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Efficient and reliable sample delivery has remained one of the bottlenecks for
serial crystallography experiments. Compared with other methods, fixed-target
sample delivery offers the advantage of significantly reduced sample consump-
tion and shorter data collection times owing to higher hit rates. Here, a new
method of on-chip crystallization is reported which allows the efficient and
reproducible growth of large numbers of protein crystals directly on micro-
patterned silicon chips for in-situ serial crystallography experiments. Crystals are
grown by sitting-drop vapor diffusion and previously established crystallization
conditions can be directly applied. By reducing the number of crystal-handling
steps, the method is particularly well suited for sensitive crystal systems.
Excessive mother liquor can be efficiently removed from the crystals by blotting,
and no sealing of the fixed-target sample holders is required to prevent the
crystals from dehydrating. As a consequence, ‘naked’ crystals are obtained on
the chip, resulting in very low background scattering levels and making the
crystals highly accessible for external manipulation such as the application of
ligand solutions. Serial diffraction experiments carried out at cryogenic
temperatures at a synchrotron and at room temperature at an X-ray free-
electron laser yielded high-quality X-ray structures of the human membrane
protein aquaporin 2 and two new ligand-bound structures of thermolysin and
the human kinase DRAK?2. The results highlight the applicability of the method
for future high-throughput on-chip screening of pharmaceutical compounds.

1. Introduction

Serial crystallography (SX) at X-ray free-electron lasers
(XFELs) and, more recently, at the latest low-emittance
synchrotron sources has changed the way that data can be
collected for X-ray structure determination (Chapman et al.,
2011). In contrast to conventional crystallography, in which
structure determination is typically based on diffraction data
collection from one or a very few larger crystals that are
rotated in the X-ray beam, SX is based on recording still
images from several tens to hundreds of thousands of
microcrystals (Stellato et al., 2014; Boutet et al., 2012; Meents
et al., 2017).
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The reliable and efficient delivery of microcrystals into
the X-ray beam has remained a bottleneck for SX. Several
different sample-delivery approaches have been reported,
including liquid jet streaming from gas dynamic virtual nozzles
(GDVNSs; DePonte et al., 2008; Weierstall, 2014), lipidic cubic
phase injectors (Weierstall et al., 2014; Fromme et al., 2015;
Nogly et al.,, 2016), different tape drives (Roessler et al., 2013;
Beyerlein et al., 2017) and solid supports (Zarrine-Afsar ef al.,
2012; Hunter et al., 2014; Roedig et al., 2015, 2016; Murray et al.,
2015). Among these, liquid jets have been the most common
method for sample delivery to date. Despite being subjected to
constant optimization (Oberthuer ef al, 2017), structure
determination using liquid jets still requires large amounts of
sample, making them inapplicable for more challenging
systems, which are often available in small quantities only.

A more promising approach in terms of sample consump-
tion and efficient use of the sample available is the use of solid
supports or so-called fixed targets. Here, the microcrystals are
located at predefined positions on the substrate and are then
raster-scanned through the X-ray beam. This allows efficient
high-quality data collection with high hit fractions and low
background scattering levels both at XFELs and synchrotrons
(Roedig et al., 2015, 2017), where the scanning speed is well
matched to the measurement rates, which are dictated by the
detector frame rates or source repetition rates.

A further challenge for many SX experiments, in particular
for ligand-binding studies and also time-resolved experiments,
is the need for high-quality microcrystals (Kupitz et al., 2014).
The use of crystals with sizes of only a few micrometres allows
the efficient diffusion of a ligand or a substrate into the crystal
without substantial deterioration of the crystal quality. Since
the diffusion times are in the low-millisecond range (Schmidt
& Saldin, 2014), structural changes involved in ligand binding
or enzyme reactions can be studied on at least similar time
scales (Stagno et al., 2017; Kupitz et al., 2017; Beyerlein et al.,
2017). For time-resolved pump—probe experiments using laser
excitation, microcrystals can be excited more homogeneously
over the entire crystal volume compared with larger crystals
and hence can provide better data (Pande et al., 2016).

At present, microcrystals for SX are mainly grown by batch
crystallization, as this often allows large amounts of well
ordered and homogeneously sized samples to be obtained.
This approach works well for many small and globular
proteins, such as hen egg-white lysozyme. Here, crystal sizes
can be well controlled by systematically changing the growth
parameters, such as precipitant concentration, pH value and
temperature (Falkner et al., 2005). For other proteins that
consist of more than one domain and therefore inherit a
certain flexibility, finding the right crystallization conditions is
much more challenging. High supersaturation levels often
result in protein precipitation. The right crystallization
conditions are often found using specially designed sparse-
matrix screens in combination with the vapor-diffusion
method, which can be automatically set up in 96-well sitting-
drop plates using crystallization robots. Compared with batch
crystallization, this allows a wider screening of the crystal-
lization space, since both the protein and precipitant concen-

trations change during equilibration. For such samples, batch
crystallization often does not work at all or the conditions
cannot be readily concluded from the initially determined
sitting-drop crystallization conditions (Chayen, 1998; Murray
et al., 2015; Wu et al., 2015). One possible approach to use
crystals grown by sitting-drop vapor diffusion for SX experi-
ments is to pool crystals from a large number of crystallization
drops. However, this procedure is very time-consuming,
induces further crystal-handling steps which can potentially
damage the crystals, and is inapplicable for larger crystals as
they can no longer be handled as crystal suspensions owing to
crystal sedimentation.

A very promising approach for static structure determina-
tions has been developed by Opara and coworkers, in which
protein crystals are grown by the vapor-diffusion technique
directly on an array of up to 196 silicon nitride membranes
on a silicon support structure (Opara et al., 2017). For data
collection these 196 compartments need to be sealed with a
second silicon nitride membrane, which is placed on top of the
silicon support structure, in order to prevent the crystals from
drying out. As a consequence, the crystals are not accessible to
any chemical reactant after sealing, preventing, for example,
micro-diffusion and other time-resolved experiments. A
similar approach for on-chip microbatch crystallization
between two micro-structured single-crystalline quartz plates
has recently been reported by Ren et al. (2018).

We have developed a sitting-drop ‘on-chip crystallization’
approach for fixed-target SX experiments at both synchro-
trons and XFELs, in which up to 100 000 crystals can be grown
on a single chip. The method is applicable to both batch
crystallization and sitting-drop vapor-diffusion experiments.
In contrast to other approaches, in which crystals are typically
surrounded by large amounts of mother liquor during data
collection, our approach allows the mother liquor to be very
efficiently removed through micro-pores in the chip substrate,
thus yielding ‘naked crystals’. By additionally avoiding any
sealing material, this results in much lower background scat-
tering levels and makes the crystals directly accessible to
ligand and substrate solutions for ligand-binding studies and
time-resolved micro-diffusion experiments. The crystal-
lization chips are furthermore compatible with the fast-
scanning Roadrunner goniometer, making the method
ideally suited to time-resolved experiments at XFELs
(Tolstikova et al., 2019).

In this manuscript, we describe the successful application of
this on-chip crystallization approach to six different model
proteins: lysozyme, proteinase K, thermolysin, thaumatin, a
carbon monoxide dehydrogenase and the human membrane
protein aquaporin 2. For three of these proteins, diffraction
data were collected. Measurements were performed at
synchrotron sources and at the XFEL Linac Coherent Light
Source (LCLS) in Stanford, USA. The suitability of our on-
chip crystallization system for on-chip ligand-binding studies is
demonstrated by the structure solution of two protein-ligand
complexes that are new to the Protein Data Bank: thermolysin
in complex with aspartate and the human kinase DRAK?2 in
complex with Mg**-ADP.
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2. Materials and methods
2.1. Roadrunner silicon chips for SX experiments

For our experiments two different chip designs were used,
which are shown in Fig. 1. Both chip designs are based on the
principle described by Roedig et al. (2015, 2016). The chips are
manufactured from single-crystalline silicon and provide a
thin membrane area with a thickness of 10-20 pm equipped
with a periodic pattern of micro-pores holding the crystals.
The smaller Roadrunner I chips with a membrane area of 1.5
x 1.5 mm? are well suited for cryogenic and room-tempera-
ture data collection at synchrotrons and XFELs. They are
especially applicable if only limited amounts of sample are
available and the crystals typically do not grow too large, as 2—
3 ul of crystallization solution is sufficient to cover the entire
chip. Owing to their compact design they are further ideally
suited for ligand-binding studies and time-resolved experi-
ments at synchrotrons, as the chips are attached to standard
magnetic mounts, which are compatible with most MX
beamlines. The larger Roadrunner II chips, which are usually
loaded with ~100 pl crystallization solution, are ideally suited
if large amounts of sample are available. Roadrunner II chips
have already been successfully employed for fast SX data
acquisition using the Roadrunner II setup at XFELs such as
the MFX and CXI beamlines at LCLS.

