
Brief CommuniCation
https://doi.org/10.1038/s41592-018-0180-2

The hit-and-return system enables efficient  
time-resolved serial synchrotron crystallography
Eike C. Schulz1,11, Pedram Mehrabi1,11, Henrike M. Müller-Werkmeister1,2,11, Friedjof Tellkamp3,  
Ajay Jha1, William Stuart1, Elke Persch4, Raoul De Gasparo4, François Diederich4, Emil F. Pai5,6,7,8*  
and R. J. Dwayne Miller1,9,10*

1Department for Atomically Resolved Dynamics, Max Planck Institute for Structure and Dynamics of Matter, Hamburg, Germany. 2Physical Chemistry, 
Institute of Chemistry, University of Potsdam, Potsdam-Golm, Germany. 3Scientific Support Unit Machine Physics, Max Planck Institute for Structure and 
Dynamics of Matter, Hamburg, Germany. 4Laboratorium für Organische Chemie, ETH Zürich, Zürich, Switzerland. 5Department of Biochemistry, University 
of Toronto, Toronto, Ontario, Canada. 6Department of Medical Biophysics, University of Toronto, Toronto, Ontario, Canada. 7Department of Molecular 
Genetics, University of Toronto, Toronto, Ontario, Canada. 8The Campbell Family Cancer Research Institute, Ontario Cancer Institute, Toronto, Ontario, 
Canada. 9Departments of Chemistry and Physics, University of Toronto, Toronto, Ontario, Canada. 10Department of Physics, Centre for Ultrafast Imaging, 
University of Hamburg, Hamburg, Germany. 11These authors contributed equally: Eike C. Schulz, Pedram Mehrabi, Henrike M. Müller-Werkmeister.  
*e-mail: emil.pai@utoronto.ca; dwayne.miller@mpsd.mpg.de

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

NATuRE METHoDS | www.nature.com/naturemethods

mailto:emil.pai@utoronto.ca
mailto:dwayne.miller@mpsd.mpg.de
http://www.nature.com/naturemethods


 

Supplementary Figure 1 

Homodimeric fluoroacetate dehalogenase and photolytic generation of its substrate fluoroacetate. 

a, The photocaged substrate for FAcD pHP-FAc is sensitive to photolysis initiated by UV light pulses with a 

wavelength between 320 nm and 360 nm. Cleavage of the phenol group releases FAcD’s substrate 

fluroacetate. b, A cartoon representation of homodimeric FAcD with the backbone of subunit A in yel low 

and subunit B in orange. The location of the cap domain (cyan) and the positions of the active site residues 

(purple) are indicated. 



 



Supplementary Figure 2 

End station design. 

a, Top-down schematic of a typical light-triggered SSX arrangement. The chip can be viewed from an IR 

camera using a mirror mounted on a capillary which is illuminated via a retractable IR backlight. Alignment and 

chip movement are done via the translation stage system. Samples on the chip are pumped via a femtosecond 

laser and probed via the X-ray beam; the diffraction cone is represented in green. b, CAD representation of a. 

c, A CAD representation of the end station with and without the detector. The diffraction cone is represented in 

green.  



 



Supplementary Figure 3 

The HARE approach with chip gen. 1. 

A representation of a single compartment on the chip with 12 × 12 features. X-ray pulses are depicted in 

green, and laser pulses are shown in blue. In order to have a large number of valid HARE times, it is most 

efficient for the number of features per compartment row and column to be a highly composite number (e.g., 

12). Longer times than a HARE value of 12 would therefore need to be certain multiples of 12 (e.g., 24, 36, 48, 

etc.). Data collection for an HARE of 24 would be as follows: Starting from row a, the first feature in the first 

column (aa) is exposed to an X-ray pulse and a subsequent dark image is recorded. Immediately following the 

X-ray pulse the sample is pumped with the femtosecond laser for t = 0. This procedure is repeated for a total of 

24 features. After pumping of the 24 features, the stages move back to their starting positions. The same 24 

features are then re-probed with X-rays after a delay time matching the total time for probe-pumping of the 24 

features. For every probed feature on the chip, the resulting data include both a dark image and an exposed 

image with a corresponding delay dependent on the HARE number.  



 

Supplementary Figure 4 

Pulse sequence. 

