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Abstract

Sulfated N-glycans released from bovine thyroid stimulating hormone (bTSH) were ionized with
the divalent metal cations Ca2+, Mg2+, and Co by electrospray ionization (ESI). These metal-
adducted species were subjected to infrared multiphoton dissociation (IRMPD) and electron
capture dissociation (ECD) and the corresponding fragmentation patterns were compared. IRMPD
generated extensive glycosidic and cross-ring cleavages, but most product ions suffered from
sulfonate loss. Internal fragments were also observed, which complicated the spectra. ECD
provided complementary structural information compared with IRMPD, and all observed product
ions retained the sulfonate group, allowing sulfonate localization. To our knowledge, this work
represents the first application of ECD towards metal-adducted sulfated N-glycans released from a
glycoprotein. Due to the ability of IRMPD and ECD to provide complementary structural
information, the combination of the two strategies is a promising and valuable tool for glycan
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structural characterization. The influence of different metal ions was also examined. Calcium
adducts appeared to be the most promising species because of high sensitivity and ability to
provide extensive structural information.
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Introduction
Glycosylation is a prevalent protein post-translational modification (PTM), playing key roles
in various cellular processes, such as metastasis, cell adhesion, molecular trafficking and
clearance, and receptor activation [1–8]. Glycans are assembled in a step-wise fashion by the
actions of glycosyltransferases and glycosidases [1], a process which results in highly
diverse glycan structures. This structural complexity makes glycan characterization more
challenging than the characterization of other linear biomolecules, such as peptides or
oligonucleotides. In addition to the sequence of monosaccharides, linkages between the
monosaccharides, degrees of branching, and anomericity (α versus β) must be determined to
achieve complete characterization of glycans. Mass spectrometry (MS) has been widely
applied for the structural determination of glycans due to its ability to offer accurate results,
analytical versatility, and high sensitivity (attomole to femtomole range) [9–11]. In
particular, Fourier transform ion cyclotron resonance (FT-ICR) MS [12, 13] is a powerful
technique because of its high resolution and high mass accuracy [14], and its ability to apply
various tandem mass spectrometric (MS/MS) techniques [15].

Structural characterization of sulfated oligosaccharides is a challenging task because of the
high lability of the sulfate group. Most MS/MS analysis of sulfated oligosaccharides has
been performed in negative ion mode because of the acidity of the sulfate group and its
higher stability in the deprotonated state. In particular, collision activated dissociation
(CAD) has been extensively applied to characterize sulfated oligosaccharide anions [16–21].
Loss of SO3 or H2SO4 are dominant fragmentation processes in CAD and, thus, localization
of sulfate groups is challenging. Choosing a precursor ion of higher charge state, or applying
sodium ion exchange, for negative ion CAD analysis can reduce sulfonate elimination [18,
19, 22]. While CAD provides mostly glycosidic cleavages (B-, C-, Y-, and Z-type [23] ions)
and some cross-ring cleavages (A- and X-type [23] ions) [16–20], infrared multiphoton
dissociation (IRMPD), electron detachment dissociation (EDD) [24–26], and negative
electron transfer dissociation (NETD) [27] have been shown to generate extensive cross-ring
and glycosidic cleavages in negative ion mode analysis of sulfated glycans and
glycosaminoglycans (GAGs) [28–34]. Compared with IRMPD, EDD produces more
abundant product ions and reduced sulfonate elimination [30]. However, sulfonate loss is
still competing with other fragmentation pathways and, therefore, remains an issue in
sulfated oligosaccharide characterization.

