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Abstract 

Droplet injection strategies are a promising tool to reduce the large amount of sample consumed in serial 

femtosecond crystallography (SFX) measurements at X-ray free electron lasers (XFELs) with continuous 

injection approaches. Here, we demonstrate a new modular microfluidic droplet injector (MDI) design that 

was successfully applied to deliver microcrystals of the human NAD(P)H: Quinone oxidoreductase 1 

(NQO1) and phycocyanin. We investigated droplet generation conditions through electrical stimulation for 

both protein samples and implemented hardware and software components for optimized crystal injection 

at the Macromolecular Femtosecond Crystallography (MFX) instrument at the Stanford Linac Coherent 

Light Source (LCLS). Under optimized droplet injection conditions, we demonstrate that up to 4-fold 

sample consumption savings can be achieved with the droplet injector. In addition, we collected a full data 

set with droplet injection for NQO1 protein crystals with a resolution up to 2.7 Å, leading to the first room-

temperature structure of NQO1 at an XFEL. NQO1 is a flavoenzyme associated with cancer, Alzheimer´s 

and Parkinson´s disease, making it an attractive target for drug discovery. Our results reveal for the first 

time that residues Tyr128 and Phe232, which play key roles in the function of the protein, show an 

unexpected conformational heterogeneity at room temperature within the crystals. These results suggest 

that different substates exist in the conformational ensemble of NQO1 with functional and mechanistic 

implications for the enzyme’s negative cooperativity through a conformational selection mechanism. Our 

study thus demonstrates that microfluidic droplet injection constitutes a robust sample-conserving injection 

method for SFX studies on protein crystals that are difficult to obtain in amounts necessary for continuous 

injection, including the large sample quantities required for time-resolved mix-and-inject studies. 

 

Introduction 

With nearly 205,000 structures deposited in the protein data bank (PDB) as of April 2023, protein X-ray 

crystallography has become one of the most successful structural biology techniques since the first three-

dimensional structure of a protein, myoglobin, was revealed. Insulin’s mechanism of action1 mass 

production of penicillin,2 understanding sickle cell anemia,3 the structure of DNA,4 and HIV inhibitors,5, 6 

are just a few of the many world-changing discoveries made possible by X-ray crystallography.7, 8 

Advancements in crystallography were enabled through technological improvements in sample handling 

such as the use of cryoprotectant mother liquors 9 to mitigate radiation damage and produce macromolecular 

structures at sub-zero temperature,10 and sealed crystal holders, oils, and humidified environments to slow 

down dehydration and prolong measurement times.11 The development of bright X-ray radiation sources 

such as 3rd generation synchrotrons and hard X-ray Free Electron Lasers (XFELs) has made it possible to 
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determine structures of  very weakly-diffracting biomacromolecular crystals at room temperature.12 These 

two X-ray sources are, however, characterized by significant differences in pulse duration, peak brilliance, 

and repetition structure and therefore require the development of different  approaches to sample handling.13  

With the increased availability of XFELs over the past 10 years, serial femtosecond crystallography 

(SFX) methods have been developed to obtain room-temperature structural information from crystals that 

are too small, weakly scattering, or radiation damage-sensitive to be probed at synchrotrons. 14, 15 In SFX, 

each crystal is typically exposed only once because the intense, ultrashort XFEL pulse triggers a cascade 

of ionization events that ends with the crystal exploding. However, as atomic motions of protein molecules 

inside crystals are slower than the duration of an XFEL pulse, diffraction patterns can be recorded on the 

detector before structure-altering radiation damage becomes apparent.16, 17 Since each diffraction pattern 

only measures partial Bragg reflection intensities at a single random orientation, few thousands of crystals 

are needed to collect a complete data set. 18 

XFELs generate femtosecond pulses at repetition rates in the range of 60 Hz to 4.5 MHz. Pulse 

repetition structures can be complex; for example, the European XFEL (EuXFEL) generates 10 X-ray pulse 

trains per second, with each train currently consisting of as many as 352 pulses spaced about 900 ns apart.19 

An example of a simpler pulse structure is the evenly spaced 120 pulse per second train at the Linac 

Coherent Light Source (LCLS) XFEL,20 which will be increased up to 1 MHz for LCLS-II in the future. A 

major drawback of SFX experiments at XFELs is the large amount of sample required in most instances. It 

can often take from months to years to produce protein crystals that are suitable for SFX experiments, and 

the resulting protein crystals are often more precious than diamonds.21 The choice of sample delivery 

method is thus crucial for the success of SFX experiments. An ideal sample delivery method must: 1) 

replenish crystals in the interaction region ideally at the same rate of the XFEL pulses;15 2) consider sample 

characteristics such as crystal size and morphology, fragility, and concentration; and 3) fulfill seemingly 

incompatible requisites, such as the need to work in vacuum to avoid background scatter from air, while 

preventing the sample from drying, freezing, or clogging.22 

The two most important metrics that should be considered when deciding on which sample injection 

system to use for a given experiment are the “hit rate” and “delivery efficiency”. The hit rate is defined as 

the fraction of XFEL pulses that produce a useful diffraction pattern (e.g., one with Bragg reflections). The 

delivery efficiency is defined as the number of useful diffraction patterns generated per sample quantity 

(e.g., hits per µL of solution for known protein concentrations or crystal density). Defined in this way, 

delivery efficiency is dependent on hit rate, and one might additionally define the “geometric efficiency” 

as the fraction of the sample volume that is exposed to X-rays. An ideal injector has a geometric efficiency 
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close to 1, a sample hit rate that depends on the stability of the injection set-up and sample quality (also 

close to 1), and a delivery efficiency that additionally depends on crystal size and density (it can exceed 1 

to account for multiple crystals interacting with the X-ray beam in a single shot). However, a number of 

complications must be considered, such as the effect of sample exchange on hit rate, the effect of sample-

loading dead volumes on delivery efficiency, and the effects of gas or liquid background signals on the 

ultimate signal-to-noise ratio of the measurement. 

Sample delivery methods roughly fall into three categories: injection methods, fixed-target methods, 

and hybrid combinations of these two methods.22 Methods based on injection deliver a thin stream of a 

crystal slurry that intersects the XFEL beam in either vacuum or helium and air atmospheres, typically 

using a gas dynamic virtual nozzle (GDVN).23, 24 However, the major drawback of jet injection is the fact 

that most crystals are never hit by the X-rays, with most of the sample wasted in between pulses, so that a 

complete dataset may require up to several hundred milligrams of crystallized protein. This is multiplied 

with each time point to be measured in mix-and-inject time-resolved (TR) crystallography experiments, 

where each time point requires the same amount of protein crystals to obtain a full data set.25-28 

Double flow focusing nozzles (DFFN),29 and co-flow of oil and aqueous sample injection30 have been 

developed to reduce the sample consumption, stabilize the flow, and reduce evaporative cooling in vacuum. 

