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Abstract

The system-wide site-specific analysis of intact glycopeptides is crucial for understanding the
exact functional relevance of protein glycosylation. Dedicated workflow with the capability to
simultaneously characterize and quantify intact glycopeptides in a site-specific and high-
throughput manner is essential to reveal specific glycosylation alteration patterns in complex
biological systems. In this study, an enhanced, dedicated, large-scale site-specific quantitative N-
glycoproteomics workflow has been established, which includes improved specific extraction of
membrane-bound glycoproteins using filter aided sample preparation (FASP) method, enhanced
enrichment of N-glycopeptides using sequential hydrophilic interaction liquid chromatography
(HILIC) and multi-lectin affinity (MLA) enrichment, site-specific N-glycopeptide characterization
enabled by EThcD, relative quantitation utilizing isobaric N, N-dimethyl leucine (DiLeu) tags and
automated FDR-based large-scale data analysis by Byonic. For the first time, our study shows that
HILIC complements to a very large extent to MLA enrichment with only 20% overlapping in
enriching intact N-glycopeptides. When applying the developed workflow to site-specific N-
glycoproteome study in PANC1 cells, we were able to identify 1067 intact N-glycopeptides,
representing 311 glycosylation sites and 88 glycan compositions from 205 glycoproteins. We
further applied this approach to study the glycosylation alterations in PKM2 knockout cells vs.
parental breast cancer cells and revealed altered N-glycoprotein/N-glycopeptide patterns and very
different glycosylation microheterogeneity for different types of glycans. To provide a more
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comprehensive map of glycoprotein alterations, N-glycopeptides after treatment with PNGase F
were also analyzed. A total of 484 deglycosylated peptides were quantified, among which 81
deglycosylated peptides from 70 glycoproteins showed significant changes. KEGG activation of
Akt for their survival. With glycosylation being one of the most important signaling modulators,
our results provide additional evidence that signaling pathways is closely regulated by metabolism.
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An enhanced large-scale site-specific quantitative N-glycoproteomics workflow was developed,
integrating novel isobaric tagging, multiple enrichment strategies and hybrid fragmentation
method for intact glycopeptide characterization and quantitation of complex cellular samples.
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Introduction

Glycosylation is one of the most prevalent and complex protein post-translational
modifications (PTMSs). It has been reported to play essential role in many key biological
processes including cell adhesion, molecular trafficking and clearance, receptor activation,
signal transduction and endocytosis.1 Altered glycosylation has been associated with
different diseases such as cancer,>7 neurodegenerative diseases,8 and rheumatoid arthritis.®
Thus, the accurate site-specific characterization and quantitation of N-glycopeptides is of
vital importance to provide insights into the molecular mechanisms of diseases and reveal
potential biomarkers and therapeutic targets.10

Enrichment of N-glycopeptides is often needed due to their low abundance and signal
suppression by more abundant non-glycosylated peptides. Various glycopeptide enrichment
strategies have been developed, including hydrophilic interaction chromatography (HILIC),
11-14 |ectin affinity,1> 16 TiO, affinity,1” immobilized metal affinity chromatography
(IMAC),18. 19 hydrazide 29 and boronic acid chemistry.21: 22 Among them, MLA and HILIC
are the most widely used strategies, which not only enables the analysis of deglycosylated
peptides after PNGase F treatment but also the analysis of intact N-glycopeptides.?3 The
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former strategy relies on N-glycopeptides’ glycan structure motif recognition, while the
latter takes advantage of the differences in physicochemical properties between non-
glycosylated peptides and glycopeptides due to glycan attachment. Previous studies 24 25
have indicated these two methods complement each other in mapping glycosylation sites,
and recommended combined strategies should be used for better glycosylation site coverage.
Very recently Zhang er a/26 showed that HILIC alone is almost as effective as the combined
strategies in mapping glycosylation sites. However, these prior studies targeted at
deglycosylated peptides after treatment with PNGase F and none of these studies had
investigated performance of HILIC and MLA in enriching intact N-glycopeptides. We
propose that an evaluation of the performance of these two most commonly used strategies
in enriching intact N-glycopeptides will provide valuable guidance for the site-specific
glycoproteomics.

Previous glycoproteomics studies were somewhat biased towards glycosylation sites
mapping or released glycan analysis mainly due to a multitude of structural complexity
encompassing attached glycans and a lack of enabling analytical technology.23 27. 28
However, with the rapid development of various glycoproteomics approaches, especially
more advanced instrumentation equipped with new features, site-specific characterization of
glycoproteins has become increasingly feasible.2® Among various emerging techniques, the
electron transfer and higher-energy collision dissociation (EThcD) technique has
significantly contributed to the enhanced site-specific glycoproteomics analyses. Commonly
used for PTMs analysis, electron-transfer dissociation (ETD) was well known to preserve
labile PTM on peptide backbones. It provides peptide backbone fragmentation c/z-ion series
with glycan unit attached for confident mapping of glycosylation site and peptide
identification; however, it only reveals the glycan as a “blind” modification with an accurate
mass. On the other hand, glycan diagnostic oxonium ions and glycan backbone B- and Y-ion
series produced by high-energy collision dissociation (HCD) provides confident glycan
identification, 3% 31 but without glycosylation site information. Since its initial introduction
by Heck and coworkers,32 the “hybrid” dissociation method (EThcD) has shown great
potential for PTM analysis with improved site localization, as well as generating richer and
more informative backbone fragmentation spectra.33: 34 When applied to intact glycopeptide
analysis, EThcD can produce rich fragment ion information for glycan, peptide and
glycosylation site identification in one spectrum, providing the opportunity for site-specific
glycoproteomics.3%: 36

