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Abstract

The study of exosomes has become increasingly popular due to their potentially important
biological roles. Urine can be used as an effective source of exosomes for noninvasive
investigations into the pathophysiological states of the genitourinary tract, but first, detailed
characterization of exosomal components in healthy individuals is essential. Here, we significantly
extend the number of N-glycan compositions, including sulfated species, identified from urinary
exosomes and determine the sialic acid linkages for many of those compositions. Capillary
electrophoresis-mass spectrometry (CE-MS), matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS), and capillary liquid chromatography-tandem mass spectrometry (LC-
MS/MS) were used to identify N-glycan and sulfated N-glycan compositions. Second, because the
alteration of sialylation patterns has been previously implicated in various disease states, ion-
exchange chromatography, microfluidic capillary electrophoresis (CE), and MALDI-MS were
adopted to resolve positional isomers of sialic acids. Structures of the sialyl-linkage isomers were
assigned indirectly through a.2-3 sialidase treatment and sialic acid linkage-specific
alkylamidation (SALSA). In total, we have identified 219 N-glycan structures that include 175
compositions, 64 sialic acid linkage isomers, 26 structural isomers, and 27 sulfated glycans.
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The analysis of exosomes is a rapidly expanding field with some importance to cancer
diagnosis and therapy, as exosomes could be a promising source of potential disease
biomarkers.1~2 Exosomes are small vesicles (typically 30—100 nm) released by cells through
fusion of the multivesicular body with the plasma membrane.3~ Released exosomes can be
found in the extracellular space and circulating body fluids. With mRNA, miRNA, and
proteins enclosed, released exosomes can transfer information and materials originating
from their parent cells to various body sites, as well as modulate intercellular
communication and dispose of cellular waste products.5®

For tumor cells, the exosome biogenesis appears enhanced.’ Through reaching both adjacent
and distant body sites,® cancer-derived exosomes may promote the development of cancer by
supporting tumor proliferation, invasion, and angiogenesis and by suppressing the immune
system.? As the contents enclosed in exosomes resemble their parent cells, signaling and
metabolic alterations of tumor cells can be monitored through analysis of cancer-derived
exosomes.10 Consequently, the pathological development and pharmacological response of
cancer patients can potentially be interpreted by analyzing the exosomes in various body
fluids.> Among these body fluids, urine is readily available in large volumes, and its
collection is non-invasive for patients. Particularly, the molecular analysis of urinary
exosomes can potentially help identify biomarkers of the urinary system diseases, such as
bladder cancer and prostate cancer. So far, mRNA and proteins derived from urinary
exosomes have been extensively studied,11-14 but only a few studies have been directed
toward the glycomic information on proteins derived from urinary exosomes.1>-17
Consequently, the need to characterize the exosomal glycomes in structural terms is obvious,
and here, we provide a thorough characterization of N-glycans provided by state-of-the art
analytical techniques.

As a crucial post-translational madification, glycosylation plays a vital role in a broad range
of biological processes, including protein function, cell metabolism, and host-pathogen
interactions.18 Various types of cancer alter the expression of glycosyltransferases, tertiary
conformation of peptides, and availability of sugar nucleotide donors and cofactors;
consequently, aberrant glycosylation patterns have been widely observed.1® For instance, the
overexpression of p1,6-branched N-glycans, core-fucosylated N-glycans, sialyl Lewis X/A
structures, and sialylated structures have been observed in the glycoproteins of cancer cells.
19-21 Additionally, aberrant glycosylation patterns have been proposed to be associated with
tumor proliferation, invasion, altered metastasis, and angiogenesis.?! Therefore, the onset
and progression of cancer can be reflected by altered glycosylation patterns, and glycomic
profiling can potentially lead to identification of cancer biomarkers.22 However, the
universal existence of isomeric monosaccharides, branched structures, linkage isomers,
positional isomers, and various other modifications of glycans, e.g., sulfation, contribute to
the enormous structural diversity of glycans, making a comprehensive structural
identification of glycans extremely challenging.

To provide structurally extensive information, complementary glycan profiling techniques
have been incorporated here to identify and profile N-glycans derived from the glycoproteins
of human urinary exosomes (see Table 1). lon-exchange chromatography6 fractionated N-
glycans based on their charge states and simplified the structural identification steps.
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Capillary electrophoresis-mass spectrometry (CE-MS) separated and identified the N-
glycans fractions of human urinary exosomes with high separation efficiency and detection
sensitivity. Liquid chromatography-mass spectrometry (LC-MS) analysis confirmed N-
glycan compositions, and tandem mass spectrometry (MS/MS) provided more detailed
structural information on the identified N-glycan compositions, whenever feasible.