In addition, viscous media injectors have been developed to create extremely low flow rates and reduce 

sample consumption significantly, though these are not fast enough to replenish crystals at MHz repetition 

rate XFELs. 31-34 Low flow rates for sample conservation during continuous liquid injection were also 

induced using an electrospinning principle with the MESH injector35, 36 at the expense of higher background 

when crystal slurries are probed in the electro-spun cone37 instead of the jet due to experimental 

optimizations of hit rates and potential impact on crystal structures. 

In fixed-target methods, the crystal suspension is loaded onto the surface of a solid support that is 

rastered through the interaction region of the X-ray beam. These devices use thin layers of materials such 

as silicon,38, 39 cycloolefin-copolymer (COC), 40, 41 polydimethylsiloxane (PDMS),42 COC/PDMS 

combinations,43 polyethylene terephthalate,44 graphene layers in combination with polymers,45 and 

polyimide.46 Typically, fixed-target devices enable high hit rates (10-40%) compared to the lower hit rates 

(1-10%) frequently achieved with continuous liquid delivery systems.47-50 However, despite the high sample 

hit rate, fixed-target devices usually require the use of more than one device for a complete data set and 

require time-intensive procedures to load each device and/or exchange with the previous one  (particularly 

for data collection in vacuum) during beamtimes. Evaporation during data collection can be problematic, 

and MHz repetition frequencies can hardly be achieved. Fixed targets also affect data processing when the 

devices cause non-uniform and/or systematically varying background due to misalignment with the 
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‘windows’ of the target, and residual salt traces from sample loading can result in additional diffraction 

spots. 

To address the unmet needs of lowering sample consumption with liquid crystal injectors, droplet-based 

injection methods have been recently developed. Aqueous sample droplets can be generated via 

piezoelectric51 or acoustic52 effects referred to as droplet-on-demand techniques.53 They allow droplet 

generation to match the pulse structures of current XFELs.54 However, drop-on-demand techniques are 

inherently limited by clogging effects through settling crystals and are currently incompatible with vacuum 

conditions. To overcome these limitations, we developed the use of segmented droplet generation, where 

crystal laden droplets are generated through sheering at a microfluidic intersection segmented by an 

immiscible oil.55, 56We demonstrated successful droplet injection for SFX experiments by solving the first 

room-temperature structure of the 3-deoxy-D-manno-octulosonate 8-phosphate synthase (KDO8PS) 

protein at the EuXFEL.57 We further developed this approach to match the 120 Hz repetition rate of the 

LCLS with a capillary-coupled version of the droplet injector.58 Here, we have designed a fully 3D-printed 

modular droplet injector (MDI) that integrates all necessary injector components, but with a significantly 

reduced footprint (about an order of magnitude in injector length) to ease the use of the injector in various 

XFEL experimental chambers. In addition, we have demonstrated the integration of the droplet injection 

with electrical triggering feedback control into the data stream at the MFX instrument at LCLS. This new 

capability allows for on-the-fly optimization of droplet injection parameters in order to maximize crystal 

hit rates.  

We demonstrate the successful use of the MDI for the proteins phycocyanin and the human NQO1 

(NAP(P)H:quinone oxidoreductase 1). We show that our injector reduces sample consumption by a factor 

of three to four and for the latter, we determined the first room-temperature SFX structure at 2.7 Å 

resolution. NQO1 is a flavoenzyme essential for the antioxidant defense system, stabilization of tumor 

suppressors, and the NAD(P)H-dependent two-electron reduction of a wide variety of substrates, including 

the activation of quinone-based chemotherapeutics.59-61 In addition, alterations in NQO1 function are 

associated with cancer, Alzheimer´s and Parkinson´s disease, which makes this enzyme an attractive target 

for drug discovery.62 Our results reported here provide important insight into the conformational 

heterogeneity of the human NQO1, highlighting the high plasticity of this enzyme in the catalytic site and 

hence shed light on the molecular basis of NQO1 functional cooperativity. 
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Materials and Methods 

Materials 

Perfluorodecalin (PFD) and 1H,1H,2H,2H-perfluoro-1-octanol (perfluorooctanol, PFO) were purchased 

from Sigma-Aldrich, USA. SU-8 developer was obtained from Microchem, USA. Deionized water (18 

MΩ) was supplied from a LA755 Elga purification system (Elga Lab water, USA) and isopropyl alcohol 

(IPA) and ethanol were obtained from VWR Analytical (USA) and Decon Labs (USA), respectively. Fused 

silica capillaries (360 µm outer diameter, 100 µm inner diameter) were purchased from Molex, USA. 

Hardman extra-fast setting epoxy was purchased from All-Spec, USA. Conducting silver epoxy was 

purchased from M.G. Chemicals Ltd., Canada, and insulated copper wire from Remington Industries, USA. 

E. coli BL21 (DE3) competent cells were purchased from Agilent technologies (USA). Yeast extract and 

tryptone were purchased from Condalab (Madrid, Spain). EDTA-free Protease Inhibitor Cocktail, isopropyl 

β-D-1-thiogalactopyranoside (IPTG), ampicillin, sodium phosphate, sodium chloride, imidazole, flavin 

adenine dinucleotide (FAD), sodium acetate, K-HEPES, and Tris-HCl were purchased from Merck 

(Madrid, Spain). Polyethylene glycol (PEG) 3350 was purchased from Hampton Research (USA).  

Modular Droplet Injector Design and Fabrication 

All components of the modular injection device were designed and fabricated as previously described.57 

Briefly, the devices were designed in Fusion 360 (AutoDesk, USA) or AutoCAD (AutoDesk, USA), 3D-

printed with a Photonic Professional GT 3D-printer (Nanoscribe GmbH, Germany) using IP-S photoresist 

(Nanoscribe GmbH, Germany), developed in SU-8 developer, and rinsed in IPA.  

The injection device consisted of three 3D-printed components: a droplet generator, a droplet detector, and 

a gas-dynamic virtual nozzle (GDVN)63, 64 (Figure 1). Studs and receptacles on the top and bottom of the 

corresponding pieces were added to connect the three components. In the first component, droplets were 

generated at the 45˚ intersection of a central and a lateral channel (cross-section100 µm x 100 µm). Two 

channels (350 µm x 100 µm x 50 µm) were included parallel to the main channel, separated from the 

droplet-generating junction by 5 µm and filled with conducting silver epoxy-filled electrodes. Each 

electrode was connected via a nickel-chrome wire inserted in the conductive channel and soldered to a 2 m 

copper wire insulated with enamel and the connection was sealed with heat-shrink tubing. The second 

component was an optical fiber detector holder, with a central channel for segmented liquid flow and two 

axial openings to fit and align the tips of two optical fiber cables. An auxiliary channel was wrapped around 

the droplet detector to facilitate connecting the gas line to the GDVN. The third component was the GDVN, 

as previously described.58 
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A 1.5 m long fused silica capillary was inserted into each of the droplet generator inlets and the detector 

holder gas line inlet and fixed using epoxy. After the capillaries were fully cured in place, the three 

components were joined together by plugging in the studs and receptacles and applying the epoxy. A fully 

assembled MDI device is depicted in Figure 1(c).  