Cancer cells display altered patterns of metabolism in order to support their growth and
survival.3” These changes in metabolism are often described as the Warburg effect,38: 39
which diverts intermediates away from oxidation respiration in mitochondria into the
biosynthesis of carbohydrates, proteins, lipids and nucleic acids, supporting the biosynthetic
requirements of uncontrolled proliferation. One of the metabolism pathway alteration is the
preferential expression of pyruvate kinase isozymes M2 (PKMZ2) in the glycolysis pathway.
Unlike other pyruvate kinases such as PKL, PKR, and PKML1 that form stable tetramers (the
active form of PK), PKM2 exists as both dimers and tetramers.* The PKM2 dimer has a
reduced enzyme activity, which results in a buildup of glycolytic intermediates that enhances
anabolic metabolism.#1: 42 Pentose phosphate pathway (PPP) and hexosamine biosynthetic
pathway (HBP) are two of those affected pathways that will utilize these glycolytic
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intermediates as substrates to synthesize nucleotide sugars such as uridine diphosphate N-
acetylglucosamine (UDP-GIcNACc), which are utilized as donor substrates for protein
glycosylation.*3 In fact, studies have shown glycosylation alterations in various cancers,
including breast cancer, pancreatic cancer and lung cancer.** With an increased expression
of PKMZ2 in cancer cells at the same time, this leads to the speculation that PKM2 plays a

vital role in the glycosylation alterations during cancer progression.3’ However, no study has

been conducted to explore how PKM2 affects the overall glycosylation patterns in cancer
cells.

In this work, we first evaluated the intact N-glycopeptide enrichment efficiency of HILIC
and MLA respectively. The parallel experiments showed that sequential enrichment utilizing
both HILIC and MLA largely increased N-glycopeptide coverage by 80% compared to
utilizing either one of them alone. With hybrid fragmentation technique EThcD incorporated
in the workflow, we confidently achieved glycan, glycosylation site and peptide backbone
identification in one spectrum. Besides highly confident intact glycopeptide identification,
reporter ions from DilLeu labeled glycopeptides generated in the low mass region enabled
accurate quantitation. Utilizing the enhanced workflow, we were able to conduct
comparative, quantitative, site-specific glycoproteomics study between PKM2 knockout
cells and parental breast cancer cells (Figure 1), which revealed altered N-glycoprotein/N-
glycopeptide expression in PKM2 knockout cells with increased fucosylation in several of
the examined glycosylation sites. Further deglycoproteomics study confirmed the
significantly altered glycosylation pattern after PKM2 knockout and revealed the altered
P13K/Akt signaling pathway, which supports the previous finding that PKM2 knockdown
cancer cells rely on activation of Akt for their survival.

Experimental section

Chemicals and materials

Dithiothreitol (DTT), PNGase F and sequencing grade trypsin were from Promega
(Madison, WI). Optimal LC/MS grade acetonitrile (ACN), methanol (MeOH) and water
were from Fisher Scientific (Pittsburgh, PA). Concanavalin A (ConA), wheat germ
agglutinin (WGA), Ricinuscommunis agglutinin (RCA120), iodoacetamide (IAA), acetyl-
D18 glucosamine, D-lactose, methyl a-D-mannopyranoside and manganese dichloride were
obtained from Sigma-Aldrich (St. Louis, MO). Tris base, urea (UA), sodium chloride,
ammonium bicarbonate (ABC) and calcium chloride (CaCl,) were obtained from Fisher
Scientific (Pittsburgh, PA). Trifluoroacetic acid (TFA), triethylammonium bicarbonate
(TEAB), N, N-dimethylformamide (DMF), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium tetrafluoroborate (DMTMM), N-methylmorpholine (NMM) and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO).
Hydroxylamine solution was purchased from Alfa Aesar (Ward Hill, MA). C18 OMIX tips
were obtained from Agilent (Santa Clara, CA). Hydrophilic interaction chromatography
material (PolyHYDROXYETHYL A) was obtained from PolyLC (Columbia, MD).
Microcon filters YM-30 (30 kDa) was purchased from Merck Millipore (Billerica, MA).
PANC-1 pancreatic ductal adenocarcinoma cells were from ATCC (Manassas, VA). Duplex
DilLeu tags were custom synthesized in our own lab.®
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PANC-1 cells and breast cancer cells

Commercially available PANC1 pancreatic ductal adenocarcinoma cells were routinely
maintained in complete media of DMEM/Ham’s F-12 (1:1) (ATCC) supplemented with 10%
fetal bovine serum (Hyclone) and 1% antibiotic-antimycotic solution (Cellgro). Cell culture
flasks were placed in an incubator containing 5% CO, and 98% humidity. Cells were used
for a maximum of 15 passages and trypsinized using 0.25% trypsin EDTA solution (Gibco)
once 80% confluence was achieved. Cell pellets were rapidly washed twice with phosphate-
buffered saline, flash frozen in dry ice, and stored at —80 °C. PKM2 knockout cancer cells
and parental breast cancer cells were provided by our collaborator Xu’s group.4®