2.2. On-chip crystallization and data collection using
compact Roadrunner I chips

Protein crystallization by vapor diffusion requires a closed
environment for equilibration between the protein-containing
drop and a larger reservoir. As no commercially available
system met our needs, we designed chambers for on-chip
crystallization on both types of Roadrunner chips. For
Roadrunner I chips, a six-well crystallization chamber with
dimensions of 60 x 58 x 24 mm (width x length x height) was
designed and 3D-printed using polylactic acid as the substrate
material. In a typical on-chip sitting-drop crystallization
experiment, a 2-3 pl drop of protein—precipitant mixture is
pipetted and spread over the silicon chip and subsequently
equilibrated against a larger amount of precipitant solution

»

-

(@) (b)
Figure 1

Chip designs for the on-chip crystallization of proteins. (¢) Roadrunner I chips have overall dimensions of
4.5 x 2.5 mm and up to 10 000 micro-pores, and are equipped with a standard magnetic base, making them
compatible with data collection on most MX synchrotron beamlines. (b) Roadrunner II chips are much
larger, with overall dimensions of 32 x 12 mm, and provide up to 300 000 micro-pores for crystals. They are
glued onto an aluminium support frame (shown in light gray), which is mounted on a standard magnetic
mount (shown in black). Room-temperature data collection with Roadrunner II chips requires a special
scanning stage with a long travel range of more than 32 mm, such as the Roadrunner II goniometer
(Tolstikova et al., 2019). The so-called ‘humidor’ (shown in green) can be slid over the chip to protect the

crystals from drying out and from light exposure.

(~500 pl). The six wells of a crystallization chamber are
independent; thus, six different conditions or protein samples
can be tested simultaneously. The procedure for a crystal-
lization experiment on Roadrunner I chips is illustrated and
described in detail in Fig. 2.

For feasibility studies, the two proteins proteinase K and
thermolysin were crystallized on Roadrunner I chips. Protei-
nase K crystals with dimensions of 20-30 um were grown by
mixing 15 mg ml™" proteinase K (Tritirachium album, Carl
Roth) in 0.1 M CHC buffer pH 7.0, 10 mM CaCl, in a 1:1 ratio
with precipitant solution (0.1 M CHC buffer pH 6.5, 0.6 M
ammonium sulfate, 10 mM CaCl,). 3 pl of this mixture was
applied onto a Roadrunner I chip and 500 pl precipitant
solution was used as the reservoir. Crystals typically appeared
within 12-14 h at room temperature. For on-chip crystal-
lization of thermolysin (Geobacillus stearothermophilus,
Sigma), the protein was dissolved in 50 mM NaOH to a final
concentration of 20 mg ml~' and was mixed in a 1:1 ratio with
precipitant solution (0.1 M MES-NaOH pH 6.5, 10 mM
CaCl,, 25% PEG 2000). 3 pl of this mixture was applied onto a
Roadrunner I chip and equilibrated against 500 pul precipitant
solution to obtain crystals of ~35 x 140 um in size after 1-2
days of incubation at room temperature. Crystal growth was
monitored using an Olympus SZX16 microscope, as well as an
associated camera and the Olympus cellSens Standard soft-
ware for crystal size measurements.

Data collection from thermolysin crystals grown on Road-
runner I chips was carried out at cryogenic temperatures on
beamline P11 at the PETRA III storage ring at DESY
(Burkhardt ez al., 2016). After the removal of excess mother
liquor, the chips were flash-cooled in liquid nitrogen as illu-
strated in Figs. 2(e) and 2(f). After cooling, the chips were
kept at cryogenic temperature and mounted manually on the
goniometer for data collection. For room-temperature
measurements of on-chip-grown proteinase K, the mother
liquor was removed directly on the beamline and the crystals
were kept hydrated by placing the chip in a stream of humi-
dified air as described by Roedig et al. (2016). In both cases,
single crystals were manually centered and diffraction data
consisting of 30-60° rotation wedges for around 20-30 crystals
per chip were measured at
12keV using a 20 x 20 pm
focused beam. Diffraction data
were individually processed with
XDS (Kabsch, 2010) and merged
using the unit-cell cluster analysis
in BLEND (Foadi et al., 2013),
which included the automatic
removal of data affected by
radiation damage. Structures
were solved by molecular repla-
cement with Phaser (McCoy et al.,
2007) using PDB entries 4b5l
(J. Jakoncic, V. Stojanoff & V.
Honkimaki, unpublished work)
and 2tlx (English er al., 1999) as
template structures for proteinase
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K and thermolysin, respectively. Manual model building and
structure refinement were performed in Coot (Emsley et al.,
2010) and PHENIX (Adams et al., 2010). Figures of structural
models and electron-density maps were prepared with

described previously (Dobbek et al., 1999; Gremer et al., 2000).
5 ml reservoir solution composed of 0.75 M KH,PO,/KOH pH
7.5, 0.75 M NaH,PO,/NaOH pH 7.5, 94 mM HEPES/NaOH
pH 7.5, 3% MPD was used in the experiment. On-chip crys-

PyMOL (DeLano, 2002).

2.3. On-chip crystallization and data collection on

Roadrunner Il chips

tallization was set up by mixing protein solution (19.3 mg ml™"
in 50 mM HEPES pH 7.0) with reservoir solution containing
seeds in a 1:1 ratio. Seeds were obtained by crushing two
250 um crystals that had previously been grown by conven-
tional hanging-drop crystallization using the same conditions

Prior to on-chip crystallization experiments, Roadrunner II

chips were glued onto an aluminium
support frame to facilitate chip hand-
ling. The chip carrying the crystals can
be protected wusing a so-called
‘humidor’. This is a small movable cover
that provides a humid environment for
the crystals in order to prevent them
from drying out during transport. The
assembly of a Roadrunner II chip
device and the working principle of the
humidor are illustrated in Fig. 3.

Following the same design as for
Roadrunner I chips, we designed a
crystallization chamber for Roadrunner
II chips. The chamber has dimensions of
40 x 46 x 21 mm (width x length x
height) and can accommodate one chip,
which is inserted through a lateral slit at
one side of the chamber. The chamber
can be filled with up to 10 ml reservoir
solution. The procedure for on-chip
crystallization on Roadrunner II chips is
illustrated in Fig. 4.

Human aquaporin 2 (hAQP2) was
heterologously expressed in Pichia
pastoris and purified via affinity and
size-exclusion = chromatography  as
described previously (Frick et al., 2014).
Purified protein solution in 20 mM Tris
pH 8.0, 0.3 M NaCl, 0.2% octyl glucose
neopentyl glycol (OGNPG) was
concentrated to 9 mgml~'. The reser-
voir solution consisted of 0.1 M Tris pH
8.5, 0.1 M NaCl, 0.1 M MgCl,, 22-25%
PEG 400. For on-chip crystallization,
the reservoir solution was diluted in a
4:1 ratio with 0.1 M CdCl,. The resulting
solution was then thoroughly mixed in a
1:1 ratio with protein solution, homo-
genously applied to the chip and equi-
librated against a larger volume of
5-7ml reservoir solution at room
temperature. Crystals grew within
15 min to a few hours.

Carbon monoxide dehydrogenase
(CODH) from Oligotropha carboxido-
vorans was isolated and purified as

e \
— -

(e )]
Figure 2

Procedure for on-chip crystallization on Roadrunner I chips. (a) For a crystallization experiment,
the top of the chamber is sealed with transparent tape before the chamber wells are filled with
>500 pl reservoir solution through the side opening. (b) The protein solution is mixed with
precipitant solution and about 2-3 pl of this crystallization mixture is applied to the chip surface. (¢)
The chips are inserted into the crystallization chamber from the side and are held in place by a
magnetic ring attached to the lateral opening of the chamber that interacts with the magnetic base
of the chip. (d) Crystal-growth kinetics are monitored by light microscopy using top light
illumination. (¢) When crystal growth is complete, the chips are taken out of the chamber using a
magnetic wand. The excess growth solution is removed through the membrane pores of the chip
using a soft tissue, as described by Roedig ez al. (2015, 2016). During all handling steps, starting from
the removal of the mother liquor and until room-temperature measurements at the beamline are
finished, it is essential to keep the crystals hydrated in a stream of humidified air (Sanchez-
Weatherby et al., 2009; Roedig et al., 2016). The optimal level of applied humidity has to be tightly
controlled and investigated beforehand for each protein individually, as this depends on the buffer
composition (Wheeler et al., 2012). For protein buffers that only contain low concentrations of salt
and/or PEG, 98-100% humidity is usually suitable. (f) As an alternative to room-temperature
measurements, crystals on a chip can be flash-cooled by plunging the chip into liquid nitrogen prior
to cryogenic data collection (Roedig et al., 2015).
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in 50 pl reservoir solution. Crystals grew on the chip at 4°C
after approximately 2.5 days.

All other proteins crystallized on Roadrunner II chips were
purchased from commercial vendors. Their crystallization
conditions are summarized in Table 1.

