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Abstract

Lipid components of cells and tissues feature a large diversity of structures that
present a challenging problem for molecular analysis. Glycolipids from mammalian cells
contain glycosphingolipids (GSLs) as their major glycolipid component, and these
structures vary in the identity of the glycan headgroup as well as the structure of the fatty
acid and sphingosine (Sph) tails. Analysis of intact GSLs is challenging due to the low
abundance of these species. Here, we develop a new strategy for the analysis of lyso-GSL
(I-GSL), GSL that retain linkage of the glycan headgroup with the Sph base. The analysis
begins with digestion of a GSL sample with sphingolipid ceramide N-deacylase
(SCDase), followed by labelling with an amine-reactive fluorophore. The sample was
then analyzed by HPLC-FLD-MS and quantitated by addition of an external standard.
This method was compared analysis of GSL glycans after cleavage by an
Endoglycoceramidase (EGCase) enzyme and labeling with a fluorophore (2-anthranilic
acid, 2AA). The two methods are complementary, with EGCase providing improved
signal (due to fewer species) and SCDase providing analysis of lyso-GSL. Importantly
the SCDase method provides Sph composition of GSL species. We demonstrate the

method on cultured human cells (Jurkat T cells) and tissue homogenate (porcine brain).



1. Introduction

Glycosphingolipids (GSLs) are the most common form of glycolipids found in
vertebrates. Structurally they bear a carbohydrate headgroup attached to a ceramide (Cer)
moiety. The ceramide lipid contains a sphingosine (Sph) base with a fatty acid chain
linked via an amide bond.[1, 2] GSLs are ubiquitous in cells and tissues; however, their
amounts vary.[3] Neuronal cells have the highest abundance of GSLs, largely composed
of gangliosides.[4] Gangliosides are a sub-class of GSLs characterized by the presence of
sialic acid (neuraminic acid) residues in the glycan headgroup. Gangliosides function as
key players in cell proliferation, cell signaling, and cell-cell interactions.[5] Additionally,
these complex biomolecules have been associated with a variety of neurodegenerative
conditions such as Alzheimer’s [6-8], Huntington’s [9-11], and lysosomal storage
diseases such as Tay Sach’s[12] and Gaucher’s[13] diseases. Thus, there is an increasing
need for the precise and accurate analysis of GSLs to understand their role in health and
disease.

GSL and ganglioside analysis has been an active area of research for decades, the most
common methods for analysis are thin layer chromatography (TLC)[14, 15] and mass
spectrometry (MS).[16] Although these methods have been used extensively, it remains
difficult to obtain quantification or insight into complex structural features of GSLs.[14]
When used alone, MS techniques such as ESI-MS[17, 18] or MALDI[19, 20] suffer from
inherent drawbacks like ionization suppression and scarcity of suitable internal standards
for precise quantification.[21] Thus, MS in combination with LC has been a preferred
alternative for quantitative analyses.[21, 22] Existing LC and MS methods typically
analyze GSLs after cleavage of the glycan or as fully intact molecules.[23-25] Therefore,
many studies neglect analysis of the lipid moiety owing to the complexity of these
structures.

The lipid moiety of GSLs is inherently complex due to variability in the saturation and
length of both the Sph base and fatty acid. The ceramide portion of GSLs is considered to
have a functional role, and variability in the fatty acid chains of Cer has been implicated
in disease.[26] The role of Sph bases has not been studied extensively, despite reports

showing differential expression of d18:1 and d20:1 Sph bases in the brain.[27] GSLs



which have lost the N-acyl fatty acid are known as lyso-GSLs (/-GSLs) and are
implicated in Gaucher’s disease,[28] Krabbe’s disease,[29] and certain cancers.[30]
There is a lack of general methods for the analysis of /-GSL in complex biological
samples.

In the present study, we used two modes of enzymatic digestion of GSL to provide
complementary analysis of glycans and /-GSL. Traditional chemical methods of GSL
degradation such as alkaline hydrolysis,[31] ozonolysis[32] or osmium-catalyzed
periodate oxidation[33] produce low yields and require long reaction times and
cumbersome purification. Here, we employed Endoglycoceramidase (EGCase) and
Sphingolipid ceramide N-deacylase (SCDase) enzymes to digest GSL and analyze the
resulting products. EGCase catalyzes the cleavage of the ceramide lipid backbone,
liberating free oligosaccharides from GSLs,[34, 35] while SCDase cleaves the fatty acid
chain of the ceramide moiety to produce /-GSLs bearing a free amine (Figure 1).[36] We
develop a protocol here to label the degradation products of each enzyme with the
fluorophores 2-anthranilic acid (2-AA) [34] and Rapifluor-MS,[37] respectively,
followed by fluorescent LC-MS analysis. Fluorescent LC-MS (HPLC-FLD-MS) has the
advantage of improved sensitivity and reliable quantification using fluorescently labeled
standards, which is not possible with MS-only techniques.[38] Our objective in this study
was to extend the advantages of enzymatic GSL degradation to HPLC-FLD-MS using
these two complimentary approaches which, in the case of SCDase, maintain the linkage
of the glycan headgroup and Sph chain of GSLs. We utilized both methods to profile and

