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1 | INTRODUCTION

Protein glycosylation, the covalent linkage of oligosaccharides to pro-

teins, is the most complex form of posttranslational modifications of

| Lars O. Tjernberg

| Sophia Schedin-Weiss

Abstract

Protein glycosylation is crucial for the central nervous system and brain functions, in-
cluding processes that are defective in Alzheimer disease (AD) such as neurogenesis,
synaptic function, and memory formation. Still, the roles of glycans in the develop-
ment of AD are relatively unexplored. Glycomics studies of cerebrospinal fluid (CSF)
have previously shown altered glycosylation pattern in patients with different stages
of cognitive impairment, including AD, compared to healthy controls. As a conse-
quence, we hypothesized that the glycan profile is altered in the brain of patients
with AD and analyzed the asparagine-linked (N-linked) glycan profile in hippocampus
and cortex in AD and control brain. Glycans were enzymatically liberated from brain
glycoproteins and analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Eleven glycans showed significantly different levels in hippocampus
compared to cortex in both control and AD brain. Two glycans in cortex and four in
hippocampus showed different levels in AD compared to control brain. All glycans
that differed between controls and AD brain had similar structures with one sialic
acid, at least one fucose and a confirmed or potential bisecting N-acetylglucosamine
(GIcNACc). The glycans that were altered in AD brain differed from those that were
altered in AD CSF. One glycan found to be present in significantly lower levels in both
hippocampus and cortex in AD compared to control contained a structurally and
functionally interesting epitope that we assign as a terminal galactose decorated with
fucose and sialic acid. Altogether, these studies suggest that protein glycosylation is

an important component in the development of AD and warrants further studies.
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proteins and provides a higher level of complexity to the proteome in
higher organisms. The two most common types are O-linked (linked
to OH-groups of for instance Ser/Thr) and N-linked (Asn linked), but
also other types of protein glycosylation exist (Sytnyk et al., 2020).

Abbreviations: 2-AA, 2-anthranilic acid; AD, Alzheimer disease; APP, amyloid precursor protein; Asn, asparagine; Af, amyloid p-peptide; BACE1, beta-secretase 1; BCA, bicinchoninic acid
assay; CSF, cerebrospinal fluid; EIC, extracted ion chromatogram; Fuc, fucose; Gal, galactose; GIcNAc, N-acetylglucosamine; Hex, hexose; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; Man, mannose; MS, mass spectrometry; m/z, mass/charge; N-linked, asparagine-linked; PNGase F, peptide N-glycosidase F; Ser, serine; Sia, sialic acid; Thr, threonine.
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In this study we have focused on N-linked glycans, which share a
core sequence that can be extended and classified into three types:
oligo-mannose (also called high mannose), complex and hybrid. The
latter two types can be decorated with unique features such as fu-
cose, sialic acid and bisecting GIcNAc (Figure 1). Glycans are crucial
for the development and function of the highly specialized brain
and nervous system in human. A multitude of different glycan epi-
topes regulate the development and activities of neurons, including
neuritogenesis, synaptic plasticity and signal transduction (Sytnyk
et al., 2020) and an interest in the involvement of glycans in neuro-
degenerative disorders has recently begun to emerge.

Alzheimer disease (AD) is a devastating neurodegenerative dis-
order and the most common form of dementia, with loss of mem-
ory being one of the earliest clinical signs. The disease pathology
starts decades before clinical diagnosis can be made (Jack &
Holtzman, 2013) and the available treatments are only symptom-
atic. Pathologically, the brain in AD is characterized by extracellular
amyloid plagues composed of fibrils of the aggregation-prone amy-
loid p-peptide (AB) consisting of 42 amino acids (Ap42) (Soderberg
et al., 2006) and intraneuronal neurofibrillary tangles composed of
hyperphosphorylated tau protein (Spillantini & Goedert, 2013). Ap is

A) Oligomannose

B) Complex

C) Hybrid

D) Paucimannose

E) Bisecting GIcNAc

B GIicNAc @

O Gal @

A Fuc

FIGURE 1 Outline of N-glycan classes. N-glycans share a core
sequence (Manal-3(Manal-6)Manp1-4GIcNAcf1-4GIcNAcp1-Asn)
that can be extended and classified into three different types (a-c).
Examples representing (a) Oligo-mannose (also called high mannose);
(b) complex; (c) hybrid; (d) paucimannose and (e) bisecting GIcNAc (the
first mannose in the core extended with a single GIcNAc) structures
are shown. In the oligomannose structure the N-glycan core is marked
inside a dashed red square (a). The bisecting GIcNAc is also marked
with a red dashed square for clarity (e). Symbol nomenclature as
suggested in (Varki et al., 2009). GIcNAc, N-acetylglucosamine; Sia,
sialic acid; Gal, galactose; Man, mannose; Fuc, fucose
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formed by a two-step proteolytical cleavage of the Ap precursor pro-
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tein (APP) by the transmembrane secretases BACE1 and y-secretase
(De Strooper et al., 2010). Several studies during the past decades
have shown that intracellular AB42 is neurotoxic and correlates with
AD progression, including synaptic loss and cognitive decline (Aoki
et al., 2008; Hashimoto et al., 2012; Nilsson et al., 2013; Takahashi
et al.,, 2002). The involvement of AB in synapse biology and/or pa-
thology in AD is underscored by our recent super-resolution micros-
copy study, which revealed that Ap42 is enriched in small vesicles at
the presynaptic side of hippocampal neurons (Yu et al., 2018).

