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Abstract Concerted MALDI-MS profiling and CID MS/MS

sequencing of permethylated glycans is one of the most ef-

fective approaches for high throughput glycomics applica-

tions. In essence, the identification of larger complex type N-

glycans necessitates an unambiguous definition of any modi-

fication on the trimannosyl core and the complement of non-

reducing terminal sequences which constitute the respective

antennary structures. Permethylation not only affords analy-

ses of both neutral and sialylated glycans at comparable ease

and sensitivity but also yields more sequence-informative

fragmentation pattern. Facile glycosidic cleavages directed

mostly at N-acetylglucosamine under low energy CID, as

implemented on a quadrupole/time-of-flight (Q/TOF) instru-

ment, often afford multiple losses of the attached antenna

resulting in characteristic ions related to the number of an-

tennary branches on the trimannosyl core. Non-reducing ter-

minal epitopes can be easily deduced but information on

the linkage specific substituent on the terminal units is often

missing. The high energy CID MS/MS afforded by TOF/TOF

instrument can fill in the gap by giving an array of addi-

tional cross-ring and satellite ions. Glycosidic cleavages oc-

curring specifically in concert with loss of 2-linked or 3-
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linked substituents provide an effective way to identify the

branch-specific antennary extension. These characteristics

are shown here to be effective in deriving the sequences of

additionally galactosylated, sialylated and fucosylated termi-

nal N-acetyllactosamine units and their antennary location.

Together, a highly reproducible fragmentation pattern can be

formulated to simplify spectral assignment. This work also

provides first real examples of sequencing multiply sialylated

complex type N-glycans by high energy CID on a TOF/TOF

instrument.
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Abbreviations
CID collision-induced dissociation

EI electron impact

ESI electrospray ionization

FAB fast atom bombardment

MALDI matrix assisted laser desorption/ionization

MS mass spectrometry

MS/MS tandem mass spectrometry

Q/TOF quadrupole/time-of-flight

LacNAc N-aectyllactosamine

OMe O-methyl substituent or methoxy

Introduction

High throughput and robust MALDI-based mass spectrom-

etry (MS) profiling is often the preferred, principal “first

screen” strategy in defining the complexity and character-

istics of a glycome [1]. In comparison with ESI-based MS

analysis, the singly charged nature of the afforded molec-

ular ions gives an added advantage in spectral simplicity

and thus the ease of interpretation of a highly heteroge-

neous glycosylation profile. From a perspective of glycomic
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analysis, capability to subsequently perform high quality

collision-induced dissociation (CID) MS/MS analyses di-

rectly on selected peaks is a requisite to critically define the

ensemble of non-reducing terminal epitopes and core types

among a myriad of isobaric glycan signals. Arguably, such an

offline approach in targeted MALDI MS/MS analysis would

be preferable to one that is constrained by the time scale of an

online LC-ESI-MS/MS analysis which is difficult to incor-

porate an intelligent data dependent acquisition logic other

than that defined by parent ion intensity.

MS analysis of permethyl derivatives dated back almost as

early as the history of carbohydrate analysis. It was first im-

plemented out of necessity for EI- and then FAB-ionization

sources. Fragmentation pattern was carefully examined and

a body of historical work [2–5] has provided a firm mecha-

nistic basis for much of our current day understanding. The

fundamental differences in the specific cleavages afforded

by protonated versus other cationized parent ions, or low

(<100 eV) versus high (up to several keV) collision energy,

or different collision gases, were noted then for FAB CID-

MS/MS, as carried out on either a triple quadrupole or a four

sector instrument [5]. The advent of ESI in the 90s has since

led to many MS/MS studies along the line of low energy CID

[6–12] and an important trend has been to apply the analy-

sis directly on underivatized glycan samples [13–20], or one

that has been tagged at the reducing end [21–28] primar-

ily to facilitate coupling to liquid chromatography. Although

subsequent nanoESI and MALDI sources have practically

overcome the sensitivity problem of analyzing native gly-

cans, many advantages remain with analysis of permethyl

derivatives, especially in sequencing real biological samples

of unknown structures [29].

Permethylation often provides a simple way of cleaning up

the glycan samples from its biological buffers, by imparting

them hydrophobic nature and thus conducive to reverse phase

type of purification. Further sample pre-treatment before MS

analysis is usually less critical and spectra of better quality

can usually be obtained with apparent enhancement of signal

to noise ratio per same amount of sample applied. This is as

true for MALDI as is for ESI. Secondly, and perhaps more im-

portantly, is the conversion of sialic acid to methyl ester and

thus neutralize the multiple negative charges carried by sia-

lylated glycans. This stabilizes the sialic acid residues which

would otherwise prone to loss from the native glycans during

MS analysis and cannot be differentiated from genuine struc-

tures with lower degree or no sialylation. A third advantage

resides in a more predictable fragmentation characteristic

which is also easier to interpret with much less ambiguity.

Efficient MALDI CID-MS/MS is made possible by re-

cent advances in MS instrumentation, first with coupling of

MALDI source to a Q/TOF [30,31] and later to TOF/TOF

[32], both of which rapidly superseded MALDI MS/MS in

post-source decay (PSD) mode [33,34]. Systematic investi-

gation of the low energy CID fragmentation characteristics

as implemented on a MALDI Q/TOF is thus far restricted to

native glycans [30] or those tagged at reducing end [35] al-

though it is recognized from several applications [36,37] that

the fragmentation pattern afforded by the permethyl deriva-

tives is similar to that given by ESI CID-MS/MS on the

Q/TOF [11,38] or the ion traps [7–10], which have been ex-

tensively studied. In general for larger N-glycans, the lack of

linkage-specific cross-ring cleavages coupled with the pre-

dominant glycosidic cleavages have significantly limited its

ability to provide fine sequence details. Several efforts are

now channeled towards intelligent implementation of mul-

tistage MS/MS (MSn), exploiting the recent generation of

ion traps of higher capacity, faster scan rate and ultimately

higher sensitivity [12,28,39,40]. Multistage analysis is par-

ticularly needed to extract more linkage-specific information

from what can be provided by a single first stage MS/MS

(MS2) spectrum afforded by an ion trap.

