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A sample-injection device has been developed at SPring-8 Angstrom Compact
Keywords: serial femtosecond crystallography; Free-Electron Laser (SACLA) for serial femtosecond crystallography (SFX) at
X-ray free-electron lasers; room-temperature atmospheric pressure. Microcrystals embedded in a highly viscous carrier are
crystallography; microcrystal injection. stably delivered from a capillary nozzle with the aid of a coaxial gas flow and a
suction device. The cartridge-type sample reservoir is easily replaceable and
facilitates sample reloading or exchange. The reservoir is positioned in a cooling
Supporting information: this article has jacket with a temperature-regulated water flow, which is useful to prevent
supporting information at journals.iucr.org/j drastic changes in the sample temperature during data collection. This work
demonstrates that the injector successfully worked in SFX of the human A,
adenosine receptor complexed with an antagonist, ZM241385, in lipidic cubic
phase and for hen egg-white lysozyme microcrystals in a grease carrier. The
injection device has also been applied to many kinds of proteins, not only for
static structural analyses but also for dynamics studies using pump-probe
techniques.

PDB references: 6jzh; 6jzi

1. Introduction

Serial femtosecond crystallography (SFX) is a recently
developed technique for determining protein crystal struc-
tures using X-ray free-electron lasers (XFELs) (Chapman et
al., 2011; Boutet et al., 2012). Whereas conventional X-ray
diffraction data collection using synchrotron sources requires
measurements at cryogenic temperatures to prevent radiation
damage, SFX allows data collection at room temperature
because intense femtosecond XFEL pulses afford diffraction
patterns from protein microcrystals before the onset of
radiation damage (Neutze ef al., 2000). Given that micro-
crystals are destroyed by a single XFEL pulse, replenishment
of intact crystals is imperative for data collection in SFX. In
general, crystals are suspended and injected using a carrier
medium such as buffer solution as a thin sample stream of
several micrometres to several tens of micrometres. The
crystal concentration governs the probability of the XFEL
pulse hitting crystals in the carrier medium. Given the
measurement  efficiency, a crystal density of 10'-
10® crystals ml ™" is necessary to obtain a complete SFX data
set, which comprises still diffraction patterns from randomly

@ oriented crystals. However, a high crystal concentration causes
a OPEN ACCESS clogging of the injector nozzle. In addition, this approach
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consumes large quantities of the sample because most of the
crystals do not intersect with the XFEL pulses. The stable
delivery of microcrystals into an interaction point of the
XFEL that consumes a reasonably small amount of protein
remains a technical challenge. In order to overcome the issue
of sample delivery, several sample-injection methods have
been developed. A gas dynamic virtual nozzle (GDVN)
utilizes a helium sheath gas flow for focusing the liquid jet
consisting of crystal suspensions in buffer solutions to reduce
sample consumption (DePonte ef al., 2008). In another liquid-
jet injection method, a microfluidic electrokinetic sample
holder (Sierra et al., 2012) is based on a principle utilized in
electrospinning. Alternatively, a highly viscous carrier
medium, such as lipidic cubic phase (LCP), has been used for
extruding samples with a slow flow rate (Weierstall et al.,
2014).

Injection methods that use highly viscous carriers have the
great advantage of being able to reduce sample consumption
for SFX because they have lower flow rates than liquid-jet
methods. Typically, highly viscous samples with a concentra-
tion of 10"-10°® crystals ml™" are delivered at a flow rate of
0.25-0.5 ul min~', whereas a GDVN often requires a sample
flow rate of the order of 10 pul min~" to create a stable jet of
crystal suspensions at concentrations of 10°~10° crystals ml ™.
For example, an SFX structure of the human serotonin 5-HT,g
receptor was determined using only 300 pg of protein crys-
tallized in LCP (Liu et al, 2012). The LCP crystallization
method utilizing lipids such as monoolein is suitable for
producing highly ordered tiny crystals of membrane proteins
(Landau & Rosenbusch, 1996; Caffrey & Cherezov, 2009).
Crystals in LCP can be loaded into a sample injector as
produced since gel-like LCP material works as a highly viscous
carrier. For extruding samples produced by vapor diffusion or
batch crystallization, grease (Sugahara et al, 2015) is a
versatile hydrophobic medium. For instance, the structure of
lysozyme was determined by a grease matrix method from
only 100 pg of protein (Sugahara et al., 2015). Petroleum jelly
(Botha et al., 2015) is also useful as a hydrophobic carrier
medium for sample delivery in SFX. To reduce the back-
ground noise and/or extend the applicability of the highly
viscous carrier methods, hydrophilic media such as agarose
(Conrad et al., 2015), hyaluronic acid (Sugahara et al., 2016),
cellulose derivatives (Sugahara et al., 2017; Kovacsova et al.,
2017), Pluronic F-127 (Kovacsova et al., 2017) and high-
molecular-weight poly(ethylene oxide) (Martin-Garcia et al.,
2017) have also been employed in SFX experiments.

