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ABSTRACT: In cellulo crystallization is a developing technique to provide crystals for protein structure determination,
particularly for proteins that are difficult to prepare by in vitro crystallization. This method has a key advantage: it requires
neither a protein purification step nor a crystallization step. However, there is still no systematic strategy for improving the
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technique of in cellulo crystallization because the process occurs spontaneously. Here we report a protocol to produce and
extract in cellulo crystals of human lysosomal neuraminidase-1 (NEU1) in human cultured cells. Overexpression of NEU1
protein by the retransfection of cells pretransfected with neul-overexpressing plasmid improved the efficiency of NEU1
crystallization. Microscopic analysis revealed that NEU1 proteins were not crystallized in the Iysosome but in the endoplasmic
reticulum (ER). Screening of the buffer conditions used to extract crystals from cells further improved the crystal yield. The
optimal pH was 7.0, which corresponds to the pH in the ER. Use of a high-yield flask with a large surface area also yielded more
crystals. These optimizations enabled us to execute a serial femtosecond crystallography experiment with a sufficient number of
crystals to generate a complete data set. Optimization of the in cellulo crystallization method was thus shown to be possible.

KEYWORDS: in cellulo crystallization, human neuraminidase-1, X-ray free electron laser, serial femtosecond crystallography,
transmittance electron microscopy, endoplasmic reticulum, protein overexpression

B INTRODUCTION

Crystallizations are routinely performed in vitro in protein
crystallography to determine the three-dimensional structure of
macromolecules or complexes and ultimately the molecular
mechanism of their functions. However, proteins can also be
crystallized in vivo." In vivo crystallizations of proteins in humans
and silkworms were first reported in the middle of the 19th
century.”~* The first such crystals in humans were named
Charcot—Leyden crystals, and in 1995, these were shown to be
composed of galectin-10 protein.” The crystals in silkworm with
polyhedrosis were later shown to be Bombyx mori nucleopolyhe-
drovirus.”” Since these early reports, in vivo crystallizations have
been observed in many species from bacteria to humans. For
example, crystallizations in Escherichia coli RecA,® Bacillus
thuringiensis Cry3A,” Paramecium trichocyst,'® yeast alcohol
oxidase (AOX),"'""* cockroach, Diploptera punctate, lipocalin-
milkprotein (Lili-Mip),"* and human eosinophil major basic
protein (EMBP)'* have been reported. Crystal growth has also
been observed in cultured cells; in this study, we use the term in
cellulo crystals to refer to the crystals produced in cultured cell
lines, to distinguish them from the in vivo crystals produced in
nature. Submicron crystals of Trypanosoma brucei cathepsin
B,'>'° trypanosomal inosine monophosphate dehydrogenase
(IMPDH),'® B. mori cypovirus 1 polyhedron,'"” human
immunoglobulin G (IgG),"® fluorescence protein Xpa,'” and a
catalytic domain of PAK4”® have been reported as in cellulo
crystals.' Because in cellulo crystallization has the advantage of
requiring neither the protein purification nor crystallization step,
it has been actively adopted and improved; the various technical
developments include the use of polyhedrin to facilitate in cellulo
crystallization™' and a procedure from sample preparation to
data collection for the in cellulo crystals.'” Therefore, in cellulo
crystallization can now be used for proteins that are difficult to
purify and crystallize in vitro. Human neuraminidase-1 (NEU1)
is a difficult protein to purify in a homogeneous state for the
structure determination by in vitro crystallization; recombinant
NEUI1 expressed in bacterial cells is insoluble, and recombinant
NEU1 expressed in insect cells is in a heterogeneous oligomeric
state.””

Neuraminidases (EC 3.2.1.18), also known as sialidases, are
hydrolytic enzymes and have the ability to digest terminal sialic
acids of glycans. They are widely distributed from micro-
organisms and viruses to mammals.”> One of the neuramini-
dases, NEU], is synthesized in the endoplasmic reticulum (ER)
and subsequently transported to the Golgi apparatus, and then
to the lysosome.”* In these cellular compartments, NEU1 is
sequentially modified by glycosides. For the transportation and
neuraminidase activity in the lysosomes, NEU1 requires
interaction with an NEUl-interacting protein, cathepsin A
In humans, amino-acid substitutions of NEU1 are known to be
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related to lysosomal diseases such as sialidosis> and
galactosialidosis.26 Structural determination of NEU1 has been
attempted to clarify the molecular mechanisms by which
mutations on the neul gene render it functionally deficient.
While in cellulo crystallization of NEU1 has been reported,”
there have been few basic investigations to characterize the
molecular structure of NEU1 in the last two decades. One
exception was a study in which serial femtosecond crystallog-
raphy (SEX) was applied to in cellulo crystals.”” However, the
number of diffraction images in that report was too small to
constitute a complete data set for structure determination.
Therefore, improvement of the yield of in cellulo crystals was
required to realize the structure determination.

Here we report that it is possible to improve the number of
human NEUI proteins crystallized in cellulo. Overexpression of
the neul gene and selection of the transfected cells increased the
number of in cellulo crystals in human embryonic kidney (HEK)
293FT cells. Transmission electron microscopy (TEM) analysis
of NEU1-overexpressing cells revealed that NEU1 proteins were
not crystallized in the lysosomes but rather in the ER. Screening
of the extraction conditions to concentrate the crystals by
reducing contaminating cell debris and nucleic acids enabled us
to execute an SFX experiment with a sufficient number of
isolated in cellulo crystals. The diffraction images revealed the
large lattice parameters of the crystals and their heterogeneity.
This illustrates the inherent difficulty of structural determination
of NEUI even when using in cellulo crystals.