Room-temperature data were collected from hAQP2 crys-
tals grown on Roadrunner II chips at the MFX experimental
station at LCLS using the Roadrunner II fast-scanning gonio-
meter (Tolstikova et al., 2019) in combination with the CSPAD
detector. The crystals were exposed to a constant stream of
humidified helium during data collection to prevent crystal
dehydration and to reduce background scattering by air. Data

Table 1

were collected at 9.070 keV with an energy of 2 mJ per 60 fs
X-ray pulse and a focal spot size of 1 pm?.

After manual alignment, the chips were raster-scanned at a
rate of 120 images per second, using a step size of 50 um and a
tilt angle of 25° between the chip-surface normal and the
incident X-ray beam in order to avoid incomplete data owing
to preferred orientation of the crystals on the chip. One scan
of an entire chip took about 15-20 min including chip align-
ment. We used OnDa (Mariani et al., 2016) to monitor the data
collection, Cheetah (Barty et al., 2014) for hit finding and data
reduction, Merge3D to check the orientation bias (Yefanov et
al.,2014) and CrystFEL (White et al., 2012, 2016) for indexing

Size comparison of crystals grown via conventional hanging-drop experiments versus crystals grown on Roadrunner II chips using the same

crystallization condition.

In all cases protein solutions were mixed with precipitant solutions in a 1:1 ratio. The volumes used for the drop and the reservoir were 6 and 500 pl for the hanging-
drop experiments and 100 pl and 5-7 ml for the on-chip crystallization experiments, respectively. Unless otherwise stated, crystallization experiments were

performed at room temperature.

Sample Crystallization condition

Hanging-drop crystals On-chip crystals

hAQP2 (Homo sapiens)

CODH (Oligotropha
carboxidovorans)

193 mg ml™! protein, 0.75 M KH,PO,/KOH

HEPES/NaOH pH 7.5, 3% MPD at 4°C
Lysozyme (Gallus gallus)
12% NaCl, 20% ethylene glycol
Lysozyme (Gallus gallus)

9 mg ml™" protein, 0.1 M Tris pH 8.5, 0.1 M NaCl,
0.1 M MgCl,, 10 mM CdCl,, 22-25% PEG 400

pH 7.5, 0.75 M NaH,PO,/NaOH pH 7.5, 94 mM
80 mg ml™" protein, 0.1 M sodium acetate pH 4.8,

60 mg ml™" protein, 50 mM sodium acetate pH 3.5,

Different shapes and sizes,
ranging from small needles
to blocky rods

Different shapes and sizes, ranging

from small 10 pm needles to

larger 20 x 250 pm needles

and up to 50 x 150 um blocky rods
50-100 pm wide, blocky, 50-100 pm wide, blocky, rod-shaped
rod-shaped

50-170 pm, cuboid Up to 170 um, cuboid

Up to 180 pm, cuboid Up to 170 um, cuboid

0.75 M NaCl, 30% ethylene glycol, 11.25% PEG

400 at 4°C
Proteinase K (Tritirachium

album) 10 mM CaCl,, 0.7 M ammonium sulfate
Thaumatin (Thaumatococcus 10 mg ml~" protein, 0.1 M ADA pH 6.5,
daniellii) 0.9 M sodium/potassium tartrate
Thermolysin (Geobacillus 22.5 mg ml™" protein, 0.1 M MES-NaOH pH 6.5,
stearothermophilus) 10 mM CaCl,, 5% PEG 2000

20 mg ml™" protein, 0.1 M CHC buffer pH 6.5,

40-50 pm, rhomboid Up to 80-125 pm, rhomboid

Up to 140 pm, rhomboid Up to 120 pm, rhomboid

Up to 60 x 300 pm, rod-shaped Up to 60 x 320 um, rod-shaped

Tissue

>~

Roadrunner Il chip

Aluminium support frame Humidor

8
L

Magnetic base

(a)
Figure 3

(b)

Roadrunner II chip design. (a) For assembly, a magnetic base (Thorlabs) is screwed to an aluminium support frame and a Roadrunner II chip is glued on
top of the frame cavity. Both assembly steps are assisted by special tools to guarantee perpendicular installation of the base with respect to the support
frame and a defined and reproducible position of the chip. The humidor (green) is equipped with a dry piece of tissue and can be slid to the base of the
aluminium support frame. (b) The humidor was designed to keep naked crystals on the chip in a humid environment. For the short transport between the
crystal-preparation laboratory and the beamline, the tissue in the humidor is soaked with water or mother liquor through the gaps on top and the
humidor is slid over the chip.
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and merging. The hAQP2 structure PDB entry 4nef (Frick et
al., 2014) served as a model template for structure solution
with Phaser. The structural model was built and refined in
Coot and PHENIX, respectively (Emsley et al., 2010; Adams et
al., 2010).

2.4. On-chip ligand-binding studies

Our crystallization chambers constitute a valuable tool for
ligand-soaking experiments, as they provide a stable envir-
onment even for extended incubation times of several days to
weeks. The procedure for a ligand-soaking experiment on a
Roadrunner I chip is illustrated in Fig. 5. Our setup is not

limited to on-chip-grown crystals, but can also be used for
protein crystals grown in batch.

We studied the complexes of on-chip crystallized thermo-
lysin with aspartate and in-batch crystallized human serine/
threonine kinase 17B (also known as DRAK2) in complex
with its natural ligand ATP via on-chip ligand soaking.

Human DRAK2 was expressed and purified in-house
following the protocols described on the web pages of the
Structural Genomics Consortium (http://www.thesgc.org). In
brief, N-terminally His-tagged DRAK2 was expressed in
Escherichia coli. After cell lysis by ultrasound sonification and
centrifugation, the DRAK2 protein in the supernatant was
purified via nickel-affinity chromatography and subsequent
gel filtration using a Superdex S200 HiL.oad column. Fractions

(© (9]

Figure 4

Procedure for on-chip crystallization using Roadrunner II chips. (a) The top opening of the
crystallization chamber is sealed with transparent sticky tape and the chamber is subsequently filled
with 5-10 ml reservoir solution through the side opening. (b) 100 pl of the protein—precipitant
mixture is applied to the chip and carefully spread over the whole chip area using a pipette tip or a
rectangular cover slide. (¢) The chip holder is then inserted through the side opening of the chamber
and the remaining cleft between the chamber and chip holder is sealed with Parafilm to minimize
evaporation. (d) In the sealed chamber, the vapor-diffusion process leads to a decrease in the drop
volume. (e) Crystal growth on the chip can be monitored by light microscopy using top light
illumination. (f) After crystal growth has finished, the chip is removed from the crystallization
chamber. Under a stream of humidified air, as shown here in a so-called ‘chip-loading station’, the
mother liquor is carefully and thoroughly removed through the pores of the chip with a soft tissue.
This handling step can be observed through the transparent window on top of the loading station.
Afterwards, the humidor is slid over the chip and the naked crystals can be safely transported to the
beamline for data collection.

containing the DRAK2 protein were
pooled and concentrated to
~20 mg ml~'. The final buffer (25 mM
HEPES pH 7.5, 500 mM NacCl, 0.5 mM
TCEP) was compatible with flash-
cooling of the protein and storage at
—80°C. Batch crystallization of DRAK?2
was performed by mixing 20 mg ml™!
thawed protein in a 1:1.5 ratio with
0.2 M ammonium acetate, 20% PEG
3350, 50 mM sodium/potassium tartrate,
0.8 mM quercetin. Crystals of 3040 pm
were ready for experiments after one
day of incubation at 20°C.

We soaked thermolysin and DRAK?2
crystals for minutes to hours on Road-
runner I chips. We used 200 mM sodium
aspartate (in 0.1 M MES-NaOH pH 6.5,
10 mM CaCl,, 25% PEG 2000, 25%
ethylene glycol) and 50 mM ATP (in
0.2 M ammonium acetate, 20% PEG
3350, 50 mM sodium/potassium tartrate,
25% ethylene glycol) for thermolysin
and DRAK?2, respectively.

Diffraction data collection at cryo-
genic temperatures, data processing and
structure refinement was performed as
described for the Roadrunner I chips
(see above). Structures were solved by
molecular replacement with Phaser
(McCoy et al., 2007) using PDB entries
2tlx (English et al, 1999) and 3lm5
(Structural  Genomics  Consortium,
unpublished work) as the template
structures for thermolysin and DRAK?2,
respectively.

3. Results
3.1. Roadrunner I chips

In a conventional hanging-drop
vapor-diffusion experiment, proteinase

IUCr) (2019). 6, 714-728 Julia Lieske et al.
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Table 2
Diffraction and refinement data statistics for proteins crystallized and soaked on Roadrunner I chips.