For the injection of highly viscous samples, an LCP injector
was developed by Weierstall et al. (2014). This injector is
composed of a hydraulic cylinder driven by a high-perfor-
mance liquid chromatography (HPLC) pump, a sample
reservoir and a nozzle section. Coaxial gas flow along the inner
capillary in the nozzle section keeps the LCP stream on-axis.
In the initial applications of the LCP injector at the Linac
Coherent Light Source, microcrystals in LCP were extruded in
a vacuum chamber at ~107 Torr, in which background scat-
tering from ambient gas was fully suppressed. However, the
evaporative cooling of the sample under vacuum led to a

transition of LCP into a lamellar crystalline phase, affording
strong diffraction rings (Weierstall et al., 2014). This phase
transition has typically been prevented by the addition of 7.9
monoacylglycerol [MAG: 1-(7Z-hexadecenoyl)-rac-glycerol]
or 9.7 MAG [1-(9Z-hexadecenoyl)-rac-glycerol] to the sample
(Liu et al., 2014). However, these lipids are known as precious
lipids because they cost five to nine times more than mono-
olein. Thus, the suppression of a drastic change in the sample
temperature during the injection process is desirable. In
addition, a vacuum environment offers less flexibility for
installing devices or mounting a sample injector. Recently, an
atmospheric pressure environment (helium or air) was intro-
duced for SFX experiments to increase flexibility (Tono et al.,
2015; Sierra et al., 2019).

Here we describe the development of a high-viscosity
sample-injection device for SFX experiments under atmo-
spheric pressure. The sample-injection device consists of a
high-viscosity cartridge-type (HVC) injector and a suction
device. To demonstrate the performance of the sample-injec-
tion device, SFX experiments were carried out using LCP-
grown microcrystals of the human A,, adenosine receptor
(A2aAR) complexed with a non-xanthine antagonist,
ZM?241385, and on hen egg-white lysozyme microcrystals in a
grease carrier matrix at SPring-8 Angstrom Compact Free-
Electron Laser (SACLA) (Ishikawa et al., 2012). The sample-
injection device stably extruded microcrystals embedded in
the highly viscous carrier kept at a constant sample
temperature.

2. Device for the injection of a highly viscous sample at
atmospheric pressure

2.1. High-viscosity cartridge-type injector

The HVC injector is designed to fit into the diffraction
chamber of the Diverse Application Platform for Hard X-ray
Diffraction in SACLA (DAPHNIS) (Tono et al., 2015). Its
structure and operation principle are based on the LCP
injector developed by Weierstall et al. (2014). The HVC
injector consists of a hydraulic cylinder, a sample reservoir, a
cooling jacket and a nozzle (Fig. 1). An HPLC pump (LC-
20AD, SHIMADZU) provides regulated water flow to the
cylinder in order to apply the input pressure to a plunger in the
hydraulic cylinder. The plunger pushes a highly viscous sample
using a piston to continuously extrude it from an inner
capillary in the nozzle. Typically, a hydraulic pressure of 0.2—
0.4 MPa is applied for extruding LCP- or grease-embedded
crystals with the use of a capillary nozzle having an inner
diameter (ID) of 75 um. The nozzle comprises an inner
capillary nozzle (34 mm long) and an outer metallic nozzle for
the co-flowing gas. The standard IDs of the inner nozzle are 75
and 100 pm, which are suitable for 5-30 um microcrystals.
Inner nozzles with different IDs (50, 125 and 150 pum) are also
available for smaller or larger crystals. Each nozzle with a
different ID has a common outer diameter (OD) of 360 pm. In
all nozzles, the downstream end of the inner capillary is
sharpened to a small taper angle (<10°) and protrudes from
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the outer nozzle by ~500 pm to prevent the curling up of the
extruded sample, as shown in Fig. S1 of the supporting infor-
mation. Helium sheath gas is supplied from the outer nozzle to
maintain a straight sample flow and is regulated by a flow-
meter (FSM2-NVF050-H063N, CKD Corporation) placed
outside the experimental hutch. Typically, the air-converted
flow rate is between 0.3 and 0.51min~! for all nozzles,
depending on the type of highly viscous medium. The actual
flow rate corrected for helium is approximately six times
larger. Temperature-regulated water flows through the cooling
jacket to keep the sample temperature constant. Although the
injector is frequently subjected to high temperature (300-
303 K) because of heat from the devices in the experimental
hutch, the cooling water prevents the deterioration of the
sample during data collection. Specifically, the LCP carrier is
sensitive to temperature change and frequently changes its
viscosity at higher temperature, which may result in droplet
formation or instability of the sample stream. Thus,
temperature control is essential for stable sample extrusion
from the injector.

