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Abstract In an effort to prime our mass spectrometry (MS)-
based sulfoglycomic mapping platform technology for fac-
ile identification of sulfated lacdiNAc (GalNAcfp1-
4GIcNAcf1-), we have re-examined the N-glycans of bo-
vine thyroid stimulating hormone. We showed that MALDI-
MS mapping of permethylated glycans in negative ion mode
can give an accurate representation of the sulfated glycans
and, through MS/MS, diagnostic ions can be derived that we
can collectively define the presence of a terminal sulfated
lacdiNAc moiety at high sensitivity. Based on these ions,
which can also be produced by nanoESI-MS", we demon-
strated that the glycome of an ovarian carcinoma cell line,
RMG-1, comprises a high abundance of sulfated lacdiNAc
epitopes carried on multiantennary complex type N-glycans
alongside fucosylated, sialylated and/or sulfated lacNAc
antennae. This represents the first report of a natural glyco-
mic occurrence of sulfated lacdiNAc on a cell line, as
opposed to other better-characterized presence on secreted

S.-Y. Yu * L.-Y. Chang - K.-H. Khoo (P<))

Institute of Biological Chemistry, Academia Sinica,
128, Academia Road Sec 2, Nankang,

Taipei 115, Taiwan

e-mail: kkhoo@gate.sinica.edu.tw

C.-W. Cheng * K.-H. Khoo
Institute of Biochemical Sciences, National Taiwan University,
Taipei 106, Taiwan

C.-C. Chou

Core Facilities for Protein Structural Analysis, NCFPB,
Academia Sinica,

Taipei 115, Taiwan

M. N. Fukuda

Tumor Microenvironmental Program, Cancer Center,
Sanford-Burnham Medical Research Institute,

La Jolla, CA 920137, USA

glycoproteins from a handful of sources. It is anticipated
that with improved methods of detection such as that devel-
oped in this work, we are likely to identify a wider occur-
rence of sulfated lacdiNAc and be able to more accurately
delineate the regulatory mechanism dictating the choice of a
cell type in synthesizing sulfated, sialylated, fucosylated
and/or non-substituted lacdiNAc.
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Abbreviations

bTSH bovine thyroid stimulating hormone

lacdiNAc N, N'-diacetylgalactosediamine (GalNAc[31-
4GlcNAcfR1-)

lacNAc N-acetyllactosamine (Gal31-4GIcNAc31-)

HexNAc  N-acetylhexosamine

Hex hexose

MS mass spectrometry

CID collision induced dissociation

HCD higher energy collision dissociation

Introduction

The advent and rapid technical advances of mass spectrom-
etry (MS)-based glycomics made over the last decade or so
have precipitated the concept of protein glycosylation anal-
ysis on a global scale, aiming to define the glycome of a
biological sample in its entirety [1, 2]. Although occasional
multifaceted mapping has been attempted to increase the
depth and breath of glycomic coverage, most undertakings
to date are largely confined to single dimensional profiling,

@ Springer



184

Glycoconj J (2013) 30:183-194

supplemented by select MS/MS analyses. At times, such
analyses yielded impressive correlations between defects
in glycosylation machinery and its manifested glycomic
phenotype, revealed obvious changes registered upon im-
mune activation and malignant transformation, and allowed
attempts in identifying glyco-based biomarkers for diseases
and cancer by comparative analyses [3—6]. It is, however,
widely appreciated that we often only detect the most obvi-
ous changes occurring on those more abundant glycan com-
ponents. The sulfated N- and O-glycans, for example, are
not only less abundant except perhaps in the cases of epi-
thelial and secreted mucins, but also particularly problemat-
ic to be detected due to their negative charges.

Recognizing a pressing need in unraveling the distribu-
tion of various distinct sulfated glycotopes among myriad
glycan carriers, we have taken the lead in developing en-
abling techniques and strategic workflows for sulfoglycom-
ics [7, 8] based on the well-proven advantages afforded by
MS mapping and sequencing of permethylated glycans
[9-11]. We demonstrated that the sulfates are largely
retained while near complete permethylation can be
achieved. The particular strength of this derivatization is
that it neutralizes the charge contributed by the sialic acids,
thus leaving the sulfated glycans as the only negatively
charged glycans left. This allows selective detection in
negative ion mode whilst subsequent microscale fraction-
ation can be efficiently carried out to enrich specifically for
mono- and higher sulfated glycans from the otherwise over-
whelming non-sulfated but sialylated or neutral glycans.
Initial efforts were directed towards recovering these sulfat-
ed permethylated glycans and to further analyze them in
positive ion mode, so as to take advantage of the well
defined MS/MS fragmentation pathways for structural de-
termination [10].

