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MALDI mass spectrometric characterization of sulfated glycans is often challenging due to
their low ionization response in the positive ion mode. Here we demonstrate a new analytical
approach, allowing the measurement of sulfated glycans by substituting the sulfate group with
a deuteromethyl group. Sulfated glycan samples are initially permethylated before the
methanolytic cleavage of their sulfate groups. Desulfated and permethylated glycans are then
subjected to another permethylation step using deuteromethyl iodide to label the hydroxyl
groups resulting from methanolysis. The number of attached sulfate groups is subsequently
calculated from the mass-shift resulting from the chemical cleavage of these sulfate groups.
The position of the sulfate substitution is then determined by collision-induced dissociation
(CID) tandem mass spectrometry of permethylated and permethylated plus deuteromethyl-
ated samples. The described approach was initially optimized and validated using linear
standard glycans, while its effectiveness has also been demonstrated here for the N-glycans
derived from bovine thyroid-stimulating hormone (bTSH). (J Am Soc Mass Spectrom 2009,
20, 1660–1671) © 2009 American Society for Mass Spectrometry
Glycosylation is one of the most prevailing and
versatile protein post-translational modifica-
tions. The structure and abundance of each

glycan can play an important role in many biological
functions, such as the cellular recognition processes.
Consequently, altered glycan structures and their rela-
tive abundance could be attributes of many diseases,
including cancer, immune system dysfunction and
growth inhibition [1–3]. Moreover, some glycan struc-
tures possess polar moieties, such as sialylation and sul-
fation. The latter has already been implicated in diseases,
such as neural system dysfunctions [4] and cancer [1, 5, 6].
An improved understanding of the biologic roles of sul-
fated glycans and their disease connections necessitates
definitive structural determination and precise analytical
measurements which can potentially lead to the discovery
of new disease biomarkers [1, 3].

Nuclear magnetic resonance (NMR) spectrometry
[7, 8] and 34S isotopic labeling [9–11] have been previ-
ously considered to be the main methodologies in the
structural analysis of sulfated glycoconjugates. How-
ever, the low sensitivity of NMR and the need to use
hazardous chemicals in the case of the latter, make
these approaches less desirable than mass spectrom-
etry (MS). In principle, MS measurements provide
high sensitivity, wide applicability, and the capability
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of high-throughput investigations. However, structural
analysis and quantitative measurements of sulfated gly-
cans are analytically challenging. The matrix-assisted laser
desorption/ionization (MALDI)-MS signals of sulfated
glycans are usually suppressed in the positive-ion mode
because of their low ionization efficiency relative to
their neutral counterparts [12]. Sulfate groups are com-
monly cleaved during MALDI-MS ionization process,
thus making the determination of a sulfate group posi-
tion difficult [13–15]. In the case of electrospray ioniza-
tion (ESI)-MS, the loss of sulfate group is not observed
but the signal intensity of glycans are generally lower
than that of MALDI [16, 17]. These obstacles could be
partially overcome through the use of negative-ion MS,
as the negative charge can be retained on sulfated
glycans, thus making them amenable to ionization as
well as tandem MS analysis [17–19]. However, addi-
tional problems limit the potential use of this approach,
including lower sensitivity and signal suppression of
the less acidic species, such as sialylated glycans [20,
21]. Additionally, it is inherently difficult to simulta-
neously analyze neutral and sulfated glycans in the
negative-ion mode. Nevertheless, several attempts have
been made to characterize sulfated glycans by MS
[22–24]. For example, a tripeptide Lys-Lys-Lys was
employed as an ion-pairing reagent to complex with the
sulfated compounds, thus enhancing their ionization
efficiency [22–24].

Here, we introduce a different approach involving

double-permethylation to improve the characterization
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of sulfated glycans by positive-ion mode MALDI-MS
and potentially address the aforementioned analytical
challenges. Samples are first permethylated, leaving the
sulfate group intact [25, 26]. This permethylation step
also stabilizes sialylated structures during methanolysis
[27] and the MS process [28]. The sulfate group is then
cleaved by mild acidic methanolysis, while the hydroxyl
groups formed as a result of this cleavage are either
permethylated or deuteromethylated. As a result of this
treatment, the sulfate group is substituted by a deuterom-
ethyl group which is stable during MALDI-MS analysis.
This permethylation step also improves and enhances
MS ionization and fragmentation [29, 30]. The num-
ber of sulfate groups associated with a particular
glycan can be deduced from the mass-shift observed
through comparing the spectra of permethylated and
doubly-permethylated compounds. The position of a
sulfate group can also be determined by comparing the
collision-induced dissociation (CID) spectra of the two
doubly-permethylated samples, using methyl iodide
and deuteromethyl iodide. This method was optimized
and validated using sulfated oligosaccharide standards,
while its application was demonstrated for glycans
released from bovine thyroid-stimulating hormone
(bTSH), a well-characterized glycoprotein [31–34].

