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a b s t r a c t

This report outlines and applies a high performance sequencing technology to evaluate the glycome of a
common model glycoprotein, ovalbumin. The targets were the N-linked glycans enzymatically released
from the protein, the N-glycoproteome. These product glycans were reduced, methylated and directly
infused into the MS using a chip-based nanoelectrospray with the ions structurally characterized by
sequential disassembly. Ten major ions were selected for detailed analysis. Isomer topologies (glycan
connectivity) were determined from ion pathways of disassembly. Linkage information was revealed
by specific cross-ring cleavage fragments within smaller oligomers. Both connectivity and linkage fea-
inkage
valbumin

on trap MS
igh performance glycan
equencing

tures were assisted with described bioinformatic tools and details confirmed with a standards library
of fragments. The number of isomeric structures found within these 10 parent ions were 37, more than
double earlier reports, and setting a new goal for developing technology. In this non-chromatographic,
high performance spatial approach, the focus has been patterned to be comprehensive, and stay within
the bounds of a plausible high throughput strategy consistent with automation. Selective structures are

pprai
enta
described in the text to a
been included in supplem

. Introduction

Structural glycobiology has an endemic sequencing problem
ith a great need to focus and contrast analytical protocols. Com-
ounding this is a huge diversity of structures, so the hope for
nding analytical continuity for all glycoconjugates (GAGs, LPS,
tc.) would appear unlikely. In that regard however, a more defined
et of structures might be considered feasible, for instance, the
- and O-linked glycans of a protein, the glycoproteome. Read-

ly available glycoprotein standards would provide opportunities
or in-house validation and possible benchmarks for future instru-

ental development, both fundamental cornerstones for progress.
uch a list would be a remarkable achievement for this important

nd evolving field. With that consideration, ovalbumin has served
n that role for a number of years. Although commercial ovalbumin
ots lack protein purity, N-glycan characterization does provide an
perational opportunity to evaluate interresidue linkage, monomer

Abbreviations: SPE, solid phase extraction; IT-MSn , ion trap mass spectrometry;
M-MS, ion mobility mass spectrometry; LC–MS, liquid chromatography–mass spec-
rometry; LPS, lipopolysaccharides; GAG, glycosaminoglycans; GlcNAcol, reduced
erminal residue; H, hexose; N, HexNAc.
∗ Corresponding author at: Glycomics Center, Gregg Hall, University of New
ampshire, 35 Colovos Road, Durham, NH 03824, United States.

E-mail address: vnr@unh.edu (V.N. Reinhold).

387-3806/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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se readers of the general approach; a more comprehensive coverage has
l material.

© 2011 Elsevier B.V. All rights reserved.

connectivity, branching and, in this case, a preponderance of struc-
tural isomers. Establishing strategies to address these components
of structure would advance this discipline immeasurably and give
credence to the meaning of comprehensive.

Stereo and structural isomers are largely absent in glycopro-
teome reports, as they are hidden to many analytical approaches
and transparent to mass measurement alone. This inability to
detect or observe such structures often projects to false conclu-
sions that an analysis is complete. This absence of evidence is
not evidence of absence, and structures envisioned from biological
inference [1], higher mass resolution [2,3], or methylation linkage
analysis [4], include measures of self-interpretation [5], not data
to define an exacting structure. In this study we omit the chal-
lenge of anomeric structure, not because this detail is not available,
but we have no precise standards to contrast and define spectral
data. The need for a detailed characterization that includes linkage,
branching, stereo and structural isomers, for all monomers brings
enormous analytical challenge, but omitting such detail exposes a
missed opportunity to define functional relationships. From a func-
tional standpoint, R.D. Cummings (Emory University) has reported
the glycome may contain some 3000 determinants [6]. This was

considered to be an achievable target for new chemical and/or
enzymatic syntheses, but validation brings an enormous analytical
challenge, especially when structural protocols for characteriza-
tion are incomplete. Many reported determinants are grouped
behind brackets and assumed on the basis of a composition, bio-