Protein extraction and digestion

PANCI1 cell pellets were lysed by sonication in a solution containing digest buffer (4% SDS,
100 mM Tris/Base pH 8.0). The bicinchoninic acid assay (BCA assay) was applied to
determine the protein concentration. To extract proteins from PKM2 knockout breast cancer
cells and parental cells, after removing the cell media, cells were rapidly rinsed with saline,
quenched with methanol, and scraped with addition of water. Chloroform was added at
certain methanol/water/chloroform ratio (v/v/v). Protein precipitate in the middle layer was
collected and dried. The upper and lower layers of supernatant were collected as polar and
nonpolar metabolites for a separate study. The proteins were stored at —80°C. The
experiments were performed with three biological replicates.

Trypsin digestion was performed based on previously reported filter-aided sample
preparation (FASP) protocol*’ with some modifications. Briefly, the protein extracts were
thawed and centrifuged at 16, 000 xg for 5 min. Then 200 pg protein was taken out to the
vial and 1 M DTT in digest buffer was added to make DTT final concentration 0.1 M.
Incubate the sample at 95°C for 3 min to reduce disulfide bonds. 200 pL of urea (UA) buffer
(8 M UA in 100 mM Tris/Base) was added into the vial and transferred onto the 30 kDa
filter. The filter was centrifuged at 14, 000 xg for 15 min. Another 200 L of UA buffer was
added to the sample and centrifuge at 14, 000 xg for 15 min. Add 100 pL of IAA buffer
(0.05 M 1AA in UA buffer) onto the filter and gently swirl to mix, then incubate in darkness
for 20 min, followed by centrifugation at 14, 000 xg for 10 min. Add 100 uL of UA buffer
onto the filter, and centrifuge at 14, 000 xg for 15 min. Repeat another 2 times. Add 100 uL
of ABC buffer (50 mM) onto the filter, and centrifuge at 14, 000 xg for 15 min. Repeat
another 2 times. All the centrifugation was at 20°C. 10 pL of trypsin and 40 pL of
ammonium bicarbonate (ABC) buffer was added onto the filter. The filter was incubated at
37°C water bath for 18h. After incubation, the filter was transferred to a fresh collection vial
and centrifuged at 14, 000 xg for 20min. 50 uL 0.5 M NaCl solution was added onto the
filter and centrifuged at 14, 000 xg for 10min. Repeat for one more time. TFA was added
into the vial to make TFA final concentration 0.25%. Samples were desalted using a SepPak
C18 SPE cartridge (Waters, Milford, MA).

Protein digest labeling with DiLeu tags for quantitation

Digested peptides from PKM2 knockout cells and parental cells were dissolved in 0.5 M
TEAB prior to labeling. DiLeu tags were suspended in anhydrous DMF and combined with
DMTMM and NMM at 0.6x molar ratios to DiLeu. The mixture was then vortexed at room
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temperature for 1h. Following centrifugation, the supernatant was immediately mixed with
protein digest. Labeling was performed by addition of labeling solution at a 10:1 label to
peptide digest ratio by weight and vortexing at room temperature for 2 h. The labeling
reaction was quenched by addition of hydroxylamine to a concentration of 0.25%, and the
labeled peptide samples were dried /in7 vacuo. The samples labeled with different DiLeu
channels were combined and were subject to strong cation exchange (SCX) chromatography
to remove excess DilLeu tags.

HILIC enrichment

HILIC enrichment was conducted following a previously reported protocol with minor
modification.26 Namely, 5 mg of HILIC beads (PolyL.C) were first activated in 100 uL
elution buffer (0.1% TFA) by vortexing for 30 min. Then the activated beads were washed
with 100 L binding buffer (0.1% TFA, 19.9% H,0, 80% ACN) for two times. 100 ug
tryptic peptides were dissolved in 250 pL of binding buffer and mixed with beads at a 1:50
peptide-to-beads mass ratio. Vortex for 1 h to allow N-glycopeptides to bind to beads. The
beads were washed with 50 L binding buffer for 6 times. N-glycopeptides were eluted by
washing the beads with elution buffer for 5 times. The eluted N-glycopeptides were dried
down /n vacuo. Supernatant during the process were collected for sequential MLA
enrichment. The separation between beads and supernatant was achieved by centrifugation.

MLA enrichment

MLA enrichment was performed based on a previously reported protocol with some
modifications*8-51 Tryptic peptides were dissolved in 80 uL 1xbinding solution (1 mM
CaCly, 1 mM MnCly, 0.5 M NaCl in 20 mM Tris/Base, pH 7.3) and transferred to the 30
kDa filter. Adding 36 pL lectin mixtures (90 pg ConA, 90 ug WGA and 90 pg RCA120 in
2xbiniding buffer) onto the filter. Incubate at room temperature for 1 h and unbound
peptides were eluted by centrifuging at 14, 000 xg for 10 min at 18°C. Wash with 200 L
binding solution for four times. Transfer the filter to a new collection vial. Add 100 pL sugar
mixtures (300 mM N-acetyl-D-glucosamine, D-lactose, methyl a-D-mannopyranoside in
1xbinding buffer) and incubate at room temperature for 30 min. This step was repeated
once. The N-glycopeptides were eluted by centrifugation. Then the samples were acidified
to 0.25% TFA and desalted by C18 OMIX tip. To prepare deglycosylated N-glycopeptides,
after adding lectin mixtures and incubation for 1 h, wash with 200 uL binding solution for
four times and 50 pl digest buffer (50 mM NH4HCO3) for two times. 8 pul PNGase F in 72
ul digest buffer was added onto the filter and incubated in 37°C water-bath for 3 h. The
deglycosylated N-glycopeptides were Eluted with 2x50 pl digest buffer by centrifugation at
14, 000 xg for 10 min at 18°C.