Experimental

Materials

Di- and trisulfated oligosaccharide standards were
purchased from V-labs (Covington, LA, USA). Bovine
thyroid-stimulating hormone (bTSH), peptide: N-
glycosidase F (PNGase F), sodium dodecyl sulfate
(SDS), octyl phenoxylpolyethoxylethanol, a nonionic
nondenaturing detergent (NP-40), and the MALDI ma-
trix, 2,5-dihydroxybenzoic acid (DHB) were purchased
from Sigma-Aldrich (Milwaukee, WI, USA). Chloro-
form, methyl iodide, dimethylsulfoxide (DMSO) and
sodium chloride were received from EM Science
(Gibbstown, NJ, USA).

Methanolic Desulfation

Methanolic desulfation was a modified version of the
method originally described by Taguchi et al. [25]
Briefly, 0.05 M anhydrous methanol/HCl was prepared
by reacting MgSO4-dried methanol with acetylchloride.
Next, vacuum-dried glycan sample was resuspended in
10 �L 0.05 M methanol/HCl solution and allowed to
react at room temperature for 2 h. The reaction was
stopped by neutralizing the solution on ice with 0.05 M
methanol/NaOH solution. One nmol of each oligosac-
charide standard were used for method optimization
and 100 �g (2 nmol) bTSH glycoprotein was used for

method validation.
Release of N-Glycans from Bovine
Thyroid-stimulating Hormone (bTSH)

The N-glycans were released from the bTSH glycopro-
tein employing PNGase F, according to our previously
published procedure [35]. Briefly, an aliquot of bTSH
glycoprotein (100 �g, 2 nmol) was dissolved in 50 �L
100 mM phosphate buffer (pH 7.5) containing 0.5% SDS
and heated in water bath at 95 °C for 10 min. Then,
NP-40 was added to neutralize the negative charges of
SDS before the addition of PNGase F. Sample was then
incubated at 37 °C overnight. Next, PNGase F was
added again and the reaction was allowed to proceed
for additional 4 h at 37 °C. Finally, samples were
vacuum-dried before permethylation.

Permethylation and Deuteromethylation

Solid-phase permethylation and deuteropermethyla-
tion was performed according to our previously pub-
lished procedure [29, 30, 36]. Briefly, NaOH beads were
packed in a spin column to about 3 cm depth using
acetonitrile. The spin column was then centrifuged and
washed several times with 50-�L aliquots of DMSO.
Vacuum-dried sulfated oligosaccharide standard (1
nmol) and N-glycans derived from bTSH (100 �g of
glycoprotein, 2 nmol) were then dissolved in 90 �L
DMSO and 40 �L methyl iodide (or deuteromethyl
iodide). A 1-�L aliquot of water was also added to
prevent peeling reactions [37]. The sample solution was
then centrifuged at low speed. Samples were recycled
through the spin column eight times. The spin column
was finally washed with an additional 50-�L aliquot of
DMSO.

C18 Extraction

A 2-mL aliquot of 0.1% trifluoroacetic acid (TFA) aque-
ous solution was added to permethylated samples
before solid-phase extraction using preconditioned C18

cartridges. TFA was used here as an ion-pairing agent.
Solid-phase C18 cartridges were pre-conditioned with a
2-mL ethanol aliquot and a 2-mL water aliquot. After
applying samples, cartridges were washed with a 2-mL
water aliquot, while permethylated sugars were eluted
with a 1.8-mL aliquot of 90:5:5 ACN:water:isopropanol
solution. Eluent was dried under vacuum.

MALDI Mass Spectrometry

Mass-spectrometric analyses were performed using an
Applied Biosystems 4800 Proteomics Analyzer (Applied
Biosystems, Framingham, MA). The Nd:YAG laser of this
instrument provides a power input at 355 nm. MS data
were further processed using DataExplorer 4.6 (Applied
Biosystems).

Positive MALDI-CID spectra were acquired using
the same instrument. Collision energy was set to 1 kV,

as defined by the potential difference between the
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source and the collision cell. Air was used as the
collision gas at a pressure of 8.0 � 10�6 torr to enhance
cross-ring fragmentation of sugar molecules.

Vacuum-dried samples were re-suspended in 1:1
methanol:water solution and mixed with 2,5-DHB ma-
trix at 1:1 ratio. Matrix was prepared at 10 mg/mL
concentration through dissolving appropriate amount
of 2,5-DHB in a 1:1 methanol:water solution containing 2
mM sodium acetate. This small amount of sodium acetate
is needed to ensure the formation of sodium adducts.

