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ABSTRACT: O-Glycosylation changes in misfolded proteins are of particular
interest in understanding neurodegenerative conditions such as Parkinson’s
disease (PD) and incidental Lewy body disease (ILBD). This work outlines
optimizations of a microwave-assisted nonreductive release to limit glycan
degradation and employs this methodology to analyze O-glycosylation on the
human striatum and substantia nigra tissue in PD, ILBD, and healthy controls,
working alongside well-established reductive release approaches. A total of 70 O-
glycans were identified, with ILBD presenting significantly decreased levels of
mannose-core (p = 0.017) and glucuronylated structures (p = 0.039) in the
striatum and PD presenting an increase in sialylation (p < 0.001) and a decrease
in sulfation (p = 0.001). Significant increases in sialylation (p = 0.038) in PD
were also observed in the substantia nigra. This is the first study to profile the
whole nigrostriatal O-glycome in healthy, PD, and ILBD tissues, outlining
disease biomarkers alongside benefits of employing orthogonal techniques for
O-glycan analysis.

KEYWORDS: methods, O-glycans, β-elimination, liquid chromatography (LC), mass spectrometry (MS), exoglycosidases, striatum,
substantia nigra, Parkinson’s disease (PD), incidental Lewy bodies disease (ILBD), biomarkers

■ INTRODUCTION

Glycosylation is the most common post-translational mod-
ification of macromolecules in eukaryotes, influencing cell−cell
interactions, protein folding and stability, and in receptor
binding and recognition.1 The most common classes of protein
glycosylation are N-glycans and O-glycans.2 The common
pentasaccharide core of N-glycans (GlcNAc2Man3) is recog-
nized by several endoglycosidases,3 allowing cleavage, enrich-
ment/separation, and analysis.O-Glycans present muchmore of
a challenge due to the absence of a suitable deglycosylating
enzyme that targets the range ofO-glycan cores. Alkaline release
reagents are instead used to release O-glycans via two common
approaches, reductive and nonreductive β-elimination.4 The
former uses a strong base and reducing agent to generate glycan
alditols, and the latter incorporates a milder base in the presence
of an “end-cap” reagent to generate an intermediate species
susceptible to fluorescence derivatization. A downside is an
alkaline-driven “peeling” reaction, which degrades the glycan.5

Microwave methods have been proposed to limit this by
reducing reaction times.6

Glycans analyzed by fluorescence are often referenced against
a dextran homopolymer standard to contrive their correspond-
ing glucose units (GUs) which are compared against
fluorescence-based databases,7 and exoglycosidase digestions
using linkage-specific enzymes allow determination of glycan

composition and linkages.8 Electrospray ionization (ESI)9 and
matrix-assisted laser desorption/ionization10 MS linked with
tandem mass spectrometry (MS/MS) approaches such as
collision-induced dissociation (CID), higher energy CID, and
reactive electron excitation (ExD) are used for in-depth glycan
structural determination.
Parkinson’s disease (PD) is a neurodegenerative disorder

symptomized by bradykinesia, dementia, and depression11 and
is linked to the degeneration of dopaminergic neurons in the
substantia nigra pars compacta due in large part to inflammation,
oxidative stress, and mitochondrial and the ubiquitin-
proteasome pathway dysfunction.12−14 These factors relate to
the aggregation and misfolding of proteins, which play a cardinal
role under the most neurodegenerative conditions. Of interest is
the role that the presynaptic neuronal protein α-synuclein plays
in PD neuropathy. During PD degeneration, Lewy neurites and
globular Lewy bodies form through toxic α-synuclein
aggregation causing neuroinflammation, degeneration, and
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lesions and ultimately cause cell death.15,16 As glycosylation is
known to affect protein folding and the structure, glycans may be
important in the PD pathogenesis and identified as potential
biomarkers. Braak et al. proposed a staging concept for PD
diagnosis based on synuclein pathology and abnormal synuclein
manifestation and has since become widely accepted.17 Six
stages separate the degree of parkinsonism, stages 1 and 2 are
limited to lesions in the dorsal motor nucleus of the medulla
oblongata and locus coeruleus and are defined as incidental
Lewy body disease (ILBD).18 However, ILBD may be rather
associated with aging as Lewy bodies are seen in ∼10% of
clinically normal people.19 In stages 3 and 4 PD, toxic α-
synuclein pathology reaches the substantia nigra amygdala and
the mesocortex, and in stages 5 and 6, the prefrontal and primary
neocortices are affected.20

Lower sialylation and higher fucosylation in triantennary
glycans have been identified in PD serum N-glycans,21 and
decreases in oligomannose structures and an increase in core-
fucosylatedmonogalactosylated structures have been seen in PD
IgG N-glycans.22 O-GlcNAcylation on α-synuclein proteins
associated with PD was found to be increased, corresponding to
a decrease in toxic α-synuclein aggregation.23 Up to 30% of O-
glycans from associated tissue contain a core mannose residue,
derived from glycoproteins including α-dystroglycan, which
extend often by the addition of N-acetylglucosamine, galactose,
fucose, sialic acid, and the uncommon 3-O-sulfated glucuronic
acid residue, generating potential 50−60 structures.24,25 The
glycosylation of α-dystroglycan is known to play a vital role in
the correct muscle function, with hypoglycosylation causing
congenital muscular dystrophy (CMD) and being associated
with cancer metastasis.26 Core 1 mucin-type structures were
found to be differentially regulated in the PD mice model, in
midbrain, stratum, and hippocampus regions with an accumu-
lation of core 1 glycans on microtubule-associated protein 6 in
the disease state,27 hypothesized to damage neurons within the
dopaminergic pathway.
The whole O-glycomes in PD- and ILBD-affected tissue in