The pulse sequence plot shows the relative on and off times of the various instruments of our setup. Initially a 

dark image is taken: (1) the stage moves into position, (2) the detector is set to exposure mode, and (3) after a 

dark image is acquired a TTL pulse triggers the laser. After the laser pulse there is a delay corresponding to 

the HARE number, during which further images are acquired. After the delay the stages move back to their 

original position and the sequence is repeated without laser excitation.  



 

Supplementary Figure 5 

Description of the HARE formalism. 

Let the coordinates (v, w) denote the index of the compartment in the horizontal and vertical directions, and let 

(x, y) be the index of the feature inside the compartment. With Nv and Nw as the number of compartments in 

the horizontal and vertical directions, Nx and Ny as the number of features per compartment in the horizontal 

and vertical directions, and C as the HARE constant, the coordinates can be determined by 
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with x as the floor function, Nc = NvNw, Nf = NxNy, j = (i – 1) mod 2Nf and i as the exposure index ranging from 1 

to the total number of exposures 2NcNf. These four equations apply if C|Nx for C ≤ Nx or if Nx|C ∧ C|Nf 

otherwise. Laser excitation takes place if (i – 1) mod 2C < C. In order to have a high number of valid HARE 

times, it is helpful to choose Nx and Ny as highly composite numbers. The number of possible HARE times can 

be calculated by σ0(Nx) + σ0(Ny) – 1, where σx(n) is the divisor function. 



 

Supplementary Figure 6 

Infrared images of the chip. 

a, An empty chip is shown as a control. The yellow arrows point out underdeveloped features, which appear 

semi-transparent in the IR light. b, Loaded chip with yellow arrows representing crystals sitting in the features 

of the chip. Crystals sitting inside of the features can be clearly distinguished from crystals on its surface and 

from empty features. 



 

Supplementary Figure 7 

Cumulative distribution function for time delays. 

The plot represents the deviation in milliseconds for five representative HARE values (2, 3, 12, 72 and 144) 

from their respective median values. The individual median values for each of the five HARE times are set to 0 

ms for comparison in the plot. Although the greatest HARE values have the largest deviation from the median, 

the total percent difference is comparatively small. Data were derived from the total features of a randomly 

selected chip per time point.  



 

Supplementary Figure 8 

Absolute value END-RAPID maps. 

FAcD electron density changes as a function of time. All electron density maps are represented as absolute 

value END-RAPID maps at a value of 0.3e A–3 . The electron density for the bound ligand in active site A is 

highlighted by a red circle. The flexible side chain of Tyr149 is indicated by a red arrow. The absolute value 

maps allow for quantitative comparability of the structures by placing all the different time points on an absolute 

scale, thereby emphasizing that the reduction of the electron observed in the cap domain is a result of 

enzymatic turnover and not an artifact originating from  offset of the maps. However, the observed differences 

recapitulate the changes in the electron density seen in the POLDER-OMIT maps.  



 

Supplementary Figure 9 

Fobs–Fobs difference density maps. 

Difference electron density maps, shown in green (positive) and red (negative), of the 30-ms, 752-ms and 

2,052-ms structures compared with the 0-ms structure contoured at 3.0σ. There are few to no differences in 

the active sites of the 30-ms structure. There is a large influx of density in subunit A of the 752-ms structure, 

which is indicative of the Michaelis complex. Differences in the active site in the 2,052-ms structure are readily 

observed only when the contour levels are decreased to 2.0σ. This is probably due to insufficient signal to 

noise. Whereas the cap domain in subunit A remains constant over time points, the cap domain in subunit B 

shows a consistent trend of increased dynamics as indicated by the increase in negative density as the 

reaction proceeds. 



 

Supplementary Figure 10 

Radiation damage. 

The figure shows absolute value END-RAPID (a) and POLDER-OMIT (b) maps for a structure exposed to 0.28 

MGy and 0.56 Mgy, respectively. The maps clearly show equivalent electron density for the active site and the 

cap-domain loop in both subunits, irrespective of the cumulative radiation dose. This not only shows the 

radiation insensitivity of the enzyme but also demonstrates that the disordering of the cap-domain loop is 

associated with enzymatic turnover and not induced by radiation damage.  



 



Supplementary Figure 11 

Structure comparison. 