B EXPERIMENTAL SECTION

Cell Culture and Transfection. Human embryonic kidney (HEK)
293FT cells (Thermo Fischer Scientific, Waltham, MA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Wako Pure
Chemical Industries, Osaka, Japan) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Biosera, Kansas City, MO) in 5% CO,. For
transfection, confluent cells on a 10 cm dish were transfected with 20 g
of pCXhygro-neul or pCXhygro-neul-His plasmid in lipofectamine
3000 (Thermo Fischer Scientific) and Opti-MEM Reduced Serum
medium, GlutaMAX (Thermo Fischer Scientific), and the medium was
changed after 20—24 h. HEK 293FT cells expressing NEUI1
(293FT _neul) were selected with 200 g/mL hygromicin B (Nacalai
Tesque, Kyoto, Japan). Expression of the NEU1 protein was confirmed
by Western blotting using a rabbit polyclonal antihuman NEUIL
antibody (catalogue number (cat. no.): 100-401-396) (Rockland
Immunochemicals, Limerick, PA) as a primary antibody coupled to a
horseradish peroxidase (HRP)-conjugated antirabbit Ig (cat. no.:
NA934-1 ML) (GE Healthcare, Little Chalfont, UK) as a secondary
antibody, and an ImageQuant LAS 3000 mini imaging system (GE
Healthcare). #-Tubulin as an internal control was detected by using
mouse anti-f-tubulin (cat. no.: 014-25041) (Wako Pure Chemical
Industries) and HRP-conjugated antimouse IgG antibodies (cat. no.:
NXA931-1 ML) (GE Healthcare). For SFX experiments, 293FT cells
harboring crystals were cultured in two Hyperflask M cell culture
vessels (Corning, Corning, NY) with a surface area of 1720 cm*/flask
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that required addition of 550 mL of medium to transport the cultured
cells safely and efficiently. Together, the two flasks contained 3.0 X 10°
cells. The cells in the flasks were transported to a beamline of SACLA
and incubated at 37 °C until being processed just before the SFX
experiments.

Extraction of NEU1 Crystals from Mammalian Cells. After
discarding the medium, cells were lysed on a 10 cm dish in 10 mL of
Buffer 1 (25 mM HEPES-NaOH, 150 mM NaCl, 0.1% (v/v) Triton X-
100, pH 7.0). The cell lysate was pipetted over S strokes with a
mechanical pipet. Crystals thus extracted from the cells were harvested
by centrifugation at 3000 g using a swing-type rotor (Hitachi T4SS31;
Hitachi, Tokyo) for a centrifuge (Hitachi HimacCF 16RX; Hitachi).
Crystals were washed in S mL of Buffer 2 (25 mM HEPES-NaOH, 150
mM NaCl, pH 7.0), and suspended in 10 mL of Buffer 3 (25 mM
HEPES-NaOH, 1.0 M NaCl, pH 7.0). For the biochemical and single
crystal X-ray experiments, a buffer containing 25 mM HEPES-NaOH,
1.0 M NaCl, 0.1 mg/mL DNase I (Wako Pure Chemical Industries),
and 0.1 mg/mL RNase A (Wako Pure Chemical Industries) at pH 7.0
was defined as Buffer 4. DNA and RNA were digested by shaking at 37
°C for 30 min. Large debris was removed by careful pipetting before
filtering by passing the crystal solution through 30 ym pores. Crystals
were manually counted using a hemocytometer (Biomedical Science,
Tokyo) placed under a microscope.

For the SFX experiments, the protocol for the large-scale extraction
of crystals from the Hyperflask M (Corning) was adjusted as follows.
To reduce contamination by debris in the final product, the HEK
293FT cells were washed in 200 mL of phosphate-buffered saline (PBS)
(10 mM KH,PO,-Na,HPO,, 137 mM NaCl, 2.7 mM KCl, pH 7.4) in a
Hyperflask M, lysed in 300 mL of Buffer 1, suspended in 35 mL of
Buffer 2, and resuspended in 35 mL of Buffer 4 containing 25 mM
HEPES-NaOH, 1.0 M NaCl, 1.0 mg/mL DNase I and 1.0 mg/mL
RNase A at pH 7.0. Crystals over 10 X 10 X 2 um?® in size were
concentrated by centrifugation at 3000 g to ~2.0 X 107 crystals/mL,
and the final volume was adjusted to 500 yL with Buffer 3. Twenty uL of
10 mg/mL DNase I and RNase A dissolved in Buffer 3 was added at a
concentration of 1 mg/mL to prevent clogging of the droplet injector
nozzle.

Immunostaining and Confocal Laser Fluorescence Micros-
copy. HEK 293FT cells transfected with pCXhygro-neul were fixed in
4% paraformaldehyde and permeabilized with 50% (v/v) methanol in
PBS. After blocking by 5% (w/v) goat serum and 1% (w/v) BSA, the
cells were immunoreacted by a mixture of primary antibodies
containing a mouse anti-NEU1 antibody (cat. no.: sc-166824) (Santa
Cruz Biotechnology, Dallas, TX) and a rabbit anti-Calnexin (CSC9)
antibody (cat. no.: 2679P) (Cell Signaling Technology, Danvers, MA)
or a rabbit anti-LAMP1 antibody (cat. no.: ab24170) (Abcam,
Cambridge, UK), stained with S pg/mL Hoechst33258 (Merck,
Darmstadt, Germany), and immunoreacted by a mixture of secondary
antibodies containing FITC-labeled antimouse IgG (cat. no.: ab47830)
(Abcam) and Cy3-labeled antirabbit IgG (cat. no.: 111-165-006)
(Jackson ImmunoResearch, West Grove, PA) antibodies. After
washing, the cells were stored in an observation solution (50% (v/v)
glycerol, 0.26% (w/v) diazabicyclo(2,2,2)octane) and observed under a
Zeiss LSM 700 Axio Observer confocal laser microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany). Hoechst33258, FITC, and Cy3
were excited using 405, 488, and 555 nm wavelength laser lines,
respectively. Fluorescences of 405—490 nm from Hoechst33258, 490—
565 nm from FITC, and 565—720 nm from Cy3 were independently
detected. Images were obtained using ZEN lite software (Carl Zeiss
Microscopy GmbH).