humans have yet to be analyzed in depth. Herein, we present
optimizations to a novel microwave-assisted ammonia-based
nonreductive O-glycan release permitting fluorescent labeling
and analysis with limited peeling by increasing release speed
through exposure to microwave radiation (minimizing the time
spent in a basic degradation-prone solution). This optimized
method was then employed for subsequentO-glycan analysis on
FLR-HILIC-UPLC and FLR-HILIC-UPLC-MS, coupled with
reductive β-elimination approaches and analysis using PGC-LC-
ESI-MSn, as well as exoglycosidase digestions. Significant O-
glycosylation changes occurring both spatially and temporally
after the onset of disease from the whole tissue from nigrostriatal
brain regions in control, PD, and ILBD postmortem patients
were identified.

■ MATERIALS AND METHODS

Initial Sample Preparation

H2O in the following experiments is from a Milli-Q (Millipore)
system with a resistivity of 18.2 MΩ·cm (at 25 °C). For
optimization and reproducibility studies of the nonreductive
release method, fetuin glycoprotein (Sigma-Aldrich) and
porcine gastric mucin (Sigma-Aldrich) were used. For positive
controls in PD/ILBD study, fetuin glycoprotein was used. For
reproducibility studies, as well as definitive studies on human
tissue, the frozen autopsied striatum and substantia nigra from

33 patients with PD or ILBD, healthy matched controls, and
associated clinical and neuropathological data were provided by
the Parkinson’s UK Brain Bank, funded by Parkinson’s UK, a
charity registered in England and Wales (258197) and in
Scotland (SC037554). The age, gender, and Braak stages of the
different samples are described in Table S1. The frozen brain
tissue (approximately 30mg per tissue containing approximately
1 mg of the total protein) was homogenized in RIPA buffer and
cOmplete protease inhibitor cocktail (Roche) through mechan-
ical disruption using Qiagen TissueLyser LT, at a frequency of
40 Hz, 4 °C, for an 8 min duration. The homogenates were
centrifuged for 20 min at 13,000 rpm, 4 °C, and the supernatants
were collected and kept at −80 °C until further analysis.
Expected protein content for glycan analysis was roughly 1 mg
per tissue sample.

N-Glycan Release

The glycoprotein standard and final tissue samples were
prepared for release using a serum release method described
by Royle et al.28 modified for in-tube workup of whole tissue
samples using an in-gel procedure described by Samal et al.,29

and N-glycans were released using PNGase F as previously
described.30 The remaining gels after N-glycan elution were
separated (75% for nonreductive and 25% for reductive O-
glycan release).

O-Glycan ReleaseMicrowave-Assisted Nonreductive
β-Elimination

Gels from N-glycan release were crushed by passing them
through a small hole in the bottom of a 0.2mL tube into a 1.5mL
tube (under 14,000 rpm centrifugal force), dried down,
resuspended in 250 μL 40% dimethylamine in water containing
0.1 g/mL ammonium carbonate, and transferred to G4 vials
(Anton Paar). Tubes were subjected to 12 min microwave
radiation at 70 °C in a Monowave 450 microwave reactor at 600
W (Anton Paar). The reaction solution, including gel, was
transferred to 2 mL tubes and neutralized with 1 M HCl.
Samples were desalted using a HyperSep Hypercarb SPE
cartridge and dried.

Glycan Labeling with 2AB

Nonreductively released O-glycans were fluorescently labeled
through reductive amination with 2AB.31 The excess label was
removed using a HyperSep Diol SPE cartridge.32

O-Glycan ReleaseReductive β-Elimination

O-Glycans were released using β-elimination and desalted
according to Schulz et al.33 (modified for an in-gel release).34

FLR-WAX-UPLC Analysis of 2AB-Labeled Glycans

2AB-labeled O-glycans were resuspended in 50 μL of water, and
20 μL was injected into an Acquity H-class ultraperformance
liquid chromatography system (Waters Corporation) coupled
with a fluorescence detector (Waters Corporation). The
oligosaccharides were separated on a DEAE anion-exchange
75 × 7.5 mm i.d., 10 μm particle size column (Waters
Corporation) at a flow rate of 750 μL/min and a column at
ambient temperature. The oligosaccharides were eluted using
buffer A [20% v/v acetonitrile (ACN)] and buffer B (0.1 M
ammonium acetate pH 7.0; Sigma-Aldrich, in 20% ACN) over a
30 min run using the following gradient: 0.00−5.00 min100%
A, 5.00−20.00 min100%→ 0% A, 20.00−22.50 min0% A,
22.50−23.00 min0% → 100% A, and 23.00−30.00 min
100% A. Fluorescence was measured at 420 nm, with excitation
at 330 nm. External referencing was performed by comparing
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fluorescence trace against 2AB-labeled fetuin O-glycans
(Ludger).