LC-MS/MS analysis

Samples were dissolved in 0.1% FA and analyzed on the Orbitrap Fusion™ Lumos™
Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to a Dionex
UPLC system. A binary solvent system composed of H,O containing 0.1% formic acid (A)
and MeCN containing 0.1% formic acid (B) was used for all analyses. Peptides were loaded
and separated on a 75 um x 15 cm homemade column packed with 1.7 pm, 150 A, BEH C18
material obtained from a Waters UPLC column (part no. 186004661). The LC gradient for
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intact N-glycopeptides was set as follows, 3%-30% B (18-98min), 30%-75% B (100-108
min) and 75%-95% B (108-118min). The mass spectrometer was operated in data
dependent mode to automatically switch between MS and MS/MS acquisition. For intact N-
glycopeptide analysis, an MS1 scan was acquired from 400-1800 (120,000 resolution, 4e>
AGC, 100 ms injection time) followed by EThcD MS/MS acquisition of the precursors with
the highest charge states in an order of intensity and detection in the Orbitrap (60,000
resolution, 3e5 AGC, 100 ms injection time). EThcD was performed with optimized user
defined charge dependent reaction time (2+ 50 ms; 3+ 20 ms; 4+ 20 ms; 5+ 20ms; 6 + 9 ms;
7+; 9 ms; 8+ 9ms) supplemented by 33% HCD activation. The LC gradient for
deglycosylated N-glycopeptides was set as follows: 3%-30% B (18-100min), 30%-75% B
(100-110 min) and 75%-95% B (110-111min). For deglycosylated N-glycopeptide analysis,
an MS1 scan was acquired from 300—-1500 (60,000 resolution, 2e> AGC, 100 ms injection
time) followed by MS/MS data-dependent acquisition of the 15 most intense ions with HCD
and detection in the Orbitrap (15,000 resolution, 1e* AGC, 30 NCE, 100 ms injection time).

Data analysis

All raw data files were searched against UniProt Homo sapiers reviewed database
(08.10.20186, 20, 152 sequences). Deglycosylated peptides data were searched using Sequest
HT algorithm incorporated in Proteome Discoverer (version 2.1.1.21, Thermo Scientific).
Trypsin was selected as the enzyme and two maximum missed cleavages were allowed.
Searches were performed with a precursor mass tolerance of 20 ppm and a fragment mass
tolerance of 0.03 Da. Static modifications consisted of DiLeu labels on peptide N-termini
and lysine residue (+145.1240 Da), carbamidomethylation of cysteine residues (+57.02146
Da). Dynamic modifications consisted of oxidation of methionine residues (+15.99492 Da),
deamidation of asparagine (+0.98402 Da) and oxidation of methionine (+15.9949 Da).
Three maximal dynamic modifications were allowed. Peptide spectral matches (PSMs) were
validated based on g-values to 1% FDR (false discovery rate) using percolator. Quantitation
was performed in Proteome Discoverer with a reporter ion integration tolerance of 20 ppm
for the most confident centroid.

For intact N-glycopeptide analysis, data were searched using PTM-centric search engine
Byonic (version 2.9.38, Protein Metrics, San Carlos, CA) incorporated in Proteome
Discoverer (Figure 1). All the parameters were set the same as deglycosylated N-
glycopeptide analysis except the following settings. N-glycosylation on asparagine and
deamidation on asparagine and glutamine were set as common modifications. Oxidation of
methionine (+15.9949 Da) was set as rare modification. Two common maodification and one
rare modification were allowed. Human N-glycan database embedded in Byonic, which
included 182 glycan entities, was used. As for glycopeptide FDR control, Byonic default
settings was applied that cut the protein list after the 20th decoy protein or at the point in the
list at which the protein FDR first reached 1%, whichever cut resulted in more proteins.
After that, Byonic estimated the spectrum-level FDR of the remaining PSMs to the reported
proteins which typically were in the range 0-5%. Only those N-glycopeptides with PSMs
FDR < 1% were reported.
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Results and Discussion