In positive ion mode analysis, it has been demonstrated that sulfate groups can be stabilized
by forming adducts with alkali and divalent metal cations [35, 36]. It has also been reported
that biomolecules coordinated to metal cations provide additional structural information in
tandem mass spectrometry compared with their protonated counterparts. For example, CAD
of metal-adducted oligosaccharides yielded more extensive cross-ring cleavages than the
corresponding protonated species [37–41]. However, the efficiency of CAD decreases with

Zhou and Håkansson Page 2

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increasing glycan mass [42]. Alternative MS/MS activation techniques have also been
applied for positive ion mode glycan structural analysis, including IRMPD [38, 43–46],
high-energy CAD [47–49], 157 nm photodissociation [42, 50, 51], and electron capture
dissociation (ECD) [52–56]. The first application of ECD to protonated carbohydrates
mainly generated glycosidic cleavages [53]. O'Connor and co-workers observed that ECD of
permethylated glycans yielded some unique product ions compared with CAD of the same
species [55], illustrating the complementary nature of these two MS/MS techniques in
glycan analysis.

The utilization of metals to cationize sulfated glycans has two main advantages: first,
divalent metals can stabilize labile sulfate groups [36, 56]. Moreover, divalent metals
facilitate the formation of at least doubly positively charged species, which are required for
ECD. Our group has previously demonstrated the application of ECD to model
oligosaccharides ionized with alkali and divalent metals, and found that complementary
structural information was obtained from ECD compared with IRMPD [54]. We also found
that ECD of sulfated oligosaccharides ionized with divalent metals provides information
about the location of sulfonate groups [56]. However, previous work mainly focused on
model oligosaccharides. Here, our objective is to explore the applicability of ECD towards
metal-adducted sulfated N-glycans released from a glycoprotein, and to compare ECD
fragmentation patterns from such branched molecules to those from IRMPD. Divalent metal
cations, including Ca2+, Co2+, and Mg2+, were selected as cationizing agents and
comparisons were made to determine which metal cation provides the most structural
information from IRMPD and ECD. N-linked glycans from bovine thyroid stimulating
hormone (bTSH) were released and examined by both techniques.

Experimental
Reagents

Bovine thyroid stimulating hormone and peptide-N-glycosidase F (PNGase F) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Calcium chloride (CaCl2),
cobalt(II) bromide (CoBr2), magnesium bromide (MgBr2), ammonium bicarbonate
(NH4HCO3), and formic acid (HCOOH) were obtained from Fisher (Fair Lawn, NJ, USA).
SPE graphitized carbon column was purchased from Alltech Associates Inc. (Deerfield, IL,
USA). ZrO2 microtips were obtained from Glygen Corp. (Columbia, MD, USA).

Preparation of N-Glycans
Ten nmol of bovine thyroid stimulating hormone was denatured at 100 °C for 5 min, then
digested with PNGase F (2 U) in 50 mM NH4HCO3 (pH 8) overnight at 37 °C. The reaction
was halted by heating at 100 °C for 5 min.

Purification and Enrichment of N-Glycans
The released glycans were purified by SPE graphitized carbon column, and then enriched
using ZrO2 microtips. For each sample, a carbon cartridge was washed with 3 mL of 0.1%
(vol/vol) formic acid in 80% acetonitrile/H2O (vol/vol), followed by 3 mL of deionized
water. The solution containing N-glycans was then loaded followed by washing with 3–5
mL of deionized water to remove salts and other contaminants. The glycans were eluted
with 0.5–1 mL of 0.1% formic acid (vol/vol) in 20% acetonitrile/H2O (vol/vol). The
resulting solution was dried down in a vacuum concentrator (Eppendorf, Hamburg,
Germany), reconstituted in 10 μL of 3.3% formic acid (binding solution), and loaded onto
ZrO2 microtips equilibrated with the same binding solution. Unbound glycans were removed
by washing with 20 μL of H2O (washing solution), and bound sulfated glycans were eluted
with 50 μL of 1% piperidine. The eluted solution was dried down and mixed with CaCl2,
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CoBr2, or MgBr2 (final concentration 30–40 μM) in 50% methanol/H2O (vol/vol) for mass
spectrometry analysis.

