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ABSTRACT: Interactions between glycan-binding proteins
(GBPs) and glycosphingolipids (GSLs) present in cell membranes
are implicated in a wide range of biological processes. However,
studying GSL binding is hindered by the paucity of purified GSLs
and the weak affinities typical of monovalent GBP−GSL
interactions. Native mass spectrometry (nMS) performed using
soluble model membranes is a promising approach for the
discovery of GBP ligands, but the detection of weak interactions
remains challenging. The present work introduces MEmbrane
ANchor-assisted nMS (MEAN-nMS) for the detection of low-
affinity GBP−GSL complexes. The assay utilizes a membrane
anchor, produced by covalent cross-linking of the GBP and a lipid
in the membrane, to localize the GBP on the surface and promote GSL binding. Ligands are identified by nMS detection of intact
GBP−GSL complexes (MEAN-nMS) or using a catch-and-release (CaR) strategy, wherein GSLs are released from GBP−GSL
complexes upon collisional activation and detected (MEAN-CaR-nMS). To establish reliability, a library of purified gangliosides
incorporated into nanodiscs was screened against human immune lectins, and the results compared with affinities of the
corresponding ganglioside oligosaccharides. Without a membrane anchor, nMS analysis yielded predominantly false negatives. In
contrast, all ligands were identified by MEAN-(CaR)-nMS, with no false positives. To highlight the potential of MEAN-CaR-nMS
for ligand discovery, a natural library of GSLs was incorporated into nanodiscs and screened against human and viral proteins to
uncover elusive ligands. Finally, nMS-based detection of GSL ligands directly from cells is demonstrated. This breakthrough paves
the way for shotgun glycomics screening using intact cells.

■ INTRODUCTION
Interactions between membrane-bound glycosphingolipids
(GSLs) and glycan-binding proteins (GBPs) are critical to
many cellular processes, including cell recognition, signaling
and immune responses, and are implicated in a variety of
pathophysiological processes, such as cancer progression,
neurodegeneration, and bacterial and viral infections.1−3

Identifying these interactions and elucidating their biological
roles may help improve human health by guiding the
development of new diagnostics and therapeutics for
diseases.3,4 However, the full repertoire of cellular GSLs
recognized by most GBPs has yet to be elucidated.5−7 Among
the key challenges hindering the discovery and characterization
of GSL ligands are the limited availability in purified form,
their low affinities, and the influence of the lipid (membrane)
environment on binding.7,8 There are ∼378 unique mamma-
lian GSL structures (not including variations in the ceramide
moiety) identified to date, but only ∼15 are available
commercially in purified form.9,10 The low affinities (Kd
∼mM) typical of monovalent GBP−GSL interactions make

them difficult to detect using most established assays.6,11

Moreover, while the carbohydrate moiety of GSLs is
predominantly responsible for recognition by GBPs, mem-
brane composition, including the nature and concentration of
GSLs, affects binding.12 Consequently, GSL binding studies
must be performed using model lipid membranes, such as
supported lipid bilayers, mono- and bilayer vesicles, bilayer
islands and liposomal nanoparticles, which serve to mimic the
natural cell membrane environment.13,14

There are a number of analytical assays that are compatible
with model membranes and capable of detecting GBP−GSL
binding in a way that estimates the corresponding kinetic and
thermodynamic parameters. For example, surface plasmon
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resonance spectroscopy, fluorescence microscopy and quartz
crystal microbalance measurements can be carried out using
supported or nanocube lipid bilayers or bilayer islands.15−20

None of these approaches, however, can directly establish the
identity and number of GSL ligands bound to the GBP.
Moreover, these methods, which are restricted in their
applicability to defined mixtures of purified GSLs and cannot
be applied to the analysis of natural GSL libraries extracted
from cells or tissue, are of limited utility for ligand discovery.
Instead, GSL ligand discovery relies predominantly on
microarray-based shotgun glycomics screening, which utilizes
a microarray constructed from fluorescently labeled derivatives
of fractionated GSLs derived from natural sources (e.g., cells,
tissue or biofluids).7 The microarray approach, however, is
limited by the modifications made to the GSLs, their nonnative
(membrane-free) presentation, lack of mobility on the surface,
and a general inability to detect low-affinity interactions.21

Moreover, as the modified GSLs are spatially separated on the
array, low-affinity ligands that could contribute to cellular
recognition through homo- and heteromultivalent binding may
go undetected.18,19,22 Given the limitations in existing assays
for the discovery of biologically relevant GSL−GBP
interactions, advancing this important area of functional
glycomics critically depends on the development of new
analytical methods.

