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Abstract
Characterization of N-glycans by liquid chromatography-positive electrospray ionization (ESI)
tandem mass spectrometry (LC-MS/MS) using a microfluidic chip packed with porous graphitized
carbon (PGC) represents a rapidly developing area in oligosaccharide analysis. Positive ion ESI-
MS generates B/Y-type glycosidic fragment ions under collisional induced dissociation (CID).
Although these ions facilitate glycan sequencing, they provide little information on linkage and
positional isomers. Isomer identification in these cases is by retention on the PGC stationary phase
where the specific structural isomers can, in principle, be separated. In this paper, we broaden the
applicability of the PGC microfluidic chip/MS platform by implementing fluoride-mediated
negative ESI-MS. Ammonium fluoride, added to the mobile phase, aids in the formation of
pseudomolecular oligosaccharide anions due to the ability of fluoride to abstract a proton from the
glycan structure. The negative charge results in the generation of C-type glycosidic fragments,
highly informative A-type cross ring fragment ions and additional gas phase ion reaction products
(e.g., D- and E-type ions), which, when combined, lead to in-depth oligosaccharide
characterization, including linkage and positional isomers. Due to the separation of anomers by the
PGC phase, comparison of oligosaccharides with an intact reducing terminus to their
corresponding alditols was performed, revealing a more sensitive MS and, especially, MS/MS
response from the glycans with a free reducing end. Fluoride also ensured recovery of charged
oligosaccharides from the PGC stationary phase. Application to the characterization of N-glycans
released from polyclonal human and murine serum IgG is presented to demonstrate the
effectiveness of the chip/negative ESI approach.

Introduction
N-glycosylation is a diverse but physiologically important post-translational modification
that modulates the physical, chemical and biological properties of proteins [1]. Structural
elucidation of complex carbohydrates is necessary to gain a deeper understanding of the
potential role of these post-translational modifications as functional modulators of
therapeutic proteins [2, 3] and also as contributors to disease, e.g. cancer and inflammation
[4, 5]. Liquid chromatographic and electrophoretic separation techniques, often coupled to
mass spectrometry, have found widespread application for the characterization of protein N-
glycosylation [6]. In particular, porous graphitized carbon (PGC) has become a popular LC
stationary phase for hydrophilic oligosaccharides due to its ability to separate anomers and
linkage and positional isomers [7]. Recently, a microfluidic chip containing an integrated
nanoscale LC column packed with PGC has been introduced for nanoflow LC-MS (nLC-
MS) analysis of oligosaccharides [8]. The chip offers the advantages of simplified operation
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and high reproducibility. Applications have been published demonstrating the
characterization of oligosaccharides in the positive ion mode either as glycosylamines when
coupled with an online PNGase F reactor or as alditols following off-line sample preparation
[8–12].

Positive mode ionization of oligosaccharides results in the formation of [M+H]+ and [M
+Na]+ pseudomolecular ions and adducts [13, 14]. Fragmentation of these ions by CID
results in predominantly B/Y-type glycosidic cleavages [15]. These B/Y ions aid in the
determination of the composition of the oligosaccharide; however, such ions generally do
not allow elucidation of linkage and positional isomer information. Identification of these
isomers is typically accomplished by retention differences on the PGC phase. Mass spectral
structural analysis would clearly be useful to confirm the chromatographic identification,
assuming an appropriate database was established. As an alternative approach,
derivatization, such as permethylation, and multiple stages of tandem mass spectrometry
have been used for isomer structure elucidation [16–18]. However, both the required sample
amounts and associated method complexities are increased using such strategies.
Furthermore, monosaccharide rearrangements during CID of protonated oligosaccharide
cations, even following permethylation, have been reported which can complicate spectral
annotation and structure assignment [19].

