
Jose Luis Olmos, Jr. (Joey)
15 April 2015

ARTICLE
Received 28 Nov 2013 | Accepted 24 Jan 2014 | Published 14 Feb 2014

Lipidic cubic phase injector facilitates membrane
protein serial femtosecond crystallography
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Lipidic cubic phase (LCP) crystallization has proven successful for high-resolution structure

determination of challenging membrane proteins. Here we present a technique for extruding

gel-like LCP with embedded membrane protein microcrystals, providing a continuously

renewed source of material for serial femtosecond crystallography. Data collected from sub-

10-mm-sized crystals produced with less than 0.5 mg of purified protein yield structural

insights regarding cyclopamine binding to the Smoothened receptor.
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Membrane Proteins

q  One third of the proteome4 

q  60% of current drug targets in humans2

q  Critical cellular and physiological functions

q  Structure à Function

2
Figure 1. Membrane protein functions. (Nature)



Membrane Protein Crystallization

q  Development of LCP almost 
20 years ago (1996) Landau

q  Detergent micelle solution

q  Crystallization of membrane 
proteins, remove from 
native lipid bilayers

q  Lack methods to crystallize 
membrane proteins for 
structure determination

Figure 2. Membrane protein structures lag behind soluble 
membrane structures.1
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Polar Lipids) and water (buffer). Intrinsic bacterial lipids were
not assayed.

BR. The protein was purified, dissociated, and delipidated
essentially as described (32). It was isolated from purple
patches of Halobacterium halobium (strain S9), kindly pro-
vided by G. Büldt (Strukturforschungszentrum, Jülich, Ger-
many). Purple membranes (20 mg) were suspended in water
and adjusted to final concentrations of 1.2% (wtyvol) b-oc-
tylglycopyranoside (OG) and 0.025 M NayK-Pi, pH 6.9. The
detergent-to-protein ratio used for solubilization was 20:1.
Following sonication (1 min, 22 kHz), the clear solution was
incubated for 24 hr in the dark. The pH was then adjusted with
0.1 N HCl to 5.5, the solution centrifuged (45 min at 200,000 3
g), and the supernatant collected. BR concentrations were
determined spectrophotometrically at 550 nm (´ 5 5.8 3 104

M21zcm21). Concentration to '2 ml in an Amicon cell (PM 10)
was followed by gel filtration chromatography (BioGel A-0.5
m; diameter 1 cm, column volume 90 ml, f low rate 10 mlyhr)
in 1.2% OG and 0.025 M NayK-Pi at pH 5.5 (column buffer).
Bleached BR, eluting with the excluded volume, was discarded.
The fractions in the second peak contained native BR and
were pooled. All operations were carried out under red light
at minimal intensity. Storage was at 2708C in the dark.

Preparation of Cubic Phases and Crystallization Exper-
iments. Cubic phases were prepared by mixing lipids with
aqueous buffer containing freshly thawed monomeric BR,
salts, detergents, and precipitants (methylpentanediol), to
yield a final volume of 10–20 ml. This was followed by
centrifugation (10,000 3 g) in an Eppendorf desk top
centrifuge for 150 min. Typically, bicontinuous cubic phase
preparations yielding crystals contained 60–70% (wtywt)
lipids, either MO or MP. The components used were in the
following ranges: 2.5–4.5 mg BRyml; 0.7–4.0 M NayK-Pi;
1.5–3.75% methylpentanediol; 0.36–0.48% OG; final pH 5.6.
Components were added in the following sequence: (i) MO,
(ii) NayK-Pi (weighed as dry powders) to yield 3.3 M and pH
5.6, (iii) BR (stock solution 18 mgyml in column buffer with
1.5% OG) to give a final protein concentration of 3.5 mgyml,
and (iv) buffer containing methylpentanediol (0.05%) and
OG (1.2%). MP was used analogously: MP, BR (3.3 mgyml),
NayK-Pi (1 M; pH 5.6), and methylpentanediol (2.5%). The

preparations were thermostated at 208C in the dark through-
out crystallization.

X-Ray Diffraction Experiments. Crystals were mounted
with the surrounding host cubic phase in thin glass capillaries
(typically 0.3 mm inner diameter) that were sealed in larger
capillaries (0.7 mm). Diffraction experiments were performed
in collaboration with E. Pebay-Peyroula at the European
Synchrotron Radiation Facility (Grenoble, France) on the
D2AM beamline. The wave length used was l 5 1.012 Å; beam
collimation was 100 mm, and the crystal-to-detector distance
was 400 mm.

RESULTS
BR-containing bicontinuous cubic phases, formed with either
monoolein or monopalmitolein, yielded preparations of ini-
tially uniformly purple color, indicating a homogeneous pro-
tein distribution. After several days, plates of hexagonal mor-
phology appeared inside the MO matrix (Fig. 2a), while the
MP system yielded rhombic crystals (Fig. 2b). In both cases, the
intensely purple colored crystals reached their mature sizes
(#0.1 3 0.1 3 0.03 mm) within 14 days. Using light micros-
copy, the morphology and size of individual immobilized
crystals could be easily monitored. Growth was uniform, with
ratios between the long and short axes remaining constant
throughout. The transparency and viscoelasticity, characteris-
tic of cubic phases, were not impaired by the growing crystals,
implying a remarkable plasticity of the matrix. Fig. 3 shows the
spectra of the initial and the final stages of this process. During
growth, the absorption intensity of BR at 550 nm decreased
gradually in the host phase, eventually approaching baseline,
while a concomitant gradual increase of the absorbance of the
crystals was observed. The absence of a peak at l 5 380 nm,
corresponding to bleached BR, demonstrated that the color
change was due to protein incorporation into growing crystals
rather than to bleaching of the protein in the ‘‘mother’’ cubic
phase. X-ray crystallographic analysis of the hexagonal BR
crystals, grown in the MO phase at room temperature, re-
vealed diffraction to 3.7 Å resolution in all dimensions (Fig.
4a). The space group is P63, with unit cell dimensions of a 5
b 5 62 Å, c 5 108 Å; a 5 b 5 908, g 5 1208, and an Rsym-factor

FIG. 1. Schematic model of a bicontinuous cubic phase composed
of monoolein, water, and a membrane protein. The matrix consists of
two compartments, a membrane system with an infinite three-
dimensional periodic minimal surface (Left), interpenetrated by a
system of continuous aqueous channels (shown in black). The enlarged
section (Right) shows the curved lipid bilayer (with an inserted
membrane protein molecule) enveloping a water conduit. In a cubic
phase consisting of 60–70% (wtywt) monoolein or monopalmitolein
and water, hydrophobic proteins diffuse laterally in the bilayer, while
water-soluble components diffuse freely through the intercommuni-
cating aqueous channel system (see text). Adapted from plate 9, ref.
27, with kind permission of Elsevier Science–NL, Sara Burgerhart-
straat 25, 1055 KV Amsterdam, The Netherlands.

FIG. 2. Morphology of BR crystals. (a) Hexagonal crystals grown
in a monoolein cubic phase. (b) Rhombic crystals grown in a mono-
palmitolein cubic phase. In both photographs, crystals can be seen
that, due to the depth in which they are embedded in the lipidic
materials, are out of focus.

Biophysics: Landau and Rosenbusch Proc. Natl. Acad. Sci. USA 93 (1996) 14533

Lipidic Cubic Phase (LCP)

q  Quasisolid membrane environment

q  Viscoelastic properties, transparent, 
optically isotropic, viscous and sticky, gel 
like

q  LCP one of many phases that form 
spontaneously
q  2 nonintersecting networks of water 

channels
q  More native like environment rather 

than harsh detergent
q  Packing provides more hydrophobic 

contacts, lower solvent content

Figure 3. Representative LCP schematic. 
(Landau, PNAS, 1996)
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Lipidic Cubic Phase (LCP)

q  Produces highly ordered 
crystals, limited in size

q  Micrometer-sized crystals in 
initial screening 

q  Not large enough for 
synchrotron, tedious to 
optimize larger crystals

q  Resolution for crystals limited 
by radiation damage

q  LCP grown microcrystals are 
suited for SFX serial 
femtosecond crystallography

Figure 4. Pn3m is the microstructure in this proof of 
principle of Smoothened receptor. (Cherezov) 
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Serial Femtosecond Crystallography (SFX)

q  “Diffract and destroy”

q  Duration of X-ray pulses is 
such that diffracted photons 
exit sample before 
photoionization 

q  Data collection at more 
native temperatures

q  Work with soluble proteins, 
aqueous delivery into beam

q  Gas Dynamic Virtual Nozzle 
(GDVN)

6	  

photon energy of the X-ray pulses was 1.8 keV (6.9-Å wavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). An X-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700 MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016 W cm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30 MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.

The front detector module, located close to the interaction region,
recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, with N 2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.

Figure 3a shows strong single-crystal diffraction to the highest
angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities

715 nm 620 nm

290 nm 160 nm

c*

b*

a* b*

a b

c d

0 1 1¯

1 1 0

0 0 2

0 1 0

0 1 0

1 0 0

0 2 0

¯

Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.