Proteinase K Thermolysin Thermolysin-aspartate DRAK2-ADP
PDB code 6qfl 6qf2 6qf3 6qf4
Data-collection temperature (K) 298 100 100 100
No. of crystals merged 3 3 5 4
Space group P452,2 P6,22 P6,22 P4,22
a, b, c (A) 68.47, 68.47, 108.27 92.67, 92.67, 128.31 93.15, 93.15, 129.29 85.48, 85.48, 118.07
a, B,y () 90, 90, 90 90, 90, 120 90, 90, 120 90, 90, 90
Resolution range (A) 44.20-1.74 (1.77-1.74) 46.33-1.73 (1.77-1.73) 46.58-1.52 (1.55-1.52) 42.74-2.50 (2.60-2.50)
Rineas 0.150 (0.677) 0.175 (1.013) 0.121 (0.932) 0.113 (0.522)
Mean I/o(I) 109 (3.4) 114 (3.1) 21.6 (4.7) 147 (5.3)
Completeness (%) 99.6 (99.9) 100 (100) 100 (99.6) 98.6 (99.0)
No. of unique reflections 27136 (1465) 34527 (1852) 51432 (2484) 15529 (1743)
Multiplicity 11.1 (11.3) 13.2 (13.6) 29.1 (29.2) 9.3 (9.7)
CCyp 0.997 (0.921) 0.995 (0.810) 0.999 (0.939) 0.997 (0.992)
Mosaicity (°) 0.040 0.200 0.150 0.210
Wilson B factor (A?) 13.37 12.63 11.90 40.22

Resolution for refinement
No. of reflections used

44.20-1.74 (1.78-1.74)
27060 (1765)

No. of reflections used for Ry 1995 (140)

Ryork/Riree 0.134/0.156 (0.185/0.214)

R.m.s.d., bond lengths (A) 0.005 0.006
R.m.s.d., bond angles (°) 0.746 0.841
Mean B factor (A% 17.61 16.57

K crystals of ~30 um appeared overnight at room tempera-
ture when 6 pl of a 1:1 mixture of 15 mg ml™" protein solution
and precipitant solution consisting of 0.6 M ammonium sulfate
was equilibrated against 500 pl reservoir solution. Using the
same crystallization conditions (3pl of a 1:1 mixture
containing 15 mgml™' proteinase K equilibrated against
500 pl reservoir solution), we crystallized proteinase K on
Roadrunner I chips, resulting in 25-
40 pm crystals overnight [Fig. 6()]. The
crystals were evenly distributed over
the whole chip area and remained in
place when the mother liquor was
removed. We obtained the same result
for the crystallization of thermolysin.
Using identical crystallization condi-
tions for both conventional hanging-
drop experiments and crystallization on
Roadrunner I chips, thermolysin crys-
tals were observed to grow reproducibly
to a maximal size of around 35 x
150 pm.

Diffraction data from proteinase K
and thermolysin crystals were collected
on beamline P11 of the PETRA III
storage ring (Burkhardt et al, 2016)
using the abovementioned multi-crystal
approach at room temperature and
cryogenic temperature, respectively
(Table 2).

We solved the room-temperature
proteinase K structure at 1.74 A reso-
lution [Fig. 7(a)] using diffraction data
from three 30 pum crystals merged
according to BLEND cluster analysis
and using PDB entry 4b5l as the

Figure 5

collection.

46.33-1.73 (1.79-1.73)
34457 (2936)

1571 (139)
0.128/0.161 (0.165/0.204)

46.58-1.52 (1.56-1.52)
51351 (3451)

1939 (135)

0.123/0.150 (0.152/0.178)
0.010

1.162

16.06

42.74-2.50 (2.58-2.50)
15521 (1256)

1552 (139)

0.183/0.227 (0.239/0.259)
0.002

0.476

57.04

template for molecular replacement. Comparison with either
PDB entry Savj (Yazawa et al., 2016), a cryogenic temperature
structure of proteinase K at 1.45 A resolution, or PDB entry
lic6 (Betzel et al., 2001), a 0.98 A resolution room-tempera-
ture structure of proteinase K, reveals that our structure is
identical to the available structures in the PDB (main-chain
r.m.s.d.s of 0.210 and 0.230 A, respectively), only showing the

\ a\

\,V~‘

(a) (b)

l:)fb -

&

- |

= (¢

(© @

Procedure for on-chip ligand-soaking experiments. (a) Crystals are either grown on Roadrunner I
chips or 1-3 pl of batch-grown crystals are applied to the chip. Under a stream of humidified air, the
mother liquor is removed from the chip through the pores. (b) 2-3 pl of ligand-soaking solution is
applied to the crystals. (¢) One well of the crystallization chamber is filled with the appropriate
reservoir solution. The chip is installed in the crystallization chamber and incubated for the desired
time period. (d) The soaking solution is removed through the pores of the chip and crystals are
either measured at room temperature or the chip is cooled in liquid nitrogen for cryogenic data
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Figure 6
Exemplary results of crystallization experiments for proteinase K (a, ) and thermolysin (¢, d) using the same crystallization conditions for conventional

hanging-drop crystallization (a, ¢) and on-chip crystallization on Roadrunner I chips (b, d). The proteinase K crystals are around 30 pm in size and
appeared overnight. The thermolysin crystals needed 1-2 days to reach a maximal size of ~35 x 150 um. The scale bars at the bottom right corners each
have a length of 200 um. The different background colors in the pictures showing on-chip crystallization stem from the different polylactic acid colors

used for 3D-printing of the crystallization chambers.
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Figure 7
Exemplary 2mF, — DF, electron densities at 1.5¢0 for the structures of proteinase K (a) and thermolysin (b) derived from crystals grown on Roadrunner I

chips. The Ca?*-binding site of proteinase K and the active site of thermolysin with two bound Zn?" ions (gray spheres) are shown. Residues that are
involved in ion binding and/or are functionally important are represented as sticks and labeled. For a more detailed discussion on the thermolysin

structure, please see the supporting information.
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conformational flexibility of side chains that is typical of room-
temperature structures.

For the apo form of thermolysin measured at cryogenic
temperature, structure solution and refinement was performed
with data merged from three individual crystals using the
native thermolysin structure with PDB code 2tlx (English et
al., 1999) as a template for molecular replacement. Our 1.73 A
resolution thermolysin structure superposes well with the

(e)

Figure 8

scale bar: 200um

scale bar: 200pm

reference structure 2tlx, with an r.m.s.d. of 0.273 A for all
main-chain atoms. A more detailed discussion of our ther-
molysin structure can be found in the supporting information.

3.2. Roadrunner Il chips

We crystallized six different proteins on Roadrunner II
chips, including globular proteins such as proteinase K, hen

scale bar: 500um

scale bar: 200um

scale bar: 1mm

(0]

Exemplary images of crystals grown in hanging drops (a, ¢, ¢) and on Roadrunner II chips (b, d, e) using the same crystallization conditions. The
crystallization conditions and crystal sizes for lysozyme (a, b), proteinase K (c, d) and thermolysin (e, f) are summarized in Table 1.

722

Julia Lieske et al. » On-chip crystallization and ligand binding

IUCr) (2019). 6, 714-728



research papers

egg-white lysozyme, thaumatin, thermolysin and carbon
monoxide dehydrogenase (CODH) as well as the human
membrane protein aquaporin 2 (hAQP2). Starting from
the optimized hanging-drop crystallization conditions, we
obtained crystals that already showed a similar size and shape
in the first attempt for all samples. The crystallization condi-
tions as well as the resulting crystal sizes are summarized in
Table 1. In general, the crystal growth and appearance showed
the same characteristics as in a conventional vapor-diffusion
experiment (Fig. 8). Protein crystals that exhibited a large
diversity in shape and size under a specific crystallization
condition, such as thaumatin and hAQP2, also appeared with a
similar shape and size distribution on the chips. For almost all
samples, crystals grew at a similar speed as in a conventional
sitting-drop experiment, ranging from 15 min to one day. Only
the growth of CODH crystals on the chip took approximately
2.5 days at 4°C, in contrast to overnight growth in hanging
drops.

We collected serial diffraction data for on-chip crystallized
human aquaporin 2 (hAQP2) at room temperature at LCLS
using the fast-scanning Roadrunner II goniometer. From two
Roadrunner II chips we obtained 3377 hits from 137 476
collected frames (a 2.5% hit rate), leading to 2723 indexed
patterns (an 80.6% indexing rate). The measurement time per
chip was about 20 min for the first chip and about 9 min for the
second chip, resulting in a total measurement time of around
30 min for the full data set. The rod-shaped hAQP2 crystals
showed a strong preference for two distinct orientations
rotated along their long fourfold symmetry axis when lying on
the flat silicon-chip surface. The corresponding diffraction
patterns collected with a beam perpendicular to the chip plane
hence show a strong bias and Bragg peaks only cover a very
narrow region of reciprocal space (Fig. 9). In order to obtain a

Table 3
Data-collection and refinement statistics for human aquaporin 2 crystal-
lized on Roadrunner II chips.