In addition to the classical pathological hallmarks, alterations in
protein glycosylation have been observed in AD (for reviews, see
Kizuka et al., 2017; Regan et al., 2019; Schedin-Weiss et al., 2014).
For instance, tau, which is a cytosolic protein and not expected to
be glycosylated, was found to be N-glycosylated in AD brain (Wang
et al., 1996). Furthermore, BACE-1, APP, cholinesterases, and other
proteins display changes in the glycosylation pattern in AD compared
to control brain (Halim et al., 2011; Kizuka et al., 2015; Saez-Valero
& Small, 2001). The mRNA levels for several glycosylation-related
genes are altered in AD brain, suggesting global defects in protein
glycosylation (Frenkel-Pinter, et al., 2017), which is in line with the
observed overall alterations in protein glycosylation pathways in
brain and serum in AD (Frenkel-Pinter, et al., 2017).

The determination of the glycosylation of each protein (glycopro-
teomics) in a complex sample such as a tissue has been hampered by
technical and methodological hurdles that only recently have started
to be overcome with improved sample enrichment and complemen-
tary fragmentation of glycan and peptide moieties of glycopeptides
(reviewed in (Thaysen-Andersen et al., 2016). N-glycomics, the anal-
ysis of the complete set of N-glycans in a cell or organism, is greatly
facilitated by the use of specific enzymes that can liberate N-glycans
from proteins. While MS based proteomics is nowadays routine anal-
ysis, detailed sequence information from glycomics is more difficult
to obtain because of the presence of various monosaccharides with
the same mass and multiple branching and linkage possibilities that
are not easily resolved, requiring tandem MS along with extensive
data analysis.

We recently performed an N-glycomics study of cerebrospinal
fluid (CSF), which revealed increased levels of several N-glycans con-
taining bisecting GIcNAc (see structural explanation in Figure 1) in
AD compared to control cases (Schedin-Weiss, et al., 2020). Certain
glycans were increased in some but not all of the AD cases, suggest-
ing that there are differences in the glycosylation pattern in subpop-
ulations of AD, in line with another study (Palmigiano et al., 2016).
Thus, CSF levels of glycans may be used as biomarkers for diagno-
sis and, possibly, prognosis of AD as well as treatment outcome.
Further studies on why these alterations occur, and how glycosyla-
tion is affected in different regions in AD brain, are necessary for
understanding how protein glycosylation is related to AD pathology
and may potentially be used to develop novel treatment strategies.
Here, we have analyzed the N-glycome in homogenates from hippo-
campus and frontal cortex of postmortem AD and control brain by
LC-MS/MS of 2-anthranilic acid (AA)-labeled N-glycans and found
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frontal cortex in AD compared to control.

2 | MATERIALS AND METHODS
2.1 | Preparation of postmortem brain homogenates

Frozen brain pieces of hippocampus and frontal cortex from AD pa-
tients (n = 5) and control individuals (n = 5) were obtained from the
Netherlands Brain Bank (NBB), Netherlands Institute for Neuroscience,
Amsterdam. The sample size, determined by the number of samples
that were experimentally realistic to perform in parallel, was sufficient
to show significant differences between the groups. All AD subjects
met the criteria for definitive AD according to the Consortium to
Establish a Registry for AD (Jack et al., 2018). All procedures performed
in studies involving the postmortem human samples were in accord-
ance with the ethical standards of the institutional and national regional
research committee “Regionala etikprévningsnamnden i Stockholm”
(ethic permit nr 2013/1301-31/2) and with the 1964 Helsinki declara-
tion and its later amendments or comparable ethical standards. The
control subjects had no known psychiatric or neurological disorders.
Samples were selected according to Braak stages and short postmor-
tem times, and all samples were age- and gender-matched (Table 1).
No blinding was performed. Brain homogenates were prepared from
frozen pieces of postmortem human hippocampus or frontal cortex
in 8 M urea (SigmaAldrich U4884), 500 mM ammonium bicarbonate
(Fluka 40,867) at a final concentration of 100 mg/ml. The tissue was
homogenized for 15 times up and down at 1,500 rpm in a teflon piston
homogenizer and snap-frozen in liquid N2 and stored at -80°C until
glycan analysis was performed. The protein concentration was deter-
mined with bicinchoninic acid assay (Pierce” BCA) assay (ThermoFisher

23,227) according to the manufacturer's instructions.