Fluidic Operation and Setup 

Oil and crystal sample were loaded in custom stainless-steel reservoirs with plungers driven by high 

pressure liquid chromatography (HPLC) pumps (LC20AD, Shimadzu Co., Japan) with water as the 

hydraulic fluid. SLI-0430 and SLG-0075 (Sensirion, Switzerland) liquid-flow sensors were situated in the 

water lines upstream of the reservoirs. The pumps, sensors, and reservoirs were connected using PEEK 

tubing (Zeus, USA, 250 μm ID and 1/16-in OD) with fittings and ferrules from IDEX Health & Science 

LLC (USA).  

Throughout experiments at LCLS at the Macromolecular Femtosecond Crystallography (MFX) instrument, 

devices were mounted on a custom-made bracket provided by LCLS and installed in the Helium-Rich 

Ambient (HERA) chamber. The chamber helium pressure was regulated by a high-pressure gas valve 

(Proportion-air, USA). The capillaries, detector fibers, and insulated wires were fed through ports at the 

side of the chamber. Reservoirs containing the protein crystals were mounted on a modified version of a 

previous anti-settler device.65 The outlets of the oil and protein sample reservoirs were connected to the 

droplet generator via the assembled 100 µm inner diameter fused silica capillaries.  

Droplet Detector 

The droplet detector was realized with a 1470 nm, 5mW, single mode (SM), SC/FC terminated pigtailed 

laser diode (QPhotonics, USA) as the light beam source, as previously described.58 Single-mode bendable 

optical fiber (EZ_Bend, OFS, USA) and multi-mode (MM) optical fiber (ClearCurve, Corning, USA), both 

terminated with 1-mm outer-diameter custom zirconia ferrules (OZ Optics, Canada), were used for light 

delivery and collection, respectively. The ferrule-terminated patches were plugged into opposite sides of 

the 3D-printed detector holder to transversely illuminate and collect the light transmitted through the droplet 

detector holder channel. The refractive index and absorbance differences between the oil and aqueous 

droplets, as well as the droplet geometry, produced variations in the transmitted light intensity that was 

measured using a photodetector (ADAFC4, ThorLabs, USA).  

Droplet Shape Analysis 

The droplet shape and assessment of crystal content were analyzed for two systems of buffer-only and 

crystal-containing buffer droplets. The droplet detector signal was analyzed off-line using a custom 
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MatLAB code that tallied the absolute and local droplet minima past a set threshold. We quantified the 

signal variation between droplets with and without crystals, for 10 minutes (~72,000 droplets) for each 

condition and analyzed the number of local minima in each aqueous signal segment. 

Feedback Mechanism 

The droplet frequency and phase control were implemented using a Raspberry Pi microcomputer (Model 

B, Raspberry Pi Foundation, UK) outfit with a voltage measurement DAQ hat (MCC 118, Digilent Inc., 

USA), a digital delay generator (DG645, Stanford Research Systems, US), a high voltage amplifier (Model 

2210, Trek Inc., USA), and a Powerlab data acquisition system (8/35, AD Instruments, US). The droplet 

signal from the photodetector was analyzed concurrently with data collection using custom Python scripts 

applied to the Raspberry Pi, to diagnose the droplet frequency and the timing of the leading edge relative 

to the XFEL reference pulse. The script then calculated required parameter adjustments needed to maintain 

the leading edge at the desired position and applied them to the digital delay generator that drives the droplet 

electrical trigger. This feedback system allows for a fixed delay between the droplets and the XFEL 

reference over long measurement times. During XFEL experiments, a custom attenuator was used to feed 

the photodetector signal into the digitizer (DC282, Acqiris, Switzerland) for droplet signal recording 

through the MFX Experimental Physics and Industrial Control System (EPICS) system.  

Phycocyanin isolation and crystallization 

Cubic microcrystals of phycocyanin were grown on-site in the LCLS Biolabs at the Arrillaga Science 

Center (ASC) at SLAC National Laboratory (CA, USA). In brief, phycocyanin was isolated from the 

thermophilic cyanobacterium Thermosynechococcus elongatus as follows: the cells (50g) were harvested 

from 100 L cell culture by tangential filtration and then disrupted using a microfluidizer (Microfluidics 

Model M110-L). After differential centrifugation to remove unbroken cells, the photosynthetic membranes 

were washed 4 times as described in Gisriel et al.66 The third mixture of supernatant was used for isolation 

of phycocyanin. Phenylmethylsulfonyl fluoride (PMSF) was freshly added to the supernatant to serve as 

protease inhibitor (87 mg PMSF were dissolved in 1 mL of DMSO and 400 µL of this stock were added to 

400 mL of supernatant). The solution was clarified from the remaining thylakoid membranes by 

ultracentrifugation using a Ti45-rotor (Beckman, USA) with centrifugation at 45,000 rpm at 4°C for 1 hour. 

The supernatant was carefully removed and filtered through 0.2 µm filter cups (VWR Analytical, USA). 

Subsequently, the phycocyanin was further purified by ion exchange chromatography on a Q-Sepharose 

HP column and equilibrated with buffer A, which was comprised of 30 mM HEPES pH 7.0. A gradient of 

buffer B (30 mM HEPES pH 7.0, 200 mM MgCl2) was passed through the column with phycocyanin eluting 

at a concentration of 75 mM MgCl2. Absorbance spectra (260-700nm) were collected from all peak 
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fractions including the fraction that contained pure phycocyanin (absorption maximum at 620 nm) and were 

free of allophycocyanin contamination (indicated by a shoulder peak at 650 nm) as well as other protein 

contamination (indicated by a 620 nm to 280 nm ratio > 4). All batches were pooled and concentrated to 

50 mg/mL using 15 mL Millipore spin concentrators with molecular weight cut-offs at 50 kDa. The 

concentrated protein was frozen in 100 µL aliquots at -80°C and shipped frozen to the LCLS.  

Once onsite, phycocyanin was crystallized using the batch method in sets of 100 µL protein plus 100 µL 

precipitant. A small stir bar was added to the 500µL reaction vessel with the 100 µL protein solution 

(50 mg/mL) in buffer containing 30 mM HEPES pH 7.0 and 75 mM MgCl2. The protein was stirred at 200 

rpm and 100 µL of precipitant solution (25% PEG 3350 in 30mM HEPES and 75 mM MgCl2) were added 

in 16 steps with a 15 second time delay between steps. Crystals of 5-15 µm grew overnight at RT. For 

injection purposes, most phycocyanin batches were produced by resuspending the settled crystals in the 

crystallization solution (12.5 % PEG 3350 in 30mM HEPES and 75 mM MgCl2). Each crystallization 

experiment thereby yielded 200 µL of crystal suspension for sample delivery. Eight crystallization batches 

were combined and filtered through a 20 µm stainless steel frit with a PEEK ring (IDEX Health & Science 

LLC, USA). before being loaded into 1.5mL sample reservoirs. The final injection buffer varied in PEG 

3350 content from 12.5 to 18 %. 