FLR-HILIC-UPLC Analysis of 2AB-Labeled Glycans

Nonreductive β-eliminated 2AB-labeled O-glycans were resus-
pended in 20 μL of 88% ACN, and 19 μL was injected into an
Acquity H-class hydrophilic-interaction liquid chromatography-
ultraperformance liquid chromatography (HILIC-UPLC) sys-
tem (Waters Corporation) coupled with a fluorescence detector
(Waters Corporation). The oligosaccharides were separated on
an ACQUITY UPLC glycan BEH amide, 130 Å, 1.7 μm column
(Waters Corporation) at a flow rate of 561 μL/min and a
column temperature of 40 °C. The oligosaccharides were eluted
using buffer A (50 mM ammonium formate, prepared with 50
mM formic acid, adjusted to pH 4.4 with ammonium hydroxide
solution) and buffer B (ACN) over a 30 min run using the
following gradient: 0.00−1.47 min12% A, 1.47−25.00 min
12%→ 47.6% A, 25.00−25.60 min47.6%→ 70% A (flow rate
300 μL/min), 25.60−26.80 min70% A (flow rate 300 μL/
min), 26.80−28.00 min70% → 12% A (flow rate 300 μL/
min), and 28.00−30.00 min12% A (flow rate 561 μL/min).
Fluorescence was measured at 420 nm, with excitation at 330
nm. External calibration was performed using 2AB-labeled
glucose oligomers, creating a dextran ladder with retention times
(RTs) of all identified glycan peaks expressed in GUs.

FLR-HILIC-UPLC-MS Analysis of 2AB-Labeled Glycans

2AB-labeled O-glycans were desalted using 10 μL of normal-
phase PhyTip columns (PhyNexus Inc.). O-Glycans were
resuspended in 10 μL of 88% ACN, and 9 μL was injected
into an Acquity H-class HILIC-UPLC system (Waters
Corporation) with a BEH glycan column (1.0 × 150 mm, 1.7
μm particle size; Waters Corporation) and an Acquity
fluorescence detector coupled inline with a Waters Xevo G2
QTof system (Waters Corporation). The flow rate was 150 μL/
min, and the column temperature was maintained at 60 °C. The
oligosaccharides were eluted using buffer A (50 mM ammonium
formate, prepared with 50 mM formic acid, adjusted to pH 4.4
with ammonium hydroxide solution) and buffer B (ACN) over a
30 min run using the following gradient: 0.00−1.00 min12%
A, 1.00−25.00 min12% → 47% A, 25.00−25.50 min47%
→ 70% A, 25.50−25.55 min70% A (flow rate 100 μL/min),
25.55−26.50 min70% A (flow rate 100 μL/min), 26.50−
27.00 min70%→ 12% A (flow rate 100 μL/min), and 27.00−
30.00 min12% A (flow rate 150 μL/min). Fluorescence was
measured at 420 nm, with excitation at 330 nm. For MS
acquisition data, the instrument was operated in the negative-ion
sensitivity mode with a capillary voltage of 1.80 kV. The ion
source block and nitrogen desolvation gas temperatures were set
at 120 and 400 °C, respectively. The desolvation gas was set to a
flow rate of 600 L/h. The cone voltage was maintained at 50 V.
Full-scan data for glycans were acquired over the m/z range of
450 to 2500. Data collection and processing were controlled
using MassLynx 4.1 software (Waters Corporation).

PGC-LC-MSn Analysis of Glycan Alditols

Reductive β-eliminated O-glycan alditols were resuspended in
20 μL of water, and 2 μL was injected onto a liquid
chromatography-ESI tandem mass spectrometry (LC-ESI-MS)
system with a 10 cm × 250 μm column packed in-house with 5
μm porous graphite particles (Thermo-Hypersil). The flow rate
was 5 μL/min, and the column was at ambient temperature. The
oligosaccharides were eluted using buffer A [10 mM ammonium
bicarbonate (ABC)] and buffer B (10 mM ABC in 80% ACN)

using the following gradient: 0.00−46.00 min100%→ 55% A,
46.00−54.00 min55% → 0% A, and 54.00−78.00 min0%
→ 100%A. The samples were analyzed in the negative-ionmode
on an LTQ linear ion trap mass spectrometer (Thermo
Electron), with an IonMax standard ESI source equipped with
a stainless-steel needle kept at −3.5 kV. Compressed air was
used as the nebulizer gas. The heated capillary was kept at 270
°C, and the capillary voltage was −50 kV. Full scan (m/z 380−
1800, two microscans, maximum 100 ms, and a target value of
30,000) was performed, followed by data-dependent MS2 or
MS3 scans (two microscans, maximum 100 ms, and a target
value of 10,000) with a normalized collision energy of 30%,
isolation window of 2.5 units, activation q = 0.25, and activation
time 30ms. The thresholds forMS2 andMS3 were set to 300 and
100 counts, respectively. Data acquisition was conducted with
Xcalibur 2.0.7 software (Thermo Scientific).

