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The potential of electrospray mass spectrometry (ESMS) for the sequencing of glycopeptides was evaluated using
quadrupole time-of-Ñight (QTOF) technology in the MS/MS mode. The location of O-glycosylation sites was
possible in the positive ion (+ ) mode by detection of prominent y-and b-fragment ions from the underivatized
TAP25-2 [T1APPAHGVT9S10APDT14RPAPGS20T21APPA ] , an overlapping sequence of MUC1 tandem
repeats which had been glycosylated in vitro by two GalNAc residues in the positions T9 and T21. The high mass
resolution and accuracy of QTOF-(+ )ESMS allowed reliable structural assignments. The reduced complexity of
the fragment spectra and the higher signal-to-noise ratio render QTOF-(+ )ESMS an alternative mass spectro-
metric approach to the identiÐcation of O-glycosylation sites when compared with sequencing by post-source decay
matrix-assisted laser desorption/ionization MS. Diagnostic ions from the N-terminus in the b-series o†ered direct
evidence, which was supported by indirect evidence from the C-terminus ions of the y-series. The higher glycosylat-
ed fragments were mainly observed as multiply ionized species. 1998 John Wiley & Sons,GalNAc

2
-substituted (
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INTRODUCTION

Post-translational modiÐcation by O-glycosylation is a
ubiquitous feature of secretory proteins1 which has
recently been recognized also in a selected array of
nuclear and cytoplasmic proteins.2,3 In particular, in
the mucin-type glycoproteins the protein core serves as
a sca†old for abundant O-glycosylation with a tremen-
dous structural diversity, as shown for MUC1, the
major membrane-associated mucin on human epithe-
lia.4

Unlike N-glycosylation, the introduction of O-linked
glycans into a peptide exhibits no strict dependence on
speciÐc motifs deÐning putative glycosylation sites and
a reliable prediction of site-speciÐc O-glycosylation can
only be based on the analytical data from in vivo-
processed mucins. Such a localization of O-
glycosylation sites is conventionally performed by
Edman degradation techniques identifying the glyco-
sylated serine or threonine residues as blanks or pos-
itively by the chromatographic behaviour of
phenylthiohydantoin-derivatized glycoamino acids.5
Recently, a mass spectrometric (MS) approach has been
established by applying the reÑectron analysis of post-
source decay (PSD) peptide fragments arising in a time-
of-Ñight (TOF) analyser during matrix-assisted laser
desorption/ionization (MALDI) MS6 to the sequencing
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of in vitro-7 or in vivo-glycosylated mucin peptides.8
Various glycoforms of the MUC1 tandem repeat
peptide were deÐned by this technique with regard to
their substitution patterns using the abundant y-and b-
series ions and their companion ions from the C-or N-
terminus, respectively, for the localization of
core-GalNAc w(N-acetylgalactosamine) residues. While
PSD-MALDI/MS is highly sensitive, the complexity of
the fragment spectra and limited mass accuracy gave
rise to a search for an alternative mass spectrometric
approach which would permit the sequencing of high-
mass glycopeptides. We have demonstrated previously
the potential of (])-and ([)ESMS for the analysis of
non-derivatized O-glycosylated amino acids and pep-
tides.9,10. In addition to molecular ions of high abun-
dance, diagnostic fragment ions arising from the sugar
portion and the sugar peptide link were formed on
analysis of mono-or multiply glycosylated mono-to tri-
peptides.9,10 The potential of (])ESMS on triple quad-
rupole and ion trap mass spectrometers was
demonstrated for sequencing of synthetic O-
glycopeptides corresponding to the MUC4 tandem
repeat.11

In the present study, we assessed the capacity of
(])ES-tandem MS (MS/MS) on a quadrupole/time-of-
Ñight (QTOF) hybrid mass spectrometer to sequence
a glycosylated 25-mer peptide based on the tandem
repeat of human MUC1 mucin. The substitution sites
of two GalNAc (N-acetylgalactosamine) residues within
the sequence TAPPAHGVTSAPDTRPAPGSTAPPA
(TAP25) had previously been investigated by Edman
degradation combined with liquid secondary ion MS
(LSIMS) of proteolytic fragments12 and by PSD-
MALDI/MS.7
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Figure 1(A)

Figure 1. (A) (½)ESMS/MS of the GalNAc-disubstituted TAP25-2 peptide performed in the QTOF mode using m /z 911 as a precursor.
The fragment ions from the C-terminal and N-terminal ions are in accordance with the peptide sequence listed in Table 1 and assignedy

n
b

m
regarding their status of glycosylation. G ¼GalNAc. Ions of low abundance are not assigned. (B) Enlarged detail from (A) featuring the
region of the doubly and triply charged ions in the mass range m /z 735–860.