The figure shows cartoon representations of FAcD with the 0-ms structure in yellow, the previously solved 

structure PDB 5K3C in purple and the 2,052-ms structure in green. The superpositioning reveals minimal 

r.m.s. deviation differences between the respective time-point structures and the previously solved cryo-

structure (a, b) and even smaller differences between the two time-point structures (c).  
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Supplementary Results 

Comparison of sequential and HARE time delays 

For comparison a single chip using sequential delays would take ~4.7 h (752 ms delay§ + 72 ms chip 

translation = 824 ms / crystal * 20,736 features = 284.8 min) while the cumulative data collection 

takes only ~1h using the HARE delays (8* (72 ms chip translation + 20 ms exposure period + 2 ms 

laser excitation) = 752 ms / 8 crystals * 20,736 features = 64.9 min). §For sequential delays the 

exposure period and laser excitation would be included in the delay time. $exposure period = 15 ms X-

ray exposure plus detector opening time. 

Accuracy of the timing 

To assess the timing accuracy of our setup we have plotted distribution functions of five different time 

delays for a whole chip (Supplementary Fig. 7). The plot shows the percentage of diffraction images 

with their deviation in ms from the median. The time delays shown are HARE 2 = 188 ms, HARE 3 = 

282 ms, HARE 12 = 1128 ms, HARE 72 = 6768 ms and HARE 144 = 13536 ms. The plot shows the 

reproducibility of the time delay. For a time delay of 188 ms and 282 ms the deviation from the 

median value is on the order of +/- 5ms, corresponding to an error of +/- 3.5 % and 2.6 %, 

respectively. For long time delays the absolute deviation is larger, but the relative error is small, i.e. 

for the time delay of 13536 ms the maximum deviation from the median value is - 200 ms/ + 150 ms, 

corresponding to a relative error of max. -1.7 %. By using more refined algorithms and modified 

motion control electronics one could achieve higher timing accuracies, but with the drawback of a 

reduced measurement rate. By contrast to liquid sample injection approaches, there is a trade-off 

between increasing the velocity (>>30 Hz) of the translation stages to its positional accuracy1. 

Importantly, however, the accuracy of the individual time-points would not be affected. 

Radiation Damage 

To address the concern of X-ray damage, we recorded two dark structures (i.e. without laser-pulses), 

after 1 (0.28 MGy) and 2 (0.56 MGy) X-ray pulses, respectively. These structures do not show any 

detectable differences between each other. They also do not show reduced electron density for the cap-

domain loop, further substantiating that the reduced electron density we see for this region in the 752 
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ms and 2052 ms time-points is clearly associated to its biological function (Supplementary Fig. 10). 

Conversely, the longer the reaction of the enzyme is allowed to progress the more structural changes 

can be observed, while the cumulative dose never exceeds 0.56 and 0.74 MGy, respectively. In 

addition, these structural changes fully parallel those of our previous static studies, where we can 

observe that the disordering of the cap-domain loop is associated with substrate turnover by FAcD 

(Supplementary Fig. 11)2, 3. 
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Supplementary Discussion 

To truly understand how proteins function one requires a detailed examination of all operating time 

scales. TRX is one of the few methods available that provide access to the dynamics of biomolecular 

reactions in structural terms. Since the advent of XFEL sources this relatively well established 

technique has regained popularity 4-7. Serial femtosecond crystallography (SFX) re-established this 

technique as a large series of single-shot experiments, greatly facilitating data collection and providing 

access to non-reversible reactions in time-resolved experiments (TR-SFX). The problem has been that 

to date these studies have been restricted to the use of large crystals and conventional data collection 

methods limiting the scope of potential experiments due to both limited supply of sufficient quality 

crystals and X-ray damage considerations 5, 6, 8, 9. Only very few of the TRX studies do not rely on 

reversible, light induced systems and radiation damage of the sample often proves to be a serious 

problem. With the advent of X-ray free-electron laser (XFEL) sources TRX has re-gained popularity. 

At XFELs TRX is performed as a series of single-shot experiments in a pump-probe fashion. To this 

end, a large variety of sample delivery methods has been developed to serve the need to inject 

thousands to millions of individual micro-crystals into the X-ray beam10-20.  

