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Serial crystallography is having an increasing impact on structural biology. This
emerging technique opens up new possibilities for studying protein structures at
room temperature and investigating structural dynamics using time-resolved
X-ray diffraction. A limitation of the method is the intrinsic need for large
quantities of well ordered micrometre-sized crystals. Here, a method is
presented to screen for conditions that produce microcrystals of membrane
proteins in the lipidic cubic phase using a well-based crystallization approach. A
key advantage over earlier approaches is that the progress of crystal formation
can be easily monitored without interrupting the crystallization process. In
addition, the protocol can be scaled up to efficiently produce large quantities of
crystals for serial crystallography experiments. Using the well-based crystal-
lization methodology, novel conditions for the growth of showers of microcrystals
of three different membrane proteins have been developed. Diffraction data are
also presented from the first user serial crystallography experiment performed at
MAX IV Laboratory.

1. Introduction

1.1. Serial crystallography at X-ray free-electron lasers and
synchrotrons

For almost five decades, synchrotron-radiation sources have
been the most influential facilities for macromolecular protein
crystallography (Dauter et al., 2010), and cryo-crystallography
using single crystals is still the dominant method for solving
protein structures at atomic resolution. However, for chal-
lenging targets such as membrane proteins, the need for large
well ordered crystals can be problematic (Bill ef al., 2011).

X-ray free-electron lasers (XFELs) have transformed the
field of structural biology. Taking advantage of the extremely
intense ultrashort microfocused X-ray pulses provided by
XFELs, serial femtosecond crystallography (SFX) was devel-
oped, in which single-shot diffraction patterns are collected
from a continuous stream of micrometre-sized crystals at room
temperature before they are vaporized (Neutze et al., 2000;
Chapman et al., 2011). A complete data set is recovered by
merging diffraction images collected from thousands of single
crystals. An advantage over traditional cryo-crystallography is
that the need to grow large crystals is circumvented, and SFX
has indeed been successfully used to solve the structures of a
number of membrane proteins (Liu et al, 2013; Kang et al.,
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2015; Zhang et al., 2015; Johansson et al., 2019). In addition,
the problem of X-ray-induced radiation damage can be
avoided, which is of specific importance for metal-containing
proteins (Nass et al., 2015; Andersson et al., 2017). Finally,
time-resolved SFX opens up exciting possibilities for
capturing rapid protein structural dynamics using a pump-
probe approach, which has resulted in several breakthrough
studies on light-triggered proteins (Tenboer et al., 2014; Nango
et al., 2016; Coquelle et al., 2018; Nogly et al., 2018).

More recently, the method of serial crystallography has
been extended to also include serial synchrotron crystallo-
graphy (SSX). This storage-ring-based approach takes
advantage of the improved -characteristics of the new
generation of synchrotrons with microfocused X-ray beams
and improved optics, as well as low-noise high-frame-rate
detectors and sophisticated software suites (Nogly et al.,, 2015;
Weinert et al., 2017). SSX allows data collection on a milli-
second time scale and makes the method accessible to a
significantly larger number of users.

1.2. Crystallization of membrane proteins

Crystallization of membrane proteins can be very challen-
ging owing to their surface duality, with both hydrophilic and
hydrophobic parts, and their instability compared with soluble
proteins. A crystallization method that has proven to be
successful for many membrane proteins is the lipidic cubic
phase (LCP) or in meso crystallization technique, in which a
lipid—aqueous environment is provided that mimics a bio-
logical membrane (Landau & Rosenbusch, 1996; Cherezov et
al.,2002). The LCP is created by mixing detergent-solubilized
protein with a lipid (commonly monoolein) in a glass syringe
so that a cubic phase is formed with the protein reconstituted
into the lipid bilayer. Crystallization of the protein within the
lipidic phase is induced by adding precipitant solution to the
LCP. With the use of robot-assisted pipetting of the LCP
suspension onto glass sandwich plates in combination with
commercial crystallization screens, screening for successful
crystallization conditions can be performed quickly using
small amounts of protein (Gaisford et al, 2011). The LCP
crystallization method has been especially advantageous for
difficult-to-crystallize G-protein coupled receptors (Cherezov
et al., 2007; Zhang et al., 2015; Johansson et al., 2019).