Native mass spectrometry (nMS)�which typically involves
electrospray ionization (ESI)-mass spectrometry (MS) analysis
performed using native-like solution conditions and instru-
mental parameters that preserve noncovalent complexes�is
routinely used to detect and quantify GBP−glycan binding in
vitro.23,24 When implemented with GSLs incorporated into
water-soluble bilayer islands, such as nanodiscs (NDs) and
picodiscs, nMS has shown promise for the discovery and
characterization of GBP−GSL interactions.11,25−29 To perform
these measurements, GSL-containing model membranes are
incubated with the target GBP and the mixture analyzed by
nMS.11,25−29 During desolvation, intact GBP−GSL complexes
spontaneously dissociate from the model membrane in a
process believed to be driven by Coulombic repulsion between
the multiply charged GBP and membrane.11 In some cases, the
GSL ligands can be identified directly from the molecular
weights (MWs) of the gaseous GBP−GSL complex ions.
However, for large or heterogeneous GBPs or for GBPs with
multiple binding sites, which can bind to different GSLs, the
catch-and-release (CaR)-nMS approach is used, wherein the
bound (caught) GSLs are released as ions from the gaseous
GBP−GSL complexes by collision-induced dissociation
(CID).11,27 The released GSLs are identified by their MW
and, if required, from the diagnostic fragment ions produced
by CID.11,27

An attractive feature of nMS (and CaR-nMS) for analyzing
GBP−GSL interactions is its amenability to model membranes
containing mixtures of GSLs extracted from cells or tissue,
which is ideal for ligand discovery.27 However, the detection of
low-affinity ligands is challenging, particularly for monovalent
GBPs.23,30−32 In principle, the detection of weak interactions
can be enhanced by increasing the GSL concentration.30 But,
bilayer islands tend to be unstable at high GSL content and
disassemble, while high concentrations of model membrane
lead to ion suppression effects.33,34

Here, we introduce the MEmbrane ANchor-assisted nMS
(MEAN-nMS) assay, which enables the detection of low-
affinity interactions between soluble GBPs and GSLs in model

membranes. The method, inspired by recent findings that high-
affinity GSL ligands enhance GBP binding to low-affinity
ligands in NDs,22 relies on the cross-linking of the GBP to the
membrane through a modified lipid via a copper-free click
reaction. The resulting membrane anchor serves to localize the
GBP on the surface of the membrane, which promotes binding
by effectively increasing the concentration of GSL in the
vicinity of the GBP. A notable feature of MEAN-nMS is that it
can be applied to any GBP, including those with a single
binding site. We first establish the reliability of MEAN-nMS by
screening a library of purified gangliosides incorporated into
NDs against human immune lectins and comparing the results
with affinities of corresponding ganglioside oligosaccharides.
We then demonstrate the potential of MEAN-nMS imple-
mented using CaR (MEAN-CaR-nMS) for discovery by
screening NDs containing natural libraries of GSLs extracted
from cells against human and viral proteins to uncover elusive
GSL ligands. Finally, using MEAN-CaR-nMS, we present the
first examples of GSL ligand discovery directly from intact
cells.

■ MATERIALS AND METHODS
Proteins, Lipids, GSLs. Details of the proteins, lipids, GSLs,

oligosaccharides and other reagents used in this study are given as
Supporting Information, with structures shown in Figure S1.

Cell Culture. Human embryonic kidney 293T (HEK 293T) cells
were cultured in Dulbecco’s modified Eagle medium/nutrient mixture
(Gibco Scientific) containing 10% fetal bovine serum (Gibco), 100 U
mL−1 penicillin (Gibco), 100 μg mL−1 streptomycin (Gibco) and 5
μg mL−1 blasticidin (InvivoGen). Human neuroblastoma SH-SY5Y
cells were cultured in Eagle’s minimum essential media containing
10% fetal bovine serum, 1% penicillin, and 1% streptomycin. All cells
were maintained in a 5% CO2 incubator at 37 °C.

Cell Imaging. Optical and scanning electron microscope imaging
was performed on aliquots of HEK 293T cells resuspended in 1× PBS
(pH 7.4) or 200 mM ammonium acetate (pH 7.4) before and after
sonication (30 min) at room temperature. Details are provided as
Supporting Information.

Preparation of NDs. Complete details on ND preparation are
provided as Supporting Information.

Membrane Anchor Formation. The copper-free click chemistry
reaction, used to form the membrane anchor, was carried out by
labeling the GBP with DBCO-PEG4-NHS ester (details given as
Supporting Information and in Figure S2a), and subsequently
incubating the DBCO-labeled GBP with azidoPE-ND or GSL-
containing azidoPE-ND for 1 h at 25 °C (Figure S2b). For application
of MEAN-CaR-nMS directly to cells, azidoPE-ND was mixed with the
cells and sonicated for 30 min at room temperature.

Mass Spectrometry. The nMS measurements were performed
using a Q Exactive Hybrid Quadrupole Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, USA), an ultrahigh mass range
Q Exactive Hybrid Quadrupole Orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, USA) and a Synapt G2S ESI quadrupole-
ion mobility separation-time-of-flight mass spectrometer (Waters,
Manchester, UK). Each instrument was equipped with a nanoflow ESI
source. A description of experimental conditions and instrumental
parameters is provided as Supporting Information.