Even with this set of complementary techniques, the sialyl-linkage isomers, the alteration of
which has been proposed in association with the development of cancer,17:23 cannot be
easily resolved and subsequently identified. Consequently, we have adopted several
strategies for the indirect structural assignment of the N-glycan profile, including
fractionation and concentration with ion-exchange chromatography, digestion with
exoglycosidases, derivatization by methylamidation and sialic acid linkage-specific
alkylamidation (SALSA),24 and analysis by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). In particular, a2-3 sialidase digestion and SALSA
derivatization identified sialic-acid linkage isomers, and these two approaches showed
consistent results for the structural identification of sialylated structures. Sialyl linkages of
major N-glycan compositions were then resolved and assigned to the N-glycomic profile of
human urinary exosomes by microfluidic capillary electrophoresis (CE) with laser-induced
fluorescence (LIF) detection.2®

Experimental Section

The following sections are included in the Supporting Information: list of materials, LC-MS
characterization of urinary exosomes, exosome size measurements by dynamic light
scattering (DLS), total protein determination by bicinchoninic acid (BCA) assay, reduction
and permethylation of N-glycans, extraction of permethylated sulfated N-glycans,
fractionation of permethylated N-glycans through C-18 columns, digestion of N-glycans
with sialidase and fucosidase, fabrication of microfluidic CE devices, poly(acrylamide)
coating of microchannels, microfluidic CE analysis, MALDI-MS analysis, and LC-MS and
MS/MS analysis.

Isolation of Exosomes from Human Urine.

Urinary exosomes were isolated through a multi-step differential centrifugation.1 To each
20 mL of commercial normal human urine (pooled gender, BioreclamationI\/T) or urine
from healthy male volunteers, 200 pL of 2% sodium azide and a half tablet of Protease
Inhibitor Cocktail (PIC) were added. Urinary sediment was removed after centrifugation at
17,000 g for 60 min. The pellet was re-dissolved in 500 pL of isolation solution (10 mM
triethanolamine, 250 mM sucrose, 0.02% NaNs, and 100 mg dithiothreitol at pH 7.6) and
centrifuged at 14,000 g for 7 min. Supernatants from the two centrifugation steps were
combined and ultracentrifuged at 200,000 g for 2 h. Subsequently, the pellet was re-
dissolved in 20 mL of phosphate buffered saline (PBS) containing 0.02% sodium azide and
ultracentrifuged again at 200,000 g for 2 h. For DLS characterization, the pellet was
reconstituted in 3 mL of PBS buffer. For the BCA assay and glycomic analysis, the pellet
was dissolved in 300 pL of 50 mM phosphate buffer containing 0.2% SDS and incubated at
60 °C for 10 min.
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Release of N-Glycans through Peptide-N-Glycosidase F (PNGase F) Digestion.

N-Glycans were released from proteins through enzymatic digestion.26 Glycoproteins were
denatured through the addition of 0.1% SDS and 0.2% 2-mercaptoethanol and incubated at
60 °C for 1 h. NP-40 was subsequently added to encapsulate SDS into the detergent
micelles. To release N-glycans, denatured glycoproteins were incubated with PNGase F for
18 h at 37 °C. The released N-glycans were then purified by solid-phase extraction on
activated charcoal columns.2’

Fractionation of Intact N-Glycans by lon-Exchange Chromatography.

Reduced or reducing native N-glycans released by PNGase F digestion were fractionated
through Oasis MAX extraction cartridges.1® Cartridges were pre-conditioned sequentially
with 1 mL of 95% acetonitrile, 2 mL of 100 mM sodium acetate, 6 mL of H,0, and 6 mL of
95% acetonitrile. The intact glycans derived from 50-100 uL of urinary exosomes were
dissolved in 3 mL of 95% acetonitrile and loaded onto the cartridges by gravity. To
maximize sample loading onto the cartridges, the loading step was performed three times
before elution. Then, N-glycans loaded onto the cartridges were eluted stepwise with 5 mL
of 50% acetonitrile and 3 mL of 10, 20, 50, and 100 mM sodium acetate to fractionate
glycans on the basis of their charge states. The eluents were then desalted through active
charcoal columns.

Methylamidation of Sialic Acids.

Sialic acids of glycans were neutralized and stabilized through methylamidation.2> Carboxyl
groups of sialic acids were activated by adding 5 pL of 100 mM PyAOP in DMSO. A5 L
aliquot of 1 M 4-methylmorpholine and 2 M methylamine hydrochloride in DMSO was
added to the sample to produce basic conditions and methylamidate the carboxyl groups.
The reaction proceeded at room temperature for 2-8 h and was subsequently quenched by
adding 240 L of 85% acetonitrile. Neutralized glycans were then purified through solid-
phase extraction on amino columns.2®

Sialic Acid Linkage Specific Alkylamidation (SALSA).