One of the most distinctive features of the HVC injector is a
cartridge-type sample reservoir, which facilitates easy loading
of the sample (Fig. 2). The cartridge reservoir is made of
polymethyl methacrylate; this material was selected because
of its chemical durability, high pressure resistance and trans-
parency, which allows observation of the sample inside. Two
types of cartridges, with an ID of 4 mm (internal volume of
200 pl) or 2 mm (internal volume of 70 pl), are used [Fig. 2(a)].
A Teflon plug, shown in Fig. 2(a), is employed to form a tight
seal in the 200 pl cartridge. The barrel-shaped plug is 8 mm in
length and 4 mm in diameter, and it has an O-ring (ID of 2 mm
and OD of 4 mm) at each end. For the 70 pl cartridge, similar
to the LCP injector, two Teflon balls are used to form a seal
(Weierstall et al., 2014). Acrylic cartridges can withstand a
maximum hydraulic pressure of 1 MPa, which corresponds to
64 MPa on the inside sample in the 70 pl cartridge. A highly

Teflon part
Sample-reservoir
cartridge

Plunger

Sample reservoir £
byt

Gas Cooling water

(a)

)

Schematic cross section (@) and photograph (b) of the HVC injector.

Figure 1

viscous sample in a 100 pl gas-tight syringe (No. 81065,
Hamilton) can be loaded into the cartridge using the
connector tool as shown in Fig. 2(b). Alternatively, a sample
can be loaded through a needle connected to the syringe.
After the syringe has been disconnected, the cartridge should
be subjected to centrifugation (10-20 s, 8000g) to remove any
air bubbles from the carrier medium, as shown in Fig. S2. The
loaded sample settles into the downstream end of the cartridge
by centrifugation and can be stored for later use if the
cartridge is sealed with a flexible film such as Parafilm. Finally,
the cartridge is inserted into the cooling jacket of the injector
body, which is typically set to 293 K during measurements. The
sample temperature inside the acrylic cartridge was kept at
293.2-293.4 K in the experimental hutch at 301 K using a

70 pl cartridge

200 pI cartridge

Teflon balls

Figure 2

Cartridge-type sample reservoir. (a) Schematic cross-sectional view (top)
and photograph of the cartridge with inserted Teflon parts (bottom) to
form a tight seal. The two Teflon balls for the 70 pl cartridge reservoir
have a diameter of 2 mm. The barrel-shaped part for the 200 pl cartridge
reservoir consists of a Teflon part (8 mm in length, 4 mm in diameter) and
two O-rings (OD of 4 m, ID of 2 mm). (b) Connector tool for sample
loading from a Hamilton syringe into the sample reservoir. The connector
tool consists of two metallic parts, a metallic ring spacer (OD of 12 mm,
ID of 10 mm), an O-ring (OD of 6 mm, ID of 4.5 mm) and a Teflon
syringe adapter (8 mm in length, 7 mm in diameter). The parts A and B
are 11 mm long and 23 mm in diameter. Each part is assembled as shown
in the bottom view, and then the Teflon balls are moved to the left end by
a thin stick. Subsequently, a 100 pl gas-tight syringe (No. 81065,
Hamilton) loaded with sample is connected to the tool. The sample is
loaded into the cartridge from the syringe thorough the tool until the
Teflon balls reach the right end. In the top view, grease colored with red
ink was used as the sample. An underfilled sample reservoir is also
available for sample injection by the HVC injector.
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water chiller set to 293 K. The sample temperature can be
controlled from 277 to 313 K by changing the temperature of
the circulating water.