Mass Spectrometry
All mass spectra were collected with an actively shielded 7-T FT-ICR mass spectrometer
with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA, USA), as
previously described [25]. An indirectly heated hollow dispenser cathode was used to
perform ECD [57]. IRMPD was performed with a vertically mounted 25 W, 10.6 μM CO2
laser (Synrad, Mukilteo, WA, USA). Samples were infused via an Apollo II electrospray ion
source at a flow rate of 70 μL/h with the assistance of N2 nebulizing gas. Following ion
accumulation in the first hexapole for 0.05 s, ions were mass selectively accumulated in the
second hexapole for 1–4 s. Ions were then transferred through high voltage ion optics and
captured with dynamic trapping in an Infinity ICR cell [58]. The accumulation sequence up
to the ICR cell fill was looped 4–6 times to optimize precursor ion signal to noise (S/N)
ratio. For ECD, the cathode heating current was kept constant at 1.8 A and the cathode
voltage was pulsed during the ECD event to a bias voltage of −0.1 to −1.0 V for 50 ms to
generate low energy electrons. IRMPD was performed with a laser power of 10 W and with
firing times ranging from 40–100 ms. For activated-ion ECD (AI-ECD), N-glycan ions were
heated with a 10 W (40% power), 20–25 ms IR laser pulse prior to electron irradiation to
destroy intramolecular noncovalent interactions [59].

Data Analysis
All mass spectra were acquired with XMASS software (Bruker Daltonics) with 256 data
points from m/z 100–2000 and summed over 40–64 scans. Data processing was performed
with MIDAS software [60]. Time domain data were zero filled once, Hanning apodized,
Fourier transformed, and exported to Microsoft Excel for internal frequency-to-mass
calibration with a two-term calibration equation [61]. Product ion spectra were interpreted
with the aid of the web application GlycoFragment (http://www.glycosciences.de/tools/
GlycoFragments/) [62]. Product ions were not assigned unless the S/N ratio was at least 3.

Results and Discussion
All product ions are labeled according to the Domon and Costello nomenclature [23].
Subscript numerals indicate where cleavage occurred and superscript numerals indicate
where cross-ring cleavage occurred. When more than one product assignment was possible,
all assignments are listed. Internal fragments are indicated by a slash separating the sites of
fragmentation (e.g., Z4β/C5). For branched oligosaccharides, the letter α represents the
largest branch, the letter β represents the second largest branch, and the letter γ represents
the third largest branch. N-linked oligosaccharides on bovine TSH were previously
examined by Green and co-workers by NMR spectroscopy [63]. The three N-linked glycans
investigated here, indicated as glycan 1, glycan 2, and glycan 3, respectively, are shown in
Figure 1. Product ions bearing a calcium cation as charge carrier are denoted with a
superscript Ca (e.g., C4

Ca). Product ions which underwent sulfonate loss are underlined
(e.g., Y3α

Ca). All three glycans are sulfated hybrid-type N-glycans [11].

Fragmentation Behavior of Glycan 1 with Different Metal Adducts in IRMPD and ECD
All selected precursor ions were triply charged with two divalent metal cations (Ca2+, Co2+,
or Mg2+) binding to the glycan. Abundant signals were observed for calcium-adducted
glycans (M + 2Ca − H)3+, indicating that calcium salt is highly effective in ionizing
carbohydrates [37, 39]. IRMPD of Ca2+ -adducted glycan 1 (Figure 2a) generated glycosidic
cleavages between every neighboring monosaccharide, providing rich information regarding
sequence and monosaccharide composition. Sulfonate loss was commonly observed in the
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spectrum (Supplementary Figure 1a) and, thus, information regarding sulfonate location was
absent. Several product ions cannot be distinguished based on their accurate masses, such as
Z4α or (B4 – SO3) and Y4α or (C4 – SO3). Therefore, both possibilities are included in
Supplementary Figure S1a. Several internal fragments resulting from more than one
glycosidic cleavage were also generated, such as (Man)4(GlcNAc)Ca. Such internal
fragments provide additional structural information, but also complicate the spectra. Five
cross-ring cleavages were observed following IRMPD, including 2,4A2α, 0,4A3, 0,2A4, 1,4A4,
and 0,2X1; 0,2A, 0,4A, and 2,4A-type ions were previously found in CAD and IRMPD (low-
energy fragmentation techniques) spectra of glycans [35, 43-54]. The 0,2A4 and 1,4A4
fragments at the branching point aid the determination of the positions of the glycan
antennae. X-type ions can be generated by high-energy CAD [47–49] and 157 nm
photodissociation [42, 50, 51] of oligosaccharides, but are not commonly seen following
IRMPD.