LCLS X-ray pulses 

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 μm

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10 m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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Figure 5. Experimental set-up for SFX. (Nature 470, 73 – 78 (2011) 



X-ray Free Electron Laser (XFEL)

q  Stanford 2009 – DOE
 
q  Peak brightness of an XFEL 

is a billion times higher than 
that of third generation 
synchrotrons 

q  50fs XFEL energy = 1s 
synchrotron energy

q  120Hz pulses

q  1012 photons per pulse

q  Ability to diffract and destroy
7	  

Figure 6. Aerial view of SLAC National 
Laboratory, including XFEL 



Gas Dynamic Virtual Nozzle (GDVN)

q  Gas focusing sheath
q  supplies hydrated nanocrystals to the pulsed X-ray beam

q  Not feasible for LCP (highly viscous) – Need for LCP injector

8	  
Figure 7. Gas Dynamic Virtual Nozzle. (SLAC National Lab) 



Membrane proteins constitute about one third of the
proteome in most organisms, perform critical cellular
and physiological functions and represent over 60% of

current drug targets in humans1. High-resolution three-
dimensional structures of membrane proteins are indispensable
for understanding their functional mechanisms and designing
novel drugs with high selectivity and potency. However,
knowledge of membrane protein structures lags behind that of
soluble proteins2, emphasizing the need to develop innovative
methods and approaches.

Beginning with the seminal work on photosynthetic reaction
centers3, membrane proteins have historically been crystallized in
detergent micelle solutions. About 17 years ago, an alternative
method of crystallization was introduced, based on the use of a
membrane-mimetic medium known as the lipidic cubic phase
(LCP)4,5. This technique has proven crucial for determining high-
resolution structures and functional mechanisms of membrane
proteins from several diverse families, starting with microbial
rhodopsins6 and including G protein-coupled receptors, ion
channels, transporters and enzymes7–11.

While LCP crystallization typically produces highly ordered
crystals, these crystals are often limited in size. A high density of
micrometer-sized crystals in the LCP is often obtained during
initial screening, but subsequent optimization to obtain suffi-
ciently large crystals for data collection at synchrotron sources
can be laborious and time consuming. Despite the fact that
microcrystallography has matured over the last few years5,12,
structure determination of membrane proteins using
microcrystals remains difficult. Ultimately, the achievable
resolution for well-ordered small crystals is limited by radiation
damage13 that poses an inherent problem for all conventional
X-ray-based methods of structure determination.

LCP-grown microcrystals are ideally suited for the emerging
technique of serial femtosecond crystallography (SFX)14,15. SFX
relies on the fact that the duration of the X-ray pulses generated
by an X-ray free-electron laser (XFEL) is so brief (o50 fs), that
diffracted photons exit the sample before damage initiated by
photoionization can establish itself. Diffraction is thereby
recorded from essentially undamaged molecules at or close to
room temperature. The peak brightness of an XFEL is a billion
times higher than that of third generation synchrotrons, allowing
collection of high quality single diffraction patterns from
individual sub-10-mm-sized crystals in random orientations.
After collecting several hundred thousand of such patterns at a
rapid rate, structure factors are determined by Monte Carlo-type
integration over the measured diffraction intensities16. The first
experimental demonstrations of SFX, at low resolution, were
carried out with membrane proteins crystallized in detergent

solution17 and in the liquid-like lipidic sponge phase18. Recently,
the first structures of soluble proteins in aqueous dispersion have
been solved at atomic resolution19,20.

To date, the SFX method has been based on X-ray data
collection from a liquid stream containing protein micro/
nanocrystals. The gas dynamic virtual nozzle (GDVN), which is
used to inject microcrystals in their mother liquor into the X-ray
beam, produces a liquid jet flowing at 10 m s! 1 and focused to 1–
5 mm diameter by employing shear and pressure forces from a co-
flowing gas21. Hence, given the 120 Hz X-ray pulse repetition rate
of the Linac Coherent Light Source (LCLS), the sample stream
advances several centimeters between X-ray pulses, which are
focused to 0.1–2 mm diameter. Consequently, in a typical SFX
experiment, only 1 out of 10,000 microcrystals is probed by the
X-ray beam. With a liquid flow rate of 10 ml min! 1, it takes 5–6 h
to collect a full data set, thus requiring 10–100 mg of pure protein.
Obtaining such amounts is not feasible for many membrane
proteins.

Because of its gel-like nature, LCP allows operation at much
lower stream speeds and more efficient sample utilization. Its
high viscosity, however, makes it incompatible with GDVN
techniques. A new approach was needed to generate a micro-
meter-sized stream of LCP suitable for SFX.

We report here the development of a novel method and a
device for extruding LCP at slow flow speeds and with extremely
low sample consumption as a continuous 10–50mm diameter
stream. It provides a continuously renewed sample target for
interrogation by the femtosecond X-ray beam. The flow speed of
the injector is adjustable to the X-ray pulse repetition rate of the
XFEL, so that no sample is wasted between shots. LCP-grown
microcrystals of the human smoothened (SMO) receptor in
complex with cyclopamine have been injected into the femtose-
cond X-ray beam. Diffraction data from 61,964 microcrystals
were merged to recover the structure to 3.2/4.0 Å resolution. The
protein consumption is reduced by a factor of 20 compared with
SFX experiments with the GDVN nozzle.

Results
LCP injection. The LCP microextrusion injector (Fig. 1)
consists of a hydraulic stage, a sample reservoir and a nozzle.
The reservoir can hold up to 20ml of LCP and is connected to a
fused silica capillary with 10–50 mm inner diameter. The LCP
is extruded out of this capillary into an evacuated sample
chamber and requires a pressure of 2,000–10,000 psi, depending
on the nozzle diameter and flow speed. This is provided by
the hydraulic stage that amplifies the applied pressure by a factor
of 34. Shear force exerted by a co-flowing gas (helium or nitrogen

Gas line

Water
line Plunger Teflon

balls

Nozzle
LCP reservoir

Figure 1 | Middle section through the LCP injector. In operation, the device is attached via the leftmost threaded fitting to a nozzle rod (not shown) for
insertion into the experimental chamber. Water (blue) and gas (green) lines are routed through the nozzle rod from the left. LCP (red) is extruded from the
nozzle on the right. Water, at a pressure of up to 300 psi, drives the hydraulic plunger, which amplifies the pressure 34 times to drive LCP through a
capillary with an inner diameter of 10–50mm. Two spherical Teflon beads are used to provide a tight seal against a pressure of up to 10,000 psi. The
co-flowing gas is necessary for reliable extrusion and to maintain co-axial flow.
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2 NATURE COMMUNICATIONS | 5:3309 | DOI: 10.1038/ncomms4309 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

LCP Injector Set-up
q  Injector attached to nozzle rod for insertion to experimental chamber

q  Water line (blue) provides pressure 300psi, drives hydraulic plunger

q  Teflon balls provide tight seal against LCP leakage from 20uL LCP 
reservoir

q  Gas line (green) for reliable extrusion of LCP and to maintain coaxial 
flow

9	  Figure 8. LCP Injector schematic. (Weierstall, U. et al. Nat. Commun. 5:3309) 



LCP extrusion

10	  Figure 9. LCP Injector movie. (Weierstall, U. et al. Nat. Commun. 5:3309) 



Model Protein: Human Smoothened Receptor

q  Human Smoothened Receptor
q  GPCR-like, frizzled class receptor
q  Hedgehog signaling pathway, development, tissue maintenance
q  cyclopamine ligand (antagonist) derivatives for cancer treatment
q  Corn lily and one-eyed sheep

11	  Figure 10a, b, and c.) Corny lil, cyclopamine, and one-eyed sheep. (Wikipedia)



Crystal Growth

q  Human Smoothened 
Receptor crystals 

q  SFX (above) Synchrotron 
(below)

q  9.0 MAG / 10% (w/w) 
cholesterol

q   2:3 (protein:lipid)

q  100mM Hepes pH 7.0, 
30% (v/v) PEG 400, 
100mM NaCl

12	  Figure 9. LCP grown human smoothened protein crystals. 
(Weierstall, U. et al. Nat. Commun. 5:3309) 



Structure Recovery

q  Most commonly used lipid in LCP is 
monoolein, 9.9 MAG

q  Phase transition to lamellar 
crystalline (Lc) phase at 18°C

q  LCP injected into evacuated sample 
chamber at ~10-3 Torr and 20°C, so 
evaporative cooling can transform it 
into  Lc phase
q  Causing strong, sharp diffraction rings 

from Lc phsae
q  Increases background and poses 

danger to detector

at 300–500 psi supply pressure) keeps the LCP stream on axis
(see Methods for details).

The LCP flow rate (typically 1–300 nl min! 1) depends on the
sample composition, nozzle diameter and pressure and can be
optimized for the 120 Hz pulse rate of the LCLS, so that between
X-ray pulses, the stream advances only the distance needed to
expose fresh sample to the next pulse, dramatically reducing
sample consumption compared with GDVN injection
(Supplementary Movie 1).