Exoglycosidase Arrays

2AB-labeled O-glycans were subjected to digestion using an
exoglycosidase panel as described by Saldova et al. 201435 using
arrays of the following enzymes: α2-3 sialidase cloned from
Streptococcus pneumoniae and expressed in Escherichia coli
(NAN1, EC 3.2.1.18), 5 U/mL; α2-3,6,8,9 sialidase cloned
from Arthrobacter ureafaciens and expressed in E. coli (ABS, EC
3.2.1.18), 1000 U/mL; β1-3,4 galactosidase cloned from bovine
testis and expressed in Pichia pastoris (BTG, EC 3.2.1.23), 200
U/mL; β1-4 galactosidase cloned from S. pneumoniae and
expressed in E. coli (SPG, EC 3.2.1.23), 80 U/mL; α1-2,3,4,6
fucosidase cloned from bovine kidney and expressed in E. coli
(BKF, EC 3.2.1.51), 800 U/mL; β1-2,3,4,6 N-acetylglucosami-
nidase cloned from S. pneumoniae and expressed in E. coli (GUH,
EC 3.2.1.30), 400 U/mL; α1-2,3,6 mannosidase cloned from
Canavalia ensiformis (jack bean) and expressed in P. pastoris
(JBM, EC 3.2.1.24), 400 U/mL; α1-3,4 fucosidase cloned from
the sweet almond tree (Prunus dulcis) and expressed in P.
pastoris (AMF, EC 3.2.1.111), 400 mU/mL; β1-3,4,6-N-
acetylhexosaminidase (β1-4 for GalNAc only) cloned from
Streptomyces plicatus and overexpressed in E. coli (JBH, EC
3.2.1.52), 800 U/mL; and α1-3,4,6 galactosidase cloned from
green coffee bean and expressed in E. coli (CBG, EC 3.2.1.22),
800 U/mL. All enzymes were from New England Biolabs
(Hitchin, Herts, U.K.) except for NAN1 which was purchased
from Prozyme (San Leandro, CA).

Statistical Analysis

Glycan peak area data for individuals within each group were
logit-transformed, as described by Saldova et al. 2014.35 Peak
data were checked for normal distribution using a Kolmogorov−
Smirnov nonparametric test. Multivariate analysis of variance
(MANOVA) with post hoc analysis using Tukey’s honest
significant difference test was then performed using SPSS
(IBM) to identify significant peak differences across groups (p <
0.05 was considered statistically significant). Principal compo-
nent analysis (PCA) was performed on % peak area and %
feature area of each sample/group using the Perseus software
platform36 to identify relatedness of patient groups and samples.
Spatial and temporal differences were compared upon the onset
of PD, as well as differences in gender (M/F) and age (below 85,
85+).
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■ RESULTS

Development of a Microwave-Assisted Nonreductive
β-Elimination O-Glycan Release

Multiple parameters were tested across the O-glycan release
protocol, as outlined in the Materials and Methods and Table
S2. The coefficient of variation (CV) for the major FLR-HILIC-
UPLC chromatogram peaks in fetuin and porcine gastric mucin
replicates was below 20% using the optimized method (Figure
S1). CVs for 10 major chromatogram peaks in replicates from a
PD substantia nigra pool were below 15% (Table S3).
Whole O-Glycome Characterization in Human PD and ILBD
Tissues

Individual samples were prepared for the glycan analysis using
the developed optimized method for FLR-HILIC-UPLC/FLR-
WAX-UPLC and exoglycosidase digestions in combination with
the established reductive β-elimination,33 linked to PGC-LC-
MSn according to the scheme in Figure 1.
Our detailed structural analyses uncovered 70 O-glycans

covering GalNAc and mannose cores (Table S4). A total of 49
glycans were the more common, mucin-type GalNAc core
glycans, and 21 were assigned as mannose-core structures based
on previous knowledge of mammalian mannose-core glycans in
the brain.24,37 In addition, there were two confirmed peeling
products (Gal and NeuNAcα2-3Gal) and two more possible
peeling products containing a HexNAc reducing end [Fucα1-
2Galβ1-3(Fucα1-4)HexNAc and NeuNAcα2-6Galβ1-3Hex-
NAc], which do not typify common GalNAc core structures

and may instead contain GlcNAc at their core. A disialic
structure (NeuNAc−NeuNAc) was also detected, which may
have peeled from larger unconfirmed structures. Exoglycosidase
panels used to characterize the assigned glycan structures are
illustrated in Tables S5−S8, including determination of the
monosaccharide elution order (Figure S2), and UPLC and mass
spectrometry data are presented in Table S9, including
shorthand names for O-glycans (Table S10). The chromato-
grams in Figure 2 show major O-glycans from the striatum and
substantia nigra from healthy and controls and outline how
detection sensitivity of glycans varies by the two different
methods, such as charged species which ionize more readily than
neutral in negative-ion MS and may appear over-represented.
Figure 2A also shows the stability of RTs in FLR-HILIC-UPLC
across sample runs. The ability of PGC-HPLC (Figure 2B) to
separate glycan isomers and the ability to mine specific ions
using parent extracted ion chromatograms (EICs) and MS2

fragmentation data make this combination of methods
particularly powerful.
Glycan isomers with varying monosaccharide and sulfate

linkage positions were identified, for example, sulfated disialyl T-
antigen structures identified by MS2 in Figure 2 and further
characterized by exoglycosidase and MS of labeled glycans
(Figure S3), as well as the isomers of the sialylated mannose-
core tetrasaccharide (peak 25−26 in FLR-HILIC-UPLC). Of
the latter, structural isomers containing terminal α2-3 and α2-6
linked sialic acids on both β1-3 and β1-4 galactosylated
structures were identified through digestion with linkage-