2.2 | Release of N-glycans from brain extract
glycoproteins

Homogenates containing 100 ug protein denatured in urea (deter-
mined with the BCA assay) was taken from each sample and diluted

to a urea concentration where PNGase F would be active. Briefly,

TABLE 1 AD and control brain patient information

Non-demented AD

Variable controls (n = 5) (n=5)
Age of death 79+ 6 81+5
Number (%) of females 3 (60%) 3 (60%)
PMD (hours) 6.8+2.0 63+11
Braak scores 0 1 0

1711 4 0

/v 0 1

V/VI 0 4

the sample was diluted in 20 ul 6 M urea, 70 pul 100 mM ammonium
bicarbonate buffer, and 5 pl 2% Rapigest (Waters Corporation, cat
no 186001861) and heated at 95°C for 10 min. After the sample
cooled to room temperature, 5 units of PNGase F (Roche Applied
Science, cat no 11365177001) was added and the sample was in-
cubated over-night at 37°C. Additionally 3 units of PNGase F were
added the next day and incubated for 3 hr. The released N-glycans
and proteins were separated with C18 tips as described below.

2.3 | N-glycan Isolation and Cleanup

The released N-glycans were separated from the brain extract pro-
teins witha C18 OMIXtip (Agilent Technologies, partno A57003100).
Proteins and peptides bind to the column while the enzymatically re-
leased N-glycans are collected in the flowthrough. The pipette was
set to the corresponding volume of the sample, here 100 pl. The C18
tip was conditioned two times with 60% acetonitrile (SigmaAldrich
34851) and two times with 0.2% formic acid (SigmaAldrich FO507)
in H,0. After conditioning of the tip, 100 pl brain extract was aspi-
rated/dispensed five times, and the effluent containing the released
N-glycans was collected. The tip was washed two times with 0.2%
formic acid in H,0 and the effluent was pooled with the first flow-
through from the column. The pooled sample containing salts and
glycans was lyophilized to dryness in a vacuum centrifuge. No de-
salting was performed prior to the 2-AA derivatization, see below.

2.4 | 2-AAlabeling of N-glycans

Reductive amination of the N-glycans with Anthranilic acid (2-AA,
SigmaAldrich 10680) was performed to increase the MS signal and
enable chromatographic separation on C18 columns. The labeling is
highly efficient and the reduction of the sample also solves the prob-
lem of peak splitting of « and f anomers observed when analyzing na-
tive glycans. The labeling was performed as described by SigmaAldrich
with some modifications. Briefly, a labeling solution with 60 mg/ml
2-AA and 60 mg/ml sodium cyanoborohydride (SigmaAldrich 42077)
in DMSO (SigmaAldrich 276855):acetic acid (70:30) was prepared.
The solution was briefly heated in a heating block to 65°C and water
was added to a final concentration of 10%. Labeling solution (5 pl) was
added to the lyophilized N-glycans and incubated at 65°C in a heating
block under aluminum foil for 3 hr. Condensed liquid in the lid was
briefly spun down a few times during the incubation. The reaction was
stopped with the addition of 95 ul water and immediately applied to

disposable size exclusion columns (SEC), see below.
2.5 | Removal of salts and excess label with size
exclusion chromatography (SEC)

This protocol has been adapted from the manufacturer's protocol.

The washing and elution volumes of the protocol were optimized by
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measuring the fluorescence intensity of eluted fractions in a fluores-
cence plate reader (data not shown). The PD minitrap G-10 columns (GE
Healthcare 28-9180-10) were equilibrated with 10 ml H,0 with gravity
flow. The sample was added in 100 ul volume (5 ul sample + 95 ul H,0),
and the flow-through collected. The column was washed with 850 ul
H,0, which was pooled with the first flow-through. Labeled N-glycans
were eluted with 250 ul H,0 and collected in a new marked vial. The
sample was stored at -20°C in darkness until analyzed with LC-MS.

2.6 | LC-MS analysis

The AA-labeled N-glycans were analyzed with an Agilent 6,300 MS
LC-MS system consisting of a 1,200 LC system connected to an
Agilent chipcube with integrated ionsource serving as the interface to
an Agilent 6,300 iontrap. The AA label increases the MS signal and
allows chromatographic separation on regular C18 columns. Briefly,
the samples (6 ul/injection, corresponding to 0.8 ul CSF starting mate-
rial) were concentrated on a 160 nl trap column and separated on a
15 cm capillary C18 chip column packed with 5 um 300 A C18 Zorbax
particles (G4240-62010) with increasing concentration of acetonitrile
(buffer A: 0.2% formic acid in H,0; buffer B: 0.2% formic acid in ace-
tonitrile). With a flow-rate of 0.3 pl/min the gradient was performed in
a stepwise manner: 0-1 min 1% buffer B, 1-2 min 1%-4.5% buffer B,
2-34 min 4.5%-8.5% buffer B, 35-38 min 95% buffer B, 40-50 min 1%
buffer B. The MS detection was performed in positive Ultrascan mode
in the scan range of 700-1510 m/z with averages of three spectra.
Smart ICC target was set to 200 000 with a maximum accumulation
time of 100 ms. Tune settings were set with capillary voltage of 1950V,
drying temperature of 320°C. Tune SPS was active and set to target
mass m/z 1,200, compound stability 50% and trap drive level 100%.
The decrease of compound stability setting from 100% to 50% greatly
increase the stability of the glycans. Tandem MS was performed in an
automatic manner on the top four ions with active exclusion after two

positive spectra for half a minute.

