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ABSTRACT: Protein N-glycosylation stands out for its intrinsic and functionally related heterogeneity. Despite its biomedical
interest, Glycoprofile analysis still remains a major scientific challenge. Here, we present an NMR-based strategy to delineate the
N-glycan composition in intact glycoproteins and under physiological conditions. The employed methodology allowed
dissecting the glycan pattern of the IgE high-affinity receptor (FcεRIα) expressed in human HEK 293 cells, identifying the
presence and relative abundance of specific glycan epitopes. Chemical shifts and differences in the signal line-broadening
between the native and the unfolded states were integrated to build a structural model of FcεRIα that was able to identify
intramolecular interactions between high-mannose N-glycans and the protein surface. In turn, complex type N-glycans reflect a
large solvent accessibility, suggesting a functional role as interaction sites for receptors. The interaction between intact FcεRIα
and the lectin hGal3, also studied here, confirms this hypothesis and opens new avenues for the detection of specific N-glycan
epitopes and for the studies of glycoprotein−receptor interactions mediated by N-glycans.

■ INTRODUCTION
N-glycosylation is the most abundant post-translational
modification in proteins.1 Since N-glycosylation is not
template-driven, the hallmark is heterogeneity, which con-
stitutes an extra layer of complexity, directly bound to its
biological function. In fact, the N-glycan’s ensemble is directly
responsible for modulating molecular recognition events in cell
signaling, tissue differentiation, host−pathogen recognition,
infections, immune response, and cancer, and it also
contributes to the proper folding of the protein.2,3 Alteration
of the glycoform pool composition has deleterious effects. For
instance, tumor cells display a wide range of glycosylation
alterations (i.e., sialylation, fucosylation, and glycan branching)
when compared to the nonaltered counterparts.4,5

Given their abundance on the cell surface and vast structural
diversity, carbohydrates have been used as epitopes to stage
and subtype cell lines.6−8 For example, cell transitions from
pluripotency to differentiated progenitors result in elevated
α2−6 linked sialic acid on the cellular surface,9 while

enzymatic removal of sialic acid triggers differentiation along
the ectoderm lineage.10 However, these studies only provide
information at the cellular level, and a more detailed
characterization of the glycoform ensemble at atomic
resolution is desirable. Moreover, there is a wide spectrum of
therapeutic opportunity that emerges from a detailed knowl-
edge of the glycoprotein profile.11−14

Glycoprofile analysis remains technically difficult due to the
tremendous range of possible monosaccharide combinations
and the different ways they might be linked.15 The most
common strategy involves a combination of mass spectrometry
(MS) and enzymatic digestion or degradation, liquid
chromatography, enrichment, and affinity separation.16 In
this context, recent methods based on the spectroscopic
discrimination of fragments by mass spectrometry17 provide
insight on the monosaccharide configuration (α/β) along with
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the attachment of the glycosidic linkages between the
monosaccharide constituents, expanding other methods
based on enzymatic digestion and lectin-based analysis.
However, glycan release from the glycoprotein hampers the
elucidation of the structural−functional role that glycans may
play on the protein and vice versa. Ideally, glycoprotein analysis
should involve simpler procedures that only minimally alter the
test samples.
NMR spectroscopy has contributed to glycoprotein

structural characterization, especially focusing on the anomeric
region, best resolved in 2D experiments.18−20 Because signal
intensities from 2D experiments are impacted by molecular
tumbling, the quantification of the N-glycan structure in
glycoproteins is best achieved under denaturing conditions,21

which minimize glycan−protein interactions while preserving
the glycan composition. However, non-native conditions do
not allow glycoprotein structural nor functional analyses. Here,
we present an NMR-based strategy to structurally characterize
the intact protein glycan content and dynamics. The analysis
carried out under physiological conditions was further
complemented with the comparison under denaturing
conditions, providing leads about glycan presentation and
dynamics, information used to build an integrated N-
glycosylation model. As a case study we have chosen the
soluble domain of the human high-affinity Fc receptor for IgE
(FcεRI),22−25 a protein of 20 kDa that contains seven N-linked
glycosylation sites (N18, N39, N47, N71, N132, N137, and
N163), but the proposed strategy can be potentially applied to
other glycoproteins, always within the intrinsic limitations of
NMR spectroscopy which include signal overlap of the glycan
moieties and the molecular size limit for the glycoprotein,
among others. The method entails the determination of the
precise glycan structure, including the glycosidic linkages, and
a semiquantitative characterization of the protein’s intrinsic
glycan heterogeneity, as previously demonstrated.21 The
experimental data set is integrated with the aid of computa-
tional analysis, and we present a valid model for the
glycoprotein in solution. As proof of concept for application
and the structural model, we have also studied the glycan-
mediated FcεRI interaction with a lectin of biomedical interest,
human galectin-3.26,27