quantify GSLs in a mammalian T cell line (Jurkat) and porcine brain tissues.



2. Materials and methods

All reagents were purchased from Sigma-Aldrich (Oakville, Ontario, Canada), except
for the following: GSL standards LacCer, GM3, GM1, and GD3 were purchased from
Avanti Polar Lipids Inc. (Alabaster, Alabama, USA); EGCase I genes from GenScript
(Piscataway, NJ, USA); Accucore-150-Amide-HILIC, 2.6 pm, 2.1 x 150 mm from
Thermo Fisher Scientific (Mississauga, Ontario, Canada), Amicon Ultra-centrifugation
filters from Thermo Fisher Scientific (Mississauga, Ontario, Canada), and SepPak C18
cartridge from Waters Corporation (Milford, MA, USA). Porcine brains were obtained
from the Swine Research and Technology Centre at the University of Alberta.

2.1 Jurkat T cell culture

Jurkat T cells (Clone E6-1, ATCC TIB-152) were purchased from ATCC (Mannassas,
VA). Cells were cultured in RPMI 1640 media containing fetal bovine serum (FBS)
(10%, v/v) and penicillin (10 units mL") in a humidified incubator with 5% CO at 37 °C.
All experiments were performed with cells in passage numbers P3—P5.

2.2 Preparation of Porcine brain homogenates

A sample of brain tissue was cut from a full porcine brain of a juvenile pig. This was
homogenized in a solvent containing 4 mL methanol, 2 mL chloroform, and 1.5 mL
water, in the ratio 1:5 (w/v) using a mechanical homogenizer. Aliquots of homogenates
were stored at -80 °C.

2.3 Endoglycoceramidase (EGCase) expression and purification

Expression and purification of EGCase was performed based on the reports of
Albrecht et al.,[35] where a gene encoding recombinant EGCase I was identified and
synthesized in a pET30 vector (Genscript). Protein expression was performed by
culturing E. coli carrying the pET30 vector overnight, followed by 1:100 dilution into 1
litre of LB medium supplemented with 25 mg/mL Kanamycin. The culture was grown
until OD reached ~ 0.8 at 37 °C, followed by IPTG induction at 0.1 mM final
concentration by shaking at 16 °C for 18-20 h. Cells were then centrifuged, followed by
re-suspension in 45 mL of 300 mM NaCl buffer (pH 7.5) containing 0.1% Triton X-100,
10 mM imidazole, and 50 mM Tris-Cl. Finally, cells were lysed using a cell disruptor.

Prior to purification on an AKTA Prime Plus FPLC instrument, centrifugation was



performed to remove cell debris. For protein purification, a Ni-NTA superflow column (2
mL) was prepared. The elution buffer used was Tris-HCI (300 mM NaCl, 250 mM
imidazole, 50 mM Tris-Cl, pH 7.5). All fractions were pooled and concentrated using
molecular weight cut-off ultracentrifugation filters (30 kDa MWCO). Protein
concentration was measured at 280 nm and protein was stored at 4 °C.

2.4 Testing EGCase activity

The activity of EGCase was tested qualitatively on a TLC plate using ganglioside
substrate GM3. GM3 substrate and a reaction mixture of GM3+EGCase were spotted on
a TLC plate that was developed with a solvent system of acetic acid:n-butanol:0.25%
CaCl; (1:2:1, v/v/v) and stained with Orcinol stain to visualize GSL-glycans. Specific
activity was measured from a calibration curve of serial dilutions of 2-AA labeled
3’sialyllactose (3°-SL). One unit of EGCase I was defined as the amount of enzyme that
hydrolyzed 1 pmol of GM3 per min at 37 °C.