Since the first demonstration of serial femtosecond crystallography (SFX) many different protein 

systems have been studied21-24. These involved the carbon-monoxide release from myoglobin, 

structural changes within photosystem I-ferredoxin, the oxygen evolving complex in photosystem II 

and the trans-cis conformational transition in photoactive yellow protein (PYP)25-31. All these systems 

have in common that they employed liquid jet injectors, were photo-triggered and the majority of time 

points were in the picosecond or longer domain. To expand the number of accessible systems and 

address non-photoinducible enzymes three similar in-situ mixing methods were described recently12, 32-

34. Nevertheless, similar to previous approaches these methods focussed on fast time-points, albeit 

slower time-points should be accessible32. 

Data collection in serial femtosecond crystallography (SFX) is based on the diffraction-before-

destruction principle 22, 35. In SFX the diffraction information can be captured on femtosecond time 

scales based on the durations of the laser excitation pulse, the X-ray probe pulse, and relative time 

delay between the pump and probe. This has two advantages: the first is the ultra-short time of the 
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probe pulses that even enable the capture of intermediates of ultra-fast processes such as bond-

vibration, base-wobbling, global twisting and side-chain rotations36. The second advantage is the 

absence of most radiation damage effects, as the diffraction process and thereby data generation stops 

well before major secondary damage processes commence. In SFX, data collection is thus based on 

the recording of thousands of still images of individual crystals, where every crystal is exposed to a 

high-intensity X-ray pulse only once. For studying ultrafast time-resolved structural changes in 

biological macromolecular systems involving 10 micron scale crystals, XFEL sources are currently the 

only tools available that provide a temporal resolution on the femtosecond to nanosecond timescale.  

However, serial crystallography is not limited to XFELS but can also be conducted at synchrotron 

sources (serial synchrotron crystallography - SSX). The general principle in SSX is largely the same 

as in SFX, with the advantage of much better availability of SSX beamtime generating increased 

potential for structural biology applications. 

 

Sample-transfer and reaction initiation systems 

In addition to optically triggered systems the “mix-and-inject” approach was introduced for XFELs33, 

34. Here the crystal suspension and the ligand solution are transferred through a T-junction mixer 

before ejection into the XFEL beam. One of the current limitations with this approach lies in the 

population mixing that can result from the laminar flow in the capillary12. However, more importantly 

the liquid jet technology does not allow to address time-points below 30 ms or higher than 2000 ms. 

Modifications of these time-ranges would require changes to the flow-rate, and major hardware 

alterations to the device 33. In comparison to liquid jet injectors the tape-drive technology appears to 

bear higher potential for time-resolved studies on biologically relevant time-scales. At the moment, 

two different approaches have been described: Based on XFEL experiments, the “drop-on-tape” 

approach was described also offering time ranges with higher temporal flexibility than liquid-jet 

injectors 12. However, different time-delays require modifications to the laser setup or the transfer 

speed of the belt 12. For synchrotron radiation experiments, the “mix-and-diffuse” approach similar to 

“mix-and-inject” system, was described 32, 34. However, while the “mix-and-inject system” cannot 

address time-points longer than 2 s, the “mix-and-diffuse system” was reported to be unable to 
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measure time points shorter than 2 s or longer than 50 s without significant hardware revision. In 

addition, the tape-drive system suffers from higher background scattering due to larger path length for 

the X-rays through large droplets (~280 µm) and polymer scattering from the belt material. With 

increasing time-delays background scattering from dehydrating droplets as well as PEG interactions 

with helium could become problematic.  

Conversely, in our system most of the solvent is removed when the crystals are fixed to the chip. In 

contrast to our approach, it currently appears difficult for the above mentioned systems to quickly 

change between various time delays. By contrast our setup requires no hardware modifications only  

quick changes in input parameters to sample time-points ranging from a few milliseconds to several 

minutes if large portions of the chip are sampled. Additionally, our setup provides the advantage of 

obtaining a dark-reference pattern for every crystal measured, which can potentially be turned into a 

novel data-analysis method 37. However, the most substantial advantage of our HARE approach is that 

it provides a solution for sampling very slow time-points with comparable throughput to that of fast 

time-points, in contrast especially to the tape drive approach. 

