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Abstract

Intact glycopeptide analysis has been of great interest because it can elucidate glycosylation site
information and glycan structural composition at the same time. However, mass spectrometry
(MS)-based glycoproteomic analysis is hindered by the low abundance and poor ionization
efficiency of glycopeptides. Relatively large amounts of starting materials are needed for the
enrichment, which makes the identification and quantification of intact glycopeptides from
samples with limited quantity more challenging. To overcome these limitations, we developed
an improved isobaric labeling strategy with an additional boosting channel to enhance N, A-
dimethyl leucine (DiLeu) tagging-based quantitative glycoproteomic analysis, termed as Boost-
DiLeu. With the integration of one-tube sample processing workflow and high pH fractionation,
3514 quantifiable AV-glycopeptides were identified from 30 pg HelLa cell tryptic digests with
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reliable quantification performance. Furthermore, this strategy was applied to human cerebrospinal
fluid (CSF) samples to differentiate A-glycosylation profiles between Alzheimer’s disease

(AD) patients and non-AD donors. The results revealed processes and pathways affected

by dysregulated AVglycosylation in AD, including platelet degranulation, cell adhesion, and
extracellular matrix, which highlighted the involvement of A/glycosylation aberrations in AD
pathogenesis. Moreover, weighted gene co-expression network analysis (WGCNA) showed 9
modules of glycopeptides, two of which were associated with AD phenotype. Our results
demonstrated the feasibility of using this strategy for in-depth glycoproteomic analysis of size-
limited clinical samples. Taken together, we developed and optimized a strategy for enhanced
comprehensive quantitative intact glycopeptide analysis with DilLeu labeling, showing significant
promise for identifying novel therapeutic targets or biomarkers in biological systems with limited
sample quantity.
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Introduction

Glycosylation is one of the most common post-translational modifications (PTMs), which
is involved in many physiological processes including cell signaling, host-pathogen
interaction, and immune response.1=3 Studies have shown that aberrant glycosylation
plays a key role in the pathological processes during disease progressions, such as
neurodegenerative diseases, diabetes, and cancers.*~ Intact glycopeptide analysis has
been of great interest recently because it retains information on glycosylation sites while
elucidating peptide sequences and glycan structures, which enables the investigation of
functional effects of heterogeneity across glycoproteome.8 However, akin to many other
PTMs, mass-spectrometry (MS)-based glycoproteomic analysis has been hindered by the
low abundance of glycopeptides among complex protein digests and their poor ionization
efficiency.910

To overcome these limitations, various enrichment strategies have been developed to
separate glycopeptides from other non-glycosylated peptides in biological samples before
MS analysis.# For example, hydrophilic interaction liquid chromatography (HILIC) has been
extensively used to enrich glycopeptides based on their increased hydrophilicity introduced

Anal Chem. Author manuscript; available in PMC 2023 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 3

by glycan moieties.11-13 However, even utilizing these highly efficient enrichment methods,
an in-depth glycoproteomic analysis still requires a relatively large amount of starting
sample. This drawback particularly limits glycoproteomic analysis of precious clinical
samples such as pathological tissues and cerebrospinal fluid (CSF), which cannot be
expanded in vitro and are often limited in quantities for research.14

On the other hand, insufficient MS signal intensity from low abundance peptides usually
leads to low proteome coverage in LC-MS/MS analysis, because the poor-quality MS/MS
spectra hardly generate confident peptide identifications. Isobaric labeling can be used

to enhance MS detection sensitivity in data-dependent acquisition (DDA) mode analysis
since the signal intensities of precursor ions in the full scan are combined from all
labeling channels of the same species.13 Abundant peptide backbone fragments and
enhanced signal intensities in MS/MS facilitate identification while achieving multiplex
quantification at the same time. Recent studies have taken advantage of isobaric labeling
and introduced the concept of a “boosting” (or “carrier”) channel, in which a large
amount of content-relevant samples is labeled by one channel of the isobaric tags and
combined with those size-limited samples labeled by the remaining channels of the
multiplex tags. The combined signal intensity of a given peptide can be greatly amplified
and thus enhancing the detection of low-abundance peptides, as well as mitigating the
impact of sample loss on low-volume samples during sample preparation.1>16 Such
strategy has been applied to single-cell proteomics,1718 quantification of phosphopeptides,1°
phosphotyrosine-containing peptides,1® deglycosylated peptides of secreted glycoproteins,1?
stable isotope labeling using amino acids in cell culture (SILAC)-labeled peptides,2° and
low-abundance proteins in thermal proteome profiling (TPP).21 These studies showed
promising features of the boosting approach to increase the proteome coverage and
enable quantification of low-abundance proteins/peptides simultaneously, which would be
especially useful for the PTM analysis of size-limited samples. Nonetheless, such strategy
has not been applied to intact glycopeptide analysis yet.