2.5 Sphingolipid Ceramide N-deacylase (SCDase) Expression and Purification

Expression and purification of S. alga G8 sphingolipid ceramide N-deacylase
(SA_SCD) was performed following the report of Han et al.[36] The gene encoding
recombinant SA SCD was synthesized in a pET23b vector (Genscript). For protein
expression, E. coli carrying the pET23b vector were cultured overnight, followed by
1:100 dilution into 1 L of LB medium containing 100 mg/mL Ampicillin and 35 mg/mL
chloramphenicol. The culture was grown to ~ 0.8 ODgoo at 37 °C, followed by IPTG
induction at a final concentration of 0.1 mM by shaking at 16 °C for 18-20 h. Cells were
then centrifuged, followed by re-suspension in 40 mL of 300 mM NacCl buffer (pH 7.5)
containing 0.1% Triton X-100, 10 mM imidazole, and 50 mM Tris-Cl. Finally, cells were
lysed by using a cell disruptor. Prior to purification of SCDase, centrifugation was
performed to remove any cell debris. For protein purification, a Ni-NTA superflow
column (2 mL) was prepared. Elution was performed in 50 fractions (1 mL each; 300
mM NaCl, 250 mM imidazole, 50 mM Tris-Cl, pH 7.5). Fractions were pooled and
concentrated using molecular weight cut-off ultracentrifugation filters from Amicon (50
kDa MWCO). The purified and concentrated protein was stored at 4 °C.

2.6 Testing SCDase Activity



The activity of SCDase was tested on a TLC plate using the ganglioside substrate
GM3. The GM3 substrate and the reaction mixture of GM3 + SCDase were spotted on a
TLC plate that was developed using a solvent system containing acetic acid:n-
butanol:0.25% CaCl, (1:2:1, v/v/v) and stained with Orcinol stain to visualize -GSL
spots. Specific activity was measured from a fluorescence intensity vs time plot of a
mixture of RapiFluor-MS labeled I-GM3 and /-GM1, generated as a result of SCDase
digestion at 37 °C for 14 h. One unit of SCDase was defined as the amount of enzyme
that hydrolyzes 1 umol of GM3 or GM1 per minute at 37 °C.

2.7 Extraction and purification of gangliosides from Jurkat T cells and porcine
brain homogenate

Ganglioside extraction and purification was performed based on the reports of Schnaar
and co-workers.[39] A sample of 10 uL brain homogenate or cell lysate containing ~ 1 x
10° cells were diluted with ice cold water (4 mL/g based on wet weight of sample). After
vigorous homogenization, methanol and chloroform were added to make the final
chloroform:methanol:water ratio 4:8:3 (v/v/v). This mixture was subjected to
centrifugation at 1500 RPM for 15 min. The upper phase was recovered, the volume
recorded carefully, and it was diluted with 0.173 volumes of water. After mixing, the
suspension was subjected to centrifugation again at 1500 RPM for 15 min. The upper
phase containing ~ 80% of the total volume was recovered and transferred to a fresh tube.
The sample was purified on a Waters SepPak C18 cartridge, evaporated to dryness under
nitrogen gas, and re-dissolved in methanol at a volume of 100 uL./mg of dried extract.

2.8 EGCase I digestion

The final methanol extract of crude GSLs was dried under nitrogen from a 50 mM
sodium acetate buffer (pH 5.2) containing 1 mg mL™' sodium cholate. For commercially
available standards, a mixture of 10 uL each of standard LacCer, GM3, GMI1, and GD3
were taken from original stock solutions of concentration ~ 1 mg/mL. Then, GSLs were
incubated for 18 h at 37 °C with 6 mU EGCase to release the corresponding glycans.

2.9 Fluorescent labeling of glycans

Glycans liberated after EGCase digestion were labeled with 40 pL of fluorescent
mixture (30 mg 2-anthranilic acid, 20 mg boric acid, 40 mg sodium acetate-3H,0, and 45

mg sodium cyanoborohydride in methanol) at 80 °C for 45 min after an appropriate



concentration of internal standard maltose was added. To this, 1 mL acetonitrile:water
(97:3, v/v) was added and purified on a discovery DPA-6S amide-HILIC column, as
described.[34] After equilibration of the column with 2 x 1 mL of 100% acetonitrile,
samples were loaded. Then, they were washed with 4 x 1 mL of acetonitrile:water (99:1)
and 0.5 mL of acetonitrile:water (97:3). Finally, 2 x 0.6 mL of pure water was used to
elute labeled glycans. Fractions were dried under vacuum before LC-FLD-MS analysis.