Negative ion ESI-MS of oligosaccharides has been developed using either elevated pH to
promote glycan deprotonation or adduction with anions [20–22]. Anion adduction represents
an attractive approach as it can be performed at neutral or acidic pH, an important feature
since the basic pH limit of the microfluidic commercial chip used in this work was 8.0 [23].
Anions can form hydrogen bonds with hydroxyl groups present on the sugar rings, and,
depending on the gas phase basicity of the specific anion, either stable negatively charged
adducts can be formed [M + X]− where X is the anion, or a proton can be extracted by X−

from the sugar ring generating [M − H]− with the neutral loss of HX [24–27].

Relative to positive ESI, analysis of glycans in the negative ion mode has several potential
advantages. First, and most importantly, CID MS/MS spectra of oligosaccharide anions
contain, besides B/Y ions, C-type glycosidic and A-type cross ring fragments as well as
highly informative D- and E-type ions, which, when combined, facilitate annotation of
linkage and positional isomers [13, 20–22, 28]. Secondly, monosaccharide rearrangements
during CID fragmentation observed in positive ESI have generally not been seen for
negative ESI [19]. Migration of sulfate was recently reported using a linear ion trap;
however, the migration appeared to be overcome when converting from CID to HCD
fragmentation [29]. On the other hand, the overall sensitivity in the negative ion mode is
found to be lower than in the positive ion mode for neutral glycans [30]; however, higher
sensitivity in the negative ion mode can be observed for negatively charged glycans, e.g.
those with sialic acids.

In this paper, we have broadened the applicability of the PGC chip coupled to MS for the
analysis of glycans using negative ESI. The performance of different ammonium anions
added to the mobile phase was first examined, from which ammonium fluoride at neutral pH
in a water/acetonitrile mobile phase was selected. The high gas phase basicity of the fluoride
ion was utilized to promote anion attachment and proton extraction from the
oligosaccharides [26]. Application of the method for the analysis of glycans with a free
reducing end and their corresponding alditol was also investigated, revealing more sensitive
MS and, especially, MS/MS response for the non-reduced oligosaccharides. The
combination of PGC separation and MS analysis resulted in high confidence structural
elucidation of linkage and positional isomers without the need for additional strategies such
as exoglycosidase digestion [31]. The GlycoWorkBench platform [32] was successfully
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used for spectral interpretation and structural annotation. To demonstrate the applicability of
the chip-based nLC-MS negative ESI platform, N-linked oligosaccharides present on
polyclonal antibodies extracted from human and murine sera have been characterized,
demonstrating the ability of the method to determine both linkage and positional isomers in
complex oligosaccharide pools, including not only the traditional G0, G1/G1’ and G2 series
but also the presence of galactose α-1-3 linked galactose residues and N-glycolyl
neuraminic acid on the N-glycans liberated from the murine antibodies.

Experimental
Details regarding materials used and sample preparation are described in the Supporting
Information.

Negative ion electrospray ionization mass spectrometry (nESI-MS)
Direct infusion, negative ionization electrospray mass spectrometry (nESI-MS) was
performed on an Agilent 6520 Series Q-TOF instrument (Agilent Technologies, Palo Alto,
CA) under the control of MassHunter Data Acquisition Software. Samples were prepared in
50% v/v water:acetonitrile containing 10 mM ammonium fluoride, ammonium chloride or
ammonium bicarbonate. Samples were infused at a constant flow rate of 1 µL/min using a
nanospray voltage of 1950 V with a drying gas of 4 L/min nitrogen at 325°C. The
fragmentor voltage was set at 175 V, and the skimmer voltage was at 65 V. For tandem mass
spectrometry, the instrument was operated using the automatic MS/MS switching mode,
with the m/z range for MS from 400 to 2000 and 100 to 3000 for MS/MS spectral
acquisition. The collision energy was set at 35 V. Data analysis details can be found in the
supporting information.