In an SFX experiment using a nozzle with an ID of 75 pm,
the sample flow rate is typically set to 0.24 ul min~', which
transports the sample 30 um between XFEL pulses operated
at 30 Hz. The minimum flow rate is approximately
0.1 pl min~" depending on the crystal carrier. The injector can
work continuously for 14 h with a 200 pl~' sample cartridge.
On the other hand, the optical laser pump and XFEL probe
experiments require that a sufficient separation between the
pump laser shots is maintained in order to avoid any light
contamination. For example, photosystem II crystals mixed
with grease were extruded at a flow rate of 5.6 ul min~' from a
nozzle with an ID of 150 um for pump—probe measurements
using nanosecond optical lasers. The largest ID nozzle was
used to prevent clogging because the photosystem II crystals
were as large as 100 pm and could diffract X-rays up to 2.1 A.
The high flow rate of 5.6 pl min~' was necessary to avoid light
contamination due to pump light scattering on the sample
stream. In this case, the sample in the reservoir was consumed
in 36 min (Suga et al., 2017).

2.2. Sample suction device

In addition to the helium sheath gas from the outer metallic
nozzle, a sample suction device [Fig. 3(a)] is employed to
maintain a straight sample stream from the nozzle of the
injector. High-intensity XFEL pulses often chop a high-visc-
osity microstream; thereby, the sample is prone to curling up.
The suction device prevents the curling up of samples, which is
similar to the purpose of the sheath gas.

The suction device is composed of a suction tube, a sample
receiver with a sponge filter and an exhaust port connected to
a vacuum pump (DA-60S, ULVAC) with a maximum pumping
speed of 72 1 min", as shown in Fig. 3(h). The suction nozzle is
placed approximately 1.8 mm directly below the injector
nozzle for the purpose of sucking highly viscous samples after
X-ray irradiation. The ID of the nozzle (2 mm) has been
optimized to achieve a sufficient suction force. The suction
device is connected to the vacuum pump outside the experi-
mental hutch through a flexible vacuum hose (approximately
17 m long). A flowmeter (FSM2-NVF050-H063N, CKD Cor-
poration) is inserted in front of the vacuum pump to regulate
the gas flow rate in the suction line from the outside of the
hutch. Typically, the air-converted flow rate is 0.5-1 1 min~"
(the actual flow rate of helium is 3-6 1 min~'). Although the
gas flow rate depends on the type of highly viscous medium, it
is not affected by the IDs of the injector nozzles. The sample
receiver for collecting the waste sample can be replaced easily.
The sponge filter in the receiver prevents the suction line from
clogging up with waste sample. The sample receiver has a
capacity of ~10 ml, but because the suction capability typi-
cally starts to degrade after 4-5 ml of the discarded samples
have accumulated, the receiver should be exchanged once or
twice in 24 h for SFX experiments requiring relatively high

sample flow rates, e.g. 5.6 pl min~".

“lallly =

)

Suction device

Exhaust portI

Sample receiver

Sponge filter

(®)

Figure 3

(a) Sample suction device mounted below the HVC injector. (b)
Schematic cross-sectional view of the sample suction device. The suction
nozzle has an OD of 4 mm and an ID of 2 mm and is tapered to prevent
interference with diffraction from the crystals.