EXPERIMENTAL

The synthetic peptide TAP25, kindly provided by Dr J.
Taylor-Papadimitriou, (Imperial Cancer Research
Fund, London, UK), had previously been glycosylated

in vitro using UDP-GalNAc and a preparation of UDP-
GalNAc: peptide N-acetylgalactosaminyltransferases
from human premature skim milk.12 The sites of
GalNAc substitution had been investigated by Edman
degradation combined with LSIMS of proteolytic
fragments12 and by PSD-MALDI/MS7 after separation
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by reversed-phase high-performance liquid chromatog-
raphy of the diglycosylated species TAP25-2. According
to these analyses, TAP25-2 is glycosylated at Thr9 and
Thr21.7

Positive ion ESMS was performed on a QTOF mass
spectrometer (Micromass, Manchester, UK). The ions
are produced in an atmospheric pressure ionization
(API)/ESI ion source and are transported to the mass
spectrometer through a hexapole lens for optimal trans-
mission. The source temperature was 30 ¡C and a
drying gas Ñow rate of 40 l h~1. A potential of 1È1.4 kV
applied to the NanoÑow tip in the ion source combined
with a nitrogen back-pressure of 5È6 psi produced a
sample Ñow rate of 10È30 nl min~1 into the analyser.
The cone voltage was 40 V. A quadrupole analyser was
used to select the precursor ion for fragmentation in the
hexapole collision cell. The collision gas was Ar at a
pressure of D5 ] 10~3 mbar and a collision energy of
30 V. Product ions were analysed using an orthogonal
time-of-Ñight analyser, Ðtted with a reÑector, a micro-
channel plate detector and a time-to-digital converter.

The acquisition and deconvolution of data were per-
formed on a Mass Lynx Windows NT PC data system.
The mass accuracy of all measurements was within
0.2 m/z unit.

The sequencing of the glycosylated TAP25 was per-
formed on D2È5 pmol of material, dissolved in 1 : 1
(v/v) methanolÈwater containing 0.1% concentrated
formic acid. For nanospraying, a borosilicate micro-
pipette of 1.5 ll total volume was used.

RESULTS AND DISCUSSION

In MS1, (])ESI mass spectra of the native glycopeptide
cationized molecules were detected as the singly, doubly

and triply charged ion species (spectra not shown),
giving deconvoluted values of 2730.3 ([M] H]`),
2752.3 ([M] Na]`), 2768.2 ([M] K]`), 2774.3
([M] 2Na [ H]`) and 2790.2 ([M] Na ] K [ H]`),
which is in accord with the calculated molecular mass
of TAP25-2 (2730.8).

The ion at m/z 911.1 corresponding to [M ] 3H]3`
was chosen as a precursor for the MS/MS analysis of
peptide fragments. The results of this analysis are pre-
sented in Fig. 1 and the fragment ions observed are
listed in Table 1. The presence of GalNAc was indicated
by the abundant ion at m/z 204.1 ([GalNAc]`) and
the loss of one GalNAc at m/z 1264.6
([M[ GalNAc] 2H]2`). These ions indicate a relative
easy cleavage of the a-glycosidic bonds to the peptide at
the Ser/Thr sites resulting in loss of GalNAc residues
from TAP25-2 under MS/MS conditions.

The evidence for the localization of a GalNAc residue
on Thr9 was based on the presence of the singly
charged, monoglycosylated ion at m/z 1036.9 andb9supported by a series of singly and doubly charged
b-type ions (Table 1). Distinction of the potential gly-
cosylation sites on Thr9 and Ser10 was supported by
the of very low abundance. The position of they16`second GalNAc residue on Ser20 or Thr21 could be
proposed from the observation of bisglycosylated b222`(m/z 1224.5). Although the cleavage of the peptide bond
does take place at Thr21, there is a high probability of a
quantitative neutral loss of one GalNAc unit resulting
in the m/z 2174.7 and 1087.0 ions. Following(b21` ) (b212`)
the observation of the peptide bond cleavage ion at
Ala22, indicating the presence of two GalNAcs in this
stretch at m/z 1224.5), the assumption of one of the(b222`previous attachment sites must be considered. Addi-
tional indirect evidence was provided also by (m/zb233`848.7). Interestingly, the bisglycosylated and frag-yn bmment ions appeared primarily as doubly or triply