LC-MS analysis
Oligosaccharides were separated on an Agilent Technologies HPLC Chip II (Waldbronn,
Germany), consisting of a 40 nL enrichment column and a 75 µm i.d. × 43 mm separation
column, both packed with porous graphitized carbon. Mobile phase A was 10 mM
ammonium fluoride in 97% water and 3% acetonitrile, and mobile phase B was 10 mM
ammonium fluoride in 10% water and 90% acetonitrile. Samples were transferred to the
microfluidic chip in 100% mobile phase A using the capillary pump at a flow rate of 4 µL/
min. The nanoflow pump was employed to generate the analytical gradient with a flow rate
of 500 nL/min. The gradient for standard oligosaccharides separation was 0% B, 0−2.5 min;
0−16% B, 2.5−20 min; 16−44% B, 20−30 min; 44−100% B, 30−35 min; and 100% B,
35−45 min with a return to initial starting conditions in 1 minute, followed by an isocratic
hold for 20 minutes to ensure complete column re-equilibration.

Results and Discussion
Utilization of a microfluidic chip packed with porous graphitized carbon (PGC) for LC-MS
of glycans has become a popular approach because of the ease of operation and
reproducibility. To date, the platform has operated in the positive ionization mode, which, as
noted earlier, has limitations in the annotation of linkage and positional isomers. To broaden
the applicability of the PGC chip/MS platform, we describe negative ESI LC-MS (Q-TOF)
for the characterization of the N-glycans, demonstrating the effectiveness of the approach in
the analysis of the N-glycans present on human and murine polyclonal serum antibodies.
The PGC packing separates reducing end anomers, positional and linkage isomers, while
negative ESI-MS yields in depth N-glycan analysis providing specific structural information
not available by positive ESI-MS. Although the separated anomers can increase the
complexity of the analysis, reduction can be performed for their removal. However,
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comparison of reducing sugars with their corresponding alditols revealed superior MS and
MS/MS sensitivity for the reducing sugars (see below). The presence of fluoride in the
mobile phase is not only demonstrated to successfully generate informative negative ESI but
also to aid in the recovery of charged oligosaccharides from the retentive PGC phase.

Preliminary Investigation of anion-mediated negative ion using direct infusion Q-TOF MS
Governed by an upper operating pH limit of pH 8.0 on the current commercial microfluidic
chip, we first identified a series of organic and inorganic anions, present in the anionic form
at pH 7.0, for evaluation for anion-mediated negative ionization of oligosaccharides on the
Q-TOF MS. Previous reports have recommended, among others, the use of nitrate and
phosphate for static infusion anion mediated MS of oligosaccharides [20]. However,
considering the addition of the anion to the LC mobile phase and the flow rates used (0.5
µL/min), these anions were not considered acceptable, given the potential of ion source and
MS fouling. From the initial list of anions identified, we selected fluoride, chloride and
bicarbonate for initial study by direct infusion, based on their high gas phase basicity and
suitability for LC-MS. Although fluoride was previously reported in one case to yield high
levels of in-source fragmentation [20], other studies found the anion to be effective in
improving sensitivity for small molecules in negative ion LC-MS [26, 27, 33].

Mass spectrometric parameters affecting ion transmission were first optimized to ensure
optimal transport of the [M−H]− and [M + anion adducts]− through the mass analyzer for
each of the three anions investigated. The fragmentor voltage, (voltage governing ion
transport through the instrument optics) was varied from 90 to 250 V in 10 V intervals.
Negligible in-source fragmentation occurred for all three anions when transmission voltages
less than 180 V were employed. Above 180 V, the ion signal decreased, presumably due to
in-source fragmentation. Separately, the collision energy (CE) was optimized to maximize
CID-MS/MS spectral sensitivity. At low CE values, minimal glycan fragmentation was
observed while at high CE values, glycosidic ions and cross-ring fragments ions were found
to undergo additional cleavage leading to loss of spectral information. An optimum collision
energy of 35 V was selected for use in all subsequent experiments for all three anions.