Comparison between HILIC and MLA

In a previous study, ion paring HILIC has been reported to increase the difference in
hydrophilicity between glycosylated and non-glycosylated peptides, which largely decreased
the non-specific binding and increased the coverage of N-glycosylation sites.52 Thus, ion
pairing HILIC (IP-HILIC) method was used in our study by adding TFA as the ion pairing
reagent. Compared with single lectin method, multi-lectin affinity (MLA) method can
increase N-glycopeptide coverage by binding to different glycan moiety.%0 In our study,
lectin mixtures containing ConA, WGA and RCA 120 were selected to simultaneously
capture mannose, sialic acid, N-acetylglucosamine and galactose to improve N-glycopeptide
enrichment ability. Starting from 200 pug proteins from PANCL1, a total of 433 intact N-
glycopeptides were identified using HILIC method and 582 intact N-glycopeptides were
identified using MLA method (Table S1). The Venn diagram analysis in Figure 2 shows that
only 103 N-glycopeptides were overlapped. HILIC and MLA enrichment analyses were also
carried out in a separate cell aliquot to demonstrate the reproducibility of the results (Figure
S2). A closer look at the composition of the 433 N-glycopeptides enriched by HILIC shows
that sialylated N-glycopeptides comprise 71% of the identified N-glycopeptides. This is
probably because sialic acid increases the hydrophilic interactions between the N-
glycopeptides and HILIC beads, resulting in preferential enrichment of sialylated N-
glycopeptides. It has been reported that sialylated N-glycopeptides bind HILIC sorbent
stronger than non-sialylated N-glycopeptides under commonly used acidic conditions.>3
While for MLA method, the sialylated N-glycopeptides enriched only comprise 12%, even
though WGA in the lectin mixtures binds to sialic acid. One possible reason is that WGA
also binds to N-acetylglucosamine, which may cause other high-mannose and complex
glycans to compete for the binding. Our results showed that HILIC preferentially enriches
sialylated N-glycopeptides, while MLA preferentially enriches non-sialylated N-
glycopeptides. For example, N-glycopeptide [R].EAGNHTSGAGLVQINK.[S] from cation-
dependent mannose-6-phosphate receptor, which was N-glycosylated at the 4th asparagine
residue, was identified using both of these two methods. With HILIC method, eight out of
nine N-glycans identified at this site were sialylated glycans. In sharp contrast, three out of
eight were sialylated glycans using MLA method. Another interesting observation between
these two methods is the ability to enrich paucimannosidic N-glycopeptides, which consist
of two A-acetylglucosamine, 1-3 mannose residues and an optional fucose residue. Out of
433 glycopeptides identified by HILIC, only 3 of them were paucimannosidic N-
glycopepitdes. For MLA enrichment method, 80 out of 582 were paucimannosidic N-
glycopeptides. This is because, in order for glycopeptides to be captured by HILIC beads, a
minimum degree of local hydrophilicity is needed, which does not appear to be provided by
the paucimannosidic y~glycopepitdes.>* This indicates that the nature of the individual
glycan significantly influences the HILIC retention behavior of these lowly hydrophilic
truncated N-glycans attached to peptides. In comparison, lectin captures N-glycans through
recognizing a specific glycan moiety, which is not influenced by the hydrophilicity of
glycans. Therefore, in order to achieve more comprehensive enrichment of different N-
glycopeptides, our results indicate that there is a need for sequential enrichment. With no
salt used in HILIC method, MLA enrichment could be directly performed with the flow-
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through after HILIC enrichment. After combining these two enrichment methods, a total of
1067 intact N-glycopeptides were identified, representing 311 glycosylation sites and 88 N-
glycan compositions from 205 glycoproteins as shown in Figure 3A. As a consequence of
sequential enrichment, there are about 80% increase in the number of intact N-
glycopeptides, 40% increase in glycosylation sites and 35% increase in glycoproteins
compared to individual enrichment method. Among the 88 N-glycans identified along with
the 1067 N-glycopeptides, we found that almost all categories of N-glycans were identified,
including high-mannose, hybrid and complex types along with the N-glycan synthesis
pathways (Figure 3B). Besides 79 of N-glycans identified in the classical synthesis pathway,
9 paucimannosidic N-glycans from 84 N-glycopeptides and 38 glycoproteins were also
identified in the unconventional truncation pathway. Gene ontology analysis of these
glycoproteins revealed that they were most enriched in lysosome, which was in accordance
with the previous finding.%®

Intact N-glycopeptide quantitation enabled by EThcD

Intact N-glycopeptide analysis was conducted by utilizing EThcD as fragmentation method.
As shown in Figure 4A, a series of fragment ions including c/z, by ions, glycan fragment
ions and glycopeptides with one or more loss of monosaccharides were detected. In the low
mass region, the glycan signature oxonium ions including /7/z 138.06 (HexNAc-2H,0-
CH,0), 168.06 (HexNAc-2H,0), 186.08 (HexNAc-H,0) and 204.09 (HexNAc), were
detected, confirming that the spectrum belonged to a glycopeptide. For relative quantitation,
intact N-glycopeptides from different samples were labeled by isobaric duplex Dileu tags,
which were custom synthesized by incorporating stable isotopes (13C, 2H, 180 and 1°N) into
the reporter group and mass-balanced group, creating reporter ions at /7/z 115.12476 and
117.13731. When designing the DilLeu tags, we have intentionally grouped the deuterium
atoms surrounding the tertiary amine group in the DiLeu tag and also only used a small
number of deuterium atoms in DiLeu tag to minimize the isotope effect. As a result, the
increased polarity of the amine group has successfully offset the small deuterium number
difference in the tags with a negligible difference in retention time using RP
chromatography.*® The reliable and robust quantitation ability of DiLeu tags up to 12-plex
for quantitative proteomics studies have been demonstrated.>%-61 Recently, our group has
successfully applied Dileu tags for quantitation of labile PTM enabled by EThcD.52 Even
though ETD has been well-known to preserve labile PTMs, the intensity of reporter ions
produced is often quite low so that the quantitation accuracy is compromised. While HCD
provides high reporter ion intensity, labile PTMs are poorly preserved. Utilizing the novel
EThcD hybrid fragmentation method, where a supplemental energy is applied to all
fragment ions formed by ETD, we were able to successfully apply DilLeu tags for reliable
quantitative phosphoproteomics study with increased phosphorylation site confidence.52 In
this regard, we propose quantitation of intact glycopeptides could also benefit from EThcD
for site-specific characterization as well as accurate quantitation. As shown in Figure 4A,
reporter ions with decent intensities next to the base peak (HexNAc oxonium ion) were
produced in the low mass region, which facilitated the accurate and reliable quantitation of
intact glycopeptides. As oxonium ions are easily generated due to the labile glycosidic
bonds, the oxonium ion would always be the base peak, which was also observed for
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isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass tags (TMT)
labeled intact N-glycopeptides.63-65