The most commonly used lipid for crystallization of membrane
proteins in LCP is monoolein, 9.9 MAG (an N.T MAG shorthand
notation is used for monounsaturated monoacylglycerol lipids,
where ‘N’ is the number of carbon atoms in the acyl chain between
the ester and cis-olefinic bonds, and ‘T’ is the number of carbon
atoms between the cis-olefinic bond and the end of the chain).
However, this lipid is not ideally suited for the LCP–SFX
experiments, as it undergoes a phase transition from the cubic
phase to a lamellar crystalline (Lc) phase at 18 !C. As LCP is
injected into an evacuated sample chamber at B10! 3 Torr and
20 !C, evaporative cooling can transform it into the Lc phase,
leading to strong, sharp diffraction rings from the Lc phase (Fig. 2a).
This dramatically increases the background and poses a danger to

the detector, which made it necessary to attenuate the LCLS beam
by a factor of 20–30. Nonetheless, in our initial experiments both
microcrystal samples of b2 adrenergic receptor (b2AR) and
adenosine A2A receptor A2AAR showed consistent diffraction to
B2.5 Å, even with the highly attenuated beam (Fig. 2a).

By changing the co-flowing gas from He to N2, the formation
of the Lc phase was suppressed but not completely eliminated in
the case of LCP prepared with 9.9 MAG (Fig. 2c,d). However, by
replacing the 9.9 MAG with shorter chain MAGs (7.9 MAG22 or
9.7 MAG (monopalmitolein) available from Avanti Polar Lipids),
the formation of the Lc phase was completely prevented.
Diffraction patterns collected at the LCLS confirmed the
presence of the expected cubic-Pn3m phase, without a trace of
the Lc phase (Fig. 2b). In addition, we have established that for
crystals that only grow in 9.9 MAG LCP (the most successful
crystallization host lipid to date), 7.9 MAG can be added post
crystal growth to prevent formation of the Lc phase upon
injection (see Methods for details), which greatly expands the
range of proteins amenable to this method. The high quality of
the X-ray diffraction data collected from crystals grown in 9.9
MAG that were delivered in the 7.9/9.9 MAG mixture (Fig. 2b)
show that the crystals do not suffer from the addition of
7.9 MAG.

Diffraction Data and Sample Consumption. Using the LCP
injector with a flow rate of 170 nl min! 1, SFX data were acquired
for several G protein-coupled receptors, including b2AR, A2AAR,
SMO, glucagon receptor and serotonin 2B (5-HT2B) receptor23, as
well as the membrane enzyme diacylglycerol kinase (DgkA). Full
data sets for SFX structure determination were collected
for DgKA, SMO and 5-HT2B over the course of 5–10 h, while
using less than 100ml of each sample (o0.5 mg of protein).
This is a vast improvement over typical sample consumption
with a GDVN nozzle, which requires 10 ml (10 mg protein) for a
complete data set17. A comparison of the amounts of sample used
in different experiments with the GDVN and the LCP injector is
included in Supplementary Table 1.

As proof of principle for the newly developed LCP–SFX
method, we analysed the data collected on human SMO receptor
in complex with the naturally occurring teratogen cyclopamine.
SMO belongs to the class Frizzled of G protein-coupled receptor
superfamily, and participates in embryonic development and
tumour growth. The first SMO structure in complex with an
antagonist LY2940680 was recently determined by traditional
microcrystallography at a synchrotron source24. We were,
however, unsuccessful in solving the structure of the SMO/
cyclopamine complex using synchrotron data collected with a
10 mm diameter X-ray beam due to poor diffraction from
relatively large crystals (B120" 10" 5 mm3; Supplementary
Fig. 1c,d), which presumably suffered from accumulation of
crystal growth defects or from effects related to cryocooling.
The LCP–SFX data collected on sub-5 mm-sized crystals
(Supplementary Fig. 1a,b) at room temperature were of a
reasonable quality to solve the structure by molecular
replacement after application of an anisotropic data truncation
at 3.4, 3.2 and 4.0 Å along three principal crystal axes (Table 1).
Although the resolution is not very high, it does allow us to
confidently locate where this small molecule ligand with an
antitumor therapeutic potential25 binds (Fig. 3). This
crystallographic model will be further refined by subsequent
biochemical studies.

Discussion
In summary, our successful development of an LCP microextru-
sion injector allows the beneficial attributes of SFX measurements

Capillary

Gas aperture

Figure 2 | Snapshot diffraction patterns and LCP extrusion. (a,b) Single
femtosecond snapshot diffraction patterns. (a) Diffraction spots from A2A

adenosine receptor microcrystals in 9.9 MAG/cholesterol LCP to 2.5 Å and
strong powder diffraction rings from crystalline lipid. (X-ray intensity
attenuated to 7%, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV,
15mm LCP jet diameter, 300 pl min! 1 flow rate, 1 Hz pulse rate, crystal size:
1" 1" 5 mm3). (b) Diffraction from serotonin receptor 5-HT2B in
cholesterol-doped 9.9 MAGþ 7.9 MAG LCP. No sharp rings are visible
suggesting that formation of Lc phase has been avoided (X-ray intensity
attenuated to 3.1% due to strong Bragg diffraction from 5" 5" 5 mm3 sized
crystals, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV, 50mm
LCP jet diameter, 190 nl min! 1 flow rate, 120 Hz pulse rate). The resolution
at the detector edge in both panels is 2.5 Å. Panels (c) and (d): 9.9 MAG
LCP extrusion in vacuum viewed between crossed polarizers. The tapered
end of the capillary nozzle is seen protruding out of the gas aperture.
Capillary inner diameter: 30 mm. (c) with He as co-flowing gas.
Birefringence (bright flecks) is an indication of a transition of the cubic
phase to a lamellar crystalline phase due to evaporative cooling. (d) with N2

as co-flowing gas and no visible birefringence. Scale bars, 100mm.
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Figure 11a. Diffraction patterns and LCP 
extrusion. (Weierstall, U. et al. Nat. Commun. 
5:3309) 



Structure Recovery

q  Changing co-flowing gas from He (figure c) to N2 (figure d) the 
formation of the Lc phase is suppressed but not competely 
eliminated with LCP prepared with 9.9 MAG 

at 300–500 psi supply pressure) keeps the LCP stream on axis
(see Methods for details).

The LCP flow rate (typically 1–300 nl min! 1) depends on the
sample composition, nozzle diameter and pressure and can be
optimized for the 120 Hz pulse rate of the LCLS, so that between
X-ray pulses, the stream advances only the distance needed to
expose fresh sample to the next pulse, dramatically reducing
sample consumption compared with GDVN injection
(Supplementary Movie 1).

The most commonly used lipid for crystallization of membrane
proteins in LCP is monoolein, 9.9 MAG (an N.T MAG shorthand
notation is used for monounsaturated monoacylglycerol lipids,
where ‘N’ is the number of carbon atoms in the acyl chain between
the ester and cis-olefinic bonds, and ‘T’ is the number of carbon
atoms between the cis-olefinic bond and the end of the chain).
However, this lipid is not ideally suited for the LCP–SFX
experiments, as it undergoes a phase transition from the cubic
phase to a lamellar crystalline (Lc) phase at 18 !C. As LCP is
injected into an evacuated sample chamber at B10! 3 Torr and
20 !C, evaporative cooling can transform it into the Lc phase,
leading to strong, sharp diffraction rings from the Lc phase (Fig. 2a).
This dramatically increases the background and poses a danger to

the detector, which made it necessary to attenuate the LCLS beam
by a factor of 20–30. Nonetheless, in our initial experiments both
microcrystal samples of b2 adrenergic receptor (b2AR) and
adenosine A2A receptor A2AAR showed consistent diffraction to
B2.5 Å, even with the highly attenuated beam (Fig. 2a).

By changing the co-flowing gas from He to N2, the formation
of the Lc phase was suppressed but not completely eliminated in
the case of LCP prepared with 9.9 MAG (Fig. 2c,d). However, by
replacing the 9.9 MAG with shorter chain MAGs (7.9 MAG22 or
9.7 MAG (monopalmitolein) available from Avanti Polar Lipids),
the formation of the Lc phase was completely prevented.
Diffraction patterns collected at the LCLS confirmed the
presence of the expected cubic-Pn3m phase, without a trace of
the Lc phase (Fig. 2b). In addition, we have established that for
crystals that only grow in 9.9 MAG LCP (the most successful
crystallization host lipid to date), 7.9 MAG can be added post
crystal growth to prevent formation of the Lc phase upon
injection (see Methods for details), which greatly expands the
range of proteins amenable to this method. The high quality of
the X-ray diffraction data collected from crystals grown in 9.9
MAG that were delivered in the 7.9/9.9 MAG mixture (Fig. 2b)
show that the crystals do not suffer from the addition of
7.9 MAG.

Diffraction Data and Sample Consumption. Using the LCP
injector with a flow rate of 170 nl min! 1, SFX data were acquired
for several G protein-coupled receptors, including b2AR, A2AAR,
SMO, glucagon receptor and serotonin 2B (5-HT2B) receptor23, as
well as the membrane enzyme diacylglycerol kinase (DgkA). Full
data sets for SFX structure determination were collected
for DgKA, SMO and 5-HT2B over the course of 5–10 h, while
using less than 100ml of each sample (o0.5 mg of protein).
This is a vast improvement over typical sample consumption
with a GDVN nozzle, which requires 10 ml (10 mg protein) for a
complete data set17. A comparison of the amounts of sample used
in different experiments with the GDVN and the LCP injector is
included in Supplementary Table 1.