NQO1 purification and crystallization 

Protein expression and purification of human NQO1 were carried out as previously described 67 with some 

modifications. Briefly, Escherichia coli BL21 (DE3) cells were transformed with pET46 Ek/LIC plasmid 

containing the cDNA of human NQO1 and grown overnight in 800 mL of lysogeny broth supplemented 

with 0.1 mg/mL ampicillin (LBA) at 37ºC. This starter culture was diluted in 4 L of fresh LBA and grown 

at 37ºC until the optical density at 600 nm reached values between 0.6 and 0.8. Expression was then 

triggered by the addition of IPTG at a final concentration of 0.5 mM. Induced cells were further incubated 

for 4 h at 28ºC, harvested by centrifugation, resuspended in 40 mL of binding buffer (BB: 20 mM sodium 

phosphate, 300 mM NaCl and 50 mM imidazole at pH 7.4) containing 1 mM PMSF, flash frozen in liquid 

N2, and stored at -80ºC. The following day, cells were lysed by sonication (3 cycles of 2 min each, 

alternating 2 sec ON / 2 sec OFF with 2 min rest on ice). The lysate was cleared by centrifugation at 30,000 

rpm at 4ºC for 40 min. The supernatant containing NQO1 was filtered through 0.45 μm filters and 

subsequently loaded onto an immobilized Ni2+ affinity chromatography column (Thermo Scientific™ 

HisPur™ Ni-NTA resin), which was previously equilibrated with BB. After collecting the flowthrough, the 

column was washed with 20 column volumes (CVs) of BB and eluted with 10 CVs of elution buffer (BB 

containing 500 mM imidazole). The eluted protein was dialyzed against 50 mM K-HEPES at pH 7.4. NQO1 

protein was further purified by size-exclusion chromatography (SEC) using a HiLoad 16/600 Superdex 200 
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prep grade (GE Healthcare) using 20 mM K-HEPES, 200 mM NaCl at pH 7.4 containing FAD at a final 

concentration of 1 mM. Pure protein was concentrated to a final concentration of 20 mg/mL using 30 kDa 

concentrators from Millipore, flash frozen and stored at -80ºC. The purity and integrity of the protein were 

checked by SDS-PAGE. 

Prior to the SFX experiment, initial crystallization trials were carried out using both the batch and the free 

interface diffusion methods68 from previously reported crystallization conditions69 for large crystals as 

reference. Microcrystals of the human NQO1 were obtained on-site in the LCLS Biolabs at the Arrillaga 

Science Center (ASC) at SLAC National Laboratory (CA, USA) by the batch with agitation method as 

follows: in a 3 mL glass vial, 100 μL of the protein solution at 25 mg/mL were slowly added dropwise to 

300 μL of the precipitant solution (0.1 M Tris pH 8.5, 0.2 M sodium acetate, 20 % polyethylene glycol 

(PEG) 3350, and 20 μM FAD) while stirring at 200 rpm. Upon addition of the protein, the solution turned 

turbid immediately and needle-shaped crystals of dimensions 10 × 2 × 2 μm3 grew at room temperature in 

about 6 h. This original crystal suspension was spun down at 150 rpm, 25% of the supernatant was removed, 

and the pellet was resuspended in the remaining volume prior to loading into a sample reservoir. Sample A 

and B resulted from two different crystallization batches, but were otherwise similar. A schematic of the 

crystallization set-up and the NQO1 microcrystals is illustrated in Figure S-1.  

Data collection and structure determination 

NQO1 and phycocyanin SFX data were collected at the MFX instrument at LCLS during beamtime LW79 

using the MDI device presented in this study. Diffraction snapshots were recorded on the ePix10k 

detector70at an X-ray energy of 9.6 keV using a pulse duration of 40 fs. The sample-to-detector distance 

was 86.3 mm. A customized version of OM (OnDA (Online Data Analysis) Monitor) 71was used for live 

feedback of crystal and droplet hit rates based on X-ray scattering.58 In addition to X-ray scattering analysis, 

OM integrated data from the optical droplet detection system described above. This integration enabled 

visualization of the correlation between optical droplet detection and X-ray interaction with droplets and 

crystal diffraction. For the structure solution of NQO1, a total of 1,533,276 frames were collected, of which 

10,269 were classified as hits by the Cheetah software.72A more stringent hit-finding procedure within 

CrystFEL identified 7,598 hits. About 48% of the identified hits could be indexed, giving rise to a total of 

4,317 indexed lattices. The Bragg reflections were integrated using the software package CrystFEL73 

(version 0.10.1) after indexing was attempted with CrystFEL’s indexamajig using the algorithms 

XGANDALF74, MOSFLM75 and DIRAX,76 in that order. The intensities were converted to structure factor 

amplitudes using AIMLESS (from the CCP4 suite package77), and a fraction of 5 % reflections were 

included in the generated Rfree set. Phasing was performed using molecular replacement with PHASER78 
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using the PDB code 1DXQ79 as the search model. The obtained model was refined using alternate cycles 

of automated refinement with REFMAC580 and manual inspection was performed with COOT81.  

The same hit finding and indexing procedure was applied for the case of phycocyanin, with 625,979 frames 

collected, and an initial number of 9,257 hits identified with CHEETAH. CrystFEL retained 8,172 of these 

hits, of which 5,216 were successfully indexed giving rise to individual 7,465 crystal lattices. The structure 

was solved and refined as described previously.82 

All data collection and refinement statistics of both proteins are summarized in Table S-2. All Figures of 

the NQO1 structure presented in this manuscript were generated with PYMOL.83 The final refined structure 

was validated using the PDB Validation Service and submitted to the Protein Data Bank for deposition with 

PDB 8C9J (NQO1) and 8FWA (phycocyanin).  

 

Results and Discussion 

Segmented droplet generation with the ultimate goal to significantly reduce sample waste in SFX 

experiments was previously demonstrated with the structure of the enzyme KDO8PS at the SPB/SFX 

instrument at the EuXFEL in a vacuum chamber57 and more recently with KDO8PS and lysozyme crystals 

at the MFX instrument at LCLS.58 Here, we focus on improvements to four important aspects to segmented 

droplet injection: droplet generation, droplet detection, jetting the crystal-laden droplets into the XFEL path, 

and a system for synchronizing the droplet arrival to the region of interaction with the beam and the XFEL 

pulses. We present a single, fully 3D-printed modular droplet injection (MDI) device, with an order-of-

magnitude smaller footprint than our previous design. In the MDI, the droplets are generated at less than 

3 mm from the nozzle orifice, with advantages for droplet synchronization discussed later in this manuscript 

(Figure 1). The droplet generation software and hardware have been re-designed to incorporate a 

synchronization control strategy for the electrically stimulated droplet release and to fulfill the requisites of 

the LCLS MFX instrument, where these advancements have been applied to NQO1 and phycocyanin 

protein injection and serial crystallography.   