To delineate to what extent the labile glycans affect the overall reporter ion yield, we
compared the reporter ion yield efficiency between the labeled N-glycopeptides and labeled
nonglycosylated peptides. After HILIC and MLA enrichment, there were still a few
nonglycosylated peptides residuals, because of overlapping hydrophobicity between N-
glycopeptides and non-glycosylated peptides and non-specific binding of nonglycosylated
peptides to lectin. Thus, the reporter ions generated from the labeled N-glycopeptides and
labeled nonglycosylated peptides in the same run would serve as perfect examples for their
reporter ion yield comparison with a minimized instrument and sample variations. As shown
in Figure S1, compared to nonglycosylated peptides, the average reporter ion intensity
generated by labeled N-glycopeptides was 6x times lower and the average precursor
intensity was 3x times lower, which is largely due to the lower abundance and poorer
ionization efficiency of N-glycopeptides. In addition, the labile glycosidic bonds could
negatively impact the yield of reporter ions, which leads to a 2-fold lower reporter ion yield
for N-glycopeptides. To this end, compared to EThcD, HCD mode may generate a higher
reporter ion yield of intact N-glycopeptides given sufficient collision energy being used.
However, it should be noted that if a higher HCD collision energy is used to increase the
reporter ion yield, glycan fragments may dominate and compromise the peptide backbone
fragmentation. Unlike the longer cycle time needed for ETD reaction, HCD also affords a
faster scan speed that allows more spectra to be collected in one cycle. However, the EThcD
fragmentation technique could produce many more information-rich fragments including c/z
ions and peptide ions with partial or intact glycan preserved, resulting in improved spectral
quality. To conclude, the reporter ion yield, the number of total scans, and spectral quality
should be considered when choosing the most effective fragmentation technique for
quantitative analysis of intact glycopeptides.

Intact N-glycopeptide quantitation between PKM2 knockout cells vs. parental breast

cancer cells

PKM2 knockout breast cancer cell lines were recently generated by CRISPR/cas9 method#®
and used in this glycoproteomic study. In total, 45 intact N-glycopeptides (39 up-regulated
and 6 down-regulated) from 22 glycoproteins were significantly regulated (p< 0.05 and
+1.5-fold) in PKM2 knockout cells vs. parental breast cancer cells (Figure 5B, Table S2).
Using the developed approach, we were able to quantify different glycoforms on a single
glycosylation site and reveal different glycosylation pattern. One example is lysosome-
associated membrane glycoprotein 1 (LAMP-1), which has been shown heavily N-
glycosylated previously.®8: 7 A total of 20 N-glycopeptides from six glycosylation sites
were quantified and N-glycopeptides from four representing glycosylation sites were shown
in Figure 7. Five glycoforms were quantified on the 7th asparagine residue on glycopeptide
[R].LLNINPNK.[T], including one high-mannose N-glycan and four fucosylated N-glycans.
The results show that the high-mannose glycoform was up-regulated, while the four
fucosylated glycoforms remained unaltered after PKM2 knockout, which indicates that
different kinds of glycoforms respond differently even on the same glycosylation site. On the
third asparagine residue of N-glycopeptide [R].KDNTTVTR.[L], 4 out of 5 fucosylated
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glycoforms detected showed an up-regulation after PKM2 knockout. Overall, there was an
up-regulation of fucosylation on glycoprotein LAMP-1, which was also observed for
LAMP-2. LAMP-1 and LAMP-2 were mainly found in the lysosomes and late endosomes
and were known to maintain the lysosomal acidification and lysosomal membrane integrity.
68 |n addition to their role in lysosomal biogenesis, it was also reported that LAMP-1 and
LAMP-2 are associated with autophagosome accumulation and biogenesis.%? 70 A lack of
fucosylation may alter the integrity of LAMP-1 and LAMP-2, which in turn may affect the
dynamic distribution of lysosomes. In addition, the fucosylated LAMP-1 and LAMP-2
forms are responsible for regulating autophagy biogenesis, which may influence tumor
development and progression.’! Besides LAMP-1 and LAMP-2, an increased fucosylation
was also observed for other glycoproteins including prosaposin, palmitoyl-protein
thioesterase 1, galectin-3-binding protein and dipeptidyl peptidase 2. In fact, increased
fucosylation has been reported to have unique biological significance in cancer.”2 For
example, in breast cancer, increased core fucosylation of epidermal growth factor receptor
(EGFR) has been found to result in increased EGFR-mediated signaling associated with
tumor cell growth and malignancy.”3 74

