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Asn: asparagine residue
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CHAPS: 3-((3-cholamidopropyl) dimethylammonium)-1-propanesulfonate
CRT: calreticulin

DEAE: diethylaminoethyl

DTT: dithiothreitol

ER: endoplasmic reticulum

Fuc: fucose

Gal: galactose

GalNAc: N-acetylgalactosamine

GlcNAc: N-acetylglucosamine

HPLC: high performance liquid chromatography

IEF: isoelectric focusing

ITAM: immunoreceptor tyrosine-based activation motif
ITIM: immunoreceptor tyrosine-based inhibition motif
LAMP: limbic system-associated membrane protein
LC-MS: Liquid chromatography-mass spectrometry

LeC: LewisC



MAG: myelin-associated glycoprotein
Man: mannose

MW: molecular weight

NEM: N-ethylmaleimide

NeuAc: N-acetylneuraminic acid

NP: normal phase

NTM: neurotrimin

PMSEF: phenylmethylsulfonyl fluoride
PVDF: polyvinylidene difuloride
PBS: phosphate-buffered saline

PFA: paraformaldehyde

RP: reverse phase

SB-10: sulfobetaine-10

Ser: serine residue

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Siglec: sialic acid binding Ig-like lectin
SPR: surface plasmon resonance
TFA: trifluoroacetic acid

TfR: transferrin receptor
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Summary

Glycosylation of proteins is one of the major posttranslational modifications.
N-glycans harbored on membrane proteins profoundly affect the character of proteins
by altering their structure or capacity to bind to other molecules. Various types of
N-glycans are synthesized in the endoplasmic reticulum and Golgi apparatus. Proper
N-glycosylation of proteins is important for normal brain development and multiple
functions of nervous system.

Sialic acid is an acidic monosaccharide present at the non-reducing terminal
of sugar residues attached through a2,3-, a2,6- or a2,8-linkage. Sialylated A2G’2F
(Figure 1A) is one of the major N-glycans, most of which contains “6-sialyl-LewisC
(6SLeC)” [Galp(1-3){NeuAca(2-6)}GlcNAc-] moiety. The level of sialylated A2G’2F
increased during development. These observations suggest that 6SLeC-containing
sialylated A2G’2F plays a role in the development and/or maintenance of the mouse
brain.

I analyzed sialylated N-glycans contained in 12-week-old mouse brain by
high performance liquid chromatography (HPLC), and I detected non-, mono-, di-, tri,
tetra-sialylated A2G’2F in addition to our previous report. Biosynthetic pathway of
6SLeC-containing sialylated A2G’2F was deduced from these results. I also analyzed
N-glycans contained in subcellular fractionated proteins from 12-week-old mouse brain.
Sialylated A2G’2F accumulated in membrane and synaptosomal fraction. These data

suggest sialylated A2G’2F mainly localized on plasma membrane and synaptosome.



Sialic acid binding Ig-like lectins (Siglec) distinguish linkage types of sialic
acids. Some of the siglecs are crucial for exerting brain function. I predicted that 6SLeC
plays a role in adult mouse brain through 6SLeC-siglec interactions. To demonstrate
this hypothesis, determination of sialylated A2G’2F-carrier proteins and
6SLeC-recognizing proteins are required.

First I tried to identify sialylated A2G’2F-carrier proteins. We previously
improved the method for analyzing N-glycan on glycoproteins in the sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel. I homogenized 12-week-old mouse brain
and subjected them on a SDS-PAGE. The gel was cut into 20 pieces and N-glycans
contained in each gel pieces were analyzed by high performance liquid chromatography.
Sialylated A2G’F was detected in particular gel pieces with molecular mass of 50-70
kDa. Synaptosomal fraction was subjected on a two-dimensional polyacrylamide gel
electrophoresis and of gel containing 50-70 kDa proteins were cut into 10 pieces. |
revealed that restricted number of acidic proteins with molecular mass of 50-70 kDa
mainly carry A2G’2F in the synaptosomal fraction. Furthermore, I revealed that
A2G’2F was mainly accumulated in Triton X-100-soluble component but not in
postsynaptic density of the synaptosomal fraction. I also analyzed proteins in the same
gels by liquid chromatography-mass spectrometry, and neurotrimin (NTM) and
calreticulin (CRT) were detected. It has been reported that there is a N-glycan whose
structure is consistent with A2G’2F on NTM. Thus NTM is a strong candidate for the
A2G’2F-carrier. Another candidate was CRT, which is expressed on endoplasmic

reticulum and cell surface, but localization in mouse brain was not reported. I performed



Western blot analysis of subcellular fractionated proteins and showed that CRT is not
only expressed in ER but also in triton-soluble component of synaptosomal fraction. I
observed that CRT was strongly expressed in cultured cortical neurons and CRT signals
were apposed to PSD95 signals in some of mature spines. This is the first report that
CRT locates in synapses.

Next, I also tried to identify 6SLeC-recognizing siglec. Since ligand glycan
for siglec-H is unknown, I chose this siglec for my study. I used Biacore assay to
investigate 6SLeC-Siglec-H interaction and applied sugar chain cluster technology to
increase the binding affinity of sugar chains against receptor proteins by forming sugar
chain cluster on polylysine residue. This approach was successful and I found that
6SLeC interacted with siglec-H. Siglec-H is expressed in microglia and is reported to
activate microglial phagocytosis toward glioma cells.

In summary, I found 6SLeC-containing sialylated A2G’2F is harbored on
proteins present in the Triton X-100-soluble component of the synaptosomal fraction
and can be recognized by microglia expressing siglec-H. This interaction may
contribute to the functions of microglia, such as clearance of apoptotic neuron, synapse

pruning, and neuroprotection in the mouse brain.



Introduction

Glycosylation of proteins is one of the major posttranslational modifications.
N-glycosylation is one type of glycosylation and glycosylates asparagine residues of the
protein with Asn-X-Ser/Thr sequence. N-glycans harbored on membrane proteins
(glycoproteins) profoundly affect the character of proteins by altering their structure or
capacity to bind to other molecules. N-glycan transfer to a protein occurs in the
endoplasmic reticulum (ER), followed by processing in the Golgi apparatus [Atkinson
and Lee, 1984]. The ER and Golgi apparatus contain many glycosyltransferases and
synthesize various N-glycans. Congenital disorders of glycosylation (CDG) result from
inborn errors of glycoprotein biosynthesis in human. In most type of CDG,
N-glycosylation of various proteins is deficient or defective, resulting in the absence or
structural alteration of N-glycans. Abnormalities in the normal brain development and
multiple functions of the nervous system are noteworthy phenotype of CDG [Cylwik et
al., 2013; Freeze et al., 2005; Varki et al., 2009;]. These observations suggest an
importance of N-glycans in the nervous system.

Sialic acid is an acidic monosaccharide present at the non-reducing terminal
of sugar residues attached through a2,3-, a2,6- or a2,8-linkage. We previously reported

identification of various structures of sialylated and non-sialylated N-glycans in the

mouse cerebral cortex [Ishii et al., 2007; Torii, Yoshimura, Narumi et al., 2014].
Among the identified N-glycans, sialylated A2G’2F (Figure 1A) is one of the major

N-glycans which contains type 1 antennary [Galf(1-3)GIcNAc-]. There are two types of



a2,6-sialylated N-glycans. One attaches to the galactose residue at the non-reducing end
[NeuAca(2-6)Gal-] and the other to the GIcNAc residue in the type 1 antennary of
N-glycans [GalB(1-3){NeuAca(2-6)}GlcNAc-]. We termed the Ilatter structure
[GalB(1-3){NeuAca(2-6)} GlcNAc-] “6-sialyl-LewisC (6SLeC)”. The amount of
sialylated A2G’2F with 6SLeC were increased during development [Ishii et al., 2007;
Torii et al., 2014]. These observations suggest that 6SLeC-containing sialylated
A2G’2F plays a role in the development and/or maintenance of the mouse brain.

Sialic acid binding Ig-like lectins (siglec) distinguish linkage types of sialic
acids. Some of the siglecs are crucial for exerting brain function. For example, siglec-4
(MAG) is present in the myelin of central nervous system and recognizes a2,3-linked
sialic acid [Lai et al., 1987; Vinson et al., 2001]. This interaction mediates neurite
outgrowth [Tang et al., 1997].

I hypothesized that 6SLeC plays a role in the adult mouse brain through
6SLeC-recognizing siglec. To demonstrate this hypothesis, determination of sialylated
A2G’2F-carrier proteins and 6SLeC-recognizing proteins are required. I used improved
method for analyzing N-glycan on the glycoproteins in the sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel [Yoshimura, Yamada,
Narumi et al., 2012]. Using this method, we achieved high N-glycan recovery rate; we
detected N-glycans from 0.5 ug of a glycoprotein was subjected on a SDS-PAGE. 1
applied this method not only to SDS-PAGE gel but also to two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) gel. In this study, I revealed that

restricted number of acidic proteins with molecular mass of 50-70 kDa mainly carry
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A2G’2F in the Triton X-100-soluble component (T-sol) of the synaptosomal (Syn)
fraction of mouse brain.