As proof of principle for the newly developed LCP–SFX
method, we analysed the data collected on human SMO receptor
in complex with the naturally occurring teratogen cyclopamine.
SMO belongs to the class Frizzled of G protein-coupled receptor
superfamily, and participates in embryonic development and
tumour growth. The first SMO structure in complex with an
antagonist LY2940680 was recently determined by traditional
microcrystallography at a synchrotron source24. We were,
however, unsuccessful in solving the structure of the SMO/
cyclopamine complex using synchrotron data collected with a
10 mm diameter X-ray beam due to poor diffraction from
relatively large crystals (B120" 10" 5 mm3; Supplementary
Fig. 1c,d), which presumably suffered from accumulation of
crystal growth defects or from effects related to cryocooling.
The LCP–SFX data collected on sub-5 mm-sized crystals
(Supplementary Fig. 1a,b) at room temperature were of a
reasonable quality to solve the structure by molecular
replacement after application of an anisotropic data truncation
at 3.4, 3.2 and 4.0 Å along three principal crystal axes (Table 1).
Although the resolution is not very high, it does allow us to
confidently locate where this small molecule ligand with an
antitumor therapeutic potential25 binds (Fig. 3). This
crystallographic model will be further refined by subsequent
biochemical studies.

Discussion
In summary, our successful development of an LCP microextru-
sion injector allows the beneficial attributes of SFX measurements

Capillary

Gas aperture

Figure 2 | Snapshot diffraction patterns and LCP extrusion. (a,b) Single
femtosecond snapshot diffraction patterns. (a) Diffraction spots from A2A

adenosine receptor microcrystals in 9.9 MAG/cholesterol LCP to 2.5 Å and
strong powder diffraction rings from crystalline lipid. (X-ray intensity
attenuated to 7%, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV,
15mm LCP jet diameter, 300 pl min! 1 flow rate, 1 Hz pulse rate, crystal size:
1" 1" 5 mm3). (b) Diffraction from serotonin receptor 5-HT2B in
cholesterol-doped 9.9 MAGþ 7.9 MAG LCP. No sharp rings are visible
suggesting that formation of Lc phase has been avoided (X-ray intensity
attenuated to 3.1% due to strong Bragg diffraction from 5" 5" 5 mm3 sized
crystals, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV, 50mm
LCP jet diameter, 190 nl min! 1 flow rate, 120 Hz pulse rate). The resolution
at the detector edge in both panels is 2.5 Å. Panels (c) and (d): 9.9 MAG
LCP extrusion in vacuum viewed between crossed polarizers. The tapered
end of the capillary nozzle is seen protruding out of the gas aperture.
Capillary inner diameter: 30 mm. (c) with He as co-flowing gas.
Birefringence (bright flecks) is an indication of a transition of the cubic
phase to a lamellar crystalline phase due to evaporative cooling. (d) with N2

as co-flowing gas and no visible birefringence. Scale bars, 100mm.
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at 300–500 psi supply pressure) keeps the LCP stream on axis
(see Methods for details).

The LCP flow rate (typically 1–300 nl min! 1) depends on the
sample composition, nozzle diameter and pressure and can be
optimized for the 120 Hz pulse rate of the LCLS, so that between
X-ray pulses, the stream advances only the distance needed to
expose fresh sample to the next pulse, dramatically reducing
sample consumption compared with GDVN injection
(Supplementary Movie 1).

The most commonly used lipid for crystallization of membrane
proteins in LCP is monoolein, 9.9 MAG (an N.T MAG shorthand
notation is used for monounsaturated monoacylglycerol lipids,
where ‘N’ is the number of carbon atoms in the acyl chain between
the ester and cis-olefinic bonds, and ‘T’ is the number of carbon
atoms between the cis-olefinic bond and the end of the chain).
However, this lipid is not ideally suited for the LCP–SFX
experiments, as it undergoes a phase transition from the cubic
phase to a lamellar crystalline (Lc) phase at 18 !C. As LCP is
injected into an evacuated sample chamber at B10! 3 Torr and
20 !C, evaporative cooling can transform it into the Lc phase,
leading to strong, sharp diffraction rings from the Lc phase (Fig. 2a).
This dramatically increases the background and poses a danger to

the detector, which made it necessary to attenuate the LCLS beam
by a factor of 20–30. Nonetheless, in our initial experiments both
microcrystal samples of b2 adrenergic receptor (b2AR) and
adenosine A2A receptor A2AAR showed consistent diffraction to
B2.5 Å, even with the highly attenuated beam (Fig. 2a).

By changing the co-flowing gas from He to N2, the formation
of the Lc phase was suppressed but not completely eliminated in
the case of LCP prepared with 9.9 MAG (Fig. 2c,d). However, by
replacing the 9.9 MAG with shorter chain MAGs (7.9 MAG22 or
9.7 MAG (monopalmitolein) available from Avanti Polar Lipids),
the formation of the Lc phase was completely prevented.
Diffraction patterns collected at the LCLS confirmed the
presence of the expected cubic-Pn3m phase, without a trace of
the Lc phase (Fig. 2b). In addition, we have established that for
crystals that only grow in 9.9 MAG LCP (the most successful
crystallization host lipid to date), 7.9 MAG can be added post
crystal growth to prevent formation of the Lc phase upon
injection (see Methods for details), which greatly expands the
range of proteins amenable to this method. The high quality of
the X-ray diffraction data collected from crystals grown in 9.9
MAG that were delivered in the 7.9/9.9 MAG mixture (Fig. 2b)
show that the crystals do not suffer from the addition of
7.9 MAG.

Diffraction Data and Sample Consumption. Using the LCP
injector with a flow rate of 170 nl min! 1, SFX data were acquired
for several G protein-coupled receptors, including b2AR, A2AAR,
SMO, glucagon receptor and serotonin 2B (5-HT2B) receptor23, as
well as the membrane enzyme diacylglycerol kinase (DgkA). Full
data sets for SFX structure determination were collected
for DgKA, SMO and 5-HT2B over the course of 5–10 h, while
using less than 100ml of each sample (o0.5 mg of protein).
This is a vast improvement over typical sample consumption
with a GDVN nozzle, which requires 10 ml (10 mg protein) for a
complete data set17. A comparison of the amounts of sample used
in different experiments with the GDVN and the LCP injector is
included in Supplementary Table 1.

As proof of principle for the newly developed LCP–SFX
method, we analysed the data collected on human SMO receptor
in complex with the naturally occurring teratogen cyclopamine.
SMO belongs to the class Frizzled of G protein-coupled receptor
superfamily, and participates in embryonic development and
tumour growth. The first SMO structure in complex with an
antagonist LY2940680 was recently determined by traditional
microcrystallography at a synchrotron source24. We were,
however, unsuccessful in solving the structure of the SMO/
cyclopamine complex using synchrotron data collected with a
10 mm diameter X-ray beam due to poor diffraction from
relatively large crystals (B120" 10" 5 mm3; Supplementary
Fig. 1c,d), which presumably suffered from accumulation of
crystal growth defects or from effects related to cryocooling.
The LCP–SFX data collected on sub-5 mm-sized crystals
(Supplementary Fig. 1a,b) at room temperature were of a
reasonable quality to solve the structure by molecular
replacement after application of an anisotropic data truncation
at 3.4, 3.2 and 4.0 Å along three principal crystal axes (Table 1).
Although the resolution is not very high, it does allow us to
confidently locate where this small molecule ligand with an
antitumor therapeutic potential25 binds (Fig. 3). This
crystallographic model will be further refined by subsequent
biochemical studies.

Discussion
In summary, our successful development of an LCP microextru-
sion injector allows the beneficial attributes of SFX measurements

Capillary

Gas aperture

Figure 2 | Snapshot diffraction patterns and LCP extrusion. (a,b) Single
femtosecond snapshot diffraction patterns. (a) Diffraction spots from A2A

adenosine receptor microcrystals in 9.9 MAG/cholesterol LCP to 2.5 Å and
strong powder diffraction rings from crystalline lipid. (X-ray intensity
attenuated to 7%, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV,
15mm LCP jet diameter, 300 pl min! 1 flow rate, 1 Hz pulse rate, crystal size:
1" 1" 5 mm3). (b) Diffraction from serotonin receptor 5-HT2B in
cholesterol-doped 9.9 MAGþ 7.9 MAG LCP. No sharp rings are visible
suggesting that formation of Lc phase has been avoided (X-ray intensity
attenuated to 3.1% due to strong Bragg diffraction from 5" 5" 5 mm3 sized
crystals, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV, 50mm
LCP jet diameter, 190 nl min! 1 flow rate, 120 Hz pulse rate). The resolution
at the detector edge in both panels is 2.5 Å. Panels (c) and (d): 9.9 MAG
LCP extrusion in vacuum viewed between crossed polarizers. The tapered
end of the capillary nozzle is seen protruding out of the gas aperture.
Capillary inner diameter: 30 mm. (c) with He as co-flowing gas.
Birefringence (bright flecks) is an indication of a transition of the cubic
phase to a lamellar crystalline phase due to evaporative cooling. (d) with N2

as co-flowing gas and no visible birefringence. Scale bars, 100mm.
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Figure 11c, d. Diffraction patterns and LCP extrusion, scale bar 100um. (Weierstall, U. et al. 
Nat. Commun. 5:3309) 



Structure Recovery

q  Replacing the 9.9 MAG with shorter chain MAGs (7.9 MAG22 or 9.7 
MAG (monopalmitolein) caused the preventation of the Lc phase 
altogether. 

q  Diffraction patterns confirmed the expected cubic-Pn3m phase

q  Discovered that 7.9 MAG can be added post crystal growth and no 
damage observed upon addition  

15	  

at 300–500 psi supply pressure) keeps the LCP stream on axis
(see Methods for details).