 

Radiation Damage 

Unfortunately, there are currently only very few studies addressing radiation damage for room-

temperature diffraction measurements and none that would specifically address this question for serial 

crystallography. Important differences for room temperature data collection are the rate of diffusion of 

free radical through the crystal lattice, the quenching of radicals by solvent molecules and most 

importantly free-radical recombination, which is ~107 times faster at room temperature than under 

cryo conditions38. Here, each crystal was probed with X-rays of the indicated energy (Supplementary 

Table 1, 2). For those time-points that were recorded using the HARE approach (752 ms, 2052 ms) 

each crystal was exposed twice, hence the total dose was 0.56 MGy and 0.74 MGy, respectively 

depending on the beamline. The Garman-limit for a cryo-cooled crystal lies at 43 MGy, while for 

room-temperature crystals the old Blake and Phillips value of 0.59 MGy is often quoted 39, 40. Our 

cumulative dose is either below this conservative level or only slightly exceeds this value. However, 

recently an inverse dose-rate effect was demonstrated for room-temperature data showing a positive 
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linear relationship between dose-tolerance and dose-rate providing an up to >110-fold increase in 

dose-tolerance 41, 42. The dose rate for our data-collection was at 5*1012 ph/s (10 MGy/s), while the 

inverse dose-rate effect was even observed at 108 ph/s, suggesting a more pronounced effect in our 

case. Consistent with the initial report, the inverse dose rate effect was later on demonstrated in a 

different study for a number of additional systems but with beam parameters highly comparable to 

ours. A clear lag-phase of >0.5 MGy was demonstrated for dose rates of ~1 MGy/s, where no loss of 

diffraction power can be observed 43. Although these data were recorded comparably rapidly, the total 

data collection exceeded hundreds of milliseconds, while our data were collected within a short single 

37 ms pulse. In combination with the ~10 times higher dose-rate we assume that the lag-phase for our 

experiment would exceed the 0.5 MGy value. In addition, the authors addressed the question of 

sample heating and found no significant increase in temperature, even for dose rates of ~25 MGy/s. In 

conclusion, previous experiments suggest that the dose-rates and cumulative doses applied in our work 

do not lead to major radiation damage.  This is corroborated by our structural findings demonstrating 

equivalent electron density distributions for the different radiation doses.  

 

Biological implications 

Our previous studies have shown that the loss of order of the cap-domain loop is associated with the 

biological function of FAcD and is not induced by X-ray damage 2, 3. We have determined several 

static, isomorphous structures, where both cap domains are present that support this finding (apo-

structures collected on a home source – PDB-ID: 5T4T, on a synchrotron - PDB-ID: 3R41, and an 

SSX structure ablated by an IR-pulse – PDB-ID: 5NYV, respectively). In structures that were co-

crystallized with various ligands the electron density for one or both cap domains is missing 

(measured on a home source - PDB-ID: 5K3F, 5K3E, 5K3B). In structures soaked with various 

ligands, one or both cap domains are missing (measured on home source and on a synchrotron 

beamline – PDB-ID: 3R3X, 3R3W, 3R3Y, 3R3V). Thus the increasing disorder in the cap-domain is 

indeed a mechanistic feature presenting during the catalytic cycle of FAcD. Consequently, we can 

observe the structural changes that are taking place during binding of the ligand and the subsequent 

increase in dynamics of the active site. The 752 ms time-point shows a Michaelis-complex (substrate 
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bound complex) of a catalytically active enzyme. In contrast, all previously described Michaelis 

complexes of FAcD were chemically trapped via a catalytically inactive mutant. However, in contrast 

to previous studies this time-resolved experiment investigates the wild-type enzyme at room 

temperature and hence reflects true snapshots of a ‘molecular movie’ of the catalytic process. 

 

Outlook 

With the current limitation of available XFEL beamtime, the ability to conduct TR-SSX experiments 

at widely accessible synchrotron sources offers a major advantage to the structural biology 

community. Due to the current limitations in brightness of synchrotron sources, studies of nano-

crystals or ultrafast time-scale structural dynamics still need to be conducted at XFELs. However, 

further increases in synchrotron brightness and improved detector technology promise to push this 

limit to the microsecond domain. Another possibility to increase the temporal resolution for time-

resolved synchrotron crystallography includes a Hadamard Transformation based approach, which 

would also benefit from the technical setup described here 44. Concordantly, the latter lays the 

groundwork to address questions about biological and enzymatic systems that could not be addressed 

previously. Its simplicity allows for easy transfer to other beamlines and requires little specialized 

training. Most importantly, currently the HARE approach offers the greatest versatility in addressing 

the biologically relevant timescales of enzymatic reactions in the millisecond to seconds time-scale.  
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Supplementary Tables  
 

Supplementary Table 1. Data collection and refinement statistics.  