Figure 1(B)
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Table 1. Product ion spectrum obtained by CID of m/z 911 for GalNAc-disubstituted
TAP25-2 peptidea

Amino acid Masses of C-terminal fragments

y
n

sequence GalNAc 0 1 2

1 A

2 P 187.1 (y)½

3 P 284.1 (y)½

4 A 355.1 (y)½

5 T 456.2 (y)½

6 S 543.2 (y)½

7 G

8 P 697.3 (y)½ 900.4 (y)½

9 A 972.4 (y)½

10 P 865.4 (y)½

11 R 1224.5 (y)½

12 T 1122.9 (y)½ 1325.6 (y)½

13 D

14 P 1334.0 (y)½ 667.8 (y)2½ 1537.6 (y)½ 769.3 (y)2½

15 A 1405.6 (y)½

16 S 1492.4 (y)½

17 T 1593.7 (y)½ 1796.8 (y)½

18 V 1896.0 (y)½

19 G 1749.8 (y)½ 1952.8 (y)½ 1076.5 (y)2½

20 H 1886.8 (y)½ 2090.6 (y)½

21 A 2160.8 (y)½ 788.4 (y)3½

22 P 2055.0 (y)½ 2259.2 (y)½

23 P 1076.5 (y)½ 785.7 (y)3½ 853.4 (y)3½

24 A 2428.1 (y)½

25 T 2323.8 (y)½

Amino acid Masses of N-terminal fragments

b
m

sequence GalNAc 0 1 2

25

A

24 P

23 P 1069.5 (b)2½ 781.0 (b)3½ 848.7 (b)3½

22 A 2040.9 (b)½ 1021.0 (b)2½ 2243.9 (b)½ 1122.5 (b)2½ 1224.5 (b)2½

21 T 2174.7 (b)½ 1087.0 (b)2½

20 S 934.9 (b)2½ 1036.5 (b)2½

19 G

18 P

17 A 1627.7 (b)½ 814.4 (b)2½ 1830.9 (b)½ 916.4 (b)2½

16 P

15 R 1459.7 (b)½ 1662.7 (b)½ 831.8 (b)2½

14 T

13 D 588.2 (a)2½ 1406.7 (b)½

12 P 1087.0 (b)½

11 A 990.4 (b)½ 597.2 (b)2½

10 S 1122.9 (b)½

9 T 831.8 (b)½ 1036.9 (b)½

8 V 731.3 (b)½ 703.3 (a)½

7 G 632.2 (b)½

6 H 575.2 (b)½ 547.2 (a)½

5 A 438.2 (b)½

4 P

3 P

2 A

1 T

a The m /z values of the fragment ions from the C-terminus and ions) and the N-(x
n
, y

n
z
n

terminus of TAP 25-2 and ions) are listed in accordance with the peptide sequence.(a
m

, b
m

c
m

Ions of low abundance are not assigned. The masses are accompanied by assignments of the
fragment ions given in parentheses and their corresponding charge states.
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charged species. The assignment of charges in multiply
charged ions was possible owing to the high resolution
in MS2.

The and fragment ions were in general the mostyn bmabundant in the spectrum, whereas and alsozn, xn amand ions were only rarely detected. Similarly, thecmcompanion ions of singly charged yn-fragments (yn[ 17,
or were rareyn[ 18) bm-fragments (bm[ 17, bm[ 18)

and of low abundance. Facile loss of GalNAc moieties
gave rise to the nearly complete series of non-
glycosylated and fragment ion species, which areyn bmalso listed in Table 1. Internal fragmentation of ionsynat X-Pro, as observed in PSD-MALDI/MS, was insig-
niÐcant. In general, the (])ESI mass spectrum of
TAP25-2 seems to be much less complex in its appear-
ance than the corresponding PSD-MALDI mass spec-
trum.7 In comparison with MS sequencing methods for
localization of O-glycosylation sites, the bisglycosylated
MUC1 peptide 25-mer can be used as an excellent

model compound owing to its structural features,
namely the substitution of only two out of six possible
glycosylation sites, and to the high content of proline in
the peptide chain. The present nanospray QTOF-ESMS
compared with PSD-MALDI/TOF-MS7 features less
structure-irrelevant companion ions and a clear distinc-
tion of higher and lower glycosylated fragment ions
based on the charge number observed. Owing to the
high mass accuracy and resolution, the assignment of
ions is straightforward. The considerable cleavage of a-
glycosidic bonds of GalNAc moieties to the Ser/Thr
linkage sites should be the object of further investiga-
tions.
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