SALSA is a sequential two-step alkylamidation reaction to neutralize charge on sialic acids
and differentiate their linkage isomers.24 First, fractionated native glycans were incubated
with 20 pL of the first alkylamidation solution, containing 2 M isopropylamine
hydrochloride (iPA-HCI), 0.5 M hydroxybenzotriazole (HOBLt), and 0.5 M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) in DMSO. This
isopropylamidation step proceeded at room temperature for 1 h, and the products were
purified through solid-phase extraction on amino columns. To the eluent, a methylamine
solution was added to a final concentration of 1% (v/v), and the eluent was dried in a
Centrivap concentrator. The dried products were then methylamidated in a second
alkylamidation step, similar to the methylamidation reaction.

Labeling of N-Glycans with 8-Aminopyrine-1,3,6-trisulfonic Acid (APTS).

For microfluidic CE, the alkylamidated glycans were subsequently labeled with APTS to
impart a —3 charge for electrophoretic separation and a fluorophore for laser-induced
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fluorescence detection.28 To each neutralized N-glycan sample, 1 pL of 0.9 M APTS and 1
uL of 1 M NaBH3CN were added. The labeling reactions proceeded at 55 °C for 2-6 h.
Afterward, free APTS was removed through overnight dialysis, and the APTS-labeled
glycans were dried with a Centrivap concentrator.

Labeling of N-Glycans with Girard’s Reagent T (GT).

For CE-MS, the alkylamidated glycans were then labeled with GT to impart a +1 charge for
electrophoretic separation and MS analysis in positive ion mode. Neutralized glycan samples
were reconstituted in 25 pL of 0.02 M Girard’s reagent T in 10% acetic acid. Samples were
then incubated at 55 °C for 4 h and dried with a Centrivap concentrator.

Capillary Electrophoresis-Mass Spectrometry (CE-MS).

Results

On a CESI 8000 instrument (SCIEX Separations, Framingham, MA), a neutral capillary
cartridge (30 um i.d. x 90 cm length; Opti-MS, B07368, SCIEX Separations) was pre-
conditioned sequentially with 0.1 M HCI, water, and 10% acetic acid (v/v) as the
background electrolyte (BGE) for 10 min each at 100 psi. The conductive side capillary was
pre-conditioned with water and BGE for 5 min each at 100 psi. The separation capillary was
electrically conditioned with a separation voltage of 30 kV and applied pressure of 10 psi.

N-Glycan fractions labeled with Girard’s Reagent T (GT), which were derived from a 50 uL
aliquot of urinary exosomes, were dissolved in 10 pL of 5% BGE. Sample was injected into
the capillary hydrostatically at 1 psi for 25 s, followed by the electrophoretic separation with
an applied potential of 25 kV. For delayed-flow operation, a pressure of 2 psi was applied to
the capillary 40 min after the electrophoretic separation was initiated. An adapter kit
connected the capillary to the nanospray source of an LTQ Orbitrap mass spectrometer
(Thermo Fisher, Waltham, MA). A 1-kV potential was applied through the Xcalibur
software (Version 2.2, Thermo Fisher) to generate a stable electrospray. Positive ions
ranging from 100-2000 77/ z were collected and analyzed by the FTMS analyzer. Extracted
ion electropherograms (EIEs) for individual /7/zvalues (+ 0.1 Da) were boxcar-averaged (7
points), exported, and plotted in OriginPro 2018. The ten structures with the lowest /7/z ratio
were detected with a mass accuracy of 50-80 ppm due, in part, to their small mass-to-charge
ratios. All the other structures were detected with a mass accuracy < 50 ppm with 65 of
those structures detected with a mass accuracy < 20 ppm.

Isolation of N-Glycans Derived from Urinary Exosomes.

Following centrifugal isolation, exosome samples were analyzed by dynamic light scattering
(DLS), and their diameters ranged from 30-100 nm with aggregated species having an
average diameter of ~200 nm (Figure S1). The isolated exosomes yielded a total protein
concentration of 1.5 ug/uL as measured by the bicinchoninic acid (BCA) assay. Therefore,
~450 ug of exosomal proteins were isolated from 20 mL of human urine. To confirm the
presence of N-glycans derived from glycoproteins in these exosomes, samples were treated
with PNGase F, neutralized by methylamidation, labeled with 8-aminopyrene-1,3,6-
trisulfonic acid (APTS), and analyzed on a microfluidic CE device (Figure S2). The
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electropherograms showed an abundance of well-resolved N-glycans (Figure 1a), especially
tetra-antennary structures. Additionally, the enzymatically cleaved N-glycans were
methylamidated, and their compositions were profiled through MALDI-MS analysis (Figure
S3). The MALDI-MS spectrum was in good agreement with our previously published N-
glycan profile of healthy male volunteers.16

Fractionation of Released Native N-Glycans.