■ RESULTS

NMR-Based Glycoprofile Characterization of FcεRIα.
To characterize the Glycoprofile of the soluble portion of the
FcεRI glycoprotein (FcεRIα) in physiological conditions by
NMR spectroscopy, the uniformly 13C,15N double-labeled
protein was produced in human HEK 293 cells as previously
described.28 HEK 293 cells are challenging because they
incorporate many more glycoforms than other cell lines like
CHO DG44, which lead to almost exclusively sialylated
biantennary N-glycans.29 The protocol ensured large amounts
(360 μg of prot/20 mL of culture) of glycoprotein, uniformly
labeled in both the peptide and glycan chains. The obtained
glycoprotein (350 μL at 60 μM concentration) after proper
purification was suitable for its investigation by NMR
spectroscopy (Figure S1). Glycoproteins exhibit slower
molecular tumbling because of their bulky glycan moieties
and often because of their multidomain and/or oligomeric
structures. Therefore, and except for counted cases limited to
glycoproteins with homogeneous tailored glycosylation,19,30

the NMR characterization of the peptidic portion is precluded.

Instead, the inherent flexibility of glycans allows for their
structural characterization by standard NMR experiments.
A canonical NMR-based approach31 was employed to

characterize the Glycoprofile of FcεRIα under denaturing
conditions. The anomeric region of the 1H,13C-HSQC
spectrum (Figure 1d) revealed differentiated cross-peaks that

allowed determining the precise structure of the glycans along
with the nature of the glycosidic linkages between mono-
saccharides. To that end, the combined analysis of 1H,13C-
HSQC-TOCSY and 1H,13C-HSQC-NOESY was contrasted
with the existing literature.21,32−34 To avoid miss-assignments
arising from secondary chemical shifts due to interactions with
the protein, a parallel assignment was carried out under
denaturing conditions (Figure 1e). Fittingly, the anomeric
region showed no significant changes in chemical shifts
between the folded and denatured samples (see below).
The analysis shows that the N-glycans on the protein

contain sialic acid (Neu5Ac), galactose (Gal), N-acetylglucos-
amine (GlcNAc), mannose (Man), and fucose (Fuc) residues
(Figure 1). The detailed resonance assignment is given in the
Supporting Information (Table S1). To validate the anomeric
protons assignment, we used trimming enzymes as shown in
Figure S2, which was crucial in the assignment of partially
overlapping peaks. The deduced structures include the
presence of pauci-mannose, high-mannose, hybrid, and bi-,
tri-, and tetra-antennary complex type N-glycans with different
degrees of fucosylation and sialylation.

Figure 1. Glycan content. FcεRIα glycosylation patterns as deduced
by direct analysis of the [1H,13C]-HSQC NMR spectra. Expansion of
the region containing the axial and equatorial H3 protons of the
Neu5Ac residues in the folded (a) and the unfolded (c) state. (b)
Expansion of the spectral region showing the anomeric (C1−H1)
cross-peaks of the Asn-linked GlcNAc 1, which appears only under
denaturing conditions. (d, e) Expansion of the spectral region
showing the anomeric (C1−H1) cross-peaks of the linked saccharides
in native and denaturing conditions, respectively. (f) Schematic
representation of the different N-glycans identified. Each mono-
saccharide with a unique 1H,13C resonance is labeled with a different
letter. The Man residues in the antennae (A−H) are further identified
through different colored dashed circles. These residues differ in
terms of their chemical linkages and, consequently, in their NMR
chemical shifts.
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Protein’s Glycan Heterogeneity in Denaturing Con-
ditions. A significant degree of signal overlap underlines the
structural similarity among the N-glycans. Still, branched Man
residues, which are unique in the different N-glycan types,
generate unequivocal resonances in the 1H,13C-HSQC

spectrum (Figure 1d,e). Information from the peaks volumes
in HSQC spectra is complex since it may be modulated by
scalar couplings and for the signal’s dependence on the
polarization transfer scheme. However, C−H cross-peaks
corresponding to the anomeric groups of different Man

Figure 2. Quantitative Glycoprofile analysis. (a) Relative concentration of the different glycoforms with respect to the protein concentration (60
μM) as estimated by the integration of the HSQC signals of the branched Man residues compared to internal reference TSP
(trimethylsilylpropanoic acid 1 mM). Data analysis has been done over three different samples, and error bars are calculated by standard
deviation analysis. The quantification of the hybrid and triantennary glycans was carried out by subtraction of the integrals arising from C to those
of D, and H to G, respectively. The color code bar corresponds to the N-glycans topology as represented in part b.