Siglec-E is expressed in mouse brain microglia and involved in
neuroprotection by preventing phagocytosis and the associated oxidative burst [Claude
et al., 2013]. Siglec-E prefers a2,8- and a2,3-linked sialic acid but this siglec also binds
to 6SLeC [Redelinghuys et al., 2011].

Siglec-H is a microglia specific siglec, and activation of siglec-H
counterbalances the inhibition of siglec-E. However, ligand glycan for this siglec is
unknown. I used sugar chain cluster technology to increase the binding affinity of sugar
chains against receptor proteins by forming sugar chain cluster on polylysine residue.
This approach was successful and I found that 6SLeC interacted with siglec-H.

In summary, I found 6SLeC-containing sialylated A2G’2F is harbored on
proteins present in the Triton X-100-soluble component of the synaptosomal fraction
and can be recognized by microglia expressing siglec-H. This interaction may
contribute to the functions of microglia, such as clearance of apoptotic neuron, synapse

pruning, and neuroprotection in the mouse brain.
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Materials and Methods

Materials and chemicals

Urea, dithiothreitol (DTT), iodoacetoamide, trifluoroacetic acid (TFA),
ammonium bicarbonate, and Silver Stain MS Kit were purchased from Wako (Osaka,
Japan). NP-40 was from Sigma (St. Louis, MO, USA) and 3-((3-cholamidopropyl)
dimethyl ammonium)-1-propanesulfonate (CHAPS) from Dojindo (Kumamoto, Japan).
Sulfobetaine-10 (SB-10) was purchased from Amresco LLC (Solon, OH, USA).
Trypsin was from Promega Corporation (Madison, WI, USA) and polyvinylidene
difuloride (PVDF) membrane (Immobilon-P, 0.45 um) was from Merk Millipore
(Billerica, MA, USA). IPG buffer (pH 3-11), Immobiline DryStrips (pH 3-11, 13 cm
long), and a detection kit for enhanced chemiluminescence (ECL plus) were purchased
from GE Healthcare UK Ltd. (Buckinghamshire, England). Anhydrous hydrazine was
purchased from Tokyo Chemical Industry (Tokyo, Japan), 2-aminopyridine (2-AP) was
from Kanto Chemical (Tokyo, Japan), and dimethylamine borane was from Wako
(Osaka, Japan). Graphite carbon columns (GL-Pak Carbograph, Cat. No. 5010-23005)
were purchased from GL Science (Tokyo, Japan). Microgranular cellulose for packed
cellulose columns was from Merck Millipore. Neuraminidase derived from
Arthrobacter ureafaciens was purchased from Nacalai Tesque (Kyoto, Japan).
a2,3-sialidase, specific for a2,3-linked sialic acid, was from New England BioLabs
(Ipswich, MA, USA). Pyridylaminated (PA)-sugar chains used as standards were

purchased from Takara Bio (Tokyo, Japan).
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Antibodies

Primary antibodies used in this study were as follows; rabbit anti-calreticulin
(CRT) IgG (ab92516, Abcam plc, Cambridge, UK), mouse anti-PSD95 IgG (7E3-1BS,
Thermo Fisher Scientific Inc., Waltham, MA, USA), mouse anti-GM130 IgG (610822,
Becton Dickinson, NJ, USA), and mouse anti-transferrin receptor (TfR) IgG (136800,
Thermo Fisher Scientific Inc.). For immunocyto/histochemistry, Alexa 568-conjugated
anti-rabbit IgG (Thermo Fisher Scientific Inc.) and Cy5-conjugated anti-mouse IgG

(Merck Millipore) were used as secondary antibodies.

Animals

All mice used in this study were kept in the institutional Center for
Experimental Animals with free access to food and water. Timed pregnant or aged ICR
mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). All experiments were

carried out under the permission of the institutional Animal Research Committee.

Sample preparation for N-glycan analysis

A 12-week-old (12w) ICR mouse was sacrificed, and their whole brain was
quickly removed and washed with ice-cold phosphate-buffered saline (PBS, pH 7.4).
Tissues were homogenized in a nine-fold volume of acetone using a polytron

homogenizer. After acetone precipitation, samples were dried up in vacuo before use.

Sample preparation for SDS-PAGE and 2D-PAGE
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A 12w ICR mouse was sacrificed, their whole brain quickly removed and
washed with ice-cold PBS (pH 7.4). Tissues were homogenized in a twenty-fold volume
of a homogenate buffer A (20 mM Tris-HCI [pH 8.0], 2 mM EDTA and 0.32 M
sucrose) using Potter-Elvehjem homogenizer. The homogenate was centrifuged at 700 g
for 10 min, and supernatants were collected. The supernatants were then centrifuged at
20,000 g for 1 h, and supernatants were removed by suction. The pellet were suspended
in 1 ml of lysis solution B containing 9.8 M urea, 0.5 mM EDTA, 2 % (w/v) NP-40,
100 mM DTT, 0.5 % (v/v) IPG buffer and 0.001 % (w/v) bromophenol blue (BPB) and

stood for 2 h at room temperature with stirring.

Subcellular fractionation (Figure 2A)

This experiment was totally done on ice. This experiment was performed as
described previously [Carlin et al., 1980]. In brief, five 12w ICR mice brains were
homogenized in a four-fold volume of homogenate buffer C (10 mM Hepes-NaOH [pH
7.4] and 0.32 M sucrose containing 0.2 mg/ml phenylmethylsulfonyl fluoride (PMSF),
0.01 mg/ml leupeptin, 0.01 mg/ml pepstatin A, 1 mM N-ethylmaleimide (NEM), and 1
mM EDTA. Homogenate was centrifuged for 10 min at 1,000 g to remove crude
nuclear fraction (P1). The supernatant (S1) was centrifuged at 9,000 g for 15 min to
obtain a pellet (P2) and supernatant (S2). The S2 fraction was centrifuged at 100,000 g
for 1 h to obtain a pellet (P3) and supernatant (S3). The P2 fraction was resuspended in
the homogenate buffer B. Discontinuous sucrose gradients containing 6 ml of the

resuspended P2 material and 6 ml each of 0.8, 1.0, and 1.2 M sucrose solutions in 10
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mM Hepes-NaOH, (pH 7.4), were centrifuged at 58,000 g for 2 h. The band between
1.0 and 1.2 M sucrose was obtained as a synaptosomal fraction (Syn). This Syn fraction
was extracted with 0.5 % (v/v) Triton X-100 in 0.16 M sucrose and 6 mM Tris-HCI (pH
8.0), and then centrifuged at 33,800 g for 20 min to divide into soluble (T-sol) and
insoluble fractions (PSD). Proteins of each fraction were used for 2D-PAGE, N-glycan

analysis and western blot analysis (WB).

Treatment of S2, P2, P3, and Syn fractions for N-glycan analysis

S2, P2, P3, and Syn fractions obtained from subcellular fractionation were
suspended in a three-fold volume of organic solvent (methanol: chloroform 2:1) to
remove lipids and the suspension was centrifuged at 10,000 g for 20 min. This
procedure was repeated three times. After delipidation, the pellet was washed again
with 3 ml of methanol. After removing of the supernatants, the pellet was dried up in

vacuo before use.

Treatment of Syn fraction for 2D-PAGE

Syn fraction was treated as described previously [Ishioka et al., 1990;
Nakamura et al., 2005] to apply to 2D-PAGE. Syn fraction obtained from subcellular
fractionation was resuspended in a nine-fold volume of 10 mM Hepes-NaOH, (pH 7.4),
and centrifuged for 2 h at 58,000 g. The supernatants were removed by suction. Then
the pellet was suspended in an organic solvent (methanol: chloroform 2:1) and the

suspension was centrifuged at 10,000 g for 20 min. This procedure was repeated three
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times. After delipidation, the pellet was washed again with 3 ml of methanol followed
by washing with 3 ml of 50 mM phosphate buffer. Finally, the pellet was resuspended
in 1 ml of lysis solution D containing 5 M urea, 2 M thiourea, 2 % (w/v) CHAPS, 2 %
(w/v) SB-10, 2 % (v/v) IPG buffer, 60 mM DTT, 0.0025 % (w/v) Orange G and stood
for 1-2 h at room temperature with stirring. Seven hundred pg of proteins were used for

2D-PAGE.