Transmission Electron Microscopy. TEM analyses were
performed at Tokai Electron Microscopy (Nagoya, Japan). The HEK
293FT_neul cells constructed in this study (see the Optimization of
the Timing of Cell Culture to Produce the Required Amount of NEU1
in cellulo Crystals section) were transfected with neul-plasmid and
cultured for 4 days on a 3 cm dish. After washing directly on the dish
with PBS, the cells were sequentially fixed in Solution-1 (100 mM PBS,
2% (w/v) paraformaldehyde, 2% (w/v) glutaraldehyde, pH 7.4),
Solution-2 (100 mM PBS, 2% (w/v) glutaraldehyde, pH 7.4), and
Solution-3 (100 mM PBS, 2% (w/v) osmium tetroxide, pH 7.4). The
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fixed cells were dehydrated with ethanol, embedded with a Quetol-812
resin (EMJapan, Tokyo), and sectioned in ultrathin layers down to 70
nm using an ultramicrotome. Sections were stained first with 2% (w/v)
uranyl acetate and then with lead stain (Sigma-Aldrich, St. Louis, MO).
Observations were recorded at 80 kV using a transmission electron
microscope equipped with a CCD camera (JEM-1400Plus, JEOL,
Tokyo). The images were fast Fourier-transformed with Image]2
software”® before analyses.

SFX Experiments and analyses. Two batches of NEU1 crystals
were prepared for the SFX experiments; each batch was prepared using
two flasks. One batch of crystals was extracted 2 days before the
beamtime in order to investigate the effect of the time from extraction
to beamtime on the quality of the crystals. The other batch of crystals
was extracted from just before the SFX beamtime. SFX experiments
were performed at SACLA, beamline 3 experimental hutch 2,* using
7.0 keV X-rays with a pulse duration of <10 fs and a repetition rate of 30
Hz. The pulse energy at the sample position was ~430 uJ per pulse at
the beamtime. A droplet injector was used in the SFX experiments for
sample injection because it requires a much smaller amount of crystals
for structural determination (approximately 1.0 X 107 diffractive
crystals).>® The droplet injector was installed on the Diverse
Application Platform for Hard X-ray diffraction in SACLA
(DAPHNIS).>" The droplet injector in the SEX experiments was
operated under the following conditions: a combination of 90 V for
head amplitude and 50 ps for duration of an electric pulse, 80 V and 60
us, or 50 V and 60 ps. The parameters were occasionally changed
according to the form of the droplets. The X-ray free electron laser
(XFEL) beam was focused to a beam diameter of 1.5 ym in fwhm by
Kirkpatrick—Baez mirrors. Diffraction patterns were recorded using a
multiport CCD detector with eight sensor modules®” at a sample-to-
detector distance of 50 mm. Images were first filtered for possible hits
by using a Cheetah-based online processing system,*>** and auto-
indexed using CrystFEL (version 0.6.2) and DirAx.>>*® Diffraction
images were output for visual inspection by the hdfsee viewer in the
CrystFEL program suite. Some images were exported from hdfsee to the
ADSC format and displayed in the Adxv program (http://www.scripps.
edu/tainer/arvai/adxv.html) to analyze interspot distances.

Single Crystal X-ray Experiment. NEU1 crystals were prepared
on a small scale. The crystals were soaked in a buffer containing 25 mM
HEPES-NaOH, 1.0 M NaCl, and 30% glycerol. The crystals were
scooped by a cryo-loop containing multiple crystals, then loop
mounted, and quenched in liquid nitrogen. Diffraction of the crystals
was measured under cryo-conditions at 100 K with a wavelength of
1.00000 A and exposure time of 0.5 s at the synchrotron beamline
BL41XU at SPring-8 (Japan Synchrotron Radiation Research Institute,
Hyogo, Japan) using a PILATUS3 6 M detector (DECTRIS, Baden,
Switzerland).

Biochemical Analyses. Biochemical analyses were performed on
crystals washed with a buffer containing 25 mM HEPES-NaOH and
300 mM NaCl at pH 7.0 and solubilized in a buffer containing 25 mM
HEPES-NaOH and 20 mM NaCl at pH 7.0. Digestion of glycoside by
endoglycosidases, Endo Hf and PNGase F, was performed as described
by the manufacturer (New England BioLabs, Ipswich, MA). Proteins
were fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and detected by silver staining, Coomassie
brilliant blue (CBB) staining or Western blotting using a rabbit
polyclonal antihuman NEUI antibody and an HRP-conjugated
antirabbit IgG antibody as described in the Cell Culture and
Transfection section.