PDB code 6qfsS

Data-collection temperature (K) 298

No. of hits 3377

Indexed patterns 2903

Space group P4,

a, b, c(A) 122.2,122.2, 94.14

o, B,y (°) 90, 90, 90

Resolution range (A) 37.38-3.70 (3.76-3.70)
Ripiic 0.437 (1.538)

Mean I/o(I)
Completeness (%)
No. of unique reflections

2.32 (0.92)
99.97 (99.93)
14866 (1462)

Multiplicity 28.1 (17.7)
CcC* ) 0.937 (0.435)
Wilson B factor (A?) 93.37

Resolution for refinement
No. of reflections used
No. of reflections used for Ry

33.89-3.70 (3.82-3.70)
14805 (1110)
1488 (127)

Ryork/ Riree . 0.282/0.336 (0.398/0.419)
R.m.s.d., bond lengths (A) 0.004
R.m.s.d., bond angles (°) 0.761

Mean B factor (A2) 105.45

complete data set, we tilted the chip by 25° during SX data
collection.

Using these data, the hAQP2 crystal structure was solved to
a resolution of 3.7 A (Table 3), exhibiting lower overall quality
than the cryo-structure reported in the PDB with a resolution
of 2.75 A (PDB entry 4nef; Frick et al., 2014). In order to
exclude any potential negative effect of our on-chip crystal-
lization on the crystal quality, we also measured hAQP2
crystals pooled from sitting-drop plates grown using the same
crystallization protocol. These crystals showed the same
diffraction properties and quality as the on-chip grown crys-
tals. From previous screening of cryo-cooled hAQP2 crystals

(@)

Figure 9

®

Accumulated Bragg spots of 3000 patterns collected from hAQP2 crystals with the silicon chip oriented perpendicular to the beam (a) and at a tilt angle
of 25° (b). The preferred orientation of the crystals lying on the silicon-chip surface leads to poor coverage of reciprocal space. In order to obtain a more
complete data set, the chip has to be tilted during data collection. The color code of the scale bars indicates the number of patterns that contribute to

each pixel in merged reciprocal space.
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we have found a correlation between crystal size and crystals used for previous structural determination and do not
diffraction properties. Therefore, the weaker diffraction originate from our on-chip crystallization method.

properties of the crystals used in this work are most likely to Human AQP2 forms a homotetramer in the protein crystal
be owing to their significantly smaller size compared with the as well as in the biologically active structure (Fig. 10). Each

(©

Figure 10

Structure of human aquaporin 2 (hAQP2) obtained by room-temperature SFX from crystals directly grown on Roadrunner II chips. Views are parallel to
the membrane plane (a) and perpendicular to the membrane plane (b) in cartoon representation. hAQP2 forms a homotetramer, with each monomer
consisting of six transmembrane helices and two half-helices forming a pseudo-transmembrane helix. Each monomer is shown in a different color for
clarity. Gray lines indicate the unit cell axes. (c) A water molecule (red sphere) is situated in the middle of the water channel of one monomer. The shown
surface represents the solvent-excluded surface area viewed from the extracellular side. (d) The view perpendicular to the water channel shows that the
water molecule is situated at a hydrogen-bond distance from the side chain of Asn68. This residue is part of the highly conserved dual NPA motif (pink
and cyan) in the center of aquaporin channels that plays a central role in channel selectivity. The 2mF, — DF, electron density is shown at 0.8c.
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monomer contains a water channel surrounded by six trans-
membrane helices and two half-helices forming a pseudo-
transmembrane helix. Comparison of our on-chip crystal
structure with the reference structure available in the PDB
(PDB entry 4nef), which was solved by conventional cryo-
crystallography, revealed no major differences in the overall
conformation of the tetramer. In particular, the predominantly
a-helical and well ordered protein cores of both structures,
built by the 4 x 6 transmembrane helices, superimpose well
(rm.s.d. of 0.622 A for 1936 main-chain atoms), whereas the
surface loops naturally show higher flexibility. In general the
structures are similar, with an overall r.m.s.d. value of 0.928 A
for all 3596 main-chain atoms. Both of the Cd**-binding sites
present in the reference structure PDB entry 4nef were
confirmed by our structure. Despite the limited resolution of
the data, clear density for a water molecule is observed in the
middle of the water-conducting pore of one of the hAQP2
monomers, close to the conserved NPA region. Further details
are provided in the supporting information.

3.3. On-chip ligand-binding studies

Our experiments revealed that our on-chip crystallization
chambers are very well suited for on-chip ligand-binding
experiments. A great advantage is the direct accessibility of
the ligand solution to the ‘naked’ crystals on the silicon chips.
Following this approach, we were able to solve the crystal
structures of on-chip crystallized thermolysin in complex with
aspartic acid and in-batch crystallized DRAK2 crystals in
complex with ADP, both of which are new structures to the
PDB.

Tyrl57

. Glu143

(@)

Figure 11

Apo crystals of thermolysin were grown directly on Road-
runner I chips and were subsequently soaked with 200 mM
aspartate dissolved in mother liquor, using our on-chip crys-
tallization chambers in both steps. Diffraction data were
measured at cryogenic temperature. Structure solution and
refinement was performed using a 1.52 A resolution data set
obtained by merging data from five crystals, using the native
thermolysin structure (PDB entry 2tlx; English et al., 1999) as
a template for molecular replacement. At the active site we
observed two bound aspartate molecules, one of which is
involved in the pentacoordination of the catalytic zinc ion
[Fig. 11(a)]. The binding mode of this aspartate molecule is
similar to that of asparagine bound to thermolysin (PDB entry
4m65; Yin et al., 2014). Details are provided in the supporting
information.

DRAK? is a serine/threonine kinase that is involved in
autoimmune diseases and cancer (Sanjo ef al., 1998; Doherty et
al., 2009; Yang et al., 2012; Edwards et al., 2015; Harris &
McGargill, 2015). DRAK?2 crystals were grown by batch
crystallization and were soaked on a Roadrunner I chip for 1 h
with the natural ligand ATP using the on-chip crystallization
chamber. Cluster analysis of the collected data with BLEND
led to a 2.5 A resolution data set merged from four individual
crystals. The crystal structure was solved via molecular
replacement using the quercetin-bound structure of DRAK2
(PDB entry 3Im5) as a search model. At the active site, elec-
tron density for the nucleotide and one coordinated magne-
sium ion is clearly visible, although the lack of density for the
y-phosphate indicates that ATP was hydrolyzed to ADP
during incubation [Fig. 11(b)]. A more detailed description of
the active site and a comparison with structures of the related
kinase DAPK1 are provided in the supporting information.

®)

Ligand-binding sites of the structures obtained from on-chip ligand-soaking experiments using our crystallization chambers and Roadrunner I chips. (a)
An aspartate molecule (pink) in complex with a sodium ion (purple sphere) is bound to the active site of thermolysin. It is involved in the fivefold
coordination of the catalytic zinc ion (gray sphere) with both its amino and carboxy moieties. The 2mF, — DF, electron-density map at 1o is shown as a
blue mesh and catalytically important thermolysin residues (green) are labeled. (b) The 2mF, — DF, electron-density map at 1.5¢ clearly indicates the
presence of Mg>*-ADP (yellow sphere and pink sticks) at the active site of DRAK2.
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4. Conclusion and outlook
4.1. On-chip crystallization

The recent evolution of high-intensity X-ray techniques
such as serial femtosecond crystallography (SFX) at XFELs
goes hand in hand with the need for extremely fast sample
exchange. Fixed-target sample holders are often advantageous
over liquid-jet and LCP systems, as they typically lead to much
higher hit fractions, provide lower background levels and work
more reliably, hence causing significantly reduced downtimes
of the instrument. Probably the most important advantage is
that they require orders of magnitude less sample.

Here, we present a new method for in-situ protein crystal-
lization directly on silicon chips, which provides a straight-
forward and highly reliable method for sample delivery for SX
experiments at synchrotrons and XFEL facilities. It constitutes
an alternative approach to batch crystallization, which, owing
to the harsh conditions, is not always possible for all proteins.
It also avoids time-consuming crystal pooling from tens to
hundreds of individual crystallization drops. Known hanging-
drop or sitting-drop crystallization conditions can be directly
transferred to the on-chip crystallization method and in most
cases do not require any further optimization.

Loading of pre-grown protein crystals onto fixed-target
sample holders in an efficient way has still remained challen-
ging, as this involves additional crystal-handling steps and
often leads to crystal clustering when the surrounding liquid is
removed (Soares et al, 2014). The on-chip crystallization
method is of particular interest for soft and fragile protein
crystals. These often suffer from shearing forces during
pipetting, which is now avoided since they are measured in situ
on their crystallization substrate. In general, we even expect a
higher crystal quality for the on-chip grown crystals owing to
the reduced crystal-handling steps. In addition, the on-chip
grown crystals remain in place upon the removal of the mother
liquor, showing no clustering. Hence, we achieve a more
homogenous distribution of the crystals on the chip for SX
measurements, preventing multiple crystals per exposure.