SDS-PAGE and WB

Equal volumes of the harvested proteins were applied to SDS-PAGE using
10 % polyacrylamide gel and separated electrophoretically with a Tris-glycine buffer
(0.025 M Tris, 0.192 M glycine, 0.1 % SDS). Gels were then applied to Coomassie
Brilliant Blue (CBB) staining or immunoblotting. For immunoblotting, separated
proteins were transferred to a PVDF membrane with a semidry blotting apparatus
(ATTO Corporation, Tokyo, Japan) at 240 mA for 2 h at 4°C using buffer containing
192 mM glycine, 100 mM Tris, 5 % methanol. In some experiments, the protein spots
on the 2D-PAGE gels were also electro blotted onto a PVDF membrane as described
above. The membrane was then blocked with 0.5 % (w/v) skim milk in PBS containing
0.1 % (w/v) Tween-20 for 1 h at room temperature. The membrane is treated with first
antibodies, CRT, PSD95, GM130, and TfR for over night at 4 °C. The membrane was
then treated with HRP conjugated anti-mouse or rabbit IgG for 1 h at room temperature.
Immunoreactive spots were detected using an enhanced chemiluminescence detection

kit (ECL plus).
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2D-PAGE

Mouse brain homogenate and Syn fraction were prepared for 2D-PAGE. This
experiment was performed as described previously [Ishioka et al., 1990; Nakamura et
al., 2005]. The isoelectric focusing (IEF, first dimension) was carried out on nonlinear
immobilized pH gradients (pH 3-11). Placing the IPG strips gel side down in a
rehydration tray that contains the 700 ug of proteins in an appropriate rehydration
solution for 14-16 h to perform passive sample application during dehydration. As the
strips hydrated, proteins were absorbed and distributed over the entire length of the strip.
The IEF was performed at 20 “C using Ettan IPGphor II (GE Healthcare) with the
following two voltage programs: 500 V for 4 h, 1000 V for 1h, 8000 V for 6 h (program
A for a brain homogenate) or 500 V for 2 h, 700 V for 1 h, 1000 V for 1h, 1500 V for 1
h, 2000 V for 1 h, 2500 V for 1 h, 3000 V for 1 h, 3500 V for 18 h (program B for a
synaptosome). After completion of electrofocusing, IPG strips were equilibrated for 30
- 45 min in 6 M urea, 30 % glycerol, 2 % (w/v) SDS, 0.025 M Tris-HCI (pH 6.8), 0.325
M DTT. Then IPG strips were treated with 30 % glycerol, 2 % (w/v) SDS, 0.025 M
Tris-HCI (pH 6.8), 4.5 % (w/v) iodoacetoamide. In the second-dimensional SDS-PAGE,
the equilibrated IPG strip was placed on top of the 10 % polyacrylamide gel and
proteins on the strip were separated electrophoretically. Gels were then applied to

CBB-staining, silver-staining (Silver Stain MS Kit, Wako, Japan) and immunoblotting.

Liquid chromatography-mass spectrometry (LC-MS)

Protein spots on the CBB or silver-stained 2D-PAGE gel were excised by a
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razor. The excess dye of CBB was removed from the gel pieces by immersing in 50 %
(v/v) acetonitrile and 25 mM ammonium bicarbonate, further dehydrated in absolute
acetonitrile, and dry up. The excess dye of silver-staining was removed with Silver
Stain MS Kit according to the manufacturer’s protocol. Then gel pieces were treated
with reducing solution (10 mM DTT, 25 mM ammonium bicarbonate) and alkylating
solution (1 % (w/v) iodoacetamide, 25 mM ammonium bicarbonate), and finally
dehydrated in absolute acetonitrile, followed by dring up. Proteins in gel pieces were
digested with 10 ug/ml trypsin and 50 mM ammonium bicarbonate overnight at 37 °C.
After digestion, peptide fragments were extracted from gel pieces in 5 % (v/v) TFA and
50 mM ammonium bicarbonate. Peptide fragments in supernatants were subjected to
LC-MS.

Proteolytic peptides were separated by reversed-phase columns, packed
nano-capillary column (NTCC-360/75-3, Nikkyo Technos Co. Ltd., Tokyo, Japan) with
a EASY-nLC system (pump A with 0.1 % formic acid and pump B with 0.1 % formic
acid in acetonitrile). For analysis of peptides, separation was performed with a linear
gradient from 0 to 80 % pump B over 12 min at a flow rate of 0.3 ul/min, and mass
spectra were recorded with a Orbitrap Elite system (Thermo Fisher Scientific) using a
scan event (m/z 350-2000). LC-MS was performed using a capillary voltage of 1.7 kV
and a capillary temperature of 250 °C. LC-MS data were analyzed with Mascot
ver.2.5.1 (Matrix science, London, UK) and Proteome Discoverer software (Thermo
Fisher Scientific). LC-MS analysis was supported by Functional Genomics Facility,

NIBB Core Research Facilities.
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Hydrazinolysis
Hydrazinolysis was performed as described previously [Tanabe and Ikenaka,
2006]. Lyophilized samples were heated with 200 ul of anhydrous hydrazine at 100 °C

for 10 h in a water bath.

In-gel hydrazinolysis method

In-gel hydrazinolysis was performed as described previously [Yoshimura et
al., 2012]. Samples were subjected to a SDS-PAGE or 2D-PAGE followed by CBB
staining. Target protein bands or spots were excised from gels, and the excised gels
were cut into small (4 mm height x 4 mm width x 2mm depth) pieces. Gel pieces were
transferred to 5-ml glass tubes with screw caps and were washed with 1 ml of ultrapure
water. The water was then removed by suction, and the gels were treated with 400 ul of
100 % methanol for 5 min. The methanol was then removed by suction and the gels
were lyophilized. Glass tubes containing gels were then heated with 300 ul of
anhydrous hydrazine at 100 °C for 10 h in a water bath. The hydrazine solution was
mixed with Iml of 10 mM ammonium bicarbonate buffer, and sugar chains were
extracted by sonication for 10 min. This step was repeated three times for efficient sugar

chain extraction.

N-Glycan purification and in-column reacetylation by a graphite carbon column
N-Glycan purification and in-column N-acetylation was performed as

described previously [Tanabe and lkenaka, 2006]. A graphite carbon column was
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washed with 6 ml of solution I (50 mM triethylamine acetate buffer [pH 7.0] and 60 %
(v/v) acetonitrile) and 6 ml of 50 mM ammonium acetate buffer (pH 7.0) for column
preparation. The hydrazinolyzed sample solution was then loaded onto the graphite
carbon column. After the column was washed with 6 ml of 50 mM ammonium acetate
buffer for two times, the sugar chains were eluted with 5 ml of solution I with 100 ul of
acetic anhydride at room temperature. The eluted solution was dried using a centrifugal

concentrator, and the N-acetylated glycans were collected.

Pyridylamine derivatization

The reducing ends of the liberated glycans were tagged with the fluorophore
(2-AP) as described previously [Hase et al.,1978; Hase et al., 1981; Natsuka and Hase,
1998]. After in-column removal of hydrazine and N-acetylation of glycans, the dried
glycans were heated with 20 ul of a 2-AP solution (prepared by mixing 50 ul of acetic
acid and 138 mg of 2-AP) at 90 °C for 1 h. The Schiff base was reduced by heating with
70 ul of a dimethylamine borane solution (freshly prepared by mixing 50 ul of ultrapure

water, 80 ul of acetic acid, and 200 mg of dimethylamine borane) at 80 °C for 35 min.

N-Glycan purification by a cellulose column

Excess reagents were removed using a cellulose column according to the
manufacturer’s instructions with minor modifications. A cellulose column was washed
with 6 ml of solution II (1-butanol: ethanol: 0.6 M acetic acid 4:1:1, v/v) for column

preparation. The PA-N-glycans were mixed with 2.5 ml of solution II and loaded onto

20



the cellulose column. After two washes with 3 ml of solution II, the PA-N-glycans were
eluted with 2 ml of solution III (75 mM ammonium bicarbonate solution: ethanol 2:1,
v/v) at room temperature. The eluted solution was dried using a centrifugal

concentrator.

Neuraminidase treatment and collection of neutral N-glycans

Purified PA-N-glycans were treated with neuraminidase (Nacalai Tesque,
Inc.) or a2,3-sialidase (New England Biolabs, Inc.) at 37 °C for 14 h to cleave sialic
acids, followed by heating at 100 °C for 5 min and filtering through a 0.20 um spin
filter (Ultrafree-MC LG, Merk Millipore). To separate neutral N-glycans from acidic
ones, PA-N-glycans were passed through an anion exchange (DEAE) column (TSKgel
DEAE-5PW, Tosoh, Tokyo, Japan) using high performance liquid chromatography
(HPLC) or a Microgranular DE52-packed column (Whatman, GE Healthcare). Water
adjusted to pH 9.0 with ammonia was used as a mobile solvent. Neutral N-glycans were

collected in the nonadsorbed fraction.