To further characterize the N-glycan composition, the N-glycans released from exosomes
were fractionated by ion-exchange chromatography,1® which simplifies subsequent
structural identification. Here, released native N-glycans were preconcentrated and
fractionated by ion-exchange chromatography on the basis of their charge states and,
subsequently, neutralized by methylamidation, labeled with APTS, and analyzed by
microfluidic CE (Figure 1b). For N-glycans released from human urinary exosomes, the
charge state primarily represents the number of sialic acid residues, which is the only
charged monosaccharide in human N-glycans. Moreover, phosphorylation and sulfation of
glycans can generate extra charge(s), and some sulfated glycans have been detected in
urinary exosomes16 and are further characterized below.

To confirm the fractionation of N-glycans is based on the number of sialic acids, the
methylamidated N-glycan fractions were analyzed by MALDI-MS (Figure S4), and the
majority of N-glycans were detected in the fractions corresponding to their degree of
sialylation. Some N-glycan structures with fewer sialic acids were observed in tri-sialylated
and tetra-sialylated fractions. The existence of those structures may be due to an incomplete
fractionation by ion-exchange chromatography, or less likely, a loss of labile sialic acid
groups during the sample preparation process.

By comparing the relative intensity and /m/z ratios of the structures in Figure S4 with the
areas and migration times of peaks in the electropherogram (Figure 1b), a few N-glycan
peaks in Figure 1b could be assigned by their corresponding N-glycan structures. For
instance, in the mono-sialylated fraction, two major N-glycan compositions were detected
(Figure S4b) and assigned to one bi-antennary structure and its fucosylated counterpart.
Therefore, in the electropherogram (Figure 1b), the two intense peaks were assigned to these
two bi-antennary structures. Additionally, the full N-glycan profile can be reconstructed by
combining the profiles of the corresponding fractions together. However, due to a possible
sample loss during fractionation, the relative peak intensities among fractions were slightly
different from that of the full profile.

Structural Identification with CE-MS and LC-MS.

All N-glycan fractions were analyzed by CE-MS to identify N-glycan compositions.
Fractionated and methylamidated N-glycans were labeled with Girard’s reagent T (GT) to
add a single positive charge for the electrophoretic separation and enhance the ionization
efficiency of N-glycans in the CE-MS analysis. Through CE-MS, 145 N-glycan
compositions were identified (Tables S1), among which, 25 N-glycan compositions were
potentially tetra- or penta-sialylated structures. Furthermore, the resulting extracted ion
electropherograms (Figure 2) and corresponding structural assignments of N-glycan
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fractions were consistent with the electropherograms generated by microfluidic CE (Figure
1b).

Subsequently, reduced native N-glycan were fractioned by ion exchange chromatography,
and a portion of those fractions were methylamidated. After the methylamidation step, the
samples were purified on a HILIC column, which did not retain sulfated N-glycans.
Reduced permethylated N-glycans were fractionated with a C-18 column.1® Reduced native,
reduced methylamidated, and reduced permethylated N-glycans were then analyzed by LC-
MS to confirm the presence of identified N-glycans. As listed in Tables 2, S1, and S2,
neutral, sialylated, and sulfated N-glycans were indeed detected, with some N-glycan
structures confirmed through MS/MS analysis. Particularly, N-glycans carrying a bisecting
GIcNACc (Figure S5) and the sulfate modification of some N-glycans (Table 2) were
confirmed.

We previously reported sensitive and specific detection of charged, sulfated, permethylated
N-glycans with MALDI-MS after sequential enrichment on ion-exchange columns.29-30 In
this study, we employed a simpler and faster method adopted from Kumagai et al.3! to
enrich sulfated, permethylated glycans in one step. After release and permethylation of the
N-glycans, charged glycans were separated from uncharged glycans in a chloroform
extraction step. Charged permethylated glycans, such as sulfated N-glycans, were extracted
into the aqueous phase while uncharged glycans stayed in the chloroform phase during the
extraction. Permethylated, sulfated glycans recovered from the aqueous phase were desalted
on a C18 Micro SpinColumn prior to the analysis by MALDI-MS or LC-MS/MS (Figure 3)
in positive-ion mode (Table 2). Twenty mono- and di-sulfated glycan compositions were
detected by MALDI-MS, and their tentative structures are shown in Table 2. Four of these
permethylated, sulfated N-glycan structures were detected by LC-MS/MS previously and
confirmed with MS/MS in their reduced, non-methylamidated forms (Table 2).

Overall, 175 N-glycan compositions, including 27 sulfated N-glycans, were detected in the
urinary exosomes through CE-MS and LC-MS (Tables 2 and S1). Additionally, with the
isomeric resolution through LC-MS with a graphitized carbon column, 26 N-glycan
structural isomers were resolved and characterized by MS/MS analysis (Table S2). Table 1
summarizes the number of compositions, isomers, and structures detected by each method.
Overlap of the data sets is excellent. Of the structures listed in Table S1, CE-MS analysis
detected all compositions, except three observed with LC-MS analysis. The Orbitrap MS
used for CE-MS had higher sensitivity than the ion trap used for LC-MS analysis;
consequently, LC-MS analysis detected fewer compositions than CE-MS. For a similar
reason, CE-MS detected all structures detected by MALDI-MS analysis, but not vice versa,
due to the lower sensitivity of the MALDI-MS instrument.