2.10 SCDase Digestion

The final methanol extract of crude GSLs was dried under a stream of nitrogen,
followed by re-suspension of the residue in a 25 mM sodium acetate buffer (pH 5.0)
containing 1 mg mL! sodium cholate. For commercially available standards, a mixture of
10 pL each of standard LacCer, GM3, GM1, and GD3 were taken from the original stock
solutions of ~1 mg/mL concentration. Next, the mixture was incubated for 14 h at 37 °C
with 30 mU SCDase to release the corresponding /-GSLs.

2.11 Fluorescent Labeling of /-GSLs

The SCDase-released /-GSLs were labeled with 24 pL of RapiFluor-MS (1 mg in 14.5
mL DMF) at room temperature for 5 min.[40] After dilution of samples with acetonitrile
to a final volume of 400 uL, the labeled /-GSL were purified using GlycoWorks HILIC
p-elution plate from Waters. Briefly, the columns were pre-washed with 200 pL of water,
followed by 200 pL of 85% acetonitrile, and then the samples were loaded on to the
columns. Next, the columns were washed with two 600 pL volumes of formic
acid/water/acetonitrile in a ratio of 1:9:90 (v/v/v). Finally, the /-GSLs were eluted with
three 30 pL volumes of elution buffer containing 200 mM ammonium acetate in 5%
acetonitrile.

2.12 HPLC-FLD-MS Analysis of 2A A-labeled glycans

Labeled glycans were analyzed by LC-MS using an Agilent 1200 SL HPLC system
and a normal-phase column (Accucore-150-Amide-HILIC, 2.6 pm, 2.1 x 150 mm,
Thermo Fisher). Dried samples were re-solubilized in water:DMF:acetonitrile in a 1:1:2
ratio and 2 pL (commercially available standards) and 15 pL (cells, brain homogenates
and plasma) were injected. The fluorescence detector monitored at an excitation of 320
nm and an emission of 420 nm. All chromatography was performed at 40 °C. The binary

solvent system followed a linear gradient with a flow rate of 0.4 mL min™' (Solvent A:



100 mM ammonium formate, pH 4.45; Solvent B: acetonitrile). Mass spectra were
acquired in negative mode using an Agilent 6220 Accurate-Mass TOF HPLC/MS system
with a dual spray electrospray ionization source, along with a secondary reference
sprayer for a reference mass solution.

2.13 HPLC-FLD-MS Analysis of RapiFluor-labeled /-GSLs on a Mixed Mode
Weak Anion Exchange (WAX)-Reverse Phase (RP) GlycanPAC AXR-1 Analytical
Column

RapiFluor labeled /-GSLs were analyzed by LC-FLD-MS using an Agilent 1200 SL
HPLC system and a mixed mode column (Dionex/Thermo Fisher, GlycanPAC AXR-1,
1.9 um, 2.1 x 150 mm). Samples in 5% acetonitrile buffer were loaded onto the column in
15 pL injections. The fluorescence detector was set to monitor the excitation at 265 nm
and the emission at 465 nm. All chromatography was performed at 50 °C. The binary
solvent system followed a linear gradient with a flow rate of 0.4 mL min™' (Solvent A: dd
Water; Solvent B: 50 mM ammonium formate, pH 4.45 in 40:60 water/acetonitrile). The
flow was split 50:50 between the fluorescence and mass spectrometry (MS) detectors.
Accurate mass measurement on an Agilent 6220 Accurate-Mass TOF HPLC/MS system
was used to assign and confirm the identity of fluorescent peaks. Mass spectra were
acquired in the positive mode using a dual spray electrospray ionization source with the
secondary reference sprayer used for a reference mass solution. Data analysis was
performed using the Agilent MassHunter Qualitative Analysis software package version

B.07.01.

3. Results & Discussion

3.1 EGCase digestion and HPLC-FLD-MS analysis of glycosphingolipids from
cultured cells and tissue

Our method for glycan analysis was adapted from the work of Neville ef al., where an
endoglycosidase enzyme, ceramide glycanase, was used to generate glycans devoid of the
ceramide chain. Glycans were then labeled with a sensitive fluorophore, 2-aminobenzoic
acid (2AA).[34] We followed the same general approach after making changes to the
enzyme, labeling conditions, chromatographic conditions, and providing a strategy for

quantitation. We selected Endoglycoceramidase (EGCase) for digestion of the glycans,



which has broad substrate specificity cleaving both acidic and neutral GSLs with equal
efficiency.[35] The temperature and time conditions for enzyme digestion were carefully
monitored (Figure S1) and we found that 37 °C and 18 h incubation yielded optimal
results. Similarly, titration experiments were performed with variable concentrations of
2AA added, addition of 40 uL of the fluorophore mixture providing maximum signal
(Figure S2). We identified an internal standard, maltose, that was used to quantify the
results (Figure S3). The limit of detection of our assay was approximately 2 pmol, in
agreement with previous studies (Figure S4).[41]

