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Introduction

Identification of lipid-specific proteins with
high-density lipid-immobilized beads+

Masayuki Morito, Hiroki Yasuda, Takaaki Matsufuji, Masanao Kinoshita and
Nobuaki Matsumori (= *

In biological membranes, lipids often interact with membrane proteins (MPs), regulating the localization
and activity of MPs in cells. Although elucidating lipid—MP interactions is critical to comprehend the phys-
iological roles of lipids, a systematic and comprehensive identification of lipid-binding proteins has not
been adequately established. Therefore, we report the development of lipid-immobilized beads where
lipid molecules were covalently immobilized. Owing to the detergent tolerance, these beads enable
screening of water-soluble proteins and MPs, the latter of which typically necessitate surfactants for solu-
bilization. Herein, two sphingolipid species—ceramide and sphingomyelin—which are major constituents
of lipid rafts, were immobilized on the beads. We first showed that the density of immobilized lipid mole-
cules on the beads was as high as that of biological lipid membranes. Subsequently, we confirmed that
these beads enabled the selective pulldown of known sphingomyelin- or ceramide-binding proteins
(lysenin, p24, and CERT) from protein mixtures, including cell lysates. In contrast, commercial sphingo-
myelin beads, on which lipid molecules are sparsely immobilized through biotin—streptavidin linkage,
failed to capture lysenin, a well-known protein that recognizes clustered sphingomyelin molecules. This
clearly demonstrates the applicability of our beads for obtaining proteins that recognize not only a single
lipid molecule but also lipid clusters or lipid membranes. Finally, we demonstrated the screening of lipid-
binding proteins from Neuro2a cell lysates using these beads. This method is expected to significantly
contribute to the understanding of interactions between lipids and proteins and to unravel the complex-
ities of lipid diversity.

physiological roles of lipids. Although these lipid-MP inter-
actions have often been identified by X-ray crystallography,®™°

Biological membranes, composed of a wide variety of lipids
and diverse membrane proteins (MPs), are involved in many
important physiological functions, such as membrane trans-
port and cell signaling.! In biological membranes, lipids often
interact with MPs, regulating the localization and activity of
MPs in cells.>® For instance, the interaction of cholesterol
with B,-adrenergicreceptor ($,AR), a type of G-protein-coupled
receptor, is necessary for dimerization of the protein.” This
interaction disrupts the interplay between f,AR and G-protein
and plays a major role in p,AR signaling. Therefore, elucida-
tion of lipid-MP interactions is critical to understanding the
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novel and powerful methods for identifying MP-binding lipids
have been recently developed including native MS*'™** and our
self-assembled monolayer-based methods.'>'® Although these
methods have advanced the identification of “MP-binding
lipids”, they are intrinsically inefficient in the systematic and
comprehensive identification of “lipid-binding proteins”.

A conventional method for the identification of lipid-
binding proteins is liposome coprecipitation."”?° This
method has revealed, for example, that coroninlA, a critical
regulator of branched actin network, binds to phosphatidyl-
inositol 4,5-bisphosphate (PI(4,5)P,).>" In addition, nakanori
was identified as a protein that specifically recognizes and
binds sphingomyelin/cholesterol domains.>®> However, this
method is incompatible with the presence of surfactants, ren-
dering it unsuitable for screening detergent-solubilized MPs.

Besides, affinity beads are used to identify target proteins
of small molecules, including pharmaceuticals.”**” This
method is highly valuable for identifying binding proteins
because it can be applied to various immobilized ligands and
protein sources. This method has been applied to identifying
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binding proteins of bioactive lipids, including ceramide?*~°
and PI(4,5)P,.*"** In those studies, conventional immobiliz-
ation methods used for small molecules, where ligands are
immobilized sparsely on the bead surface, have been employed
for lipid immobilization. In fact, commercially available lipid-
coated beads®® are prepared based on the biotin-streptavidin
binding, and thus, the density of immobilized lipids is rela-
tively low. This would be suitable for identifying proteins that
recognize a single lipid molecule, but identifying proteins that
bind to or are embedded in lipid membranes through lipid-
MP interactions is challenging.