The LCP flow rate (typically 1–300 nl min! 1) depends on the
sample composition, nozzle diameter and pressure and can be
optimized for the 120 Hz pulse rate of the LCLS, so that between
X-ray pulses, the stream advances only the distance needed to
expose fresh sample to the next pulse, dramatically reducing
sample consumption compared with GDVN injection
(Supplementary Movie 1).

The most commonly used lipid for crystallization of membrane
proteins in LCP is monoolein, 9.9 MAG (an N.T MAG shorthand
notation is used for monounsaturated monoacylglycerol lipids,
where ‘N’ is the number of carbon atoms in the acyl chain between
the ester and cis-olefinic bonds, and ‘T’ is the number of carbon
atoms between the cis-olefinic bond and the end of the chain).
However, this lipid is not ideally suited for the LCP–SFX
experiments, as it undergoes a phase transition from the cubic
phase to a lamellar crystalline (Lc) phase at 18 !C. As LCP is
injected into an evacuated sample chamber at B10! 3 Torr and
20 !C, evaporative cooling can transform it into the Lc phase,
leading to strong, sharp diffraction rings from the Lc phase (Fig. 2a).
This dramatically increases the background and poses a danger to

the detector, which made it necessary to attenuate the LCLS beam
by a factor of 20–30. Nonetheless, in our initial experiments both
microcrystal samples of b2 adrenergic receptor (b2AR) and
adenosine A2A receptor A2AAR showed consistent diffraction to
B2.5 Å, even with the highly attenuated beam (Fig. 2a).

By changing the co-flowing gas from He to N2, the formation
of the Lc phase was suppressed but not completely eliminated in
the case of LCP prepared with 9.9 MAG (Fig. 2c,d). However, by
replacing the 9.9 MAG with shorter chain MAGs (7.9 MAG22 or
9.7 MAG (monopalmitolein) available from Avanti Polar Lipids),
the formation of the Lc phase was completely prevented.
Diffraction patterns collected at the LCLS confirmed the
presence of the expected cubic-Pn3m phase, without a trace of
the Lc phase (Fig. 2b). In addition, we have established that for
crystals that only grow in 9.9 MAG LCP (the most successful
crystallization host lipid to date), 7.9 MAG can be added post
crystal growth to prevent formation of the Lc phase upon
injection (see Methods for details), which greatly expands the
range of proteins amenable to this method. The high quality of
the X-ray diffraction data collected from crystals grown in 9.9
MAG that were delivered in the 7.9/9.9 MAG mixture (Fig. 2b)
show that the crystals do not suffer from the addition of
7.9 MAG.

Diffraction Data and Sample Consumption. Using the LCP
injector with a flow rate of 170 nl min! 1, SFX data were acquired
for several G protein-coupled receptors, including b2AR, A2AAR,
SMO, glucagon receptor and serotonin 2B (5-HT2B) receptor23, as
well as the membrane enzyme diacylglycerol kinase (DgkA). Full
data sets for SFX structure determination were collected
for DgKA, SMO and 5-HT2B over the course of 5–10 h, while
using less than 100ml of each sample (o0.5 mg of protein).
This is a vast improvement over typical sample consumption
with a GDVN nozzle, which requires 10 ml (10 mg protein) for a
complete data set17. A comparison of the amounts of sample used
in different experiments with the GDVN and the LCP injector is
included in Supplementary Table 1.

As proof of principle for the newly developed LCP–SFX
method, we analysed the data collected on human SMO receptor
in complex with the naturally occurring teratogen cyclopamine.
SMO belongs to the class Frizzled of G protein-coupled receptor
superfamily, and participates in embryonic development and
tumour growth. The first SMO structure in complex with an
antagonist LY2940680 was recently determined by traditional
microcrystallography at a synchrotron source24. We were,
however, unsuccessful in solving the structure of the SMO/
cyclopamine complex using synchrotron data collected with a
10 mm diameter X-ray beam due to poor diffraction from
relatively large crystals (B120" 10" 5 mm3; Supplementary
Fig. 1c,d), which presumably suffered from accumulation of
crystal growth defects or from effects related to cryocooling.
The LCP–SFX data collected on sub-5 mm-sized crystals
(Supplementary Fig. 1a,b) at room temperature were of a
reasonable quality to solve the structure by molecular
replacement after application of an anisotropic data truncation
at 3.4, 3.2 and 4.0 Å along three principal crystal axes (Table 1).
Although the resolution is not very high, it does allow us to
confidently locate where this small molecule ligand with an
antitumor therapeutic potential25 binds (Fig. 3). This
crystallographic model will be further refined by subsequent
biochemical studies.

Discussion
In summary, our successful development of an LCP microextru-
sion injector allows the beneficial attributes of SFX measurements

Capillary

Gas aperture

Figure 2 | Snapshot diffraction patterns and LCP extrusion. (a,b) Single
femtosecond snapshot diffraction patterns. (a) Diffraction spots from A2A

adenosine receptor microcrystals in 9.9 MAG/cholesterol LCP to 2.5 Å and
strong powder diffraction rings from crystalline lipid. (X-ray intensity
attenuated to 7%, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV,
15mm LCP jet diameter, 300 pl min! 1 flow rate, 1 Hz pulse rate, crystal size:
1" 1" 5 mm3). (b) Diffraction from serotonin receptor 5-HT2B in
cholesterol-doped 9.9 MAGþ 7.9 MAG LCP. No sharp rings are visible
suggesting that formation of Lc phase has been avoided (X-ray intensity
attenuated to 3.1% due to strong Bragg diffraction from 5" 5" 5 mm3 sized
crystals, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV, 50mm
LCP jet diameter, 190 nl min! 1 flow rate, 120 Hz pulse rate). The resolution
at the detector edge in both panels is 2.5 Å. Panels (c) and (d): 9.9 MAG
LCP extrusion in vacuum viewed between crossed polarizers. The tapered
end of the capillary nozzle is seen protruding out of the gas aperture.
Capillary inner diameter: 30 mm. (c) with He as co-flowing gas.
Birefringence (bright flecks) is an indication of a transition of the cubic
phase to a lamellar crystalline phase due to evaporative cooling. (d) with N2

as co-flowing gas and no visible birefringence. Scale bars, 100mm.
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Figure 12. Diffraction patterns and LCP extrusion. 
(Weierstall, U. et al. Nat. Commun. 5:3309) 



Diffraction Data and Sample Consumption

q  LCP injector flow rate of 170nl min-1 

q  5-10h data collection using less than 100uL of sample (<0.5mg 
of protein)

q  Vast improvement over GDVN nozzle which requires 10mL 
(10mg protein) for complete data set

q  Crystals < 5um at room temperature
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Statistics

q  61,964 microcrystals to 
recover 3.2/4.0Å resolution 
structure.

q  Solved by molecular 
replacement 

q  Resolution is not very high, 
but confidently able to 
locate small molecule 

q  3,510,525 diffraction 
patterns à 61,964 indexed 
images with monoclinic 
lattice

to be coupled with the unique properties and advantages of LCP
for membrane protein crystallization. The new technology not
only enables the collection of high-resolution structure data from
LCP-grown membrane protein microcrystals at room tempera-
ture, but also dramatically reduces the amount of protein
required, eliminates the need for laborious crystal size optimiza-
tion and simplifies crystal handling procedures.

Methods
LCP Injector. The LCP injector, consisting of a hydraulic stage, a sample reservoir
and a nozzle, is mounted onto the end of the nozzle rod of an injector designed for
XFELs26. The nozzle rod can be removed from the vacuum chamber without
compromising the vacuum, allowing for sample reloading and nozzle change. The
hydraulic stage consists of a syringe body with a sealed solid plunger. The syringe
body has a large bore on the inlet side and a much smaller bore on the outlet side.
The ratio of the respective bore areas gives a nominal amplification factor of 34,
delivering 10,200 psi to the LCP reservoir when water on the inlet side is
pressurized to 300 psi.