Results and Discussion

Optimization of Double-permethylation Using
Sulfated Oligosaccharide Standard

The critical step of the approach described here is the
methanolysis desulfation, which was originally de-
scribed by Taguchi et al. [25]. This reaction results in the
loss of sulfate groups as illustrated in Figure 1a. Al-
though this protocol was previously described, we still
had to optimize and validate its efficiency using a
permethylated, disulfated, and trisulfated oligosaccha-
ride standard. The reported protocol calls for incuba-
tion of sulfated glycans in 0.5 M methanol/HCl solution
for 2 h at room temperature. However, under these
conditions, no detectable peak associated with the des-
ulfated structures was observed (data not shown). Nev-
ertheless, several peaks were observed in the low m/z unit
range, which are believed to originate from the cleavage of
the glycosidic bonds. Such cleavages are prompted by the

Figure 1. Illustration of double-permethylati
standard and (b) the side reaction involves the m
for this structure. The reaction shown here is on t
actual site of reaction was not determined; n is
highly acidic condition of this reaction.
Therefore, optimization of the desulfation reaction
was attained through a time titration using MeOH/HCl
solution at a 10-fold lower concentration on a perm-
ethylated trisulfated oligosaccharide standard (m/z unit

n (a) permethylated sulfated oligosaccharide
nolysis of 3,6-anhydrogalactose residue specific
n-reducing end for representation; however, the
umber of sulfate groups attached.

Figure 2. Percentage of desulfation (methanolysis) and peeling
reactions with respect to their reaction times. The completeness of
desulfation was calculated as the intensity of the total desulfated
peak (if more than one sulfate group is present) divided by the
intensity sum of all peaks corresponding to desulfation reaction,
including unreacted, partially-reacted, and final product. The
percentage of peeling reaction was then calculated with respect to
on o
etha
the percentage of final product.
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1419.4). The bar graphs shown in Figure 2 demonstrate
the efficiency of desulfation as well as the extent of
peeling reactions resulting from glycosidic bond cleav-
ages. A 1.2-nmol aliquot of the sample was allowed to
react, while MALDI mass spectrum of an aliquot of the
reaction mixture was acquired every 30 min for 2.5 h.
The observed peaks associated with the reaction in-
cluded a completely desulfated peak (m/z unit 1113.5), a
partially desulfated peak resulting from the loss of two
sulfate group (m/z unit 1215.4), a peak resulting from
glycosidic bond cleavage (m/z unit 1104.9), and certain
peaks originating from side reaction due to the meth-
anolysis of the dehydrated non-reducing end of the
standard oligosaccharides (m/z unit 1145.5 and 1247.4).
The side reaction peaks were observed at m/z unit
values higher than the expected products by 32 units,

Figure 3. MALDI-MS spectra of disulfated o
double-permethylation derivatization. The struct
the inserts of (a). Structures corresponding to pe
a loss of sulfate group, while the 49 Da shift cor
the nonreducing end methanolyzed (Figure 1b). T
by CD3 due to the treatment. M is the mas
double-permethylation. The peak marked with

product from the incomplete cleavage of sulfate grou
resulting from the inclusion of �OCH3 and �H as
illustrated in Figure 1b. This side reaction will not occur
in the case of natural animal glycans, which do not
possess epoxy functional group. Therefore, to better
assess the efficiency of desulfation reaction in the ab-
sence of the dehydrated structures, the reaction effi-
ciency was calculated by dividing the total intensity of
the completely desulfated peak (m/z unit 1113.5) and its
methanolyzed peak (m/z unit 1145.5) by the total inten-
sity of the above mentioned peaks observed in the
spectrum. Similarly, the extent of peeling reaction was
monitored by dividing the intensity of the peak result-
ing from glycosidic bond cleavage (m/z unit 1104.9) by
all the above mentioned peaks observed in the spec-
trum. Under the reaction conditions tested here, the
cleavage of the sulfate groups and the glycosidic bonds

accharide standards before (a) and after (b)
f the oligosaccharide standard used is shown in
(b) are listed in (c). The 102 Da shift represents

nding to the deuteromethylated molecule with
5 Da shift results from the substitution of NaSO3

native standard, while M= is the mass after
asterisk represents the deuteropermethylated
ligos
ure o

aks in
respo
he 8

s of
an
ps.
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occurred simultaneously, but with different reaction
efficiencies. Sulfate group cleavages proceeded at a
faster rate relative to the glycosidic bond cleavages.
Under the optimum conditions, effective desulfation
must be attained with minimal glycosidic bond cleav-
ages. Desulfation reaction reached 80% completion after
2.5 h, while the peeling reaction became significant after
2.5 h (Figure 2). Therefore, incubation of the analytes in
0.05 M methanol/HCl solution for 2 h at room temper-
Figure 3. Co
ature yielded maximum desulfated products with min-
imum glycosidic bond cleavages.