In this study, to mimic lipid membranes on the bead
surface, we developed lipid-immobilized affinity beads, on
which lipid molecules were densely immobilized. The lipid-
immobilized beads were designed so that the acyl chains of
the lipid molecules are covalently bound to the bead surface
and the hydrophilic head of the lipid is exposed to the
outside. To achieve this, lipid derivatives featuring aminated
acyl chain termini were synthesized and immobilized on
magnetic nanobeads with high capacity for ligand immobiliz-
ation. The covalent immobilization of lipid molecules
enables screening of not only water-soluble proteins, but also
MPs, which typically necessitate the use of surfactants for
solubilization. Importantly, the prepared beads mimicked
lipid membranes and could selectively capture lipid-specific
proteins. We used these beads to capture lipid-binding pro-
teins from cell lysates and identified several lipid-specific
protein candidates.

(0]
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Results
Preparation of lipid-immobilized beads

Because lipid rafts—functional domains of biological mem-
branes enriched in sphingolipids and cholesterol—are pro-
posed to be platforms for the accumulation and function of
MPs,***” sphingomyelin (SM) and ceramide (Cer), which are
major players in lipid rafts, were chosen for immobilization.>®
Because proteins localized in lipid rafts potentially recognize
not only the rigidity but the constituent lipid molecules of the
rafts, these beads are expected to identify raft-related proteins.
First, derivatives of SM and Cer were synthesized by introdu-
cing amino groups at the acyl chain terminals of lipid mole-
cules (Scheme 1). Synthesis of aminoSM 5 commenced with
deacylation of eggSM in methanolic HCI to yield lysosphingo-
myelin 3. Subsequent introduction of the azido acyl chain to 3,
followed by reduction of the azido group through the
Staudinger reaction yielded the desired product 5. AminoCer 7
was synthesized according to a similar scheme utilizing sphin-
gosine as a substrate instead of lysosphingomyelin. The syn-
thesized lipid derivatives were immobilized on FG beads
(Scheme 2). Because FG beads (nanomagnetic beads) have a
high density of functional groups on their surface,® they
would be well-suited for mimicking lipid membranes. The
aminated lipids were immobilized by mixing with NHS-acti-
vated FG beads, where carboxy groups were activated as
N-hydroxysuccinimide (NHS) ester groups. Subsequently,
unreacted NHS ester groups were masked with aminoethanol.
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Scheme 1 Syntheses of aminoSM and aminoCer.
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Scheme 2 Immobilization of aminosphingolipids on beads.

In addition to these lipid-immobilized beads, negative control
beads were prepared by reacting with dodecylamine.

Lipids were densely immobilized on the beads

To confirm the dense immobilization of lipid molecules on the
bead surface, phosphorus atoms present in the head of SM
were used to quantify immobilized lipid. Because phosphorus
atoms are not contained in either the bead carrier or linker, the
distribution and quantification of lipid molecules on the beads
was simultaneously estimated through phosphorus detection.

Initially, scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDS) ana-
lyses were conducted to confirm secure immobilization of SM
molecules. In addition to carbon and Fe atoms, which were
present in FG beads, phosphorus atoms were detected and dis-
tributed on SM beads (Fig. 1a). In the case of SM beads, a
2.0 keV peak, derived from phosphorus atoms, was detected in
the EDS spectrum (Fig. 1b), whereas no phosphorus atoms
were detected in control beads (Fig. 1c).
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Lipid-immobilized beads

Next, the amount of immobilized SM was determined
through phosphorus quantification. The beads were decom-
posed with sulfuric acid and hydrogen peroxide. The phospho-
ric acid formed was quantified by the molybdenum blue
method.*® The amount of immobilized SM molecules per milli-
gram of beads was determined as 73.2 + 3.0 nmol mg™", indicat-
ing an occupation area of 51.4 + 2.1 A> per SM molecule on the
bead surface (Table S17}). This value is comparable to that of an
authentic lipid bilayer (40-60 A%),*"*? suggesting that a lipid
membrane structure is reproduced on the bead surface.

Taken together, these results confirmed uniform immobil-
ization of lipid molecules at high density on the bead surface
mimicking a lipid membrane structure.