dx.doi.org/10.1016/j.ijms.2011.01.016
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:vnr@unh.edu
dx.doi.org/10.1016/j.ijms.2011.01.016
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ig. 1. Mass ion profile (IT-MS1) of N-glycans released from commercial grad
hromatographic, direct nanoESI-MS1 analysis identified twenty-five ion composi
in space’ IT-MSn characterization which identified and additional twenty-six isome

ogical insight, or a bioinformatic projection. The default strategy
or resolving structural complexity is chromatography, with sepa-
ations led by nanoLC and miniaturization on chips. Some schemes
ave shown exceptional resolution under exacting parameters [7],
ut the resolving power required to identify all components in a tis-
ue glycome would appear unlikely. With the complication of both
esolving and identifying structures, we have considered attacking
he problems collectively utilizing the elegant features of the ion
rap to mass select and disassemble. With characteristic signature
ons, scars of former linkage, and a searchable library of fragments,
atterns of monomer connectivity become accessible [8–11], and
ith adequate ion current, most structural features can be assigned.

ragment ions inconsistent with a single precursor (isomer) can be
etected, isolated and resolved somewhere along a disassembly
athway. Spatial resolution has been shown to be largely a result
f two features, stereospecific metal ion binding (which yields
nique collision products), and methylation which places compo-
ents of structure in a glycan array. These features are assisted with
searchable library of small oligomers. In applying this technol-

gy, we introduce the term high-performance glycan sequencing
o signify an approach germane to most structural features, some-
hat analogous to high-performance protein sequencing recently

ntroduced [12].
Spatial resolution and direct infusion gives concern for ion sup-

ression in the competitive electrospray plume, but sample workup
enzymatic release, SPE, derivatization, and lipophilic extraction)
ontributes to the critical need for enrichment. It remains clear
owever, that charge competition sets the limitations to struc-
ural interrogation by direct infusion, and further improvements
n this area would be most helpful [13]. In practice, this sequencing
echnology has resolved over 80 isomers within the N-linked core

f C. elegans [8], reported multiple new isomers in the common
tandard glycans of ribonuclease B [14], and doubled the number
f N-glycans previously reported in human plasma [10]. In this
ccount we extend the application to ovalbumin with compara-
le results. Our motives remain the same, to bring attention to the
ovalbumin following SPE purification, reduction and methylation. The non-
that were confirmed to be N-glycans by MS2 analysis. Ten ions were selected for
a total N-glycome count of thirty-six independent glycan structures.

limitations of current analytical MS/MS efforts and to raise the bar
of analysis for others to challenge and improve.

2. Experimental

2.1. Materials

Chicken egg ovalbumin (grade V), sodium hydroxide (pellets
99.998%), Dowex 50wx8-400 ion-exchange resin, dimethylsulfox-
ide, anhydrous (99%), sodium borohydride (99%) and iodomethane
(99.5%) were obtained from Sigma–Aldrich (St. Louis, MO). Peptide-
N-glycosidase F (PNGase F) deglycosylation kits were purchased
from New England Biolabs Inc. (Ipswich, MA). All solvents (ace-
tonitrile, acetate, methanol, water, toluene, methylene chloride and
ethanol) were HPLC grade and purchased from Fisher Scientific
(Fair Lawn, NJ). SPE C18, reservoir and Carbogragh SPE (120/400
mesh) were purchased from Alltech Associates Inc. (Deerfield,
IL).

2.2. Sample preparation

N-linked glycans from 2 mg of chicken ovalbumin were released
by PNGase overnight, following the manufacturer’s instruction.
The isolated glycans were reduced with sodium borohydride [9]
and methylated [15]. The sample was re-suspended in 75% (v/v)
methanol aqueous solution for MS analysis. For differential lithium
adduct studies, a portion of the sample was dissolved in 10 mM
lithium acetate previous to MS analysis.