3. Experimental
3.1. Crystallization of A,4AR in complex with ZM241385

A,AAR was engineered by replacement of the third intra-
cellular loop with a thermostabilized apocytochrome b562,
which was expressed using a baculovirus system in Spodoptera
frugiperda Sf9 insect cells and then purified as described
previously (Liu et al., 2012; Nakane, Hanashima et al., 2016).
Crystals of A;AAR in complex with ZM?241385 [4-(2-{7-
amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino}-
ethyl)phenol] were obtained in LCP. Approximately
50 mgml~' of purified protein solution was mixed with a
molten lipid using Hamilton syringes connected to a syringe
coupler (Caffrey & Porter, 2010) and reconstituted in the LCP
comprising 54%(w/w) monoolein (Sigma) and 6% (w/w)
cholesterol (Avanti Polar Lipids). Crystals in LCP are typically
grown in a syringe using the method developed by Liu et al.
(2014) for SFX experiments. However, in this study, another
crystallization method using a thin metal wire was applied.
This method was originally developed for LCP-SFX (Nango et
al., 2016). Briefly, after reconstitution into LCP, the coupler
and Teflon ferrule were removed, and a cleaning wire (~2 cm
long) was inserted into the protein-laden LCP inside the
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syringe. The protein-laden LCP was directly extruded from
the syringe into a 0.6 ml Eppendorf tube, affording a column
with a diameter of 1.5 mm, as shown in Fig. S3. The cylindrical
LCP was immersed in a precipitant solution containing
27%(v/v) PEG 400, 50 mM sodium thiocyanate, 2% (v/v) 2,5-
hexanediol and 100 mM sodium citrate (pH 5.0), and subse-
quently incubated at 293 K. A myriad of small crystals
appeared within a week [Fig. S4(a)]. The wire helped to retain
the cylindrical LCP. Before SFX measurements, monoolein
was added to the LCP matrix for the absorption of the
precipitant and its homogenization to a final concentration of
~20%. The mixture was homogenized using two syringes
connected to each other until it became transparent, loaded
into a 70 pl sample cartridge of the HVC injector through a
needle with an ID of 400 pm connected to one of the syringes,
and then subjected to centrifugation at 2000g for several tens
of seconds without the syringe.

3.2. Preparation of grease-dispersed lysozyme microcrystals

Tetragonal hen egg-white lysozyme was crystallized by
batch crystallization at 290 K as described previously (Suga-
hara et al., 2015; Nango et al., 2015). A 100 pl crystallization
solution containing lysozyme microcrystals (2.3 x 10° crys-
tals ml~') was subjected to centrifugation using a tabletop
centrifuge for 10s, followed by removal of 90 ul of the
supernatant. Concentrated microcrystals were mixed with
90 pl of Super Lube nuclear grade grease (No. 42150, Synco
Chemical Co.) on a plastic plate according to a previously
reported procedure (Sugahara et al., 2015). The crystals were
directly transferred into a 200 pul sample cartridge using a
spatula. After loading of the sample, the cartridge was
subjected to centrifugation to remove bubbles in the mixture
and then the cartridge was set into the HVC injector body.

3.3. SFX data collection

Data were collected at BL3 of SACLA (Ishikawa et al.,
2012; Tono et al., 2013) using 7.0 keV X-rays with a pulse
duration of <10 fs and a repetition rate of 30 Hz. The XFEL
beam was focused on a beam diameter of 1.5 um FWHM with
two elliptical mirrors in the Kirkpatrick-Baez geometry. The
number of X-ray photons at the sample position was ~2 x
10" photons per pulse for the A,5AR crystals. For the lyso-
zyme crystals, the beam was attenuated to have ~6 X
10" photons per pulse to avoid saturation of the detector. The
HVC injector was installed in an He-gas-filled diffraction
chamber of the DAPHNIS setup (Tono et al., 2015). The
sample was maintained at 293 K using the cooling jacket of the
injector, although the chamber temperature was relatively
high (299-300 K). The suction device was placed immediately
below the injector. The helium gas aspirated by the suction
device was returned from the exhaust line of the vacuum
pump to the chamber. Diffraction patterns were recorded
using a multiport CCD detector with eight sensor modules
(Kameshima et al., 2014) at a sample-to-detector distance of
50 mm. A;AAR crystals (20 x 3 x 3 um) in an LCP matrix
were extruded at a flow rate of 0.24 ul min~' from a nozzle of

Table 1
Crystallographic statistics.

Values in parentheses are those of the highest-resolution shell.