As an alternative to low energy CID MSn approach on ion

traps which is mostly restricted to ESI, it is clear from earlier

studies [5], that a single stage, MALDI-based, high energy

CID MS/MS will provide highly complementary sequencing

data, complete with linkage information. A first insight was

provided by a seminal study on the MALDI high energy CID-

MS/MS of native glycans as performed on a hybrid sector-

orthogonal TOF instrument [41]. Three classes of fragment

ions were distinguished i.e. the glycosidic, cross-ring, and in-

ternal double cleavage ions, where linkage information was

mainly derived from the latter two types of ions, as would

be expected. The subsequent commercialization and gaining

in popularity of TOF/TOF MS instruments has led to sev-

eral more recent investigations into the afforded high energy

CID fragmentation pattern of both native [42,43] and per-

methylated [44,45] glycans, each reporting specific sets of

cleavages that are linkage-specific. In essence, although the

proposed mechanism for their formation may vary and in

most cases without experimental evidence, the actual prod-

uct ions afforded by high energy CID MS/MS on the current

TOF/TOF instruments appear to share the same characteris-

tics. There is clearly a need to assimilate all disparate obser-

vation into sets of rules that can be used not only to guide

manual de novo sequencing but also for future formulation

into algorithms governing auto-sequencing application soft-

ware in tune with glycomics. In addition, apart from one study

conducted on permethyl derivatives of several milk oligosac-

charides of 3-6 residues [45], none of the other MALDI-based

high energy CID MS/MS studies [41–44] have examined

sialylated glycans.

We propose here, short of using multistage MSn , de novo
sequencing of complex type N-glycans is most readily ac-

complished by complementary low and high energy CID

MS/MS on their permethyl derivatives. Using representative

application examples from a diverse collection of samples
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analyzed, we demonstrate in this report how various cleavage

ions can be readily identified and the particular information

they carry. Notably, we report on the fragmentation character-

istics of a variety of commonly found non-reducing terminal

epitopes such as the α-galactosylated, α-fucosylated, and/or

sialylated N-aectyllactosmine (LacNAc) units, as carried on

complex type N-glycans. We further show that the features

established can be used to sequence several novel structures

and, in the process, confirm their linkages and sequences, as

defined elsewhere by more conventional approaches. Multi-

ply sialylated multiantennary N-glycans including those with

disialylated antennae can likewise be analyzed at comparable

ease and sequence-assigned accordingly.

Materials and methods

N-Glycan samples

The asialo triantennary complex type N-glycan was

purchased from Calbiochem. Trifucosylated triantennary

N-glycan was kindly provided by Dr. Chun-Hung Lin, IBC,

Academia Sinica, by treating the standard with recombinant

α1,3-fucosyltransferase from H. pylori, in a reaction buffer

containing 100 mM Tris-HCL, 1 mM MnCl2, and 1 mM

GDP-Fuc. Core fucosylated tetraantennary N-glycans were

obtained from recombinant erythropoietin expressed in

BHK cells. α3-Galactosylated bi-, and triantennary, core

fucosylated N-glycans originated from glycoprotein extracts

of rabbit erythrocytes (source provided by Dr. Gary Clark,

University of Missouri School of Medicine; N-glycopeptides

prepared by Dr. Mark Sutton-Smith, Imperial College, UK).

The sample was further treated with α-galactosidase to

remove the terminal α3-Gal. Detailed characterization of

the α-galactosylated N-glycans is reported elsewhere. The

bisected biantennary N-glycans comprising differentially

fucosylated isomers were selected from the glycomic

profiling of a colonic adenocarcinoma cell line, Colo205.

Tri- and tetrasialylated triantennary N-glycans were released

from tryptic peptides of fetuin (from fetal bovine serum,

Sigma) by PNGase F using a standard protocol as described

previously [36]. Trisialylated biantennary N-glycans from

sera of mice implanted with murine tumor was prepared and

provided by Dr. Shu-Yu Lin (Core Facilities for Proteomics

Research, Academia Sinica). N-glycans from zebrafish

embryos were prepared, structurally characterized and

reported in detail elsewhere [46]. All glycan samples were

permethylated using the NaOH/dimethyl sulfoxide slurry

method [47] as described by Dell et al. [48]. The permethyl

derivatives were then extracted in chloroform and repeatedly

washed with water.

MS and MS/MS analysis

MALDI-MS/MS sequencing of permethylated N-glycans

were performed on either a Q-TOF UltimaTM MALDI

(Micromass, Manchester, UK) or a 4700 Proteomics Ana-

lyzer (Applied Biosystems, Framingham, MA), both oper-

ated in reflectron positive ion mode. For acquisition on Q-

TOF, the permethylated samples in acetonitrile were mixed

1:1 with α-cyano-4-hydrocinnamic acid matrix (5 mg/ml in

50% acetonitrile/0.1% trifluoroacetic acid) for spotting onto

the target plate. MS survey and CID MS/MS data were man-

ually acquired. Argon was used as the collision gas with a

collision energy manually adjusted (between 100 ∼ 200 V)

to achieve optimum degree of fragmentation for the parent

ions under investigation.

Data acquisition on the TOF/TOF instrument was per-

formed using the 2,5-dihydroxybenzoic acid (DHB) matrix

(10 mg/ml in water, mixed 1:1 with sample dissolved in ace-

tonitrile). MS survey data were acquired either with auto-

mated or manual target plate movement depending on state

of crystallization. A typical data acquisition comprises a total

of 20 sub-spectra of 125 laser shots each with laser energy

normally set at 4500. CID MS/MS data were acquired manu-

ally, typically comprise a total of 40 sub-spectra of 125 laser

shots at a laser energy setting of 5300-5800, but can be varied

depending on the intensity of parent ion. Two or more spec-

tra can be combined post-acquisition with mass tolerance set

at 0.1 Da to improve S/N ratio. The potential difference be-

tween the source acceleration voltage and the collision cell

was set at 2 kV to obtain the desirable high energy CID frag-

mentation pattern. The indicated collision cell pressure was

normally increased from 3.0 ×10−8 torr (no collision gas) to

5.0 × 10−7 torr (argon).