In the case of ammonium chloride, it was found that infusion of 10 mM ammonium chloride
prepared in 50/50 MeCN/H2O at 1 µL/min resulted in an intense series of ammonium
chloride ion clusters which dominated the resulting MS spectra, in agreement with that
reported by others when using FT-ICR-MS [34]. These intense adduct clusters reduced
overall sensitivity, with the resulting MS/MS spectra containing product ions of multiple
chloride adducts that complicated annotation (data not shown). Based on these results,
chloride was eliminated from further study.

We next examined fluoride and bicarbonate, again by infusion of the oligosaccharides
prepared in 10 mM solutions of anion dissolved in 50/50 acetonitrile/H2O. Although the use
of ammonium bicarbonate yielded a buffer solution pH above the upper limit of the
microfluidic chip, it was included as a benchmark based upon its use in previous studies
[35]. The infusion results revealed that the levels of adduction present in the mass spectra
with bicarbonate were significantly higher than when fluoride was employed, see Fig. 1 (A)
vs. Fig. 1 (B). This trend was not surprising given the higher gas phase basicity of fluoride
compared to bicarbonate [26, 27], resulting in fluoride more readily able to extract a proton
from the oligosaccharide than bicarbonate. Given the higher levels of adduction in multiple
forms for bicarbonate, the overall precursor MS sensitivity was 1.5 fold higher for fluoride
as a dominant [M−H]− pseudomolecular oligosaccharide anion was produced, Fig. 1 (B).
Based on these results, the focus of our study became fluoride-mediated negative mode
ionization. The successful use of fluoride in the present study as opposed to other studies
where fluoride was observed to yield significant in-source fragmentation [20] appears to be
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due to the different source configuration and associated energetics of the instrument used in
this study [36].

Infusing 10 mM ammonium fluoride in 50/50 (v/v) acetonitrile/H2O, the [M−H]−

pseudomolecular anion of maltohexaose (glucose α-1-4 glucose) was fragmented by CID
leading to a highly informative spectrum containing an intense C-type glycosidic series for
determination of the oligosaccharide sequence, Fig. 1 (C). Importantly, and in contrast to the
positive ion mode, intense 2,4A, O,2A and O,2A-H2O ion series, arising from cross-ring
fragmentation, were observed, leading to the determination of the specific linkage. For
comparison purposes, positive ion CID-MS/MS was also performed on the [M+H]+

pseudomolecular ion for maltohexaose. As expected, only B/Y-type glycosidic fragments
were identified for positive ESI with no information rich cross ring fragments observed, see
Fig. 1 (D). Sensitivity was approximately five times higher in the positive, relative to the
negative ion mode, as expected for neutral glycans [8]; however, the overall level of
information generated was higher in the negative mode, allowing for a more in-depth
oligosaccharide characterization. Sensitivity would be expected to be higher in the negative
ion mode for negatively charged glycans, e.g. sialylated oligosaccharides [13].

As further examples of the success in linkage determination in fluoride-mediated negative
ESI, cellohexaose (glucose-β-1-4-glucose), glucose-α-1,6-glucose hexamer and
laminarihexaose (glucose-β-1-3-glucose) were infused in the negative ion mode into the Q-
TOF-MS. A strong C-type glycosidic ion series was observed for all three solutes, see Fig.
SI-1. A-type cross ring fragments were obtained for the cellohexaose (2,4A, O,2A ions) and
α-1-6-glucose hexamer (3,5A, O,3A ions), suggesting the ability to decipher linkage
orientation of the glycosidic bond from the MS/MS spectra, see Figs. SI-1 (A) and (C),
respectively. For the β-1-3 linked laminarihexaose, only C-type glycosidic ions were found
in the CID-MS/MS spectrum of the [M−H]− pseudomolecular anion, see Fig. SI-1 (B). The
presence of a free hydroxyl group at the C-3 position was previously noted to be required for
initiation of cross-ring fragmentation [37]; thus, the absence of an A-ion series in the MS/
MS spectrum of laminarihexose is consistent with earlier reports [20–22, 37].