A, AAR/ZM241385 Lysozyme
Data collection
Carrier Monoolein mixture Grease
Resolution range (A) 44.90-2.25 (2.29-2.25)  39.6-2.00 (2.03-2.00)
Space group C222, P432,2
Unit-cell parameters
a(A) 402 79.1
b (A) 179.6 79.1
c(A) 142.1 38.0
No. of collected images 190 041 94 061
No. of hits 10 816 40 962
No. of indexed images 10 510 28 779
Indexing rate from hits (%) 97.2 43.5
No. of total reflections 3487 348 5059 907
No. of unique reflections 25057 8615
Completeness (%) 100 (100) 100 (100)
Multiplicity 139 (71.9) 587 (82.6)
Rpiie (%) 13.8 (37.4) 5.3 (21.3)
CCyp (%) 97.0 (81.1) 99.5 (90.3)
(Ilo(I)) 5.9 (25) 16.8 (4.7)
Refinement
R/Rfee (%) 18.3/21.8 15.9/20.2
R.m.s. deviation from ideal
Bond lengths (A) 0.003 0.005
Bond angles (°) 0.652 0.746
PDB code 6jzh 6jzi

T Ry = /2Nt Meven = LoaaD/11/2) Pt Ueven + Loaall}-

75 um ID. Grease-embedded lysozyme crystals (~5 pm in
size) were ejected at a flow rate of 0.42 pl min~' from a nozzle
with an ID of 100 pm.

3.4. Data processing and structure determination

Diffraction images were filtered to extract ‘hit’ images using
the Cheetah software package (Barty et al, 2014), which was
modified for the SFX data processing at SACLA (Nakane, Joti
et al.,2016). A hit image was defined as an image containing a
minimum of 20 Bragg peaks. The detector geometry was
refined by geoptimiser in CrystFEL (version 0.6.3; White et al.,
2013, 2016); auto-indexing and integration were performed
using CrystFEL and DirAx (Duisenberg, 1992). The resolution
cutoffs were assumed to be 2.25 A for AsAAR and 2.0 A for
the lysozyme from CC,, and Rgpy;.

The structure determination of A;5,AR was performed by
molecular replacement with the program MOLREP (Vagin &
Teplyakov, 2010), which is a part of the CCP4 software
package, using the A,, AR structure (PDB ID 4eiy; Liu et al.,
2012) as the search model. The lysozyme structure was solved
by rigid-body refinement using Swrb (Sugahara et al., 2017)
with the Phenix suite (Adams et al, 2002). All refinements
were performed using phenix.refine (Afonine et al., 2012)
followed by the manual examination and rebuilding of the
refined coordinates in Coot (Emsley et al., 2010), which results
in Ryork/Riree = 18.3/21.8 (Az4oAR) and Ryori/Riree = 15.9/20.2
(lysozyme). The data collection and refinement statistics are
summarized in Table 1. Fig. 4 was created using PyMOL
(DeLano Scientific; http://www.pymol.org).
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Figure 4

(a) Structure of human A,, adenosine receptor complexed with
7ZM241385, showing 2F,—F, density (blue, contoured at 1.00). The
antagonist, ZM241385, is shown as a stick model with yellow carbon
atoms. The residues between 41 and 66 are shown as a stick model with
cyan carbon atoms. The electron-density map covers the residues and
ZM241385. (b) Structure of hen egg-white lysozyme, showing the 2F,—F,
density (blue, contoured at 1.00) corresponding to the residues between
89 and 101.

4. Results

AsAAR complexed with ZM241385 was crystallized with
average dimensions of 20 x 3 x 3 um in LCP [Fig. S4(a)]. A
total of 190 041 diffraction patterns were collected from ca
30 pl of the A, 5 AR crystals embedded in LCP, of which 10 816
were identified as hit images, corresponding to an average hit
rate of 5.7%. The hit rate was relatively low because of the low
crystal density [Fig. S4(a)], which is common during LCP
crystallization. The remaining images showed weak scattering
patterns from lipids without strong diffraction rings (Fig. S5).
Of the hit images, 10 510 patterns were indexed. The indexing
rate was as high as 97%. Although the sample stream was
chopped by the XFEL beam during data collection, the
suction device and a co-flowing sheath gas delivered samples
to the interaction point without coiling up. Movie S1 provided

in the supporting information shows a sample stream from the
HVC injector during data collection. The HVC injector with
the cooling jacket successfully prevented any sample dete-
rioration, including viscosity change due to phase transitions
resulting from changes in temperature, allowing us to keep an
almost constant hit rate during the 114 min of data collection.
In general, crystals in LCP are sensitive to temperature
change, which can result in crystal dissolution. Moreover, the
sample injection under atmospheric pressure did not require
the addition of 7.9 MAG or 9.7 MAG to the LCP to prevent
the transition to lamellar crystalline phases due to evaporative
cooling (Liu et al., 2014). The structure of A;,AR complexed
with ZM241385 was solved at a resolution of 2.25 A using
10 510 indexed images [Fig. 4(a)].