The hit rates of 2.5% as observed for hAQP2 on the
Roadrunner II chips were low for a fixed-target experiment
and can probably be attributed to the low protein concen-
tration that was used. The number of crystals on the chip could
be increased by using a larger amount of crystallization solu-
tion, as Roadrunner II chips have a high capacity of at least
120 pl of solution. An alternative approach for increasing the
crystal density is to vary the crystallization parameters such as
the protein and precipitant concentration. This strategy was
not applicable for hAQP?2 as it causes unwanted changes in the
crystal morphology. However, even though the hit rates were
low, a total data collection of 30 min still appears to be
reasonable for an SFX structure determination.

4.2. On-chip ligand binding

X-ray crystallography allows the study of the interaction of
pharmaceutical target proteins with potential drugs on the
atomic level, which often requires the screening of hundreds

to thousands of different compounds. To date, most of these
ligand-binding experiments have been performed manually
using conventional crystallography. For these studies, rela-
tively large crystals are individually harvested from their
growth solution, transferred to the solution containing the
ligand and subsequently flash-cooled for cryogenic data
collection (Schiebel et al., 2016). These steps have to be
repeated for every ligand solution. Consequently, these studies
are a very tedious and time-consuming procedure. Even
though efforts have been undertaken to automate the crystal-
harvesting step (Deller & Rupp, 2014; Samara et al., 2018), the
whole procedure remains a major bottleneck for screening of
entire chemical libraries. Here, we show that fixed-target serial
crystallography provides a very promising alternative to these
conventional ligand-binding studies. In contrast to current
practice, our method avoids most of the crystal-handling steps
as the crystals are grown and soaked with the ligand solution
directly on their support structure and measured in sifu.

The Roadrunner crystallization chambers provide a well
suited environment for ligand-binding experiments, as we
show for the binding of aspartate to thermolysin and for the
DRAK2-ADP complex. In difficult cases, where the desired
compound is sparsely soluble, our system has the advantage
that the mother liquor can be completely removed prior to
application of the ligand solution. Hence, the ‘naked’ crystals
can be exposed to the highest possible ligand concentrations.

Furthermore, Roadrunner I chips are compatible with data
collection at most synchrotron MX beamlines, as the chips are
mounted on commonly used standard magnetic bases. In
combination with sample-changing robots and automated
raster-scanning procedures of the chips, which are increasingly
available at synchrotron beamlines such as DESY beamline
P11 (Burkhardt et al., 2016), this should allow much faster and
more efficient ligand-binding studies at synchrotron sources.
The use of polychromatic ‘pink’ X-ray beams providing much
higher X-ray intensities should make data collection even
faster. The larger bandwidth of up to 5% for a polychromatic
X-ray beam has been shown to further significantly reduce the
number of crystals and thus the amount of sample required to
obtain a complete data set. In a recent pink-beam diffraction
experiment, still diffraction images collected from only 50
microcrystals were sufficient for protein structure determina-
tion (Meents ef al., 2017). Hence, the combination of pink-
beam SX, on-chip crystallization and on-chip ligand-binding
experiments holds huge potential for high-throughput ligand
screening of pharmaceutically relevant target proteins.

5. Related literature

The following references are cited in the supporting infor-
mation for this article: de Diego et al. (2010), Holland et al.
(1995), Temmerman et al. (2014) and Thorn & Sheldrick
(2011).

Acknowledgements

We acknowledge DESY, Hamburg, Germany, a member of the
Helmbholtz Association HGF, for funding and the provision of

726

Julia Lieske et al. » On-chip crystallization and ligand binding

IUCr) (2019). 6, 714-728



research papers

experimental facilities. Parts of this research were carried out
on the PETRA III P11 beamline. Use of the Linac Coherent
Light Source (LCLS), SLAC National Accelerator Labora-
tory is supported by the US Department of Energy, Office of
Science, Office of Basic Energy Sciences under Contract No.
DE-AC02-76SF00515. Parts of this research were carried out
at the LCLS MFX endstation. We further thank all of the
collaborators who contributed to LCLS beamtime LN78/11.
We very much thank Sascha Gutmann for valuable informa-
tion and very kind support on our DRAK2 project and we
kindly thank Dr Kiefersauer from Proteros Biostructures for
providing the CODH protein.

Funding information

We acknowledge support from the ‘European Cluster of
Advanced Laser Light Sources’ (EUCALL) under grant
agreement No. 654220 of the European Union’s Horizon 2020
research and innovation programme, AXSIS — Frontiers in
Attosecond X-ray Science: Imaging and Spectroscopy (ERC
grant agreement No. 609920), the Rﬁntgen—Angstrém Cluster
project 05K2018 —2017-06727 MXD from BMBF as well as the
Swedish Research Council (grants 2010-5208 and 2012-2849 to
ST-H).

References

Adams, P. D., Afonine, P. V., Bunkdczi, G., Chen, V. B, Davis, I. W.,
Echols, N., Headd, J. J, Hung, L.-W., Kapral, G. J., Grosse-
Kunstleve, R. W., McCoy, A. J., Moriarty, N. W., Oeffner, R., Read,
R. J, Richardson, D. C.,, Richardson, J. S., Terwilliger, T. C. &
Zwart, P. H. (2010). Acta Cryst. D66, 213-221.

Barty, A., Kirian, R. A., Maia, F. R. N. C,, Hantke, M., Yoon, C. H.,
White, T. A. & Chapman, H. (2014). J. Appl. Cryst. 47, 1118-1131.

Betzel, C., Gourinath, S., Kumar, P, Kaur, P, Perbandt, M.,
Eschenburg, S. & Singh, T. P. (2001). Biochemistry, 40, 3080-3088.

Beyerlein, K. R., Dierksmeyer, D., Mariani, V., Kuhn, M., Sarrou, 1.,
Ottaviano, A., Awel, S., Knoska, J., Fuglerud, S., Jénsson, O., Stern,
S., Wiedorn, M. O., Yefanov, O., Adriano, L., Bean, R., Burkhardt,
A., Fischer, P, Heymann, M., Horke, D. A., Jungnickel, K. E. J.,
Kovaleva, E., Lorbeer, O., Metz, M., Meyer, J., Morgan, A., Pande,
K., Panneerselvam, S., Seuring, C., Tolstikova, A., Lieske, J., Aplin,
S., Roessle, M., White, T. A., Chapman, H. N., Meents, A. &
Oberthuer, D. (2017). IUCrJ, 4, 769-7717.

Boutet, S., Lomb, L., Williams, G. J., Barends, T. R. M., Aquila, A.,
Doak, R. B., Weierstall, U., DePonte, D. P, Steinbrener, J.,
Shoeman, R. L., Messerschmidt, M., Barty, A., White, T. A.,
Kassemeyer, S., Kirian, R. A., Seibert, M. M., Montanez, P. A.,
Kenney, C., Herbst, R., Hart, P, Pines, J., Haller, G., Gruner, S. M.,
Philipp, H. T., Tate, M. W., Hromalik, M., Koerner, L. J., van Bakel,
N., Morse, J., Ghonsalves, W., Arnlund, D., Bogan, M. J., Caleman,
C., Fromme, R., Hampton, C. Y., Hunter, M. S, Johansson, L. C.,
Katona, G., Kupitz, C., Liang, M., Martin, A. V., Nass, K., Redecke,
L., Stellato, F., Timneanu, N., Wang, D., Zatsepin, N. A., Schafer, D.,
Defever, J., Neutze, R., Fromme, P, Spence, J. C. H., Chapman,
H. N. & Schlichting, 1. (2012). Science, 337, 362-364.

Burkhardt, A., Pakendorf, T., Reime, B., Meyer, J., Fischer, P, Stiibe,
N., Panneerselvam, S., Lorbeer, O., Stachnik, K., Warmer, M.,
Rodig, P, Gories, D. & Meents, A. (2016). Eur. Phys. J. Plus, 131,
56.

Chapman, H. N., Fromme, P, Barty, A., White, T. A., Kirian, R. A.,
Aquila, A., Hunter, M. S, Schulz, J., DePonte, D. P.,, Weierstall, U.,
Doak, R. B,, Maia, F. R. N. C,, Martin, A. V., Schlichting, I., Lomb,
L., Coppola, N., Shoeman, R. L., Epp, S. W., Hartmann, R., Rolles,
D., Rudenko, A., Foucar, L., Kimmel, N., Weidenspointner, G.,

Holl, P, Liang, M., Barthelmess, M., Caleman, C., Boutet, S.,
Bogan, M. J., Krzywinski, J., Bostedt, C., Bajt, S., Gumprecht, L.,
Rudek, B., Erk, B., Schmidt, C., Homke, A., Reich, C., Pietschner,
D., Striider, L., Hauser, G., Gorke, H., Ullrich, J., Herrmann, S.,
Schaller, G., Schopper, F., Soltau, H., Kiihnel, K.-U., Messer-
schmidt, M., Bozek, J. D., Hau-Riege, S. P, Frank, M., Hampton, C.
Y., Sierra, R. G,, Starodub, D., Williams, G. J., Hajdu, J., Timneanu,
N, Seibert, M. M., Andreasson, J., Rocker, A., Jonsson, O., Svenda,
M., Stern, S., Nass, K., Andritschke, R., Schréter, C.-D., Krasniqi, F.,
Bott, M., Schmidt, K. E., Wang, X., Grotjohann, I., Holton, J. M.,
Barends, T. R. M., Neutze, R., Marchesini, S., Fromme, R., Schorb,
S., Rupp, D., Adolph, M., Gorkhover, T., Andersson, 1., Hirsemann,
H., Potdevin, G., Graafsma, H., Nilsson, B. & Spence, J. C. H.
(2011). Nature (London), 470, 73-77.