B RESULTS AND DISCUSSION

Producing NEU1 in Cellulo Crystals in a Mammalian
Cell Line. To perform an SFX experiment for structure
determination, over 1.0 X 107 diffractive crystals should be
prepared.”” Previous SEX experiments using NEUT in cellulo
crystals of size 1 X 1 X 1 ym? performed at SACLA resulted in a
very low hit rate or no hits at all. The mean hit rate was
approximately 0.2%, and there was only a single diffraction
image with 3.0 A resolution among the 200 diffraction images
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Figure 1. Production of NEU1 in cellulo crystals. (a, b) Crystal morphology and NEU1 crystal-production efficiency. HEK 293FT cells were transiently
transfected with an neuI-coding plasmid (293FT: neul). At 4 days after the transfection, cells were observed under a phase contrast microscope. The
field with the highest production efficiency of NEU1 in cellulo crystals is shown. The scale bar represents 100 ym. Two of the cells with crystals were
enlarged (j, ii), and their shape was mainly rectangular. (c) Growth curve of the number of NEU1 crystals in HEK 293FT cells. After transfection, cells
were harvested and lysed on the indicated days. Crystals were roughly extracted and counted under microscopy. The medium was changed on days 3
and 6 after transfection (medium change, MC). Error bars indicate standard error, calculated from a triplicate assay. (d) NEU1 expression in the used
celllines. Cells were lysed with sonication and denatured by boiling in SDS-sample buffer. Twenty yg of whole cell proteins extracted from 293FT cells,
293FT: neul cells, 293FT: neul cells selected with hygromycin B (293FT_neul), and 293FT_neul cells transiently transfected again (293FT_neul:
neul) was fractionated by SDS-PAGE and analyzed with Western blotting analysis. NEU1 and f-tubulin as an internal control were immunoreacted
using an anti-NEU1 antibody and anti-f-tubulin antibody, respectively. IB indicates immunoblotting. (e) Improvement of the production efficiency of
NEUI crystals. Crystals were extracted from 293FT: neul, 293FT neul, or 293FT_neul: neul cells S days after transfection and counted under a

microscope. Error bars indicate standard error, calculated from a triplicate assay.

collected.”” The study indicated that a much higher concen-
tration of diffractive NEU1 crystals would be required for the
protein structural determination. Next, therefore, we sought to
improve the protocol for the production and extraction of NEU1
crystals.

First, the production of in cellulo crystals was re-examined.
HEK 293FT cells were transfected with a neul-overexpressing
plasmid, pCXhygro-neul, using a lipofection method reported
previously (Figure 1a).”>*” Because it was hard to count the in
cellulo crystals within the cells that were cultured to over 100%
confluence on the plate, we decided to evaluate the yield of the
crystals as the number of the crystals obtained from a 10 cm-
culture dish with a 55 cm? culture area after the extraction.

Second, the production of in cellulo crystals was evaluated
using five mammalian cell lines: HEK 293FT cells in order to
follow the previous study,”’ GNTI gene-deficient HEK 293S
cells in order to improve the quality of the crystals by making the
glycosylation state of NEU1 proteins in the lysosome identical,
human fibroblast T1 cells from a patient with §alactosialidosis
who exhibited no cathepsin A (CTSA) activity”**” in order to
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evaluate whether transportation of NEU1 from the ER to the
lysosome by CTSA affects the quantity of crystals, human
epithelioid cervix carcinoma HeLa cells, and a Chinese hamster
ovary (CHO) cell line (Supporting Information Table S1). On
the fifth day after the transfection, crystals were produced in all
of the cell lines. Among them, HEK 293FT and 293S cells
yielded approximately 5.0 X 10* crystals in 100 yL of PBS
containing 0.1% (v/v) Triton X-100 in a 10 cm dish,
representing an approximately 2-fold greater efficiency than
the other cell lines. The size of the crystals was not significantly
different among the cell lines. The HEK 2938 cells also exhibited
similar efficiency for in cellulo crystallization of NEU1, and the
resulting crystals had similar morphology as those produced by
the HEK 293FT cells. Based on the results of the previous
study,”” we selected HEK 293FT cells for further analysis in our
present experiments.

Size and Morphology of NEU1 in Cellulo Crystals. There
has been no investigation into whether the size of NEU1 in
cellulo crystals is sufficient for diffraction in an SFX experiment.
In a previous report, a 1 X 1 X 1 um? area of NEUI crystals (the
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Figure 2. NEU1 in cellulo crystals localize in the ER. (a) (i—iv) Localization of the NEU1 crystals in cells using TEM analysis. HEK 293FT cells
producing NEUI crystals were fixed with paraformaldehyde, glutaraldehyde, and osmium tetroxide. The fixed cells were embedded in a resin, ultrathin-
sectioned to 70 nm, and negatively stained. Regions indicated by squares are enlarged. (ii) Cellular compartments and the NEU1 crystals are labeled as
followed: Nc, nucleus; No, nucleolus; ER, endoplasmic reticulum; Mt, mitochondrion; and Cr, crystal. (iii, iv) Arrowheads indicate ribosomes. (b)
Localization of NEUL in cellulo crystals using immunostaining. HEK 293FT cells overexpressing NEU1 were fixed, permeabilized, stained by
Hoechst33258 (blue; Hoechst), and immunoreacted with the following antibodies as primary antibodies: anti-NEU1 (green, NEU1), anticalnexin as
an ER marker (red in an upper panel, calnexin), and anti-LAMP1 as a lysosome marker (red in a lower panel, LAMP1). As secondary antibodies, FITC-
coupled (green) and Cy3-coupled (red) antibodies were used. Images of each fluorescence were independently captured by a confocal laser scanning

microscope and merged (Merged) using Zen lite software.

actual number of crystals was not described in the study) was
applied for an SFX experiment, resulting in a 0.2% hit rate,”’
suggesting that most of the NEU1 crystals were not hit. Based on
a study showing that ~5 um of high-quality lysozyme crystals
were diffracted up to 2.3 A resolution with the current system at
the SACLA beamline,” we aimed to prepare NEU1 crystals
longer than 10 um to raise the possibility of the XFEL-beam
hitting the crystals in an SFX experiment.