Results and discussion

Fragmentation characteristics

of MALDI Q/TOF MS/MS

A common feature associated with MALDI-MS analysis of

the permethyl derivatives of N-acetyllactosamine (LacNAc)-

based glycans is the in source prompt fragmentation which

readily yields non-reducing terminal oxonium ions via di-

rected cleavages at the GlcNAc. As with FAB-MS, this allows

a facile mapping of the non-reducing terminal epitopes [4],

and, importantly, they can be further selected for CID MS/MS

sequencing. In general, however, these terminal LacNAc-

based oxonium ions are of low m/z values (below m/z 800)

and thus often masked by matrix peaks, except those that

are further extended by a combination of sialylation, fuco-

sylation, galactosylation, and/or additional LacNAc units.

Among the most useful characteristics afforded by such

pseudo MS3 analysis is the elimination of C3-substituents

from the GlcNAc and thus allowing a facile discrimination of

type 1 (-Gal-3GlcNAc-) versus type 2 (-Gal-4GlcNAc) unit

[4], as effectively demonstrated in past applications [37].
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In contrast to in source fragment ions, molecular ions reg-

istered for the permethylated glycans are usually sodiated

which in turn afford sodiated fragment ions when selected

for MS/MS. As consistently demonstrated across all differ-

ent kinds of MS instruments, the predominant fragment ions

produced at low energy CID are always the B and Y ion

pairs directed at HexNAc. The sodiated B ions are equiv-

alent to the aforementioned oxonium ions which define the

non-reducing terminal epitopes. These are complemented by

the reducing terminal Y ions deriving from successive losses

of non-reducing terminal epitopes (Fig. 1A and B, ion series

marked with asteriks). Such multiple glycosidic cleavages

is a characteristic feature of low energy CID-MS/MS of so-

diated parent ions on the Q/TOF, which can be turned into

advantages for distinguishing branching and multiple substi-

tution by virtue of the O-Me tag introduced by permethyla-

tion in the first place. Typically for complex type N-glycans

then, a sodiated trimannosyl core ion will be produced, the

m/z value of which informs the number of free OH groups

carried and thus the number of antenna originally attached

(Fig. 1C). Another important cleavage site is the glycosidic

bond between the two GlcNAcs of the chitobiose core. The

resulting B ion may however be of low abundance and not de-

tected since it is more commonly associated with additional

losses of the non-reducing terminal epitopes which essen-

tially gives rise to a second prominent series of reducing ter-

minal ions devoid of the reducing end GlcNAc (Fig. 1A and

B, ion series marked with #). If core fucosylation is present,

a fucosylated Y1 ion (m/z 474) will be additionally detected.

In short, the MALDI-MS/MS spectra of complex type N-

glycans as acquired on a Q/TOF tend to be elegantly simple

and most fragment ions can be readily assigned as either cor-

responding to B or Y ion or a combination of both, deriving

from facile cleavages at HexNAc. However, several limita-

tions are apparent, as a direct consequence of their domi-

nance. Firstly, cleavage at sites other than HexNAc is often

not detected which precludes full sequencing of stretches

comprising several Hex and/or Fuc attached to delimiting

HexNAc. Y ion corresponding to loss of the 3-arm Man can

be detected at low abundance and appears to be more favor-

able than loss of the 6-arm Man, but not exclusively. Thus,

in the representative MS/MS spectra shown in Fig. 1, signals

at m/z 1402 and 2026 could be assigned as the Y ions de-

rived through such cleavage for the tri- and tetra-antennary

structures, respectively. This selectivity alone is however not

sufficiently specific to allow discrimination of the antennary

substituents on either 3- or 6-arm, especially since the impli-

cated ion signals are often weak.

Similarly favored cleavages at the 3-arm relative to the

6-arm Man are also commonly observed as further loss of an

Hex residue from the trimannosyl core ions. In the case of tri-

antennary structure, as shown in Fig. 1A, such ions (m/z 939,

662) are useful indicator, of a 2,4-Man versus 2,6-Man types

of triantennary branching. However, with either bi- or tetra-

antennary structure, the respective cleavages at either arm

will give isobaric products with the same number of free OH

groups and thus non-discriminative. A related issue concerns

the identification of bisecting GlcNAc. As shown in Fig. 1C,

the trimannosyl core ions afforded cannot distinguish a bi-

sected structure from a non-bisected one that is substituted

with one additional antennae carrying a non-galactosylated

terminal GlcNAc. The two alternative structural isomers con-

tain the same number of free OH groups after losing all the

antenna and the bisecting GlcNAc, if present.

Finally, while small O-glycans and other milk-derived

oligosaccharides readily afford the sodiated C and Z ion pairs

via glycosidic cleavages at Hex or Fuc 3-linked to HexNAc,

the corresponding elimination of the C3-substituents from

the antennary GlcNAc is less obvious to allow unambigu-

ous assignment of a type 1 or Lewis A/B unit on N-glycans.

Likewise, additional linkage informative cleavage ions such

as those afforded by the cross ring cleavage ions are not nor-

mally observed with N-glycans. The low energy CID MS/MS

analysis of permethylated N-glycans as afforded by MALDI

Q/TOF is therefore most effective in mapping out the core

structures and the complement of non-reducing terminal epi-

topes they carry but less conducive in deriving linkage spe-

cific cleavages for detailed sequencing. The dominance of

B/Y ions is often at the expense of other types of cleavage

ions. The problem is particularly acute as the molecular size

increases for multiantennary N-glycans which eventually ex-

ceeds the affordable mass range of the quadrupole for parent

ion isolation.