Although we have successfully demonstrated the feasi-
bility of this approach against sulfated glycans derived from
standard glycoproteins and cell lysates [8], we have since
found that the sensitivity is often insufficient in positive ion
mode for productive MS/MS, relative to that achieved in
negative ion mode for initial MS screening. It was antici-
pated that MS/MS in negative ion mode would only produce
few fragment ions retaining the sulfate and hence not be as
comprehensive in giving a full range of fragment ions as in
positive ion mode for complete sequencing and definition of
core types, branching pattern, and the linkages of terminal
glycotopes. However, the few diagnostic ions may be suffi-
cient to allow specific identification of terminal sulfated
epitopes. These have in fact been shown by us to be the
case for the 6-sulfo sialyl Lewis X epitope carried on the
complex type N-glycans [12] and the smaller O-glycans
[13]. We are interested to extend this initial observation to
include other biologically active sulfated glycotopes, which
may have a wider occurrence than currently appreciated. In
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the absence of corresponding antibodies with well-defined
specificities, MS-based sulfoglycomic screening of such
epitopes remains the only viable alternative.

Sulfated lacdiNAc, SO4-4GaINAcP1-4GIcNAcR1-, is
one of the better known sulfated glycotopes first identified
on several pituitary glycohormones, with a well defined role
in mediating their clearance from blood circulation via a
specific hepatic endothelial GalNAc-4-SO,4 receptor [14,
15]. However, neither the expression of the terminal lacdi-
NAc itself nor the GalNAc-4-sulfotransferases, which rec-
ognize and add a sulfate to the 4-position of the terminal
GalNAc, is restricted to pituitary glands. In fact, various
non-substituted, sialylated and/or fucosylated lacdiNAc ter-
minal units have been reported to be carried on a wide range
of glycoproteins and tissues [16—22]. In contrast, sulfated
lacdiNAc has thus far been additionally found on only a
handful of glycoproteins from cerebellum [23], submaxil-
lary gland [24], two urinary glycoproteins [25, 26], and
recombinant glycoproteins produced in HEK 293 cells
[27]. None was reported via a current MS-based glycomic
mapping of tissue or cell lysates. It is unclear if it indeed has
a more restricted occurrence despite the wider expression
range of the identified GalNAc-4-sulfotransferases [28], or
likely to have been overlooked due to lack of specific
antibody and other enabling detection techniques.

In this report, using the readily available bovine thyroid
stimulating hormone (bTSH) as standard bearer of sulfated
lacdiNAc [14, 29], we first showed that the kind of cleavage
ions usually afforded only by high energy CID TOF/TOF
MS/MS in positive ion mode [10] can be similarly produced
in negative ion mode analysis of sulfated lacdiNAc-carrying
N-glycans and a very characteristic set of ions would allow
its unambiguous identification. Intriguingly, through our
sulfoglycomic analysis and relying on these diagnostic frag-
ment ions, this particular sulfated glycotope was found to be
abundantly expressed on an ovarian cancer cell line, RMG-
1, which makes it an attractive model to investigate the
functional aspects of this epitope outside the glycohormone
targeting context.

Materials and methods

Sample materials and chemicals The standard glycoprotein,
bovine thyroid stimulating hormone (bTSH) was purchased
from Sigma-Aldrich (Product No. T8931). Ovarian clear
cell carcinoma, RMG-I cells, were cultured in Dulbecco’s
Modified Eagle (DME) high glucose medium/Ham’s F12
medium (Life Technologies, Inc., Grand Island, NY) sup-
plemented with 10 % fetal calf serum, as described [30].
N-glycosidase F was purchased from Roche. Other reagents
for processing the released N-glycans for MS analysis include
dithiothreitol (Sigma-Aldrich), iodoacetamide (Sigma-
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Aldrich), trypsin (Bovine Pancreas, TPCK-treated, Sigma-
Aldrich, T-1426), C8 Sep-Pak cartridge (Waters, Part No.
WAT036775), C18 Sep-Pak cartridge (Waters, Part No.
WAT051910), acetonitrile (Merck), methanol (Merck),
I-propanol (Merck), sodium hydroxide (NaOH, Merck, pel-
lets for analysis, ISO grade), dimethyl sulfoxide (DMSO,
Merck, purity >99.9 %, max 0.025 % H,0), and methyl iodide
(Merck, purity >99 %, stabilized with silver for synthesis).

