque Opaque 

Chip orientation Open Open Open Open Open Open Flat Flat Flat 

ΔT (µs) 10 

Beamline, Endstation ARAMIS, Cristallina 

Detector Jungfrau 8M 

X-ray energy (keV) 12.29 

Laser wavelength (nm) 450 

Laser profile (m) ~50 x 50 

Repetition rate (Hz) 100 

Crystal size (m3) 25 

Data reduction 

Space group P6522 

Cell dimensions 
a, b, c (Å) 
ñ, ò,  (°) 

122.62, 122.62, 46.58 
 

90, 90, 120 

Collected images 210760 184413 184417 210760 171246 171239 210760 131725 131725 

Indexed patterns 63491 56845 54830 63491 58027 55322 63491 40159 39089 

Indexing rate (%) 30.12 30.82 29.73 30.12 33.89 32.31 30.12 30.49 29.67 

Resolution (Å) 
37.09-1.42 
(1.44-1.42) 

37.11-1.47 
(1.50-1.47) 

37.11-1.47 
(1.50-1.47) 

37.09-1.42 
(1.44-1.42) 

37.12-1.47 
(1.50-1.47) 

37.13-1.49 
(1.52-1.49) 

37.09-1.42 
(1.44-1.42) 

37.11-1.47 
(1.50-1.47) 

37.11-1.49 
(1.52-1.49) 

Number of reflections 6612099 3873108 4157075 6612099 3042546 3239469 6612099 2877548 3094253 

Unique reflections 3846 3487 3484 3846 3477 3365 3846 3495 3360 

Redundancy 
2736.5 

(1719.2) 
1718.5 

(1110.7) 
1906.5 

(1193.2) 
2736.5 

(1719.2) 
1352.76 
(875.0) 

1510.79 
(962.7) 

2736.5 
(1719.2) 

1231.3 
(823.3) 

1380.4 
(920.9) 

Completeness (%) 100 100 100 100 100 100 100 100 100 

Mean I/sigma(I) 13.1 (1.0) 
11.54 
(1.11) 

11.92 
(1.22) 

13.1 (1.0) 9.45 (0.83) 
10.08 
(1.04) 

13.1 (1.0) 9.89 (0.85) 
10.67 

(920.9) 

CC* 
0.9988 

(0.6806) 
0.9982 

(0.7503) 
0.9985 

(0.6715) 
0.9988 

(0.6805) 
0.9974 

(0.7218) 
0.9977 

(0.7199) 
0.9988 

(0.6805) 
0.9972 

(0.7414) 
0.9979 

(0.7737) 

CC1/2 
0.9954 

(0.3013) 
0.9928 

(0.3917) 
0.9941 

(0.2911) 
0.9954 

(0.3013) 
0.9899 

(0.3523) 
0.9907 

(0.3492) 
0.9954 

(0.3013) 
0.9887 

(0.3790) 
0.9917 

(0.4271) 

Rsplit (%) 
4.97 

(25.57) 
6.40 

(31.17) 
6.13 

(32.13) 
4.97 

(25.57) 
7.16 

(32.93) 
7.04 

(32.09) 
4.97 

(25.57) 
7.29 

(32.21) 
6.82 

(29.77) 

Wilson B-factor (Å2) 19.21 19.09 17.62 19.21 20.53 19.48 19.21 18.17 17.60 
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§  404 

 405 

Table 2. Pump-probed experiments sample consumption 

Protein Method 
Sample used per  

10K indexed images  

 

Photoactivable Yellow Protein (Pande et al., 

2016) 
GDVN 40 mg 

Bacteriorhodopsin (Nogly et al., 2018), 

Halorhodopsin (Mous et al., 2022) 
HVE (LCP) 2.0-2.6 mg 

Isocyanide Hydratase (Dasgupta et al., 2019) CoMESH 2.5-3.0 mg 

Light-Oxygen-Voltage Domain 1 MISP-chip 0.20 mg 

 406 
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