When performing fluoride-mediated negative ionization for all the linear oligosaccharides,
three precursor ions were observed: a dominant pseudomolecular [M−H]− anion and two
lower level fluoride adducts [M+F]− and [2M−H+F]2− of lower intensity. The CID MS/MS
spectra of each adduct was found to be identical to that observed for the pseudomolecular
[M−H]− anion, see Fig. SI-2 and Fig. 1 (C), respectively. In contrast to other anions, no
product ions were found that retained the anionic adduct in the MS/MS spectra. This lack of
adduction of MS/MS product ions also simplified data analysis using GlycoWorkBench,
wherein spectral annotation could be automatically performed without the need for custom
modification to account for the incorporation of any potential fluoride adduction. The
dominant production of [M−H]− compared to the fluoride adducts suggests that the gas
phase basicity of the linear oligosaccharides is considerably lower than that of the highly
basic fluoride anion, such that the extraction of a proton by fluoride with subsequent neutral
loss as HF is facilitated [24–27, 38].

Fluoride-mediated negative ion nLC-MS/MS using a microfluidic chip
Given the success of the infusion results with fluoride in negative ESI, we next turned to
utilize the fluoride containing solvent system for LC separation on the PGC chip. The
application of PGC-based stationary phases for oligosaccharide LC-MS was recently
reviewed [7]. A concern when using PGC phases is incomplete analyte elution, particularly
for sialylated oligosaccharides [39, 40]. Therefore, the fluoride concentration in the nLC-MS
mobile phase was investigated, in the range of 10 µM to 100 mM, using the neutral core
fucosylated bi-antennary digalactosyl glycan (FA2G2) and the acidic bi-antennary
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digalactosyl disialylated glycan (A2G2S2) as model compounds to analyze recovery,
ionization efficiency and spectral content. At low fluoride concentrations, A2G2S2 was
retained on the PGC column (data not shown), while recovery was complete at fluoride
concentrations greater than 10 mM. Thus, fluoride not only aids in negative analyte
ionization but also in recovery from the PGC chip.

Under optimized conditions, both glycans eluted as a split peaks, due to the anomeric
separation (α or β reducing-end anomers) by the PGC stationary phase, Fig. 2 (A) and (B)
for FA2G2 and A2G2S2, respectively. Detection limits were estimated as 92 fmol and 12
fmol for FA2G2 and A2G2S2, respectively, determined as the sum of the two anomeric
peaks with a S/N level of 3 for the lower level anomer. As expected for negative ESI, the
sialylated species had a roughly 8 fold lower detection limit than the neutral species.
Additionally, it is important to note that the detection limits can be further lowered using
next generation Q-TOF instrumentation containing ion funnels for more efficient ion
transmission into the mass spectrometer [41].

CID-MS/MS fragmentation produced glycosidic ions and cross-ring fragments, as expected.
The composition of the glycans was derived from the precursor ion for FA2G2 and
A2G2S2, respectively, and fragment ions present in the resulting fluoride-mediated MS/MS
spectra, Fig. 2 (A) and (B) for FA2G2 and A2G2S2, respectively. The MS/MS spectrum of
the neutral FA2G2 N-glycan, Fig. 2 (A), was dominated by the 2,4A6 ion arising from
cleavage across the reducing terminal GlcNAc residue, (m/z 738.7799, z=2). The
composition of the antennae was confirmed based on the presence of the 1,3A3 (m/z
424.1634, z=1) and 0,2A2 − H20 (m/z 263.0893, z=1) fragments, the C2 glycosidic fragment
(m/z 382.1526, z=1) and the D (m/z 688.2495, z=1), D-18 (m/z 670.2422, z=1) and E ions
(m/z 466.1780, z=1). The presence of the fucose residue was confirmed by the CFUC (m/z
163.0701, z=1) and 1,5XFUC ions (m/z 833.3229, z=2).