Lipid-binding proteins interacted with the beads

To validate the efficacy of lipid-immobilized beads in obtaining
lipid-specific binding proteins, pulldown experiments were con-
ducted using known lipid-binding proteins. Initially, a pulldown
assay was executed using lysenin, which is a toxic protein

b

Counts

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

CK kev
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(a) STEM and EDS mapping images of SM beads; (b) an extracted EDS spectrum of SM beads in the area enclosed by the red line; a 2.0 keV

peak derived from phosphorus atoms is detected; (c) an extracted EDS spectrum of control beads in the area enclosed by the red line; a 2.0 keV
peak is not detected. STEM was measured twice, and the same images were observed.
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Fig. 2 (a) Pulldown assay of lysenin with SM, Cer, and control beads. Each lipid-immobilized bead (0.2 mg) was incubated with 30 ug mL™* RFP-
lysenin solution. Lysenin specifically bound to SM beads; (b) comparison of the performance between our beads and commercial lipid-coated
beads. Our SM beads and commercial SM beads were dispersed in a protein mixture containing RFP-lysenin and BSA. Each experiment was con-

ducted more than three times to confirm the reproducibility.

sourced from earthworms and specifically recognizes and binds
SM clusters.****> SM-, Cer-, and control beads were incubated
with a solution containing red-fluorescent protein (RFP)-
labelled lysenin and bovine serum albumin (BSA) and washed.
Fluorescence microscopy showed that RFP-lysenin bound
specifically to SM beads and not the other beads (Fig. S17).
Bead-bound proteins were recovered through heat treatment
and visualized using silver-stained SDS-PAGE. Lysenin exhibited
specific binding to SM beads (Fig. 2a). Then, these lipid-
immobilized beads were compared with commercially available
lipid-coated beads (Echelon Biosciences), on which lipids are
sparsely immobilized through biotin-streptavidin linkage. Our
SM beads and commercial SM beads were incubated with a
mixture of lysenin and BSA, and subjected to pulldown experi-
ments. Consequently, our beads had a markedly higher binding
capacity for lysenin than the commercial beads (Fig. 2b).

To further demonstrate the capacity of lipid-immobilized
beads, we examined whether known lipid-binding proteins
could be pulled down from complex protein mixtures such as
cell lysates. The cell lysate of Neuro2a was incubated with the
beads and the recovered proteins were identified through
western blotting with antibodies targeting p24,*® an SM-specific
binding protein, and START domain of CERT,*”*® a Cer-specific
binding domain. The results revealed the specific binding of
p24 to SM beads (Fig. 3, top) and the START domain to Cer

P24 (SM specific binding)
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Fig. 3 Western blotting of endogenous lipid-binding proteins from
Neuro2a cell lysates; P24, a protein specific to SM, exhibites specific
binding to SM beads (top); START domain of CERT, a domain that
specifically binds Cer, was detected with Cer beads (bottom). Each
experiment was conducted more than three times to confirm the
reproducibility.
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beads (Fig. 3, bottom). Thus, we confirmed the applicability of
lipid-immobilized beads in isolating lipid-binding proteins from
complex protein mixtures and identifying lipid-specific proteins.

Screening lipid-specific binding proteins from Neuro2a cells

To demonstrate screening of lipid-binding proteins, proteins
recovered from lipid-immobilized beads incubated with
Neuro2a cell lysates were separated with SDS-PAGE, to obtain
several distinctive bands (indicated by arrows, Fig. 4). The pro-
teins in these bands were identified by proteomic analysis
(Table S2%). For each band, proteins with top three Mascot
scores are presented in Table 1, and proteins from control
beads were excluded as nonspecific bindings. We focused on
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Fig. 4 SDS-PAGE separation of lipid-binding proteins obtained from
Neuro2a cell lysate using lipid-immobilized beads (0.5 mg); proteins
were visualized with silver staining; numbered bands were excised and
subjected to LC-MS/MS analyses; lanes not involved in this experiment
have been removed. Pulldown experiments and SDS-PAGE separations
were repeated more than five times to ensure the reproducibility of
electrophoretic pattern.
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Table 1 Candidate lipid-specific proteins from Neuro2a cells in each band
Band Lipid Protein name Mascot score Mass Number of peptides
#1 Cer Keratin, type I cytoskeletal 42 123 50444 4
Bone marrow stromal antigen 2 91 19311 3
Nesprin-2 87 787 997 5
#2 SM Proline-, glutamic acid- and leucine-rich protein 1 99 119 306 4
YLP motif-containing protein 1 80 155146 4
GRB10-interacting GYF protein 2 79 149 387 3
#3 SM Tumor protein D54 805 24 085 32
MICOS complex subunit Mic19 229 26 546 6
Vimentin 222 53712 11
#a Cer Protein FAM3C 200 25022 8
Protein SCO, homolog, mitochondrial 183 29097 7
Bone marrow stromal antigen 2 167 19311 4
#5 SM ATP synthase subunit g 273 11417 13
Dynein light chain 1 160 10530 4
ATP synthase subunit e 144 8230 6