Our group previously developed N, A-Dimethyl Leucine (DiLeu) isobaric tags for
quantitative proteomics analysis, where the amine-reactive group reacted with N-termini
and lysine residues of peptides similar to tandem mass tags (TMT)?2 and isobaric tags for
relative and absolute quantification (iTRAQ)23. Compared to these commercially available
tags, DiLeu is much more cost-effective and can be synthesized in-house readily with

high yields.24 It was first designed as a 4-plex set?® and then has been expanded to 12-
and 21-plex by incorporating neutron encoding (NeuCode) strategy, which utilized the
differences in mass between each isotope of every element, arising from their minute
differences in nuclear binding energy.2426-28 |n 12-plex DilLeu setting, reporter ions are
grouped into four regions ranging from m/z 115 to m/z 118, and the mass difference of
adjacent channel is as small as 6 mDa within each region.24 Dileu tag is well-suited for
developing a boosting strategy for intact glycopeptides since it has been successfully applied
to intact glycoproteomic quantification using cell lines and tissue samples in our previous
studies.11:29 More importantly, it is less likely to be affected by the isotopic impurity
“leakage” problem reported for 10-plex TMT due to the use of NeuCode strategy.1
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In this study, we developed a 12-plex DilLeu tag-based boosting strategy (Boost-DiL eu)
to perform a comprehensive quantitative NV-glycoproteomic analysis of size-limited
samples (Figure 1). To further recover glycopeptides from samples of small quantity,

we adapted a one-tube processing strategy}4 for DiLeu labeling, leveraging the benefits
of an acid-cleavable detergent, RapiGest SF, to circumvent the necessities of sample
desalting. The strategy was well established by carefully optimizing the sample handling
processes, boosting-to-study channel (B/S) ratios, and instrumental parameters for data
acquisition including automatic gain control (AGC) and ion injection time. Coupling with
HILIC enrichment and high-pH (HpH) reversed-phase liquid chromatography (RPLC)
fractionation, large-scale global mapping of A/glycoproteome was achieved from a small
amount of HeL a cell digests. To further demonstrate the feasibility of the Boost-DiLeu
strategy for size-limited clinical sample analysis, we quantified alterations of the V-
glycoproteomes in CSF between Alzheimer’s disease (AD) patients and non-AD donors.
Taken together, the Boost-Dil eu strategy not only increased the glycoproteome coverage but
also enabled accurate and robust quantification, which shed light on future applications to
site-specific quantitative glycoproteomic studies involving samples of limited availability.

Experimental Section

Supplementary Experimental Procedures.

Details about chemicals and materials, cell culture, sample preparation with the conventional
protocol, offline HpH fractionation, global proteomic analysis, and expanded data analysis
are provided in the Supporting Information.

HeLa Cell Sample Preparation.

In one-tube sample processing workflow, HeLa cell pellets were solubilized in 0.1% (w/v)
RapiGest prepared in 100 mM TEAB with 1% (v/v) protease inhibitor and phosphatase
inhibitor. The mixture was then incubated at 60 °C for 30 min and sonicated at 4 °C for

1 min. Lysates were centrifuged at 21000 g at 4 °C for 5 min and the supernatant was
collected. Protein BCA assay, reduction, alkylation, and trypsin digestion were performed in
the same way as mentioned in the conventional method. After digestion, peptides were dried
down /n vacuo without acidification and desalting.

CSF Sample Preparation.

Detailed information on CSF samples is provided in Supporting Information and
Supplemental Table S1. The study was approved by the regional ethics committee at the
University of Gothenburg. After a BCA protein assay, 30 ug proteins were aliquoted for
each study channel. 900 pg proteins pooled from both AD patients and hon-AD donors CSF
samples at a ratio of 3:5 were used as boosting channel. The aliquots were dried down /n
vacuo and treated with the one-tube sample preparation approach as described above.