Preparation of N-linked glycans for MS analysis RMG-1
cell pellets were washed with PBS, re-suspended in 100 mM
ammonium bicarbonate, boiled for 5 min and then lyophi-
lized. Total N-glycans were released from this material for
initial screening following the usual extraction and protease
digestion steps as described previously [8]. To enrich further
the negatively charged N-glycans, the harvested RMG-1
cells were digested with trypsin and glycopeptides were
isolated by passing through Sephadex G-15 in water fol-
lowed by QAE-Sephadex chromatography, and the collect-
ed fractions containing the negatively charged
glycopeptides were further desalted by Sephadex G-15
equilibrated with water as described [31]. Permethylation
of the N-glycans released from both bTSH and RMG-1
glycopeptides, and the ensuing microscale desalting and
fractionation steps were performed without modification
according to the standard protocols described previously in
detail elsewhere [7, 8]. An aliquot of the RMG-1N-glycans
was treated with sialidase (Arthrobacter ureafaciens, Calbio-
chem) in 50 mM ammonium acetate buffer (pH 5.5) at 37°C
overnight, before subjecting to chemical derivatization.

MALDI-MS and MS/MS analysis MALDI-TOF/TOF MS
and MS/MS analysis of permethylated glycans were per-
formed on a 4700 Proteomics Analyzer (Applied Biosys-
tems, Framingham, MA) equipped with Nd:YAG laser,
operated in the reflectron mode. For MS and MS/MS acqui-
sition, the permethylated samples in acetonitrile were pre-
mixed 1:1 with 2,5-dihydroxybenzoic acid (DHB) matrix
(10 mg/mL in 50 % acetonitrile) in the positive ion mode, or
1:1 with 3,4-diaminobenzophenone (DABP) matrix (10 mg/mL
in 75 % acetonitrile/0.1 % trifluoroacetic acid) (Acros
Organics, NJ, USA) in the negative ion mode for spotting
onto the target plate. Data acquisition normally comprised
40 sub-spectra of 50 laser shots, and the laser energy was
set at 4500. The collision energy for CID MS/MS analysis
in positive and negative ion modes was set at 3 kV and
1 kV, respectively.

Offline nano-ESI-MS and MS/MS analysis The permethy-
lated glycans were additionally cleaned up by ZipTipcs,
eluted in 50 % acetonitrile containing 0.1 % trifluoroacetic
acid, and directly loaded into the borosilicate metal (Au)
coated glass capillary. nanoESI-MS and MS/MS analysis

were performed on an LTQ-Orbitrap Velos hybrid mass
spectrometer (Thermo Scientific), with the capillary voltage
set at 0.5 kV. The full MS scan was acquired within m/z
8002000 mass range and detected in the Orbitrap mass
analyzer at a resolution of 30,000. The MS" analysis was
performed either in the CID mode with normalized collision
energy of 35 % and detected in the ion trap, or in HCD
mode where the normalized collision energy is set at 90 %
and detected in the Orbitrap analyzer at 15000 resolution.

Results and discussion

Overall features exemplified by MALDI-MS mapping
of sulfated N-glycans from bTSH

As reported previously [7, 8], our MS-based sulfoglycomic
approach relies on efficient permethylation of the released
glycans followed by C18 Sep-Pak clean-up and then subject
the pooled fractions to negative ion mode MALDI-MS
screening. Our experience showed that any sulfated glycan
present at a significant level would be revealed and the
signal intensity registered is often a guide to subsequent
steps of microscale fractionations needed. MALDI-MS
mapping of the permethylated glycans in positive ion mode,
on the other hand, normally allows detection of only the
more abundant neutral and sialylated but not the sulfated
glycans, unless the former are largely absent. Such is the
case for the sulfated glycan standards, as shown here by
both positive and negative ion mode analyses of the re-
leased, permethylated total N-glycans from bTSH (Fig. 1).
The N-glycans from bTSH were first characterized in
detail by a combination of conventional biochemical
approaches without the support of MS analysis [29, 32]. It
was concluded then the major structures were hybrid and
complex type biantennary N-glycans, with and without core
fucosylation, and each antenna terminated with a sulfated
lacdiNAc sequence instead of the more common sialylated
lacNAc (see annotated structures on Fig. 1). The disulfated
biantennary structure with both antennae bearing the sulfat-
ed lacdiNAc was deduced to constitute almost half of all
released N-glycans, whereas the monosulfated complex type
and hybrid type with 0-2 extra mannoses retained on the
trimannosyl core represented 12 % and 20 % of the total,
respectively. Remarkably, non-sulfated sialylated structures
were not detected, in contrast to other pituitary glycohor-
mones. It thus uniquely serves as a gold standard for devel-
oping MS analysis methods for sulfated glycans without the
added complication of negatively charged sialic acids.
Although the signal intensity afforded by MALDI-MS
analysis is not a very accurate index for quantification
particularly in the case of comparing species with different
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degrees of negative charges, it does give a rough indi-
cation of relative abundance. As noted before [8],
MALDI-MS analysis of the sulfated N-glycans afforded
mostly deprotonated [M-H] or monosodiated [M + Na-2H]
molecular ions in negative ion mode for mono- and
disulfated glycans, respectively (Fig. 1b). There is a
tendency for in source-prompted facile loss of a sodium
sulfite from the disulfated molecular ions, corresponding
to a neutral loss of 102 u but not for the monosulfated
ones. On the other hand, in positive ion mode, the
sulfated glycans preferentially ionize as [M + (n + 1)
Na-nH]", where n = number of sulfates, but in source-
prompted multiple losses of sodium sulfite to give ions
retaining fewer or none of the sulfate moieties is com-
monly observed (Fig. la).