Figure 3. Specific glycan epitope analysis. The different biorelevant N-glycans and epitopes contained in FcεRIα, together with their relevant
abundance. (a) Estimation of the specific terminal sialylation obtained by comparing the cross-peak intensities of the galactose signals measured for
the terminal Gal, Neu5Ac(α2−3)Gal, and Neu5Ac(α2−6)Gal moieties.35 (b) Estimation of the degree of fucosylation in the antennae as well as its
relative abundance, calculated comparing (O′ + O + P) with (Y). (c) Estimation of the degree of inner-core fucosylation, calculated comparing (I)
and (J). The lowest signal intensities observed for the GlcNAc2 residues are related to their different rotational motion effective correlation times
with respect to the terminal residues, which are fairly more mobile. The inset plot in a different scale clarifies the relative abundance of this glycan
modification.
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residues (A−H) are much more comparable since they all
share similar J-couplings and relaxation properties, and they
were used to define the glycan heterogeneity of FcεRIα (A−H
in Figure 1). Peak integration compared to the set of signals or
to a reference standard provides relative or absolute
quantification: 110 μM oligo-mannose (26%, ∼1.8 mol glyc/
mol prot), 150 μM hybrid (36%, ∼2.5 mol glyc/mol prot), and
160 μM complex type (38%, ∼2.7 mol glyc/mol prot). Among
the complex type, biantennary was detected at the highest
amount (80 μM, 18% of the total), whereas tri- and tetra-
antennary were 30 μM (7%) and 50 μM (13%), respectively.
Among oligo-mannose N-glycans, 76 μM (18%) are pauci-
mannose and 34 μM (8%) are high-mannose types, as shown
in Figure 2. Thus, since the absolute quantification adds little
value to the characterization, it was no longer considered.
Composition of the Specific Glycan Epitopes.

Glycoprofile analysis of intact glycoproteins by NMR provides
a unique tool to identify specific glycan epitopes. Neu5Ac
residues are unequivocally identified by the high field
resonances of the axial and equatorial H3 protons of the
sugar ring. Fittingly, the chemical shifts for these protons are
sensitive enough to discriminate between the α2,3- and α2,6-
linked Neu5Ac residues (Figure 1c).35 Moreover, the Gal
residues show discriminant chemical shifts between the
terminal position and the α2,3- or α2,6-substituted by sialic
acid residues (K−M, Figure 1d,e). Thus, the relative
abundance of these glycan epitopes is quantified by comparing
the anomeric H−C cross-peak volumes of Gal residues K−M.
FcεRIα presents an almost equal distribution of terminal and
α2,3-linked Gal moieties (46% and 43%, respectively), while
α2,6-linked Neu5Ac are significantly less populated (11%)
(Figure 3a). The chemical shifts of the anomeric protons of the
GlcNAc residues are fairly sensitive to Fuc substitution in the
antennae and in the core. Thus, a similar analysis also allowed
quantifying the relative abundance of fucosylated N-glycans as
well as their substitution position (i.e., branch modification or
inner-core). Specifically, only 3% of N-glycans in FcεRIα
contained the Lewis type antigens in the antennae (Figure 3b)
as determined by a comparison of the anomeric signal of (Y)

with respect to the equivalent in O′, O, and P. On the other
hand, 62% presented inner-core fucosylation (Figure 3c), as
determined by comparing the J and I spin systems. Lewis
antigens (Lea, Leb, Ley, Lex) can be identified due to the
characteristic downfield chemical shift of H5 of the Fuc
residue, above 4.6 ppm.36 In here, the direct comparison of the
HSQC of the free Lewis X with the HSQC of the FcεRIα
showed a perfect match of the cross-peaks, suggesting that the
Lewis antigen in the antennae is LeX. Again, only equivalent
residues were compared, sharing the same position along the
glycan chain as well as the chemical nature, to avoid intensity
differences due to the different mobility (different rotational
motion effective correlation times) or C−H coupling.