DiLeu Labeling.

DilLeu tag synthesis and labeling were performed as previously reported.2429 DiLeu tags
were activated in anhydrous DMF with DMTMM and NMM at 0.6x molar ratios to tags.
The mixture was vortexed at room temperature for 1h and the supernatant was then added
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to each sample for labeling. After vortexing at room temperature for 2 h, the reaction was
quenched by adding 5% NH,OH to a final concentration of 0.25%. Each batch of labeled
peptides was pooled together and dried down /in vacuo.

SAX-HILIC Enrichment.

Enrichment of DiLeu-labeled glycopeptides was performed with in-house packed strong
anion exchange (SAX)-HILIC SPE tips following previous publications with minor
modification.2%:30 Briefly, 3 mg of cotton wool was plugged into a 200 pL empty TopTip,
which was placed on a 2 mL microcentrifuge tube with an adapter unit. After activation in
1% TFA for 15 min, the SAX material was transferred into the cotton-packed TopTip at a
beads-to-peptide ratio of 30:1. The solvent was removed at 200 g for 2 min. The stationary
phase was conditioned with 300 pL 1% TFA and loading buffer (80% ACN/1% TFA) three
times. The DilLeu-labeled sample was dissolved in 300 uL loading buffer and loaded onto
the SAX-cotton tip. The tip was centrifuged at 200 g for 2 min and flow-through was
reloaded to the SAX-cotton four more times to ensure complete retention. The SAX-cotton
tip was washed with 300 pL loading buffer six times, and then eluted with 150uL 0.1% FA
solution three times. Samples were dried down /n vacuo before direct MS analysis or HpH
fractionation.

LC-MS/MS Analysis.

Lyophilized samples reconstituted in 0.1% FA were loaded onto a 15 cm length, 75 um

i.d. in-house packed Bridged Ethylene Hybrid C18 (1.7 um, 130 A, Waters) column, and
analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific,
San Jose, CA) interfaced with a Dionex UltiMate 3000 UPLC system (Thermo Fisher
Scientific, San Jose, CA). Two technical replicates were run for each fraction. For intact
N-glycopeptides analysis, binary buffers (A, 0.1% FA; B, 90% ACN, 0.1%FA) were used
in LC and the linear gradient was from 0 to 30% B for 80 min. MS survey scans of
peptides were acquired from 400 to 2000 /m/z at a resolution of 120 K, using an AGC target
setting of 4E5 and a maximum injection time of 100 ms. For MS2 scan, a duty cycle of

3s was set in top speed mode. Only spectra with a charge state among 2—7 were selected
for fragmentation by stepped higher-energy collision dissociation (HCD) with normalized
collision energy (NCE) of 30 + 3%. The MS2 spectra were acquired with a resolution of
60 K, a lower mass limit of /2110, and dynamic exclusion of 12 s with 10 ppm mass
tolerance. Different AGC settings and maximum injection times were tested for method
optimization. All data were acquired in profile mode.

Data Analysis.

Raw files were searched against UniProt Homo sapiens reviewed database (August 2020,
20311 sequences) using Byonic search engine (version 2.9.38, Protein Metrics Inc)
embedded within Proteome Discoverer 2.1 (PD 2.1, Thermo Fisher Scientific). Trypsin
was selected as the enzyme and two maximum missed cleavages were allowed. Searches
were performed with a precursor mass tolerance of 15 ppm and a fragment mass tolerance
of 0.03 Da. Static modifications were specified as carbamidomethylation (+57.02146 Da)
on cysteine residues and 12-plex DilLeu (+145.12801 Da) on peptide N-terminus and
lysine residues. Dynamic modifications consisted of oxidation of methionine residues
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(+15.99492 Da), deamidation (+0.984016 Da) of asparagine and glutamine residues,

and N-glycosylation. Oxidation and deamidation were set as “rare” modification, and
N-glycosylation was set as “common” modification. Glycan modifications were searched
against a glycan database expanded from the Byonic embedded 182 human A/glycan
database to include mannose-6-phosphate (M6P) glycans consisting of HexNAc (2-4)