Taken these into consideration, both positive and nega-
tive ion mode MS data as shown in Fig. 1 indicated that the
fully disulfated species were indeed the major components,
particularly since these were expected to compete less fa-
vorably against the monosulfated ones both because of the
extra charge and being larger in size. Any desulfation during
the sample handling and chemical derivatization would have
produced significant amount of neutral glycans that would
be preferentially detected in positive ion mode. The absence
of such signal is supportive of previously drawn conclusion
that our permethylation protocols will not induce apprecia-
ble loss of sulfate. Moreover, only a relatively very minor
amount of monosulfated biantennary structure with fully
extended lacdiNAc termini could be detected, which indi-
cated that a majority of these biantennary structures were in
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Fig. 1 MALDI-MS profiles of the permethylated N-glycans from
bTSH in positive (a) and negative (b) ion modes. Assignment of the
major structures are as annotated using the standard cartoon symbols
recommended by the Consortium for Functional Glycomics. In the
context of MS analysis, square represents HexNAc, circle for Hex
and triangle for Fuc. Most of the structural details other than the
glycosyl compositions were assumed from prior knowledge. The over-
all sequences particularly the terminal epitopes were, however, sup-
ported by MS/MS analyses. Loss of sodium sulfite (102 u) was
commonly observed in positive ion mode and from the disulfated
species in negative ion mode. This would produce species carrying a
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free OH group for each loss of the sulfate moiety. Thus, for example in
negative ion mode, a monosulfated species (m/z 2354) derived from a
disulfated molecular ion (m/z 2456) via in source prompted neutral loss
of a sodium sulfite (102 u) can be distinguished from an authentic
monosulfated species carried on the same underlying structure (m/z
2368), by virtue of the mass difference of 14 u corresponding to a
methyl group. In positive ion mode, a neutral loss of sodiated sulfo-
HexNAc instead of just the sodium sulfite moiety would generate the
ions at m/z 1606, 1780, and 1810 from the species at m/z 1953, 2127
and 2157, respectively
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fact disulfated, whereas the hybrid type N-glycans were
mostly monosulfated.

While variations in sample preparation from both the
original studies and subsequent commercial sources cannot
be discounted, our current data suggest that the degree of
sulfation in bTSH is probably higher than previously esti-
mated [14]. It also contrasted with more recent analyses by
MS, in which the disulfated species appeared to be under-
represented. In an earlier work analyzing the in-gel released
bTSH N-glycans in their native forms in both positive and
negative ion modes [33], the loss of sulfation from the di-
and monosulfated species, either through sample prepara-
tion or in source fragmentation, could not be accurately
determined. In other work similarly analyzing the perme-
thylated bTSH N-glycans by MALDI-MS in positive ion
mode, very minor amount of disulfated glycans were actu-
ally detected by direct analysis [34] and became prominent
only after enriching them by ion exchange [35]. We propose
that a proper permethylation followed by direct MS screen-
ing in negative ion mode such as that employed here repre-
sents the best MS-based approach to detect sulfated glycans.
We have demonstrated before [8], and herein again using a
well-characterized, readily available bTSH source, that sul-
fates on both lacNAc and lacdiNAc structural units can be
rather sensitively and conveniently detected instead of being
unduly suppressed or lost during the process.

Characteristic fragment ions defining the presence of 4'-O-
sulfo lacdiNAc

Aiming to establish the characteristic fragment ions that
would allow unambiguous identification of 4'-O-sulfo lac-
diNAc, the major disulfated biantennary glycans from bTSH
were subjected to both positive and negative ion mode MS/
MS analyses (Fig. 2). As shown previously, MALDI-MS/
MS of cation-paired sulfated glycans in positive ion mode
will not induce substantial loss of sulfate. Instead, a full
range of fragment ions analogous to those afforded by high
energy CID MS/MS of non-sulfated glycans would be pro-
duced (Fig. 2a). Interestingly, while cleavage at the reducing
end of sub-terminal GlcNAc preferentially gave the disodi-
ated E ion at m/z 544 instead of the B ion, that at the
terminal GalNAc afforded mostly a strong disodiated B
ion at m/z 370, corresponding to a terminal sulfated Hex-
NAc. However, no fragment ion informative of the exact
location of sulfate on the terminal HexNAc could be
detected.