Fragmentation characteristics of MALDI

TOF/TOF MS/MS

The first advantage of MALDI-TOF/TOF over Q/TOF for

CID MS/MS is its ability to select parent ions of much higher

m/z value. In practice, an extended range of m/z 4,000 to just

below 10,000 is sufficient to cover most useful applications

in glycan sequencing. An important consideration though is

that, as the parent ion increases in size, the potential differ-

ence between the source acceleration voltage and the colli-

sion cell would also need to be elevated from the standard 1 or

2 kV settings in order to maintain the reported features of high

energy CID MS/MS. Otherwise, the fragmentation achieved

would essentially be of “low energy CID,” very similar to

that obtained on a Q/TOF with an important exception that

multiple cleavages such as those due to successive losses of

non-reducing terminal LacNAc-based units are not normally

observed. This appears to be an important characteristic of

TOF/TOF in that most cleavages including multiple bond

ruptures are essentially derived from a single CID event,

even at sufficiently high energy. The fragmentation mech-

anisms are thus commonly rationalized as being “concerted”
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Fig. 1 MALDI Q/TOF MS/MS spectra of permethylated triantennary
(A) and tetraantennary (B) complex type N-glycans. The predominant
cleavages which generated the B and Y ions are schematically illus-
trated. The terminal LacNAc units are defined by the B ion, the m/z of
which would reflect if it is further galactosylated, sialylated or fuco-
sylated, as drawn on the left panel in (C). Y ion series resulting from
consecutive losses of these non-reducing terminal LacNAc units from
the parent ions are marked with (∗) whereas those derived from the B
ions at m/z 2242 and 2691 respectively for the tri- and tetra-antennary
structures are marked with (#). The two representative examples demon-
strate the respective final trimannosyl core ions that would be detected,
depending on the number of antennae and whether the core is fucosy-
lated, as further illustrated in (C). Other C, Z, X, and A ions, according

to the nomenclature of Domon and Costello [48], are not normally de-
tected. When the parent ions are of sufficient abundance, loss of terminal
Hex from either the parent or primary fragment ions may be detected,
e.g. m/z 2301, 1838 in (A) and m/z 2924, 2461 in (B). The extra core
ion at m/z 866 in (B) indicated a probable additional presence of an
isomeric biantennary structure although its definitive existence along
the major tetraantennary structure could not be further substantiated by
other corroborating ions such as the B ions for terminal LacNAc2 and
LacNAc3 at m/z 935 and 1384, respectively, which were not detected
at any significant level. Symbols used here and all other Figures are
: circle •, Hex; square �, HexNAc; diamond �, NeuAc; triangle �,
Fuc. Glycosidic oxygen atoms are drawn out only at cleavage sites to
discriminate between cleavages at either side of the oxygen.
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and confined to the same glycosyl residue, instead of inde-

pendent CID events occurring at two distinct, unrelated sites.

With this in mind and taking the high energy CID MS/MS

spectra of a representative selection of permethylated bi- and

tri-antennary N-glycan standards (Figs. 2 and 3) as starting

points, the various fragmentation characteristics reported in

the literature [5,41,43–45] can be assimilated to formulate

an easy-to-follow set of guidelines for de novo assignment

of an otherwise seemingly complicated MS/MS spectrum.

About the most significant changes in the fragmentation pat-

tern when going from low energy to high energy CID is that

the dominant B and Y ions are now accompanied by many

other cleavage ions, including the ring cleavage ions and

other “satellite” ions resulting from concerted elimination of

substituents around the pyranose ring [43,45] (Fig. 2A). For

ease of description and reference, the nomenclature intro-

duced by Domon and Costello [49], for the A, B, C and X,

Y, Z ions will be used in conjunction with the E, F, G ion

nomenclature proposed by Spina et al. [43], for the so-called

satellite ions. A related H ion is coined in this work since it is

a natural extension from the E, F, G nomenclature for another

of the satellite ion, while the loosely used term, D ion [50],

is reserved here strictly for a particular kind of concerted

double cleavage ions.

Reducing terminal ions

For the reducing terminal ions (Fig. 2A, I), the 1,5X ions con-

stitute the most reliable series of ions, invariably occurring at

every glycosyl residue and thus afford a complete sequencing

from the non-reducing terminus through to the trimannosyl

core. The respective 1,5X3 ions corresponding to cleavages

at the 3-arm and 6-arm Man are usually quite abundant and

easily identified while the 1,5X2 ion deriving from cleavage

at the branched β-Man occurs at either m/z 747 or 573, de-

pending on whether the chitobiose core is fucosylated. Along

the antennary sequence, the additional occurrence of Y ion

is mostly restricted to HexNAc and thus often give rise to

a pair of signals 28 u apart (the respective X and Y ions)

which signifies a HexNAc site. At this HexNAc residue, the

satellite ions resulting from eliminating in concert the at-

tached glycosyl subsitutent along with another MeO- moiety

are particularly abundant.

For a 4-linked HexNAc, the G and H ions differ by 14 u and

thus can be easily identified as a characteristic pair of signals.

A 3-linked GlcNAc would only give a G ion and not a H ion

since both the 4- and 6-positions are not substituted. More

importantly, when the GlcNAc is doubly or triply substituted,

the G and H ion pairs will be shifted apart according to the

mass of the substituents and thus be linkage informative. In

the case of a terminal Lewis X on N-glycan (Fig. 3B), both the

4-linked Gal and 3-linked Fuc will be eliminated in concert to

generate the G ion (m/z 2601), whereas only the 4-linked Gal

will be eliminated along with the C6-OMe to give the H ion

(m/z 2762). The latter ion is therefore shifted to 160 u higher

instead of 14 u lower than the corresponding G ion. G, H and

F ions can also occur at Hex residue but often less abundant.

Notably, G and F ions which involve concerted elimination

of 3,4- and 2,3-substituents respectively are indistinguishable

for a 3-linked Hex but are useful to discriminate either of the

two doubly substituted Hex residues. Thus the ion at m/z
3040 in Fig. 3A for an N-glycan carrying terminal Galα1-

3Galβ1-4GlcNAc epitope can be equally assigned as G or F

ion. As expected, the H ion is missing for this 3-linked Gal,

as mentioned above, in contrast to the characteristic pair at

14 u apart (m/z 2836/2822) for the 4-linked GlcNAc.