2.7 | Data processing of LC-MS data

The MS data were viewed and processed in Agilent Data Analysis
for 6,300 Series lon Trap LC/MS version 3.4 (build 175). For each
sample, extracted ion chromatograms (EIC) from 21 different m/z
ions were plotted representing the major peaks in the total basepeak
chromatograms. The area of 31 peaks was manually integrated in
the DataAnalysis software. The relative area % of each peak was
calculated and normalized by dividing the peak area with the total
area of all 31 peaks. Bar graph plots of relative % area for each peak
(average from five samples) was performed in Microsoft Excel 2013
with the error bars indicating the standard deviation calculated from
five different samples. The structural elucidation, including both
composition and sequence, was facilitated by the free cross plat-
form software GlycoWorkBench (RRID SCR_000782), which can be

used to rapidly draw and calculate MS fragments in-silico (Ceroni
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sible glycan structures were drawn in GlycoWorkBench, their frag-
ments were generated in-silico and compared to our recorded MS/
MS spectra. The tentative structures and compositions suggested
in this report are based on knowledge of biological constraints of
human cells, which limited the number of possible structures that we
tested in-silico against the MS/MS data.

2.8 | Statistical analysis

In order to determine if there were some statistically significant dif-
ferences in the N-glycan profile, a pairwise comparison with T-test
was performed between control cortex and control hippocampus,
control cortex and AD cortex and, finally, control hippocampus and
AD hippocampus. Student's T-test was done in Microsoft Excel 2013
with the function T-test (T.Test) with two tails distribution (tails 2)
and assuming two-sample equal variance (type 2). Data were not
assessed for normality. No data points were excluded and no test
for outliers was conducted. A P-value filter of at or below 0.05 was
considered significant. Boxplots were performed in OriginPro 2018
SR1 on peaks that were deemed significant in the Student's T-test
performed above. The Boxplots were displaying Max, Min, 99%, 1%,
and mean in the plot in addition to the individual data points from
the control cortex and control hippocampus, control cortex and AD
cortex and, finally, control hippocampus and AD hippocampus. Error
bars in the bar graphs were calculated from five experiments with
the excel function STDEV.

3 | RESULTS

In this study, the N-glycan profile in cortex and hippocampus from
five AD brains and five control brains was explored. The study
was not preregistered. The brain specimens were homogenized
and the N-glycans were enzymatically released with PNGase F
prior to 2-AA derivatization of the reducing end and LC-MS/MS
analysis. The AA label increased the MS signal and allowed chro-
matographic separation of the glycans on C18 columns. The brain
chromatograms of different brain regions were compared and the
identified N-glycans were quantified by integrating the extracted

ion chromatograms.

3.1 | Complex glycans are the most prevalent type
in cortex and hippocampus

The MS base peak chromatograms of cortex and hippocampus in
control brains were compared (Figure 2a). The main differences were
observed at around 8, 9, 23-24, and 30-32 min, where cortex ren-
dered higher peaks. Next, the chromatograms of controls and AD
were compared. Overall, the chromatograms were similar (Figure 2b

and c). However, differences were observed in early eluting peaks at
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FIGURE 2 Basepeak chromatograms of the N-glycome of frontal cortex and hippocampus from control and AD brain. (a) Overlayed
control cortex (red) and control hippocampus (blue) basepeak chromatograms of released and 2-AA-labeled N-glycans separated on C18
prior to MS detection. The chromatogram has been annotated with m/z and retention time for the 31 structures reported in this study. (b
and c) Overlay of ten base peak chromatograms of N-glycans released from the cortex (b) and hippocampus (c) of AD (n = 5, red) and control
(n =5, blue) brains (with n referring to the number of individual cases included in the study). The profiles are markedly similar between AD
and control brains while in hippocampus the AD and control profiles are slightly less similar

around 7-9 min in cortex samples (Figure 1b). In the samples from Next, the N-glycans accounting for the observed differences in
hippocampus, the peaks eluting at around 7-10 and 30-32 min were the chromatograms were explored by calculating the extracted ion

higher in the control samples. chromatogram (EICs) peak areas of the 21 major compounds. Some
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TABLE 2 The major EIC peaks analyzed in this study is listed in chromatographic elution order