Figure 1.Workflow schematic of sample preparation and analysis incorporating both reductive (lower brown track) and nonreductive (upper green
track) β-elimination techniques and analytical approaches. In total, 66 samples were set in the gel and hadN-glycans cleaved and separated. 25% of each
sample gel was pooled into four respective groupshealthy striatum, PD striatum (containing Braak stages 1−4), healthy substantia nigra, and PD
substantia nigra (containing Braak stages 1−4). The combination of ILBD (stages 1−2) and PD (stages 3−4) was required due to low sample numbers
from ILBD (three patientsthree striata and three substantia nigra samples). Healthy groups acted as the control for each brain region. These pools
were subjected to reductive β-elimination, and recovered glycan alditols were identified usingMS1, MS2, andMS3 analyses to confirm composition and
linkage position. With knowledge of reduced glycan profiles for each pool, the remaining 75% of each sample gel was subjected to microwave-assisted
nonreductive β-elimination and 2AB labeling. 50% of each sample glycan release was analyzed by FLR-HILIC-UPLC for statistical evaluation. The
remaining 50% of released glycans were pooled into their respective groups and subjected to exoglycosidase digestions (followed by another round of
FLR-HILIC-UPLC analysis) and orthogonal FLR-HILIC-UPLC-MS1 analysis to corroborate exoglycosidase findings, referenced against glycan
alditols analyzed by PGC-LC-MSn. FLR-WAX-UPLC analysis was also performed to confirm glycan charge distribution across the profile for each
group.
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specific sialidases (Figure S6) changing the associated integrated
peak areas (Table S2).
The digestion profiles of two uncommon structures

NeuNAcα2-6-(Fucα1-2Galβ1-3)[GlcNAcβ1-6]GalNAc and

Galβ1-3[Galβ1-3GalNAcβ1-4GlcNAcβ1-6]GalNAc were in-
vestigated (Figure S7).While these glycans are at low abundance
compared to dominant peaks (<0.5% total chromatogram area)
and may appear incommensurable to major peaks, their peak

Figure 2. (A) Representative FLR-HILIC-UPLC chromatograms (top) of O-glycans in brain sample pools. Integrated peaks on chromatograms are
shown in Figure S4. The inset FLR-WAX-UPLC graph shows relative abundance of 2AB-labeled glycans by the charge state (Sx) (bar colors
correspond to chromatogram colors). FLR-WAX-UPLC chromatograms shown in Figure S5. (B) PGC-LC-MSn base peak chromatograms (bottom)
of O-glycans in brain sample pools (relative RT to the healthy striatum). Insets show example EICs outlining coelution of structures (left; m/z 464,
425, and 513) and separation of glycan isomers (right;m/z 1046B.1−B.3). Further MS2 spectra of these three isomers are shown on the right panel,
indicating structures which place the sulfate modification on the galactose or the sialic acid residue, outlining the circumstance of potential sulfate
migration during MS detection. Core 1 and proposed core 8 O-glycan alditol isomers (m/z 384) analyzed with PGC-LC-MS2 are shown in (B.4,B5).
The elution time of Galβ1-3GalNAc at 13.4 min was confirmed using reference standards analyzed at the same occasion. Only major structures are
shown.
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area shifts from digestions give an indication to their
conformation (coupled with exoglycosidase panel calculations
for healthy and PD substantia nigra, respectively; Tables S7−
S8). In the case of 2AB-labeled sulfated glycans that resist
digestion, FLR-HILIC-UPLC-MS spectra/chromatograms
were compared directly with offline FLR-HILIC-UPLC
chromatograms to confirm their GU/elution position and
referenced against the PGC-LC-MSn data of their reduced
alditol equivalent to determine the structure. An example is
shown in the case of two identified sulfo-hexuronylated
structures [confirmed with MS and proposed through literature
analysis of mannose-core O-glycans to be sulfo-glucuronylated
“human natural killer-1”-epitope-tetrasaccharides[M − H]−

ion ofm/z 920 for 2AB-labeled and m/z 802 for reduced alditol
(Figure S8)]. Two noteworthy structural isomers confirmed
with PGC separation and MS2 analysis of glycan alditols
consisted of a Hex and a reduced HexNAc and were found in all
four brain tissue samples. The first peak was interpreted as the
mucin-type core 1 T-antigen (Galβ1-3GalNAc) by comparing
the MS2 and RT to reference samples (unicarb.db). The second
disaccharide eluted approximately 3 min later and revealed
identical MS2 spectra and was proposed to correspond to the
core 8 disaccharide Galα1-3GalNAc38 [Figure 2(B.5)]. Other
glycans of interest analyzed with PGC-LC-MSn are outlined in
the spectra in Figure S9.

O-Glycome Changes in PD and ILBD

Samples were divided into six groups to identify statistical
significance: healthy striatum, ILBD (Braak stage 1−2) striatum,
PD (Braak stage 3−4) striatum, healthy substantia nigra, ILBD
substantia nigra, and PD substantia nigra. Nested plots of
significant changes in striatum and substantia nigra are shown in