Cell Glycolipid Analysis. GSLs were extracted from HEK 293T
and from human neuroblastoma SH-SY5Y cells using the procedure
described elsewhere.35 Briefly, approximately 10 × 106 cells were
resuspended in 2 mL ice−cold water and homogenized on ice in a 15
mL tube using an ultrasonic homogenizer. 5.34 mL of methanol was
added, followed by 2.67 mL of chloroform. This solution was mixed
thoroughly before centrifugation at 4000g for 15 min. The
supernatant (containing the GSLs) was carefully decanted into
another 15 mL tube, where it was dried under nitrogen gas. A
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description of experimental conditions and instrumental parameters is
provided as Supporting Information.

Quantifying GSLos Affinities. nMS was used to quantify the GSL
oligosaccharide (GSLos) affinities for GBPs. Details of the binding
assay and data analysis procedures are provided as Supporting
Information.

Quantifying GSL Binding. nMS analysis was used to quantify the
fraction of GBP (labeled or unlabeled) bound to GSLs. Details of the
data analysis procedures are given as Supporting Information.

■ RESULTS AND DISCUSSION
Validation of the MEAN-nMS Assay. Assay Overview. A

schematic overview of the implementation of MEAN-(CaR)-
nMS for the detection of GSL ligands in NDs and cells is given
in Figure 1. Briefly, the GBP is first labeled with DBCO groups
(Figure S2a).36 It is challenging to precisely control the degree
of DBCO labeling due to the instability of the active ester
groups, which are susceptible to hydrolysis, and variations in
labeling efficiencies.37,38 However, a 1 h incubation time and
20:1 molar DBCO-PEG4-NHS/GBP ratio is generally
sufficient to achieve >1 DBCO labels. For the applications of
MEAN-(CaR)-nMS to NDs, the DBCO-labeled GBP is
incubated with NDs containing azidoPE and GSL. The
copper-free click reaction (Figure S2b) forms covalent bonds
(membrane anchors) between the DBCO and azidoPE (Figure
S2b), resulting in ND-associated GBP {referred to here as
[GBP + j(DBCO−PE)]}. Anchoring the GBP on the ND
surface results in an increase in the effective concentration of
GSL in the vicinity of the GBP, which promotes binding.
During the ESI process, GSL-bound GBP complexes [GBP +
j(DBCO−PE) + GSL] dissociate from the membrane due to
Coulombic repulsion (between the multiply charged GBPs and
the ND) and are detected by MS.11,39 Alternatively, with
MEAN-CaR-nMS, the [GBP + j(DBCO−PE) + GSL]
complex is isolated and subjected to CID and the released
GSL ions detected by MS. To apply MEAN-(CaR)-nMS to
cells, a suspension of cells is treated with azidoPE-containing
ND and the mixture is sonicated to disrupt the cell membrane

and facilitate incorporation of azidoPE. The DBCO-labeled
GBP is then added, and the mixture analyzed by nMS or CaR-
nMS to identify GSL ligands.
GAL-3C and GAL-7. To demonstrate the reliability of

MEAN-nMS for detecting GSL ligands in model membranes,
eight purified gangliosides (GM1, GM2, GM3, GD1a, GD1b,
GD2, GT1a and GT1b) were incorporated, separately, into
azidoPE-containing NDs and screened against both unlabeled
and DBCO-labeled human galectin-7 (GAL-7) and C-terminal
carbohydrate recognition domain of human galectin-3 (GAL-
3C). Galectins, which represent an important class of immune
lectins, recognize glycans possessing terminal β-galactose (Gal)
residues.40 The GSL specificities of human galectins are not
well characterized, although GAL-3C (and GAL-3) and GAL-7
are known to recognize neutral GSLs, including lacto- and
neolacto-GSLs.41−45 Gangliosides are also suggested to bind
and there is evidence of GAL-3 and GAL-7 interactions with
GM1 on model and cell membranes.41−45 As the ganglioside
binding properties of GAL-3C and GAL-7 have not been
comprehensively established, the MEAN-nMS data were
assessed by comparison to the affinities (Table S1) of the
corresponding ganglioside oligosaccharides measured in the
present study (Figures S3 and S4) and previously reported
data (for GM3os).46 According to the affinity data, neither
GM2os nor GD2os (both of which lack terminal Gal) is
recognized by GAL-3C or GAL-7, in line with expectations.
The other oligosaccharides tested are all low-affinity ligands,
with Kd ranging from 0.2 to 1.5 mM (GAL-3C) and 0.6 to 4
mM (GAL-7), with GM3os being the highest affinity ligand for
both GBPs.