2.3. Mass spectrometry
Mass spectra were obtained with an LTQ (Thermo Fisher Scien-
tific, Waltham, MA) equipped with a nanospray ion source. Samples
were infused at flow rates ranging between 0.30 and 0.60 �L/min,
and spectra were collected using Xcalibur 1.4 and 2.0 software
(Thermo Fisher Scientific). Direct infusion ESI was carried out with
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Table 1
Screenshot provided by software tool (Cfinder) for calculating fragment ion compositions, and by difference, the neutral loss fragments. Compositions are abbreviated in
linear notation with asterisks (scars) identifying points of former linkage. Depth of MSn inquire (left column) indicating disassembly sequence showing the pathway for the
ion m/z 1799.6, H6N1NR1 from ovalbumin m/z 1800.0 → 1506.7 → 1084.5 → 839.4 → 621.3 → 431.2 → 259.1.

Observed peak (Na+) Neutral loss

Depth Mass Composition Mass Composition

MS1 1800.00 H6N1NR1 n/a n/a
MS2 1506.73 *H6N1-(Pos1DB)1 293.27 *NR1-(Pos2/3/4/6OH)1
MS3 1084.55 **H4N1-(Pos2/3/4/6OH)1-(Pos1DB)1 422.18 *H2-(Pos1DB)1
MS4 839.45 **H4-(Pos2/3/4/6OH)1-(Pos1DB)1 245.1 **N1-(Pos2/3/4/6OH)1-(Pos1DB)1
MS5 621.27 ***H3-(Pos2/3/4/6OH)2-(Pos1DB)1 218.18 *H1-(Pos1DB)1
MS6 431.18 **H2-(Pos2/3/4/6OH)1-(Pos1DB)1 190.09 ***H1-(Pos2/3/4/6OH)2-(Pos1DB)1
MS7 259.09 *H1-(Pos1OH)1 172.09 No match

Table 2
Listing of 25 N-glycan ion compositions released from ovalbumin (Commercial Grade) processed by GlycoScreen[Zhang, 2005 #38]. Abbreviations, H = Hexose, N = HexNAc,
NR = HexNAcol. Ion derivative, PM-R = methylated and reduced. Asterisks identifies ions selected for study by sequential disassembly following direct injection by nanoESI-
MSn . The following parameters were used for processing; relative intensity threshold, 0.025; max charge state, 3; minimum number of isotopic peaks, 3; m/z range, 500–2000;
glycan type, N-Linked; positive ions by Na+ adduction; error tolerance, 200 ppm; derivative, methylated and reduced. A fitting score represents a numeric measurement
reported by GlycoScreen to quantify how well an experimental isotopic distribution fits the theoretical value. This score ranges from 0.00 to 1.00. A fitting score of 1.00 means
that the experimental and theoretical distributions are identical.

Composition Ion type Observed m/z Fitting score Relative intensity Theoretical m/z Absolute error (mu) Relative error (ppm)

H5N2 PM-R [M+2Na]2+ 809.4546 0.91 0.04 809.5070 0.0524 65
H4N3 PM-R [M+2Na]2+ 829.9091 0.97 0.03 829.9028 −0.0063 −8
H3N4 PM-R [M+2Na]2+ 850.4546 0.94 0.03 850.4805 0.0259 30
H6N2 PM-R [M+2Na]2+ 911.4546 0.97 0.07 911.4571 0.0025 3
H5N3 PM-R [M+2Na]2+ 931.9091 0.98 0.11 931.8529 −0.0562 −60
H4N4 PM-R [M+2Na]2+ 952.4546 0.94 0.04 952.4306 −0.0240 −25
H3N5 PM-R [M+2Na]2+ 973.0000 0.97 0.09 973.0082 0.0082 8
H5N4 PM-R [M+2Na]2+ 1054.4546 0.96 0.19 1054.3807 −0.0739 −70
H4N5 PM-R [M+2Na]2+ 1075.0000 1.00 0.09 1074.9583 −0.0417 −39
H3N6 PM-R [M+2Na]2+ 1095.5455 0.97 0.26 1095.5360 −0.0095 −9
H5N5 PM-R [M+2Na]2+ 1177.0000 0.97 0.08 1176.9084 −0.0916 −78
H3N2* PM-R [M+Na]+ 1187.4546 0.97 0.82 1187.2942 −0.1604 −135
H4N6 PM-R [M+2Na]2+ 1197.5455 I.00 0.05 1197.4861 −0.0594 −50
H3N7 PM-R [M+2Na]2+ 1218.0000 0.97 0.11 I217.88I9 −0.1181 −97
H4N7 PM-R [M+2Na]2+ 1320.0000 0.96 0.03 1319.8320 −0.1680 −127
H3N8 PM-R [M+2Na]2+ 1340.5455 0.98 0.03 1340.4097 −0.1358 −101
H4N2* PM-R [M+Na]+ 1391.5455 0.97 0.20 1391.3762 −0.1693 −122
H3N3* PM-R [M+Na]+ 1432.5455 0.96 0.76 1432.3497 −0.1958 −137
H5N2* PM-R [M+Na]+ 1595.5455 0.97 1.00 1595 2764 −0.2691 −169
H4N3* PM-R [M+Na]+ 1636.5455 0.97 0.26 1636.2499 −0.2956 −181
H3N4* PM-R [M+Na]+ 1677.6364 0.98 0.23 1677.4052 −0.2312 −138
H6N2* PM-R [M+Na]+ 1799.6364 0.99 0.48 1799.3584 −0.2780 −154
H5N3* PM-R [M+Na]+ 1840.6364 0.98 0.35 1840.3319 −0.3045 −165
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H4N4* PM-R [M+Na]+ 1881.6364 0.98 0.15
H3N5* PM-R [M+Na]+ 1922.7273 0.97 0.24