Figure 3 based on grouping of identified glycans by feature.
Complete tables of p-values for individual peak and feature
differences are shown in Tables 1 and 2.
Total mannose-core glycans (p = 0.017) and total

glucuronylation (p = 0.039) were significantly decreased in
the ILBD striatum compared with healthy controls, although no
individual glycan was significantly different.
At the later stages of PD pathology (Braak stages 3−4), the

striatum expressed an increase in the overall sialylation (p =
0.000), driven by patients over 85 years of age (p = 0.008; Table
S11), and a decrease in total sulfation (p = 0.001), driven by
females (p = 0.022 in females compared to p = 0.305 in males;
Tables S12 and S13, respectively). To note is the significant
increase in the overall peeling (p = 0.001). While not truly
representative of any physiological glycosylation in vivo, there is
some value gained from this unwanted product. The majority of
this peeling feature (>90%) is derived from the glycan product
NeuNAcα2-3Gal (peak 8). Despite peeling being an unwanted
side reaction, the sialylation of this structure contributes to the
calculation of the overall sialylation, as it originates most likely
from larger mucin-type sialylated O-glycan structures. Including
this peeling product, the disialyl t-antigen (peak 36) and its
sulfated analogue SO3-NeuNAcα2-3Galβ1-3[NeuNAcα2-6]-
GalNAc “isomer 2” (peak 41; unidentified sulfation position
on the galactose/sialic acid, so it is differentiated by the isomer
number) were all significantly increased in PD (all with p <
0.001), while HSO3-NeuNAcα2-6GalNAc (peak 4; p = 0.035),
HSO3-Galβ1-3[NeuNAcα2-6]GalNAc (peak 22; p < 0.001),
Galβ1-3[NeuNAcα2-3Galβ1-4GlcNAcβ1-6]GalNAc (peak 32;
p = 0.001), and HSO3-NeuNAcα2-3Galβ1-3[NeuNAcα2-6]-
GalNAc “isomer 1” (peak 40; p = 0.000) were decreased. These

Figure 3. Nested plots of significant changes in striatum and substantia nigra based on grouping of identified glycans by feature (sialylation,
fucosylation, sulfation, glucuronylation, glycans with mannose cores, and peeling). % areas for these features in the individual samples in each group
were compared against disease states in the striatum and substantia nigra. The significance across groups is written as follows: * (p < 0.05), ** (p <
0.01), and *** (p < 0.001).
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up- and downregulated sulfated structures are the same
structures that contribute to significant sulfation changes.
By comparing ILBD to the PD striatum, there were similar

changes observed in healthy versus PD striatum (sialylation and
peeling increased in PD), with the addition of increased
glucuronylation in PD (p = 0.012) coming from the significant
increase in SO3-GlcAβ1-3Galβ1-3GlcNAcβ1-2Man (peak 34; p
= 0.037). While sialylation remained significantly increased in
PD (p < 0.001), there was a notable decrease in abundance of
the sialyl-Tn antigen (peak 7; p = 0.009).
Interestingly, little significant difference was observed in any

O-glycosylation features between healthy, ILBD, or PD

substantia nigra, except for an increase in the overall sialylation
(p = 0.038) in PD substantia nigra, driven bymales (p = 0.030 in
males compared to p = 0.987 in females; Tables S13 and S12,
respectively). This was attributed to an increase in NeuNAcα2-
3Galβ1-3GlcNAcβ1-3[NeuNAcα2-6]GalNAc (peak 39; p =
0.010) and HSO3-NeuNAcα2-3Galβ1-3[NeuNAcα2-6]-
GalNAc “isomer 1” (peak 40, p = 0.001) in the PD group and
a decrease in HSO3-Galβ1-3[NeuNAcα2-6]GalNAc (peak 22; p
= 0.004) and HSO3-NeuNAcα2-3Galβ1-3[NeuNAcα2-6]-
GalNAc “isomer 2” (peak 41; p = 0.000). There was, however,
no significant difference in any feature when comparing ILBD
and PD substantia nigra.

Table 1. p-Values Derived from Comparison of Each Peak across Different Groups Comparing Disease Statesa

aRed indicates a decrease in relative abundance in the leading group (e.g., the healthy group in healthy vs PD), and green indicates an increase
only statistically significant areas highlighted.
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By plotting peaks and feature values for each sample using
PCA which represents likeness between different results (where
results within a cluster are the most similar and clusters in
separate regions of the plot are the most different), it was
determined that sialylation was the main component separating
healthy and PD striata (derived from peaks 36; sialyl T-antigen
and peak 8; NeuNAcα2-3GalFigure 4), emphasizing a
difference with more granularity over p-value readouts from
MANOVA analyses (Tables 1 and 2). The overlap, or lack of
separation, of healthy and ILBD striatum samples indicates that
ILBD and the healthy control share a lot of similarities (peak
areas and features); however, this could be attributed to the
small sample set for ILBD (n = 3). Peaks 6 (core 1, core 8, and
core 3 disaccharides), 10 (Galβ1-4GlcNAcβ1-2Man), 18
[Galβ1-4(Fucα1-3)GlcNAcβ1-2Man], 20 (Galβ1-3[HSO3-
GlcNAcβ1-6]GalNAc), 22 (HSO3-Galβ1-3[NeuNAcα2-6]-
GalNAc), 25 (NeuNAcα2-3Galβ1-4GlcNAcβ1-2Man), and 41
(HSO3-NeuNAcα2-3Galβ1-3[NeuNAcα2-6]GalNAc “isomer
2”) can be seen to be attributed to differences in the healthy
striatum. These results match closely the results obtained from
MANOVA analysis with respect to sialylated glycan signatures

in the PD striatum; however, PCA was able to emphasize a more
noticeable difference in the sialyl T-antigen (peak 36) and
NeuNAcα2-3Gal (peak 8) glycan peaks between healthy and
PD (Figure 4) compared with MANOVA analysis which also
considered HSO3-NeuNAcα2-3Galβ1-3[NeuNAcα2-6]-
GalNAc “isomer 2” (peak 41) to be equally significant (all
three peaks were equally significant; p = 0.000Table 1).
Complete PCA plots for all comparisons can be seen in Figures
S10−S19.
Temporal and Spatial Differences in the Healthy, ILBD, and
PD Striatum and Substantia Nigra