For unlabeled GAL-3C, nMS analysis produced weak signals
corresponding to the association of GM3, GD1a, GD1b, GT1a
and GT1b; no binding to GM1 (false negative), GM2, or GD2
was detected (Figure S5). For unlabeled GAL-7, no binding
was observed for any of the gangliosides (Figure S6). Using
DBCO-labeled GAL-3C, MEAN-nMS detected ions corre-
sponding to GAL-3C with membrane anchor, as well as 1:1

Figure 1. Schematic overview of the MEAN-(CaR)-nMS assay for detecting interactions between GBPs and GSLs present in NDs and cells. The
DBCO-labeled GBP is incubated with NDs (containing phospholipid, GSL and azidoPE) or azidoPE-treated (delivered, for example, using
azidoPE-NDs) cells. The formation of one or more “membrane anchor” via a copper-free click reaction localizes the GBP on the surface of the
membrane and allows for the recruitment of GSL ligands present in the model or cell membrane. The identities of GSL ligands bound to GBP are
determined by nMS analysis (from accurate MW measurements of the resulting GBP−GSL complexes) or CaR-nMS analysis [by activating the
complexes using CID to release the GSLs (as ions) and identifying them from their MWs].
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complexes with GM1, GM3, GD1a, GD1b, GT1a, and GT1b;
no binding to GM2 or GD2 was observed (Figures 2a,b and
S7). These results fully align with the measured ganglioside
oligosaccharide affinity data (Table S1). The GAL-7
homodimer possessing membrane anchor was also found to
bind GM1, GM3, GD1a, GD1b, GT1a and GT1b; no
interactions with GM2 and GD2 were detected (Figure S8).
These results are also consistent with the oligosaccharide
affinities. Despite having two equivalent binding sites, only the
1:1 complexes were detected for GAL-7, suggesting that
conformational restrictions resulting from the membrane
anchor prevent the homodimer from engaging in multivalent
binding. Nevertheless, the membrane anchor did not
significantly disrupt the GAL-7 dimer,47 as judged by the
low abundance of detected monomer.

To establish whether the aforementioned GSL binding
detected with MEAN-nMS originates from the same ND to
which the GBP is anchored, measurements were performed on
DBCO-labeled GAL-3C and a mixture of two ND samples�
GM3-ND (no azidoPE) and 20% azidoPE ND (no GM3).
Notably, no binding between the GAL-3C with membrane
anchor and GM3 was detected (data not shown). This finding
suggests that, under these conditions, the GSL ligands detected
by MEAN-nMS are the result of cis-interactions (between the
GBP and GSL in the same ND), with no appreciable
contribution from trans-interactions involving GBP and GSL
in different NDs.

The ganglioside binding data acquired for GAL-3C and
GAL-7 demonstrate how the introduction of a membrane
anchor dramatically improves nMS detection of GBP
interactions with GSLs. For both proteins, the MEAN-nMS
assay detected binding to all six gangliosides possessing a
terminal or otherwise accessible Gal residue. Of these, only
GM1 has previously been shown to be a ligand.41−45 That no
binding was detected for GM2 and GD2, which lack terminal

Gal, establishes that anchoring the GBPs to the ND does not
lead to false positives (nonspecific binding). These results are
in sharp contrast to the complete absence of detectable binding
in the case of unlabeled GAL-7 and the much lower levels of
specific binding and false negatives measured for unlabeled
GAL-3C. The performance gains achieved with MEAN-nMS
are depicted quantitatively in Figure 3, wherein the fraction
(FGSL) of GSL-bound GBP is plotted for labeled and unlabeled
GAL-3C (Figure 3a) and GAL-7 (Figure 3b) and each
ganglioside tested. In the case of GAL-3C, for which five
ligands were detected using unlabeled protein, the increase in
FGSL ranges from 4- to 20-fold. In the case of the false
negatives, the increase in FGSL cannot be quantified as only
MEAN-nMS enabled detection of the ligands. It is also
instructive to compare the FGSL to values expected for the
ganglioside oligosaccharides calculated from the measured Kd
(Table S1) at the same concentration as the gangliosides
(Figure 3a,b). This analysis shows that, in the absence of a
membrane anchor, the extent of GSL binding falls well short of
what is expected for the corresponding oligosaccharides. In
contrast, the presence of the membrane anchor leads to
binding that exceeds that expected for the oligosaccharides.