The large bore in the syringe body has a diameter of 8 mm. The plunger sliding
in this bore has two groves that accept high pressure hydraulic seals (Trelleborg
Turcon Variseal) and has a diameter of 8 mm on the water side and an extension
with a diameter of 1.37 mm on the LCP side. The plunger extension drives two
Teflon beads (Bal-tec) of 1.59 mm outer diameter, which slide in the precision
bored 1.37 mm diameter LCP reservoir bore (Fig. 1). The nominal pressure
amplification (neglecting frictional forces on the seals) is 34, the ratio of the
squared diameters of the bores (8 mm)2 (1.37 mm)! 2. The Teflon beads seal the
bore of the reservoir against LCP leakage. When the beads are pressed into the
slightly smaller reservoir bore, they deform cylindrically. The pressure applied by
the plunger deforms them further and thus provides a tight seal for pressures up to
10,000 psi on the LCP.

The 360mm outer diameter and 10–50 mm inner diameter fused silica capillary
tubing (Polymicro) is kept as short as possible (6 cm) to reduce the pressure
necessary to extrude the LCP. The nozzle section and the capillary are connected to
the reservoir via standard HPLC conical ports (Upchurch with 10–32 threads). The
tapered end of the inner capillary is inserted into a flame-polished square outer
glass tube and protrudes out of the exit aperture, so that gas can flow through the
open corners at a rate adequate for LCP extrusion (for details of nozzle design, see
Weierstall et al.26). The reservoir bore is filled with LCP via a Hamilton syringe and
can hold a volume of 20 ml. The Teflon beads are replaced during each sample refill.
It is possible to drive the LCP flow in a ‘constant pressure’ mode via pressurized
water connected to the plunger inlet. The supply reservoir for the water is, in turn,
pressurized by gas from a gas cylinder and the LCP flow rate is controlled by
adjusting the gas pressure. However, in this mode of operation the LCP flow rate
would occasionally show sudden jumps (possibly due to wall stick-slip27 of the
LCP), leading to sample loss. Better control over LCP flow was achieved in a
‘constant flow rate’ mode implemented by using a HPLC pump (Shimadzu LC-
20AD) to drive the hydraulic liquid (water).

The LCP flow rate can be optimized for the 120 Hz pulse rate of the LCLS so
that between X-ray pulses, the stream advances only the distance needed to expose
fresh sample to the next pulse (Supplementary Movie 1). The necessary distance
(the ‘damage diameter’) depends on the X-ray beam diameter and pulse energy.
Thus, for example, at an X-ray energy of 9.5 keV, a pulse energy of 50 mJ at the
sample and a beam diameter of 1.5 mm, this distance is 10–30 mm. Consequently,
for a flow speed where the LCP stream travels 10–30 mm between X-ray pulses
(1.2–3.6 mm s! 1), little, if any, sample is wasted and sample consumption is
reduced dramatically compared with GDVN injection. Constant LCP flow rates of
1–300 nL min! 1 were achieved by adjusting the flow rate setting on the HPLC
pump or by using constant pressure mode (for the lowest flow rates). The
minimum usable flow rate is set by the diameter of the LCP stream, the distance

Table 1 | Data collection and refinement statistics.

SMO/cyclopamine

Data collection
Space group P21

Cell dimensions,
a, b, c (Å) 40.5, 157.3, 52.4
a b g (!) 90.0, 97.0, 90.0

Resolution (Å) 40–3.20 (3.26–3.20)*
Rsplit, (%) 9.8 (63.2)
I/s(I) 7.4 (1.8)
CC* 0.9991 (0.28)
Completeness (%) 100 (100)
Multiplicity 2,515 (1,820)

Refinement
Resolution (Å) 40–3.20
Anisotropic truncation (Å) 3.4, 3.2, 4.0
No. reflections/test set 8,082/399
Rwork/Rfree 0.232/0.278
No. atoms

Protein 3,389
Cyclopamine 30

B-factors (Å2)
Wilson B/overall B 101.6/78.4
Receptor/BRIL 76.8/83.7
Cyclopamine 76.3
R.m.s. deviations

Bonds lengths(Å) 0.003
Bond angles (!) 0.61

Abbreviation: SMO, smoothened.
This data set includes diffraction from 61,964 crystals.
*High-resolution shell is shown in parentheses.

a b

Figure 3 | Cyclopamine binding to smoothened receptor. (a) Receptor model is shown as a grey cartoon, cyclopamine as a stick model with green
carbons, and the ‘omit’ 2mFo–DFc density map for cyclopamine contoured at 1s is shown as green wires. Horizontal lines indicate membrane boundaries.
(b) Cyclopamine binding pocket is shown in stereo view as a stick model along with 2mFo–DFc density map contoured at 1s. Cyclopamine binds near
to the entrance into a long and narrow cavity inside the receptor. Polar interactions stabilizing the shape of the cavity and cyclopamine binding are shown
as grey dashed lines. Viewing angles in (a) and (b) are slightly different.
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Structure Recovery: PDB ID 4O9R

to be coupled with the unique properties and advantages of LCP
for membrane protein crystallization. The new technology not
only enables the collection of high-resolution structure data from
LCP-grown membrane protein microcrystals at room tempera-
ture, but also dramatically reduces the amount of protein
required, eliminates the need for laborious crystal size optimiza-
tion and simplifies crystal handling procedures.

Methods
LCP Injector. The LCP injector, consisting of a hydraulic stage, a sample reservoir
and a nozzle, is mounted onto the end of the nozzle rod of an injector designed for
XFELs26. The nozzle rod can be removed from the vacuum chamber without
compromising the vacuum, allowing for sample reloading and nozzle change. The
hydraulic stage consists of a syringe body with a sealed solid plunger. The syringe
body has a large bore on the inlet side and a much smaller bore on the outlet side.
The ratio of the respective bore areas gives a nominal amplification factor of 34,
delivering 10,200 psi to the LCP reservoir when water on the inlet side is
pressurized to 300 psi.

The large bore in the syringe body has a diameter of 8 mm. The plunger sliding
in this bore has two groves that accept high pressure hydraulic seals (Trelleborg
Turcon Variseal) and has a diameter of 8 mm on the water side and an extension
with a diameter of 1.37 mm on the LCP side. The plunger extension drives two
Teflon beads (Bal-tec) of 1.59 mm outer diameter, which slide in the precision
bored 1.37 mm diameter LCP reservoir bore (Fig. 1). The nominal pressure
amplification (neglecting frictional forces on the seals) is 34, the ratio of the
squared diameters of the bores (8 mm)2 (1.37 mm)! 2. The Teflon beads seal the
bore of the reservoir against LCP leakage. When the beads are pressed into the
slightly smaller reservoir bore, they deform cylindrically. The pressure applied by
the plunger deforms them further and thus provides a tight seal for pressures up to
10,000 psi on the LCP.

The 360mm outer diameter and 10–50 mm inner diameter fused silica capillary
tubing (Polymicro) is kept as short as possible (6 cm) to reduce the pressure
necessary to extrude the LCP. The nozzle section and the capillary are connected to
the reservoir via standard HPLC conical ports (Upchurch with 10–32 threads). The
tapered end of the inner capillary is inserted into a flame-polished square outer
glass tube and protrudes out of the exit aperture, so that gas can flow through the
open corners at a rate adequate for LCP extrusion (for details of nozzle design, see
Weierstall et al.26). The reservoir bore is filled with LCP via a Hamilton syringe and
can hold a volume of 20 ml. The Teflon beads are replaced during each sample refill.
It is possible to drive the LCP flow in a ‘constant pressure’ mode via pressurized
water connected to the plunger inlet. The supply reservoir for the water is, in turn,
pressurized by gas from a gas cylinder and the LCP flow rate is controlled by
adjusting the gas pressure. However, in this mode of operation the LCP flow rate
would occasionally show sudden jumps (possibly due to wall stick-slip27 of the
LCP), leading to sample loss. Better control over LCP flow was achieved in a
‘constant flow rate’ mode implemented by using a HPLC pump (Shimadzu LC-
20AD) to drive the hydraulic liquid (water).

The LCP flow rate can be optimized for the 120 Hz pulse rate of the LCLS so
that between X-ray pulses, the stream advances only the distance needed to expose
fresh sample to the next pulse (Supplementary Movie 1). The necessary distance
(the ‘damage diameter’) depends on the X-ray beam diameter and pulse energy.
Thus, for example, at an X-ray energy of 9.5 keV, a pulse energy of 50 mJ at the
sample and a beam diameter of 1.5 mm, this distance is 10–30 mm. Consequently,
for a flow speed where the LCP stream travels 10–30 mm between X-ray pulses
(1.2–3.6 mm s! 1), little, if any, sample is wasted and sample consumption is
reduced dramatically compared with GDVN injection. Constant LCP flow rates of
1–300 nL min! 1 were achieved by adjusting the flow rate setting on the HPLC
pump or by using constant pressure mode (for the lowest flow rates). The
minimum usable flow rate is set by the diameter of the LCP stream, the distance

Table 1 | Data collection and refinement statistics.