1.3. Microcrystallization in LCP for serial crystallography
experiments

Although the toothpaste-like consistency of LCP can pose
difficulties in the crystallization and handling of crystals, the
LCP matrix has turned out to be helpful when delivering
microcrystals through a high-viscosity injector in a slow and
continuous manner for SFX experiments (Weierstall et al.,
2014; Ishchenko et al., 2016). Using high-viscosity injectors,
sample consumption during an SFX experiment can be
reduced significantly compared with the liquid microjets that
initially dominated in SFX studies (Chapman et al., 2011;
Schlichting, 2015). High-viscosity injectors are now used at
both XFELs and synchrotron-radiation sources for data

collection from protein crystals grown in LCP, as well as
crystals grown in aqueous solution, which are mixed with a
grease-like delivery medium prior to injection (Kovacsova et
al., 2017). Even when using low-flow-rate high-viscosity
injectors, serial crystallography experiments require large
amounts of microcrystals, with time-resolved SFX experi-
ments typically demanding several millilitres of microcrystal
slurries.

The dominant method of producing large amounts of LCP
microcrystals has been to use gas-tight glass syringes: typically
60-70 pl precipitant solution is added to a 100 pl syringe, after
which 5 pl of LCP suspension is pushed into the precipitant
and the syringe is sealed (Liu et al, 2014; Ishchenko et al.,
2016). To evaluate crystal formation, the syringe is opened and
a short string of LCP suspension is applied onto a microscope
slide. This has the negative consequence of effectively inter-
rupting the crystallization process. Alternatively, the crystals
are visualized directly within the syringe using a stereo
microscope. The latter allows the crystals to keep growing, but
owing to the thickness of the glass and the shape of the syringe
it is difficult to obtain a well focused image at high magnifi-
cation (Fig. 1). After successful crystallization, the micro-
crystal-containing LCP is collected by removing the
precipitant solution by slowly pushing the plunger forward
and then pooling many batches of crystals from different
syringes into one syringe. This method thus requires a large set
of glass syringes in which to crystallize the individual LCP
batches.

Figure 1

LCP microcrystallization in glass syringes. (a) Crystals of bas-type
cytochrome c¢ oxidase visualized at 7.5x magnification in a stereo
microscope. (b) At a higher magnification of 15, crystals can only be
visualized in some parts of the LCP owing to the shape of the syringe and
the orientation of the LCP string. Poor focus makes it difficult to
determine the crystal quality, shape and size.
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Here, we present a well-based crystallization method to
screen for successful crystallization conditions and to produce
large amounts of microcrystals in LCP to enable serial crys-
tallography experiments of membrane proteins at XFELs and
synchrotrons (Fig. 2). Using the described workflow, novel
crystallization conditions for three different integral
membrane proteins have been found: bas-type cytochrome c
oxidase (CcO), sensory rhodopsin II and a bacterial reaction
center. Moreover, X-ray diffraction data extending to 3.6 A
resolution were collected from basz-type cytochrome c oxidase
crystals in the first user SSX experiment performed at the
BioMAX beamline at MAX IV Laboratory.

2. Procedure for well-based crystallization of lipidic
cubic phase microcrystals

Reconstitution of the protein into LCP is achieved using
standard protocols, in which the protein is mixed with an
appropriate host lipid such as monoolein in a suitable ratio,
often between 40% and 50% of aqueous phase for most lipids,
in two Hamilton gas-tight 100 pl syringes until the suspension
is homogeneous and transparent (Liu et al., 2014). A nine-well
glass plate is prepared with 0.1-1 ml precipitant solution in
each of the wells. A short removable needle such as a
Mosquito LCP narrow-bore needle is connected to the syringe
with the LCP suspension and a string of between 5 and 50 pl of
LCP suspension is dispensed into each well [Fig. 3(a)]. The
glass plate is then sealed with a ClearVue plastic sheet cut to
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Figure 2

LCP microcrystallization in glass wells. (a) A string of LCP suspension (here 40 pl) is dispensed into
each well of a nine-well glass plate. Crystals of bas-type cytochrome c¢ oxidase are visualized in a
stereo microscope after three days of incubation at 20°C (b) under polarized light at a magnification
of 40 and at magnifications of (c) 50 and (d) 135. Crystal formation can be monitored over time and

the crystal quality, shape and density are clearly visible.