MDI Design and Droplet Detector Characteristics 

A schematic representation of the MDI experimental setup is shown in Figure 1(a), and the employed 

experimental setup is depicted in Figure S-2. Oil and sample are displaced using HPLC pumps from steel 

reservoirs into capillaries leading to the y-shaped droplet generator, where crystal-laden droplets segmented 

by oils are formed at a natural frequency governed by the employed flow rates. The droplets then flow 

through the droplet detector into the GDVN and are jetted into the XFEL path. The droplet generator, 
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detector, and nozzle components are depicted in Figure 1(b) and (c). The three pieces have interlocking 

studs and receptacles for adjoining the pieces into the final device assembly. The geometry and placement 

of these elements have been carefully optimized through several iterations to the final design shown in 

Figures 1 (b) and (c). The distance from the droplet generation to the GDVN opening is 2.5 mm, much 

shorter than in our previous capillary coupled devices (>10 mm).58 Given the mechanically noisy 

environment of the XFEL, generating the droplets as close as possible to the GDVN is key to maintaining 

synchronization between droplets and X-ray pulses.  

 

Figure 1: (a) Schematic set-up of the MDI and control hardware (not to scale) implemented at the MFX 

instrument. (b) Graphic of the three MDI components: 1) droplet generator, 2) droplet detector, 3) 3D-

printed GDVN. Three silica capillaries (orange) deliver the oil/sample solutions and the GDVN sheathing 

gas. The NiCr wires (black) attached to the droplet generator allow electrical droplet stimulation. (c) A 

microscopic image of the MDI fully assembled with the same components as in (b). 

The new MDI design integrates the fiber-optic droplet detector, a critical element for diagnosing the droplet 

generation frequency and the feedback loop control applied for droplet synchronization with the XFEL 

pulses. In contrast to our previous realization of this detector,58 the fibers are inserted in a high-resolution 

3D-printed holder section. This allows for high-precision positioning of the optical fibers relative to the 

fluid channel integrated in the optical fiber holder, while connecting the droplet generator at the top, and 

the nozzle at the bottom. The microfluidic channel in the fiber holder directly receives the generated 

segmented droplet/oil liquid without the need for interconnecting capillaries. The close proximity of the 

three printed MDI elements minimizes the distance the droplets travel before reaching the GDVN, which 

helps maintain synchronization and spatial overlap between the X-ray pulses and crystal-laden droplets. In 

addition, the new droplet detector holder design required a unique solution to attach the fused silica capillary 

delivering He gas to the GDVN for jetting. Since the fused silica capillary is too stiff to be attached to the 
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small footprint GDVN, a channel transporting He to the GDVN was created at the periphery of the droplet 

detector holder (see Figure 1 (b)-(c)). 

Droplet detection is based on refractive index differences between oil and aqueous buffer droplets from an 

incident 1470 nm wavelength laser beam transmitted through an optical fiber. The walls of the central 

channel transporting the droplets are 100 µm thick, leading to insignificant attenuation of the signal as 

determined with a power meter.58 The droplet signal shape and intensity can occasionally vary between 

various detector holders and runs. These variations can be ascribed to the manual insertion of fibers, in-

house fiber termination with custom ferrules (see methods section for details), and differences between the 

3D printed devices. The assembly was still rigid enough to allow for reliable droplet detection, while the 

signal intensity differences were compensated by adjusting the laser intensity and the sensitivity of the 

photodetector.   

Crystal-laden droplets produce droplet detection signals that differ significantly from buffer-only droplets, 

which can be used as a valuable diagnostic tool, as demonstrated in Figures 2(a-d). Aqueous droplets appear 

as valleys in the detector signal since the transmittance of aqueous solutions is lower than that of the oil at 

1470 nm. These valleys are often bound by sharp peaks caused by refraction at the moving oil/sample 

interface, with an intensity and slope that depends sensitively on droplet geometry and composition. The 

signal corresponding to aqueous buffer-only droplets appears as a fairly smooth, reproducible trace. In 

contrast, the crystal-laden droplets produce irregular ripple patterns in the corresponding signal. This 

contrast for droplets generated with and without crystals is shown in Figures 2(a-b) and (c-d) for NQO1 

and phycocyanin, respectively. The signal ripple is caused by the laser beam absorption and refraction due 

to variable numbers of protein crystals with different shapes and sizes. The signals for droplets containing 

NQO1 or phycocyanin crystals showed twice as many minima than the signal for buffer-only droplets 

(Figure 2(e)) assessed on ~72,000 droplets per condition, where the minima in the buffer-only droplets are 

due only to the leading and ending edges of the droplet. The protein NQO1 forms needle-shaped crystals 

with a large aspect ratio (typically 10 x 2 x 2 µm3), while phycocyanin forms cubic crystals (with sides 

around 20 µm). Regardless of the crystal shape and size, however, the signal variation for crystal-containing 

droplets was significantly larger than for buffer-only droplets, which served as an excellent diagnostic to 

verify that the crystals were transported in droplets to the GDVN for injection into the path of the XFEL.   
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Figure 2: Droplet detector voltage output for (a) NQO1 buffer-only droplets, (b) NQO1 crystal-containing 

buffer droplets, (c) phycocyanin buffer-only droplets, and (d) phycocyanin crystal-containing droplets 

where the red stars indicate the local minima. (e) Comparison of local minima per droplet for buffer-only 

and crystal-containing droplets for NQO1 and phycocyanin.  

Droplet Generation and Injection Performance 

Droplet release in the droplet generator was electrically triggered to improve droplet synchronization with 

the pulsed XFEL. The MDI droplet generator is located a few mm above the interaction region of the jet 

with the XFEL beam. This distance varies due to the manual assembly of the devices and XFEL beam 

alignment. The droplet signal measured at the MDI was fed into a control loop to correct for any spatial 

variations, and therefore adjust the timing of the crystal-containing droplet arrival to the region of 

interaction with the XFEL beam. A custom Python script applied through a Raspberry Pi was used to 

compare the occurrence of the leading edge of the droplet signal and the XFEL reference signal. The 

calculated time difference was used to adjust the timing of the droplet electrical stimulation, to produce and 

maintain a user-defined optimal droplet edge position, 𝜙𝑠. The script updated the delay generator 

parameters (amplitude, duration, and delay) every 120 droplets. The output pulse from the delay generator 

was then amplified 100 times and sent to the electrodes within the droplet generator to stimulate the droplet 

release. The electrodes in the MDI droplet generator region are shown in Figure 1(c) for reference.  