Using a transfection method described in the previous
study,”” we observed that there were mainly two types of
crystals in the cells. In the cells of approximately 50 X 50 X 10
um?® in size, the first type was the flat plate-type crystals which
were approximately 10 X 10 X 2 um? in size (Figure la) and
approximately 20 X 20 X 2 um?® in size at the maximum. The
second type were the long rectangular crystals which were
approximately 2 X 2 X 20 um® in size (Figure 1b) and
approximately 2 X 2 X S0 ym? in size at the maximum. The
length of each type of crystals varied from 1 to 50 ym (Figure
1b). The crystals were observed over the S days following
transfection. We attempted to enlarge the NEU1 in cellulo
crystals by culturing for 9 days on the same dish, but we could
not produce significantly larger crystals. Therefore, we decided
to prepare ca. 1.0 X 10 crystals with >10 ym length.
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Optimization of the Timing of Cell Culture to Produce
the Required Amount of NEU1 in cellulo Crystals. The
appropriate timing for isolation of in cellulo crystals from HEK
293FT cells cultured on a 10 cm dish was investigated to
maximize the number of isolated crystals with low contami-
nation by debris. Cells with crystals could not be transferred to
another dish for new passage because the cells died after
producing the crystals. The production of crystals was saturated
on the fifth day after transfection (Figure 1c). Further culture led
to more contamination by debris and higher viscosity, which
might have been due to contamination by cellular nucleic acids.
Therefore, the fifth day was selected as the harvesting time.

In the case of NEUI crystallization in the HEK 293FT cell
line, approximately 5.0 X 10* crystals were obtained from a 10
cm dish on the fifth day after transient transfection (Figure 1c),
indicating that 200 dishes of 10 cm diameter would be required
to obtain 1.0 X 107 crystals for SEX data collection. Since this
was not a reasonable number of dishes to handle in an
experiment, it was necessary to improve the number of crystals
produced per dish.

In a 10 cm dish, theoretically, 8.8 X 10° cells can be cultured at
100% confluency, indicating that at most only 0.6% of cells
produced crystals. One of the reasons for this low rate was that
many nontransfected cells remained. Therefore, the cells
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transfected with pCXhygro-neul harboring a hygromycin B-
resistance gene were selected under an antibiotic condition with
200 pg/mL hygromycin B (HyB). Even though the HyB-
selected 293FT cells (hereafter referred to as HEK 293FT neul
cells) overexpressed NEU1, no crystal was observed at 1 week
after passage (Figure ld,e). Under the assumption that the
NEUI-expression level in each cell contributed to the
production of crystals, we concluded that enhancing the level
of NEU1 overexpression in individual cells would lead to more
efficient production of NEU1 crystals. To induce a higher level
of NEUl-overexpression, HEK 293FT_neul cells were
transiently transfected again with the pCXhygro-neul plasmid.
As expected, NEU1l-overexpressing retransfectants produced
about 3.0 X 10° crystals per 10 cm dish (Figure 1lde).
Theoretically, 3.4% of the retransfectants produced from one
to several crystals in each cell. This was an approximately 6-fold
increase compared to the case of transient overexpression. In
order to overexpress NEU1 more, we transfected the plasmid
again (for a total of three transfections), but the cells died before
producing the crystals.

Since the cells died after producing in cellulo crystals, it was
impossible to establish a cell line that consistently produced a
large number of NEU1 crystals. Cell death with in cellulo crystals
has been observed in the case of cells with Charcot-Leyden
crystals.*” Such cell death is a problem to be overcome in in
cellulo crystallography. Therefore, we invented a retransfection
method, in which the pCXhygro-neul plasmid was transfected
into NEUI-overexpressing cells that had already been trans-
tected with the same plasmid. Such retransfection is the best way
to increase the number of crystals at the moment.

Localization of NEU1 in Cellulo Crystals Using TEM and
CLSM. In the previous report on NEU1 in cellulo crystallization
for an SFX experiment, the NEU1 crystals were maintained with
cell lysate and PBS (pH 7.4) buffer.”” We thought that this
condition could be further improved for the NEU1 crystals,
because NEU1 has been recognized as a lysosomal protein,
which exists in an acidic environment.”**

The location of the crystals was investigated with TEM and
confocal laser scanning microscopy (CLSM). Cells holding
NEU1 crystals were fixed, ultrathin-sectioned, negatively
stained, and observed using TEM. The analysis revealed that
the NEUIL crystals were enveloped by membrane (Figure
2a(iii)). There was no space between the crystals and the
membrane in any of the observed cells. Interestingly, ribosomes
appeared as dots over the membrane in the magnified image
(Figure 2a(iiijiv)). These observations suggest that NEUI
crystals were produced in the rough ER, not in the lysosome.
The localization of NEUI crystals was also analyzed with
coimmunostaining using a CLSM with the marker protein
calnexin for the ER*” and the marker protein LAMP1 for the
lysosome.*’ The results confirmed that the NEU1 crystals were
localized in the ER (Figure 2b), which was consistent with the
previous observation.** This suggested that the NEU1 in cellulo
crystals might be stable in a buffer with a pH of 7.0, which is the
pH in the ER.*

In addition to the localization of the NEU1 protein
composing the crystals in the ER, none of the overexpressed
and uncrystallized NEU1 detected by immunostaining was
localized in the lysosome. We speculated that this was because
endogenous cathepsin A, which transports NEU1 from the ER
to the lysosome,”* could not deliver all of the NEU1 molecules.
This could have resulted in an accumulation of NEU1 proteins
in the ER.
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Extraction of NEU1 in Cellulo Crystals. An extraction step
was necessary because at most only 3.4% of the retransfectants
could produce NEUL1 in cellulo crystals. The crystals must be
concentrated into an injector to obtain a reasonable hit rate of X-
ray irradiation to crystals during the SFX experiment. To deliver
the crystals to the X-ray irradiation area without clogging the
nozzle, it was necessary to remove cell debris and nucleic acids
from the solution containing the crystals. Hence, the extraction
procedure was composed of four steps: (1) cell lysis, (2) removal
of detergent, (3) disruption of the cellular nuclei, and (4)
removal of genomic DNA or RNA.