an appropriate size to fit inside the rim of the plate. This makes
it possible to cut open an individual well without disrupting
the rest of the plate. During the process of screening for
optimal crystallization conditions, it is recommended to start
by varying the protein concentration of the LCP and the
precipitant concentration in the wells. For this, it is suitable to
dispense a small amount (~5 pl) of LCP per well. Different
ratios of LCP to precipitant solution affect the crystallization
outcome and should be investigated for each protein. Thus, as
a next step, the effect of varying the volume of the crystal-
lization solution in each well, ranging between 0.1 and 1 ml,
and the amount of LCP per well, ranging between 5 and 50 pl,
should be investigated. This is typically performed in steps of
0.1 ml and 5-10 pl, respectively. If further fine-tuning is
needed, the thickness of the LCP string can also be varied by
changing the gauge size of the needle that is connected to the
LCP-containing syringe.

After crystal formation is complete, the plastic cover is
removed and the microcrystals are collected by pooling
several LCP strings into one well with the help of a plunger
[Fig. 3(b)]. It is important that the amount of time that the
LCP is exposed to air is kept to a minimum to prevent
dehydration. As long as the LCP is submerged in the well
solution, it will not dry out. The larger blob of LCP is then
transferred to a 500 pl syringe using the plunger [Figs. 3(c) and
3(d)], a process that only takes a few seconds. The plunger is
slowly pushed forward to remove residual precipitant solution
[Figs. 3(e) and 3(f)]. The process of collecting crystals from a
nine-well glass plate can be completed
within minutes. If the crystal-containing
LCP has transformed into a more fluid
sponge phase, the syringe can be kept in
a vertical position with the needle
pointing downwards for some minutes
to let residual precipitant solution
separate from the crystal-containing
phase by gravitation before the plunger
is pushed forward. Using this method,
LCP from the wells of several glass
plates can be transferred into the same
syringe and large amounts of micro-
crystals can thus be collected in a simple
and efficient way. After the crystals
have been packed into an airtight
syringe they can typically be stored for
weeks without loss of diffraction quality.
The nine-well glass plates can be re-
used after proper cleaning with deter-
gent and ethanol.

3. Materials and methods
3.1. Crystallization materials

General equipment for LCP crystal-
lization was used: 100 and 500 pl gas-
tight Hamilton syringes (Hamilton) to
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prepare LCP as well as to store and transport microcrystals,
ferrules, a heating block for melting the lipid and mixing
unions. For crystallization in wells, Mosquito LCP narrow-
bore short needles (TTP Labtech), nine-well glass crystal-
lization plates (Hampton Research) for both screening and
large-scale production, ClearVue plastic sheets (Molecular
Dimensions) to seal the plates and a stereo microscope to
monitor the crystal growth over time are needed.

3.2. Crystallization of bas-type cytochrome c oxidase

bas-type cytochrome c¢ oxidase (molecular weight 84 kDa)
from Thermus thermophilus was produced and purified
according to a previous report (Andersson et al, 2017).
Freshly purified protein in 5 mM HEPES pH 8.0, 0.05% (w/v)
dodecyl-B-p-maltoside (DDM) was concentrated to 0.3 mM
using an ultrafiltration unit (100 kDa molecular-weight cutoff)
and spun down in Eppendorf tubes (1 h, 16 900g) to remove
any precipitated protein. The protein was then mixed with
monoolein [9.9 monoacylglycerol (MAG), Nu-Check Prep;
CAS 111-03-5] at a 40:60 protein:lipid ratio in two gas-tight
100 pl syringes as described previously (Caffrey & Porter,
2010; Liu et al., 2014). Initial screening for microcrystals was
based on a crystallization condition that had previously been
used to produce well diffracting large single crystals (Tiefen-
brunn et al., 2011) and was further optimized in nine-well glass
plates. The optimization was performed by dispensing up to
20 Wl LCP at varying protein concentrations into each well
containing 300 pl precipitant solution at varying pH values

o
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Figure 3

and concentrations of PEG 400 and NaCl using a Mosquito
LCP narrow-bore short needle. The plates were sealed and
incubated at 19°C. Well ordered crystals appeared in 37 % (v/v)
PEG 400, 1.0-1.4 M NaCl, 100 mM sodium cacodylate trihy-
drate pH 5.3 after 2-3 days. The crystal-containing LCP strings
were collected and transferred to a 500 pl syringe for storage
and transportation to the SPring-8 Angstrom Compact Free
Electron Laser (SACLA), Japan. Data collection on the BL3
beamline together with data processing and structure deter-
mination have been described in detail elsewhere (Andersson
et al., 2017).