In general then, the most abundant signals between the

parent ion and the 1,5X3 ion of the 3-arm or 6-arm Man can

usually be confidently assigned according to the rules just

described and, from which, a linkage specific sequence for

the antenna can often be derived. Within this region, other

minor signals can be further assigned but usually not without

ambiguity and mostly provide no extra information for de
novo sequencing of an unknown structure. In particular, the
1,5X ions are often accompanied by many weaker signals at

multiples of 14, 16, or 18 u below, some of which correspond

to the Y, Z, F, G, H ions of adjacent Hex residues. Signals

within this region will also become more complicated when

an N-glycan under sequencing comprises isobaric structures

or when its antenna are differently substituted. Essentially,

the ambiguity then arises not from unpredictable cleavage

but severe overlapping of isobaric ions. A different scenario

occurs when the original parent ion signal is weak. Under

such circumstances, only the Y ions at HexNAc and the 1,5X

ions may be detected and not the satellite ions (e.g. Fig. 3C).

Non-reducing terminal ions

The antennary sequence derived from the primary reducing

terminal ions and their satellites should be corroborated by

the non-reducing terminal ions (Fig. 2A, II). The sodiated B

ions at HexNAc as afforded by low energy CID would nor-

mally remain as strong signals. Its identification is facilitated

by a characteristic satellite signal at 71 u lower, attributable to

the corresponding E ion which involves further elimination

of the NMeAc substituent at C-2 of GlcNAc. Another com-

monly observed feature is the production of the oxonium ion

in addition to or instead of the sodiated B ion, which is often

accompanied by an ion corresponding to elimination of the

3-substituent or simply a MeOH moiety if not further sub-

stituted. Thus, the non-reducing terminal LacNAc unit gave

rise to the B and E ions at m/z 486 and 415, respectively, as

well as the oxonium ion at m/z 464, and 432 after elimination

of a MeOH (Fig. 2B and C). The α3-galactosylated LacNAc

unit afforded the B and E ion pairs at m/z 690 and 619 and the

oxonium ion at m/z 668 (Fig. 3A) while the corresponding
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Fig. 2 Characteristic fragment ions afforded by MALDI TOF/TOF
high energy CID MS/MS of permethylated complex type N-glycans.
The reducing terminal (I) and non-reducing terminal (II) sets of frag-
ment ions are schematically shown in (A), with nomenclature of the
ions drawn from that proposed by Domon and Costello [49] and Spina
et al. [43], as well as this work, for ease of description. Assignment of
these fragment ions as afforded by the biantennary (B) and triantennary

(C) complex type N-glycans is illustrated on the spectra by schematic
drawing and the assigned peaks are labeled accordingly. The mass dif-
ference between ions constituting the characteristic pairs of signals is
given in (A) so as to formulate an easy-to-follow pattern for signal as-
signment, as described in the text. Other types of X ions, e.g. the O,2X
ion may occasionally be found but usually at very low abundance or
absent.
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Fig. 3 MALDI TOF/TOF MS/MS spectra of permethylated complex
type N-glycans carrying α3-Gal (A), Lewis X (B) and bisecting GlcNAc
(C). The specific substituents in each example can be unambiguously
assigned based on a combination of the characteristic fragment ions
described. The triantennary structure carrying terminal Galα1-3Galβ1-
4GlcNAc epitope (A) was obtained from rabbit erythrocytes; the tri-

antennary structure with terminal Lewis X (B) was synthesized from
a commercially available triantennary standard by incubation with α3-
fucosyltransferase. The bisected biantennary structure in (C) was de-
rived from the released N-glycan pool of a colonic adenocarcinoma cell
line, Colo205; isomeric structures are clearly represented by the parent
ion selected for MS/MS analysis.

ions for a terminal Lewis X unit occur at m/z 660, 589 and

638, respectively, further accompanied by elimination of the

3-linked Fuc from the oxonium ion to give the ion at m/z 432

(Fig. 3B). These sets of ions are not normally observed at sites

other than HexNAc. Instead, at Hex residues, a weak C ion

signal or one that contains two fewer H at 2 u lower [41,45]

may be detected. The latter ion is hereafter referred to as C”

ion and it is preferentially, but not exclusively, associated with

glycosidic cleavage at a branched Hex residue e.g. the 3-arm

Man of a triantennary structure or the 3,6-branched β-Man.

At lower abundance are the cross ring cleavage A ions

which are very linkage informative except that they are often

not reliably detected. On average, the most readily formed A

ion is the 3,5A ion which allows assignment of either a 4- or
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6-linked linkage. The first 3,5A ion at m/z 329 is indicative

of a terminal Hex 4-linked to HexNAc, as in a terminal type

2 LacNAc or a Lewis X unit (Figs. 2B, C and 3B), although

it could also be similarly formed for a Hex 6-linked to the

next residue. A 6-linkage will be more confidently assigned

if the 3,5A ion is accompanied by an O,4A ion at 28 u lower,

as often observed for the 6-arm Man (m/z 778 and 750 in

Fig. 2B and C; m/z 982 and 954 in Fig. 3A). The absence of
3,5A ion is consistent with but not an evidence for a 3-linked

Hex, as in a terminal type 1 Gal-3GlcNAc unit. In the case

of a terminal Galα1-3Galβ1-4GlcNAc unit, the 3,5A2 ion at

m/z 329 is missing whereas an 3,5A3 ion can be detected at

m/z 533 (Fig. 3A), as would be expected. It can be contented

that a better support for a 3-linkage is the positive detec-

tion of the 2,4A or 1,3A ion (Fig. 2A) which, unfortunately,

is usually not found. Nevertheless, a good quality high en-

ergy CID MS/MS spectrum of complex type N-glycan should

carry with it sufficient information enshrined within the two

complementary sets of reducing and non-reducing terminal

ions to allow unambiguous sequence assignment of the an-

tenna. Any branching can usually be easily detected and, in

a majority of cases, complete with linkage information.

Internal or double cleavage ions

In contrast to the weak A ion signals, two other distinctive

types of ions are usually detected as major signals which can

respectively identify the 3- and 2-linked substituent. The first

is named as the D ion which is used here to describe specifi-

cally the ion formed through a glycosidic cleavage in concert

with elimination of the 3-substituent. Product wise, it can be

viewed as an internal cleavage ion arising through a combi-

nation of B/Y or C/Z type of cleavages. An often cited case

example is one that reported the D ion as specific ion related

to double cleavages at the 3,6-branched β-Man, losing the

chitobiose through glycosidic cleavage, coupled with elim-

ination of the 3-arm [41,45]. Essentially, this generates the

D ion which defines the 6-arm substituent. As shown in the

two examples in Fig. 2B and C, both afforded the ion at m/z
880, accompanied by the 3,5A ion at 102 u lower (m/z 778).