 
Accession Code 

(Delay time) 
6GXH (0 ms) (6FSX) 30 ms 

(6GXD) 752 
ms 

6GXT (2,052 
ms) 

6GXF 
(RadDam1)  

6GXL 
(RadDam2) 

Data collection     
  

Space group P21 P21 P21 P21 P21 P21 

Cell dimensions       

a, b, c (Å)  
42.1 79.97 

84.79 
41.78, 79.38, 

84.47 
41.37, 78.54, 

83.51 
41.76, 79.54, 

84.46 
41.30, 78.56, 

83.57 
41.32, 78.54, 

83.56 

   (°) 
90.0, 102.9, 

90.0 

90.0, 102.9, 

90.0 

90.0, 102.8, 

90.0 

90.0, 102.9, 

90.0 

90.0, 102.9, 

90.0 

90.0, 102.9, 

90.0 

Resolution (Å) 
86.13 - 1.80 

(1.83 - 1.80) 

82.46 - 1.80 

(1.83 - 1.80) 

81.50 - 1.80 

(1.83 - 1.80) 

57.51 - 1.95 

(2.00 - 1.95) 

81.42 - 1.80 

(1.83 - 1.80) 

81.42  - 1.80 

(1.83 - 1.80) 
CC1/2 96.7 (60.0) 98.0 (86.4) 90.1 (67.1) 88.4 (55.7) 74.74 (41.1) 71.0 (39.6) 

I/s (I) 8.8 (3.7) 11.1 (5.8) 5.3 (3.3) 4.0 (1.8) 2.9 (2.1) 3.0 (2.1) 

Completeness (%) 99.9 (99.9) 100.0 (99.9) 100 (100) 99.9 (99.9) 99.8 (99.4) 99.9 (99.6) 

Multiplicity 132.2 (70.4) 268.3 (200.3) 39.5 (25.7) 59.2 (45.7) 9.2 (6.3) 9.5 (6.5) 

       
Refinement        

Resolution range (Å) 57.47-1.80 82.35-1.80 40.72-1.80 57.20-1.95 40.72-1.80 40.72-1.80 

No. reflections  50455 49794 48304 39350 48165 48202 

Rwork (%) / Rfree (%) 18.74 / 23.59 16.78 / 21.07 16.51 / 20.9 18.15 / 22.77 22.19 / 26.9 21.58 / 26.04 

No. atoms       
     Protein atoms 4722 4786 4815 4756 4748 4748 

     Ligand/ion 0 2 7 10 0 0 

     water 261 246 443 186 412 412 

B-factors        

     protein 25.93 22.94 21.12 27.87 21.14 24.5 
     Ligand/ion 0 43.55 26.69 26.47 0 0 

     water  33.06 34.33 34.16 34.91 32.31 32.68 

R.m.s. deviations        

     Bond length(Å) 0.007 0.012 0.016 0.008 0.006 0.007 
     Bond angles (°) 0.864 1.293 1.55 0.905 0.82 0.927 

Number of crystals (images) for earch structure is shown in Supplementary Table 2 * Values in parenthesis show the data in the outer 

resolution shell.  

 

Supplementary Table 2. Additional data collection and Ramachandran statistics 
 

Delay time 0 ms 30 ms 752 ms 2,052 ms RadDam1  RadDam2 

Data collection     
  

Diffraction weighted dose per 

crystal (MGy) 

0.37 0.37 0.56 0.74 0.28 0.56 

Exposure time (s) 0.037 0.037 0.015 0.037 0.015 0.015 

Energy (keV) 12.7 12.7 12.1 12.7 12.1 12.1 

Flux (ph/s) 5.00E+12 5.00E+12 1.00E+13 5.00E+12 1.00E+13 1.00E+13 

Beam size (µm) 5 x 9 5 x 9 4 x 9 5 x 9 4 x 9 4 x 9 

Wavelength (Å) 0.97626 0.97626 1.0089 0.97626 1.0089 1.0089 
Number of images included in 

scaling 

17128 23900 3318 5203 967 1008 

Wilson B-factor Å2 24.46 21.02 18.74 27.06 20.1 22.3 

Reflections observed 
6678211 

(576427) 

13358810 

(1605982) 

1910702 

(200204) 