3.3. Crystallization of bas-type cytochrome c oxidase using a
nontoxic condition

bas-type CcO protein was purified according to a previous
report (Andersson et al., 2017) with the following modifica-
tions. The protein was dialyzed once in 5 mM HEPES pH 8.0,
0.05% (w/v) DDM at 4°C overnight and was then loaded onto
a HiPrep DEAE FF 16/10 column (GE Healthcare Life
Sciences) using 20 mM Tris-HCl buffer pH 7.6 with
0.05% (w/v) DDM. The protein was eluted with 80 mM NaCl
and concentrated using an ultrafiltration unit (50 kDa
molecular-weight cutoff), centrifuged for 20 min at 16 900g
and loaded onto a Superdex 200 Increase 10/300 GL column
(GE Healthcare Life Sciences). Finally, the protein
was concentrated to 0.24 mM in 20 mM Tris—-HC] pH 7.6,
0.05% (w/v) DDM, 80 mM NaCl. The purified protein was
reconstituted into LCP as described above. Based on the

(© ‘

Well-based crystallization procedure. (@) A short needle is connected to the syringe to dispense the LCP suspension into the wells of a nine-well glass
plate for crystallization. (b) The microcrystals are collected by pooling the LCP strings from different wells with a plunger. The LCP blob is transferred
(c) from the precipitant solution to (d) a 500 pl Hamilton syringe from the back. (¢) A 500 pl plunger is inserted into the syringe and slowly pushed
forward to remove any residual precipitant solution. (f) A packed syringe of bas-type cytochrome c oxidase crystals.
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previous microcrystallization condition, an alternative preci-
pitant solution was explored in which the toxic sodium
cacodylate trihydrate buffer was exchanged for 2-(NV-
morpholino)ethanesulfonic acid (MES) buffer. The crystal-
lization condition was optimized in glass plates by dispensing
LCP-reconstituted protein at different protein concentrations
in ~5 pl aliquots into precipitant solution at varying pH values
as well as varying the concentrations of PEG 400 and NaCl.
Volumes of precipitant solution ranging between 300 and
800 pl were tested. Large-scale microcrystallization of bas-
type CcO was achieved using a protein concentration of
0.24 mM (before mixing with monoolein) and 20 ul LCP
strings dispensed in 500 pl 34-37%(v/v) PEG 400, 1.4 M NacCl,
100 mM MES pH 5.3 after two days of incubation at room
temperature. The crystals were packed into a 500 pul Hamilton
syringe and transported to the BloMAX beamline at MAX IV
Laboratory for SSX data collection.

3.4. Crystallization of sensory rhodopsin Il

Sensory rhodopsin II (SRII; molecular weight 25 kDa) from
Natronomonas pharaonis was purified according to Hohenfeld
et al. (1999) with the following modifications: the detergent
n-decyl-B-p-maltopyranoside was exchanged for n-octyl-B-D-
glucopyranoside (8-OG), and a gel-filtration chromatography
step was added with buffer consisting of 150 mM NaCl, 25 mM
sodium/potassium phosphate, 0.8% (w/v) B-OG pH 5.1 after
the Ni-NTA chromatography to increase the purity before
crystallization. SRII was concentrated to 1.6 mM and recon-
stituted into LCP with monoolein (9.9 MAG) as described
above. Initial screening for microcrystals was performed using
an LCP Mosquito robot with the MemGold 2 crystallization
screen (Newstead et al., 2008), and the crystals were further
optimized using the well-based approach. Protein concentra-
tions of 0.8-1.6 mM (before mixing with monoolein) were
tested and the concentration of PEG 400 was varied between
30 and 42% in steps of 2%. Finally, the volume of the well
solution was varied as described above. The best crystals were
obtained using a protein concentration of 1.6 mM with 10 pl
LCP added to each well containing 400 pl precipitant solution.
Large amounts of SRII crystals of 10-40 pm in size were
grown at 22°C after 4-12 days in nine-well glass plates in a
precipitant solution consisting of 38 % (v/v) PEG 400, 150 mM
CaCl,, 100 mM glycine pH 7.5. Microcrystals were tested for
diffraction on the BloMAX beamline at MAX IV Laboratory
(data not shown).