We applied the optimized EGCase method to profiling GSLs from a mammalian cell
line (Jurkat T cells) and porcine brain tissue. GSLs were extracted from cells and tissues
using the most widely accepted extraction protocol devised by Svennerholm, involving a
mixture of chloroform:methanol:water in the ratio 4:8:3 as the extraction solvent.[42]
This protocol yielded optimal results when tested on a mixture of LacCer, GM3, GM1,
and GD3 (Figure S5). Moreover, with this extraction protocol cell numbers in the range
0.2-1 x 10° cells or 10 uL of brain homogenate (~2 mg dried tissue, or 0.3-0.5 mg dry
GSL) was sufficient to generate sensitive results for quantification. Complete GSL
profiles in Jurkat T cells and porcine brain are shown in Figure 2. The GSL profile in
Jurkat T cells showed the presence of LacCer (5.9 min), GM3 (8.2 min), GM2 (9.6 min),
GM1 (12.9 min), GD3 (14.3 min), and GD1 (16.2 min). GM3 and GM2 were the
dominant glycans, with GM3 taking up over 90% of the composition. While lipid profiles
in mammalian cells, including Jurkat have been reported in the literature, many lack data
on the GSL class.[43, 44] Additionally, previous analyses were based on MS only, which
does not provide accurate quantitation. Some previous reports on GSL profiling in Jurkat
cells using the same assay have identified LacCer, GM3, GM2, GD3, GD1a, and GM1 as
the major components. However, these reports required larger amounts of starting
material, were qualitative, or provided only relative quantification based on an external
standard.[45-47] Neuronal cells are enriched with GSLs, mostly in the form of
gangliosides.[14] The GSL profile in porcine brain is exemplary, with an abundance of
complex gangliosides such as GM1, GDla, GD1b, Fuc-GM1, Fuc-GDI1, and GT]I.
Previous reports have yielded results similar to ours, with a few exceptions such as the

presence of more complex gangliosides GT3 and GQ1.[48-50] We attributed these
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differences to the fact that ganglioside expression is age dependent, and complex
gangliosides are more common with age.[51, 52] Our samples were from juvenile pigs;
which may explain the lack of more complex gangliosides in our data. Thus, our EGCase
assay provides improved quantitative analysis of GSLs by employing HPLC-FLD-
MS.[32, 48, 49, 53, 54]

3.2 SCDase digestion and analysis of lyso-glycosphingolipids by HPLC-FLD-MS

Taking inspiration from the EGCase assay, we moved on to developing a quantitative
method that would provide insight into the structure of the sphingosine base, which is
largely overlooked in standard GSL analyses. The enzyme sphingolipid ceramide N-
deacylase (SCDase) has been previously used for GSL degradation, to generate I-GSLs
bearing the carbohydrate chain and Sph base.[55, 56] Although this enzyme offers an
excellent alternative to common chemical degradation strategies, it is seldom used since
it has not been characterized extensively. A study by Withers and co-workers addressed
this problem, wherein a new form of the SCDase enzyme (SA SCD) was characterized
and reported to be universally active on all GSLs under favourable temperature and
pH.[36] We selected this form of the enzyme to generate /-GSL. Importantly, we
expected that /-GSLs generated from SCDase digestion could be easily labeled with an
amine-reactive fluorophore (Figure 1). We selected RapiFluor MS, a sensitive
fluorophore used for glycopeptide analysis that also provides enhancement of MS
signal.[37]

Experiments were conducted to scan for optimal temperature and incubation times for
SCDase digestion. For temperature conditions, a mixture of GM1 and GM3 standards
were subjected to enzymatic digestion at 25, 30, 37, and 45 °C for 24 h, followed by
RapiFluor-MS labeling of /yso-products and LC-MS analysis. Evaluation of the
combined fluorescence intensity of all /-GSLs at each temperature found that 37 °C gave
maximum Yyields (Figure S6). These results were then used to optimize SCDase
concentration that would provide optimal generation of /-GSLs. We observed that 25-30
mU for 14 h provided optimum cleavage of GSLs by SCDase (Figure S7, S8). Labeling
conditions were optimized by conducting titration experiments using a fixed quantity of
GMI1 standard and subjecting it to SCDase digestion followed by labeling with increasing
volumes (4, 8, 12, 16, and 24 pL) of RapiFluor MS (Figure S9). There was a gradual
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increase in response with increasing amounts of RapiFluor addition and the maximum
response was observed at 24 pL. The limit of detection for this assay was 3.0 ng or
approximately 2 pmol based on the molecular weight of one form of GM1 [1546.823
g/mol for GM1 (d18:1-18:0)] (Figure S10).