N-Glycan Presentation and Dynamics at the Glyco-
protein Surface. The high sensitivity of the NMR chemical
shift to the environment37,38 was now employed to investigate
how the protein scaffold presents the linked N-glycans. In fact,
this feature remains an open question for the full character-
ization of the structure−function relationship in glycoproteins.
The close chemical shift coincidence between most of the N-
glycans in FcεRIα between the folded and the unfolded states
(Figure 1d,e) and with the reported values for the free
saccharides is consistent with a solvent-exposed state of the N-
glycans, which merely undergo transient intramolecular
interactions with the protein chain. However, the semi-
quantitative analysis carried out in the unfolded state may
significantly differ from that obtained under native conditions
(folded state) if the N-glycan establishes stable interactions
with the protein moiety that will increase its tumbling time,
reducing its intensity and yielding an apparent composition.18

This is the case for the high-mannose N-glycans, whose
composition becomes 3.3% under native conditions, as
compared to 8.3% in denaturing solvent. On the other hand,
pauci-mannose and complex N-glycans are largely insensitive
to solvent composition (Figure 4), indicating that oligo-
mannose N-glycans are more prone to participate in glycan−
protein intramolecular interactions than the hybrid or complex
type N-glycans.

Figure 4. Comparison of the N-glycan manifold in FcεRIα under denaturing and native-preserving conditions. (a) Relative percentage of the
different types of N-glycans in FcεRIα, as determined in denatured and native conditions. Under denaturing conditions, the percentage always
reflects the N-glycan composition while the apparent value obtained in native-preserving solvent is lowered when the N-glycan is interacting with
the protein moiety. (b) Ratio of the population in the native and denatured states for the different N-glycan types, where the high mannoses show a
statistically significant deviation from unity. Error bars are obtained from independent triplicate measurements.
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In the absence of chemical−conformational exchange,
relaxation in the ns−ps regime dictates the observed line-
broadening of the cross-peak intensities in the spectrum,
providing information about the segmental dynamics of the N-
glycans, with intense (weak) resonances indicating the
existence of fast (limited) rotational diffusion. A CPMG
experiment39 measured at two distant values of νCPMG
demonstrates that there is no significant exchange contribution
to the line-broadening of the N-glycan moieties in FcεRIα.
Under these circumstances, temperature coefficients can also
provide useful information regarding N-glycan dynamic
behavior and their relative interactions with the solvent. Figure
5 shows the normalized intensities of the 1H−13C cross-peak
intensities and their temperature dependence, using TSP as an
internal reference. As expected, the core saccharides always
show extremely weak signals as compared to the terminal
Neu5Ac or Gal residues. In fact, the N-glycans with terminal
Gal residues present a direct correlation between the position
of the sugar along the glycan chain and its temperature
susceptibility, with the terminal sugars being significantly more
sensitive to temperature changes than those closer to the
protein.
Remarkably, the combined line broadening and temperature

coefficient analysis allowed discriminating between the 1,3 and
1,6 arms. Indeed, because of the higher flexibility provided by
the additional glycosidic torsion angle, the Man residues in the
1,6 antennae are much less sensitive to temperature, reflecting
their intrinsic higher mobility. This is functionally relevant, and
for a glycoengineered variant of the IgG-Fc antibody, whose
single N-glycan was uniformly remodeled with 13C-Gal and
Neu5Ac, it has been demonstrated that the degree of flexibility
in the 1,6 arm allows for transient glycan−protein contacts,
which are otherwise unfavorable in the 1,3 arm.40,41 Finally, the
subtle dynamic differences observed between the antennae are
also based on structural details, since they are not observed in
the unfolded state of FcεRIα (Figure S3).
Integrative Structural Model of the FcεRIα Glyco-

protein. The experimental and computational results were
integrated to generate a solution model of FcεRIα. Any

proposed model should consider the intrinsic glycan
heterogeneity as well as the observed glycan dynamic behavior.
Additionally, it is required for the N-glycan moieties to link the
corresponding asparagine (Asn) residues in the protein. It has
been demonstrated that the less processed high-mannose
glycans are regularly attached to Asn residues that are highly
inaccessible to the action of the enzymes, while the complex
type glycans are usually solvent-exposed.42,43