Structural Assignment by Exoglycosidase Digestions.

To resolve sialyl-linkage isomers effectively, N-glycan fractions were separated by
microfluidic CE with high isomeric resolution. However, even with the above compositional
information on N-glycans, the structural assignment of peaks in Figure 1 still remained
somewhat ambiguous. Therefore, exoglycosidase digestions and sialic-acid linkage specific
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alkylamidation (SALSA) were adopted for indirect structural assignment of the N-glycan
profile.

Fractionated N-glycans were treated with exoglycosidases to selectively release different
monosaccharides from the non-reducing termini. First, a2-3,6,8 sialidase was used to
release all the sialic acid groups, providing simplified information on the N-glycan
structures. The neutral fraction was not treated with sialidase due to the absence of sialic
acid residues in this fraction. N-Glycan fractions treated with a.2—-3,6,8 sialidase were
analyzed by microfluidic CE (Figure S6) and MALDI-MS (data not shown). Potential N-
glycan structures were assigned to peaks in the electropherograms by comparison with
MALDI-MS spectra.

Second, the fractionated, native N-glycans were methylamidated to stabilize and neutralize
terminal sialic acids and, subsequently, incubated with a1-2,3,4,6 fucosidase to identify
fucosylated structures. Fucosidase-treated N-glycan fractions were analyzed by MALDI-MS
(data not shown) to confirm the complete cleavage of fucose residues. Although different
cleavage efficiency in releasing a1-6 linked fucose from the trimannosyl core and a1-3,4
linked fucose from the antennae have been documented by the exoglycosidase supplier, no
fucosylated glycans were detected by MALDI-MS after the fucosidase treatment, which
indicated complete cleavage of all the fucose residues. Therefore, the fucosidase treatment
did not provide site- or linkage-specific information of fucosylation. Figure S7 compares
electropherograms from ion-exchange fractions of N-glycans treated with fucosidase and not
treated with the enzyme (intact). Electropherograms were aligned by matching the
electrophoretic mobilities after co-injection of intact and fucosidase-treated samples of each
fraction (Figure S8). Structures were assigned to peaks in the electropherograms by
comparing with the MALDI-MS spectra and tracking the shift in migration time observed in
the electropherograms.

For the fucosidase-treated neutral fraction, no migration shift was observed for the more
intense peaks, which is consistent with the previous assignment of high-mannose structures
(Figure 1b). In the mono- and di-sialylated fractions, after treatment with fucosidase, the
second most intense peak merged into the most intense peak, indicating the existence of one
fucosylated structure and its corresponding non-fucosylated counterpart. Similarly, two
fucosylated structures and their corresponding non-fucosylated counterparts were observed
in the tri-sialylated fraction. The migration shift of peaks in the tetra-sialylated fraction is
not as clear, but the intense peak with the migration time of ~148 s likely corresponds to a
fucosylated structure.

Intact N-glycan fractions (except for the neutral fraction) were then treated with a2-3
sialidase, which can specifically release a.2-3 linked terminal sialic acids and provide
linkage-specific information about sialylated N-glycans. Again, a.2-3 sialidase-treated
fractions were methylamidated and analyzed by microfluidic CE (Figure S9) and MALDI-
MS (Figure S10). In all a2-3 sialidase-treated fractions, most glycans detected were neutral
or mono-sialylated, which indicated the existence of less than two a.2—6-linked sialic acid
residues for most N-glycan structures. The exoglycosidase results and normalized
abundances of sialic acid linkage isomers in each fraction are listed in Table S3.
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Structural Assignment by SALSA.

In addition to a.2-3 sialidase digestion, a complementary strategy involving sialic acid
linkage-specific derivatization was exploited to confirm the identification of sialyl linkage
isomers. As reported recently,2* SALSA can selectively derivatize a.2-3-linked sialic acids
with methylamine (+13.032 Da) and a.2—-6-linked sialic acids with isopropylamine (+41.063
Da). For the N-glycans analyzed to this point by microfluidic CE and MALDI-MS, all sialic
acid residues were neutralized by methylamidation. Compared to the methylamidated N-
glycans, SALSA derivatization of N-glycans yields a mass shift of 28.031 Da in the MS
spectrum and a migration shift in the electropherogram for each a2,6-linked sialic acid. As
shown in Table S3, the majority of N-glycans derived from urinary exosomes have less than
two a2—-6-linked sialic acids, simplifying peak assignments of the SALSA-derivatized
glycans. Figure 4 shows the comparison between methylamidated and SALSA-derivatized
N-glycan fractions. Again, migration times were aligned by co-injecting the methylamidated
and SALSA-derivatized samples (Figure S11). Structures were assigned by analyzing a
portion of the sample by MALDI-MS (Figure S12) and tracking the shift in migration times
of glycan peaks.