SMO/cyclopamine

Data collection
Space group P21

Cell dimensions,
a, b, c (Å) 40.5, 157.3, 52.4
a b g (!) 90.0, 97.0, 90.0

Resolution (Å) 40–3.20 (3.26–3.20)*
Rsplit, (%) 9.8 (63.2)
I/s(I) 7.4 (1.8)
CC* 0.9991 (0.28)
Completeness (%) 100 (100)
Multiplicity 2,515 (1,820)

Refinement
Resolution (Å) 40–3.20
Anisotropic truncation (Å) 3.4, 3.2, 4.0
No. reflections/test set 8,082/399
Rwork/Rfree 0.232/0.278
No. atoms

Protein 3,389
Cyclopamine 30

B-factors (Å2)
Wilson B/overall B 101.6/78.4
Receptor/BRIL 76.8/83.7
Cyclopamine 76.3
R.m.s. deviations

Bonds lengths(Å) 0.003
Bond angles (!) 0.61

Abbreviation: SMO, smoothened.
This data set includes diffraction from 61,964 crystals.
*High-resolution shell is shown in parentheses.
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Figure 3 | Cyclopamine binding to smoothened receptor. (a) Receptor model is shown as a grey cartoon, cyclopamine as a stick model with green
carbons, and the ‘omit’ 2mFo–DFc density map for cyclopamine contoured at 1s is shown as green wires. Horizontal lines indicate membrane boundaries.
(b) Cyclopamine binding pocket is shown in stereo view as a stick model along with 2mFo–DFc density map contoured at 1s. Cyclopamine binds near
to the entrance into a long and narrow cavity inside the receptor. Polar interactions stabilizing the shape of the cavity and cyclopamine binding are shown
as grey dashed lines. Viewing angles in (a) and (b) are slightly different.
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to be coupled with the unique properties and advantages of LCP
for membrane protein crystallization. The new technology not
only enables the collection of high-resolution structure data from
LCP-grown membrane protein microcrystals at room tempera-
ture, but also dramatically reduces the amount of protein
required, eliminates the need for laborious crystal size optimiza-
tion and simplifies crystal handling procedures.

Methods
LCP Injector. The LCP injector, consisting of a hydraulic stage, a sample reservoir
and a nozzle, is mounted onto the end of the nozzle rod of an injector designed for
XFELs26. The nozzle rod can be removed from the vacuum chamber without
compromising the vacuum, allowing for sample reloading and nozzle change. The
hydraulic stage consists of a syringe body with a sealed solid plunger. The syringe
body has a large bore on the inlet side and a much smaller bore on the outlet side.
The ratio of the respective bore areas gives a nominal amplification factor of 34,
delivering 10,200 psi to the LCP reservoir when water on the inlet side is
pressurized to 300 psi.

The large bore in the syringe body has a diameter of 8 mm. The plunger sliding
in this bore has two groves that accept high pressure hydraulic seals (Trelleborg
Turcon Variseal) and has a diameter of 8 mm on the water side and an extension
with a diameter of 1.37 mm on the LCP side. The plunger extension drives two
Teflon beads (Bal-tec) of 1.59 mm outer diameter, which slide in the precision
bored 1.37 mm diameter LCP reservoir bore (Fig. 1). The nominal pressure
amplification (neglecting frictional forces on the seals) is 34, the ratio of the
squared diameters of the bores (8 mm)2 (1.37 mm)! 2. The Teflon beads seal the
bore of the reservoir against LCP leakage. When the beads are pressed into the
slightly smaller reservoir bore, they deform cylindrically. The pressure applied by
the plunger deforms them further and thus provides a tight seal for pressures up to
10,000 psi on the LCP.

The 360mm outer diameter and 10–50 mm inner diameter fused silica capillary
tubing (Polymicro) is kept as short as possible (6 cm) to reduce the pressure
necessary to extrude the LCP. The nozzle section and the capillary are connected to
the reservoir via standard HPLC conical ports (Upchurch with 10–32 threads). The
tapered end of the inner capillary is inserted into a flame-polished square outer
glass tube and protrudes out of the exit aperture, so that gas can flow through the
open corners at a rate adequate for LCP extrusion (for details of nozzle design, see
Weierstall et al.26). The reservoir bore is filled with LCP via a Hamilton syringe and
can hold a volume of 20 ml. The Teflon beads are replaced during each sample refill.
It is possible to drive the LCP flow in a ‘constant pressure’ mode via pressurized
water connected to the plunger inlet. The supply reservoir for the water is, in turn,
pressurized by gas from a gas cylinder and the LCP flow rate is controlled by
adjusting the gas pressure. However, in this mode of operation the LCP flow rate
would occasionally show sudden jumps (possibly due to wall stick-slip27 of the
LCP), leading to sample loss. Better control over LCP flow was achieved in a
‘constant flow rate’ mode implemented by using a HPLC pump (Shimadzu LC-
20AD) to drive the hydraulic liquid (water).

The LCP flow rate can be optimized for the 120 Hz pulse rate of the LCLS so
that between X-ray pulses, the stream advances only the distance needed to expose
fresh sample to the next pulse (Supplementary Movie 1). The necessary distance
(the ‘damage diameter’) depends on the X-ray beam diameter and pulse energy.
Thus, for example, at an X-ray energy of 9.5 keV, a pulse energy of 50 mJ at the
sample and a beam diameter of 1.5 mm, this distance is 10–30 mm. Consequently,
for a flow speed where the LCP stream travels 10–30 mm between X-ray pulses
(1.2–3.6 mm s! 1), little, if any, sample is wasted and sample consumption is
reduced dramatically compared with GDVN injection. Constant LCP flow rates of
1–300 nL min! 1 were achieved by adjusting the flow rate setting on the HPLC
pump or by using constant pressure mode (for the lowest flow rates). The
minimum usable flow rate is set by the diameter of the LCP stream, the distance
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Figure 3 | Cyclopamine binding to smoothened receptor. (a) Receptor model is shown as a grey cartoon, cyclopamine as a stick model with green
carbons, and the ‘omit’ 2mFo–DFc density map for cyclopamine contoured at 1s is shown as green wires. Horizontal lines indicate membrane boundaries.
(b) Cyclopamine binding pocket is shown in stereo view as a stick model along with 2mFo–DFc density map contoured at 1s. Cyclopamine binds near
to the entrance into a long and narrow cavity inside the receptor. Polar interactions stabilizing the shape of the cavity and cyclopamine binding are shown
as grey dashed lines. Viewing angles in (a) and (b) are slightly different.
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Implications of LCP Injector development

q  Previously, aqueous SFX possible with GDVN

q  Now, LCP—SFX possible with LCP injector

q  Dramatic reduction of protein sample required
q  large amount of pure protein can be difficult to obtain

q  Doesn’t purify well (i.e. – toxic to overexpress in cell)
q  Protein requires PTM (euk  proteins) lack robust cell lines with capability 

q  Expect an increase in number of structures
q  Especially elusive, relevant eukaryotic ones that have characteristically been 

poorly diffracting microcrystals
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In Summary

q  Development of LCP micro-extrusion injector

q  SFX studies of membrane proteins
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to be coupled with the unique properties and advantages of LCP
for membrane protein crystallization. The new technology not
only enables the collection of high-resolution structure data from
LCP-grown membrane protein microcrystals at room tempera-
ture, but also dramatically reduces the amount of protein
required, eliminates the need for laborious crystal size optimiza-
tion and simplifies crystal handling procedures.

Methods
LCP Injector. The LCP injector, consisting of a hydraulic stage, a sample reservoir
and a nozzle, is mounted onto the end of the nozzle rod of an injector designed for
XFELs26. The nozzle rod can be removed from the vacuum chamber without
compromising the vacuum, allowing for sample reloading and nozzle change. The
hydraulic stage consists of a syringe body with a sealed solid plunger. The syringe
body has a large bore on the inlet side and a much smaller bore on the outlet side.
The ratio of the respective bore areas gives a nominal amplification factor of 34,
delivering 10,200 psi to the LCP reservoir when water on the inlet side is
pressurized to 300 psi.

The large bore in the syringe body has a diameter of 8 mm. The plunger sliding
in this bore has two groves that accept high pressure hydraulic seals (Trelleborg
Turcon Variseal) and has a diameter of 8 mm on the water side and an extension
with a diameter of 1.37 mm on the LCP side. The plunger extension drives two
Teflon beads (Bal-tec) of 1.59 mm outer diameter, which slide in the precision
bored 1.37 mm diameter LCP reservoir bore (Fig. 1). The nominal pressure
amplification (neglecting frictional forces on the seals) is 34, the ratio of the
squared diameters of the bores (8 mm)2 (1.37 mm)! 2. The Teflon beads seal the
bore of the reservoir against LCP leakage. When the beads are pressed into the
slightly smaller reservoir bore, they deform cylindrically. The pressure applied by
the plunger deforms them further and thus provides a tight seal for pressures up to
10,000 psi on the LCP.

The 360mm outer diameter and 10–50 mm inner diameter fused silica capillary
tubing (Polymicro) is kept as short as possible (6 cm) to reduce the pressure
necessary to extrude the LCP. The nozzle section and the capillary are connected to
the reservoir via standard HPLC conical ports (Upchurch with 10–32 threads). The
tapered end of the inner capillary is inserted into a flame-polished square outer
glass tube and protrudes out of the exit aperture, so that gas can flow through the
open corners at a rate adequate for LCP extrusion (for details of nozzle design, see
Weierstall et al.26). The reservoir bore is filled with LCP via a Hamilton syringe and
can hold a volume of 20 ml. The Teflon beads are replaced during each sample refill.
It is possible to drive the LCP flow in a ‘constant pressure’ mode via pressurized
water connected to the plunger inlet. The supply reservoir for the water is, in turn,
pressurized by gas from a gas cylinder and the LCP flow rate is controlled by
adjusting the gas pressure. However, in this mode of operation the LCP flow rate
would occasionally show sudden jumps (possibly due to wall stick-slip27 of the
LCP), leading to sample loss. Better control over LCP flow was achieved in a
‘constant flow rate’ mode implemented by using a HPLC pump (Shimadzu LC-
20AD) to drive the hydraulic liquid (water).