The conditions related to the detergent, pH, and salt
concentration in the lysis buffer were optimized to produce a
buffer that could be used for the purification and storage without
dissolving the crystals before the beamtime. The initial lysis
buffer contained PBS (pH 7.4) and 0.05% Triton X-100 (Tx-
100) to break the cellular membranes. The NEU1 crystals
dissolved in the lysis buffer within 1 h. To investigate whether
Tx-100 made the crystals dissolve, the buffer was exchanged by
centrifugation and resuspension in PBS (pH 7.4) without Tx-
100. The crystals could be stored for 1 day after the crystal
extraction, indicating that the detergent made the crystals
dissolve and should be removed immediately. However, these
crystals dissolved in 3 days (Figure 3a), suggesting that the
solution could be improved further. Then, various pH values,
ranging from pH 5.0 to 9.0, were screened for the buffer at 4 °C
with an NaCl concentration of 150 mM. The NEU1 crystals
were kept in a buffer composed of 25 mM HEPES-NaOH and
150 mM NaCl at pH 7.0, which corresponds to the pH in the ER,
for S days (Figure 3b). The crystals were also stored for S days in
a phosphate buffer with a pH of 7.0. The effect of NaCl
concentrations of 100, 150, 300, 500, or 1000 mM in a buffer
containing 25 mM HEPES-NaOH at pH 7.0 on the stability of
the NEUI crystals was examined. Although the crystals were
stored over S days in buffers with NaCl concentrations higher
than 500 mM, the combination of the higher NaCl
concentration and 0.05% Tx-100 induced dissolution of the
crystals. After these experiments, the optimal lysis buffer was
determined to be Buffer 1, which was composed of 25 mM
HEPES-NaOH, 150 mM NaCl, and 0.05% or 0.1% Tx-100 at
pH 7.0 for small- or large-scale preparations, respectively. It was
consistent that the pH of this buffer was within the pH range in
the ER.*> Buffer 2, which was composed of 25 mM HEPES-
NaOH and 150 mM NaCl at pH 7.0, was used to remove the
detergent in the second step. To store the crystals at this step, the
Buffer 2 should be exchanged to a buffer containing more than
300 mM NaClL

Disruption of the cellular nuclei at the third step was necessary
to realize a sufficient concentration of crystals for the SFX
experiments (Figure 3c); otherwise the suspension of crystals
would contain a large quantity of nuclei, and such coexistence of
crystals and nuclei would lead to a lower hit rate in the XFEL
diffractions from crystals. We found that the nuclei were
disrupted and the cellular nucleic acids formed sticky debris in a
buffer containing 1.0 M NaCl and 25 mM HEPES-NaOH at pH
7.0. The NEULI in cellulo crystals could be stored for 2 weeks in
the buffer at 4 °C. Thus, the optimal buffer was determined to be
Buffer 3, which is composed of 25 mM HEPES-NaOH and 1.0
M NaCl at pH 7.0.

At the fourth step, genomic DNA and RNA were removed.
Since genomic DNA formed large, sticky debris after the
treatment with Buffer 3, the debris was roughly removed using a
pipet in the large-scale preparation. Then, DNase I and RNase A
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Figure 3. Extraction of NEU1 protein from in cellulo crystals. (a)
Crystal stability in PBS at pH 7.4 or at pH 7.0. Cells were lysed in PBS
containing Tx-100 and stored in PBS without Tx-100 at 4 °C. At 3 days
after extraction, crystals were observed under a phase contrast
microscope. (b) Crystal stability in buffers with different pH and
NaCl concentration. Cells were lysed in PBS with Tx-100 at pH 7.0 and
stored in the indicated buffers without Tx-100 containing 150 mM or
300 mM NaCl. The pH of the buffers was adjusted as indicated: from
pH 5.0 to pH 5.5 for 25 mM acetate buffer, from pH 6.0 to pH 6.5 for 25
mM MES-NaOH buffer, from pH 7.0 to pH 7.5 for 25 mM HEPES-
NaOH buffer, from pH 8.0 to pH 8.5 for 25 mM Tris-HCI buffer, and
pH 9.0 for 25 mM Glycine-NaOH buffer. Crystals were counted with a
hemocytometer under a phase contrast microscope. PBS containing
300 mM NaCl was not examined (asterisks, *). (c) The crystal
suspension contains nuclei as debris. Cells were lysed in PBS containing
Tx-100 and observed under a phase contrast microscope. Arrows
indicate nuclei. (d) Purified NEUI in cellulo crystals. NEU1 crystals
were extracted from 293FT cells. The crystals were applied to a
hemocytometer and observed under a phase contrast microscope.

were added to digest the residual genomic DNA and RNA at the
fourth step. The digestion by 0.1 mg/mL DNase I and RNase A
at 37 °C for 1 h was sufficient for the small-scale preparation,
whereas 1 mg/mL of the nucleases was added for the large-scale
preparation. The remaining debris could be removed by
filtration using a 100 ym mesh-size filter after pipetting. Using
this protocol, approximately 1.0 X 10° crystals with a size of over
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10 X 10 X 1 ym® were obtained from a 10 cm dish (Figure 3d).
Therefore, the optimal buffer was determined to be Buffer 4 (25
mM HEPES-NaOH, 1.0 M NaCl, 0.1 mg/mL DNase I, and 0.1
mg/mL RNase A at pH 7.0 for small-scale preparation, or 25
mM HEPES-NaOH, 1.0 M NaCl, 1 mg/mL DNase I, and 1 mg/
mL RNase A at pH 7.0 for large-scale preparation). This buffer
was exchanged with Buffer 3 for storage to remove the nucleases.
For the SEX experiment, Buffer 4 was exchanged with a new one
to prevent clogging in the droplet injector nozzle during the
experiment.