Retention time Sialic

Unique ID (min) m/z Composition Glycan class Fucose acid

1 79 1,073.1 not glycan Not applicable

2 8.9 1,145.1 not determined Not determined

3 11.6 1,003.4 H9N2 Oligo mannose - -

4 11.8 922.3 H8N2 Oligo mannose - -

5 12.4 1,075.3 Not determined Not determined

6 12.5 1,073.1 not glycan Not applicable - -

7 14.6 1,356.6 H5N2 Oligo mannose - -

8 18.9 1,269.0 H7N6F1S4 complex yes Yes

9 20.1 1,101.0 H5N4F1S1 Complex Yes Yes
10 20.4 1,318.9 H5N4F2S2 Complex Yes Yes
11 22 1,202.9 H5N5F1S1 Complex Yes Yes
12 221 1,246.3 H5N4F1S2 Complex Yes Yes
13 23 1,150.4 H4NG6F2 Complex Yes
14 23.3 1,101.0 H5N4F1S1 Complex Yes Yes
15 23.6 1,028.5 H5N4F2 Complex Yes
16 23.8 1,121.3 H4N5F1S1 Complex Yes Yes
17 24.4 1,178.5 H3N2F1 Paucimannose Yes
18 24.7 1,222.8 H4N6F1S1 Complex Yes Yes
19 25.1 1,150.4 H4NG6F2 Complex Yes
20 26.4 1,202.9 H5N5F1S1* Complex Yes Yes
21 26.5 1,101.0 H5N4F1S1 Hybrid Yes Yes
22 27 1,075.3 Not determined Not determined
23 271 1,048.6 H4NS5F2 Complex Yes
24 29.8 1,381.3 H3N2F1 Truncated Yes
25 30 1,192.4 H4N5F2S1 Complex Yes Yes
26 30.1 975.8 H3N5F1* Complex Yes
27 30.3 1,246.3 H5N4F1S2 Complex Yes Yes
28 30.3 894.5 H3N5F1* Complex Yes
29 30.6 1,121.3 H4N5F1S1 Complex Yes Yes
30 L3 1,150.4 H4N6F2 Complex yes
31 31.8 1,222.8 H4N6F1S1* Complex yes Yes

Some of the compositions have been separated on the C18 column into several peaks eluting at different time points. Compositions labeled with “*"
also carry bisecting GIcNAc structure confirmed with MS/MS. Composition key: H (hexose), N (N-acetylhexosamine), F (fucose), S (sialic acid)

EIC traces contained several chromatographic peaks (i.e. different
compounds with similar m/z or isomeric separation of glycans). In
total 31 peaks were selected for relative abundance comparison and
structural analysis.

Several different glycan classes including mannose, complex and
tentative hybrid type were identified (the most abundant classes are

plotted in Figure S1). These classes can further be divided regarding

their specific decoration such as addition of variable number of fucose,
sialic acid, and bisecting GIcNAc monosaccharides (Figure S2). Complex
type glycans accounted for approximately 70% of the relative abun-
dance in both cortex and hippocampus, while high mannose glycans
accounted for approximately 20%. The total amount of mannosylated
glycans made up 24%-27% (cortex-hippocampus) of the relative profile.

Non-determined structures accounted for only 3% of the total profile.

FIGURE 3 The relative abundance of 31 extracted chromatogram (EIC) peaks was compared between control cortex (n = 5) and control
hippocampus (n = 5) (a), control cortex (n = 5) and AD cortex (n = 5) (b) and control hippocampus (n = 5) and AD hippocampus (n = 5) (c) (with
n referring to the number of individual cases included in the study). The graphs show EIC # (number), elution time (minutes), and m/z value
for each peak. Error bars denote the standard deviation from five biological replicates. Starred peaks denote significant differences between

the groups tested with student's T-test
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3.2 | Glycan structures in cortex and hippocampus

The glycan composition was determined for 27 of 31 peaks. In
Table 2 the elution peak number, retention time, m/z value, com-
position (composition key: H, hexose; N, N-acetylhexosamine; F,
fucose; S, sialic acid), glycan classes and structural elements (bisect-
ing GIcNAc, fucose, and sialic acid) are listed for the N-glycans. In
summary, we found three glycans of high mannose type (#3, #7, #4),
one paucimannose and one truncated type glycan (#17 and #24), 24
complex type glycans (5, #8-16, 18-23, 25-31), and potentially a sin-
gle hybrid type structure (#21). Four peaks could not be identified
(#1 and 6 do not seem to represent any glycan and m/z 1,145.1 (#2)
and m/z 1,075.3 (#5) lacked informative MS/MS fragments) (Table 2).

The relative amount of the glycans is plotted in elution order in
Figure 3 and descending order in Figure S3. The major peaks in both
cortex and hippocampus were m/z 1,048.6 (#23, H4AN5F2), which
carries a Lewis® epitope, 894.5 (#28, H3N5F1), which carries a bi-
secting GIcNAc, m/z 1,356.6 (#7, H5N2), corresponding to a high
mannose structure and 1,192.4 (#25, H4N5F2S1), for which the
most probable structure contains a terminal fucosylated, sialylated
galactose.