Hex (3-9) Phospho (1-2) modifications. A-glycopeptides were filtered at a 1% peptide
FDR, Byonic score >150 and log|Prob| >1. Glycopeptides were exclusively categorized
into six glycosylation type categories based on the glycan composition identified: (1)

MB6P (containing M6P glycan); (2) both sialylated and fucosylated; (3) sialylated only; (4)
fucosylated only; (5) complex/hybrid (> 2 HexNAc); (6) oligomannose (2 HexNAc and =

5 Hex), and (7) paucimannose (1-2 HexNAc and < 5 Hex). Quantification was performed
in PD 2.1 with a reporter ion integration tolerance of 10 ppm for the most confident
centroid. Reporter ion intensities were exported, and isotopic interference correction was
performed with a Python script according to the previously described equations.24 Reporter
ion intensity of each channel was normalized by median to correct systematic biases of
12-plex Dileu tags via Perseus.3! Student’s t-test was performed, where significant change
was defined by a p-value less than 0.05 and fold-change over 1.5.31 The MS data have been
deposited in the ProteomeXchange Consortium via the PRIDE partner repository with the
accession code PXD029269.32

Results and Discussion

One-tube Sample Processing Workflow for DiLeu Labeled Glycoproteomics.

Recently, Wu et al introduced a strategy termed Nanogram TMT Processing in One

Tube (NanoTPOT) to achieve desalt-free isobaric labeling using TMT tags in a single
tube.14 An acid-cleavable detergent, RapiGest SF, was utilized to eliminate the need for
commonly used SDS lysis buffer and urea that are detrimental to MS and tag labeling.
Here we adapted and optimized this strategy to conduct desalting-free DiLeu labeling. To
assess the performance of this optimized one-tube DiLeu labeling sample processing, the
same amounts of HeLa cell pellets were processed both in the conventional method and
this method as described in the experimental section. SDS-PAGE result suggested that
the trypsin digestion was complete in both methods (Figure S1). In terms of proteome
coverage, both workflows identified comparable numbers of labeled peptides in global
proteome analysis (Figure S2A), and 80.1% of proteins identified in one-tube processing
workflow were also found in the conventional method (Figure S2B). For DiLeu labeled
glycoproteomics, the one-tube sample processing method outperformed the conventional
one in all aspects, including identification of glycopeptide-spectrum matches (GPSMs),
unique glycopeptides and corresponding glycoproteins (Figure 2A). Among all identified
glycoproteins, 57.1% were found in both methods, while the one-tube processing method
recovered 13.8% (35 out of 254) more unique glycoproteins than the conventional one
(Figure 2B, Table S2). The excellent performance of the one-tube sample processing
method can be attributed to two factors: (1) RapiGest is a preferred reagent for handling
membrane proteins and the protein precipitation step can be omitted since there is no need to
remove RapiGest after extraction.33 (2) Avoid desalting before labeling effectively reduces

Anal Chem. Author manuscript; available in PMC 2023 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 7

sample loss, especially for hydrophilic glycopeptides. Taken together, the one-tube sample
processing strategy is suitable for DiLeu labeled glycoproteomic analysis.

Evaluation of the Boost-DiLeu strategy.

In the Boost-DiL eu strategy, the analysis of small-quantity samples labeled with study
channels was enhanced by utilizing a boosting channel that contained a much larger quantity
of labeled glycopeptides from analogous biological samples. After being pooled together,
isobaric labeled glycopeptides from each channel appeared as a single precursor ion at the
MS1 level, and the existence of boosting channel greatly increased the intensity of the
precursor ions and facilitated triggering MS2 fragmentation. To validate the design of the
Boost-Dil eu strategy and evaluate the effects of different boosting-channel-to-study-channel
(B/S) ratios of sample amount on glycoproteomic coverage and quantification, a series of
comparisons were performed using HelLa cell tryptic digests prepared with the one-tube
sample processing workflow. The first three channels (115a,115b, and 116a) in 12-plex
DiLeu were set as study channels and loaded with 10 pg tryptic peptides respectively. The
last channel, DiLeu 118d, was selected as the boosting channel to generate different B/S
ratios at 30x, 50x, and 100x (Figure 3A). A control group was prepared at the same time that
only consisted of the first three study channels. Each group of samples was pooled together
after labeling and enriched through HILIC before LC-MS/MS analysis.