Figure 2b shows the fragmentation pattern of sulfated glycan 1 following ECD and the
corresponding spectrum is shown in Supplementary Figure S1b. All product ions were even-
electron ions. Charge-reduced species were not detected, instead proton-stripped species
were observed, resulting from gain of an electron and loss of hydrogen. Product ions
corresponding to proton-stripped species and neutral loss from the proton-stripped species
corresponded to the most abundant peaks in the spectrum. The sulfonate group was retained
in all product ions, demonstrating the ability of ECD to retain labile groups. ECD is well-
known to have the ability to retain labile PTMs, including phosphorylation, sulfation, and
glycosylation [36, 64–67]. Compared with IRMPD, several additional cross-ring cleavages
were observed. The product ion at m/z 848.7, labeled as loss of 101 Da from the proton-
stripped species (Supplementary Figure S1b), can be assigned to several 1,3A-type ions
sharing the same m/z ratio, including 1,3A1α, 1,3A2α, 1,3A5, or 1,3A6. The combined 1,3A-
and 2,4A-type ions from both IRMPD and ECD determine the linkage position of the non-
reducing end GlcNAc as the C4-position (1,3A2α and 2,4A2α). Overall, the combination of
IRMPD and ECD data for the calciumadducted N-glycan provided extensive structural
information.

The IRMPD and AI-ECD fragmentation patterns of the (M + 2Co – H)3+ form of glycan 1
are shown in Figure 2c and d, respectively and the corresponding spectra are shown in
Supplementary Figure S1c and d. ECD alone generated very little information. Compared
with the calcium-adducted species, cobalt adducts generated weaker signal and only one
glycosidic cleavage was observed following IRMPD. However, several diagnostic cross-ring
cleavage product ions were found only from the cobalt-adducted precursor ion, such
as 1,3A3α, 1,3A4, and 2,4A6. The two product ions (0,2A4 and 1,3A4) at the branching point of
the tri-mannose core aid determination of the position of the 3-antenna. This fragmentation
pattern is in accordance with an earlier study by Leary and co-workers, who examined the
dissociation pathways of Ca2+-, Co2+-, and Mn2+-coordinated oligosaccharides, and found
that Co2+-coordinated species exhibited unique fragmentation patterns [39]. In AI-ECD,
cobalt adducts yielded three additional glycosidic cleavages (C3α, B5, and C5) and several
additional cross-ring cleavages compared with IRMPD. The peak denoted as B5 – 57 Da (m/
z 779.2) likely corresponds to loss of C2H3NO from N-acetylglucosamine (Supplementary
Figure S1d). Similar to the calcium adducts, loss of 101 Da from the precursor ion was also
observed. The combination of 1,3A6 and 2,4A6 from AI-ECD of cobalt-adducted glycan 1
determines the linkage position of the GlcNAc at the reducing end. Cross-ring product ions
aid linkage type determination, particularly the ones occurring at the branching points.
However, the lack of sufficient glycosidic cleavages made the sequencing of this glycan
difficult. Therefore, cobalt adducts were not as effective as calcium adducts in achieving
extensive structural characterization for sulfated N-glycan 1 via IRMPD and ECD.
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IRMPD and ECD were also performed for magnesium-adducted glycan 1 (M + 2Mg − H)3+.
Following IRMPD, glycosidic cleavages between every neighboring monosaccharide and
five cross-ring cleavages were observed (Figure 2e and Supplementary Figure S1e). Among
the five cross-ring cleavages, three were unique to the IRMPD spectrum of Mg2+-adducted
glycan 1 with one of them at the branching point of the tri-mannose core. When product ions
cannot be distinguished based on their m/z ratio, all possible assignments are included. For
example, Z1 and B1α without a sulfonate attached both correspond to the mass of a HexNAc.
Such ambiguous assignments are often a consequence of sulfonate loss from B- or C-type
ions. The latter loss was common in product ions generated by IRMPD. However, all
assignments in ECD spectra were unambiguous because all product ions retained the
sulfonate group.