In negative ion mode, the presence of sulfate was in-
formed by the highly abundant sulfate anion HSO,™ at m/z
97. More importantly, the 4’-O-sulfo-HexNAc-4HexNAc
sequence could be unambiguously established by the prom-
inent fragment ions at m/z 167, 324 and 569, corresponding
to Ao, By, and B, ions, respectively (Fig. 2b). These were

further accompanied by the D ions at m/z 310 and 555 and
another critical *°A, ion at m/z 412. The last ion was
indicative of the internal 4-linked HexNAc linkage, whereas
the ion at m/z 167 indicated that the sulfate could only be on
the 4 or 6 position of the terminal HexNAc. In the absence
of an ®*A ion at m/z 139 indicative of 6-O-sulfate, these
ions therefore collectively defined the 4'-O-sulfo lacdiNAc
glycotope. Other ions of higher m/z values could be
assigned accordingly as illustrated on Fig. 2b.

It is of interest to note that all fragment ions in negative
ion mode would need to retain at least one sulfate group and
therefore in the case of monosulfated hybrid type N-glycans,
the trios of °*A, *°A and D ions produced via cleavages at
the trimannosyl core would not have been formed and
likewise for the Y ions arising through loss of terminal
sulfated HexNAc; or HexNAc, (data not shown). In addi-
tion, it should be added that although these fragment ions
were currently produced via high energy CID on a TOF/
TOF, a collision energy (1 kV) lower than that required for
positive ion mode MS/MS (2-3 kV) was employed, which
nevertheless similarly yielded ions such as the A, D and E
ions. This was perhaps not surprising since the same phe-
nomenon was observed for low energy CID MS/MS analy-
sis of native glycans in negative ion mode [36-38], which is
more prone to give sequence informative ring cleavages and
the D ions than in positive ion mode, which favors instead
glycosidic cleavages.

Anticipating that some laboratories may only have access
to or prefer nanoLC-MS/MS systems relying on low colli-
sion energy ion trap or Q/TOF instruments, we have further
subjected the same molecular ions to negative ion mode
nanoESI-MS" analysis (Fig. 2c). As expected, the 2 major
ions detected by MS? were the B ions at m/z 991(2-) and
569, corresponding to cleavages at the chitobiose core and
the sulfated HexNAc, moiety, respectively. The ion trap
system suffers from the lower mass cut-off problem and
thus in this case, ions below m/z 400 were not observed.
However, the MS? ion at m/z 569 could be taken through
MS?, which yielded prominent fragment ions at m/z 412 and
324, with a minor signal at m/z 167 (Fig. 2c, inset). Thus,
similar set of diagnostic ions could also be derived by
negative ion mode ESI-based MS/MS analysis at low colli-
sion energy, which increases their versatility and usefulness.
In fact, the ions at m/z 324, 412 and 569 were also produced
by the same permethylated sulfated lacdiNAc structures
under FAB-MS on a sector instrument and the underlying
fragmentation mechanisms have been proposed [39]. It is
reassuring that despite migrating now to MALDI- and ESI-
MS platforms using CID MS/MS instead of direct fragmen-
tation under FAB-MS, the characteristic ions remain the
same, which lend support to their use to identify the pres-
ence of 4’-O-sulfo lacdiNAc. A distinction to be made
though is that the B ions at m/z 324 and 569 appear to be
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Fig. 2 MALDI-MS/MS profiles of the permethylated disulfated bian-
tennary N-glycan from bTSH in positive (a) and negative (b) ion
modes, and the corresponding nanoESI-MS" profiles in negative ion
mode (c). Assignment of the major fragment ions are as illustrated
schematically. The fragment ion types were labeled according to the
commonly adopted nomenclature as defined previously for the positive
mode ions [10]. Analogous ions observed in negative ion mode were
similarly named. In positive ion mode (a), the non-reducing terminal
sulfated fragment ions were disodiated. Further loss of sulfite or
sodium sulfite from the B ion at m/z 370 yielded the ions at m/z 290

dominant in the current setting and hence serve as the most
useful diagnostic ions when sample amount is limiting (see
later section for applications), whereas the D ions at m/z 310
and 555 were more abundant by FAB-MS, along with the E,
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and 268, respectively. For nanoESI-MS" in (c¢), the same structure
afforded a doubly charged [M-2H]*" molecular ion. Daughter ions
retaining both sulfate groups (m/z 912, 991) were likewise observed
as doubly charged species but those having lost one sulfate and the
corresponding non-reducing terminal ions carrying one sulfate were
detected as singly charged species. The inset on (c¢) shows the MS?
spectrum of the MS? ion, m/z 569. All fragment ions in (b) were
likewise singly charged and non-sodiated except the monosodiated,
disulfated B ion at m/z 2005

ion at m/z 498 and C;” ions at m/z 340, which were barely
detected by current CID MS/MS system. On the other hand,
m/z 167 informative of the location of sulfate was not
reported by previous FAB-MS studies.
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MALDI-MS mapping of N-glycans derived from RMG-1
cell lysates and identification of terminal sulfated lacdiNAc