DilLeu 118d was selected as the boosting channel because the reporter ion in this channel
had no interference with other channels. Its -1 isotopic peak (2H to 1H) caused by isotopic
impurity was at m/z117.14656, which was 3mDa away from the DiLeu 12-plex 117c
reporter ion at /m/z117.14363. Such mass difference can be resolved using high-resolution
capability during LC-MS/MS analysis. Figure 3B displayed the reporter ion signal intensity
distribution at a 30x B/S ratio. Similar reporter ion intensity distribution in study channels
were observed in all groups and none of the empty channels had unusually high reporter ion
signal, indicating that 118d channel successfully served as a boosting channel and avoided
the isotopic interference problem reported in 10-plex TMT tags,® which ensured high
quantification accuracy and maximum multiplexing capacity of DiLeu tags.

Figure 3C demonstrated the effectiveness of adding a boosting channel, as the quantifiable
glycopeptides in study channels, which stand for glycopeptides without missing reporter ion
intensities, increased three times at B/S 30x compared to the control group. As expected,
the identified number of GPSMs went up from 2132 to 2370 as the B/S ratios increased.
However, the unique glycopeptide number and the quantifiable glycopeptides dropped as the
B/S ratios increased. Simultaneously, an increased median coefficient of variations (CVs)
from 13.41% to 28.19% (Figure 3D) was observed, which showed a similar trend reported
in other studies.1518 Since the total number of ions entering the Orbitrap was controlled

in each scan, ions from boosting channel were likely to occupy more space than ions

in study channels. At a higher B/S ratio, the signal intensity of reporter ions from study
channels showed a slightly decreasing trend (Figure S3), which could be a result of reporter
ion suppression. This negatively affected the quantification performance, including more
missing values found in 50x and 100x groups and increased CVs. The same comparison
was also made at three different B/S ratios using samples prepared with the conventional
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method (Figure S4). Despite the lower identification number, a similar trend of fewer
quantifiable glycopeptides and a higher median of CVs was observed with the increase of
B/S ratios, suggesting that 30x boosting ratio was optimal in the aspect of identification and
quantification accuracy.

Optimization of Instrument Parameters.

When performing MS/MS analysis, the number of precursor ions reaching to orbitrap
analyzer is controlled by AGC setting and maximum injection time. These parameters

are essential to balance the detection sensitivity and MS2 scan rate. For global proteomic
analysis, AGC is usually set in the range of 5E4 to 1E5 to improve the overall coverage.18
However, such a setting may not be well-suited for PTM analysis, especially in the case
where a large portion of boosting samples are mixed with study samples. lons from boosting
samples can fill in the analyzer quickly, thus impairing the detection of signals from study
channels. To understand the influence of AGC settings on glycoproteome coverage and
quantification quality, four different AGC settings including 5E3, 3E4, 5E4, and 5E5 were
compared with DiLeu-labeled HeLa cell tryptic digests with a 30x boosting channel added.
The maximum injection time was fixed at 200 ms. In general, a higher AGC setting allows
more ions to accumulate for MS/MS analysis at expense of MS2 scan rate and longer duty
cycle time, thus affecting proteome coverage.18:34 Such a trend was observed in Figure
4A, where AGC 3E4 achieved the highest identification numbers of GPSMs, glycopeptides,
and quantifiable glycopeptides while higher AGC values led to decreasing identification
numbers. As reflected in Figure 4B, the median injection time increased from 18 ms

to 200 ms when increasing AGC. The lowest AGC setting 5E3 resulted in significantly
poorer glycoproteome coverage, indicating the necessity of allowing enough ions to enter
the orbitrap for high-quality MS/MS analysis. On the other hand, accumulating more ions
improves quantification performance since more ions from study channels are allowed to
enter the mass analyzer.18:35 Though the reporter ion intensity decreased slightly at higher
AGC settings due to potential space charge effects38 or preference of fragmentation on
glycosidic bonds (Figure 4D), the median of CV distribution decreased from 23.63% to
12.97% (Figure 4C).