Note that in the case of the triantennary standard, the corre-

sponding D ion for an alternative isomer, namely one with

2,6-branched at the 3-arm was not detected. For the N-glycan

which carries an additional Gal or Fuc on the antenna, the re-

spective D ions are shifted to m/z 1084 and 1054, respectively

(Fig. 3A and B), lending support to its assignment.

Importantly, we have since found that formation of D ion

is not restricted to the 3,6-branched β-Man. It can actually be

detected for each residue along the antenna but is more promi-

nent, in terms of mass shift and abundance, when the cleav-

age site residue is substituted at the C3 position. Thus the

N-glycan with Galα1-3Galβ1-4GlcNAc- termini afforded a

rather strong signal at m/z 227 (Fig. 3A) which can be at-

tributed to the internal β-Gal after losing both its glycosidic

substituents at C1 and C3. The corresponding D ion for the

GlcNAc was also detected at m/z 676, occurring at 14 u lower

than the B ion. Importantly, in the case of a terminal Lewis X

unit, the D ion for the GlcNAc occurs at m/z 472 which attests

to a Fuc substituent at C3 position. Thus the formation of the

D ion is reminiscent of the mechanism describing elimination

of a 3-substituent from an oxonium ion of GlcNAc [4], with

two important difference. First, it is not restricted to HexNAc

as an oxonium ion often does. In fact, its first identification

was founded on the specific cleavage ion of the β-Man of

the trimannosyl core. Secondly, either one of the two oxygen

atoms involved in the glycosidic cleavages is retained for the

D ion which is best rationalized as a combination of C and

Z–type cleavages although its mass is also compatible with

a B and Y-type cleavages.

A real useful application for the D ion is to distinguish

the bisecting GlcNAc, as shown in Fig. 3C which also typ-

ifies a recurring problem of isobaric mixtures when dealing

with biological samples. The two complementary sets of re-

ducing and non-reducing terminal ions as discussed above

clearly identify at least two distinct isomers for this bisected

biantennary structure, with the Fuc either located at one of

the antenna as Lewis X, or on the core. The B and E ion pairs

for LacNAc (m/z 486/415) and Lewis X (m/z 660/589) are

both detected. So are the 1,5X2 ions at m/z 747 and 573. Im-

portantly, the D ions at m/z 1125 and 1299 indicate that a Fuc

can either be present or absent on the 6-arm antenna, con-

sistent with the structures drawn. To unambiguously localize

the extra GlcNAc to the β-Man instead of an extra antenna

with a non-galactosylated GlcNAc, an O,4A ion is ideally re-

quired which is absent here due to overall low abundance of

the parent ion. In such case, however, the absence of 1,5X3

ion (cleavage at either the 3- or 6-arm Man) which carries an

additional HexNAc would still provide strong evidence that

the antennae are only extended by either a LacNAc (1,5X3

ion at m/z 1850) or Lewis X (1,5X3 ion at m/z 1676).

A second “double” cleavage ion which has also been re-

ported previously [41], can be rationalized as arising from

glycosidic cleavage in concert with losing the 2-linked sub-

stituent. The product ion, referred to as C”/Y ion here, is very

similar to the E ion with a few notable differences. First, both

oxygen atoms at the cleavage sites are retained and not elim-

inated as in E ion, and therefore occurring at 32 u higher than

the E ion. The minus 32 u satellite signal is usually of lower

abundance but indicates that E ions can also be formed at

a Hex residue that is 2-linked. Second, it is not formed at

GlcNAc which carries an NMeAc at C2, and which favors

instead an E ion. Since there are not many naturally occur-

ring Hex residue that is 2-substituted apart from the Man of

the trimannosyl core, this ion is mostly observed only with

tri- and tetraantennary structures. In these cases, the antenna
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is 2-linked to Man will be lost, and thus the C”/Y ion es-

sentially define the substituents on the antenna 4-linked to

2,4-Man, or the antenna 6-linked to 2,6-Man. It is most use-

ful for triantennary structure since it allows an elegant way to

discriminate the additional third antennary structure that is

not 2-linked to Man. As shown here in the three representative

case examples, the C”/Y ion for the triantennary structures

carrying terminal LacNAc, α3-galactosylayed LacNAc and

Lewis X units occur at m/z 692, 896 and 866, respectively

(Figs. 2B, C and 3A, B). For tetraantennary structures, the

same rule holds but the ion itself does not allow discrimi-

nation between a structure 4-linked or 6-linked to the Man,

unless assigned in conjunction with other fragment ions.

Sialylated N-glycans

An advantage with analyzing permethyl derivatives is that

sialylated glycans will essentially behave just like neutral

glycans without imposing the negative charge which often

leads to its poor ionization and/or facile loss in positive ion

mode. In applying the high energy CID MS/MS to a vari-

ety of sialylated N-glycans (Fig. 4), we have found that all

the fragmentation characteristics established and described

above hold true. It should however be noted that the 1,5X ion

resulting from ring cleavage at the sialic acid now incorpo-

rates an additional –COOMe moiety which therefore occurs

at 86 u, and not 28 u, higher than the corresponding Y ion.

This signal pair of 86 u apart, produced via loss of a termi-

nal sialic acid residue, can be easily identified as the first

major signals going down in mass from the parent ion. A G

ion will next be detected if the sialic acid is 3-linked to the

penultimate Gal but not if it is 6-linked. This is followed by

the characteristic pair of G and H ions of 14 u apart resulting

from cleavages around the GlcNAc, the X and Y ion pairs of

28 u apart due to loss of the NeuAc2-3/6Gal-GlcNAc- moi-

ety, and finally the 1,5X3 ion from cleavages at the 3- and

6-arm Man. Importantly, when heterogeneity exists due to

disialylation on one of the antennae, two distinct sets of X

and Y ion pairs related to loss of the respective mono- and

disialylated antennae are clearly detectable (Fig. 4B and C).

This unambiguously locates the extra sialic acid substituent

on the internal GlcNAc.