N-Glycans with a.2—6-linked sialic acids were the dominant composition in the mono-
sialylated fraction, which is in good agreement with the exoglycosidase results. In the di-
sialylated fraction, most tri-antennary N-glycans have one a2-3-linked and one a2-6-linked
sialic acid. Bi-antennary N-glycans with one a2-3 and one a.2-6 linkage, two a.2-3
linkages, or two a.2-6 linkages were detected by MALDI-MS from both a.2-3 sialidase-
treated samples (Table S3, Figure S10) and SALSA-derivatized samples (Figure S12b).
However, some of these bi-antennary isomers were not assigned in the electropherograms
(Figure 4 and Table S3), because those assignments are still ambiguous. For the tri- and
tetra-sialylated fractions, N-glycans with no a2-6 linkage or one a.2-6 linkage are most
abundant, which is again consistent with the a.2-3 sialidase results. For tetra-antennary
structures, the difference in hydrodynamic volumes between a non-fucosylated structure and
its fucosylated counterpart can be coincidentally compensated by the difference in
hydrodynamic volumes resulting from various types of sialic acid linkages. In one example,
a non-fucosylated, tetra-sialylated structure co-migrated with its fucosylated, tetra-antennary
counterpart at 133 s (Figure 4).

Structural Assignment of N-Glycans Derived from Urinary Exosomes.

With the above indirect structural identification approaches, including ion-exchange
fractionation, exoglycosidase digestions, SALSA derivatization, and MALDI-MS, the most
intense peaks in the N-glycan profile of human urinary exosomes could be assigned with
their corresponding structures (Figure 5). As shown in the N-glycan profile, different sialic
acid linkage isomers were separated at high resolution, indicating good isomeric resolution
of this technique. In total, we identified 64 sialyl-linkage isomers with SALSA
derivatization and MALDI-MS analysis, and assigned 19 N-glycan structures to the
microfluidic CE profile of the N-glycans.
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Discussion

Recently, we outlined and tested an analytical strategy to address the extreme complexity of
both N- and O-glycans found in human urinary exosomes. In the present report, we provide
additional analytical capabilities to address some of the more intricate features of N-glycans
structures such as the sialic acid linkage variations and other aspects of glycan isomerism.
Our multi-methodological approach combines the best available chromatographic and
electrophoretic techniques to separate glycans and their isomers with mass spectrometry for
structural identification; consequently, we have detected 219 N-glycan structures that
included 175 compositions, 27 sulfated glycans, 26 structural isomers, and 64 sialic-acid
linkage isomers. Figure 6 summarizes how these compositions, structures, and their isomers
are distributed among high-mannose, hybrid, and complex structures and are categorized
further by the degree of sialylation. In the figure, we grouped sialic-acid linkage and
structural isomers as subsets of the total structures and sulfated compositions as a subset of
total compositions.

During the course of our investigations, we have learned a great deal about the
complementary values of the different analytical techniques (see Table 1). From the
methodological viewpoint, the urinary exosomal N-glycome is nearly an ideal sample that
represents the richness and vast array of structures, from small paucimannosidic and high-
mannose glycans to complex type, all the way to tetra-antennary structures, which exhibit a
great degree of isomerism (see Figure 6). Nearly all structurally informative techniques used
in this work greatly benefited from fractionation and preconcentration through ion-exchange
chromatography and derivatization employed to meet different goals, e.g., APTS labeling for
LIF detection and an electrophoretic tag for microfluidic CE; Girard’s reagent T (GT) for
CE-MS; sialic-acid linkage-specific derivatization; and permethylation for enhanced
sensitivity of some MS-based measurements. In addition, because data from CE-MS
analysis of N-glycans are somewhat limited in the literature, LC-MS and MALD-MS
analyses substantiated the results from CE-MS measurements. As noted above, the CE-MS
experiments benefited from a mass analyzer with higher sensitivity.