Tumor protein D54

- .
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Fig. 5 Pulldown assay of recombinant TPD54 using SM, Cer and
control beads; each type of lipid-immobilized beads (0.25 mg) was incu-
bated with 25 pg mL™t TPD54 in lysis buffer; TPD54 specifically bound
to SM beads. Experiments were conducted at least three times to
confirm the reproducibility.

tumor protein D54 (TPD54), an SM-binding protein, identified
in band #3. Pulldown experiments with authentic TPD54 were
performed, confirming the specific binding of TPD54 to SM
beads (Fig. 5).

Discussion

In this study, lipid-immobilized beads were developed to ident-
ify lipid-binding proteins. To mimic lipid membranes, sphin-
golipid derivatives with aminated acyl chain terminals were
synthesized from lysosphingolipids (Scheme 1). These deriva-
tives were subsequently amide-linked to the beads such that
their hydrophilic heads were directed outward. EDS analysis
and phosphorus quantification not only confirmed secure
immobilization, but also revealed a high density of immobi-
lized lipids equivalent to authentic lipid membranes,
suggesting that the bead surface imitates lipid membranes
(Fig. 1). Thus, we succeeded in preparing of detergent-tolerant
and membrane-mimetic lipid-immobilized beads for screening
membrane-associated proteins.

Pulldown of a known SM-binding protein, lysenin, showed
specific binding to SM beads (Fig. 2a). Comparison of the per-
formance between our beads and commercially available
beads further demonstrated the superiority of our SM beads in
recognizing lysenin (Fig. 2b). Lysenin recognizes and binds SM
domains rather than a single SM molecule.”® Thus, the com-
mercial beads with sparse SM immobilization likely failed to

This journal is © The Royal Society of Chemistry 2024

capture lysenin. This result further supports the formation of a
lipid membrane-like structure on the surface of our beads.
Additionally, p24 and START domain of CERT in Neuro2a cell
lysates exhibited specific binding to SM and Cer beads,
respectively (Fig. 3), demonstrating that endogenous lipid-
binding proteins can be detected from complex protein mix-
tures. The START domain is thought to be produced by pro-
teolysis of CERT. These findings underscore the utility of this
approach in obtaining lipid-specific binding proteins.
Although lipid-like control beads were used in this study along
with SM and Cer beads, it is hard to completely rule out the
possibility that the proteins examined in this study cross-react
with other lipids. To address this concern, we are currently pre-
paring beads immobilized with various lipids, including phos-
phatidylcholine and glycolipids, and will conduct pulldown
experiments using this series of lipid-immobilized beads.

Furthermore, we conducted a screening from cell lysates as
a demonstration experiment, and identified interesting pro-
teins as candidate lipid-binding proteins (Fig. 4 and Table 1).
ATP synthase subunit g was identified as an SM-specific
protein at band #5. Given that ATP synthase was reported to
localize in lipid rafts,*® SM recognition of ATP synthase may be
attributed to its preference for lipid rafts. Protein FAM3C,
identified as a Cer-binding protein in this study, is a bio-
marker for Alzheimer’s disease and known to reduce the pro-
duction of amyloid p (AB) protein.>® Besides, Cer is involved in
the elevation of AB.>">? Therefore, the interaction between Cer
and FAM3C might control the production of A.