Triversa Nanomate (Advion, Ithaca, NY). Signal averaging was
ccomplished by 5 micro-scans within each scan and adjusting
etween 50 and 300 scans for each spectrum depending on signal

ntensity. Collision parameters were left at default values 35% or to
value leaving a minimal precursor ion peak. Activation Q was set
t 0.25 and activation time at 30 ms. Ions were generated by adduc-
ion of indigenous levels of sodium. Two software tools have been
ritten to process spectral data from this instrument. They have

een identified as Glycoscreen and Composition Finder (Cfinder)
11]. GlycoScreen has been designed to filter out background con-
aminants and consider only those ions possessing carbohydrate
ompositions. Common carbohydrates, N-, O-linked glycans and
heir modifications are considered as input data. The output defines
pecific isotopic distributions to rebuild MS profiles, thereby facili-
ating data analysis. The general features include fitting profile data

o glycan and carbohydrate-specific ions and assigning composi-
ions to each ion. The fitting score is generated to quantify how well
n isotopic distribution fits the theoretical one. The following for-
ula was used, where n is the number of peaks within the isotopic

nvelop considered; Oi and Ei are the signal intensities of the ith
1881.3054 −0.3310 −176
1922.4608 −0.2666 −139

isotopic observed and expected (theoretical) peaks, respectively.

fitting score = 1 −
(∑n

i=1|Oi − Ei|/(Max(Oi, Ei))

n

)

Cfinder generates compositions of each N-linked or O-linked
precursor ion and is able to derive parent ion topology using logic
reasoning. For MSn data, the software considers the constraints
of the precursor ion and returns only substructure products. For
determining topology, both the observed ion and neutral loss com-
positions are reported.
Product ion compositions from disassembly of the precursor,
m/z 1799.7 (Fig. 1) are presented in linear notation (Table 1). The
syntax established for coding Cfinder is presented in the format,
[Type of monomer] [Number of monomer] − [Type of scar] [Num-
ber of scar(s)].
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ig. 2. (A) Pathway of sequential disassembly (MSn) for the ion m/z 1677.64, (Fig. 1
ithin the ion composition Hex3HexNAc4. Spectra of m/z 866, MS5 (B) and m/z 648,

nnotation, m/z 648.3 and m/z 458.2.