The advantage of ion-exchange fractionation prior to microfluidic CE measurements is
clearly seen in Figure 1, in which the structures composing the glycan profiles are tentatively
assigned by comparing the relative abundances measured through MALDI-MS of
methylamidated glycans (see Figures S3 and S4 in Supporting Information). Although
MALDI-MS alone cannot effectively determine isomericity of N-glycans, an appropriate
separation method combined with ESI-MS can provide the necessary information, as we
further demonstrated with CE-MS of methylamidated and GT-derivatized samples in Figure
2. Even though the separating power of the CE capillary is compromised by the necessary
sample overload compared to LIF-based detection, the ion-exchange preconcentration
reduced the sample overload and allowed meaningful MS measurements and some
indication of isomeric resolution. Another approach for resolving closely related structures
and further securing MS/MS data for numerous components is LC-MS. Employing a long
capillary column packed with 3-um PGC generated high column efficiencies (around
100,000 theoretical plates).
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As shown previously,16 such PGC columns could resolve a number of structural isomers due
to the combination of a high column efficiency and selectivity of the column material. The
relatively high sample loading capacity of these columns allows samples to be analyzed in
their native (underivatized) form, whereas the concentrated separated bands even provided
the opportunity to subject them to tandem mass spectrometry (MS/MS). This situation was
true for numerous chromatographic peaks, albeit not for all components. lon-exchange
preconcentration prior to LC-MS/MS helped to reach a higher number of mixture
constituents (data not shown).18 The combined results from CE-MS and LC-MS/MS yield
an unprecedented number of detected and characterized N-glycan components (see Table S1
in the Supporting Information). Some structural assignments in Table S1 were also verified
as permethylated glycans, which were fractionated and separated on the basis of their
hydrophobicity.

The value of chromatographic separation is further illustrated in Table S2 with LC-MS/MS,
where the N-glycans of the same /m/zwere recorded at different retention times. Here, the
fragmentation patterns determined through MS/MS were used to confirm tentatively
assigned structures. Isomeric resolution on the highly efficient PGC capillary column is
quite favorable for bi-antennary and tri-antennary glycans, but apparently less so for the
highly complex tetra-antennary structures. The value of tandem MS is clearly illustrated in
Figure S5 with the unequivocal assignment of a bisecting structure. In the absence of
authentic (synthesized) glycans, we stress that most structures listed in Tables S1 and S2 still
remain tentative.

Glycan profiles derived from urinary exosomes!® are quantitatively (and, often, even
qualitatively) different from the blood sera investigated earlier.25:32-33 A particularly notable
case is the relatively high number of sulfated structures in the normal urinary exosome
isolates. Their various structures are proposed in Table 2, based on the results from both LC-
MS runs on the ion-exchange-preconcentrated, native N-glycans and permethylated aqueous
extracts analyzed by MALDI-MS. Interestingly, during the partition of permethylated
glycans between chloroform/aqueous medium, the sulfated glycans end up in the aqueous
phase, as the sulfate charged groups appear to override the hydrophobicity of the remainder
of the permethylated molecules. Although some of the structures listed in Table 2 remain
tentative, many chromatographic peaks allowed for sufficiently sensitive MS/MS, which
yielded characteristic fragment ions, exemplified with two differently sulfated structures in
Figure 3. In total, 14 sulfated structures were validated through LC-MS/MS, whereas 20
structures were detected through MALDI-MS. Additional measures are needed to secure
unequivocal structural assignments for these components.

Compared to LC-MS/MS and CE-MS, the high-efficiency resolution and LIF detection of
microfluidic CE promotes qualitative and quantitative analysis of glycan isomers.
Particularly, two complementary approaches, a2-3 sialidase treatment (Figure S9) and
SALSA derivatization (Figure 4), were adopted for the identification of sialic acid linkage
isomers. Selectively releasing a2—3 linked sialic acids helped determine the isomeric
compositions of sialylated N-glycans (Table S3). The relative intensities of sialic acid
linkage isomers detected by microfluidic CE and MALDI-MS were calculated and
compared (Table S3). Higher ionization efficiencies of smaller N-glycans were observed in
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the MALDI-MS spectra, which led to inaccurate estimation of the relative abundances of
glycan isomers. Whereas the LIF detection of N-glycans with one fluorophore per glycan
enables reliable quantitative analysis of different sialic acid linkage isomers.

As an independent approach, SALSA derivatization confirmed the detected sialic acid
linkage isomers (Figure 4). Identical isomeric compositions of sialylated N-glycans were
detected by both approaches, indicating the reliability of both techniques. For most detected
sialylated N-glycans, isomers with all a2-3-linked sialic acid(s) or only one a.2—6-linked
sialic acid dominate. Furthermore, smaller (mono- and bi-antennary) N-glycan structures
were more likely a.2—6 sialylated, whereas larger (tri- and tetra-antennary) N-glycan
structures were highly a2-3 sialylated. In total, 64 sialic acid isomers were detected from
human urinary exosomes.