Besides the AGC settings, maximum injection time is another important parameter to
control the number of ions for MS2 analysis. To determine an optimal setting, two different
maximum injection time at 200 ms and 300 ms were evaluated with the same B/S ratio of
30x and AGC setting of 5E4. As shown in Figure S5A, increased injection time elongated
duty cycle time, thus resulting in lower identification numbers. In terms of quantification
performance, the distribution of reporter ion signal intensity (Figure S5B) and CVs (Figure
S5C) were almost similar in both cases, despite that 200 ms injection time had a slightly
lower median of CV of 16.61% than 17.71% of 300 ms injection time setting.

These results clearly demonstrated a trade-off between glycoproteome coverage and
quantification performance in different AGC settings. Higher AGC improved quantification
quality at the expense of the number of identified glycopeptides. Maximum injection time
also had a great impact on glycoproteome coverage, while the influence on quantification
performance was not as significant as AGC settings. To achieve a balance between
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glycoproteome coverage and quantification performance, AGC 3E4 and maximum injection
time 200 ms were employed in the following experiments for glycoproteomics analysis.

Global Glycoproteome Mapping in HeLa Cell Line.

HpH provides an additional dimension of separation with conventional low-pH RPLC due
to its high orthogonality and compatibility with direct MS analysis.3” Since the conventional
HILIC fractionation based on decreasing ACN concentration showed less efficiency for
glycopeptides fractionation, HpH fractionation was implemented to further boost the
glycoproteome coverage in this study.38 Though HpH fractionation has been adopted in
several PTM analyses to bolster the proteome coverage, additional separation requires a
sufficient amount of sample to compensate for potential sample loss during the process,

and this is usually unsuitable for samples of low quantity.1>:3%-41 With the Boost-Dileu
strategy, a larger amount of boosting sample can serve as a “carrier” sample that mitigate
the impact of sample loss.*2 After HILIC enrichment and HpH fractionation, a total of 4119
glycopeptides corresponding to 277 proteins were identified from 30 pug HeLa tryptic digest
peptides labeled in the first three study channels, among which 3514 were quantifiable
(Figure 5A, Table S3). Glycoproteome coverage was expanded by approximately 2.5-fold
compared to the analyses without HpH fractionation. Figure 5B displayed the overlap

of glycopeptides identified in four fractions, and 29.62%, 15.36%, 17.56%, and 23.64%

of glycopeptides were unique in each fraction, indicating the high separation efficiency
provided by HpH fractionation. Such comprehensive intact glycoproteome coverage also
enabled global profiling of site-specific micro-heterogeneity of HeLa cell glycosylation,

as visualized in Figure 5C. This glycoprotein-glycan network diagram mapped which
glycans (outer nodes, 151 total) modified which proteins (inner bar, 277 total). The
glycoproteins were sorted based on the different numbers of glycosites, and all nodes and
edges were colored by the corresponding glycosylation type. Of note, more than half of the
glycoproteins had only one glycosylation site, but 79.1% of glycosites have more than one
glycan. In addition, several glycosylation patterns were observed, such as the prevalence of
oligomannose glycosylation (44.11% of glycopeptides). Interestingly, 34 out of 151 glycans
were found to be M6P glycans (a representative MS/MS spectrum shown in Figure S6). Due
to the negatively charged phosphate group and extremely hydrophilic property, detection

of M6P glycopeptides usually suffers from interference by other N-glycopeptides.*3 With
HpH fractionation, M6P glycopeptides were better separated from other glycopeptides so
the detection sensitivity was enhanced. Along with improved glycoproteome coverage,

the Boost-Dil eu strategy also presented good quantification performance after HpH
fractionation. Figure 5D showed the median intensities of study channels were close to
1:1:1 without any isotopic interference from the DiLeu 118d channel. CV median of 16.75%
(Figure 5E) and average Pearson correlation over 0.97 (Figure 5F) among three biological
replicates demonstrated the robustness and accuracy of quantification of this strategy.

Site-specific Quantitative Glycoproteomic Analysis of Human CSF Samples.