The direct comparison of the magnitude of the NMR signal
intensities between native and unfolded states suggests that
this is also true for the FcεRIα protein. In fact, NMR signals
belonging to the high-mannose glycans experience the most
pronounced intensity gain and chemical shift perturbation as
result of protein unfolding (Figure 4b and Figure S3). Thus,
we suggest that the high-mannose N-glycans are mainly linked
to the less solvent-exposed Asn residues of the FcεRIα
glycoprotein. The analysis of the solvent accessible surface area
(SASA) of FcεRIα revealed that Asn132 is the most protected
residue. Therefore, a high-mannose N-glycan was built at this
locus. On the contrary, Asn71, 137, and 163 are highly solvent-
exposed and are the perfect targets to allocate the tetra-
antennary N-glycans, with different degrees of sialylation.
Finally, Asn47, 39, and 18 show intermediate SASA. These
positions were decorated with hybrid and biantennary
sialylated and nonsialylated N-glycans, respectively (Figure
S4).
To confirm these results, we produced the A132N mutant of

the FcεRIα. The analysis of the glycan content for this mutant
demonstrates a significative reduction in the population of
high-mannose species (Figure S5). To adequately explore the
conformational space accessible to the N-glycans we
performed a 1 μs MD simulation on the above-mentioned
glycoprotein configuration. In the 10-conformer ensemble
extracted from the MD simulation, the majority of the N-
glycans protrude outside the protein (Figure 6). According to
this model, a structural role can be attributed to the glycans
attached to Asn39 and Asn132. Indeed, the simulation suggests
that the glycan at Asn39 (Figure 6, light blue) shows multiple
orientations that bridge the two immunoglobulin-like domains

Figure 5. Analysis of N-glycans dynamics. The plots represent the signal intensities measured for the anomeric C1−H1 cross-peaks of each
monosaccharide for a biantennary N-glycan, recorded as a function of temperature. (a) The antennae monosaccharides show intense resonances,
which increase with temperature in a linear way. The differences among the sugar positions, at either the 1,3 or 1,6 arms, are also highlighted. (b)
The inner-core sugars (Fuc, GlcNAc2, and Man3) show extremely weak signals.
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of the protein through intramolecular interactions with the
sugar residues at the 1,6 and 1,3 arms. In turn, the high-
mannose glycan at Asn132 is buried within the two protein’s
domains and could contribute to keep the structural integrity
of the glycoprotein (Figure 6, green). In general, all N-glycans
besides the confined high-mannose glycan show a significantly
dynamic behavior, being prevalently solvent-exposed, provid-
ing putative interaction sites for receptors, including lectins.44

Glycoprotein−Protein (Lectin) Interactions Mediated
by Glycans. To further validate the structural model and the
presentation of the glycans, we have experimentally inves-
tigated the interaction between FcεRIα and the carbohydrate
recognition domain (CRD) of a lectin of biomedical interest,
the human galectin-3 (hGal3). hGal3 recognizes 3′-sialyl N-
acetyllactosamine (3′SLN) and N-acetyllactosamine (LN) but
does not bind 6′-sialyl N-acetyllactosamine.45 Therefore, the
lectin should show selectivity for the different glycan epitopes
present in FcεRIα. 1H−15N TROSY spectra of isotopically
labeled hGal3 were measured in the absence and in the
presence of unlabeled FcεRIα, and the changes in the signal
line width were monitored. As shown in Figure 7, hGal3
exhibited significant reductions of varying magnitudes in peak
intensity. Interestingly, intensity attenuation was far more
pronounced in the peaks originating from residues belonging
to the S2, S3, S4, S5, and S6 strands of the β-sheet containing
the ligand binding site.46 These data allowed the generation of
a docking model for the interaction between FcεRIα and
hGal3 (Figure S6).
To demonstrate ligand specificity, the terminal sialyl

residues of the Neu5NAc(α2−3)Gal moieties were selectively
trimmed after treating FcεRIα with α2−3 neuraminidase S,
which is highly specific for these entities while leaving the
Neu5NAc(α2−6)Gal fragments unperturbed. The TROSY
spectrum of hGal3 recorded in the presence of this variant
displayed a clear recovery of the observed intensities of those
cross-peaks belonging to amino acids in the S2−S3 region.
Fittingly, this is the specific lectin region that provides
interaction to Neu5NAc moieties.47 In contrast, the signals
arising from the amino acids at S4−S6 strands remained
attenuated. In a further modification of the same sample, the
external β-galactose epitopes were removed by treating the
receptor with Escherichia coli β-galactosidase, which is an exo-
galactosidase with preference for terminal β-Gal moieties. The

new TROSY spectrum now fully coincides with the canonical
spectrum for apo hGal3, demonstrating that the FcεRIα−
hGal3 interaction is exclusively on cargo of the exposed
specific N-glycans, in particular those exposing terminal 3′SLN
and LN moieties.