The MS/MS spectrum of the acidic A2G2S2 oligosaccharide, Fig. 2 (B), showed ions of m/z
958.3197 (z=2) and 1059.8643 (z=2) with relative high intensity arising from O,2A cross-
ring cleavage of the GlcNAc residues chitobiose core. 2,4A cross-ring fragments (m/z
618.5431, z=3 and 686.2323, z=3) of the chitobiose core were also observed. Ions present at
m/z 979.3205 (z=1) and m/z 961.3167 (z=1) corresponded to the D and D-18 ion series,
previously shown to be characteristic of the composition of the antenna extending from the
α-1-6 linked antennary mannose residue [21, 22].

Given the separation of the anomers on the PGC packing, some researchers have reduced the
oligosaccharides to generate single peak alditols [35]; therefore, we decided to compare the
two approaches. Figs. 3 (A) and (B) show MS/MS spectra with a free reducing terminal
GlcNAc (A) and the corresponding alditol (B) for the triantennary trigalatosyl glycan,
A3G3. As can be seen in the figure, the aldose form is at least 10 fold higher in MS/MS
sensitivity. The fragmentation spectrum for the aldose form is also seen to be considerably
more informative due to the presence of more intense D- and D-18 ions. In addition, we
found the precursor signal to be 4 or more fold higher for the aldose form. These differences
in MS and MS/MS signals were found to be generally true for a variety of glycan structures.
Furthermore, a much higher collision energy was required for the fragmentation of the
alditols due to the increased stability of the [M−H]− pseudomolecular ion of this form. In
addition, the generation of alditols results in increased sample preparation steps (reaction
and clean up). Indeed, a recent study has recommended the use of released N-glycans with
the native reducing aldose form because of its greater simplicity [42]. As a consequence of
the above, we have used the aldose form in our studies, in spite of the anomeric peak
splitting.
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Human and murine polyclonal serum IgG N-glycan analysis using fluoride-mediated
negative ion LC-MS/MS

To demonstrate the power of the methodology, we applied our fluoride-mediated LC-MS
platform for the characterization of the N-linked oligosaccharides present on polyclonal IgG
extracted from human and murine serum. N-glycans present at asparagine 297 in the CH2
domain of an antibody play a crucial role in stabilizing the structure of the CH2 domain and
also in modulating the interaction of the Fc region of the antibody with Igγ receptors present
on the surface of cells of the innate immune system [43–45]. The ability to characterize
these N-glycans in detail is important both from the regulatory point of view when
considering monoclonal antibody therapeutics [3] and also as these N-glycans have been
shown to be altered in disease [46]. Following Protein G enrichment, N-glycans from
polyclonal human and murine serum IgGs were enzymatically liberated and analyzed using
the fluoride-mediated negative ionization microchip LC-MS/MS platform. Previously, we
performed an exhaustive analysis of both samples using ultrahigh-performance hydrophilic
interaction liquid chromatography and capillary electrophoresis with laser induced
fluorescence detection, with exoglycosidase digestion for structural annotation [31, 47].
Table SI-1 lists N-glycans, including low abundance afucosylated glycans, detected on
polyclonal human serum IgG using fluoride-mediated accurate mass Q-TOF LC-MS/MS
using the information rich glycosidic and cross ring fragments. Shown in Fig. 4 (A) is the
separation of F(6)A2G[6]1 and F(6)A2G[3]1, more commonly referred to as G1 and G1’,
respectively, demonstrating the ability to resolve these positional isomers on the short 43
mm PGC column on the microfluidic chip. Fig. 4 (B) depicts an annotated spectrum for
F(6)A2G[6]1 wherein the position of the galactose residue is confirmed by the presence of
the D and D-18 ion couple. The significance of these two ions, which reveal the composition
of the antenna extending from the α-1-6 branching mannose, was previously discussed [21,
22]. In addition, linkage specificity could also be determined from the fluoride-mediated
negative ion MS/MS spectra, as shown in Fig 4 (C). Here, the oligosaccharide structure was
annotated as F(6)A2G[3]1S(6)1, based on the presence of the D and D-18 ion couple, the
C2α glycosidic fragment and the O,4A2α−CO2, 2,5A3α and 0,3A5 cross ring fragments [22,
48]. The annotation of this structure is in agreement with that determined in our previous
studies [31], without the need for exoglycosidase digestion.