The greater sensitivity of MEAN-nMS, compared to
conventional nMS, for detecting GBP−GSL interactions in
NDs is attributed to the higher local concentration of GSL in
the vicinity of the GBP when attached to ND via the
membrane anchor. From the equilibrium expression ([GSL]/
Kd,GSL = [GBP + GSL]/[GBP]) and assuming that the Kd of
the labeled and unlabeled GBP are similar, the concentration
ratio (RGSL, eq S11c) of GSL-bound to free GBP is expected to
vary linearly with GSL concentration. The increase in effective
concentration resulting from sequestration of the GBP on the
surface of the ND can be estimated from the ratio of total
solution volume-to-total volume occupied by the GBP-bound
ND and the concentrations used. Treating the NDs as

Figure 2. Validation of MEAN-nMS for detecting GSL ligands in NDs. Results from MEAN-nMS analysis performed in positive ion mode on
aqueous ammonium acetate solutions (200 mM, 25 °C, and pH 6.8) of DBCO-labeled GAL-3C (3 μM) with 20% azidoPE-ND (10 μM)
containing 10% (a) GM1 and (b) GM2; and DBCO-labeled Siglec-1 fragment (3 μM) with 20% azidoPE-ND (10 μM) containing 10% (c) GM1
and (d) LacCer.
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cylinders,48 the concentration of GSL in the vicinity of the
NDs is estimated to be ∼1500-fold greater compared to bulk
solution (details given as Supporting Information and in Figure
S9). Because the volume of the GBP-bound ND is expected to
increase with size of anchored GBP, the increase in GSL
concentration may be somewhat smaller, although still
significant. For example, in the case of GAL-3C and GAL-7,
the increase in effective GSL concentration is estimated to be
approximately 160- to 1000-fold. Based on these concentration
increases, FGSL is expected to increase 10- to 20-fold, which is
in line with the experimental observations. It should be noted,
though, that the FGSL values measured with MEAN-nMS may
also be influenced by other factors. In particular, the presence
of the membrane anchor is expected to result in unbound and
GSL-bound GBP ions having similar nMS response factors. In
contrast, for unlabeled GBP, the free and GSL-bound ions will
exhibit nonuniform response factors (the free GBP ions are
transferred directly to the gas phase, while the GSL-bound
GBP ions are initially associated with the ND), which will
affect their relative abundances in the gas phase.39

Discovery of GSL Ligands by MEAN-(CaR)-nMS. The
results obtained for GAL-3C and GAL-7 highlight the
advantage of a membrane anchor for detecting binding
between soluble GBP and GSLs in model membranes by
nMS. To further showcase the utility of this strategy for ligand
discovery, the MEAN-(CaR)-nMS approach was used to probe
the ganglioside binding properties of the human immune lectin

Siglec-1 and the receptor-binding domain (RBD) of SARS-
CoV-2.
Siglec-1. Siglec-1, also known as sialoadhesin or CD169, is a

member of the sialic acid-binding immunoglobulin-type lectins
(Siglecs), which are found primarily on the surface of immune
cells.49,50 They serve important roles in immune system
regulation and intracellular and intercellular signaling and are
associated with the development of diseases, including
autoimmune diseases, neurodegenerative conditions, and
cancer.49−53 Siglec functions are regulated through binding
to sialic acid (Sia)-containing glycans (sialoglycans) con-
jugated to proteins and lipids.49−53 Unlike other Siglecs, Siglec-
1, which is expressed on the surfaces of macrophages and
dendritic cells, possesses no inhibitory motifs, instead serving
in an activatory role, enhancing phagocytosis by binding
sialoglycans located on cells, extracellular glycolipids and
glycoproteins, or pathogens.50,53 It has been shown that Siglec-
1 preferentially recognizes α2-3-linked Sia, followed by α2-6-,
and α2-8-linked Sia.49,50,54 However, due to their low affinity,
the glycan-binding specificities of Siglec-1 have not been fully
established.14,49,52,53

Recently, the specificities of human Siglecs 1-11 and -15 for
gangliosides were profiled using four different assays.55 Binding
data for a soluble dimeric Siglec-1-Fc fusion complexed with
tetrameric Strep-Tactin horseradish peroxidase conjugate
measured with a lipid bilayer-free ELISA suggested that all
nine gangliosides tested (GM1, GM2, GD1a, GD1b, GD3,
GT1b, GM3, GM4 and GQ1b) are ligands, with GM2 and
GM3 exhibiting the strongest avidities.55 Using 3 mol %
glycolipid-containing liposomes (GLLs) and Siglec-1 express-
ing CHO cells, the same nine gangliosides were tested by flow
cytometry, and binding was observed for GM1, GM2, GD1a,
GD1b, GD3 and GT1b, but not for GM3, GM4 and GQ1b.55

Binding to GM3, however, was detected when the GM3
content was increased to 20 mol %. A liposome over lectin
assay, employing Siglec-1 Fc and GLLs containing GM1,
GD1a, GD3 and GQ1b detected binding to all four
gangliosides. However, the relative binding profile differed
from that inferred from the ELISA data.55 These same four
GLLs were also found to bind to Siglec-1 Fc adhered to a
streptavidin microbead in a bead assay, with GD1a exhibiting
the highest affinity.55 To explain the variation in binding
profiles observed with the different methods, it was proposed
that not only affinity but other factors are important for the
detection of these interactions, such as steric crowding and the
differing presentation of interactions in solution and in a lipid
bilayer.55