Concluding Remarks. We demonstrated that the use of a
relatively inexpensive and standard isotopically labeled
glycoprotein produced in human cells lines allows for the
structural and functional studies of the full glycoprotein,
keeping its intrinsic complexity, under physiological con-
ditions. The detailed analysis of the intrinsic glycan
heterogeneity has been solved by combining a suite of
standard NMR experiments. Since NMR is also able to clinch
the dynamic behavior of glycan chains in solution,48 the
relative dynamic features of the different glycans and epitopes
have also been explored. Moreover, an educated guess for the
site-specific glycan assignment may be extracted by determin-
ing the accessibility of the glycosylation site to the enzymatic
processing machinery,42,43 combined with the analysis of NMR
signals perturbations as a function of the folded state of the
protein.
Among the limitations of the method, the requirement for

the protein to be isotopically labeled (15N and 13C) limits its

Figure 6. Proposed model of the FcεRIα glycoprotein. Front and
back view for an ensemble of 10 conformers extracted from the 1 μs
MD simulation. Structures were superimposed on the peptide
backbone atoms. The N-glycans at each N-glycosylation site are
colored as follows: biantennary N-glycan at Asn18 (dark-blue);
biantennary N-glycan at Asn39 (light-blue); hybrid N-glycan at Asn47
(light-orange); tetra-antennary N-glycan at Asn71 (red); high-
mannose N-glycan at Asn132 (green); tetra-antennary N-glycan at
Asn137 (cyan); tetra-antennary N-glycan at Asn163 (orange). Figure 7. Lectin binding experiments with intact FcεRIα. The

recognition of specific exposed epitopes in FcεRIα by hGal3 was
monitored by NMR signals intensity analysis of 15N-hGal3 in 1H−15N
TROSY NMR experiments. (a) The model for the lectin−
glycoprotein interaction was built by manually docking the N-glycan
at the Asn137 of the glycoprotein obtained from the MD simulation
approach (see materials and methods) to the crystal structure of the
human galectin-3 bound to N-acetyllactosamine (PDB code: 1A3K).
In this cartoon, the glycoprotein peptide portion and the other N-
glycans have been removed for the sake of clarity (see Figure S6 for
the complete picture). The hGal3 residues affected by glycoprotein
binding are mapped in blue. (b) 1H−15N TROSY NMR spectra of
hGal3 in the presence of the complete FcεRIα glycoprotein (left),
after enzymatic hydrolysis of the terminal α2,3-linked Neu5NAc
moieties, and after subsequent hydrolysis of the β1,4-linked Gal
residues. (c) Plot bars of the intensity differences per residue
measured between apo hGal3 and FcεRIα-bound hGal3. (d) Plot bars
of the intensity differences per residue measured between apo hGal3
and FcεRIα-bound hGal3 after treatment with α2−3 neuraminidase
S. Specific residues show meaningful intensity differences and belong
to the S2−S6 strands (green boxes). Additional residues located far
away from the canonical carbohydrate binding site are also perturbed
(red box), an effect previously observed.46
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breath. However, we and others28 demonstrated that this
strategy is suitable for very different systems, at a reasonable
economic cost. Size of the glycoprotein is also limited by the
maximum correlation time that can be studied by NMR, and
the complexity in the glycan moiety may also compromise the
study due to signal overlap in the spectrum. The incorporation
of TROSY techniques and multidimensional spectroscopy may
alleviate, in part, these shortcomings. Another significant
limitation of the method is that it does not directly provide the
site-specific occupancy of the N-glycans at the protein. The
recently presented strategy for site-specific analysis of
glycoproteins49 represents an interesting complement to the
methodology presented herein.
As future perspectives we propose that the herein presented

methodologies could be used for the unambiguous detection of
specific glycan signatures found on tumor cells, which are
considered as a novel type of immune checkpoint,7 and to
detect the effects of therapeutic interventions that relate to the
tumor glyco-code.
Safety Statement. No unexpected or unusually high safety

hazards were encountered in this research.
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