In contrast to calcium and cobalt adducts, ECD of Mg2+-adducted glycan 1 provided little
structural information (data not shown). Only the proton stripped species (M + 2Mg − 2H)2+

and loss of 42 Da from the proton stripped species were observed. Loss of 42 Da likely
corresponds to loss of a ketene molecule (CH2CO) from N-acetylglucosamine, as previously
reported [53, 54]. We observed retention of the sulfonate group in calcium- and cobalt-
adducted N-glycans following ECD, while IRMPD of metal-adducted glycan 1 showed
extensive sulfonate loss (see Supplementary Figure S1a, c, and e). Therefore, magnesium
adduction is not favored for glycan 1 because of the difficulties in achieving sulfonate
localization and unambiguous fragment assignments.

In addition to the highly complementary fragmentation from IRMPD and ECD described
above, it is also of interest to examine quantitative differences in fragments shared between
IRMPD and ECD. For calcium-adducted glycan 1, the glycosidic fragments C4, C5, and Y4β
were observed following both IRMPD and ECD (Figure 1a, b, and Supplementary Figure
S1a, b). The relative signal abundance of these fragments is, in general, higher following
IRMPD because of the higher fragmentation efficiency compared with ECD but presumably
also because charge reduction does not necessarily occur in IRMPD. For example, C5 and
Y4β are observed in both their triply and doubly charged forms following IRMPD but only
as doubly charged (and singly charged for C5) following ECD, as expected. For cobalt-
adducted glycan 1, one glycosidic fragment, C4, and one cross-ring fragment, 2,4A6, were
shared between IRMPD and AI-ECD. Triply charged C4 was observed following IRMPD,
whereas the same product was doubly charged following AI-ECD. The same charge
difference was noted for 2,4A6 although the fragmentation pathway resulting in this product
was particularly favored in AI-ECD, which yielded a 17% relative abundance of this cross-
ring fragment.