Through direct interchanges with the extracellular fluid of central nervous system (CNS),
CSF can directly reflect pathological changes in the CNS, providing the opportunity for
biomarker discovery in neurological diseases.**~*” However, the analysis of CSF samples is
challenging due to the limited availability and the relatively low total protein concentration
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(0.2 — 0.8 mg/mL).8 To address these challenges, the Boost-Dil eu strategy was adopted
to profile glycoproteomic changes in CSF between AD patients and non-AD donors at

B/S ratio of 30x. In total, 1321 intact A/-glycopeptides were identified, and 1172 of

them were quantifiable (with at least three valid reporter ion intensities in one group),
mapping to 164 glycoproteins and 158 different glycans (Figure S7A, Table S4). Figure
S7B shows the glycoprotein-glycan network of all quantifiable glycopeptides. Nearly 62%
of the glycoproteins were observed with only one glycosite, yet 47% of the glycosites were
modified with more than one glycan. In the meantime, 5% of glycoproteins were found

to have more than 4 glycosylation sites, suggesting a high degree of heterogeneity in CSF
glycosylation. Among all quantifiable glycopeptides, 49% and 22% of them were sialylated
and fucosylated, and the prevalence of these two glycosylation types was also in line with
our previously reported label-free study of N-glycopeptides in CSF samples.3?

Compared to non-AD controls, 18 glycopeptides were found significantly changed, with

9 up-regulated and 9 down-regulated by student’s #test (p-value<0.05) with a fold-change
over 1.5 (Figure 6A, Figure S8A). The corresponding 14 glycoproteins were not observed to
display alteration of abundances in parallel global proteomics analysis, suggesting that the
dysregulation of glycopeptides likely occurred at the PTM level (Figure S8B). Among these
glycopeptides, 13 of them were sialylated and 7 were fucosylated, which further emphasized
the significance of the two types of glycosylation on the pathogenesis of AD.>4% GO
analysis showed that these dysregulated glycoproteins were significantly enriched in platelet
degranulation, reverse cholesterol transport, cell adhesion, and complement activation,
which have been reported to be associated with neuronal degeneration in AD (Figure
S8D).50-53 Majority of dysregulated glycoproteins in AD were localized in the extracellular
region, in accordance with the fact that CSF is in direct contact with the extracellular

space of the brain and many A-glycoproteins are secreted proteins (Figure S8E).>4:55
Protein-protein interaction network indicated that these proteins were mainly related to
platelet degranulation and response to elevated platelet cytosolic Ca2* (Figure S8C). Platelet
degranulation was reported to play a pivotal role in platelet-mediated amyloid-p (AB)
oligomerization in AD, which is believed to be greatly relevant to disease progression.>6:57
Alterations in calcium homeostasis have been found to be critically implicated in brain
aging and the neuropathology of AD, and the involvement of glycoproteins with response to
elevated platelet cytosolic Ca2* may provide deeper insight into the role of cytosolic calcium
level during the progression of AD.58:59 Among these glycoproteins, four up-regulated
sialyl-glycopeptides were observed at two sites of prostaglandin-H2 D-isomerase (PTHDS,
Uniprot accession: P41222), a protein that is involved in multiple CNS functions and acts

as a chaperone for preventing the formation of neurotoxic agents such as A fibrils.59 This
finding suggests that aberrant sialylation on this protein might play a specific role in AD
progression through accelerated AB aggregation.5!

To further study individual NV-glycoproteome organization in CSF and its alterations in

AD, WGCNA was conducted to construct an A-glycoproteomic network. Nine modules
with similar expression patterns were grouped via average linkage hierarchical clustering
(Figure 6B). Module-trait association analysis was performed to determine the correlation
relationships between each module eigenglycopeptide and AD-relevant phenotypic traits and
other clinical or sample characteristics (Figure S9A). Our analysis identified one positively
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correlated module (pink module) and one negatively correlated module (red module) that
showed significant association with AD status, amyloid-p pathology, total-tau (T-tau), and
phospho-tau 181 (P-tau 181) level. Subsequently, GO enrichment analysis was performed
on the two disease-associated network modules (Figure 6C, 6D) which uncovered that these
two modules were closely associated with brain development and extracellular function. In
addition, the top 30 most connected hub glycopeptides in the two modules were plotted in
Figure S9B and S9C.