To more firmly establish the ganglioside binding properties
of Siglec-1, MEAN-nMS was performed using a DBCO-labeled
small monomeric Siglec-1 fragment, consisting of its first three
extracellular domains, and the panel of ganglioside-containing
NDs described above. Notably, signal corresponding to the 1:1
complex of the membrane anchor-linked Siglec-1 bound to
each of the gangliosides was detected (Figures 2c,d, 3c, and
S10), with FGSL ranging from 0.5 to 0.8. In contrast, nMS
analysis failed to detect any binding between the gangliosides
and unlabeled Siglec-1 fragment (Figures 3c and S11). The
MEAN-nMS data suggest that all eight of the tested
gangliosides are ligands, which is consistent with the reported
results obtained with the lipid bilayer-free ELISA.55 These
findings are also in agreement with the ganglioside
oligosaccharide affinity data that show Siglec-1 recognizes all
eight oligosaccharides, with GM3os being the highest affinity

Figure 3. Enhanced detection of GBP binding to GSLs in NDs using
MEAN-nMS. Fraction (FGSL) of GSL-bound GBP determined by
nMS and MEAN-nMS analysis of aqueous ammonium acetate
solutions (200 mM, 25 °C, and pH 6.8) of unlabeled (green bars)
and DBCO-labeled (blue bars) (a) GAL-3C, (b) GAL-7 and (c)
Siglec-1 fragment, with 20% azidoPE-ND (10 μM) containing 10%
GSL (GM1, GM2, GM3, GD1a, GD1b, GD2, GT1a, GT1b or
LacCer). Expected FGSL values (white bars) calculated from the Kd
measured for the corresponding GSL oligosaccharides. Errors
correspond to one standard deviation.
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ligand (Figure S12 and Table S1). To rule out the possibility
that any of ganglioside hits result from nonspecific binding,
lactosylceramide (LacCer)-containing azidoPE ND was
introduced as a negative control. Importantly, no binding to
LacCer was observed (Figure 2d), a result in agreement with
an absence of detectable binding between the Siglec-1
fragment and lactose disaccharide (Table S1).

To further probe the ganglioside binding properties of
Siglec-1, MEAN-CaR-nMS screening of azidoPE-NDs con-
taining a mixture of GSLs extracted from porcine brain against
DBCO-labeled Siglec-1 fragment was performed. Chromato-
graphic analysis [hydrophilic interaction liquid chromatog-
raphy−ultra-high-performance liquid chromatography
(HILIC−UHPLC)] of the glycolipid extract identified, in
agreement with previous reports,56 GM1, fucosylated-GM1,
GD1a, GT1a, and GT1b as the most abundant GSLs, with
GD1b, GD2, GM2, GM3, GQ1, GD3, and GT3 present at
lower abundance (Figures S13a and S14a, Table S2).
Implementation of the MEAN-CaR-nMS assay identified
binding to GM1 and FucGM1, as well as to one or more
GD1, FucGD1, and GT1 isomeric species (Figures 4a and
S14a). Notably, the observation of binding to FucGM1 and
FucGD1, which has not been previously reported, is at odds
with the suggestion that the fucosylation of GSLs inhibits
Siglec binding.49

SARS-CoV-2 RBD. The spike protein and RBD of SARS-
CoV-2 (Wuhan strain) have been shown to recognize diverse
acidic and neutral human glycan structures.57−71 According to
the results of nMS-based screening, the oligosaccharides of
GM1 and GM2 exhibit the highest affinity of the glycans
tested. Numerous other ganglioside oligosaccharides (GA1os,
GA2os, GD1aos, GD1bos, GD2os, GD3os, GM1bos, GM3os,
GT2os, and GT3os) were also found to bind; no binding to
GT1aos and GT1cos was detected.62 To confirm that RBD
recognizes gangliosides in a membrane environment, CaR-
nMS measurements were performed on NDs containing GM1,
GM2, GM3, GD1a, GD2, and GT1b. Binding to GM1, GM2,
and GM3 was observed, but no binding was detectable for
GT1b, or to GD1a and GD2. Notably, GD1a and GD2 are
expected to be ligands based on the oligosaccharide binding
data.62

To clarify the ganglioside binding properties of SARS-CoV-2
RBD, MEAN-CaR-nMS was used to screen azidoPE-NDs,
containing either a mixture of the six gangliosides or porcine
brain glycolipid extract, against DBCO-labeled RBD. For the
glycolipid extract, binding to GM1, FucGM1, GM2, and GM3,
as well as species of GD1, FucGD1, GD2, GQ1, GD3, and
GT1 was observed (Figures 4b and S14a). Notably, RBD
recognition of FucGD1 has not been previously reported.
Importantly, of the six purified gangliosides tested, binding was
measured for all except GT1b (Figure 4c), in agreement with
the oligosaccharide affinity data.62

Together, the screening data acquired for the Siglec-1
fragment and RBD highlight the significant improvements
achieved with MEAN-(CaR)-nMS for discovering low-affinity
GSL ligands of GBPs. Particularly relevant is that both GBPs
possess a single binding site and, therefore, cannot engage in
multivalent binding. However, the addition of the membrane
anchor enables the detection of low-affinity and, in the case of
the glycolipid extract, low abundance ligands. Moreover, these
data confirm the promiscuous binding of Siglec-1 to ganglio-
sides and establish that SARS-CoV-2 RBD recognizes a variety
of host gangliosides, which could serve as cellular attachment
factors for infection.