To increase crystals from a reasonable volume of cell culture
instead of using hundreds of dishes for the SFX beamtime, two
Hyperflask M cell culture vessels (Corning) were used for the
cell culture. These flasks were selected because of their large
surface area of 1720 cm?/flask. A volume of 550 mL of medium
was required to minimize shaking with air during transportation
of the sample. The two flasks contained 3.0 X 10° cells,
theoretically harboring over 5.0 X 10° crystals, with 1.0 X 10’
crystals being required for an SFX experiment. Two batches of
the two flasks were prepared to investigate the effect of the time
from extraction to the beamtime on the quality of the crystals;
one was for preparation of crystals just before the beamtime, and
the other was for preparation 2 days before the beamtime.

Thus, we established a procedure to extract NEU1 in cellulo
crystals from cells with high purity using four buffers. In order to
obtain a high yield of crystals, one of the essential parameters
was pH. Because the NEU1 crystals were localized in the ER, we
adjusted the pH to 7.0. It might be possible to apply this same
pH to other in cellulo crystals growing in the ER, but the pH
should be changed for in cellulo crystals growing at other cellular
locations. To prevent the NEU1 crystals from dissolving, Buffer
1 should be changed to Buffer 2, which did not contain
detergent. In contrast, the stability of some crystals is not
affected by detergent. For such crystals, the step of changing
Buffer 1 to Buffer 2 can be omitted. To concentrate the NEU1
crystals, the cellular nuclei were disrupted by treatment with
Buffer 3, and the nucleic acids were digested by nucleases in
Buffer 4. In the case of crystals composed of nucleic acid-
interacting proteins, these buffers may destabilize the crystals.

Characterization of NEU1 in Cellulo Crystals. With the
protocol for the NEUL1 in cellulo crystallization and extraction in
hand, we proceeded to biochemically characterize the NEU1
protein. The NEU1 crystals were dissolved in a buffer containing
25 mM HEPES-NaOH and 20 mM NaCl at pH 7.0 and
fractionated by SDS-PAGE. Western blotting on the solubilized
NEUTI crystals revealed a 40 kDa protein (Figure 4a), indicating
that the in cellulo crystals were composed of only NEUI protein.

In the ER, nascent proteins are modified by glycoside whose
first N-acetylglucosamine residue from the proteins is not
fucosylated, and the glycoside is fucosylated in the Golgi
apparatus after transportation from the ER to the Golgi
apparatus. NEUI is known to be glycosylated at Asnl86,
Asn343, and Asn352.***° To evaluate the glycosylation, the
dissolved NEU1 protein was digested by two endoglycosidases,
Endo Hf, which can digest glycosides without the fucosylation,
and PNGase F, which can digest glycosides both with/without
the fucosylation, under native and denatured conditions (shown
as “native” or “denatured” in Figure 4b, respectively). The
observed molecular weight shifted down to 36 kDa after
digestion by both of the glycosidases, suggesting that the NEU1
protein in the crystals was glycosylated, but the innermost N-
acetylglucosamine residue of the glycoside was not fucosylated.
Despite the digestion of glycoside with the glycosidases, the
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Figure 4. NEU1 in cellulo crystals are composed of glycosylated NEU1
protein. In cellulo crystals of NEU1 were extracted and solubilized in a
buffer containing 25 mM HEPES-NaOH and 20 mM NaCl at pH 7.0.
NEUL1 proteins were fractionated to evaluate their properties in SDS-
PAGE analyses and stained with silver staining. They were also analyzed
by Western blotting using anti-NEU1 antibody as a primary antibody
(first Ig) and HRP-conjugated antirabbit antibody as a secondary
antibody (second Ig) (a). The molecular weight of the marker is
indicated in kilodaltons (kDa). Arrows indicate the position of the
NEU1 protein. (b) The NEU1 protein (native) or boiled NEUI
polypeptide (denatured) was mixed with Endo Hf or PNGase F
endoglycosidases. Proteins were fractionated by SDS-PAGE and
stained by CBB staining. Bars, arrowheads, and asterisks indicate
heterogeneously glycosylated NEU1 proteins and NEU1 proteins
digested by endoglycosidases and Endo Hf, respectively. The molecular
weight of the marker is indicated in units of kDa.

bands of the NEU1 proteins in SDS-PAGE remained to be
smeared, suggesting that the NEUI proteins were heteroge-
neous because of other post-translational modifications.

SFX Analysis of NEU1 in Cellulo Crystals. At the SACLA
beamline 3, ~1.0 X 107 crystals that were larger than 10 ym were
extracted from the two flasks just before the beamtime
(batch_1), and the same numbers of crystals from the flasks 2
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days before the beamtime (batch 2), and the crystals were
added to 500 yL of Buffer 4 (Figure Sa). At the XFEL beamtime
at the SACLA from November 27 to 28 in 2015, 14,511
diffraction images from batch_1 and 410 diffraction images from
batch 2 were collected over 6 h of injection by a droplet
injector.’® The hit rate of batch_1 was 3.5%, calculated from the
Cheetah- and CrystFEL-based pipeline in the SACLA.** The
maximum observed resolution of the diffraction spots was 8 A,
which was as high as that from crystals extracted with a previous
method. The unit cell constants could not be determined with
CrystFEL. Manual examination of the images revealed that the
diffraction spots were tightly packed on the detector, which
corresponded to real space vectors of approximately 1200 A
length (Figure Sb,c). The lengths of the unit cell vectors were
estimated to be roughly 100—200 A, 300-500 A, and 1100—
1300 A by manual measurement of the diffraction images on
Adxv. Some of the diffraction Eatterns were similar to those
observed in the previous study,”” which was also observed in an
experiment at the synchrotron (Supporting Information Figure
S1). Due to the low resolutions of the diffraction images, the unit
cell vector parallel to the beam was not well-defined. One of the
lengths of the unit cell parameters, 100—200 A, correlated with
that of the TEM analysis. The low resolution of the X-ray
diffraction images and poor results of the fast Fourier-transform
(FFT) analysis of the TEM images were consistent (Figure 5d).