TPD54 was confirmed as SM-specific by the pulldown
experiments (Fig. 5). TPD54 is one of the most abundantly
expressed proteins in cancer cells, and quantitative proteomics
of HeLa cells revealed that TPD54 is the 180th most abundant
of 8804 identified proteins.”® Recently, the presence of a mem-
brane transport pathway facilitated by intracellular nano-
vesicles (diameter: ~30 nm) was revealed. TPD54 was reported
to bind to the surface of the nanovesicles by inserting an
amphipathic lipid-packing sensor (ALPS) motif.>***> Because
the ALPS motif senses lipid packing,’® TPD54 likely recognizes
and binds densely-packed SM membranes, and not individual

Analyst, 2024,149, 3747-3755 | 3751
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SM molecules, through the ALPS motif. This again indicates
the applicability of our beads for obtaining proteins that recog-
nize lipid membranes, which is otherwise difficult with con-
ventional approaches.

Conclusions

Thus far, sparsely immobilized lipid-coated beads have been
employed for screening lipid-binding proteins. However, these
approaches face serious challenges when screening under con-
ditions reflective of biological membranes, as evidenced by the
pulldown of lysenin (Fig. 2b). In this context, our membrane-
mimetic lipid-immobilized beads have opened a new avenue
for identifying lipid-specific MPs that recognize not only a
single lipid molecule but also lipid clusters or lipid mem-
branes. Additionally, magnetic beads enable efficient pulldown
through magnetic force, facilitating high-throughput analysis
and potential automation. The synthesis of aminated deriva-
tives allows for the immobilization of diverse lipid species and
development of a variety of lipid-immobilized beads. With an
expanded repertoire of immobilized lipid species, high-
throughput analysis of various lipid-protein interactions
becomes feasible. The comprehensive analysis of lipid-binding
proteins can significantly contribute to understanding lipid-
protein interactions and the complexities of lipid diversity.

Experimental
General

NHS-activated FG beads were purchased from Tamagawa Seiki
Co., Ltd (Nagano, Japan). SM beads were purchased from
Echelon Biosciences (Salt Lake City, UT, USA). Antibodies were
purchased from Proteintech Group, Inc. (Rosemont, IL, USA).
All other reagents were purchased from FUJIFILM Wako Pure
Chemical Corp. (Osaka, Japan), Tokyo Chemical Inc. (Tokyo,
Japan), Nacalai Tesque Inc. (Kyoto, Japan), or Sigma-Aldrich
(St Louis, MO, USA). For details of the synthesis of compounds
1-7, see ESL.}

Preparation of lipid-immobilized beads

NHS-activated beads (1.0 mg) were washed three times with
200 pL of DMF and incubated with 10 mM triethylamine and
1 mM aminated lipids in 200 pL of DMF overnight at room
temperature. The beads were washed three times with 200 pL
of DMF, and unreacted NHS ester groups were masked with
1.0 M ethanolamine in DMF. After washing three times with
50% MeOH, these beads were resuspended in 50 pL of 50%
MeOH, and stored at 4 °C. Negative control beads were pre-
pared by reacting with 1 mM dodecylamine in DMF, instead of
aminated lipids.

Phosphorus quantification

Next, 25% H,SO, (225 pL) was added to 0.2 mg of SM and
control beads, respectively. Each suspension was heated at

3752 | Analyst, 2024,149, 3747-3755
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200 °C for 25 min, cooled for 5 min, mixed with 75 pL of
H,0,, and heated at 200 °C for 30 min. After cooling for
5 min, Milli-Q water (1950 pL), 10% ascorbic acid (250 pL),
and 2.5% hexaammonium heptamolybdate (250 pL) were
sequentially added to the suspension and the mixture was
heated at 100 °C for 7 min. Absorbance of the supernatant was
measured at 820 nm using a JASCO V-730BIO (JASCO
Corporation, Tokyo, Japan).