Application of MEAN-CaR-nMS to Cells. The screening
data acquired for the ND sample produced from the porcine
brain glycolipid extract demonstrate the feasibility of
combining MEAN-CaR-nMS with a shotgun glycomics
screening strategy for discovering GSL ligands present in cell
membranes. However, glycolipid extraction is inherently biased
owing to nonuniform extraction efficiencies and, as a result,
ligands with low extraction efficiency may be missed.72 In
contrast, directly measuring GBP binding to GSLs in the cell
membrane would avoid extraction biases, albeit with no
possibility for enrichment. As of yet, however, GSL ligand
discovery through direct cell analysis has not been feasible due
to an absence of analytical methods capable of both detecting
weak GBP binding to GSLs (in cells) and establishing ligand
identity. In principle, nMS analysis can directly detect GBP
binding to GSLs on cells but has hitherto lacked the sensitivity
needed to detect low-affinity interactions. As described below,
the development of MEAN-(CaR)-nMS makes such measure-
ments possible.

To apply MEAN-CaR-nMS to cells, azidoPE must first be
incorporated into the cells. While this can, in principle, be
achieved through incubation with azidoPE micelles, this route
was found to give a low incorporation efficiency, as judged by
the absence of membrane anchor formation in experiments

Figure 4. Demonstration of shotgun glycomics screening using
MEAN-CaR-nMS and NDs. Results of MEAN-CaR-nMS screening of
20% azidoPE-ND (2 μM) containing a natural library of GSLs from
porcine brain against (a) DBCO-labeled Siglec-1 fragment (3 μM),
and (b) SARS-CoV-2 RBD (6 μM). (c) Results of MEAN-CaR-nMS
screening of a 20% azidoPE-ND containing six GSLs (1% each of
GM1, GM2, GM3, GD1a, GD2, and GT1b, each at 10 μM) against
DBCO-labeled SARS-CoV-2 RBD (10 μM). All measurements were
performed in negative ion mode on aqueous ammonium acetate
solutions (200 mM, 25 °C, and pH 6.8). The ceramide moiety was
omitted from the GSL structures shown.
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performed using DBCO-labeled GAL-3C (data not shown).
Instead, 20% azidoPE-ND was added to a solution containing
approximately 5 × 104 cells (at an azidoPE-ND/cell ratio in
the 108 to 109 range) and the mixture was sonicated at room
temperature for 30 min. According to optical and scanning
electron microscopy images (Figure S15), sonication disrupts
the cells resulting in membrane fragments. Therefore, we
speculate that it is the fragments that take up azidoPE from the
NDs, enabling the formation of the membrane anchor with the
labeled GBP. Following an additional 1 h incubation with
DBCO-labeled GBP, CaR-nMS analysis was performed.

To demonstrate the capability of MEAN-CaR-nMS to
directly detect GSL ligands in cultured cells, measurements
were performed to identify ligands of GAL-3C and SARS-CoV-
2 RBD in HEK 293T and SH-SY5Y cells. The GSL content of
both cell types was assessed by HILIC−UHPLC−MS analysis
of the glycolipid extract; CID was employed to confirm the
identity of the observed GSLs (Figures S13b,c and S14b,c;
Tables S3 and S4). According to this analysis, GM3 (65% of
GSLs) and GM2 (22%) are the dominant gangliosides in the
HEK 293T cells; GD3, GM1, GD2, GD1a and GD1b are also
present but at much lower abundances (3−9%). In the SH-
SY5Y cells, GM2 (61% of GSLs) dominates; GD1a is the next
most abundant (16%), with GM1, GM3, GD2, GD1b and
GT1b also present but at relatively low abundances (4−10%).
Screening the azidoPE-treated HEK 293T cells against DBCO-
labeled GAL-3C detected the release of GM3, which is the
major GSL in the cell membrane (Figure 5a). Only the C18:1/
16:0 form of GM3, the most abundant ceramide form in the
membrane, was detected. In contrast, no binding was detected
by CaR-nMS performed using unlabeled GAL-3C (Figure
S16a). Screening these same cells against DBCO-labeled RBD
identified both GM3 (C18:1/16:0, C18:1/24:0) and GM2
(C18:1/16:0 and C18:1/18:0) ligands (Figures 5b, S14b, and
S17a,b, and Table S3). The three GM3 species represent the
most abundant ceramide forms present; the same is true for
the two GM2 species detected (Figure S17a,b). No ligand
binding was detected from screening performed against the
unlabeled RBD (Figure S16b).