We also attempted to ionize the N-glycan with other metal cations, such as Mn2+, Zn2+,
Ba2+, and Al3+. However, no metal-adducted glycan was observed in positive ion mode. The
lack of adduct formation may be attributed to the ionic radii and coordination numbers of
different metal cations [39]. In general, larger metal ions are not favored for glycan
fragmentation, probably because it is difficult for large metal cations to assist charge-
induced fragmentation [38, 43]. Harvey investigated the ability of divalent metal ions for
ionizing carbohydrates and found that calcium is most effective with magnesium, and cobalt
being somewhat less effective [37], in accordance with our observations. Although cobalt-
coordinated oligosaccharides have shown unique fragmentation pathways in CAD [39, 40],
it is not straightforward to form cobalt adducts with the sulfated N-glycan examined here
compared with calcium adducts. Also, few glycosidic cleavages were observed in both
IRMPD and ECD spectra of the cobaltadducted glycan. Therefore, we focused on calcium
adducts because of the higher available signal and the ability to generate extensive
glycosidic and cross-ring cleavages in IRMPD and ECD.
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Fragmentation Behavior of Ca2+-Adducted Glycan 2 in IRMPD and ECD
IRMPD of Ca2+-adducted sulfated glycan 2 (M + 2Ca − H)3+ was also performed (Figure
3a). Glycosidic cleavages were generated between every neighboring monosaccharide unit
with only one exception. Most of the glycosidic cleavages resulted in B- and C-type ions
with low molecular weight, indicating that fragmentation may occur from the non-reducing
end of the N-glycan. Four cross-ring fragments were seen (0,2A2α, 2,4A2α, 0,2A2β, and 0,4A4)
with one (0,4A4) at the tri-mannose core branching site, aiding determination of the branch
position. Sulfonate loss was observed in most of the product ions, thus precluding
localization of the labile sulfonate group. It is difficult to localize where the two Ca2+ ions
bind based on the product ion assignments. Lebrilla and co-workers investigated the
coordination of alkali metal ions to oligosaccharides by calculating multicollision
dissociation threshold (MCDT) values and by molecular dynamics, and predicted that metal
ions coordinate at or near glycosidic oxygen(s) [38]. Most product ions bearing two calcium
cations retained the sulfonate group, whereas most product ions that lost the sulfonate group
bore only one calcium cation. Therefore, we believe one of the Ca2+ ions likely binds to the
acidic sulfonate group, while the other one coordinates with one or more glycosidic
oxygen(s).

In the ECD spectrum of (M + 2Ca − H)3+ (Figure 3b), fewer fragments were observed
compared with IRMPD because of the lower fragmentation efficiency of ECD [57].
However, two product ions unique to ECD provided additional structural information
compared with IRMPD. In order to break noncovalent interactions within this N-glycan and
thus improve fragmentation efficiency, AI-ECD [59] was applied. Following AI-ECD
(Figure 3c), three additional product ions (B5, C2α, and 2,4A5) were detected compared with
ECD alone, demonstrating improved fragmentation efficiency. In contrast to IRMPD, ECD
mainly produced large fragments containing the reducing end, indicating that charge
neutralization occurs remote from the reducing end of the N-glycan. Our previous study on
model oligosaccharides showed similar fragmentation behavior [54]. Moreover, all product
ions from AI-ECD were completely different from the ones observed in IRMPD, thereby
generating truly complementary structural information (Scheme 1a and b). The
complementary capabilities of IRMPD and ECD for biomolecular structural analysis have
previously been applied to a variety of biomolecules, including peptides [64],
oligosaccharides [54–56], oligonucleotides [68, 69], and proteins [70]. Our results
demonstrate that the combination of IRMPD and ECD is also a promising tool for structural
characterization of released sulfated N-glycans.

Fragmentation Behavior of Ca2+-Adducted Glycan 3 in IRMPD and ECD
IRMPD and ECD fragmentation patterns for calciumadducted glycan 3 are shown in Figure
4a and b, respectively, and the corresponding spectra are shown in Supplementary Figure
S2. In the IRMPD spectrum, the most abundant fragment is assigned as Yγ2Ca (m/z 545.8),
corresponding to loss of a fucose residue from the core structure. The fucose glycosidic
bond is highly labile and dominant fucose loss has been previously observed [71]. Except
for Yγ2Ca, all other glycosidic cleavages resulted in B- and C-type ions. In addition to six
glycosidic cleavages, three cross-ring cleavages were found, with one of them (0,4A4)
occurring at the trimannose branching site. This result verifies that IRMPD of sulfated N-
glycans can provide rich structural information.

Following ECD, the fragment corresponding to fucose loss was not detected. In addition,
sulfonate loss from the product ions was absent. The preservation of labile bonds
demonstrates that ECD proceeds through a different mechanism compared with IRMPD and
thus provides complementary structural information. Similar to ECD of glycan 2, no charge-
reduced species were found. Instead, proton-stripped species and loss of 42 Da from the
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proton-stripped species were observed with high relative abundance. Compared with
IRMPD, fewer product ions were observed. However, the fragment at m/z 737.7 (2,4A6

2Ca)
was only found following ECD, demonstrating the ability of ECD to provide additional
information in comparison with IRMPD.