The successful implementation of the feedback mechanism was demonstrated with the injection of NQO1 

and phycocyanin crystal laden droplets (Figures 3(a) and (b), respectively). The waterfall representation 

consists of heat plots of the droplet detector signal stacked at 8.3 ms intervals, where the start and end of 

each stacked line correspond to one period of the XFEL reference, i.e., the time between X-ray pulses. The 

waterfall plot provides an intuitive graphical representation of the droplet phase delay, 𝜙𝑠, marked in red 
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relative to the XFEL reference. The applied electrical stimulation timing (phase) and duration are shown as 

white bars overlapped on the waterfall plots. In Figures 3(a) and 3(b), the electrical stimulus duration was 

1 ms with an amplitude of 50 and 150 V, respectively. The intensity of the electrical stimulus was 

experimentally adjusted until the minimum voltage that produced the desired effect in the droplet frequency 

was found, which varied with the buffer composition. During the representative waterfall plot for NQO1 

crystals shown in Fig. 3a, the feedback control was programmed to produce 𝜙𝑠 of 3.5 ms between the XFEL 

reference and the leading edge of the droplet. Figure 3(b) depicts a waterfall plot for injected phycocyanin 

crystals, where the target droplet edge position was set to 2 ms for the first two min, and then changed to 

4 ms for the remaining 8 min.  

 

Figure 3: A characteristic waterfall plot depicting the background of oil in teal, the protein crystal-

containing droplet in deep blue, the trigger signal in white, and ϕs as a red dashed line for continuously 

triggered and locked-in droplets at 120Hz for (a) NQO1 and (b) phycocyanin during LW79 at the MFX 

instrument. 

 

A further improvement to previous segmented droplet injection58 constitutes the integration of the droplet 

feedback mechanism with the LCLS data acquisition system to capture the droplet traces through a high-

speed digitizer. Integration into the EPICS data stream enabled droplet injection diagnostic comparisons to 

metrics such as the crystal hit rate and the correlation of programmed 𝜙𝑠 to droplet hit rates, which were 

visualized with OM. Droplet hit rates provide a measure of synchronization between droplet arrival at the 
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point of intersection with the XFEL beam pulse through assessment of the scattering differences between 

oil and sample, as previously described.58 To further optimize the synchronization of the droplets with the 

XFEL using the EPICS interface, an automated parameter scan was realized with a custom Python script 

to rapidly and reproducibly adjust the droplet triggering conditions until maximal crystal diffraction was 

collected.  

We investigated the electrical stimulation parameters including the duration and amplitude of the electrical 

stimulus, and the ability to reproducibly align the leading edge of the droplet to a pre-set 𝜙𝑠 with this 

parameter scan tool. Figure 4 illustrates droplet signal traces stacked as waterfall plots resulting from 

parameter sweeps during NQO1 (Figure 4(a) and 4(c) and phycocyanin Figure 4(b)) injection. The data 

acquisition was limited to only the first 6.3 ms of the 8.3 ms XFEL period due to the digitizer properties. 

Figure 4(a) illustrates a sweep where the target phase between the droplet leading edge and the XFEL 

reference was set to 1, 3, 5, and 7 ms, each maintained for 3 min, using a 1 ms long and 70 V electrical 

trigger pulse while NQO1 was injected in droplets. Evidently, the leading edges of the droplets within the 

8.3 ms XFEL period align as per the programmed delay. For 5 and 7 ms, the leading edge follows the 

programmed 𝜙𝑠; however, the droplet appears wrapped around the XFEL reference because the droplet 

signal overlaps and extends beyond the next XFEL reference. 

We further investigated the capability of shifting the leading edge of the droplet in reference to the XFEL 

pulses with phycocyanin crystals (Figure 4(b)). For this sample, an amplitude of 130 V and a 1.5 ms 

duration was used for the electrical stimulus while performing a stepwise sweep of programmed target 

droplet leading edge of 1, 3, 5, and 7 ms each recorded during a 3 min run. As in the case of the NQO1 

sample (Figure 4(a)), the observed droplet leading edge changed according to the programmed 𝜙𝑠. These 

two examples demonstrate that 𝜙𝑠 can be adjusted for different crystal samples, which is important for 

further optimization of droplet arrival with respect to the XFEL pulses, as discussed below. 

The parameter sweep module also enables the investigation of the influence of the electrical stimulus 

duration. An example of this capability is shown in Figure 4(c) with NQO1 as the sample, where the 

programmed electrical stimulus duration was changed from 0.5 to 2 ms in steps of 0.5 ms while keeping 

the desired edge position of the droplet constant at 3 ms. Additionally, Fig. S-3 shows the edge positions 

for the 12 minutes of droplet generation (~86,000 droplets), where the electrical stimulus duration was 

varied. The shorter 1 ms and 0.5 ms trigger durations provided the most stable droplet injection, with the 

droplet edge position most focused around the desired edge position of 3 ms.  
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Figure 4: Examples for parameter sweeps to diagnose the droplet injection conditions: (a) The leading 

droplet edge position was changed from 1 to 7 ms in 2 ms steps, each being recorded for a 3 min run. The 

injected sample was NQO1. (b) as in (a), but the sample was phycocyanin. (c) The trigger duration was 

changed across 4 runs for NQO1 from 0.5 ms to 2 ms in steps of 0.5 ms. The greyscale color bar represents 

the amplitude of the droplet signal in volts and the red dotted line ϕs.  

The automated parameter sweep tool could eventually be further developed to scan other electrical stimulus 

parameters such as amplitude and duration, for optimized synchronization with the XFEL. As previously 

investigated, droplets are released by an electrical trigger-induced electrowetting effect.55 This effect 

appears upon a trigger amplitude threshold, above which the droplet generation frequency stabilizes. During 

the LW79 beam time, the trigger amplitude was manually adjusted at the start of every run that used a new 

sample or a new device, using stepwise voltage increments until the droplet frequency stabilized around 

120 Hz. The threshold ranged from 70 to 200 V. We ascribe this variability to the effects of the buffer 

conductivity and small size differences across the manually assembled devices affecting the electric field 

distribution. 

Using the parameter sweep tool, the droplet hit rates as well as crystal hit rates could be correlated to the 

desired droplet leading edge position. The histogram of Figure 5(a) depicts the number of events with a 

given leading-edge position in relation to the XFEL reference, measured during a programmed sweep where 

the target droplet leading edge was set to 1, 3, 5, and 7 ms, each setting maintained for 3 min. The frequency 

distribution of the measured droplet’s leading-edge positions is roughly centered around the corresponding 

set 𝜙𝑠, demonstrating that setting 𝜙𝑠 to a desired value results in the expected droplet position relative to 

the X-ray pulse to enable synchronization with the XFEL pulse scheme. Figure 5(b) shows the crystal and 
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droplet hit rates corresponding to the sweep in Figure 5(a). The crystal hit rate was computed as previously 

described by Barty et al.72 and the droplet hit rate indicates the fraction of patterns for which water solution 

scattering indicated the presence of the sample droplet.58 Both the droplet and crystal hit rates were 

significantly larger when the programmed edge position was 3 ms for this buffer system and this particular 

MDI (Fig 5(b)). We also applied this triggering parameter optimization strategy to a phycocyanin crystal 

sample (see Figure S-4). In this case, a 𝜙𝑠 of 5 ms resulted in the largest droplet and crystal hit rates, 

followed by 𝜙𝑠 = 3 ms. The results presented in Fig. 5 and Fig. S-4 demonstrate the success of controlling 

the phase of the droplet leading edge through electrically stimulated triggering as a strategy for 

maximization of hit rates, which can be applied to protein crystals with different crystallization and 

injection requirements. The triggering parameter space can be used to find optimized conditions for 

synchronizing the timing of the droplet arrival to the point of intersection with the XFEL pulses during 

droplet injection SFX experiments, including not only at the 120 Hz pulse frequency of LCLS, but also at 

XFELs with different pulse structures.  