In general, the possible occurrence of lacdiNAc is hinted
first by extra numbers of HexNAc residues relative to Hex
in the assigned glycosyl composition, once those 3 Hex and
2 HexNAc residues contributing to the trimannosyl core are
subtracted away. However, it remains possible that the extra
HexNAc may occur as single non-reducing terminal Hex-
NAc, either as the bisecting GIcNAc on the trimmanosyl
core or due to incomplete galactosylation. In sulfoglycomics
in particular, we have found many instances of terminal
sulfated GIcNAc as incompletely extended sulfo (sialyl)
lacNAc units. Thus an unequivocal identification of a ter-
minal 4'-O-sulfo lacdiNAc requires positive detection of i) 2
HexNAc residues in tandem; and ii) sulfate on position 4 of
terminal HexNAc. The diagnostic ions described above
fulfill these criteria.

Among many other cell lines and immune cells we have
screened, the ovarian clear cell carcinoma RMG-1 cells
alone stood out to have candidate sulfated lacdiNAc among
other sulfated glycotopes. Typical of many other cell lines
and tissues, its glycomic profile in positive ion mode
afforded only prominent high mannoses and typical com-
plex type N-glycans with several degrees of fucosylation
and sialylation on multiple lacNAc units (Fig. 3). No obvi-
ous signal that may be attributed to unusual glycotopes
could be identified. However, a sodiated molecular ion at
m/z 2592, with a glycosyl composition corresponding to a
biantennary core fucosylated structures terminating with 2
fucosylated lacNAc, was found to be accompanied by
signals at 41 u higher. This mass increment corresponded
to a Hex substitution by a HexNAc and therefore was
indicative of lacdiNAc replacing lacNAc. Thus, the sig-
nals at m/z 2633 and 2674 would correspond to core
fucosylated biantennary structures with one and two fuco-
sylated lacdiNAc antenna, respectively. It remains possi-
ble that similar +41n u signals for a majority of other
assigned lacNAc-carrying components might have been
present. These, however, were buried among the noise
and could not be easily verified by such direct MALDI-
MS profiling to reveal a full complement of minor glyco-
mic constituents carrying non-substituted, sialylated and/
or fucosylated lacdiNAc units.

In contrast, the same unfractionated, permethylated
N-glycan sample when screened instead by MALDI-MS
analysis in negative ion mode unexpectedly afforded several
prominent series of signals including those that could clearly
be assigned as carrying one or more sulfated lacdiNAc.
Prompted by such observation, a further enrichment of the
negatively charged N-glycans by QAE-sephadex column
prior to permethylation was undertaken, which led to a
rather similar negative ion mode spectrum but with much

improved signal-to-noise ratio, particularly for the larger,
minor components otherwise not observed (Fig. 4).

The first category of the detected negative ion signals
corresponded to high mannose structures carrying 1-2 phos-
phates, which we have similarly observed with several other
cell lines particularly those without significant level of sul-
fated glycans. As reported previously, despite similar nom-
inal mass, a phosphate substituent can be distinguished from
sulfate by virtue of being susceptible to add on a methyl
group upon permethylation. We have consistently observed
that Hexs_gHexNAc, were the most abundant species carry-
ing a single phosphate while Hex;HexNAc, was the most
abundant one carrying 2 phosphates. In addition, a promi-
nent HexgHexNAc; was detected. Such compositions were
fully consistent with the detected species being high man-
nose type N-glycans carrying an extra PO4- or GlcNAc-
PO4- group on the 6-position of Man, a commonly found
modification mediating the uptake and trafficking of lyso-
somal enzymes by the Man-6-phosphate receptor [40, 41].
The location of a phosphate on the high mannose structures
could be further confirmed by MS/MS analyses of select
peaks, as exemplified by the data acquired on the diphos-
phorylated Hex;HexNAc, structure (Fig. 5a) in which the
35A ion at m/z 181, E ion at m/z 267 and B ion at m/z 297
collectively defined a terminal Hex phosphorylated at either
4 or 6 position.