3.5. Crystallization of a bacterial reaction center

The reaction center from Blastochloris viridis (molecular
weight 142 kDa) was produced and purified as described
previously (Wohri et al., 2009; Dods et al., 2017). For crystal-
lization, thawed protein was centrifuged (16 900g, 15 min),
concentrated to 0.3 mM and mixed with microcrystal seeds
(Dods et al., 2017) at a protein:seed ratio of 100:5. The seeded
protein was mixed with monoolein (9.9 MAG) doped with
0.5% (v/v) ubiquinone-2 in a 40:60 protein:lipid ratio to form
the LCP. Initial crystal hits were found by screening around

previously published LCP crystallization conditions for the
reaction center (Chiu et al, 2000) using an LCP Mosquito
robot. The crystallization conditions were optimized by
screening the concentration of 1,2,3-heptanetriol isomer T
against the thickness of the LCP string. Following the general
well-based crystallization protocol described above, the
conditions were then fine-tuned by varying the concentrations
of both the protein and the precipitant, as well as the volume
ratio between LCP and precipitant solution. Ultimately, 10—
12 pul LCP was dispensed into a well with 100 pl precipitant
solution consisting of 40 mM zinc sulfate, 120 mM 1,2,3-
heptanetriol isomer T, 100 mM sodium citrate pH 6.0 and
incubated for three days at room temperature. The reaction-
center microcrystals were tested for diffraction on the BL3
beamline at SACLA, Japan (manuscript in preparation).

3.6. Data collection at MAX IV Laboratory and data
processing

SSX diffraction data for the bas-type CcO LCP crystals
were collected on the BioMAX macromolecular crystallo-
graphy beamline at MAX IV Laboratory in Lund (http://
www.maxiv.lu.se/biomax). The viscosity of the LCP phase was
fine-tuned by mixing the LCP crystals with monoolein in
Hamilton syringes at a crystal:monoolein ratio of 80:15. The
crystals were injected using a high-viscosity extrusion injector
designed and engineered at MPI Heidelberg by Bruce Doak
(manuscript in preparation) with a nozzle diameter of 100 pm
and a flow rate of 1.2 ul min~'. Data were collected at room
temperature using a 5 x 20 pum (FWHM) X-ray beam char-
acterized by a wavelength of 0.98 A and a flux of 2 x
10" photons s~ (at a ring current of 150 mA). The calculated
exposure time per crystal was 0.028 s and the diffraction data
were recorded using an EIGER 16M hybrid pixel detector at a
frame rate of 100 Hz with the full detector array. 214 170
diffraction images were collected from bas-type CcO micro-
crystals and were processed offline using NanoPeakCell
(Coquelle et al., 2015), which gave a hit rate of 4.7%. Indexing
was performed using CrystFEL 0.7.0 (White et al., 2016), with
which 65% of the hits could be indexed. Data extending to a
resolution of 3.6 A were converted to MTZ format, truncated
(French & Wilson, 1978) and phased by molecular replace-
ment with Phaser (McCoy et al., 2007) using PDB entry Sndc
(Andersson et al., 2017) as a model, after which one round of
rigid-body refinement was performed using REFMACS
(Murshudov et al., 2011), resulting in an R and Ry of 31.2
and 32.5%, respectively.

The sensory rhodopsin II crystals were tested at BioMAX
using the same high-viscosity extrusion injection system with a
similar experimental setup and parameters as above. The
exposure time per crystal was 0.05 s and data collection was
performed with the EIGER detector in 4M mode and a frame
rate of 400 Hz.

4. Results and discussion

We present a novel method to screen for optimal conditions
and produce large amounts of membrane-protein microcrystals
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Table 1

Crystallographic data and processing statistics.

Serial crystallography data for bas-type cytochrome c oxidase collected at
BioMAX at MAX IV Laboratory.