Comparing spatially separated healthy controls, there were
significantly higher relative abundances of glucuronylation (p =
0.011) in the healthy striatum compared with substantia nigra.
With respect to the significance of individual glucuronic acid-
containing structures, HSO3-GlcAβ1-3Galβ1-4GlcNAcβ1-
2Man (peak 33; p = 0.007) was at a higher abundance in the
healthy striatum. When observing temporally the glycosylation
of both regions after the onset of ILBD, there were higher levels
of sialylation in substantia nigra compared with the striatum
indicated by an increase in NeuNAcα2-3Gal (peak 8; p =

Table 2. p-Values Derived from Comparison of Glycan Features across Different Groups Comparing Disease Statesa

aRed indicates a decrease in relative abundance in the leading group (e.g., the healthy group in healthy vs PD), and green indicates an increase
only statistically significant areas highlighted. Main glycan of each peak used for analysis.

Figure 4. PCA plots outlining separation (difference) of the healthy striatum, ILBD striatum, and PD striatum. Grouped areas were superimposed over
feature and peak PCA plots to identify components that drive the difference.
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0.036); however, upon the onset of later Braak stage 3−4 PD in
both groups, sialylation (p = 0.15) was significantly higher in the
striatum. Significant individual glycan differences driving higher
levels of sialyation for the PD striatum came from increases in
NeuNAcα2-3Galβ1-4GlcNAcβ1-2Man (peak 25; p = 0.045),
disialyl t-antigen (peak 36; p = 0.007), and NeuNAcα2-3Galβ1-
4GlcNAcβ1-2[Galβ1-4GlcNAcβ1-6]Man (peak 42; p = 0.000);
however, decreases in NeuNAc−NeuNAc (peak 5; p = 0.000),
Galβ1-3[NeuNAcα2-6]GalNAc (peak 27; p = 0.045), and
NeuNAcα2-3Galβ1-3[Galβ1-4GlcNAcβ1-6]GalNAc (peak 35;
p = 0.000) were also seen.

■ DISCUSSION
Making up approximately 30% of the total glycome in each
group,mannose-core glycans have been linked to CMDs such as
Walker−Warburg syndrome, Fukuyama CMD, and CMD 1C/
1D, with underglycosylation of these structures on α-
dystroglycan inhibiting this cell adhesion molecule from
correctly binding extracellular matrix proteins.39,40 While its
link to ILBD and PD is ambiguous in the literature, the
downregulation of mannose-core glycans in the ILBD striatum
may help outline the possible causes for any dystrophic changes
that may be seen in ILBD patients. Additionally, O-mannosyl
glycans have been suggested to act as a scaffold for Lewis X
epitopes (identified across a number of structures in this work)
which are an important feature highly expressed in the
developing brain41 and have been shown to produce anxiety-
like behavior in mutant mice lacking the α1-3 fucosyltransferase
IX.42 Glucuronylation has been included in feature analysis due
to its unique nature in typicalO-glycome analyses of mucin-type
samples, as well as the fact that it plays a vital role in cell−cell and
cell−matrix neuronal adhesion, and in performing functions
associated with nervous system development.40,43,44 The
presence of sulfated glucuronic acid epitope at the end of the
mannose-core glycans (called the human natural killer-1
antigen) in this project (two glycans: HSO3-GlcAβ1-3Galβ1-
4GlcNAcβ1-2Man and HSO3-GlcAβ1-3Galβ1-3GlcNAcβ1-
2Man) gives an indication to the degree of glucuronylation, or
more specifically, sulfoglucuronylation. As these structures are
important carriers for functional epitopes, the apparent
downregulation of this feature in ILBD provides an interesting
insight into its potential role in neurodegeneration; however,
more work will need to be carried out to clarify its importance.
In contrast to previous work conducted on PD N-

glycosylation where it was found that sialylation of N-glycans
was decreased in PD patients’ IgG,22 sialylation of O-glycans
appeared to increase in the striatum of PD patients.
Furthermore, the degree of sialylation is known to mediate
specific receptor interactions with sialic acid binding ligands
such as siglecs and selectins which inhibit complement
components binding to cell surfaces, inducing complement-
mediated proinflammatory cascades.45 This interesting contrast
observed for O-glycans will need to be investigated in future
work to identify the difference. However, one important
observation made across MANOVA and PCA analyses was
that the sialylation increase in the striatum of PD patients was
driven by an increase in NeuNAcα2-3Galβ1-3[NeuNAcα2-
6]GalNAc. This disialylated structure has been associated with
various forms of cancer,46 and the increase in α2-6-linked sialic
acid-containing structures like this one has also been correlated
to an enhanced degenerative state in the brain.47 Similar
outcomes were observed in other neurodegenerative diseases
such as Alzheimer’s disease (AD), where sialylation events

occurring in the serum N-glycome matched that in PD.
However, the total O-glycome of AD seems yet to be elucidated
also. By observing changes in PD substantia nigra, sialylation was
increased relative to healthy control, and the core 3-extended
structure NeuNAcα2-3Galβ1-3GlcNAcβ 1−3[NeuNAcα2-6]-
GalNAc and a sulfated version of the disialylated core 1 structure
observed in the PD striatum (HSO3-NeuNAcα2-3Galβ1-
3[NeuNAcα2-6]GalNAc) were upregulated. The hypothesis
of increased 6-linked sialic acid-associated neurodegeneration is
reinforced by these results. Furthermore, the male-driven
sialylation increases in PD substantia nigra seen in this work
align with previous reports on serum N-glycosylation where
more significant sialylation alterations were observed in males.21