 

Figure 5: Implementation of the parameter sweep for NQO1 with variation of phase delay (𝜙𝑠). (a) 

Probability of NQO1 laden droplet leading edge as obtained from a parameter sweep for 4 set-points. (b) 

Normalized droplet hit rate (blue) and crystal hit rate (black) during this parameter sweep for droplets 

containing NQO1 crystals. Patterns for each 𝜙𝑠 were 1 for 1 ms, 153 for 3 ms, 1 for 5 ms and 1 for 7 ms. 
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The parameter tool and its capabilities were tested in the last shift of the LW79 experiment, while the 

modular droplet injector was further characterized for several batches of NQO1 and phycocyanin and 

injection conditions during the preceding shifts. Table 1 and S-1, for NQO1 and phycocyanin, respectively, 

compare droplet injection with the continuous flow injection with a GDVN. While droplet generation was 

sustained for 6 to 12 hours over the course of one shift, these tables only summarize conditions where 

droplet generation and continuous flow injection were optimized for diffraction data collection.  

Injection conditions for two different batches of NQO1 (sample A and B) are detailed in Table 1. For sample 

A, it is worth noting that the overall crystal hit rate was low when injected continuously with a GDVN, 

resulting in an average delivery efficiency of 9.4 indexed patterns per injected µL of sample (𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒). 

When droplets were generated, but the phase delay was not optimized for droplet hits (𝜙𝑠=1, 4 or 8 ms), 

the delivery efficiency dropped to 8.0. This is expected, since active triggering with a non-optimized phase 

delay can reduce the likelihood of sample being in the X-ray interaction region when the XFEL pulses 

arrive (potentially, the hit rate can drop to zero with an ideal injector and incorrect phase). However, Table 

1 demonstrates that 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 increases significantly when 𝜙𝑠 is programmed to 3 ms, in agreement with 

the parameter sweep results demonstrated above. Interestingly, when 𝜙𝑠= 2 ms, 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 is still high 

compared to GDVN injection, indicating that the optimized 𝜙𝑠 is probably in between 2 and 3 ms. We 

attribute this to the finite volume of the droplet, which results in a partial overlap with the XFEL pulse and 

therefore still results in about 3-fold higher 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 as compared to continuous injection for the 2 ms case. 

We note that 𝜙𝑠= 3 ms resulted in the highest 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒, which outperformed the continuous GDVN 

injection by a factor of 4. Since the droplet hit rate with the X-ray pulses was on average 7% with the 

optimal phase delay of 3 ms, further optimization of the injector to enhance stability and maximize droplet 

synchronization with the XFEL beam could yield further improvement in sample saving efficiency relative 

to GDVN systems. Furthermore, the highest diffraction resolution observed for NQO1 resulted in 2.2 Å for 

both the continuous GDVN and droplet injection for sample A, demonstrating that the droplet encapsulation 

in an immiscible oil phase does not affect the crystals or that the oil background contribution obscures the 

weaker, high-resolution reflections. 

In addition, NQO1 sample B shows the same trends as sample A. When 𝜙𝑠 is optimized, there is a 3-fold 

increase in 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 compared to continuous injection. In this case, 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 is lower for the optimized 

phase delay; however, the diffraction resolution is higher. This could indicate that the crystals were smaller 

in size and potentially less concentrated than the batch of sample A.  
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Table 1: Comparison of modular droplet injection and continuous injection for two batches of NQO1 

crystals. 

Sample 
Injection 

Method 

𝜙𝑠  

(ms) 

Sample Flow 

Rate (µL/min) 

Indexed 

Patterns/µL 
Resolution 

A 

Droplets 1, 4, 8 3.6 8.0 

2.2 Å 
Droplets 2 3.0 28.4 

Droplets 3 3.4 39.9 

Droplets 4 4.0 7.5 

GDVN - 20 9.4 2.2 Å 

B 

Droplets 1,2,4,5,7 3.7 3.3 
1.9 Å 

Droplets 3 3.7 9.5 

GDVN - 20 2.2-3.4 1.9 Å 

 

For phycocyanin, two different sample batches (C, D) with varying PEG concentrations and thus viscosities 

were contrasted to GDVN injection (E) in Table S-1. As observed with the parameter sweep (see Fig. S-4) 

𝜙𝑠=3 and 5 ms yielded the highest droplet and crystal hit rates. Table S-1 confirms this since a two and a 

3-fold increase of 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 over continuous injection was obtained. However, when a non-optimal 𝜙𝑠 was 

employed, there is still a 2-fold increase in 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒, indicating that the droplet delay was possibly prone 

to more variations in the case of phycocyanin as compared to NQO1. If the droplet generation is less stable, 

even non-optimized droplet generation can lead to a higher 𝐼𝑃𝑆𝑎𝑚𝑝𝑙𝑒 as compared to the continuous GDVN 

injection. Furthermore, as for the NQO1 sample, phycocyanin did not result in significant changes in the 

diffraction resolution between the droplet-based and continuous injections. In summary, the detailed 

analysis presented in Table 1 and S-1 lead to the conclusion that the sample could be conserved by up to a 

factor of 4 and potentially even further with optimization of droplet release and synchronization. We 

hypothesize that this could be achieved with improved pump instrumentation capable of enhanced flow rate 

stability along with the minimization of the distance between the droplet generation and the liquid jet. The 

sample flow rates in this work were below 5 µL/min, which would lead to a regime in which the employed 

GDVN was not able to generate a stable jet (data not shown). These flow rates are compatible with other 

injectors, such as the DFFN.29 We point out that segmented droplet injection is favorable in SFX 

experiments under vacuum, while the immiscible oil phase further prolongs the injector lifetime and the 

length of the jets, as previously observed.30, 58 

NQO1 SFX Structure 

As demonstrated above, droplet injection with NQO1 crystals was successfully implemented at the MFX 

instrument with appropriate diagnostics, and the first room-temperature structure of the human NQO1 was 

solved at 2.7 Å resolution from microcrystals delivered with the modular droplet injector. Data analysis on 
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a refined subset of data on sample B (defined above) revealed a space group of P212121 with two dimers in 

the asymmetric unit and the following unit cell parameters: a=61.4 Å b=107.6 Å, c=198.1 Å, α=β=γ=90° 

(Figure S-5). Sample B was selected since it diffracted to higher resolution and the collected data was highly 

isomorphic (the flexibility of the MFX beamline, can lead to slight variations in the reported unit cell when 

adjusting the set up during data collection, such as exchanging the nozzle). Figure 6 illustrates the two 

dimers in the asymmetric unit. Figure S-6 shows a representative snapshot with diffraction up to ~2 Å 

resolution. The final model was refined to a 2.7 Å resolution, with final Rwork and Rfree of 21.1 % and 24.5 %, 

respectively. All data collection and processing parameters and statistics are presented in Table S-2. The 

high quality of the NQO1 structure can be assessed from the electron 2mFo-DFc density maps shown for 

the catalytic site residues and the cofactor FAD (Figure 6(b)).  