Temperature (K) 298

Exposure time (s) 0.028

Space group C121

a, b, c(A) 145.17, 100.15, 96.64
o, B,y (°) 90.0, 126.64, 90.0
No. of collected images 214170

Average hit rate (%) 4.7

No. of indexed images 6513

Indexing rate (%) 64.7

Total No. of reflections 505407

No. of unique reflections 27514

Multiplicity 18

Completeness (%) 100 (100)

(Ilo(1)) R 3(1.3)

Resolution range (A) 77.5-3.6 (3.66-3.60)
Ryt 0.31 (0.85)

CC* 0.89 (0.52)

Ryor/Riree (%) 31.2/32.5

in LCP in nine-well glass plates for serial crystallography
experiments at XFELs and synchrotrons. Compared with the
standard procedure of crystallization in glass syringes, this
allows easy visualization of the progress of crystallization
without interrupting the process. With better focus and higher
magnification, crystallization trials can be monitored and
evaluated more easily with regard to crystal quality, shape and
density (compare Fig. 2 with Fig. 1). The well-based system can
be scaled up to produce large volumes of LCP microcrystals
that can be collected and packed into a Hamilton glass syringe,
as shown in Fig. 3.

4.1. Room-temperature structure of ba;-type cytochrome c
oxidase

Cytochrome c¢ oxidase is the terminal enzyme of the
respiratory chain in mitochondria as well as many bacteria,
where it couples the reduction of oxygen to water with proton
translocation across a biological membrane. This maintains a
proton gradient across the membrane that is used for a variety
of energy-requiring processes in the cell (Kaila ez al., 2010).
Despite enormous efforts, there is still no complete under-
standing of how the chemical reaction drives proton pumping.
One attractive approach to tackle this question is to use time-
resolved serial crystallography to track the conformational
changes that occur during the reaction.

The first room-temperature SFX structure of bas-type CcO
(Andersson et al., 2017) was solved using crystals that were
screened and produced using the method described here.
Freshly purified bas-type CcO was concentrated and recon-
stituted into LCP. Starting conditions that have previously
been used to produce large crystals for cryo-crystallography
(Tiefenbrunn ez al., 2011) were explored and optimized using a
Mosquito crystallization robot to yield well formed micro-
crystals. In addition to the composition of the precipitant
solution, crystal formation is dependent on the volume of both
LCP and crystallization buffer, as well as the physical enclo-
sure. It is therefore necessary to optimize the crystallization

conditions found in the small-scale sandwich plates when
scaling up to produce large amounts of microcrystals. This
optimization was performed in nine-well glass plates to best be
able to monitor crystal growth. Optimal conditions in which
~20 ul LCP was dispensed into 300 pl precipitant solution
were found after two rounds of optimization. Crystals of bas-
type CcO ranging from 5 to 20 pm in size appeared after 2-3
days of incubation at 20°C. A large batch of crystals was
produced in glass plates and collected in a glass syringe, as
shown in Fig. 3. X-ray diffraction data were collected at the
Japanese XFEL SACLA using a high-viscosity injector, and
the room-temperature SFX structure of bas-type CcO could
be solved to a resolution of 2.3 A (PDB entry 5ndc), as
previously reported (Andersson et al., 2017). During this
experiment, diffraction data from crystals produced according
to the well-based procedure were compared with data from
crystals produced following the traditional method using
syringes, with no discernible difference in quality.

4.2. Nontoxic crystallization conditions for microcrystals of
bas-type cytochrome c oxidase

For SFX experiments, the presence of any toxic compound
in the sample adds an additional complication as special care
has to be taken to collect the sample after exposure to the
X-ray pulse by using a closed injection chamber. To circum-
vent the need to use the highly toxic compound sodium
cacodylate trihydrate, which contains arsenic, in the bas-type
CcO crystallization solution, alternative conditions containing
a nontoxic buffer were explored. The well-based method was
used to find the optimal condition with regard to the
concentrations of salt and precipitant as well as pH for the
batch production of microcrystals. From this, a new condition
was found after three rounds of optimization in which the
sodium cacodylate trihydrate buffer was replaced by MES at
pH 5.3 (Fig. 2). Using this condition, large amounts of
microcrystals of 5-20 um in size were produced for serial
crystallography experiments at the Japanese XFEL SACLA
(data not shown) and MAX IV Laboratory.