On the other hand, PKM2 was found to be preferentially expressed in cancer cells’ and it
significantly affected the levels of substrates used for protein glycosylation by regulating the
last step of glycolysis.”® Thus, it has been speculated that PKM?2 attributes to glycosylation
alteration in cancer by affecting the availability and abundance of the sugar nucleotide
donors.”® However, whether PKM2 alters the glycosylation pattern remains unknown. Our
comparative glycoproteomics study using paired parental and PKM2 knockout breast cancer
cells revealed alteration in glycosylation patterns after PKM2 knockout, providing evidence
that PKM2 contributed to the altered glycosylation in cancer. In particular, fucosylation, one
of the most widely reported glycosylation often altered in cancer cells, was notably affected
by knocking out PKM2.

Deglycosylated peptide quantitation enabled by HCD

Due to glycosylation micro-heterogeneity, various glycoforms can exist on the same
glycosylation site. By enzymatically removing these glycoforms with PNGase F,
deglycosylated peptides could be obtained with the marker of asparagine (Asn) being
deamidated indicating the exact glycosite.”” After this step, the abundance of glycopeptides
with different glycoforms will be merged into one glycosylation site-containing peptide,
increasing the chance to be detected. Also the ionization efficiency will be largely increased
by removing the hydrophilic glycan and signal suppression was greatly reduced by other
more abundant nonglycosylated peptide, increasing the coverage of glycosylation site.
Despite losing the site-specific glycoform information, deglycoproteomics approach could
provide complementary information about alterations of glycoproteins. Thus, deglycosylated
peptides were analyzed using HCD after PNGase F treatment. Figure 4B shows the spectrum
of a duplex DiLeu labeled deglycosylated peptide, with a wealth of peptide backbone
fragments and reporter ion fragments being detected. The N-glycosylation site was identified
by the signature asparagine deamidation after PNGase F treatment. To avoid any false-
positive assignment of N-glycosites brought by spontaneous deamidation,’” aliquots of
intact N-glycopeptides were used as negative control samples and analyzed directly by LC-
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MS/MS without PNGase F treatment. Furthermore, all the deglycosylated glycopeptides
identified in the study contain NXS/T (where X#proline) consensus motifs to ensure
confident identification. A total of 484 deglycosylated peptides were quantified, among
which 81 glycosylations sites from 70 glycoproteins, showed significant changes with more
than 1.5-fold (p<0.05) alterations (Figure 5A, Table S3). KEGG pathway analysis revealed
that these altered glycoproteins are highly enriched in ECM-receptor interaction,
arrhythmogenic right ventricular cardiomyopathy (ARVC), PI3K/AKkt signaling pathway,
cell adhesion molecules (CAMs) and focal adhesion pathways (Figure 6A, Table S4).

One interesting observation was the alteration of the PI3K/Akt signaling pathway that was
highly enriched. In our study, 10 glycoproteins along the PI3K/Akt pathway were found to
be significantly altered in PKM2 knockout cells, including insulin like growth factor 1
receptor (IGF1R), insulin receptor (INSR), integrin subunit alpha V (ITGAV), integrin
subunit beta 1 (ITGB1), integrin subunit beta 6 (ITGB6), ephrin A4 (EFNA4), laminin
subunit alpha 5 (LAMADB), laminin subunit beta 1(LAMB1), laminin subunit beta 2
(LAMB2) and thrombospondin 1 (THBS1) (Table 1). PKM 2 plays an important role for
anabolic glycolysis to support rapid proliferation of cancer cells.”® Previous studies have
shown that PKM2 knockdown only leads to a modest impairment of cancer cell survival but
the mechanism remains elusive. One study showed that knockdown of PKM2 leads to
activation of Akt and inhibition of PI3K/Akt signaling pathway, resulting in significant
growth inhibition and apoptosis in PKM2 knockdown cells, which indicated Akt activation
was necessary for the survival of PKM2 knockdown cells.”8 In fact, activated Akt is a well-
established survival factor and activated Akt modulates the function of many substrates
involved in the regulation of cell survival, cell cycle progression and cellular growth.”® Thus,
our results offer additional evidence to support that PKM2 knockout cells may rely on
regulation of the PI3K/Akt pathway to survive. Gene ontology biological process analysis
revealed that cell adhesion, positive regulation of cell migration, cell adhesion mediated by
integrin, viral entry into host cell, extracellular matrix organization, leukocyte migration and
integrin-mediate signaling pathways are the main biological processes that have been
affected (Figure 6C, Table S4). According to our observation, there was a decrease in cell
migration after PKM2 knockout, which agreed well with the alteration of positive regulation
of cell migration pathway. Gene ontology cellular component analysis showed that both
intracellular and extracellular glycoproteins were affected, including those localized in
extracellular exosome, cell surface, and endoplasmic reticulum, etc. (Figure 6B, Table S4).