N-Glycan analysis by HPLC

PA-N-glycans of varying sizes were separated by HPLC using a normal-phase
(NP) column (Shodex Asahipak NH2P-50 4E, 4.6 250 mm, Showa Denko K.K., Tokyo,
Japan) at a flow rate of 0.6 ml/min at 30 “C. The mobile phase consisted of solvent A
(93 % acetonitrile and 0.3 % acetic acid titrated to pH 7.0 with 1 M aqueous ammonia)

and solvent B (20 % acetonitrile and 0.3 % acetic acid titrated to pH 7.0 with 1 M
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aqueous ammonia). The column was equilibrated with mixtures of solvent A and
solvent B (80:20) that were linearly increased to 49 % in 240 min and then to 90 % in 7
min. NP column HPLC was performed using the Prominence HPLC system equipped
with a fluorescence detector (excitation and emission wavelengths were 310 and 380
nm, respectively, Shimadzu, Kyoto, Japan) or Gilson HPLC system (excitation and
emission wavelengths were 310 and 380 nm, respectively, Gilson, Middleton, WI,
USA). Each detected PA-Nglycan was further analyzed by reverse phase (RP) column
HPLC. RP column HPLC was performed on the AQUITY UPLC system (Waters,
Milford, MA, USA) using ACQUITY UPLC BEH C18 1.7 wm column (2.1 x 50 mm,
Waters) at a flow rate of 0.3 ml/min at 35 °C. Solvent C consisted of 5 mM ammonium
acetate buffer (pH 4.0), and solvent D consisted of solvent C containing 10 %
acetonitrile. The column was equilibrated with a mixture of solvent C and solvent D
(initially 5 % D) that were increased linearly to 33 % in 11 min and then to 70 % in 1
min. PA-sugar chains were detected at excitation and emission wavelengths of 320 and

400 nm, respectively (Waters).

Data quantification and analysis
NP column HPLC chromatogram data were analyzed with LC station
software (Shimadzu), Unipoint software (Gilson). RP column HPLC chromatogram

data were analyzed with Empower2 software (Waters).

Immunocytochemistry of cortical neuron culture and counting of spine number
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Cultured cortical neurons (0.5 x 10° cells / cm?) were seeded onto 12-mm
cover slips in 4-well dishes. Neurons (12DIV) were transfected with N2-EGFP vector
by Lipofectamine 2000. Five days after transfection, neurons were fixed with 4 %
paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4) at room temperature for 10 min, and
treated with -20 °C methanol for 10 min. The neurons were then blocked with PBS
containing 10 mg/ml BSA for 1 h at room temperature. The neurons were treated with
first antibodies, against PSD95 and CRT for over night at 4 °C. Alexa 568-conjugated
anti-rabbit IgG or Cy5-conjugated anti-mouse IgG was used as a secondary antibody.
Samples were observed by confocal laser scanning microscopy system (TCS SP5 II:
Leica Microsystems GmbH, Wetzlar, Germany). We randomly chose sixteen
GFP-expressing neurons from eight separate cultures and obtained an image of dendrite
from each neuron by LAS AF software (Leica Microsystems). To quantify the spine
number, each image was reconstructed by a z-series maximal projection of 5-8 images,
taken at 0.5 um depth intervals. The number of spines labeled by anti-PSD95 antibody
and/or anti-CRT antibody (threshold for CRT was set at 2500 to 300 arbitrary units of
mean fluorescent intensity) was counted. Finally, the ratio of PSD95-CRT-positive
spines to PSD95-positive spines was calculated. Box-and-whisker plots are shown to

identify the median, 25th, and 75th percentiles.

Surface plasmon resonance (SPR) analysis
SPR was measured by Biacore 3000 or Biacore X100 at 25°C (GE

Healthcare). Fc and Siglec-H-Fc, recombinant protein (kindly provided by Dr. Konishi
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in Nagoya university) was diluted to 1-2 uM with 10 mM sodium acetate (pH 4.5) and
immobilized to the flow cells of CM5 sensor chip (GE Healthcare) using an
amine-coupling kit (GE Healthcare) at a flow rate of 10 ul/min for 7 min. The
immobilization level was 3666-4944 and 13370-17604 resonance units for Fc and
Siglec-Fc respectively. First the immobilization was confirmed by injecting 0.2 uM of
rat monoclonal anti-Siglec-H antibody (#16-0333-82, eBioscience, Santa Clara, CA,
USA) or isotype control antibody (Rat IgGl, #16-4031-85, eBioscience). Different
concentrations of 6SLeC cluster and control sugar chain clusters (sugar chain clusters
were kindly synthesized and provided by Dr. Manabe in Osaka university) in 10 mM
Hepes-NaOH (pH 7.4) containing 150 mM NaCl were injected for 1 or 2 min and then
dissociation was analyzed for 1 or 2 min at a flow rate of 10 ul/min. Flow cells were
regenerated with 10 mM glycine-HCI (pH 3.0) after each measurement. The sensorgram
are shown by subtraction of Fc-immobilized flow cell from Siglec-H-Fc-immobilized

one.
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Results

Structure of sialylated A2G’2F in mouse brain

Level of desialylated A2G’2F is increased during development in the mouse
brain [Torii et al., 2014]. Desialylated A2G’2F and desialylated A2G2F (Figure 1A) are
expressed in the 12w mouse brain at a comparable level [Ishii et al., 2007]. A2G’2F and
A2G2F are composed of the same sugar residues, thus mass spectrometry is unable to
distinguish these two N-glycans. On the other hand HPLC is able to distinguish A2G’2F
from A2G2F by their retention time. Therefore, HPLC was chosen for my studies.
A2G’2F has four sugar residues (Gal, GIcNAc), which potentially can be sialylated by
sialyltransferases (Figure 1A). Previously, we detected di-, tri-sialylated A2G’2F and
6SLeC structure on di-sialylated A2G’2F in the 12w mouse brain [Torii et al., 2014]. I
investigated whether there are other sialylated A2G’2Fs. Mouse brains (12w) were
acetone precipitated, and N-glycans were purified from 16 mg of dried precipitate as
described in Materials and Methods. N-glycans were subjected to the DEAE column
HPLC, which separates glycans according to their negative charge (Figure 1B, C).
Fractions corresponding to neutral N-glycan-containing fraction (N), mono-sialylated
N-glycan-containing fraction (Sia-1), di-sialylated N-glycan-containing fraction (Sia-2),
and so on were isolated (Figure 1C). A peak between N and Sia-1 was derived from
contaminants that could not be removed during N-glycan purification. The N fraction
was collected and N-glycans in the N fraction were directly subjected to the normal

phase (NP) column HPLC to separate glycans according to their molecular weight
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(MW). To characterize the sialylated A2G’2F, Sia-1, Sia-2, Sia-3, and Sia-4, which
contains sialylated N-glycans, were treated with a2,3-sialidase to remove 02,3-linked
sialic acids, and were subjected again to the DEAE column HPLC. As an example,
chromatogram of a2,3-sialidase-treated Sia-3 subjected to the DEAE column HPLC is
shown in Figure 1D. Fractions corresponding to neutral N-glycan-containing fraction
(Sia-3-n), mono-sialylated N-glycan-containing fraction (Sia-3-sl), di-sialylated
N-glycan-containing fraction (Sia-3-s2) and so on were isolated (Figure 1D). Then
peaks were treated by neuraminidase to remove all sialic acids. Neuraminidase-treated
fractions were subjected to the NP column HPLC to separate glycans according to their
MW (an example for Sia-3-s1 fraction treated with neuraminidase is shown in Figure
1E). The A2G’2F-containing Fraction A of neuraminidase-treated Sia-3-sl was
collected. Fraction A still contained various N-glycans. To separate each N-glycan,
Fraction A was subjected to the reverse phase (RP) column HPLC (Figure 1F). Peak
pointed by an arrow showed the same elution time as the standard, A2G’2F. Therefore,
A2G’2F was detected in Fraction A (Figure 1F, arrow). Similar experiments were
performed with Sia-1, Sia-2 and Sia-4. a2,3-linked sialic acids never attaches to the
GlcNAc residue in the type 1 antennary [Galf(1-3)GlcNAc-] of N-glycans. Furthermore,
we have previously shown that di-sialylated A2G’2F contained two
[GalB(1-3){NeuAca(2-6)} GlcNAc-] structures [Torii et al., 2014]. From the present
and previous studies, structures of sialylated A2G’2Fs were determined (Table 1). In
addition to our previous studies, detailed structure of tri- and tetra-sialylated A2G’2F

were determined. This result indicates that there are many sialylated A2G’2Fs in a
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mouse brain.