All complex type glycans were decorated with fucose, and 13
glycans (#8-12, 14, 16, 18-21, 25, 27, 29 and 31) carried sialic acid
on one or two of the antennas. LC-MS/MS allowed sequencing of
the glycans as illustrated in Figures 4-6. Diagnostic fragment ions
revealing the position of bisecting GIcNA, sialic acid, and antennary
fucose are indicated in MS-MS Figure 4a-c, respectively within red
boxes. In this study, bisecting GIcNAc was only reported if a diag-
nostic bisecting GIcNAc fragment was found ( H3N5F1 (m/z 975.8
(#26)), H3N5F1 (m/z 894.5 (#28)), and H4AN6F1S1 (m/z 1,222.8 peak
2 (#31)) and for the remaining structures the position of terminal
HexNAc was undefined. In Figure 4a-d, bisecting GIcNAc has been
drawn in all four structures but only Figure 4a include a diagnos-
tic fragment supporting the epitope. The assignment of fucose can
also be challenging and was therefore undefined in several struc-
tures where conclusive MS/MS fragments were lacking. We suggest
that the H4N5F2S1 structure (#25, m/z 1,192.4) most likely carries
a terminal epitope with sialic acid, hexose, and fucose as determined
with MS/MS in Figure 4d. The MS/MS spectrum lacks any diagnostic
fragments previously seen in red squares in Figure 4b and c corre-
sponding to Sia-Hex-HexNAc (m/z 657) or Hex-(Fuc)-HexNAc (m/z
512) respectively. Instead, major diagnostic fragments include m/z
1787.3 (M—Sia-Hex-Fuc) and m/z 598.8 (Sia-Hex-Fuc), 4d. The sim-
plest annotation of the MS/MS spectrum is the Sia-Hex-Fuc epitope.
The relatively low mass fidelity of the m/z 598.8 fragment (expected

mass m/z 600.2) makes this annotation only tentative.
3.3 | N-glycan expression differs between
cortex and hippocampus

A student's t-test was performed to determine if the differences

observed between control cortex and control hippocampus were
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FIGURE 4 MS/MS spectra including diagnostic protonated
(M+H and M+2H) fragment ions indicating bisecting GIcNAc (a),
antennary sialic acid (b), antennary fucose (c), and fucosylated and
sialylated terminal hexose (d). Bisecting GIcNAc has been drawn
in all four structures but only (a) includes a diagnostic fragment
supporting the epitope. The bisecting GIcNAc diagnostic ion is

a minor m/z 1,057.8 fragment ion of H3N5F1 (m/z 894.5, #28).
The antennary sialic acid fragment m/z 657 is easily seen in most
glycans with a sialylated antenna, representing Sia-Hex-HexNAc.
In Figure 4b we observe this ion in the MS/MS spectrum of
H4N5F1S1 (m/z 1,121.1 Peak 1, #16). Antennary fucose is easily
confirmed with the diagnostic MS/MS ion m/z 512 representing
Hex-(Fuc)-HexNAc. In (c) we observe this ion in the MS/MS
spectrum of H4AN5F2 (m/z 1,049.6, #16). The MS/MS spectrum of
H4N5F251 m/z 1,192.4 in (d) has fragments that are compatible
with the Sia-(Fuc)-Hex epitope. The diagnostic fragment ions
described in b and ¢, m/z 512 and m/z 657, are not observed,
suggesting other terminal epitopes. The major fragment m/z
1787.3 is most likely explained with a single fragment loss (M-Sia-
(Fuc)-Hex) suggesting that the fucose is not placed on the terminal
HexNAc. The fragment m/z 598.8 may represent Sia-(Fuc)-Hex but
the relatively low mass fidelity (expected mass m/z 600.2) makes
this annotation only tentative

significant. Figure 5 shows boxplots of the relative abundance of
the N-glycans that displayed significant differences in the brain re-

gions with individual data points, annotated with tentative glycan
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structures and P-values. Significantly higher amounts of six N-glycans
were observed in cortex compared to hippocampus (#15, H5SN4F2;
#21,H5N4F1S1; #13, HAN6F2; #25, HAN5F2S1; #8, H7N6F1S4 and
#28, H3N5F1), while five N-glycans were significantly lower in cor-
tex (#23, HANSF2; #29, HAN5F1S1; #20, H5N5F1S1; #7, H5N2 and
#26, H3N5F1). Nine of these structures were of complex type, one

was a tentative hybrid glycan, and one of high mannose type.

3.4 | The expression of N-glycans are significantly
different in AD compared to control

Comparing AD and control brains, significant differences were ob-
served in both cortex and hippocampus (Figure 6). One unique gly-
can structure (#20, H5N5F1S1) was significantly higher in AD cortex
compared to control. Another structure (#25, H4N5F2S1) was lower
in AD brain in both cortex and hippocampus compared to control.
Finally, two structures (#9, H5N4F1S1 and #16, H4AN5F1S51) were

higher in AD hippocampus, and one was lower in AD hippocampus

(#31, HANG6F1S1) compared to control. Interestingly, all of the sig-
nificantly altered glycans observed were structurally very similar:
complex glycans decorated with one sialic acid and at least one fu-
cose and carrying a confirmed (#31) or potential bisecting GIcNAc.