With an optimized GSL SCDase digestion protocol in hand we proceeded to develop a
chromatographic strategy. We recognized that a mixture of /-GSL would introduce
substantial complexity into the chromatograms, and we would require improved
separation of /-GSLs for such a mixture. Preliminary experiments with C8 and C18
reverse phase columns with a mixture of GMI1, GM3, and GD3 standards were
unsatisfactory (Figure S11, S12). We found that C8 and C18 media were able to resolve
differences in Sph chain length but did not resolve differences in the glycan structure. We
next investigated a mixed-mode column that offers RP and weak anion exchange (WAX)
modes of separation to resolve these mixtures of amphiphilic /-GSL. The GlycanPac
AXR-1 column provided good separation for mixtures of /-GSL from GM1, GM3, and
GD3 standards (Figure 3). We next required a standard for quantitation of the SCDase
assay. In the absence of a commercially available /-GSL standard, we sought a standard
to determine the specific activity of SCDase. We selected a synthetic compound with
features similar to a /-GSL, 8-[(2-aminoethyl)thiol)]-1-octyl-B-D-galactopyranosyl-
(1—>4)-pB-D-glucopyranoside 1 (Figure S13), bearing an octyl chain and a primary amine
available for labeling with RapiFluor MS.[57] Compound 1 was well resolved from all
Rapifluor-labelled /-GM1, /-GM3, and /-GD3 products (Figure S14). This standard was
used to determine the specific activity of SCDase with a standard GSL mixture over 2, 8,
14, and 24 h. The absolute concentration all forms of /-GM3 (d16:1, d17:1, and d18:1)
and all forms of /-GM1 (d18:1 and d20:1) were calculated from the known concentration
of compound 1 added to the reaction mixture.

3.3 Comparison of EGCase and SCDase GSL profiles in biological samples

The goal of our study was to establish complementary methods of GSL analysis using
two different modes of enzymatic degradation to analyze glycans and /-GSLs in a single
biological sample. The advantage of this approach is that it could reveal variation in
glycan and Sph structures. Thus, we proceeded to test both methods on an identical set of

samples to compare their findings. We first ensured consistent recovery of 1-GSLs after

12



digestion and post-labeling clean up protocols (Figure S15). Profiling of /-GSLs in Jurkat
cells required higher cell counts compared to the EGCase assay (1-5 x 107 cells). A
complete profile of /-GSLs from Jurkat cells is shown in Figure 4a. We observed
multiple Sph lipids attached to the same glycan (denoted by carbon chain length of the d-
erythro-sphingosine chain and number of degrees of unsaturation). Major /-GSL observed
included /-GM3 (d16:1, 10.5 min; d17:1, 13.4; d18:1, 17.3 min; d18:2, 12.5), I-GM1
(d16:1, 10.0 min; d18:1, 16.3 min; d18:2, 11.8 min), /-GM2 (d16:1, 10.3 min; d18:1, 16.8
min; d18:2, 12.2 min), and /-GD1a (d16:1, 14.6 min; d18:1, 23.9 min). Acetylated forms
of GM3 (6.3 min), GM2 (6.7 min), and GD1a (8.3 min) bearing the d16:1 chain. The
relative standard error (RSE) for three replicate runs was within 20% for most of the /-
GSLs, while some ranged between 20 and 30%. Peak identification and confirmation was
carried out by retention time matching (where available) and by determining the
elemental composition using accurate mass MS detection. The method was sensitive
enough to detect the presence of odd-number chain lengths such as GM3 (d17:1), while
not expected to be major forms — odd-number chains are possible for Sph and fatty acids
and may be biomarkers of disease.[58, 59] Comparing the results of the EGCase and
SCDase assays finds that the two methods agree on the identity of all major GSLs found
in Jurkat samples (GM3, GM2, GM1, and GD1a). However, LacCer is not seen in the
SCDase data as the enzyme does not cleave neutral GSLs effectively.[36] A direct
comparison of the quantitation for the two methods with Jurkat samples is shown in
Figure 5a-b (Table S5). While there are variations between the assays, there is good
general agreement for the Jurkat samples in both assays (Figure 5b, 1> = 0.81).