Detection of A2G’2F in subcellular fractionated proteins

N-glycosylation occurs in the ER and Golgi apparatus during transportation of
proteins to the cell surface. To understand A2G’2F localization in cells of a mouse brain,
subcellular fractionation of 12w mice brain was performed as described in Materials
and Methods (Figure 2A). S1 fraction was separated into S2 and P2 fraction. P2 fraction
contains membrane proteins. S2 fraction was separated into S3 and P3 fractions. S3
fraction contains cytosolic proteins and P3 fraction contains proteins in the ER and
Golgi apparatus. Syn fraction was obtained by sucrose density gradient centrifugation of
the P2 fraction. N-glycans were purified from proteins in S2, P2, P3, and Syn fractions.
I found that there were various types of sialylated A2G’2Fs in the mouse brain (Table 1)
and thus it is difficult to identify each sialylated A2G’2F by our HPLC system from a
trace amount of sample such as subcellular fractionated proteins. Thus, all sialic acids of
sialylated N-glycans were removed by neuraminidase and total desialylated A2G’2F
was detected. Relative abundance of A2G’2F in these fractions were calculated (Figure
2B). A2G’2F was detected in all fractions but it was accumulated in the P2 and Syn
fraction (Figure 2B). This result suggests A2G’2F mainly locates on a cell membrane

and synapses.

Detection of candidate proteins for the A2G’2F-carrier

Membrane proteins carry N-glycans and express them on a cell surface.
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A2G’2F is the major type 1 N-glycan in the mouse brain [Torii et al., 2014]. Thus
identification of A2G’2F-carriers become synonymous with that of 6SLeC-carriers.
First I studied whether A2G’2F was carried on various proteins or not. Mouse brain
(12w) was homogenized, and proteins were fractionated as described in Materials and
Methods. Then 700 ug of proteins were separated by a SDS-PAGE. The gel was stained
with CBB to detect proteins and cut into 20 pieces (Figure 3A). N-glycans were purified
from each gel piece by the direct hydrazinolysis [Yoshimura et al., 2012], and
N-glycans were treated with neuraminidase to remove sialic acids. N-glycans were
subjected to the DE52 column to fractionate neutral N-glycans. Neutral N-glycans were
subjected to the NP column HPLC and A2G’2F-containing Fraction B was collected
(Figure 3B). Then Fraction B was subjected to the RP column HPLC and A2G’2F was
detected (Figure 3C). N-glycans were detected in all gel pieces (Figure 3Da), whereas
A2G’2F was detected in gel #1 to 9 (Figure 3Db). Gel #7 and #8 contained high ratio of
A2G’2F against total N-glycans (Figure 3Dc). This result indicates the majority of
A2G’2F-carriers are 50-70 kDa proteins.

To further purify A2G’2F-carriers, the same mouse brain homogenate sample
was subjected on a 2D-PAGE. Many spots of proteins were detected by CBB staining
and 50-70 kDa protein spots were separated into 10 areas (Figure 4A). N-glycans were
purified and analyzed as described above. A2G’2F was detected only in gel b (Figure
4Bb). A2G’2F was not detected in the adjacent gel pieces, gel a and ¢ (Figure 4Ba, c).
This result indicates that A2G’2F is carried abundantly on restricted proteins.

A2G’2F accumulated in the Syn fraction (Figure 2B). Thus proteins in the
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Syn fraction were separated by 2D-PAGE and gel pieces in a similar area to gel b were
excised, but into 5 pieces (Figure 4Ca, b). A2G’2F was detected in all gel pieces (Figure
4Da). To identify A2G’2F carrier proteins, gel was silver-stained and proteins in the
same gel pieces were identified by a LC-MS. Among many identified proteins,
N-glycan structure on neurotrimin (NTM) and limbic system-associated membrane
protein (LAMP) in adult rat brain were reported [Itoh et al., 2008]. There is a N-glycan
whose sugar chain structure was consistent with A2G’2F on NTM, but not on LAMP.
In this report the linkage between the residues was not determined, so the structure was
not completely determined. Thus NTM is a strong candidate as the A2G’2F-carrier. LC
of the LC-MS detects peptides of digested proteins. The average area of largest three
peptide peaks of each protein was calculated by Proteome Discoverer software (Figure
4Db, c). NTM was detected in all gel pieces, similar to A2G’2F. However, the pattern
of average area of this proteins did not match with that of the A2G’2F (Figure 4Da, b).
This result suggests that there are other A2G’2F-carriers than NTM in 12w mouse brain.
CRT were considered to be the additional candidate as the A2G’2F-carrier by following
three reasons: 1) CRT showed the highest score that is calculated by Mascot in gel i. 2)
CRT has amino acid consensus sequence (Asn-X-Ser/Thr) for N-glycan modification.
3) the cellular localization of each protein is consistent with my results (Table 2). The
pattern of average area in CRT after the 2D-PAGE was different from that of NTM
(Figure 4Db, c). From these results, it is suggested that NTM and CRT are candidates
for A2G’2F-carriers in the 12w mouse brain.

Syn fraction was extracted with Triton X-100, and then centrifuged to divide
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into T-sol (soluble) and PSD (insoluble) fractions. Then 700 pg of proteins were
separated by a SDS-PAGE. The gel was stained with CBB to detect proteins and gel
containing 50-70 kDa protein was cut into 3 pieces (Figure 5A). N-glycans were
purified from each gel piece by the direct hydrazinolysis [Yoshimura et al., 2012], and
were treated with neuraminidase to remove sialic acids. N-glycans were then subjected
to DE52 column to fractionate neutral N-glycans. Neutral N-glycans were subjected to
the NP column HPLC and A2G’2F-containing Fraction C was collected (Figure 5B).
Then Fraction C was subjected to the RP column HPLC to detect A2G’2F (Figure 5C).
Gel IV and V contained high ratio of A2G’2F against total N-glycans (Figure 5D),
whereas gel VII and VIII contained low ratio of A2G’2F. This result indicates that
A2G’2F is mainly accumulated in Triton X-100-soluble component of the synaptosomal
fraction. CRT in the P3, T-sol, and PSD fractions was detected by the WB (Figure 5A).
CRT was detected in the P3 (between gel I and II) and T-sol (between gel IV and V)
fraction but not in the PSD fraction. This result also indicates that CRT is a candidates

for A2G’2F-carriers.

WB of subcellular fractionated samples

Previous studies show that NTM is expressed in neuron and plays a role in
development and stabilization of synapses [Gil et al., 1998; Gil et al., 2002; Hashimoto
et al., 2009; McNamee al., 2002; Sanz et al., 2015]. CRT is known as a chaperone
protein in ER [Nauseef et al., 1995; Peterson et al., 1995]. However, recent studies also

showed that it is also expressed on the cell surface [Arosa et al., 1999; White et al.,

30



1995]. To understand localization of CRT in the mouse brain, WB of subcellular
fractionated samples were performed. Strong signal of GM130, which is the Golgi
apparatus marker, was detected in P3, whereas postsynaptic density protein PSD95 was
detected in the PSD fraction (Figure 6A). These results showed that the subcellular
fractionation was complete. CRT was detected in the Homo S1-3, P1-3, Syn and T-sol
fractions (Figure 6A). CRT is a chaperon in the ER and hence it was mainly contained
in the P3 fraction. CRT was also detected in the Syn and T-sol fraction. The result of
WB of CRT was similar with that of TfR (Figure 6A). TfR is contained in recycling
endosome and mainly expressed in the P3 fraction, whereas a part of it is also present in
synapses but not in postsynaptic density. This result indicates that CRT is expressed not
only in ER but also in synapses outside the postsynaptic density, like TfR. CRT was
detected in gel pieces of the 2D-PAGE-separated Syn fraction by LC-MS (Figure 4Dc).
Thus this protein should be detected in the same area of gel pieces by WB. Proteins in
the Syn fraction was separated by 2D-PAGE and these were transferred on PVDF
membrane. CRT was detected by WB (Figure 6B). After the WB, membrane was
stained by CBB. Multiple comparisons between the results of the WB (Figure 6Ba),
CBB stained membrane (Figure 6Bb) and CBB stained gel for LC-MS (Figure 4C) were
performed (Figure 6Bc, d, e). The signal of CRT was detected in gel i and v (Figure
6Be). A high amount of CRT was detected in gel i and v by the LC-MS. These results

indicate that the result of the WB fits well with that of the LC-MS.