STEM and EDS analysis

SM and control beads were washed with water twice and resus-
pended in 50 pL of Milli-Q water. An aliquot of 7 pL suspen-
sion was placed on a carbon-coated copper grid (Okenshoji,
Tokyo, Japan), excess water was removed, and the sample was
dried in vacuo overnight. STEM images were observed using a
JEM-ARM200F instrument equipped with a JED-2300T (JEOL,
Tokyo, Japan) at an acceleration voltage of 200 kV. The JEOL
Analysis Station software was used to control STEM-EDS

mapping.
Neuro-2a cell lysate preparation

Neuro-2a cells were cultured in E-MEM supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at
37 °C with 5% CO,. Cells were suspended in lysis buffer
(50 mM Tris [pH 8.0], 150 mM NaCl, and 1% Nonidet P-40)
containing protease inhibitor cocktail (Nacalai Tesque Inc.,
Kyoto, Japan), incubated on ice for 1 h, and centrifuged at
15000 rpm, for 20 min at 4 °C. The supernatant was collected
to prepare the lysate. The protein content in the lysate was
quantified with BCA Protein Assay Kit (Takara Bio Inc., Shiga,
Japan), and the lysate was diluted to a concentration of 1 mg
mL ™.

Pulldown with lipid-immobilized beads

Each type of bead (0.5 mg) was washed with 200 pL of lysis
buffer before use, followed by dispersion in 50 pL of protein
solution. After incubation at 4 °C for 4 h, the supernatant was
removed through magnetic separation. The beads were washed
twice with 200 pL of lysis buffer and then boiled in SDS
sample buffer (240 mM Tris-HCI [pH6.8], 8% SDS, 40% gly-
cerol, 0.1% bromophenol blue, and 20% 2-mercaptoethanol).
The eluted proteins were applied to 4%-20% SDS-PAGE.
Proteins were detected by silver staining or western blotting.

Lysenin pulldown with lipid-immobilized beads and
commercial beads

SM-immobilized beads (0.2 mg) were incubated with a protein
mixture (10 pg mL~' RFP-lysenin and 1 mg mL™" BSA in lysis
buffer, 50 pL). The subsequent procedure was the same as
above. By contrast, commercial SM beads (Echelon Bioscience,
40 pL) were washed with 200 pL of lysis buffer before use, fol-
lowed by dispersion in 50 pL of the same protein mixture.
After incubation at 4 °C for 4 h, the supernatant was removed
by centrifugation at 800g for 4 min. The beads were washed
twice with 200 uL of lysis buffer, boiled in SDS sample buffer,
and centrifuged at 800g for 4 min. The supernatant was

This journal is © The Royal Society of Chemistry 2024
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applied to a 4%-20% SDS-PAGE gel, followed by silver
staining.

Western blotting

Proteins were electrophoretically transferred from SDS-PAGE
gels to PVDF membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked with 2% BSA in PBS containing
0.05% Tween-20 (PBS-T) for 1 h at room temperature, incu-
bated with primary antibodies (anti-p24 antibody and anti-
CERT antibody) in PBS-T containing 2% BSA overnight at 4 °C,
washed three times with PBS-T, incubated with HRP-conju-
gated secondary antibodies for 1 h, and washed three times
with PBS-T. Signals were detected with an imaging system
(ImageQuant LAS 4000 mini, Cytiva, Marlborough, MA, US).

Proteomic analysis

Each selected band was cut into pieces and subjected to
LC-MS/MS analysis. The gel fragments were destained and
digested with mass spectrometry-grade trypsin (PROMEGA,
Madison, WI, USA) in 25 mM ammonium bicarbonate.
nLC-MS/MS analysis was conducted using Advance UHPLC
(Bruker, Billerica, MA, USA) and Orbitrap Velos Pro (Thermo
Fisher Scientific, Waltham, MA, USA). Trypsin-digested
samples were separated by SilicaTip (0.100 mm i.d. x 15 cm,
Nikkyo Technos, Japan) packed with a 3 pm C18 L-column
(Chemical Evaluation and Research Institute, Japan) using a
linear gradient (30 min, acetonitrile/0.1% formic acid) at a
flow rate of 320 nL, min~". The resulting MS and MS/MS data
were searched against the Swiss-Prot database using the
Mascot search engine software (ver. 2.8.0.1, Matrix Science,
Boston, MA, USA). Significance threshold was set to p < 0.05.
The proteins with at least three peptide matches were listed.
Nonspecific proteins identified in control samples were
excluded from the list of identified proteins.
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