4 | DISCUSSION

N-glycans are crucial for brain functions and play important roles
in neuronal activities, including neurogenesis, neurite outgrowth,
synapse function, and memory formation, all of which are defective
in AD. Therefore, it is highly warranted to analyze the N-glycan pro-
file in AD brain. Here, we analyzed the N-glycome of hippocampus
and cortex, two brain regions known to be affected in AD. Using
2-AA-derivatization of N-glycans and LC-MS/MS, we identified
26 N-glycans based on informative MS/MS data. It is possible that
we have not been able to detect all N-glycans present in the two
brain regions because of potentially low abundance of some glycans

and the possibility that some glycans may not be extracted by our
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method. While the linkage site to proteins has been lost in glycomics,
one advantage is that the structural elucidation of the glycans can be
more complete, such as the sequence of the molecules, compared
to glycoproteomics that usually only can resolve the composition.
A common problem in proteomics and glycoproteomics is that pep-
tides from major proteins can shield the signal from low abundant
proteins during the LC separation, which has been exemplified in
serum, where the 20 most abundant proteins account for 99% of all
protein mass (Schwenk et al., 2017). In glycomics, this is not a major
problem since unique N-glycans are usually detected even from low
abundant proteins, thus conferring a greater dynamic range.
Overall, our data are in line with previous studies reporting high
extent of fucosylation, low degree of sialylation, and high degree of
high mannose in brain (Barone et al., 2012; Gizaw et al., 2016). In
our study, the four most abundant glycans, both in frontal cortex
and hippocampus, had the compositions H4N5F2, H5N2, H3N5F1,
and H4N5F2S1, three of which were reported to be most abundant
also in a previous study of human brain cortex (Gizaw et al., 2016).
Here, we used MS/MS to determine the structures and found that
they correspond to a glycan carrying Lewis”, a high mannose glycan,
a glycan carrying bisecting GIcNAc and a glycan carrying a termi-
nal galactose decorated with fucose and sialic acid respectively. All
these glycan epitopes play significant roles in the nervous system (re-
viewed in (Sytnyk et al., 2020)). Glycans carrying the Lewis* epitope
are abundant at synapses and have been suggested to be involved in
nervous system development, cell proliferation, neurite outgrowth,
and synaptic plasticity (Sytnyk et al., 2020). High mannose glycans
are also involved in brain development and are present in neuro-
nal synapses. It was reported that the predominant high-mannose
glycan species in synapses of adult neurons carry five mannoses,
which is consistent with the high-mannose glycan identified in this
study. The bisecting GIcNAc epitope plays a role in regulating neu-

ronal development. Deficiency of N-acetylglucosaminyltransferase

a 301
2 ‘.—WI LEY

111 (GnT-lll) - the enzyme responsible for adding bisecting GlcnAc to
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N-glycans - leads to neurological problems, while over-expression
promotes neurite outgrowth. The fucosylated terminal galactose
epitope is well-known for its presence in the ABO blood group an-
tigens. However, several more recent studies have implicated the
importance of Fuca(1-2)Gal for neuronal development, learning, and
memory. For instance, reports from rodent models have shown that
it can suppress hippocampal LTP maintenance (Krug et al., 1991), is
enriched in certain synaptic proteins (Smalla et al., 1998) (Murrey
et al, 2006) and promotes outgrowth of hippocampal neurons
(Kalovidouris et al., 2005). Importantly, Fuca(1-2)Gal has also been
confirmed to be present in human brain by in vivo two-dimensional
magnetic resonance correlated spectroscopy (2D L-COSY), which
has been used to assign seven different glycans containing Fuca(1-2)
Gal in human brain (Mountford et al., 2015; Tosh et al., 2019).

Of the four most abundant N-glycans in frontal cortex, the one
with composition H4N5F2S1, carrying a fucosylated and sialylated
terminal galactose (#25 in Figure 6), was significantly less abun-
dant in AD compared to control. Another glycan with composition
H5N4F1S1, decorated with a core fucose, a terminal sialic acid and
an unassigned GIcNAc (#20 in Figure 6), was significantly more abun-
dant in AD compared to control cortex. The finding that one gly-
can was more abundant, while another glycan was less abundant in
frontal cortex in AD compared to control, suggests that the altered
N-glycan profile is not because of defects in single glycoproteins or
glycosyltransferases.

In nondemented controls, the overall N-glycan profile of hip-
pocampus was similar to that of frontal cortex, with the same set
of 26 N-glycans identified in the two subregions, although there
were some differences in the relative abundance of 11 of the gly-
cans. Comparing the levels of glycans in hippocampus in AD with
nondemented controls revealed four glycans with significantly
altered levels. As in frontal cortex, the glycan with composition
H4N5F2S1, carrying a fucosylated and sialylated terminal ga-
lactose (#25 in Figure 6), was significantly less abundant in AD.
Another glycan that was less abundant in AD hippocampus had
the composition H5N5F1S1 and was confirmed by MS/MS to be
decorated with a bisecting GIcNAc (#31 in Figure 6). While several
other reports have suggested structural compositions of N-glycans
without using MS/MS fragmentation to confirm the structures, we
have unambiguously confirmed this and other specific glycan epi-
topes. It is, however, possible that some of the GIcNAcs that were
not possible to annotate in other glycans in cortex and hippo-
campus are of the bisecting type. Bisecting GIcNAc has been ex-
tensively reported in human brain even though MS/MS evidence
have not always been included. Here, we can confirm the bisecting
structure for three glycans with diagnostic MS/MS. The two gly-
cans with higher levels in AD compared to control hippocampus
are complex glycans and carry one fucose and one sialic acid each
and one of them has an unannotated GIcNAc (#9 and #16, respec-
tively, in Figure 6).