Conclusion
We have demonstrated the first application of metal-assisted ECD towards sulfated N-linked
glycans released from glycoproteins. Influence of different divalent metal cations such as
Ca2+, Mg2+, and Co2+ was investigated, and calcium adducts were found as the most
promising species because of high signal abundance and ability to provide extensive
glycosidic and cross-ring cleavages following both IRMPD and ECD. Co2+-adducted
glycans generated some unique product ions. However, in both IRMPD and ECD of
cobaltadducted species, cross-ring fragments were predominant and the lack of glycosidic
cleavages significantly increased the difficulty of glycan sequencing. Mg2+-adducted
glycans provided rich structural information following IRMPD, including both glycosidic
cleavages and some cross-ring cleavages. However, ECD of magnesium-adducted glycans
generated few fragments, thus making sulfonate localization difficult. Therefore, we believe
that calcium-assisted IRMPD and ECD provide the most structural information for sulfated
N-glycans.

IRMPD and ECD were applied to several sulfated N-glycans released from bTSH. IRMPD
of Ca2+-adducted glycans produced extensive glycosidic cleavages and several cross-ring
cleavages at the branching point. However, most product ions underwent sulfonate loss.
Therefore, it is difficult to determine the position of the sulfonate group. ECD of Ca2+-
adducted glycans yielded unique product ions in comparison with IRMPD, thus providing
complementary structural information. Moreover, all product ions observed in ECD spectra
retained the sulfonate group, which is crucial to sulfonate localization. The complementary
ability of IRMPD and ECD makes the combination of these two MS/MS techniques a
powerful tool in sulfated N-glycan structural analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sulfated N-glycans released from bovine thyroid stimulating hormone : mannose, :
N-acetylglucosamine (GlcNAc), : fucose, : N-acetylgalactosamine (GalNAc)
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Figure 2.
Fragmentation patterns of metal-adducted N-glycan 1. (a) IRMPD of calcium adduct (40
scans, 50 ms irradiation, 10 W laser power); (b) ECD of calcium adduct (40 scans, 80 ms
electron irradiation with a bias voltage of −0.2 V); (c) IRMPD of cobalt adduct (40 scans, 40
ms irradiation, 10 W laser power); (d) AI-ECD of cobalt adduct (40 scans, 15 ms irradiation
with 10 W laser power, 80 ms electron irradiation with a bias voltage of −0.15 V); (e)
IRMPD of magnesium adduct (40 scans, 50 ms irradiation, 10 W laser power)
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Figure 3.
FT-ICR tandem mass spectra of Ca2+-adducted N-glycan 2. (a) IRMPD (40 scans, 80 ms
irradiation, 10 W laser power); (b) ECD (50 scans, 50 ms electron irradiation with a bias
voltage of −0.2 V); (c) AI-ECD (40 scans, 20 ms irradiation with 10 W laser power, 100 ms
electron irradiation with a bias voltage of −0.25 V). Product ions are underlined if they
underwent sulfonate loss. The superscript ‘Ca’ indicates product ions bearing a calcium
cation. Assignments indicated in bold are crossring product ions. * Denotes electronic noise
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Figure 4. Fragmentation patterns of Ca2+-adducted N-glycan 3. (a) IRMPD (40 scans, 50 ms
irradiation, 10 W laser power); (b) ECD (64 scans, 50 ms electron irradiation with a bias voltage
of −0.3 V)
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Scheme 1. Fragmentation patterns of Ca2+-adducted N-glycan 2. (a) IRMPD and (b) AI-ECD.
Glycosidic cleavages are labeled in red. Cross-ring cleavages are labeled in blue. Internal
fragments are not shown
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