The cause of the poor quality of the crystals may have been
heterogeneity of the NEU1 molecules. Because the glycoside
was cleaved by both of the glycosidases (Figure 4b) and the
crystals were localized in the ER, a type of glycoside might be
high-mannose type. In humans, there are various patterns of
high-mannose-type glycoside. We speculated that the heteroge-
neous glycosylation state caused the heterogeneity. To inhibit
the glycosylation, we incorporated the Ala mutation onto the
Asn352 residue. However, we could not determine whether the
heterogeneity was attributable to the heterogeneous glycosyla-
tion state because the Asn352Ala mutant was not produced in
the cells (Supporting Information Figure S2). The result was not
consistent with the previous study. This may have been due to
further improvements in the production of the NEU1 proteins
that were expressed in the HEK293-6E cell line and cultured by a
suspension method with the result that the proteins expressed
exceeded the number of proteins degraded. However, the
heterogeneity appeared to remain even though the mutant was
crystallized in the previous study.

In terms of improving the crystal quality, one approach is to
optimize the cell culture methods. In this study, the NEU1
crystals were grown in adherent cells, while in a previous study
they were grown in suspended cells.** Crystals in the adherent
cells were likely to be pressed against the cellular membranes.
Thus, the crystal growth could be affected by such pressure. In
addition to optimizing the cell culture methods, another means
of improving the crystal quality is to treat the extracted crystals
with one or more chemical compounds; post-crystallization
treatment with soaking in carefully formulated solutions has
been shown to improve crystal quality in vitro."” The
improvement of the crystal quality should be the next challenge
in in cellulo crystallography.

B CONCLUSION

In cellulo crystallography using mammalian cells is a developing
method. A protocol for in cellulo crystallization of human NEU1
was established after optimization of the production and
extraction of the crystals (Figure 6).
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Figure 5. XFEL analyses of NEU1 in cellulo crystals. (a) Summary of this experiment. Cells cultured in 1 L medium in a Corning Hyperflask M were
transported to SACLA. Just before the beamtime, 1.0 X 107 crystals were extracted and delivered by a droplet injector, and XFEL diffraction images
were obtained. When a 6 h beamtime was used, 14,511 diffraction images were obtained through the Cheetah- and CrystFEL-based pipeline in
SACLA.** The image of the extracted crystals is the same as in Figure 3d. (b—d) Representative diffraction images of the NEU1 crystals. The indicated
regions were enlarged, and the distance of the spots was measured with Adxv. The enlarged images were captured with Adxv and reflected vertically.
The images often contained diffraction spots in close proximity to each other (b, ¢). Some images similar to the one shown in the previous study”” were
also observed. (e) Crystals showing a characteristic pattern. The cell was dying, and its nucleus was no longer unclear. The region shown in the square
(left panel) is enlarged in the right panel. The image of the enlarged region was FFT using Image]2. On the FFT image, periodicities of the TEM image

were calculated. Periodicities of 107 A in the direction of “i” and 124 A in the direction of “ii” were calculated. The angle between the directions of “i”
and “ii” was approximately 95°.

Our first goal was to execute an SFX experiment with a extracted crystals to the cell debris became much higher. This
sufficient number of the extracted in cellulo crystals. Since was critical for maintaining a high hit rate in SEX experiments.
Western blotting analysis revealed a correlation between protein Gallat et al. obtained only a single diffraction image with 3 A

resolution.”” Our 14,511 images indicated that NEU1 in cellulo
crystals in the study diffracted to 8 A. The low quality of the
crystals was consistent with the results of FFT analysis of a TEM
image. Although the NEUL1 in cellulo crystallization did not lead
to the crystal structure due to the low quality of the crystals, the

production and the quantity of crystals, we reasoned that the
protein production level would be a key parameter for increasing
the number of in cellulo crystals. To increase the protein
production, a retransfection method was applied. Our results

showed that the retransfection enhanced the NEU1 protein study shed light on the characteristics of NEUI crystals and
production, resulting in 6 times as many crystals as by the suggested a way to improve the production and extraction of
transient transfection. The increased number of crystals resulted crystals. Since 2385 proteins including membrane proteins in
in fewer cultured cells, which had the benefit that the ratio of the the rat liver were identified as lysosomal proteins,** the in cellulo
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Figure 6. Scheme of NEU1 in cellulo crystallography. The scheme of the NEU1 in cellulo crystallography method is shown. Arrows with continuous
lines indicate the main procedures for the SFX experiment, and arrows with dotted lines represent additional procedures for quality control
experiments or for biochemical analyses. NEU1 in cellulo crystals were prepared in the KEK and transported to the SACLA beamline. Just before the
beamtime, the in cellulo crystals were extracted at the beamline. Crucial components are indicated, namely, 0.1% Triton X-100 (Tx-100) for Buffer 1 to
lyse cells and 1.0 M NaCl (high salt) for Buffer 3 to disrupt the nuclei. To maintain unsolubilized NEU1 in cellulo crystals, the buffers were kept at pH

7.0. In this study, single crystal X-ray analyses were not performed.

crystallization method can be tested on other lysosomal proteins
with unknown structures. If we could improve not only the
quantity but also the quality of the in cellulo crystals by
optimizations like those performed in this study, then in cellulo
crystallography might become a practical tool for use in
conjunction with conventional in vitro protein crystallization,
because the protein purification and crystallization screening
steps are not required.
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