The analysis of the murine serum polyclonal N-glycans using fluoride-mediated negative ion
LC-MS/MS revealed the presence of antigenic epitopes, including galactose-α-1-3-galactose
(see Table SI-2) in agreement with our previous report [47] and also the presence of N-
glycolylneuraminic acid (Neu5Gc) in a significantly higher quantity than N-
acetylneuraminic acid (Neu5Ac) as the terminal monosaccharide present on the antennary
chains of the oligosaccharides. Fig. 5 (A) depicts an example base peak chromatogram for
the separation of the murine IgG N-glycan pool. Both glycan epitopes have an immunogenic
potential in humans [49–52]. Fig. 5 depicts MS/MS spectra for two oligosaccharides
containing galactose-α-1-3-galactose epitopes (B) and Neu5Gc residues (C), as determined
in a position specific manner, based on the presence of D and D-18 ions and A ion cross ring
fragments. The annotated structures are in agreement with those previously annotated using
capillary electrophoresis with laser induced fluorescence detection and exoglycosidase
digestion [47]. Importantly, the N-glycan structure, F(6)A2G2Gal[6]1S(Neu5Gc)[3]1, as
annotated from the MS/MS spectrum in Fig. 5 (C), was determined to contain both α-1-3-
galactose and Neu5Gc epitopes. The position of attachment was also revealed. Based on the
MS/MS data, the α-1-3-galactose epitope was determined to be attached to the galactose
residue on the antenna extending from the α-1-6-core mannose, whereas the Neu5Gc
residue was found to be on the galactose residue on the antenna extending from the α-1-3-
core mannose. This result suggests that the presence of acidic amino acids in the primary
protein sequence of the CH2 domain play an important role in governing the processing of
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the glycans antenna [44, 46]. Table SI-2 contains details of all oligosaccharide structures
annotated in the murine polyclonal IgG N-glycan pool by fluoride-mediated negative ion
ESI. The results of the IgG glycan analysis of human and mouse demonstrate the potential
of negative ESI glycan characterization including linkage and positional isomer
determination.

Conclusion
We describe the use of fluoride-mediated negative ion LC-MS/MS for the in-depth
characterization of N-linked oligosaccharides. Fluoride added to the mobile phase facilitates
the generation of oligosaccharide pseudomolecular anions in the negative ion mode due to
the high gas phase basicity of the fluoride anion. Ionization proceeds via a two-step process,
the fluoride ion initially hydrogen bonds with the proton on C3 of the reducing terminal N-
acetyl glucosamine ring, followed by proton abstraction and neutral loss of HF. The
efficiency of proton abstraction by fluoride facilitates high sensitivity analysis due to the
dominance of [M−H]− ions in the resulting MS spectrum. CID MS/MS analysis of these
pseudomolecular oligosaccharide anions resulted in the generation of C-type glycosidic
fragments, highly informative A-type cross ring fragment ions and D- and E-type ion
reaction fragments, which, when combined, facilitated oligosaccharide compositional
characterization. Furthermore, a comparison of the behavior of reducing sugars and their
reduced alditol counterparts revealed significantly higher MS and MS/MS sensitivity for the
oligosaccharides with the aldose compared to the alditol. Besides the higher LC-MS/MS
sensitivity and thus higher information content of the aldose, omitting the reducing step
simplifies the sample preparation. Additionally, use of the aldoses creates the possibility to
ultimately use the PNGase F microfluidic chip thereby generating an automated glycan
analysis platform.