Conclusions

Investigations of the human exosome glycome are still at very early stages. A thorough
characterization of the respective samples is not merely a methodological exercise; there are
some substantiated leads on the importance of aberrant glycosylation of certain structures in
cancers and other diseases. Among the notable cases, positions of fucosyl substitution and
sialyl linkages have been proposed® to be involved in the proliferation of cancer cells,
angiogenesis, and metastasis.?! Yet, these potentially important structural alterations, which
may occur only as minor components during “global” glycan profiling studies, could be the
most significant. This observation has been pointed out by some of us® during analytical
studies on sera of different patient cohorts with ovarian cancer, where the previously
neglected tetra-antennary glycans appear significant. These conclusions were corroborated
by an independent group of clinical scientists.34-3% Similar considerations may apply to
detection and measurement of sulfated structures and the group of glycans that appear to
play some role in connection with cancer.3¢ A thorough characterization of biological
specimens, as is the case with our present investigation, has significance in (a) providing
coverage of both major and minor components in highly complex samples; (b) promoting a
structure-function understanding as based on glycan structural similarities and differences;
and (c) leading potentially to simpler, more robust analytical procedures for determination of
diagnostically and prognostically important signatures (based, perhaps, on non-MS
approaches) once conspicuous glycans are determined.
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Refer to Web version on PubMed Central for supplementary material.
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(a) Electropherogram of N-glycans released from human urinary exosomes,

methylamidated, labeled with APTS, and separated by microfluidic CE with LIF detection.
Large tetra-antennary N-glycan compositions were detected with migration times >135 s and
were quite abundant. (b) N-Glycans released from urinary exosomes were fractionated on
the basis of their charge states by ion-exchange chromatography, methylamidated, labeled
with APTS, and separated by microfluidic CE. Structures were assigned to the
electropherograms by correlating migration time and peak area with mass and relative
abundance of glycans detected by MALDI-MS.
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Extracted ion electropherograms (EIEs) of N-glycans fractionated by ion exchange,

methylamidated, labeled with GT, and analyzed by CE-MS. A 40-min delayed flow was
used to increase the separation efficiency for the derivatized glycans. Intense peaks are
annotated by corresponding potential structures. A few N-glycan compositions showed
multiple peaks, such as the (Hex)>(HexNAc),(NeuAc), + (Man)3(GIcNAC); in the di-

sialylated fraction, indicating a successful separation of some isomers with CE-MS.
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(a) MS/MS spectrum of a reduced and permethylated N-glycan with m/21172.41 [M
+2H]?*. Diagnostic fragments of 771/ 464.40 [HexNAc-dHex+H]* and m/z1536.72 [M+H —
S-HexNAc-dHex]* indicate the sulfate modification of the terminal Gal residue. (b) MS/MS
spectrum of a reduced and permethylated N-glycan with 77z of 949.15. Diagnostic
fragments of /7/2326.00 [S-HexNAc+H]* and /7/21570.84 [M+H — S-HexNAc]* indicate

the sulfate modification of the terminal GalNAc residue.
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Figure 4.

Electropherograms of N-glycans fractionated by ion exchange, derivatized by either
methylamidation or SALSA method, labeled with APTS, and separated by microfluidic CE.
Detected population of sialic acid isomers is consistent with the results from exoglycosidase
treatment. Of note, there are less than two a.2—6-linked sialic acids for most detected
structures.
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Figure5.
Annotated electropherogram of N-glycans derived from human urinary exosomes. Nineteen

N-glycan isomers were assigned through a combination of microfluidic CE, ion-exchange
chromatography, CE-MS, MALDI-MS, exoglycosidase digestions, and SALSA.
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Distribution of 219 N-glycan structures, 64 sialic-acid linkage isomers, 26 structural
isomers, 175 compositions, and 27 sulfated glycans across high-mannose, hybrid, and
complex structures and further categorized by the degree of sialylation for the complex
structures. See Table 1 for the methods used to determine each type of N-glycan.
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Methods used to analyze N-glycans derived from urinary exosomes and total numbers of N-glycan

Table 1.

compositions, isomers, and structures identified by each method and in combination.

Page 22

Sulfated

Sialic

Analytical Fractionation Neutralization Labeling Total N- Structural Acid Total
Method Method Method Reagent Compositions glycans Isomers | somers Structures
CE-MS lon exchange Methylamidation GT 146 -- -- -- 146

Methylamidation
MALDI-MS lon exchange - 68 20 -- 64 98
SALSA
Reduction
lon exchange Reduction +
LC-MS methylamidation - 73 14 26 -- 88
Reduction +
18 permethylation
: e Methylamidation
Mlcrgfémdlc lon exchange APTS 17 - - 20 23
SALSA
Combined Totals 175 27 26 64 219
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Sulfated N-glycan structures derived from glycoproteins of urinary exosomes and detected by either MALDI-
MS or LC-MS. Sulfated N-glycans were collected from the aqueous phase of permethylated N-glycans and
analyzed with MALDI-MS in the positive ion mode with DHB as a matrix. In addition, reduced native N-
glycans fractionated by ion exchange were analyzed with PGC-LC-MS, and some sulfated N-glycans were
unequivocally confirmed through MS/MS. H = hexose, N = N-acetylhexosamine, F = deoxyhexose, S = sialic
acid, and Su = sulfate group.
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Sulfated N-glycans released through chloroform extraction after the permethylation step

Aok

Multiple peaks of the same possible composition were detected during chromatography
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