A full data set was also collected for the grease-dispersed
lysozyme crystals (~5 pm in size). A total of 94 061 diffraction
patterns were obtained from ca 40 pl of sample. The hit and
indexing rates were 43.5 and 70.3%, respectively, that is,
28 779 patterns were indexed (Table 1). The hit rate was high
because of the high concentration of lysozyme crystals
[Fig. S4(b)]. The indexing rate was relatively low as the
diffraction patterns from multiple crystals were frequently
recorded in a single image because of the high crystal density.
Data were collected continuously for 54 min without the
nozzle clogging or the need for sample replacement. The
lysozyme structure was determined at a resolution of 2.0 A

[Fig. 4(b)].
5. Discussion

Serial crystallography using highly viscous samples at
synchrotron X-ray sources has been reported previously
(Botha et al., 2015). Highly viscous microstreams were guided
by helium sheath gas and delivered into an X-ray beam
interaction point under atmospheric pressure. A catcher
connected to a sucking fan served only to collect the extruded
samples. In the case of XFEL experiments, intense X-ray
pulses give rise to shock waves in a fluid sample (Stan et al.,
2016), which disturbs the stable stream of the sample. In
addition, highly viscous carrier media are adhesive, causing
coiling around a nozzle once the extrusion is disturbed. In the
device described herein, in addition to the helium sheath gas,
we employ the suction device to assist sample injection under
atmospheric pressure, resulting in a stable sample stream
during data collection.

The HVC injector has been applied to other protein crys-
tals, allowing for the structure determination of the human
orexin-2 receptor (Suno et al., 2018), the M2 proton channel of
influenza A (Thomaston et al., 2017), bacterial phytochrome
(Edlund et al., 2016), cytochrome ¢ oxidase (Andersson ef al.,
2017) and photosystem II (Suga et al, 2017). The HVC
injector is applicable not only to LCP and grease but also to
other carrier media, such as hydroxyethyl cellulose (Sugahara
et al.,2017; Tosha et al., 2017). The successful results using the
injector from SFX experiments are summarized in Table S1 of
the supporting information.

The HVC injector has also been successfully used for
determining a dynamic protein structure from time-resolved
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SFX data (Table S1; Nango et al., 2016; Sugahara et al., 2017,
Tosha et al., 2017). The first pump—probe SFX experiment
using the HVC injector was performed using bacter-
iorhodopsin crystallized in LCP at SACLA (Nango et al.,
2016). In the experiment, pump laser light was scattered by the
sample streams, which caused light contamination in the
bacteriorhodopsin crystals. Therefore, a faster sample flow was
crucial to secure enough separation between illuminated
points of the sample to avoid light contamination. The injector
was able to maintain a stable sample injection even at a high
flow rate of 2.5 ulmin~'. Although sample exchange was
needed once or twice per hour owing to the high sample
consumption, it could be done smoothly since the sample
cartridge facilitated sample loading. Consequently, full data
sets from bacteriorhodopsin crystals could be collected at 13
time points, from nanoseconds to milliseconds, following light
irradiation in 48 h of beam time.

6. Summary

Our injection device for highly viscous samples enables the
stable extrusion of crystals embedded in various carrier media
in SFX experiments under atmospheric pressure. The sample
reservoir of the injector is a transparent cartridge, allowing
samples to be loaded easily and checked visually. The injector
can be readily assembled and mounted in a diffraction
chamber. This means that the injector system is highly
compatible with the atmospheric pressure SFX instruments at
other XFEL/synchrotron-radiation facilities, where the
necessary components for injector operation are generally
available (e.g. an HPLC pump, a vacuum pump, standard
piping components and regulated helium gas supply). The
sample temperature is controlled at a constant value by a
cooling jacket on the injector to avoid altering the sample
properties. The suction device is of great use for stable sample
injection as well as for collecting the waste from samples. The
injection device has been applied to a wide variety of proteins,
achieving structure determination of proteins including
dynamic structures by time-resolved SFX.
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