The second category of signals could be assigned to
complex type N-glycans carrying only the normal sulfated
sialyl lacNAc epitopes. It was clear that many of these
signals were accompanied by signals at 41 u increments,
corresponding to aforementioned substitution of a Hex by
HexNAc and thus indicative of lacdiNAc. For example, the
[M-H] signal at m/z 2501 could be assigned as monosul-
fated, core fucosylated biantennary glycans with an addi-
tional Fuc, a lacNAc and a lacdiNAc, whereas the signal at
41 u higher at m/z 2542 would correspond to the same core
structure but with 2 lacdiNAc instead. Further MALDI-MS/
MS analysis (Fig. 5b) afforded strong ions at m/z 167, 324
and weaker ions at m/z 555, 569, all of which were diag-
nostic of a terminal 4'-O-sulfo lacdiNAc. Likewise the sig-
nal at m/z 2647 was assigned as monosulfated, core
fucosylated biantennary glycans with 2 lacNAc and a sialic
acid, whereas the signal at 41 u higher at m/z 2688 corre-
sponded to one with a lacNAc, a lacdiNAc and a sialic acid.
Interestingly, MALDI-MS/MS analysis (Fig. 5c¢) afforded
the characteristic ions at m/z 167, 324 and 569, consistent
with the presence of 4’-O-sulfo lacdiNAc but not a sulfated
lacNAc sequence. Thus the lacdiNAc unit was preferentially
sulfated whereas the lacNAc unit was sialylated. This and
all other peaks detected indicated that the sulfated lacdiNAc
sequence can co-exist with sulfated and/or sialylated lacNAc
sequence. Trimming away the sialic acids by sialidase col-
lapsed most of the heterogeneity and the recovered N-glycans
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Fig. 3 MALDI-MS profile of the permethylated N-glycans from
RMG-1 cells in positive ion mode. The top panel shows a full spec-
trum, which is clearly dominated by high mannose type structures and
likely to be contaminated by the typical non-core fucosylated, disialy-
lated biantennary (m/z 2792) and tri- (m/z 3602) and tetrasialylated (m/z
3964) triantennary structures derived from bovine fetuin in the culture
medium. All other detected major [M+Na]" molecular ion signals could
be assigned as core fucosylated multiantennary complex type structures,

were clearly left with those carrying 2—4 lacNAc, with 0-2
degrees of lacdiNAc (data not shown). Such structures may
have been identified on other secreted endogenous human
glycoproteins but, to our knowledge, were first described here
as glycomic constituents of a cell.

It remains to be determined if the sulfated lacdiNAc-
carrying glycoproteins were derived from intracellular pool
of secreted glycoproteins residing in transient in Golgi lu-
men, lysosome or other vesicles, rather than authentic mem-
brane glycoproteins. In the same vein, previous studies on
high mannose and hybrid type structures released by endo-H
from total glycoproteins of cell lysates have led to identifi-
cation of those phosphorylated high mannose structures,

@ Springer

as annotated in 2 separate segments of expanded mass range (middle and
bottom panels) based solely on inferred glycosyl composition without
further verification. A mass difference of 13 u, corresponding to substi-
tuting 2 Fuc for a single NeuAc, is apparent throughout the spectra, as
indicated by double-headed arrows linking the pairs of signals. Any
signal at 41 u higher than those assigned, which would correspond to
lacdiNAc substituting lacNAc, cannot be clearly identified from the noise
level except for the 2 signals at m/z 2633 and 2674

which were assumed to be derived from the lysosomal
enzymes [40, 41]. Current glycomic mapping approaches
tend not to distinguish these alternatives but regardless, we
have identified RMG-1 cell, which was not previously
reported to secrete any glycoprotein carrying sulfated lacdi-
NAc, as capable of synthesizing this sulfated epitope.

Concluding summary
Rapid glycomic identification of sulfated glycotopes remains

an important analytical challenge to be met. Whilst much
focus has naturally been devoted to various combinations of
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Fig. 4 MALDI-MS profile of the permethylated N-glycans from
RMG-1 cells in negative ion mode. The top panel shows a full spec-
trum. The major negatively charged components are the phosphorylat-
ed Mang_;GIcNAc, structures and the biantennary fucosylated or
sialylated complex type structures with one sulfated lacdiNAc antenna.
The former includes an [M-H] molecular ion for a di-phosphorylated
Man;GlcNAc, structure, which gave a doubly charged [M-2H]* by
nanoESI-MS analysis and MS? ions consistent with the assignment
(Fig. 5a). All other major [M-H] molecular ion signals detected could
be assigned as monosulfated core fucosylated multiantennary complex

sulfo sialyl lacNAc or Lewis X in the context of mediating
lymphocyte homing [42, 43], other epitopes such as the sul-
fated lacdiNAc investigated here are equally important with
many functional implications. Despite it being well character-
ized on pituitary glycohormones and several other secreted
glycoproteins, a possible wider occurrence of sulfated lacdi-
NAc on other cells and tissues is unclear. We now showed that
the ovarian carcinoma cells RMG-1 display an abundance of
this epitope alongside sulfated and/or sialylated lacNAc on
multi-antennary complex type N-glycans. In contrast, non-