Immunocytochemistry of CRT in GFP-expressing neurons
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WB of CRT indicates that this protein was expressed in the synapse of 12w
mouse brain (Figure 6A). To confirm localization of CRT in neurons, cortical neurons
from E16 mice brain were cultured. They were transfected with expression vector
encoding EGFP at 12 DIV. At 17 DIV, neurons were fixed and immunostained by
anti-CRT and anti-PSD95 antibody. CRT was mainly expressed in the cell body (Figure
7A) and dendrites. Furthermore, some of CRT was observed in spines (Figure 7B, ii).
Signals of CRT were detected in about 10 % of PSD95-positive spines and these were
apposed to signals of PSD95 (Figure 7C). This result suggests that CRT is expressed in

mature synapses outside the postsynaptic density.

The interaction between 6SLeC and siglec-H

Sialylated N-glycans are localized on the cell surface and interact with other
cells through siglec. So far, no mouse siglecs other than siglec-E are known to interact
with 6SLeC structure. Siglec-H is up regulated in activated microglia in the mouse brain
[Kopatz et al., 2013], and the ligand glycan structure for siglec-H is unknown. Thus, I
focused on siglec-H. To investigate whether 6SLeC interacts with siglec-H or not, SPR
was performed. The affinity of sugar chain to protein is weaker than that of the protein
to protein interaction (1/100-1/10,000). Thus, it is difficult to observe interaction
between proteins and glycans by Biacore assay. To overcome this problem, I newly
chose “sugar chain cluster” as analyte for this assay [Tanaka et al., 2010]. In lipid rafts,
the affinity of sugar chain for protein becomes stronger by clustering of sugar chains

[Taniguchi et al., 2008]. Sugar chain cluster increases local concentration of sugar
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chains like lipid rafts, thus it must be able to increase the affinity of sugar chains for
proteins. Sugar chain clusters harboring 6SLeC or control sugar chain clusters were
kindly synthesized and gifted by Dr. Manabe in Osaka University (Figure 8A). Dr.
Konishi in Nagoya University supported to perform Biacore assay. Siglec-H was
immobilized on the sensor chip and then analyte sugar chain clusters were injected into
Biacore. A response, which reflects an interaction between siglec-H and sugar chain
clusters, was observed when 6SLeC cluster (Figure 8Ab) was injected, whereas it was
not observed when sialylated or non-sialylated A2G2 cluster (Figure 8Ad, e, f) was
injected (Figure 8B). This result indicates that siglec-H interacted with 6SLeC
[GalB(1-3){NeuAca(2-6)}GlcNAc-] but not with
[NeuAca(2-6/2-3)Galp(1-4)GlcNAc-] structure. A response of 6SLeC cluster and
siglec-H interaction was weaker than that of anti-siglec-H antibody and siglec-H
interaction (Figure 8B, C). This is because of the low MW of sugar chain cluster.
Amplitude of response depends on the size of analytes. The MW of sugar chain cluster
is about 25 kDa, whereas that of antibody is about 150 kDa. Thus, response of
anti-siglec-H antibody and siglec-H interaction should be six times bigger than that of
6SLeC cluster and siglec-H interaction.

To investigate whether siglec-H recognizes a sialic acid on 6SLeC or not,
6SLeC cluster or LewisC (LeC) cluster (Figure 8Ab, c) was injected to Biacore. 6SLeC
cluster interacted with siglec-H, whereas LeC cluster did not interacted with siglec-H
(Figure. 8D). The dose dependence of interaction between siglec-H and 6SLeC was

also observed (Figure 8E). These results indicate siglec-H properly distinguish sialic
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acid on 6SLeC.
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Discussion

Possible recognition of synapse by microglia through 6SLeC-containing N-glycans
I tried to reveal the role of 6SLeC through the interaction with
6SLeC-recognizing siglec in the adult mouse brain. First, I applied our improved
method [Yoshimura et al., 2012] to determine the N-glycan structure from glycoproteins
in the SDS- or 2D-PAGE gels (Figure 2, 3, 4, 5). My results showed that sialylated
A2G’2F is not carried ubiquitously by glycoproteins but rather by a restricted number
of acidic proteins with molecular mass of 50-70 kDa mainly present in the Triton
X-100-soluble component of the synaptosomal fraction. NTM and CRT were strong
candidates as A2G’2F-carriers. NTM was present as a main glycoprotein in the gel
pieces with abundant A2G’2F-carrying proteins and was reported to carry a N-glycan
whose structure is consistent with the 6SLeC-containing A2G’2F [Itoh et al., 2008].
A2G’2F was abundantly present in the gel pieces with low NTM content. In these gel
pieces CRT was the most abundant glycoprotein. I revealed that CRT was expressed not
only in the ER, but also at the plasma membrane and a portion of synapses by using
immunohistochemistry and biochemical experiments (Figure 6, 7). I showed A2G’2F
was accumulated in the P2 and Syn fraction (Figure 2B). My results and previous
studies suggest that sialylated A2G’2Fs may be transported to the plasma membrane of
neuron (synapse) by glycoproteins, such as NTM and CRT. I tried to detect A2G’2F
from immunoprecipitated CRT but this experiments failed because of too small amount

of this protein (data not shown).
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Microglia is known to express siglec-E and H. Siglec-E binds not only to
a2,3- and a2,8-sialylated glycans but also to 6SLeC [Redelinghuys et al., 2011].
Ligands for this siglec-H have not been determined. I chose sugar chain cluster as a
ligand for Biacore assay to improve the strength of interaction between sugar chains and
proteins. I observed that 6SLeC bound to siglec-H (Figure 8).

My studies revealed an interaction between 6SLeC and siglec-H. I also
revealed that CRT is a novel candidate for sialylated A2G’2F-carrier. Since CRT was
found to be present in a subpopulation of synapse and siglec-H is expressed by

microglia, this interaction may be involved in recognition of synapse by microglia.

Hypothesis for the role of 6SLeC-siglecs interaction

Here, I describe my hypothesis for the role of 6SLeC-containing sialylated
A2G’2F on cell-cell interaction in the mouse brain (Figure 9). Sialylated N-glycans are
abundant on the neuronal surface by membrane proteins, like NTM and CRT. Siglec-E
binds to a2,3- and a2,8-sialylated glycans, and 6SLeC. Siglec-E inhibits microglial
phagocytosis of healthy neurons through inhibition signaling. Furthermore, siglec-E
binds to 6SLeC and may prevent it from recognition by siglec-H. Desialylation is one of
the mechanisms for inducing phagocytosis by immune cells [Li et al., 2015; Meesmann
et al., 2010; Seyrantepe et al., 2010; Watanabe et al, 2004]. When condition of neurons
is changed such as apoptosis, malignant transformation etc., the amount of
6SLeC-containing sialylated A2G’2F increase as a result of increased transfer of

a2,6-linked sialic acids by highly-expressed sialyltransferases and removal of a2,3- and
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a2,8-linked sialic acids by neuraminidases. Interaction between 6SLeC and siglec-H
was not observed when 6SLeC monomer was used (data not shown). These results
suggest siglec-H binds to increased and clustered 6SLeC-containing sialylated A2G’2F
in abnormal neuronal conditions.

NTM is expressed in neurons including synapses and mediates
synaptogenesis [Gli, 2002; Hashimoto, 2009]. NTM is involved in synaptogenesis of
hippocampal neurons in vitro [Hashimoto et al., 2009]. The major function of CRT is
chaperoning of proteins in ER [Peterson et al., 1995], but in addition, CRT localizes on
the cell surface and plays a role as ‘eat-me’ signal in phagocytosis of apoptotic cells
[Ogden et al, 2001; Obeid et al., 2007; Vandivier et al., 2002]. Furthermore,
CRT-induced phagocytosis of viable neurons by activated microglia was reported
[Fricker et al., 2012]. CRT has one consensus sequence for N-glycosylation site, on
which various types of N-glycan are reported [Denning et al., 1997]. Thus CRT in
mouse brain may be N-glycosylated and carry A2G’2F.

Siglec-H is expressed by microglia in the mouse brain [Gautier et al., 2012].
Function of siglec-H depends on the immunoreceptor tyrosine-based activation motif
(ITAM)-containing adaptor protein DAP12 (TYROBP) [Blasius et al., 2006].
DAPI12-signaling receptors facilitate phagocytic clearance of apoptotic cell or cellular
debris [Gaikwad et al., 2009; Linnartz et al, 2012; Takahashi et al, 2005]. Siglec-H is
highly expressed on activated microglia and binds to glioma cells [Blasius et al., 2013].
Thus authors concluded that activated microglia could engulf glioma cells via

siglec-H-DAP12 signaling. In contrast to siglec-H, siglec-E inhibits the microglial
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phagocytosis via immunoreceptor tyrosine-based inhibition motif (ITIM) and shows
neuroprotective effect [Claude et al., 2013]. Binding specificities of siglec-H and
siglec-E are slightly different from each other although both binds to 6SLeC: Siglec-E
also binds to a2,3-linked NeuAc-Gal residues while siglec-H does not (Figure 8 and
[Redelinghuys et al., 2011]). These changes in sialylation status can be achieved by
extracellular neuraminidases in vivo. This might induce change in properties of
microglia from protective to phagocytotic. Also two candidate carrier proteins of
6SLeC-containing sialylated A2G’2F, NTM (synaptogenesis) and CRT (induction of
phagocytosis), are present on the synaptic membrane (excluding the postsynaptic

density) and may play complementary roles in synapse maintenance or elimination.