. Results and discussion

Reduced, methylated N-glycans released from ovalbumin were
ass profiled (800–2000 Da) (Fig. 1) providing twenty-five promi-

ent ions, more than half of which were doubly charged (Table 2).
en of the most abundant ions (asterisk, Table 2) were selected for
isassembly to ascertain isomer, linkage and branching details as
escribed. The selected ions had the following compositions; H3N2,
4N2, H3N3, H5N2, H4N3, H3N4, H6N2, H5N3, H4N4 and H3N5; (H,
exose and N, HexNAc). Compositions were also determined using
he ExPASy GlycoMod tool (http://ca.expasy.org/tools/glycomod/)
ith the following parameter limits: (i) monosaccharide residues:
ex ≤ 9, HexNAc ≥ 8; (ii) monoisotopic mass tolerance ± 0.5 Da,

iii) ions existed as [M+Na]+; and (iv) on the basis of enzy-
atic release all returned compositions were assumed to have a
ore structure of Man�1-6(Man�1-3)Man�-4GlcNAc�1-4GlcNAc.
sing these delimiters compositions were established that satis-
ed all profiled ions (Table 2). Commercial samples of ovalbumin
ay vary between lots, with mixtures of other proteins [16,17].

hus, an exacting comparison of structures could not be considered;
hat resolved three isomeric topologies (D) and four linkage isomers (E) determined
) exposed ion fragments inconsistent with a single structure, identified with boxed

however, the resolution of isomers within each glycan represents a
more precise measure of glycosylation detail, a prime consideration
of this study.

3.1. Topology and linkage determination of m/z 1677.6 (Fig. 1,
#4, H3N4)

Structural details that resolved both topology and linkage iso-
mers have been summarized for the ion, m/z 1677.7, (H3N4),
(Fig. 2). When studied by IT-MSn this glycan was found to exist
in three topologies (Fig. 2D) that included four different linkage
isomers (Fig. 2E). Previous reports had indicated one structure for
this composition using ion mobility-MS [18] and two reports indi-
cated two isomers using MALDI-MS [16] and MALDI-PSD and CID
[19]. Oddly, in a recent study using nanoLC/ESI/MS/MS all composi-

tions listed (Table 2) were detected, but no isomers were reported
[20]. These disparities may reflect some lot-to-lot variations in
commercial ovalbumin preparations (as mentioned above), but
demonstrating isomer presence could reflect a more perceptive
analytical approach much needed for glycosylation surveillance.

http://ca.expasy.org/tools/glycomod/
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Fig. 3. (A) Summary structure representing the single topology that included three linkage isomers detected for the composition H4N2 (Fig. 1, #3), annotated with fragments
and pathways pursued. Proposed structure from resulting spectral data (B)–(F) for the assignment of linkage isomer (G).
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ig. 4. Spectra and proposed structures (A)–(C) that resolved the two linkage isom
nomeric assignment from the spectra. Summed linkage isomers resolved from the

This detailed characterization started with isolation and colli-
ion (MS2) of the profiled ion m/z 1677.6, (Fig. 1 #4) which provided
prominent and specific B-ion, (m/z 1384.5, Fig. 2A), the result

f a facile neutral mass loss equal to the reducing-end terminus,
lcNAcol; fixing its position in the structure. The composition writ-

en in linear notation would be, H3N3-(Pos1DB)1; three hexoses,
hree HexNAc, with one single scar at position 1. Selecting this
roduct, m/z 1384.5, for further disassembly, MS3, provided a frag-
ent ion, m/z 1125.4, *H3N2-(Pos1DB) with two scars indicating

he loss of a fully methylated terminal HexNAc, (Fig. 2A). Without

urther inquiry one could conclude a linear oligomer with loss of
ts non-reducing termini. However, further analysis, MS4, (Fig. 2B)
howed an additional loss of another fully methylated (terminal)
exNAc which can only mean a branched structure, supporting the

opology, (Fig. 2D1). The spectrum of this product, MS5, (Fig. 2B)
the 6-linked central core mannose (D). Absence of chemical standards prevented
e topology with composition H4N2 (E).

provided an expected loss of an extending hexose, (204 Da, m/z
662.3), but a satellite fragment at m/z 648, indicated the loss of an
additional terminal residue, (218 Da). This could only arise if a core
mannose was also a termination residue. To confirm such a prod-
uct, the ion m/z 648 was isolated for MS6 analysis which provided
a unique signature fragment as the base ion, m/z 444.2, (Fig. 2C)
indicating a bisected GlcNAc, ***Hex1N1-(Pos1DB1) with four scars,
(Fig. 2D2). This spectrum also exhibited another signature ion, m/z
458 ion, Man-GlcNAc with three scars **(Hex1N1-(Pos1DB1) and
the penultimate GlcNAc monomer with two scars, *(N1-(Pos1DB1),