Regarding sulfation, studies have determined that sulfo-
transferase deficiency is linked to abnormal myelination and
axonal degeneration of the peripheral nervous system (N-
glycosylation experiment in mice).48 This axonal demyelination
causes permanent neurological disability seen in human myelin
diseases.48 Again, while studies on sulfation ofN- andO-glycans
are limited in the literature with respect to PD, the similarities
here, of decrease in sulfation in the PD striatum compared with
the healthy control, is worth investigating in future work.
While ILBD expressed an upregulation of mannose-core and

glucuronylated structures, the overall differences between ILBD
and healthy controls according to PCA analyses were minimal,
indicating that the groups were similar, compared against PD.
This is somewhat expected. As discussed, ILBD and Lewy body
formation had an association with aging rather than PD.
Furthermore, according to Braak staging, substantia nigra
regions remain unaffected in ILBD (stage 1 and 2) and only
affect this region in the later stage (3 and 4) patients. This
corroborates the difficulty in acquiring brain samples from ILBD
patients (and the low n number used in this study), since these
patients would not be diagnosed with PD, so they would only be
considered “healthy” until postmortem analysis. The other main
observation was that even at later stage PD, the striatum
appeared more affected than substantia nigra brain regions.
While significant alterations in O-GlcNAcylation of α-synuclein
in substantia nigra have been heavily analyzed and reviewed and
contribute significantly to Lewy body formation and neuronal
degradation in the substantia nigra,12 alterations in the total O-
glycome of this region do not follow this pattern; substantia
nigra O-glycome change is limited compared to controls. This
indicates that future biomarker identification and regenerative
therapeutic targets for O-glycans in PD patients may be
benefitted by observing solely the striatum, where significant
glycosylation changes occur and where most regenerative
therapeutic treatments for PD target occur.49,50 Also observed,
the striatum and substantia nigra share much the same glycan
structures, albeit at different relative abundances. Of all features,
only glucuronylation was different between the healthy control
striatum (higher relative abundance) and substantia nigra. In
ILBD comparisons between regions, sialylation was higher in
substantia nigra; however, in PD comparisons, sialylation was
higher in the striatum. Due to their nigrostriatal connection and
proximity in the brain, the similarities are not unexpected.
In addition to biomarker identification for these diseases, the

presence of the core 8 disaccharide provides an interesting
insight into O-glycosylation in brain tissue glycoproteins as this
feature appears far more restrictive compared to its core 1
analogue, limitedly reported in human respiratory mucin using
NMR studies.51 In addition, a study of O-glycans purified from
rat brain tissue in 1975 reported on equal amounts of core 8 and
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the core 1 disaccharide as observed by Finne.38 The
identification of this rare core 8 glycan in brain cross species
points toward a very specific and important function of this
oligosaccharide in mammals. As this α-galactose epitope is
typically immunogenic in humans, it and its associated
glycosyltransferase in the brain hint at the extreme efficiency
of the blood−brain barrier in preventing immunoglobulins such
as the anti-Gal antibody to pass.52,53

Additional analytical considerations outside the direct scope
of this report can be found in the “Supporting Discussion”
section of the “Supporting Information” document (pages S-3−
S-5).

■ CONCLUSIONS
To our knowledge, this exploratory study of the O-glycome of
nigrostriatal tissues in human PD and ILBD is the first of its kind
using novel glycan release approaches alongside traditional
techniques, outlining the heterogeneity of O-glycan structures
found in these unexplored regions. The combinatorial analytical
approach using well-established reductive release method-
ologies alongside this optimized, low-peeling microwave-
assisted nonreductive release permitted incorporation of MS
techniques associated with typical reduced O-glycan analysis, as
well as exoglycosidase practices (typically limited to N-glycan
workflows) allowing identification and meaningful statistical
evaluation. Potential biomarkers have been identified that may,
in future, be targets in the development of glyco-therapeutic
treatments for these diseases. We hope, in addition to further
exploratory testing using other orthogonal methods (including
blind analysis testing which was not performed), that this work
will help in detailing pathogenesis of PD, as well as other similar
neurodegenerative diseases.
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Supporting Spreadsheet); exoglycosidase digestion panel
for the PD (stages 1−4) striatum pool (refer to
Supporting Spreadsheet); exoglycosidase digestion
panel for healthy substantia nigra pool (refer to
Supporting Spreadsheet); exoglycosidase digestion
panel for the PD (stages 1−4) substantia nigra pool
(refer to Supporting Spreadsheet); PGC-LC-MS, FLR-
HILIC-UPLC-MS, and FLR-HILIC-UPLC data for
reduced and nonreduced glycans (refer to Supporting
Spreadsheet); short-hand naming convention of O-
glycans used in the Tables S5−S9; p-values derived
from a comparison of glycan features across different
groups comparing disease states separated by age (“under
85” and “85+”); p-values derived from comparison of
glycan features across different groups comparing disease
states from females; and p-values derived from compar-
ison of glycan features across different groups comparing
disease states from males (PDF)

Larger data sets that were unsuitable for condensing into
the “supporting tables” section (XLSX)
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