As before, further corroborative sequencing data for the

antenna can be obtained from the non- reducing terminal

ions. Each of the sialylated structures would afford an abun-

dant ion corresponding to the terminal NeuAc or NeuGc.

Interestingly, the oxonium type ions at m/z 376 and 406, for

NeuAc+ and NeuGc+ respectively, seems to be more readily

formed than the sodiated B1 ions at m/z 398 and 428, although

both are detected. The oxonium ions are invariably accom-

panied by elimination of a MeOH moiety to give the strong

signals at m/z 344 and 374. Another characteristic ion that

are consistently detected comprise one at m/z 356 and 386

for NeuAc and NeuGc carrying glycans respectively. These

ions can be tentatively rationalized as the sodiated C1 ion for

the terminal NeuAc/NeuGc, but with concerted elimination

of the –COOMe moiety [5]. The sodiated B and E ions for

the NeuAc/NeuGc-Gal-GlcNAc epitope can be detected at

m/z 847/877 and 776/806 respectively while the correspond-

ing oxonium ion at m/z 825/855 are also readily formed. For

structures also carrying a disialylated antenna, a third B and

E ion set is present at m/z 1208 and 1137 for one disialylated

with two NeuAc (Fig. 4B) and m/z 1268 and 1197 for one

disialylated with two NeuGc (Fig. 4C). The C2 and/or C” ions

at 2 u less for glycosidic cleavage at the Gal is also well rep-

resented by the ions at m/z 620 or 650 for the NeuAc/NeuGc

variants.

Of particular interest, the ions at m/z 629 (Fig. 4B) and

659 (Fig. 4C) can be assigned as corresponding to the D ions

formed at the NeuAc and NeuGc-sialylated internal GlcNAc,

respectively, which is consistent with the well established se-

quence of Neu2-3Gal1-3(Neu2-6)GlcNAc [51]. Concerted

elimination of the C3-substituent from GlcNAc would facil-

itate the formation of the D ion which is characteristic of the

implicated disialylated antenna. In N-glycans derived from

the serum of mice harboring an implanted tumor, this disia-

lylation was found to increase relative to those derived from

normal mice. Our MS/MS analysis (Fig. 4C) now provides a

rapid, sensitive and definitive method to unambiguously de-

tect such epitope. The corresponding D ion that would have

been formed if the sialylated GlcNAc is not 3-linked but 4-

linked as in type 2 LacNAc unit could not be detected. On

the other hand, the D ions at m/z 833/863 are indicative of

a NeuAc/NeuGc-Gal-4GlcNAc sequence for the monosialy-

lated antenna.

For the tetrasialylated triantennary N-glycans derived

from bovine fetuin, it is well established that the single disia-

lylated antenna is attached to C4 of the 3-arm Man [51,52].

A C”/Y ion was indeed afforded at m/z 1414, accompanied

by E ion at m/z 1382, lending credential to its assignment

(Fig. 4B). For the corresponding trisialylated triantennary

structure, these two ions are shifted to m/z 1053 and 1021,

respectively (Fig. 4A). The absence of this C”/Y and E ion

pair for the monosialylated antennary sequence in Fig. 4B

is in full agreement with the exclusive presence of the disia-

lylated antenna on the C4 of the 3-arm Man. Accordingly,

the D ion at the 3,6-branched β-Man (m/z 1241), accompa-

nied by the 3,5A ion at m/z 1139, provides further evidence

for the exclusive presence of a monosialylated antenna the

6-arm. A disialylated antenna a non-branched 3- or 6-arm

Man would also give rise to 1,5X3 ion that was not detected.

Instead, the two 1,5X3 ions at m/z 2963 and 1791 indicate that

one arm is extended by a monosialylated antenna while the

other is extended by 2 antennae with 3 NeuAc residues. Thus,

the combination of 1,5X, D and C”/Y ions affords a defini-

tive localization of the variably sialylated antennae which is
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Fig. 4 MALDI TOF/TOF MS/MS spectra of permethylated sialylated
complex type N-glycans. The trisialylated triantennary (A) and tetrasia-
lylated triantennary (B) N-glycans are from bovine fetuin. MS/MS
were directly performed on molecular ions detected by MALDI-MS
analysis of the released N-glycans without further fractionation of the
various isomers known to exist and differ primarily in their α2-3 ver-
sus α2–6 sialylation. Thus both terminal sialylation are present on the
parent ion analyzed. The disialylated antenna however exclusively of

the sequence NeuAcα2-3Galβ1-3(NeuAcα2–6)GlcNAc, whereas the
monosialylated antennae are mostly based on type 2 LacNAc unit
[51,52]. The parent ion corresponding to a trisialylated biantennary
N-glycan (C) was selected from total serum N-glycan pool of mice har-
boring a breast tumor, which has been mapped to show an increased in
sialylation relative to those from normal mice. Also increased in rela-
tive amounts are tetrasialylated biantennary structures with disialylated
antenna on both arms (data not shown)

applicable to all other complex type structures with different

antennary substituents. In the case of the trisialylated bianten-

nary structures from mouse serum (Fig. 4C), the presence of

both D ions at m/z 1271 and 1662 indicate that the disialylated

antennae can be equally distributed on either arm.

As a final application example, the established high energy

CID MS/MS fragmentation pattern was used to sequence

the rather unusual complex type N-glycans from zebrafish

embryos. Previous MS studies have revealed that the major

complex type N-glycans are biantennary, with both antennae
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Fig. 5 MALDI TOF/TOF MS/MS spectra of permethylated complex
type N-glycans with sialylated, fucosylated and galactosylated termi-
nal LacNAc unit after (A) and before (B) enzymatic desialylation. The
structures of the unusual N-glycans from zebrafish embryos have previ-
ously been characterized and deduced to be as drawn here. Both NeuGc
and NeuAc sialylated structures were detected by MALDI MS profil-

ing but only MS/MS on the NeuAc-sialylated structure is shown (B).
Desialylation was effected by treating the N-glycan pool with neu-
raminidase. Note that the D ions as drawn can be formed practically
at each site but most conspicuous when associated with 3-substituted
residues. The cluster of signals at m/z 344, 356, 376 and 398 in (B) are
derived from terminal NeuAc, as described in Fig. 4.

extended by a NeuAc1Fuc1Hex2HexNAc1 moiety. Subse-

quent MS/MS studies on a MALDI Q/TOF before and after

desialylation, coupled with β-galactosidase digestion and/or

chemical defucosylation led to identification of a Galβ1-

4Galβ1-4(Fucα1-3)GlcNAc epitope but the localization of

the sialic acid to the internal Gal residue can only be de-

termined after linkage analysis revealing the presence of a

3,4- disubstituted Gal [46]. Essentially, the low energy CID

MS/MS analysis could not distinguish between sialylation

on either of the two Gal since a critical glycosidic cleavage

between the two Gal could not occur.