The LCP flow rate can be optimized for the 120 Hz pulse rate of the LCLS so
that between X-ray pulses, the stream advances only the distance needed to expose
fresh sample to the next pulse (Supplementary Movie 1). The necessary distance
(the ‘damage diameter’) depends on the X-ray beam diameter and pulse energy.
Thus, for example, at an X-ray energy of 9.5 keV, a pulse energy of 50 mJ at the
sample and a beam diameter of 1.5 mm, this distance is 10–30 mm. Consequently,
for a flow speed where the LCP stream travels 10–30 mm between X-ray pulses
(1.2–3.6 mm s! 1), little, if any, sample is wasted and sample consumption is
reduced dramatically compared with GDVN injection. Constant LCP flow rates of
1–300 nL min! 1 were achieved by adjusting the flow rate setting on the HPLC
pump or by using constant pressure mode (for the lowest flow rates). The
minimum usable flow rate is set by the diameter of the LCP stream, the distance

Table 1 | Data collection and refinement statistics.

SMO/cyclopamine

Data collection
Space group P21

Cell dimensions,
a, b, c (Å) 40.5, 157.3, 52.4
a b g (!) 90.0, 97.0, 90.0

Resolution (Å) 40–3.20 (3.26–3.20)*
Rsplit, (%) 9.8 (63.2)
I/s(I) 7.4 (1.8)
CC* 0.9991 (0.28)
Completeness (%) 100 (100)
Multiplicity 2,515 (1,820)

Refinement
Resolution (Å) 40–3.20
Anisotropic truncation (Å) 3.4, 3.2, 4.0
No. reflections/test set 8,082/399
Rwork/Rfree 0.232/0.278
No. atoms

Protein 3,389
Cyclopamine 30

B-factors (Å2)
Wilson B/overall B 101.6/78.4
Receptor/BRIL 76.8/83.7
Cyclopamine 76.3
R.m.s. deviations

Bonds lengths(Å) 0.003
Bond angles (!) 0.61

Abbreviation: SMO, smoothened.
This data set includes diffraction from 61,964 crystals.
*High-resolution shell is shown in parentheses.

a b

Figure 3 | Cyclopamine binding to smoothened receptor. (a) Receptor model is shown as a grey cartoon, cyclopamine as a stick model with green
carbons, and the ‘omit’ 2mFo–DFc density map for cyclopamine contoured at 1s is shown as green wires. Horizontal lines indicate membrane boundaries.
(b) Cyclopamine binding pocket is shown in stereo view as a stick model along with 2mFo–DFc density map contoured at 1s. Cyclopamine binds near
to the entrance into a long and narrow cavity inside the receptor. Polar interactions stabilizing the shape of the cavity and cyclopamine binding are shown
as grey dashed lines. Viewing angles in (a) and (b) are slightly different.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4309

4 NATURE COMMUNICATIONS | 5:3309 | DOI: 10.1038/ncomms4309 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

Membrane proteins constitute about one third of the
proteome in most organisms, perform critical cellular
and physiological functions and represent over 60% of

current drug targets in humans1. High-resolution three-
dimensional structures of membrane proteins are indispensable
for understanding their functional mechanisms and designing
novel drugs with high selectivity and potency. However,
knowledge of membrane protein structures lags behind that of
soluble proteins2, emphasizing the need to develop innovative
methods and approaches.

Beginning with the seminal work on photosynthetic reaction
centers3, membrane proteins have historically been crystallized in
detergent micelle solutions. About 17 years ago, an alternative
method of crystallization was introduced, based on the use of a
membrane-mimetic medium known as the lipidic cubic phase
(LCP)4,5. This technique has proven crucial for determining high-
resolution structures and functional mechanisms of membrane
proteins from several diverse families, starting with microbial
rhodopsins6 and including G protein-coupled receptors, ion
channels, transporters and enzymes7–11.

While LCP crystallization typically produces highly ordered
crystals, these crystals are often limited in size. A high density of
micrometer-sized crystals in the LCP is often obtained during
initial screening, but subsequent optimization to obtain suffi-
ciently large crystals for data collection at synchrotron sources
can be laborious and time consuming. Despite the fact that
microcrystallography has matured over the last few years5,12,
structure determination of membrane proteins using
microcrystals remains difficult. Ultimately, the achievable
resolution for well-ordered small crystals is limited by radiation
damage13 that poses an inherent problem for all conventional
X-ray-based methods of structure determination.

LCP-grown microcrystals are ideally suited for the emerging
technique of serial femtosecond crystallography (SFX)14,15. SFX
relies on the fact that the duration of the X-ray pulses generated
by an X-ray free-electron laser (XFEL) is so brief (o50 fs), that
diffracted photons exit the sample before damage initiated by
photoionization can establish itself. Diffraction is thereby
recorded from essentially undamaged molecules at or close to
room temperature. The peak brightness of an XFEL is a billion
times higher than that of third generation synchrotrons, allowing
collection of high quality single diffraction patterns from
individual sub-10-mm-sized crystals in random orientations.
After collecting several hundred thousand of such patterns at a
rapid rate, structure factors are determined by Monte Carlo-type
integration over the measured diffraction intensities16. The first
experimental demonstrations of SFX, at low resolution, were
carried out with membrane proteins crystallized in detergent

solution17 and in the liquid-like lipidic sponge phase18. Recently,
the first structures of soluble proteins in aqueous dispersion have
been solved at atomic resolution19,20.

To date, the SFX method has been based on X-ray data
collection from a liquid stream containing protein micro/
nanocrystals. The gas dynamic virtual nozzle (GDVN), which is
used to inject microcrystals in their mother liquor into the X-ray
beam, produces a liquid jet flowing at 10 m s! 1 and focused to 1–
5 mm diameter by employing shear and pressure forces from a co-
flowing gas21. Hence, given the 120 Hz X-ray pulse repetition rate
of the Linac Coherent Light Source (LCLS), the sample stream
advances several centimeters between X-ray pulses, which are
focused to 0.1–2 mm diameter. Consequently, in a typical SFX
experiment, only 1 out of 10,000 microcrystals is probed by the
X-ray beam. With a liquid flow rate of 10 ml min! 1, it takes 5–6 h
to collect a full data set, thus requiring 10–100 mg of pure protein.
Obtaining such amounts is not feasible for many membrane
proteins.

Because of its gel-like nature, LCP allows operation at much
lower stream speeds and more efficient sample utilization. Its
high viscosity, however, makes it incompatible with GDVN
techniques. A new approach was needed to generate a micro-
meter-sized stream of LCP suitable for SFX.

We report here the development of a novel method and a
device for extruding LCP at slow flow speeds and with extremely
low sample consumption as a continuous 10–50mm diameter
stream. It provides a continuously renewed sample target for
interrogation by the femtosecond X-ray beam. The flow speed of
the injector is adjustable to the X-ray pulse repetition rate of the
XFEL, so that no sample is wasted between shots. LCP-grown
microcrystals of the human smoothened (SMO) receptor in
complex with cyclopamine have been injected into the femtose-
cond X-ray beam. Diffraction data from 61,964 microcrystals
were merged to recover the structure to 3.2/4.0 Å resolution. The
protein consumption is reduced by a factor of 20 compared with
SFX experiments with the GDVN nozzle.

Results
LCP injection. The LCP microextrusion injector (Fig. 1)
consists of a hydraulic stage, a sample reservoir and a nozzle.
The reservoir can hold up to 20ml of LCP and is connected to a
fused silica capillary with 10–50 mm inner diameter. The LCP
is extruded out of this capillary into an evacuated sample
chamber and requires a pressure of 2,000–10,000 psi, depending
on the nozzle diameter and flow speed. This is provided by
the hydraulic stage that amplifies the applied pressure by a factor
of 34. Shear force exerted by a co-flowing gas (helium or nitrogen

Gas line

Water
line Plunger Teflon

balls

Nozzle
LCP reservoir

Figure 1 | Middle section through the LCP injector. In operation, the device is attached via the leftmost threaded fitting to a nozzle rod (not shown) for
insertion into the experimental chamber. Water (blue) and gas (green) lines are routed through the nozzle rod from the left. LCP (red) is extruded from the
nozzle on the right. Water, at a pressure of up to 300 psi, drives the hydraulic plunger, which amplifies the pressure 34 times to drive LCP through a
capillary with an inner diameter of 10–50mm. Two spherical Teflon beads are used to provide a tight seal against a pressure of up to 10,000 psi. The
co-flowing gas is necessary for reliable extrusion and to maintain co-axial flow.
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