Chayen, N. E. (1998). Acta Cryst. D54, 8-15.

DeLano, W. L. (2002). PyMOL. http://www.pymol.org.

Deller, M. C. & Rupp, B. (2014). Acta Cryst. F70, 133-155.

DePonte, D. P., Weierstall, U., Schmidt, K., Warner, J., Starodub, D.,
Spence, J. C. H. & Doak, R. B. (2008). J. Phys. D, 41, 195505.

Diego, 1. de, Kuper, J., Bakalova, N., Kursula, P. & Wilmanns, M.
(2010). Sci. Signal. 3, ra6.

Dobbek, H., Gremer, L., Meyer, O. & Huber, R. (1999).
Biochemistry, 96, 8884-8889.

Dobherty, G., Byrne, S., Austin, S., Scully, G., Sadlier, D., Neilan, T.,
Kay, E., Murray, F. & Fitzgerald, D. (2009). Br. J. Cancer, 101, 483—
491.

Edwards, B. A., Harris, T. L., Floersh, H., Lukens, J. R., Zaki, M. H.,
Vogel, P, Kanneganti, T.-D., Bui, J. D. & McGargill, M. A. (2015).
Int. Immunol. 27, 161-166.

Emsley, P, Lohkamp, B., Scott, W. G. & Cowtan, K. (2010). Acta
Cryst. D66, 486-501.

English, A. C., Done, S. H., Caves, L. S., Groom, C. R. & Hubbard,
R. E. (1999). Proteins, 37, 628-640.

Falkner, J. C., Al-Somali, A. M., Jamison, J. A., Zhang, J., Adrianse,
S. L., Simpson, R. L., Calabretta, M. K., Radding, W., Phillips, G. N.
& Colvin, V. L. (2005). Chem. Mater. 17, 2679-2686.

Foadi, J., Aller, P, Alguel, Y., Cameron, A., Axford, D., Owen, R. L.,
Armour, W., Waterman, D. G., Iwata, S. & Evans, G. (2013). Acta
Cryst. D69, 1617-1632.

Frick, A., Eriksson, U. K., de Mattia, F.,, Oberg, F., Hedfalk, K.,
Neutze, R., de Grip, W. J., Deen, P. M. T. & Tornroth-Horsefield, S.
(2014). Proc. Natl Acad. Sci. USA, 111, 6305-6310.

Fromme, R., Ishchenko, A., Metz, M., Chowdhury, S. R., Basu, S.,
Boutet, S., Fromme, P, White, T. A., Barty, A., Spence, J. C. H.,
Weierstall, U., Liu, W. & Cherezov, V. (2015). IUCr/J, 2, 545-551.

Gremer, L., Kellner, S., Dobbek, H., Huber, R. & Meyer, O. (2000). J.
Biol. Chem. 275, 1864-1872.

Harris, T. L. & McGargill, M. A. (2015). PLoS One, 10, €0123650.

Holland, D. R., Hausrath, A. C., Juers, D. & Matthews, B. W. (1995).
Protein Sci. 4, 1955-1965.

Hunter, M. S., Segelke, B., Messerschmidt, M., Williams, G. J,,
Zatsepin, N. A., Barty, A., Benner, W. H., Carlson, D. B., Coleman,
M., Graf, A., Hau-Riege, S. P, Pardini, T., Seibert, M. M., Evans, J.,
Boutet, S. & Frank, M. (2014). Sci. Rep. 4, 6026.

Kabsch, W. (2010). Acta Cryst. D66, 125-132.

Kupitz, C., Grotjohann, I., Conrad, C. E., Roy-Chowdhury, S,
Fromme, R. & Fromme, P. (2014). Philos. Trans. R. Soc. Lond. B
Biol. Sci. 369, 20130316.

Kupitz, C., Olmosjr, J. L., Holl, M., Tremblay, L., Pande, K., Pandey,
S., Oberthiir, D., Hunter, M., Liang, M., Aquila, A., Tenboer, J.,
Calvey, G, Katz, A., Chen, Y., Wiedorn, M. O., Knoska, J., Meents,
A., Majriani, V., Norwood, T., Poudyal, 1., Grant, T., Miller, M. D.,
Xu, W, Tolstikova, A., Morgan, A., Metz, M., Martin-Garcia, J. M.,
Zook, J. D., Roy-Chowdhury, S., Coe, J., Nagaratnam, N., Meza, D.,
Fromme, R., Basu, S., Frank, M., White, T., Barty, A., Bajt, S,,
Yefanov, O., Chapman, H. N., Zatsepin, N., Nelson, G., Weierstall,
U., Spence, J., Schwander, P, Pollack, L., Fromme, P., Ourmazd, A.,
Phillips, G. N. & Schmidt, M. (2017). Struct. Dyn. 4, 044003.

IUCr) (2019). 6, 714-728

727

Julia Lieske et al. « On-chip crystallization and ligand binding



research papers

Mariani, V., Morgan, A., Yoon, C. H., Lane, T. J., White, T. A,
O’Grady, C., Kuhn, M., Aplin, S., Koglin, J., Barty, A. & Chapman,
H. N. (2016). J. Appl. Cryst. 49, 1073-1080.

McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D.,
Storoni, L. C. & Read, R. J. (2007). J. Appl. Cryst. 40, 658-674.
Meents, A., Wiedorn, M. O., Srajer, V., Henning, R., Sarrou, I,
Bergtholdt, J., Barthelmess, M., Reinke, P. Y. A., Dierksmeyer, D.,
Tolstikova, A., Schaible, S., Messerschmidt, M., Ogata, C. M.,
Kissick, D. J., Taft, M. H., Manstein, D. J., Lieske, J., Oberthuer, D.,
Fischetti, R. F. & Chapman, H. N. (2017). Nat. Commun. 8, 1281.

Murray, T. D., Lyubimov, A. Y., Ogata, C. M., Vo, H., Uervirojnang-
koorn, M., Brunger, A. T. & Berger, J. M. (2015). Acta Cryst. D71,
1987-1997.

Nogly, P, Panneels, V., Nelson, G., Gati, C., Kimura, T., Milne, C.,
Milathianaki, D., Kubo, M., Wu, W., Conrad, C., Coe, J., Bean, R.,
Zhao, Y., Bath, P, Dods, R., Harimoorthy, R., Beyerlein, K. R.,
Rheinberger, J., James, D., Deponte, D., Li, C., Sala, L., Williams,
G. J,, Hunter, M. S., Koglin, J. E., Berntsen, P,, Fromme, P, Frank,
M., Abela, R., Boutet, S., Barty, A., White, T. A., Weierstall, U.,
Spence, J., Neutze, R., Schertler, G. & Standfuss, J. (2016). Nat.
Commun. 7, 12314.

Oberthuer, D., Knoska, J., Wiedorn, M. O., Beyerlein, K. R.,
Bushnell, D. A., Kovaleva, E. G., Heymann, M., Gumprecht, L.,
Kirian, R. A., Barty, A., Mariani, V., Tolstikova, A., Adriano, L.,
Awel, S., Barthelmess, M., Dorner, K., Xavier, P. L., Yefanov, O.,
James, D. R., Nelson, G., Wang, D., Calvey, G., Chen, Y., Schmidt,
A., Szczepek, M., Frielingsdorf, S., Lenz, O., Snell, E., Robinson,
PJ, §arler, B., Belsak, G., Macek, M., Wilde, F,, Aquila, A., Boutet,
S., Liang, M., Hunter, M. S., Scheerer, P, Lipscomb, J. D.,
Weierstall, U., Kornberg, R. D., Spence, J. C. H., Pollack, L.,
Chapman, H. N. & Bajt, S. (2017). Sci. Rep. 7, 44628.

Opara, N, Martiel, 1., Arnold, S. A., Braun, T., Stahlberg, H., Makita,
M., David, C. & Padeste, C. (2017). J. Appl. Cryst. 50, 909-918.
Pande, K., Hutchison, C. D. M., Groenhof, G., Aquila, A,
Robinson, J. S., Tenboer, J., Basu, S., Boutet, S., DePonte, D.
P, Liang, M., White, T. A., Zatsepin, N. A., Yefanov, O.,
Morozov, D., Oberthuer, D., Gati, C., Subramanian, G., James, D.,
Zhao, Y., Koralek, J., Brayshaw, J., Kupitz, C., Conrad, C., Roy-
Chowdhury, S., Coe, J. D., Metz, M., Xavier, P. L., Grant, T. D.,
Koglin, J. E., Ketawala, G., Fromme, R., Srajer, V., Henning, R.,
Spence, J. C. H., Ourmazd, A., Schwander, P, Weierstall, U.,
Frank, M., Fromme, P, Barty, A., Chapman, H. N., Moffat, K.,

van Thor, J. J. & Schmidt, M. (2016). Science, 352, 725-729.