type structures, as annotated in 2 separate segments of expanded mass
range (middle and bottom panels), based solely on inferred glycosyl
composition. Many +41 u signals could be observed and indicated here
with double-headed arrows, which could be translated into structures
carrying 1-3 lacdiNAc units alongside lacNAc. No attempt was made
to verify each structure or to distinguish GalNAc from GlcNAc. Select
MALDI-MS/MS were performed (Fig. 5) instead to simply identify the
probable presence of the sulfated lacdiNAc glycotopes under investi-
gation based on the established diagnostic ions

sulfated lacdiNAc including fucosylated lacdiNAc appears
to be expressed only at much lower level relative to other
terminal sequences. It suggests that in cells expressing the
requisite sulfotransferase, terminal GalNAc 4-O-sulfation of
lacdiNAc occurs rather efficiently, in preference over terminal
sialylation and additional fucosylation.

Occurrence of lacdiNAc has also been recently reported
for another ovarian carcinoma cell line SKOV3 but the
possibility of a higher abundance of sulfated lacdiNAc or
indeed any sulfated glycan has not been considered [21].
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Fig. 5 Select MS/MS profiles of negatively charged permethylated N-
glycans from RMG-1 demonstrating the presence of a Man-6-
phosphate on a high mannose structure (a) and sulfated lacdiNAc on
a non-sialylated (b) and sialylated (¢) biantennary complex type struc-
tures. The nanoESI-MS/MS spectrum in (a) was acquired for the
doubly charged parent ion under HCD mode to avoid low mass cutoff,
which also gave a better sensitivity and more sequence informative
ring cleavage ions than MALDI-MS/MS (not shown). Both the B and
E ions at m/z 297 and 267 were accompanied by loss of MeOH moiety
(- 32 u) to give ions at m/z 265 and 235, respectively. Despite lack of
other cleavage ions, MALDI-MS/MS did give a very prominent ion at

In contrast, RMG-1 cells have been used to raise a
humanized monoclonal antibody recently shown to be
active against sulfated lacNAc-based glycotopes [30],
consistent with our current sulfoglycomic mapping show-
ing the presence of a full range of sulfated glycotopes in
addition to sulfated lacdiNAc. RMG-1 and other ovarian
cancer cell lines would serve as good model cell lines to
further investigate the activity of the implicated GalNAc-
4-sulfotransferase, its likely ectopic expression, and the
functional relevance of sulfated lacdiNAcs other than
mediating clearance of glycohormones. On the other
hand, our finding also serves as a cautionary tale against
using RMG-1 as a model cell line for other glycobiology
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m/z 324 accompanied by other critical ions at m/z 167 and 569 to allow
rapid identification of terminal sulfated lacdiNAc epitope during initial
screening. No B ion could be detected to suggest alternative location of
sulfate on the other sialylated or fucosylated antenna. Such non-
sulfated antennae would not be expected to give any fragment ion in
negative ion mode and therefore their exact sequence could not be
confirmed. The fucosylated HexNAc, sequence in (b) is most likely a
fucosylated lacdiNAc as tentatively annotated in Fig. 4 but MS/MS
alone cannot distinguish GalNAc from GlcNAc, nor the exact location
of Fuc in this case

investigations due to the prominent presence of this
epitope which may mislead data interpretations.
Technique wise, we have established the critical ions that,
in negative ion mode, can collectively identify the presence
of sulfated lacdiNAc at reasonably high sensitivity by
MALDI-MS/MS. We further showed that the same ions
could also be produced by nanoESI-MS/MS but one needs
to be aware of the low mass cutoff if using an ion trap
system instead of a Q/TOF system or employing the HCD
mode on the orbitrap series. However, the ion at m/z 569 can
be further taken through MS? to give ions at m/z 324 and
167. A caveat though is that detection by such diagnostic
ions actually does not critically distinguish terminal sulfated
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GalNAc from GlcNAc, which would require further confir-
mation by other chemical and chromatography methods
should the sample amount be sufficient. Incidentally, we
have also identified the phosphorylated high mannose type
structures, which were often found to exist along with the
sulfated glycans when screening the permethylated glycans
in negative ion mode. The terminal phosphorylated Man
likewise afforded diagnostic ions distinct from those of
sulfated lacdiNAc, or other sulfated sialylated lacNAc epit-
opes. We are now incorporating these ions in LC-MS/MS
approach in which data dependent acquisition can be fol-
lowed by MS? product ion filtering to selectively identify
parent ions with such epitopes. Furthermore, product ion
dependent MS? can be selectively triggered to further con-
firm location of sulfate. Finally, we provided an updated
glycomic analysis of the bTSH, which shall continue to
serve as gold standard for others to further optimize the
technical aspects of an unbiased sulfoglycomic mapping.
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