2330728 

(288294) 

443142 

(48861) 

458342 

(50579) 

Reflections unique 
50502 (8192) 49797 (8019) 48357 (7783) 39351 (6312) 48178 

(7716) 

48210 

(7733) 

Reflections used for R-free 2561 1630 2388 1863 2387 2389 

       

Ramachandran statistics       
Favoured (%) 97.12 96.77 97.47 97.12 96.13 96.3 

Allowed (%) 2.88 2.89 2.36 2.71 3.37 3.03 

Outliers (%) 0 0.34 0.17 0.17 0.51 0.67 

* Values in parenthesis show the data in the outer resolution shell 
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Supplementary Notes 

Synthesis of the photocaged Fluoroacetate (pHP-FAc) 

General Remarks  

The melting point (m.p.) was measured on a Büchi M-560 apparatus in open capillaries. 1H NMR, 13C 

NMR, and 19F NMR spectra were recorded on Bruker AV III 400 and 500 spectrometers at 25 °C; 

chemical shifts (δ) are reported in ppm using the residual solvent peak as reference. Atom to peak 

assignment was based on COSY, HSQC, and HMBC experiments.  The infrared (IR) spectrum was 

recorded on a Perkin-Elmer Spectrum Two IR spectrometer, with the relative peaks intensities 

described as s (strong), m (medium) or w (weak), with br. (broad) if applicable. High-resolution 

electrospray ionization mass spectroscopy (HR-ESI-MS) was measured on a Bruker maXis 

spectrometer, and elemental analysis was measured with a LECO CHN/900 instrument.  

 

Reaction Scheme and Procedure 

 

 

Scheme S1. Reaction for the preparation of photocaged fluoroacetate (pHP-FAc) 

 

 

2-(4-Hydroxyphenyl)-2-oxoethyl 2-fluoroacetate 
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A solution of sodium 2-fluoroacetate (1.02 g, 10.23 mmol) in dry CH3CN/toluene 1:1 (100 mL) under 

an Argon atmosphere was treated with 18-crown-6 (2.70 g, 10.23 mmol) and 2-bromo-1-(4-

hydroxyphenyl)ethanone (2.00 g, 9.30 mmol), stirred at 40 °C for 44 h, and the solvents were 

evaporated. Purification by flash chromatography (SiO2; CH2Cl2/MeOH gradient 100:0 to 98:2) gave 

the product (1.58 g, 80%) as white crystals. 
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Rf = 0.23 (SiO2; CH2Cl2/MeOH 99:1);  m.p. 154–158 °C;  1H NMR (400 MHz, CD3OD): δ = 5.08 (d, 

J = 46.8 Hz, 2 H; CH2F), 5.50 (s, 2 H; CH2O), 6.85–6.92 (m, 2 H; H–C(3,5)), 7.82–7.93 ppm (m, 2 H; 

H–C(2,6));  13C NMR (101 MHz, CD3OD): δ = 67.48 (d, 4J(C,F) = 1.2 Hz; CH2O), 78.62 (d, 1J(C,F) = 

178.6 Hz; CH2F), 116.58 (C(3,5)), 126.97 (C(1)), 131.54 (C(2,6)), 164.57 (C(4)), 169.39 (d, 2J(C,F) = 

22.4 Hz; CH2FC=O), 192.07 ppm (OCH2C=O);  19F NMR (470 MHz, CD3OD): δ = –233.20 ppm (t, 

J = 46.7 Hz); IR (ATR):  = 3205 (br., s), 2931 (w), 1771 (s), 1660 (m), 1576 (s), 1370 (m), 1206 (s), 

1176 (s), 1078 (s), 962 (m), 841 (m), 698 cm–1 (m);  HR-ESI-MS: m/z (%): 211.0410 (100, [M – H]–, 

calcd for C10H8FO4
–: 211.0412); elemental analysis calcd (%) for C10H9FO4 (212.18): C 56.61, H 4.28, 

F 8.95; found: C 56.57, H 4.33, F 8.90. 

NMR spectra 

 

Figure SN1: 1H NMR (400 MHz, 298 K, CD3OD).   

   

˜ n 



 14 

 

Figure SN2: 13C NMR (101 MHz, 298 K, CD3OD).   

 

 

Figure SN3: 19F NMR (470 MHz, 298 K, CD3OD).   
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