 

Figure 6: SFX structure of human NQO1 obtained at MFX. (a) The two dimers of NQO1 in the asymmetric 

unit are depicted. The individual monomers are highlighted in green, yellow, orange, and light blue. The 

cofactor FAD is shown as pink sticks. The catalytic site of one of the monomers is black-boxed. (b) Closer 

view of the catalytic site in (a). The electron 2mFc-DFo density maps at the catalytic site contoured at 1σ 

are shown. Residues Tyr126, Tyr128, and Phe232 which are key in the function of the enzyme are 

highlighted. Our results also suggest the presence of different conformational sub-states prior to NAD(P)H 

binding and consequent flavin reduction, thus supporting a conformational selection mechanism and 

providing structure-function information at high resolution.  

 

Further evaluation of the NQO1 structure quality was carried out by comparing it with crystal structures 

reported at cryogenic conditions such as PDB entries 1D4A79, 1DXQ79, 5A4K84, and 5EA285. Overall, all 

the NQO1 structures aligned very well with each other, with average root-mean-square deviation (RMSD) 

values of 0.378 Å for the Cα atoms. The global RMSD of 0.867 Å suggests slightly higher structural 

differences when the whole protein molecule is considered, mainly due to mismatch from flexible loops as 

well as solvent exposed regions, as one would expect. 
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Our structure represents the holo protein structure at room temperature, whereas the published structures 

were determined under cryogenic conditions with a cryo-protectant.79, 84, 85 It is well known that the cryo-

protectant, as well as the freezing process, can induce conformational changes that represent a narrow subset 

of all the possible conformations at room temperature. These differences between room-temperature and 

cryogenic crystallography structures have been experimentally observed for several proteins.86-93 A careful 

analysis of our NQO1 structure has further revealed that residues Tyr128 and Phe232, which play a key 

role in the function of the protein,94-98 show an unexpected flexibility within the crystals (Figure 7(a)). In 

contrast, in all the previously reported cryogenic structures, these two residues have been typically found 

in a similar conformation79, 84, 85(Figure 7(b)). The difficulty of obtaining structural and dynamic 

information by standard macromolecular crystallography at cryogenic conditions at synchrotrons has 

prevented researchers from observing this behavior from a structural perspective. Our findings offer new 

light on the previous reports of the two active binding sites of NQO1 acting cooperatively and displaying 

highly collective inter-domain and inter-monomer communication and dynamics.98-102 

 

 

Figure 7: (a) Superimposition of the four monomers found in the asymmetric unit of the NQO1 structure 

determined at MFX. Residues Tyr126, Tyr128, and Phe232, key for NQO1 function, are represented as 

sticks. FAD is labeled accordingly and represented as pink sticks. (b) Superimposition of the four 

unliganded cryogenic structures of NQO1 (PDB 1D4A,79 PDB 1DXQ,79 PDB 5A4K84 and PDB 5EA285). As 

in (a), the key residues and FAD molecule are highlighted. 

 

Here, we present novel SFX data showing the conformational heterogeneity of NQO1 at room temperature. 

The electron density at the NQO1 catalytic site has been revealed with an extent of detail, i.e., the Tyr128 

and Phe232 residues (Figure 7), up to date not unveiled by structures determined at cryogenic 

temperatures.79, 84, 85 The conformational heterogeneity observed in our room temperature SFX structure of 

the human NQO1 highlights the high plasticity of this enzyme’s catalytic site. Our results also suggest the 
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presence of different conformational sub-states prior to NAD(P)H binding and consequent flavin reduction, 

thus supporting a conformational selection mechanism and providing structure-function information at high 

resolution.  

 

Conclusion 

For the first time, we demonstrate the use of a modular, fully 3D-printed droplet injector with a reduced 

footprint for SFX at the MFX instrument at LCLS. The droplet generation via electrical triggering was 

carefully optimized and integrated into the EPICS data recording system at the MFX instrument. 

Furthermore, we demonstrate how droplet injection parameters can be optimized based on the duration and 

amplitude of the employed electrical stimulus, but importantly, also based on the phase delay of the droplet 

with respect to the XFEL reference. For both NQO1 and phycocyanin, we found optimized droplet and 

crystal hit rates, which resulted in a larger number of indexed patterns compared to continuous GDVN 

injection. For NQO1, this amounted in a decrease in sample waste by a factor of four, whereas for 

phycocyanin, which was injected in a more viscous buffer, a 3-fold improvement was observed. Further 

improvement of droplet synchronization efficiency may be realized with additional stabilization of the flow 

rates at or below 5µL/min. Since the droplet injection diagnostics was implemented in the data stream at 

MFX, segmented droplet injection holds promise to be applicable for many other protein crystal samples, 

not only at MFX but other XFEL instruments, including vacuum chambers, with which our segmented 

droplet approach is compatible.57 In addition to demonstrating the tunability and optimization of droplet 

generation for SFX at XFELs, the modular injector used in this work was successfully applied to obtain the 

first SFX room-temperature structure of NQO1 at 2.5 Å resolution.  

NQO1 is a biomedically relevant protein that displays functional negative cooperativity.98, 99 However, 

there is no structural evidence describing this communication so far. Our results highlight the power of the 

SFX technique to describe the structure-function relationships in detail. In addition, our room temperature 

SFX structure highlights the high conformational heterogeneity of this enzyme in the catalytic site, and 

hence shed light on the molecular basis of NQO1 functional cooperativity previously described from 

experiments in solution.98-101 From an equilibrium point of view, the presence of different conformational 

substates (with potentially different functional properties) supports that cooperative effects may arise from 

a conformational selection mechanism upon ligand binding.102 Thus, understanding the NQO1 structure-

function relationships and interaction with ligands (substrates and inhibitors) at the molecular level will be 

critical to unravel its role as an antioxidant and a potential target to treat common diseases by advancing 

the design of new, more potent, and effective inhibitors that can be used in the clinical realm. In the future, 
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we also plan to perform time-resolved SFX studies in combination with the segmented droplet injector on 

NQO1 to investigate if the here-reported structural changes relate to functionality involved in the catalysis 

mechanism of the enzyme. 
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