Predicted biosynthetic pathway of 6SLeC-containing sialylated A2G’2F

Various type of sialylated A2G’2Fs (Figure 1, Table 1) are synthesized in the
Golgi apparatus and most of them locate on the plasma membrane and synapses (Figure
2). However, the biosynthetic pathway of 6SLeC-containing sialylated A2G’2F still
remains elusive. ST3Gall-VI are member of Gal a2,3-sialyltransferase family which
transfer sialic acid to Gal residues . ST3Gallll prefer type 1 antennary to type 2
antennary [Kono et al., 1997]. ST6GalNAcI-VI are member of GalNAc
a2,6-sialyltransferase family which transfer sialic acid to GalNAc and GlcNAc residues.
Sialyl-LeC [NeuAco(2-3)GalpB(1-3)GlcNAc-] is a substrate for ST6GalNAcV
[Tsuchida et al., 2003]. mRNA expression of ST6GalNAcV was the highest of six

ST6GalNAcs [Ishii et al., 2007]. I also observed strong mRNA expression of
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ST6GalNAcV in the adult mouse brain by using in situ hybridization (data not shown).
ST6GalNAcV expression changes the character of glioma and breast cancer cell [Bos et
al., 2009; Kroes et al, 2010]. I predicted biosynthetic pathway of 6SLeC-containing
sialylated A2G’2F from previous studies (Figure 9). At first, ST3Gals transfers sialic
acid to terminal Gal residue through a2,3-linkage. Next, sialyl-LeC is recognized by
ST6GalNAcV, followed by transfer of sialic acid to GIcNAc residue through
a2,6-linkage. Finally terminal sialic acid is removed by a neuraminidase and 6SLeC is
synthesized. I detected non-, mono-, di-, tri-, and tetra-sialylated A2G’2F in the adult
mouse brain (Figure 1, Table 1). These structures were consistent with my prediction.
Patterns of sialylation can also be changed by removing sialic acids by neuraminidases
present extracellularly. In fact, neuraminidase 1 (Neu 1) localizes on the plasma
membrane of the brain cells and remove sialic acid [Bonten et al., 1996; Dridi et al.,
2013; Smutova et al, 2014]. Therefore, structure of sialylated A2G’2Fs can be
diversified through de novo synthesis and by neuraminidases extracellularly. Thus the
sialylation status of A2G’2F on the synaptic membrane should be highly dynamic and

affects the interaction by siglec-E or H.

In conclusion, my results indicated a new cell-cell interaction pathway
through 6SLeC-siglec-H interaction. This is the first report describing the ligand for
siglec-H. This interaction may contribute to the functions of microglia. In addition,

N-glycan analysis from the 2D-PAGE gel and Biacore assay using sugar chain cluster
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were successful. These methods will provide more detail understanding of the

N-glycan-carrier proteins and sugar chain-recognizing proteins.
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Figure legends

Figure 1. Many structures of sialylated A2G’2F were detected in the mouse brain.
(A) Structure of di-sialylated A2G’2F (a). Sugar residues of desialylated
A2G’2F (blue box), which are written in magenta, potentially can be sialylated by
sialyltransferases, and 6SLeC (orange box) is synthesized. A2G’2F and A2G2F (b) are
composed of the same sugar residues. (B) Outline of the N-glycan analysis strategy.
N-glycans were purified from 12w mouse brain and labeled by pyridylamination.
Enzymatic treatments and HPLC analysis of N-glycans were repeated to determine
structures of sialylated A2G’2F. (C) N-glycans from 12w mouse brain were subjected
to the DEAE HPLC. N, Sia-1, Sia-2, Sia-3, and Sia-4 indicate neutral, mono-sialylated,
di-sialylated, tri-sialylated and tetra-sialylated N-glycans, respectively. The bars under
N, Sia-1, Sia-2, Sia-3, and Sia-4 indicate fractionated eluents, respectively. * indicates
non-sugar chain contamination peak. (D) Sia-3 fraction was treated by a2,3-sialidase to
remove a2,3-linked sialic acid. Then a2,3-sialydase-treated Sia-3 was subjected to the
DEAE column HPLC. Sia3-n, Sia3-sl, Sia3-s2, and Sia3-s3 indicate neutral,
mono-sialylated, di-sialylated, and tri-sialylated N-glycans, respectively. The bars under
Sia-3-n, Sia-3-s1, Sia-3-s2, and Sia-3-s3 indicate fractions collected, respectively. (E)
Sia-3-s1 fraction was treated by neuraminidase to remove all sialic acid. Then
neuraminidase-treated Sia-3-s1 was applied to DES52 column to purify neutral
N-glycans. Neutral N-glycans were subjected to the NP column HPLC. Fraction A was

collected. The bars under Fraction A indicate the fraction collected. (F) Fraction A was
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subjected to the RP column HPLC. Magenta line indicates the chromatogram of
Fraction A. Gray line indicates the chromatogram of A2G’2F standard. A2G’2F
standard co-eluted with a peak in Fraction A (arrow), revealing that is A2G’2F peak.
This experiment was performed for N-glycans contained in N, Sia-1, 2, 3, and 4,

respectively.

Figure 2. A2G’2F was accumulated to P2 and Syn fraction.

(A) Outline of the subcellular fractionation. (B) N-glycans were released and
purified from the S2, P2, P3, and Syn fractions and analyzed by HPLC. A2G’2F was
detected by HPLCs. Peak area of A2G’2F was measured by Empower 2 software.
Relative abundance of A2G’2F in four fractions were calculated. It was accumulated in
P2 fraction. Significant levels; **P<0.05 vs P3 fraction (Student’s t-test, p=0.049).
A2G’2F also accumulated in the Syn fraction but the comparison between the P3 and
Syn fraction showed no significant difference (Student’s t-test, p=0.169). Data are

presented as mean +SEM of three independent experiments (n=3), **P<0.05.

Figure 3. SDS-PAGE analysis of A2G’2F-carrier proteins in the mouse brain

(A) Proteins in mouse brain homogenate (700 ug) were subjected on a 10 %
SDS-PAGE. The gel was cut into 20 pieces. N-glycans were purified from each gel
piece by the direct hydrazinolysis. (B) Purified N-glycans were subjected to the NP
column HPLC to search for A2G’2F-containing fraction. The chromatogram of gel #7

1s shown. Fraction B was collected. The bar under Fraction B indicates the fraction
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collected. (C) Fraction B was subjected to the RP column HPLC to detect A2G’2F.
Gray line indicates the chromatogram of A2G’2F standard. A2G’2F standard co-eluted
with a peak of Fraction B (arrow), revealing that is A2G’2F peak. (D) Peak area of
N-glycans in each gel piece was calculated. N-glycans were detected in all gel pieces
and total area of N-glycans was measured from the result of the NP column HPLC (a).
A2G’2F was abundant in gel #7 and 8 as detected by the RP column HPLC (b). The
ratio of A2G’2F to total N-glycan was calculated (c). The ratio of A2G’2F was high in

the gel # 7 and 8.

Figure 4. 2D-PAGE analysis of A2G’2F-carrier proteins

(A) Proteins in mouse brain homogenate (700 ug) were separated by a
2D-PAGE (1% dimension: 3-11 linear IPG strips, 2™ dimension: 10 % SDS-PAGE). The
gel containing 50-70 kDa protein spots were separated into 10 pieces depending on
isoelectric point of proteins. N-glycans were purified from each gel piece. (B) Purified
N-glycans were subjected to the RP column HPLC. A2G’2F was detected only in gel b
(b). A2G’2F was not detected even in neighboring areas such as gel a (a) and ¢ (c). (C)
Proteins in Syn fraction (700 ug) were separated by a 2D-PAGE (1* dimension: 3-11
linear IPG strips, 2" dimension: 10 % SDS-PAGE). The similar area (a, b, white box)
with gel b (c) was excised, but into 5 pieces. This experiment was repeated four times to
obtain enough amounts of N-glycans for HPLC analysis. Then N-glycans were purified
from each gel pieces. (D) Pattern of the content of A2G’2F, NTM, and CRT. The ratio

of A2G’2F to total N-glycan was calculated (a). The average area of largest three
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peptide peaks of NTM (b) or CRT (c) was calculated by Propteome Discover software.