Conclusions

Herein we successfully developed a robust and highly sensitive strategy, Boost-DilLeu for
enhanced isobaric labeled quantitative intact glycoproteomic analysis. For the first time we
incorporated the one-tube sample processing workflow into DiLeu labeling experiments,
which not only simplified experimental steps, but also greatly reduced sample loss and
increased proteome coverage. During labeling, we utilized a boosting channel consisting

of relatively large amounts of biological samples analogous to samples of interest to
enhance the MS signal, and this further increased glycoproteome coverage and ensured
quantification performance. Boost/Study channel ratio of 30x was found to be optimal in
both identification rate and quantification accuracy. MS2 parameters including AGC settings
and maximum injection time were optimized, and a trade-off between glycoproteome
coverage and quantification accuracy was observed. As a compromise, 3E4 AGC and

200 ms injection time were suggested as a starting point. Additional HpH fractionation

after conventional HILIC enrichment provided complementary orthogonality in separation,
which further boosted glycoproteome coverage. As a proof-of-principle experiment, the
Boost-Dil eu strategy was applied to the site-specific MV-glycoproteome analysis of human
CSF samples from AD patients and non-AD donors. Overall, 1172 quantifiable intact
glycopeptides were identified from 164 glycoproteins, and 18 glycopeptides were found

to be dysregulated. WGCNA revealed two modules of glycopeptides significantly correlated
with AD. These results demonstrated the feasibility of using this strategy for glycoproteomic
analysis of size-limited clinical samples, which would be essential for future biomarker
discovery and the development of personalized medicine. Notably, while we developed the
Boost-Dil eu strategy with the 12-plex DiLeu tag set in this study, similar strategy may also
be adapted to the 21-plex DilLeu tags for higher multiplex capacity without apparent isotopic
interference from boosting channel.28 Future implementation of this strategy could also be
extended to other DiLeu labeled PTM analyses of size-limited biological samples, such as
phosphorylation and citrullination in clinical specimens.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Workflow of Boost-Dileu strategy. Proteins from biological samples were extracted,

enzymatically digested, and labeled through one-tube sample preparation workflow. DiLeu
118d was used as a boosting channel. Samples were pooled after labeling for HILIC
enrichment and HpH fractionation, followed by LC-MS/MS analysis.
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Figure2.
Comparison of sample preparation using conventional and one-tube sample processing

workflow. (A) Identification number in glycoproteomic analysis. (B) Overlap of
glycoproteins by the two methods as shown using Venn diagram.
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Comparison of different B/S ratios. (A) Experimental design: First three channels were
labeled as study channels and DiLeu 118d channel was used as a boosting channel. (B)
Reporter ion signal intensities at a 30x B/S ratio. (C) Identification number of GPSMs, total
glycopeptides and quantifiable glycopeptides at different B/S ratios. (D) CV distribution of
quantifiable glycopeptides.
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Figure 4.

Sample channels

Comparison of different AGC settings. (A) Identification number of GPSMs, total
glycopeptides and quantifiable glycopeptides with different AGC. (B) Distribution of actual
ion injection time. (C) CV distribution of quantifiable glycopeptides. (D) Distribution of
reporter ion signal intensities.
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Global glycoproteome mapping in HeLa cell line. (A) Identification number of GPSMs,
total glycopeptides and quantifiable glycopeptides. (B) Overlap of unique glycopeptides
identified in each fraction. (C) A glycoprotein-glycan network diagram that maps which
glycans (outer nodes) modify which proteins (inner bar). Glycoproteins are sorted by the
number of glycosites. Glycan nodes and their linkage to the proteins are colored according
to the glycosylation type. (D) Distribution of reporter ion signal intensities across 12
channels. (E) CV distribution of quantifiable glycopeptides. (F) Pearson correlation of
reporter ion intensities between three study channels.
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Figure®6.
Site-specific quantitative glycoproteomic analysis of human CSF samples. (A) 18 aberrant

N-glycopeptides in AD CSF samples with site-specific information (*p < 0.05, **p < 0.01,
and ***p < 0.001). Each glycan structure only represents one possible glycan candidate
due to the lack of structural information (N: HexNAc, H: Hex, F: Fucose, S: NeuAc). (B)
WGCNA cluster dendrogram of 1172 glycopeptides. Nine modules with similar expression
patterns were grouped via average linkage hierarchical clustering. (C) GO analysis of the
red module glycopeptides clustered in WGCNA dendrogram. (D) GO analysis of the pink
module glycopeptides clustered in WGCNA dendrogram.
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