The presence of fluoride in the mobile phase also ensured recovery of sialylated
oligosaccharides from the PGC column. Overall method sensitivity was evaluated and found
to be similar to levels attainable when using fluorescence detection of derivatized glycans.
The combination of the orthogonal information provided through isomeric separation on the
PGC phase, accurate mass Q-TOF MS analysis and information rich MS/MS spectra, all
generated in a single analysis, facilitates detailed oligosaccharide structural elucidation.
Indeed, the platform is complementary to traditionally used positive ion LC-MS.

The method has been applied to the characterization of polyclonal human and murine serum
IgG N-glycans. The combination of PGC separation, with accurate mass fluoride-mediated
negative ion Q-TOF-MS and CID-MS/MS analysis, allowed deep characterization of the N-
glycans present, including the identification of glycans displaying the potentially
immunogenic galactose-α-1-3-galactose epitope and Neu5Gc residues in both a linkage and
positionally specific manner. We are currently investigating the application of the platform
for the characterization of glycoproteins bearing larger N-glycans with higher degrees of
sialylation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig.1.
Positive and negative ESI ion CID analysis of infused maltohexaose glucose-α-1-4-Glucose
(Dp6). Precursor ions of [M−H]− and adducts of Dp6 in negative ion analysis with (A) 10
mM ammonium bicarbonate and (B) 10 mM ammonium fluoride in 50% water and 50%
acetonitrile; (C) annotated negative ion CID-MS/MS of the pseudomolecular anion of Dp6
[M−H]− in 10 mM ammonium fluoride in 50% of water and 50% of acetonitrile; (D)
annotated positive ion CID-MS/MS of the protonated ion of Dp6 [M+H]+ in 0.1% formic
acid in 50% of water and 50% of acetonitrile. The infusion flow rate was set at 1 µL/min and
the fragmentor voltage at 175 V. Additional details can be found in the Experimental
Section.

Ni et al. Page 12

Anal Chem. Author manuscript; available in PMC 2014 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig.2.
Extracted ion chromatogram and negative CID-MS/MS spectra of (A) FA2G2 and (B)
A2G2S2. Monosaccharide symbol key - blue square: GlcNAc, green circle: mannose, red
triangle: fucose, yellow circle: galactose, pink diamond: N-acetylneuraminc acid (Neu5Ac),
white diamond: N-glycolylneuraminic acid (Neu5Gc). The buffer contained 10 mM
ammonium fluoride. Additional details in the Experimental Section.
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Fig.3.
Negative CID-MS/MS spectra of (A) the N-glycan with a free reducing terminal GlcNAc
residue and (B) the corresponding alditol for the triantennary trigalactosyl N-glycan (A3G3).
Monosaccharide symbols as described in Fig. 2. Further experimental details in Fig. 2.
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Fig.4.
(A) Extracted ion chromatogram of F(6)A2G[6]1, more commonly known as G1 and
F(6)A2G[3]1, more commonly known as G1’. (B) Annotated ESI negative ion CID MS/MS
spectrum for F(6)A2G[6]1 at the retention time of 19.6 min. (C) Negative ion CID-MS/MS
spectra of F(6)A2G[3]1S(6)1 at the retention time of 20.7 min , indicating diagnostic
fragments for comprehensive structural annotation. Monosaccharide symbols as described in
Fig. 2. Further experimental details in Fig. 2.
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Fig.5.
(A) Base peak chromatogram of murine IgG; annotated ESI negative ion CID-MS/MS
spectra of (B) FA2G2Gal[6]1 at the retention time of 21.3 min and (C)
F(6)A2G2Gal[6]1S(Neu5Gc)[3]1 at the retention time of 22.4 min. Monosaccharide
symbols as described in Fig. 2. Further experimental details in Fig. 2.
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