Seeking corroborative evidence for the assigned struc-

ture, unambiguous sequencing can now be rapidly achieved

by high energy CID MS/MS, relying on the array of ions

described above. As shown in Fig. 5A for the desialy-

lated biantennary N-glycan, two 1,5X ions at m/z 2637 and

2433 were detected respectively for the two consecutive Gal

residues. The next 1,5X ion at m/z 2013, which pairs with the

Y ion at m/z 1985 at 28 u lower, clearly define a fucosylated

HexNAc unit sandwiched between the terminal Gal-Gal and

the 3/6-arm Man. Around the HexNAc residue, a prominent

G ion is detected at m/z 2183, fully consistent with elimi-

nation of both 3- and 4- substituents. The absence of an H

ion at 14 u lower, but shifted instead to m/z 2343 is further

evidence for a Fuc 3-linked to GlcNAc and thus retained in

the formation of the H ion but not G ion. The 3,4-substituted

GlcNAc is also apparent from the detection of an abundant

D ion at m/z 676 which corresponds to a Hex2-HexNAc-OH

moiety, having eliminated the Fuc substituent from C3 of

the HexNAc. Other supportive non-reducing terminal ions

as schematically illustrated on Fig. 5A include the abundant

C2 ion at m/z 463 (Hex2-OH), the D ion at m/z 431 (Hex2-OH

with further elimination of a MeOH moiety), the B and E ion

pair at m/z 864/793 (Hex2Fuc1HexNAc), the 3,5A ions at m/z
329 and 533 supportive of the respective 4-linkage, and the
1,3A ion at m/z 938, consistent with the 2-linkage.

Notably, the D ion at m/z 431 is retained as a very promi-

nent signal in the spectrum of the sialylated sample (Fig. 5B),

providing a strong evidence for the sialic acid being attached

to the C3-position of the internal Gal and thus eliminated

during the formation of D ion. In accordance with this assign-

ment, the next D ion of the GlcNAc occurs at m/z 1037 which
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is exactly a NeuAc increment from the corresponding D ion

(m/z 676) afforded by the desialylated sample. Likewise, the

C2 ion is detected at m/z 824, followed by the 3,5A ion at

m/z 894, both shifted a NeuAc increment. This ensemble of

non-reducing terminal ions collectively enable an unequivo-

cal sequence and linkage assignment of the terminal epitope

and further corroborated by the reducing terminal ions com-

prising the 1,5X, Y, G and H ions. The detection of 1,5X ion

for cleavage at terminal Hex indicates that the NeuAc is not

capping the terminal Gal. The strong G ion signal at m/z 2921

is consistent with the internal Hex being 3,4- disubstituted.

Likewise for the G ion of the GlcNAc at m/z 2543 with its

corresponding H ion shifted to m/z 2703. Finally, the D ions

corresponding to cleavage at the 3,6-branched β-Man are

very prominent for both sialylated and desialylated samples,

both complemented further by detection of the 3,5A ion.

Conclusion

More than a decade since the first serious attempts on high

energy CID MS/MS based on FAB-ionization on 4 sector tan-

dem mass spectrometers, the many promises then glimpsed

and can now be practically realized at a sensitivity level that

is within the realm of biological applications. A MALDI high

energy CID-MS/MS implemented on a TOF/TOF instrument

should now be viewed as one of the two most effective plat-

forms for de novo sequencing, along with the multistage MSn

performed on an ion trap device. Single stage low energy

CID-MS/MS on an instrument such as Q/TOF nevertheless

still retains its attractiveness as the fragmentation pattern af-

forded is relatively simple. The resulting spectrum is thus

easy to interpret and an overall picture for the unknown struc-

ture under investigation can be readily derived. The multiple

cleavages producing the characteristic core ions are as impor-

tant and diagnostic as the terminal B and Y ions in mapping

the non-reducing terminal substituents. This is often under-

appreciated and constitutes a distinctive advantage afforded

by analyzing permethyl derivatives.

In retrospect, most of the additional cleavages afforded at

high energy CID have been noted previously in much ear-

lier work although not all ions are produced equally abun-

dant. The expected B, D, 1,5X, and Y ions are always very

prominent and, provided the parent ion is not too weak to

begin with, the satellite G, H and E ions are also readily de-

tected to afford a highly predictable MS/MS spectrum for

facile de novo sequencing, as demonstrated here. For the tri-

and tetraantennary structures, the C”/Y ions are also reliably

formed to allow easy discrimination of the antenna 2-linked

and not 2-linked to the Man. On the other hand, we tend

to find that the A ions other than 3,5A ions are less readily

formed and their low abundance often preclude their useful-

ness. Several other minor signals will always be present that

may not be readily assigned with confidence, but these are

deemed not compromising the otherwise very informative

rich MS/MS spectra.

In short, we have identified those fragment ions that are

most consistently produced and most sequence-informative

for complex type N-glycans, including those of sialylated

ones. We demonstrated their practical usage in sequencing

novel structures, as well as to discriminate isobaric structures

and to identify the existence of particular structural determi-

nants, as often entailed by glycomic analysis. The relative

ease and sensitivity that we can now rapidly sequence and

define the respective linkages of the terminal unit by MS/MS

as shown here for the galactosylated sialyl Lewis X epitope

in zebrafish N-glycans, is a reflection of how much we have

progressed since this structural unit was first identified on the

fertilized eggs of Medaka fish [53], more than a decade ago

by Prof. Yasuo Inoue’s group, in collaboration with Anne

Dell’s team.
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