(m/z 268.2, Fig. 3D). By tracking the changes in ion composition and
using logical reasoning, the putative glycan topology can be derived
from these pathways. Branches in the disassembly scheme, m/z 866,
648 (Fig. 2A) indicate the presence of aberrant ions in the spectrum
that were subsequently isolated and further disassembled for struc-
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Fig. 5. (A) Pathways and fragments considered for the determination of structure for the composition (H5N3) (m/z 1840.7) (Fig. 1, #4). A total of 4 topologies were determined,
two reported previously [16,19]. (B) Trisaccharide substructure determination using library spectra. Comparison of the branched, and linear trimer with the spectrum obtained
in this study (inquiring) following the pathway, m/z 1840 → 1547 → 667 of H5N3. Results indicate the 6-linked antennae to be branched structure. (C) Further scrutiny of the
C-type ion, m/z 667, by disassembly and product comparison with spectral library standards following the pathway m/z 1840 → 1547 → 667 → 449. The base ion, m/z 375.2,
would represent a 74 Da neutral loss of the C1–C2 carbons originating from the reducing-end central hexose, (a cross-ring 0,2A-type ion, Fig. S1). This indicates no linkage at
t e of m
a any lin
t nt spe
s MSn d

t
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he C2 carbon of the branched trisaccharide. The presence of the m/z 301 and absenc
1–6 linkage. This distinction indicates C2, C4 are methylated and not involved in

o the branched trisaccharide. This step-wise disassembly coupled with sub-fragme
upports a structural identity. (D) Final structure derived from a combination of IT-

ural understanding. Such isomers are frequently suggested when
atellite fragment ions are detected 14 Da above or below a major
ragment. This was observed in the MS5 and MS6 product spectrum
f m/z 866 (Fig. 2B) and 648 (Fig. 2C). The paired 14 Da satellite
ons, m/z 662.3/648.3, 444.2/458.2, indicated the loss of a terminal
ore H and a bi-sected marker fragment ion which were keys to
efining their topology. Importantly, these proposed isomers can
e confirmed by isolating them, (m/z 648.3, 458.2, Fig. 2B and C)

or further study by MSn. Thus, isolating m/z 648 via the pathway
m/z 1677 → 1384 → 1125 → 866 → 648 → 444 → 268) defined the
opology presented (Fig. 2D2), and this pathway exposed an
dditional isomer in the spectrum (Fig. 2C). Selecting the 14 Da
/z 329 (two very defining cross-ring linkage fragments) indicate a hexose linked in
kage leaving the central hexose to be connected through a 1–3, and a 1–6 linkage
ctral identity, (even though isomeric fragments could arise, see m/z 449), strongly
isassembly and substructure library matching.

satellite ion m/z 458 (signature ion) within the last step (Fig. 2C)
(m/z 1677 → 1384 → 1125 → 866 → 648 → 458 → 268) indicated
its structure. These signature ions are often signals for pathway
selection, notably; such ions may not arise until the preceding spec-
trum, and hence are data dependent. However, it is highly probably
that with data accumulation, including libraries of fragments and
pathways will be resolved by automation.

A linkage determination for all intervening monomers requires

adequate sample signal, and in a complex glycome the ion current
may dissipate before all linkages are assigned. Under such condi-
tions, depletion of extraneous materials before analysis remains
fundamental. In these studies sample workup using SFE, methy-
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ation, and lipophilic extraction provides significant clean-up so a
irect infusion approach can be considered, steps not readily avail-
ble for peptides. Thus, for the glycans of proteins, ion profiles
MS1) provide adequate signal for disassembly to the MS5−7 level
or spectral evaluation and library searching, (see Fig. 2B and C).
epetitive steps of isolation eliminate much biological noise allow-

ng considerable sample signal amplification, but quantification is
ot possible in the absence of known ionization efficiencies.