4.3. Serial synchrotron crystallography data collection from
CcO microcrystals at MAX IV Laboratory

X-ray diffraction data were collected from baz-type CcO
microcrystals on the BioMAX beamline as part of the first
user serial crystallography experiment to be conducted at
MAX IV Laboratory. The LCP-grown crystals were injected
across the X-ray beam using a high-viscosity extrusion injector
designed and engineered at MPI Heidelberg by Bruce Doak
(manuscript in preparation), and diffraction data were
collected on an EIGER 16M hybrid pixel detector. A
complete data set extending to 3.6 A resolution was obtained
from 215 000 collected images, of which 6513 could be indexed
(Table 1). The data-processing statistics indicate a good-
quality data set, although of limited resolution. As is typical
for serial crystallography data, we have a rather high multi-
plicity of 18. The resolution of 3.6 A can be compared with
previously obtained data from SACLA, which resulted in a
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Figure 4
Cytochrome c oxidase electron-density maps. Electron-density maps calculated from the BioMAX
CcO data extending to 3.6 A resolution. (a) 2F, — F. electron-density map contoured at 1.00
around haem as. (b) OMIT map calculated around haem a3 using phenix.polder (Liebschner et al.,
2017) contoured at 3.0c around haem as.

2.3 A resolution structure (Andersson et al., 2017). This may
be owing in part to differences between the effective photon
flux per image as well as a difference in the X-ray scattering
cross-section when comparing the BioMAX and SACLA
experiments. Specific reasons are the differences in number of
X-ray photons per exposure (2 x 10' at BioMAX versus
8.5 x 10" at SACLA) and elastic scattering cross-sections
(data collected at 12.7 keV at BioMAX and at 7.6 keV at
SACLA), as well as the fact that the X-ray beam at BloMAX
(5 x 20 pm) was on average larger than a projection of the
crystal that it interacted with (crystal size ~5-20 pm for both
experiments), which was not an issue at SACLA (X-ray beam
1.3 x 1.5 pm). We estimate that these combined effects lead to
the scattering per crystal at BioMAX being approximately 2%
of that at SACLA. Another difference is that a nozzle
diameter of 75 pm was used at SACLA, whereas the BloMAX
data were collected using a 100 um nozzle, leading to higher
background scattering from the LCP in the BioMAX experi-
ment. However, as this was the first user SSX experiment at
BioMAX, there is the potential for improved results in the
future by optimization of both the crystal-injection and data-
collection parameters. The 2F, — F. electron-density map
calculated from the BioMAX data after one round of rigid-
body refinement is shown in Fig. 4(a) and the OMIT map
density around the haem a5 cofactor is shown in Fig. 4(b).

4.4. Well diffracting microcrystals of sensory rhodopsin Il

SRII is a signaling membrane protein that is responsible for
negative phototaxis in haloarchaea. It is often found in
complex with its signal transducer HtrIl and has served as a
model system for signal transduction across the membrane in
bacteria (Spudich & Luecke, 2002; Royant et al., 2001). Using
the well-based crystallization method, a new crystallization
protocol for N. pharaonis SRII microcrystals was developed
after four rounds of optimization. The new protocol does not
require reconstitution into purple membrane lipids, as

opposed to previous protocols (Luecke
et al., 2001). The microcrystals [Fig.
5(a)] showed diffraction to ~2.7 A
resolution when tested at the BloMAX
beamline at MAX IV Laboratory using
the high-viscosity extrusion injector
serial crystallography setup as described
above (data not shown). The new crystal
form shows promise for future time-
resolved experiments.