Both altered glycosylation and metabolic reprogramming have been extensively reported in
cancer cells.80: 81 Glycosylation is generated from metabolites and is also a nutrient-
sensitive post-translational modification of proteins. At the same time, as one of the key cues
for cellular signals, glycosylation also regulates metabolism through various receptors and
signal transduction pathways that regulate metabolism.3 This implies that these two most
common features, glycosylation signaling and metabolism, of cancers cells might be
intervened.82 PKM2, a limiting glycolytic enzyme that catalyzes the final step in glycolysis,
plays essential role in metabolic changes in cancer cells. Many studies83-85 have shown
PKM2 was preferentially expressed in cancer cells and it contributes to the accumulation of
metabolites intermediates, which are the sources of substrates for protein glycosylation.
Thus, PKM2 has been implicated to be involved in the glycosylation alteration in cancer.3’
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To directly address the question whether and how PKM2 knockout alters the overall
glycosylation pattern in cancer cells, we employed PKM2 knockout cell lines for
quantitative glycosylation studies. Indeed, altered glycosylation was detected by knocking
out PKM2, which confirms the previous speculation as well as provides direct evidence that
metabolism and signaling pathway were tightly regulated. On the other hand, previous study
showed that activation of Akt is necessary for the survival of PKM2 knockdown cells,
suggesting that combination of PKM2 knockdown with PI3K or Akt inhibitors may be
therapeutically effective. Our study identified 10 N-glycoproteins with altered glycosylation
in the PI3K/Akt pathway upon loss of PKM2, which could provide the potential targets for
follow-up studies.

Conclusions

In the present study, a dedicated large-scale site-specific quantitative N-glycoproteomics
workflow has been established. By employing FASP method for trypsin digestion, SDS
could be used to enhance the extraction efficacy of membrane glycoproteins. Intact N-
glycopeptide enrichment efficiencies with HILIC and MLA were compared for the first
time. The results show that HILIC preferentially enriched sialylated N-glycopeptides while
MLA preferentially enriched nonsialylated glycopeptides, implying that a sequential
enrichment procedure would improve intact N-glycopeptide enrichment efficiency.
Benefiting from EThcD, site-specific intact glycopeptide structure characterization and
quantitation can be achieved in one spectrum, which also provides an opportunity for FDR
control at the intact glycopeptide level. Using PTM-centric search engine Byonic, FDR-
based large-scale glycoproteomics was achieved. Furthermore, we successfully applied this
developed workflow to study the glycosylation alteration in PKM2 knockout breast cancer
cells vs. parental cells. Upon loss of PKM2, the abundance ratios of different glycoforms on
the same glycosylation vary differently and an increased fucosylation was observed in
several of the examined glycosylation sites. Further deglycoproteomics study revealed that
the 10 glycoproteins in PI3K/Akt signaling pathway were altered, which supported the
previous finding that PKM2 knockdown cancer cells rely on the activation of Akt for their
survival.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic illustration of the workflow for intact N-glycopeptides and deglycosylated

peptide analysis.
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Figure 2.
The Venn diagram analysis of intact N-glycopeptides (A) and N-glycosylation sites (B)

enriched by HILIC and MLA methods. (C) The comparison of the percentage of sialylated
N-glycopeptides enriched by HILIC and MLA respectively.
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Figure 3.
(A) The comparison of the number of intact N-glycopeptides, N-glycosylation sites and N-

glycoproteins enriched by HILIC, MLA and sequential HILIC and MLA enrichment. (B)
Different types of N-glycans along the N-glycan synthesis enriched by sequential HILIC and
MLA enrichment. EThcD was used for N-glycopeptide identification.
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Reporter ions

Page 20

m/z 978.4596 z=3

(A) The EThcD mass spectrum of duplex DiLeu labeled intact N-glycopeptide. (B) The
HCD mass spectrum of duplex DiLeu labeled deglycosylated peptide.
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Figureb.

(A) Volcano plot of the quantitation results of deglycosylated peptides in PKM2 knockout
(PKM2 KO) and parental breast cancer cells. (B) Volcano plot of the quantitation results of

intact N-glycopeptides in PPKM2 KO and parental breast cancer cells.
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Figure®6.
KEGG pathway analysis (A), gene ontology cellular component (B) and gene ontology

cellular component (C) analysis of the significantly altered glycoproteins.
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Figure7.

Quantitative analysis of intact N-glycopeptides from Lysosomal-associated membrane
protein 1 (LAMP-1). The letter “N” in red denotes the N-glycosylation site.
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Altered glycoproteins involved in PI3K—Akt signaling pathway

Table 1

Uniprot Gene Glycosylation Fold Up or
ID Name position change | down
P52798 EFNA4 P52798 [28-38] 0.63 |
P08069 IGFIR P08069 [223-252] 0.56 ¢
P08069 [741-753] 0.47 |
P06213 INSR P06213 [697-714] 1.67 0
P06756 ITGAV P06756 [73-88] 1.84 1
P06756 [865-883] 2.07 0
P05556 ITGB1 P05556 [403-414] 1.89 1
P18564 ITGB6 P18564 [459-466] 3.17 0
P18564 [567-594] 321 1
015230 | LAMAS5 | 015230 [3106-3123] 0.61 ¢
P07942 | LAMB1 | P07942 [1271-1283] 3.58 1
P55268 LAMB2 | P55268 [1347-1365] 0.57 |
P07996 THBS1 P07996 [1065-1077] 0.50 |
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