We next tested GSL samples from porcine brains in the SCDase assay, we found that
30 uL of brain homogenate (~6 mg tissue, or 0.8 — 1.5 mg dry GSL) was sufficient for
analysis. Figure 4¢ shows a complete /-GSL profile from porcine brain comprising of /-
GM3 (d16:1, 10.0 min; d18:1, 17.2 min), /-GM1 (d18:2, 11.8 min; d18:1, 16.8 min), /-
GD1 (d16:1, 14.8 min; d18:1, 22.8 and 23.4 min; d20:1, 36.1 min), /-GT1 (d18:1, 34.5
min), and /-Fuc-GM1 (d18:1, 15.2 min). Quantitation of signals using compound 1 as a
standard had a relative standard error (RSE) for three replicate runs within 20% for the
composition of each /-GSL, except for /-Fuc-GM1 (d18:1), which was 23.5%. The profile

shows two peaks assigned as /-GD1 (d18:1), which is likely composed of two isomers of
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GDI1 (i.e. GDla and GDI1b). Unlike the EGCase method, we could not assign isomers
based on chromatographic separation without standards. As seen for Jurkat samples, all
major GSLs seen in the EGCase analysis were identified in the SCDase assay (GM3,
GM1, Fuc-GM1, and GD1a/b), with the exception of LacCer and GSL in low abundance
(GM2, Fuc-GD1; Figure 4d).[36] In the case of porcine brain samples, we saw larger
differences between the EGCase and SCDase methods (Figure 5c-d, Table S6) and
reduced correlations (Figure 5d, r* = 0.68).

Importantly, in both cases the SCDase assay provides quantitation of Sph composition
as it relates to individual glycan structures which cannot be obtained from other methods;
for example, GM3 Sph chains were primarily d18:1 in both Jurkat and porcine samples,
but d17:1 Sph was only observed in GM3 from Jurkat. Additionally, we observed GM1
d18:2 in porcine brain. We are not aware of previous reports that have tested SCDase on
complex tissue samples, with previous work using only standard GSLs.[36, 60, 61]
Previous analyses of GSL Sph composition have found a higher prevalence of (d18:1)

and (d20:1) in pig and mouse brains, and have not observed d18:2.[62, 63]

4. Conclusion

Among the constituents of an organism, lipids show large diversity in structure,
making them challenging to analyze.[64] Lipidomic strategies have made significant
progress as a platform to study many classes of lipids such as glycerolipids,
glycerophospholipids, sphingolipids, and sterols.[65, 66] Glycosphingolipids (GSLs), as
a class, are not very well characterized owing to their diversity in structure and
challenging amphipathic properties. This study aimed to address these challenges by
implementing two complementary methods that link structural information about the
glycan component of GSLs with the sphingosine base from a single biological sample.
The use of enzymatic degradation strategies with EGCase and SCDase enzymes provided
convenient digestion of samples to a free glycan and /-GSL, respectively. Fluorophores,
2AA and RapiFluor MS, provided sensitivity for identification and quantification of each
GSL component by HPLC-FLD-MS. We believe this is the first application of SCDase
for analysis of complex GSL mixtures. We note that our method would benefit from

improvements in peak separation of /-GSLs or improved MS sensitivity to identify low
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abundance species. Finally, we propose that the methods described here can provide
inroads to the development of more complete quantification and analysis of GSL by

preserving linkage information between Sph chains and glycan headgroups of GSLs.

Acknowledgements

The authors would like to thank Waters Corporation for helpful discussions and
provision of samples of RapiFluor-MS reagent. We thank Dr. G Daskhan (University of
Alberta) for providing a sample of compound 1, and K. McGowan and R.B. Zheng for
helpful discussions. This work was supported by a grant from the Natural Sciences and
Engineering Research Council of Canada (NSERC RGPIN-2020-04371) and the
Canadian Glycomics Network (GlycoNet).

Supplementary data

The following are available online: Figure S1: Optimization of EGCase digestion
conditions; Figure S2: Optimization of 2-AA labeling conditions; Figure S3: Selection of
an internal standard for EGCase; Figure S4: Determination of Limit of Detection (LOD)
for EGCase; Figure S5: Percent recovery of a standard GSL mixture containing LacCer,
GM3, GM1, and GD3 after EGCase digestion; Figure S6: Optimization of temperature
and incubation time for SCDase digestion of GSLs; Figure S7: Optimization of SCDase
activity; Figure S8: Determination of SCDase activity; Figure S9: Optimization of
RapiFluor-MS labeling conditions; Figure S10: Determination of Limit of Detection
(LOD) for SCDase; Figure S11: Separation of RapiFluor labeled 1-GM3, 1-GD3, and I-
GMI1 in a mixture on a Reverse Phase (RP) C18 column; Figure S12: Separation of
RapiFluor labeled lyso-GSL on RP-C8; Figure S13: Structure of Compound 1; Figure
S14: Compound 1 as an internal standard; Figure S15: Percent recovery of a standard
GSL mixture containing GM3, GMI1, and GD3; Table S1: Absolute values of
concentrations of individual GSLs in Jurkat T-cells by EGCase; Table S2: Absolute
values of concentrations of individual GSLs in porcine brain by EGCase; Table S3:
Absolute values of concentrations of individual 1-GSLs in Jurkat T cells; Table S4:

Absolute values of concentrations of individual I-GSLs in porcine brain; Table S5:

15



Comparison of percent composition of major GSLs in Jurkat T cells identified
independently in the EGCase and SCDase assays; Table S6: Comparison of percent
composition of major GSLs in porcine brain identified independently in the EGCase and

SCDase assays.

16



Figures and Tables

HOOH

OOH

@7& o o ~Lon gy 5"

AcHN 0%\9‘0 N\© 2AA-labelled

HO OH M &on OH 3-sL
NH,
HOOC
NaCNBH3
AA \© 80 °C
H%OH O 0
(6] O 3'-sialyllactose
AcHN (0] O/éﬁrf H y
HO OH WHO ° (3-80)
HO™OH OH
(a) EGCase
‘/EGCase
HOOH  coon "
OH HO~\ ™ oH
AcHN 97>0 /%&/O/Y\/\/\/\/\/\/\
HO OH o HO B ;
HO OH H HN{Y\/\/\/\/\/\/\/\/
S0
N GM3
SCDase

(b) SCDase

HOOH  coon oH oH OH

AcHN /) O/é&/O/Y\/\/\/\/\/\/\

HO OH o HO

HO™OH OH NH,
lyso-GM3

Q H
0N
X
&1 T H
—

Rapifluor (Waters) 0
HOOH  cooH oH oM OH
s (22070 T 9oxER o~
HO OH o HO H
HO™OH OH HNTN ~
H
[0} N/ N\/\N/\

Figure 1: Digestion of GSL using EGCase and SCDase for analysis by LC-MS-FLD

17



—_
Q
-~

(b)

GM3 —_ 1
— TE' 12
2 -
2 E 9-
] <
£ E
o | I1s* 2
o
2 c
1 LacCer 3 3 T
S | 59 S _
i o
T T T T T T 0 T T T T T
£ O v N H 2
6 8 10 12 14 16 o' N
S & & & & §
Retention time (mins) v
c d a
( ) GM1 GD1a ( )A 0.3
/12.6 /158 =)
2 E T
3 T
g 2 0.2
€ GT1 c
3 Fucosyl 204 g
g GM1 GD1b Fuc ©
Q 14.2 B = .
3 §0.1
3 ! <
i © ool M
T T T T T T T T 0.0- N T o NI \' T
e ° > ° N4 N4
6 8 10 12 14 16 18 20 Qc'o & & & oxi‘ 00 S 00 &
Retention time (mins) v i

Qo" Qo(‘

Figure 2. Glycosphingolipid profiling with EGCase digestion. Samples of GSL were
digested with EGCase and labelled with 2-AA. GSLs LacCer, GM3, GM2, GM1, GD3,
GDla, GD1b, GT1b, Fuc-GM1, and Fuc-GD1 from (a-b) Jurkat T cells and (c-d) porcine
brain are shown. Quantification was performed based on the concentration of internal
standard (IS*, maltose). Values represent mean + standard error of mean of triplicate
measurements, n = 3. See Tables S1 (Jurkat) and S2 (porcine) for assignments and
quantitation.
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weak anion exchange-reverse phase (WAX-RP) GlycanPAC AXR-1 column. GM3 and
GD3, both sourced from bovine milk, show peaks for /-GSLs with d16:1, d17:1, and
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Figure 4. I-GSL profiling with SCDase digestion. Samples of GSL were digested with
SCDase and labelled with RapiFluor-MS to generate labeled /-GSLs from (a-b) Jurkat T
cells and (e-d) porcine brain. Panels (b) and (d) show quantification of the concentration
of individual /-GSLs. Quantification was performed based on the concentration of
external standard (ES*, compound 1) added to the mixture. (Values represent the mean +

standard error of the mean of triplicate measurements, n = 3.) See Tables S3 (Jurkat) and
S4 (porcine) for assignments and quantitation.
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