The decreased level of a glycan carrying a bisecting GIcNAc in AD

hippocampus is in contrast with the pattern reported in our recent
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study comparing the LC-MS/MS profile of CSF from AD patients and
controls, which showed higher levels of several N-glycans carrying
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bisecting GIcNAc in CSF from AD patients compared to controls
(Schedin-Weiss, et al., 2020). Such difference between brain and
CSF may reflect that the majority of this glycan epitope is expressed
on different proteins in the brain and CSF. Alternatively, the glyco-
sylation pattern of proteins secreted into CSF could be altered in
AD. This could be accomplished for instance if the secretion of the
proteins is affected by the disease or if the proteins are affected
by the neurodegeneration, resulting in degradation products in CSF.

Bisecting GIcNAc has previously been reported to be involved
in AD. For instance, expression of GnT-1ll has been reported to be
up-regulated in AD brain (Akasaka-Manya et al., 2010). Moreover,
bisecting GIcNAc is present on BACE1 and the presence of this epi-
tope on BACE1 has been suggested to be increased in AD brain,
leading to a shift in its subcellular location from lysosomes to en-
dosomes, which in turn leads to increased generation of AB (Kizuka
et al., 2015). Bisecting GIcNAc is present also on other AD-related
proteins. For instance, tau, which is a cytosolic protein and under
normal circumstances considered not to be N-glycosylated, was
reported to be N-glycosylated in AD brain (Wang et al., 1996) and
glycan analysis suggested that tau isolated from AD brain carry bi-
secting GIcNAc (Liu et al., 2002). Furthermore, it has been shown
that the hereditary AD mutations called the Swedish and London
mutations cause an increased expression of bisecting GIcNAc on
APP in cell culture (Akasaka-Manya et al., 2008). Clearly, further
studies are needed to pinpoint the causes and effects of altered lev-
els of bisecting GIcNAc in CSF and brain in AD.

It is interesting to note that the levels of the glycan with com-
position H4N5F2S1, carrying a fucosylated and sialylated terminal
galactose, were lower in both frontal cortex and hippocampus in AD
compared to control brain. Glycans containing fucose a-(1,2)-ga-
lactose have previously been found to be important for neuronal
growth and have been implicated in communication that underlies
long-term memory storage (Kalovidouris et al., 2005). It will be inter-
esting to determine in future studies how the sialic acid influences
this epitope and how the glycan is related to AD pathology.

Since AD starts to develop decades before clinical diagnosis
can be made, it is important to study the process early, pre-symp-
tomatically, to enable early diagnosis and treatment, before irre-
versible damage occurs to the brain. Such studies are difficult to
perform in humans, although biomarker modeling can be used to
estimate at which disease stages alterations start to occur (Jack &
Holtzman, 2013; Jack et al., 2013). One way to study pre-symp-
tomatic processes is to use animal models. Interestingly, our recent
time-course study of an App knock-in mouse model for AD, App™-/,
showed that a selective increase in Ap42 leads to alterations in sev-
eral proteins and pathways - affecting for instance synaptic functions
and neuritogenesis - at three months of age, i.e. several months be-
fore amyloidosis and memory impairment appears (Schedin-Weiss,
et al., 2020). Intriguingly, we observed trends in decreased levels
of some enzymes involved in the attachment of N-glycans to the

growing polypeptide chains at the same early age of these mice. The

notion that changes in N-glycosylation occur early during AD de-
velopment is also supported by glycomics studies of CSF. Indeed, it
was found that levels of bisecting GIcNAc correlate with CSF levels
of total tau (t-tau) and phospho-tau (p-tau) in cases with subjective
cognitive impairment, which may reflect presymptomatic AD cases.

In conclusion, the altered N-glycan profiles in frontal cortex and
hippocampus support substantial alterations in the N-glycosylation
pathway in these subregions of AD brain. One of the most abundant
N-glycans in both hippocampus and cortex contains a terminal ga-
lactose decorated with fucose and sialic acid. The levels of this gly-
can were decreased in both subregions in AD brain. Another glycan
carrying a bisecting GIcNAc was decreased in hippocampus in AD
compared to control. These glycan epitopes have been suggested to
be important for several brain functions including cell proliferation,
neurite outgrowth and memory formation. Altogether, these find-
ings strengthen previous propositions that N-glycans are relevant
potential biomarkers for AD, that glycosylation is affected in AD pa-
thology and that glycans or enzymes generating or degrading them
may be potential novel targets for AD treatments.
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