The pattern of average area of these proteins did not match with that of the A2G’2F

Figure 5. SDS-PAGE analysis of A2G’2F-carrier proteins in P3, T-sol, PSD
fractions

(A) Proteins in the P3 (a), T-sol (b), and PSD (c) fraction (700 ug) were
subjected to a 10 % SDS-PAGE. The gel containing 50-70 kDa protein was cut into 3
pieces (I-IX). N-glycans were purified from each gel piece by the direct hydrazinolysis.
Equal volume (20 ug) of subcellular fractionated proteins was also immunoblotted
using an anti-CRT antibody (1:500). Strong signal for CRT was detected in the P3
fraction, whereas CRT was also detected in the T-sol fraction. (B) Purified N-glycans
were subjected to the NP column HPLC to search for A2G’2F-containing fraction. The
chromatogram of T-sol gel IV is shown. Fraction C was collected. The bar under
Fraction C indicates the fraction collected. (C) Fraction C was subjected to the RP
column HPLC to detect A2G’2F. Gray line indicates the chromatogram of A2G’2F
standard. A2G’2F standard co-eluted with a peak of Fraction C (arrow), revealing that is
A2G’2F peak. (D) Peak area of N-glycans in each gel piece was calculated. N-glycans
were detected in all gel pieces and total area of N-glycans was measured from the result
of NP column HPLC The ratio of A2G’2F to total N-glycan was calculated. The ratio of

A2G’2F was high in the gel IV and V.

Figure 6. CRT was detected in T-sol fraction.
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(A) Equal volume (5 ug) of subcellular fractionated proteins was subjected to
SDS-PAGE and immunoblotted using anti- PSD95 (1:1000, postsynaptic density
marker), GM130 (1:200, Golgi apparatus marker), TfR (1:1000), and CRT (1:500)
antibodies. Distribution of PSD95 and GM130 showed that the subcellular fractionation
was complete. Strong signal for CRT was detected in the P3 fraction, whereas CRT was
also detected in the Syn and T-sol fraction. The pattern of CRT was similar to that of
TfR. (B) Proteins in the Syn fraction (700 ug) were separated by a 2D-PAGE (1*
dimension: 3-11 linear IPG strips, 2" dimension: 10 % SDS-PAGE). Separated proteins
were immunoblotted by using anti-CRT antibody (a, arrow). PVDF membrane was
stained by CBB (b). These two figures were merged (c). Figure 6Bc was compared with
the CBB-stained gel of figure 4Ca and the result of WB (6Ba) was merged with this
CBB-stained gel (d). White dot box in figure 6Bd was enlarged (e). Signal of CRT

spanned from gel i to v (e, arrow).

Figure 7. CRT was detected in some portion of synapses.

(A) Immunocytochemistry of mouse cortical neurons was performed.
Neurons were transfected with N2-EGFP vector at 12 DIV and immunostained using
the anti-CRT (1:100) and PSD95 (1:100) antibody at 17 DIV. Some neurons expressed
GFP (a, arrow). CRT was strongly expressed in the cell body of GFP-expressing neuron
(b, arrow). CRT was also expressed in dendrites. Scale bar =25 um. (B) Spines were
visualized by GFP (a). Most of spines were PSD95-positive mature synapses (a,

arrowheads). Some of these spines were CRT-positive (a, arrow). Signals of CRT were
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apposed to that of PSD95 (Bi, ii). Scale bar =10 um. (C) About 10 % of PSD95-positive
spines were CRT-positive spines. Sixteen GFP-expressing neurons were chose

randomly from eight separate cultures.

Figure 8. Siglec-H interacted with the 6SLeC cluster.

(A) Structure of sugar chain cluster. Sugar chains, such as 6SLeC, is
chemically linked to ‘R’ (blue) on the cluster (a). One cluster contains 16 sugar chains.
Sugar chain clusters were kindly synthesized by Dr. Manabe in Osaka University
(6SLeC cluster [b], LeC cluster [c], and control clusters [d, e, f]). (B) Interaction
between siglec-H and sugar chain clusters were analyzed by Biacore. Response
increases when analyte and ligand interact. Siglec-H is immobilized on the sensor chip
as a ligand. Analyte sugar chain clusters (0.5 uM each) were injected into Biacore.
Response was observed when 6SLeC cluster (b) was injected. No signal was observed
when control clusters (d, e, f) were injected. (C) Interaction between siglec-H and
anti-siglec-H antibody was analyzed by Biacore. Siglec-H is immobilized on the sensor
chip as a ligand. Response was observed when anti-siglec-H antibody (0.2 uM) was
injected. No signal was observed when control rat IgG (0.2 uM) were injected. Signal
of anti-siglec-H antibody was stronger than that of 6SLeC possibly because of the high
MW of anti-siglec-H antibody. (D) Interaction between siglec-H and sugar chain
clusters was analyzed by Biacore. Siglec-H is immobilized on the sensor chip as a
ligand. Response was observed when 6SLeC cluster (b, 5.0 uM) was injected. No signal

was observed when LeC cluster (c, 5.0 uM) were injected. The signal was observed
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when the low-concentration of 6SLeC cluster (b, 1.0 uM) was injected. (E) Interaction
between siglec-H and 6SLeC cluster were regulated in a dose-dependent manner (b, 1.0

to 8.0 uM).

Figure 9. Possible interaction between microglia and synapses obtained by my
study and previous reports

Scheme for the predicted synthetic pathway of 6SLeC-containing sialylated
A2G’2F, and interactions between sialylated A2G’2F and siglecs proposed in this study.
Sialylation occurs in the Golgi apparatus. Sialic acids are transferred to terminal gal
residues by ST3Gals. Furthermore, sialic acids are transferred to GalNAc residue
through a2,6-linkage by ST6GalNAcs. ST6GalNAcV is a strong candidate for this
reaction considering the its expression level in the brain and its substrate specificity.
Sialylated A2G’2F is transported to the plasma membrane by A2G’2F-carrier proteins.
There are various types of sialylated A2G’2F on the cell surface. Siglec-E binds to
6SLeC and a2,3-linked sialic acid. Siglec-E binds to disialyl-LeC weakly. Siglec-E
inhibits microglial phagocytosis, thus showing neuroprotective effect. Apoptosis and
malignant transformation induces desialylation of sialylated glycans by neuraminidases
in the cytosol and plasma membrane. 6SLeC-containing sialylated-A2G’2F increases
and by the desialylation of tri- and tetra-sialylated A2G’2F. Increased 6SLeC is
recognized by siglec-H. Siglec-H induces the microglial phagocytosis of apoptotic

neurons.
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Table 1

Non-sialylated A2G’ 2F

Galp1 - 3GIoNACT - 2Manat Fucal

6 6

Manf1=4GIcNAcB1 = 4GIcNAc - PA
, 3

Galp1=3GIcNAcB1 =2Manad

Mono-sialylated A2G’ 2F

Galpt - BGIcNACBT —2Manat Fucat

6 6
NeuAca2 — 3 Manf1-4GIcNAcp1 — 4GIcNAc - PA
3

Ve
Galp1 = 3GIcNACB1 —2Mana

Di-sialylated A2G’ 2F

6-sialyl-LewisC
(6SLeC)

NeuAca2
1

6
Galp1 - 3GIcNAGB1 +2Manat Fucat
6

6
Manp1- 4GIcNAcp1 — 4GIcNAc - PA
3

/
Galp1 = 3GIcNAcB1 +2Manad
6

1
NeuAco2

NeuAca2 - 3Galp1 = 3GIcNAcp1 =2 Manal N Fum:
6 6
Manf1=4GIcNAcp1 = 4GIcNAc - PA
3
/
NeuAco?2 - 3Galp1 = 3GIcNAcB1 =2 Manal

3 B3

2

— 1

lﬁa sai

6 ‘[53 j "
a3 a3
3 (3]

@ Mannose (Man)

B N-acetylglucosamine (GlcNAc)

A Fucose (Fuc)

O Galactose (Gal)

’ N-acetylneuraminic acid (NeuAc)
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Table 1 continued

Tri-sialylated A2G’ 2F

a3 a3
3 (3]
NeuAca2 - 3Galp1 - 3GIcNACHT -2 - Manadt Fucat
6 6 —
Manp1- 4GIcNAcp1 — 4GIcNAc — PA
s 3
NeuAco?2 - 3Galp1 - 3GIcNAcp1 =2 - Manal
6
1
NeuAco2
a3
NeuAco?2
| 0.6 3 B3 o
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Determined structures of sialylated A2G’ 2F in the mouse brain.
Seven structures of sialylated A2G” 2F were determined. Examples of Di- and Tri- sialylated A2G” 2F harboring
6SLeC (orange box). More simplified figures of sialylated A2G’ 2F were drown on the right side.
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A B NP column HPLC
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B RP column HPLC
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