In the case of the azidoPE-treated SH-SY5Y neuroblastoma
cells, screening against labeled and unlabeled GAL-3C failed to
detected any GSL binding (Figures 5c and S16c). These
results are consistent with GAL-3C not recognizing GM2,
which is the major ganglioside in these cells (Figures S13c and
S14c). While no ligands were identified from screening of the
unlabeled RBD (Figure S16d), binding to several GM2 species
[C18:1/16:0, C18:1/18:0, C18:1/20:0, C18:1/22:0, and
C18:1/24:1(15Z)] to labeled RBD was measured (Figures
5d and S17c; Table S4). Curiously though, the relative
abundances of released GM2 species do not reflect their
relative abundances in the membrane (Figure S17c). For
example, despite C18:1/16:0 being present at very low
abundance (comprising only ∼0.02% of the identified GM2
species), it represents a significant fraction (∼20%) of the
GM2 released from the RBD (Figure S17c). Conversely, the
C18:1/22:0 species, which is in high abundance in the cells
(∼38%), represents a lower percentage of the released GM2
(17%). These findings raise the possibility that SARS-CoV-2
utilization of host gangliosides as attachment factors is
modulated by their ceramide profile. However, this effect
remains to be conclusively established.

Although preliminary, these data establish, for the first time,
the possibility of directly detecting binding of GBPs to GSL

ligands in cultured cells using MEAN-CaR-nMS. That binding
was only detected for the most abundant GSLs present
indicates a need to improve the sensitivity of the assay.
Possible remedies include developing mitigation strategies for
the signal suppression that accompanies the use of a larger
number of cells in the analysis and alternative delivery routes
for enhancing the efficiency of azidoPE incorporation into the
cells. Efforts in these directions are ongoing.

■ CONCLUSIONS
This work introduces MEAN-(CaR)-nMS, an innovative assay
for detecting low-affinity (Kd ∼mM) interactions between
soluble GBPs and GSLs incorporated into model membranes,

Figure 5. Demonstration of shotgun glycomics screening using
MEAN-CaR-nMS and cultured cells. Results of MEAN-CaR-nMS
screening of azidoPE-treated HEK 293T cells (5 × 104) against
DBCO-labeled (a) GAL-3C (6 μM) and (b) SARS-CoV-2 RBD (6
μM). Results of MEAN-CaR-nMS screening of azidoPE-treated SH-
SY5Y neuroblastoma cells (5 × 104) against DBCO-labeled (c) GAL-
3C (6 μM) and (d) SARS-CoV-2 RBD (6 μM). The ceramide moiety
was omitted from the GSL structures shown.
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such as NDs. The method relies on introducing a membrane
anchor to localize the GBP on the surface of the membrane,
thereby increasing the effective concentration of GSL in the
vicinity of the GBP, which promotes binding. The increase in
local GSL concentration, estimated to be as high as 1500 times
that of bulk concentration, can produce a >10-fold increase in
fractional occupancy of the GBP binding site(s). Importantly,
the assay can be implemented with GBPs possessing a single
binding site and which cannot engage in multivalent binding as
a way to enhance avidity for GSL ligands, as well as
multisubunit GBPs. Ligands are identified by detection of
intact GBP−GSL complexes (MEAN-nMS) or upon their
release from GBP−GSL complexes (MEAN-CaR-nMS).

The results of screening libraries of purified gangliosides
incorporated into NDs against immune lectins demonstrate the
significant gains in performance achieved through the
introduction of the membrane anchor. In the absence of a
membrane anchor, nMS analysis yielded predominantly false
negatives. In contrast, all ligands were identified by MEAN-
(CaR)-nMS, with no false positives. Screening data acquired
using NDs produced from natural libraries of GSLs human and
viral GBPs showcase the potential of MEAN-CaR-nMS for
shotgun glycomics applications to uncover elusive, biologically
relevant GSL ligands. Remarkably, MEAN-CaR-nMS allowed,
for the first time, nMS-based detection of GBP binding to GSL
ligands in cells. While further optimization of the assay for
direct analysis of cells is needed, these preliminary data
highlight the tremendous potential of nMS, when implemented
with a membrane anchor strategy, for discovering GSL ligands
and, possibly, other classes of ligands, directly from cell
membranes. Uncovering the repertoire of natural GSL ligands
of endogenous and exogenous GBPs is essential to a
comprehensive understanding of the roles played by GBP−
GSL interactions in human health and disease and will help
drive the development of new therapeutics and diagnostics.
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