4.5. Well diffracting microcrystals of a
bacterial reaction center

The first membrane-protein structure
to be solved by X-ray crystallography
was that of the reaction center, an
analog of the protein photosystem II,
from the photosynthetic bacterium
B. viridis (Deisenhofer et al., 1984, 1985;
Martin et al, 2018). Since then it has
served as a model system for the study of photosynthetic
reactions. Previous SFX experiments have been carried out
with reaction-center crystals produced in lipidic sponge phase
(Johansson et al., 2013), a swollen analog of LCP, and by the
detergent-based vapor-diffusion method (Dods et al, 2017).
However, these crystals need to be injected using a liquid-
based injector such as the gas dynamic virtual nozzle system,
and are thus not suitable for experiments at synchrotrons,
where a slower flow rate is required. With the aim of finding a
novel crystallization condition to produce microcrystals of the
reaction center in LCP for time-resolved SFX experiments,
well-based crystallization was used as the screening method.
Protein spiked with crystals seeds grown using the vapor-
diffusion crystallization protocol (Dods et al, 2017) was
reconstituted into LCP and successfully produced crystals. The
success of this approach is particularly interesting as the space
group of the crystals used to produce the seeds differs from
that of the resulting LCP crystals. Moreover, the seeding step
is required for successful LCP crystallization under our
conditions (manuscript in preparation). Five rounds of opti-
mization of the crystallization protocol were required to find
optimal conditions. The best microcrystals, of 20-50 pum in size,
were grown using a small volume of 100 pul precipitant solution
consisting of 40 mM zinc sulfate, 120 mM 1,2,3-heptanetriol
isomer T, 100 mM sodium citrate pH 6.0 in each well of the
nine-well glass plate [Fig. 5(b)]. The crystals were tested on the
BL3 beamline at SACLA, where they diffracted to 24 A
resolution (manuscript in preparation).

5. Conclusions

The development of serial crystallography at XFELs and
synchrotrons has opened up completely new possibilities
within structural biology, as we can study protein structures at
room temperature and investigate structural dynamics using
time-resolved experiments. A severe limitation for these
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(a)

Figure 5

LCP microcrystals of other target proteins produced in wells. (¢) SRII microcrystals 1040 pm in size produced without purple membrane that diffract to
2.7 A resolution at a synchrotron. (b) Microcrystals of bacterial reaction center of around 50 pm in size that diffract to 2.4 A resolution at an XFEL.

experiments is the need for large amounts of well ordered
microcrystals. Membrane proteins are in many cases particu-
larly difficult to crystallize. For a number of membrane
proteins, high-resolution crystal structures have successfully
been solved from crystals formed using LCP-reconstituted
protein (Cherezov et al., 2007; Zhang et al., 2015; Johansson et
al., 2019). As an added advantage for serial experiments, the
LCP matrix provides a suitable carrier medium for slow-
running high-viscosity injectors. There is, however, a need to
simplify the process of producing large amounts of LCP
microcrystals for serial crystallography experiments.

Here, we present a method to screen for suitable crystal-
lization conditions for microcrystals in LCP. Using nine-well
glass plates, the progress of crystal formation can easily be
monitored without interrupting the crystallization process. In
addition, the method is suitable for scaling up to produce large
amounts of microcrystals, as the crystal-containing LCP in the
wells can readily be pooled, picked up and packed into a glass
syringe. We also foresee that this method may be useful to
introduce various chemicals or ligands such as small-molecule
drug compounds to the protein after crystal formation through
the addition of the chemical/ligand to the LCP-containing well
solution. Solving protein-ligand complex structures frequently
requires screening different ligand concentrations and testing
various solvents to avoid disrupting the crystals upon addition
of the ligand. Our method allows screening for optimal
conditions for complex formation with limited amounts of
LCP sample, something that is not easily achievable using the
traditional methodology of LCP microcrystallization in glass
syringes (Liu et al., 2014).

The usefulness of well-based crystallization is showcased by
the first room-temperature structure of bas-type CcO, where
the method was applied to optimize the crystallization
conditions as well as for large-scale batch production of
microcrystals for an XFEL serial crystallography experiment
(Andersson et al., 2017).

We further exemplify the method by showing three cases in
which novel crystallization conditions have been developed to
produce microcrystals of the integral membrane proteins bas-

type cytochrome ¢ oxidase, sensory rhodopsin II and bacterial
reaction center, all resulting in well diffracting crystals suitable
for serial crystallography experiments.

Finally, we describe the first user serial crystallography
experiment at MAX IV Laboratory. A complete X-ray
diffraction data set for bas-type CcO extending beyond 3.6 A
resolution was collected using the high-viscosity extrusion
injector at the BioMAX beamline. This opens up very exciting
possibilities for performing SSX experiments at the Swedish
synchrotron even before the serial crystallography beamline,
MicroMAX, becomes operational.
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