Ren, Z., Ayhan, S., Bandara, S., Bowatte, K., Kumarapperuma, I.,
Gunawardana, S., Shin, H., Wang, C., Zeng, X. & Yang, X. (2018).
Lab Chip, 18, 2246-2256.

Roedig, P, Duman, R., Sanchez-Weatherby, J.,, Vartiainen, I,
Burkhardt, A., Warmer, M., David, C., Wagner, A. & Meents, A.
(2016). J. Appl. Cryst. 49, 968-975.

Roedig, P, Ginn, H. M., Pakendorf, T., Sutton, G., Harlos, K., Walter, T.
S.,Meyer,J.,Fischer, P., Duman, R., Vartiainen, I., Reime, B.,, Warmer,
M., Brewster, A. S., Young, I. D., Michels-Clark, T., Sauter, N. K.,
Kotecha, A., Kelly, J., Rowlands, D. J., Sikorsky, M., Nelson, S.,
Damiani, D. S, Alonso-Mori, R., Ren, J., Fry, E. E., David, C., Stuart,
D. 1., Wagner, A. & Meents, A. (2017). Nat. Methods, 14, 805-810.

Roedig, P, Vartiainen, 1., Duman, R., Panneerselvam, S., Stiibe, N.,
Lorbeer, O., Warmer, M., Sutton, G., Stuart, D. 1., Weckert, E.,
David, C., Wagner, A. & Meents, A. (2015). Sci. Rep. 5, 10451.

Roessler, C. G., Kuczewski, A., Stearns, R., Ellson, R., Olechno, J.,
Orville, A. M., Allaire, M., Soares, A. S. & Héroux, A. (2013). J.
Synchrotron Rad. 20, 805-808.

Samara, Y. N., Brennan, H. M., McCarthy, L., Bollard, M. T., Laspina,
D., Wlodek, J. M., Campos, S. L., Natarajan, R., Gofron, K.,
McSweeney, S., Soares, A. S. & Leroy, L. (2018). Acta Cryst. D74,
986-999.

Sanchez-Weatherby, J., Bowler, M. W., Huet, J., Gobbo, A., Felisaz, F.,
Lavault, B., Moya, R., Kadlec, J., Ravelli, R. B. G. & Cipriani, F.
(2009). Acta Cryst. D65, 1237-1246.

Sanjo, H., Kawai, T. & Akira, S. (1998). J. Biol. Chem. 273, 29066~
29071.

Schiebel, J., Krimmer, S. G., Rower, K., Knorlein, A., Wang, X., Park,
A. Y, Stieler, M., Ehrmann, F. R, Fu, K., Radeva, N., Krug, M.,
Huschmann, F. U., Glockner, S., Weiss, M. S., Mueller, U., Klebe, G.
& Heine, A. (2016). Structure, 24, 1398-14009.

Schmidt, M. & Saldin, D. K. (2014). Struct. Dyn. 1, 024701.

Soares, A. S., Mullen, J. D., Parekh, R. M., McCarthy, G. S., Roessler,
C. G, Jackimowicz, R., Skinner, J. M., Orville, A. M., Allaire, M. &
Sweet, R. M. (2014). J. Synchrotron Rad. 21, 1231-1239.

Stagno, J. R., Liu, Y., Bhandari, Y. R., Conrad, C. E., Panja, S., Swain,
M., Fan, L., Nelson, G., Li, C., Wendel, D. R., White, T. A., Coe,
J. D., Wiedorn, M. O., Knoska, J., Oberthuer, D., Tuckey, R. A., Yu,
P, Dyba, M., Tarasov, S. G., Weierstall, U., Grant, T. D., Schwieters,
C. D., Zhang, J., Ferré-D’Amaré, A. R., Fromme, P, Draper, D. E.,
Liang, M., Hunter, M. S., Boutet, S., Tan, K., Zuo, X., Ji, X., Barty,
A., Zatsepin, N. A., Chapman, H. N,, Spence, J. C. H., Woodson,
S. A. & Wang, Y.-X. (2017). Nature (London), 541, 242-
246.

Stellato, F., Oberthiir, D., Liang, M., Bean, R., Gati, C., Yefanov, O,
Barty, A., Burkhardt, A., Fischer, P, Galli, L., Kirian, R. A., Meyer,
J., Panneerselvam, S., Yoon, C. H., Chervinskii, F., Speller, E.,
White, T. A., Betzel, C., Meents, A. & Chapman, H. N. (2014).
1UCrJ, 1, 204-212.

Temmerman, K., de Diego, 1., Pogenberg, V., Simon, B., Jonko, W., Li,
X. & Wilmanns, M. (2014). Chem. Biol. 21, 264-273.

Thorn, A. & Sheldrick, G. M. (2011). J. Appl. Cryst. 44, 1285-
1287.

Tolstikova, A., Levantino, M., Yefanov, O., Hennicke, V., Fischer, P,
Meyer, J., Mozzanica, A., Redford, S., Crosas, E., Opara, N. L.,
Barthelmess, M., Lieske, J., Oberthuer, D., Wator, E., Mohacsi, 1.,
Waulff, M., Schmitt, B., Chapman, H. N. & Meents, A. (2019). IUCrJ,
6, https://doi.org/10.1107/S205225251900914X.

Weierstall, U. (2014). Philos. Trans. R. Soc. B Biol. Sci. 369,20130337.

Weierstall, U., James, D., Wang, C., White, T. A., Wang, D., Liu, W.,
Spence, J. C. H., Doak, R. B,, Nelson, G., Fromme, P, Fromme, R.,
Grotjohann, I., Kupitz, C., Zatsepin, N. A., Liu, H., Basu, S,
Wacker, D., Han, G. W., Katritch, V., Boutet, S., Messerschmidt, M.,
Williams, G. J., Koglin, J. E., Seibert, M. M., Klinker, M., Gati, C,,
Shoeman, R. L., Barty, A., Chapman, H. N., Kirian, R. A.,
Beyerlein, K. R., Stevens, R. C,, Li, D., Shah, S. T. A., Howe, N.,
Caffrey, M. & Cherezov, V. (2014). Nat. Commun. 5, 3309.

Wheeler, M. J., Russi, S., Bowler, M. G. & Bowler, M. W. (2012). Acta
Cryst. F68, 111-114.

White, T. A., Kirian, R. A., Martin, A. V., Aquila, A., Nass, K., Barty,
A. & Chapman, H. N. (2012). J. Appl. Cryst. 45, 335-341.

White, T. A., Mariani, V., Brehm, W., Yefanov, O., Barty, A.,
Beyerlein, K. R., Chervinskii, F., Galli, L., Gati, C., Nakane, T.,
Tolstikova, A., Yamashita, K., Yoon, C. H., Diederichs, K. &
Chapman, H. N. (2016). J. Appl. Cryst. 49, 680-689.

Wu, W., Nogly, P,, Rheinberger, J., Kick, L. M., Gati, C., Nelson, G.,
Deupi, X., Standfuss, J., Schertler, G. & Panneels, V. (2015). Acta
Cryst. F71, 856-860.

Yang, K.-M., Kim, W., Bae, E., Gim, J., Weist, B. M., Jung, Y., Hyun,
J.-S., Hernandez, J. B, Leem, S.-H., Park, T., Jeong, J., Walsh, C. M.
& Kim, S.-J. (2012). Cell Rep. 2, 1286-1299.

Yazawa, K., Sugahara, M., Yutani, K., Takehira, M. & Numata, K.
(2016). ACS Catal. 6, 3036-3046.

Yefanov, O., Gati, C., Bourenkov, G., Kirian, R. A., White, T. A.,
Spence, J. C. H., Chapman, H. N. & Barty, A. (2014). Philos. Trans.
R. Soc. B Biol. Sci. 369, 20130333.

Yin, X., Scalia, A., Leroy, L., Cuttitta, C. M., Polizzo, G. M., Ericson,
D. L., Roessler, C. G.,, Campos, O., Ma, M. Y., Agarwal, R.,
Jackimowicz, R., Allaire, M., Orville, A. M., Sweet, R. M. & Soares,
A. S. (2014). Acta Cryst. D70, 1177-1189.

Zarrine-Afsar, A., Barends, T. R. M., Miiller, C., Fuchs, M. R., Lomb,
L., Schlichting, I. & Miller, R. J. D. (2012). Acta Cryst. D68, 321-
323.

728

Julia Lieske et al. » On-chip crystallization and ligand binding

IUCr) (2019). 6, 714-728