.2. Topology and linkage determination, m/z 1391.6, (H4N2)

This simple ion composition H4N2 (Fig. 1, Table 2) was shown
o be of a single topology in earlier reports (Fig. 3A) with linkage
f the fourth hexose assigned enzymatically. Sequential IT-MSn

nalysis supported the single topology but resolved three link-
ge isomers. These details were exposed using known marker
ragments that specified antennal details to the respective 6-,
nd 3-linked central core mannose through cross-ring cleav-
ge ions detected upon MS3 analysis where comparable bond
ability renormalizes spectra for improved detection. Tracking
ragments of the 3-linked antenna illustrates these features; m/z
391 → 1098 → 880 → 635 → 547 → 445 (Fig. 3B–F). Neutral loss
f the reduced GlcNAcol, provided the expected major fragment,
/z 1098 (Fig. 3B), which upon isolation and activation left the

emaining linkages more energetically equal (Fig. 3C). Although
warfed by the ions representing a non-terminal loss of H (m/z
80.4, 218 Da, which could arise from either antennae), the spec-
ra exhibited ions indicative of a disaccharide linked to both the 6-,
nd 3-positions of the central N-linked core mannose, (m/z 533.3,
nd 547.3). These marker fragments were specific for each with
he 6-linked antennal exhibiting a 0,4A-type fragment and 3-linked
ntennal a sequential B- and 3,5A-type ion. This was amplified fur-
her upon isolation and collision of the m/z 880.4 fragment (MS4,
ig. 3D). It should be pointed out again that this target ion, m/z
80.4, was likely to consist of two isomeric fragments, one exhibit-

ng a 3-, and the other a 6-linked H loss (Fig. 3C), and both linkage
somers were detected. The details of hexose linkage to the 3-
inked mannose were available through the m/z 547.3 marker ion

hich upon isolation and fragmentation (Fig. 2E) provided a B-
ype ion (Fig. 2F) with all the cross-ring fragments expected from
1–2 linked disaccharide. But no standard was available to con-
rm this expectation. A branched step in the pathway through the
/z 533.3 ion, a 3,5A-cross-ring cleavage fragment (Fig. 4B), (m/z

391 → 1098 → 880 → 533 → 445) provides fragments linked from
he 6-linked mannose core and the linking disaccharide (Fig. 4A).
isassembly of the m/z 533.3 fragment, MS5, provided disaccharide
-type ions (Fig. 4C), strongly suggesting a mixture of two link-
ge types, a 1–6 linkage characterized by the 3,5A- and 4,0A-type
ragments, (m/z 329.3/301.2) and a prominent 1–3 linkage charac-
erized by the 4,0A-type ion, (m/z 371.0) coupled with the absence
f a 1–2 linkage fragments, 2,5A-type ions (m/z 299.0). These data
upport both linkage isomers one from the 6-antennae and one
rom the 3-antennae for the total of three (Fig. 4B).

.3. Topology and linkage determination, m/z 1840.8 (H5N3)

Within this profiled ion, m/z 1840.8, (Fig. 1, #4) four isomeric
opologies were identified by IT-MSn with no linkage isomers
pparent. Two isomers have been previously reported. MALDI-MS
nd enzymology [16] were used to define one topology and more
ecently an additional topology was reported using MALDI-MS post

ource decay and CID-MS/MS [19]. One of those structures has
een detailed in this report, (Fig. 5). The glycosidic fragments and
equential disassembly pathways are annotated on one structure
a) with substructure ions selected for detecting possible linkage
somers within the 6-linked antennae (b).
Spectrometry 303 (2011) 109–117

Different pathways can be utilized to isolate component
substructures and their spectral identity provides additional
confirming information. The core fragment, m/z 444, Man-
GlcNAc with four scars, (3 on the Man) was a product of a
number of pathways identifying a bi-sected substructure, m/z
1840 → 1547 → 1288 → 1070 → 852 → 634 → 444. An additional
substructure of interest was available following the pathway, m/z
1288 → 1070 → 825 → 723 → 667. This provided a C-ion trisaccha-
ride connected to the core, through a 3,5A3-type cleavage ion (m/z
723), (b). Identical ions may appear in different pathways and
the more direct (shorter) provides an enhanced spectrum for a
library match, m/z 1840 → 1547 → 667. An inquiry of this ovalbu-
min trisaccharide C-type ion with the library revealed a branched
(left spectrum) and linear (middle spectrum) structures confirmed
the ovalbumin m/z 1840.73 ion (inquiring) to be a branched trisac-
charide, (Fig. 5B). The source of the precursor ion (pathway) has
no influence on the product ion spectrum. Further disassembly
of this m/z 667 ion and isolating the product m/z 449.3 in MS4

showed them to provide an identical spectrum, (Fig. 5C). Con-
trasting and confirming substructures provides an opportunity to
approach larger oligomers, as with this simple example, (Fig. 5D).

4. Conclusions

It is reasonable to expect that a glycome analysis of any discrete
tissue (serum, saliva, organelle), would be a distribution of isomeric
structures that would extend beyond the limits of detection. But,
if biological function lies within such structures, a comprehensive
analysis remains fundamental. To understand these products by
MS analysis, it may be simplest to consider glycans as components
of two structural features; monomer connectivity, (resolved by
B/Y-, and C/Z-type fragment ions), and their interresidue linkages,
(resolved by A-, and X-type fragment ions, Fig. S1). Without both
ion types, a comprehensive sequence cannot be established. Struc-
tural isomers showing a different connectivity pattern (topology)
can be differentiated, as in the case of trifucosyllacto-N-hexaose
(TFLNH) and trifucosyl-para-lacto-N-hexaose (TFpLNH) [21] but, in
the absence of linkage information this evaluation remains incom-
plete. A biological response dependent on single structural feature
needs little documentation. A review of blood typing epitopes
demonstrates the remarkable specificity cast in minor structural
details.

Products of IT-MSn disassembly have compositions, methyla-
tion patterns, hydroxyl groups and/or points of unsaturation that
are important sequence identifiers. Fully methylated, unsaturated
B-ions are exemplars of non-reducing termini, common in gly-
cans with multi-antennae, and a fragment 14 Da lower in mass
(open hydroxyl) indicating a former branch [22]. Scar location
on a monomer positions the fragment in its precursor struc-
ture, as exemplified by identifying a 6-hydroxyl on a galactosyl
residue that specifically defined biological function in a 6-linked
neuraminyl residue [23]. A fragment ion suggesting B-/Y-type gly-
cosidic rupture should retain a composition that accounts for a
pyranosyl-1-ene and/or a respective hydroxyl scar. Compositions
possessing single scars represent chain termini. Multiple scars,
induced by higher (effective) energies, arise near the end of a dis-
assembly pathway, especially within fragments of tri-, di-, and
monosaccharides. Such simple reasoning, the placement of termini,
branching and extending fragments provides topology insight.
Product ion confirmation can be supported by selecting different

pathways that lead to identical spectral products. Ions smaller in
mass (fewer oscillators) must dissipate the same collisional energy,
and in so doing induce rupture of more stable and/or multiple
bonds. These fragments are the A-/X-type cross-ring fragments uti-
lized for linkage assignment [24] (Fig. S1). The only limitation to
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comprehensive structural understanding is insufficient ion cur-
ent. Anomericity remains an open question, and although spectral
ifferences have been observed when appropriate standards were
vailable, (known disaccharides), such details were not considered
n this study.

Rarely do glycans of proteins exist as single structures, most
requently they occur as a distribution of topologies and linkage
somers. Thus, MS/MS analysis alone would be unsuitable for a
omprehensive analysis, nor does higher resolution provide any
ignificant advantage. As outlined in this application and ear-
ier studies, the coupling of ion isolation and spatial resolution
xposes features of topology and linkage without the need for chro-
atography. Tissue glycomes may seem insurmountable, but the

echnology discussed here has been focused with those thoughts
n mind, (direct infusion, spatial resolution, and library confirma-
ion), and such considerations may offer some reprieve from this
wo century old problem of carbohydrate sequencing.
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