MALDI mass spectra of the disulfated oligosaccha-
ride standards subjected to double-permethylation are
depicted in Figure 3. As a result of the desulfation of
permethylated glycans and the deuteromethylation of
the desulfated moieties, the peaks due to sulfated
glycans were shifted to lower m/z unit values by n � 85
units, where n represents the number of sulfate groups.
ntinued.
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This 85 m/z unit shift originates from the conversion of
sodiated sulfate (NaSO3) to a deuteromethyl group
(CD3) as a result of methanolysis desulfation and deu-
teropermethylation of the desulfated moieties. Therefore,
the number of sulfate group associated with each glycan
structure can be determined by calculating the m/z unit
shift of the peaks observed in the permethylated and
doubly-permethylated spectra. The MALDI mass spec-
trum of permethylated disulfated oligosaccharide stan-
dard is depicted in Figure 3a, while their structures are
shown in Figure 3c. Although the MALDI ionization
process is considered to be mild, post-source decay (PSD)

Figure 4. MALDI-MS of permethylated (a) an
spot contains �50 pmol permethylated glycan
labeled in the spectrum, while other peaks corres
during methanolysis. A disulfated structure obs
peak due to the cleavage of terminal GalNAc is m
can be found in Table 1. Key to symbols: [open s

mannose, [filled triangle] fucose.
can also be observed for species containing labile bonds,
such as acidic glycans [13–15]. Consequently, the losses of
one and two sulfate groups are observed (m/z unit 867.4
and 765.5, respectively). The signal due to the ion origi-
nating from the loss of one sulfate group (m/z unit 867.4)
is almost as intense as that of the parent ion (m/z unit
969.4), while the peaks originating from the loss of two
sulfate groups are very weak (m/z unit 765.4).

Although no precursor ion of the disulfated perm-
ethylated oligosaccharide standard was observed after
double-permethylation (Figure 3b), desulfation was not
complete, as suggested by the detection of a peak at m/z

ubly-permethylated (b) bTSH N-glycans. Each
uctures of the identified sulfated glycans are
to a partial permethylation and peeling reaction
only after double-permethylation is framed. A

d with an asterisk. A summary of all mass shifts
e] GalNAc, [filled square] GlcNAc, [filled circle]
d do
s. Str
pond
erved
arke

quar
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unit 884.3 (M-1 � 85), corresponding to the loss of one
sulfate group and deuteromethylation. Nevertheless,
the most intense peak observed in the MALDI spectrum
of doubly-permethylated sample at m/z unit 799.4 corre-
sponds to the loss of two sulfate groups and the deu-
teromethylation of the desulfated sites (M-2 � 85). The
signals observed at m/z unit values of 848.4 and 933.4
(Figure 3b), are associated with dehydrated 3,6-anhydro-
galactose residue of the standard oligosaccharides de-
scribed above (Figure 1b). MALDI-MS spectra were
acquired between m/z unit values of 750 and 100 to
exclude the matrix cluster peaks. The spectra depicted
in Figure 3 were acquired using 100 pmol of disulfated
oligosaccharide standard. Moreover, the peak intensi-
ties observed after double-permethylation were compa-
rable to those observed after permethylation (data not
shown), thus indicating a minimum sample loss.

Structural Analysis of Glycans Released from
bTSH by Double-permethylation

Thus far, we have demonstrated the potential of this
double-permethylation protocol in the analysis of stan-
dard, linear sulfated glycans. The application of this
protocol to the analysis of N-glycans derived from glyco-

Table 1. Structure, observed m/z, and mass shifts for the glycan
samples. Bold and italicized contents highlight the observed stru

aAll ions including the sulfate groups are sodiated unless otherwise an
b
85Da is the mass difference between SO3Na and CD3.
Symbols: □ GalNAc, � GlcNAc, Mannose, Fucose
proteins is illustrated for bTSH. This glycoprotein is well-
characterized, containing mostly mono- and disulfated
glycan structures [32–34]. Therefore, it is a good model
glycoprotein to validate the double-permethylation proto-
col described above.

bTSH N-glycans were released and doubly-
permethylated as described above. After methanolysis,
two equal aliquots were subjected to permethylation and
deuteromethylation. These two aliquots were eventually
subjected to both MALDI-MS and MALDI-CID-MS
analyses. In the subsequent discussions, permethyl-
ated glycan will be referred to as P, permethylated-
desulfated-permethylated as PP, and permethylated-
desulfated-deuteromethylated as PD. MALDI mass
spectra were acquired using the N-glycans derived
from 5 �g (�100 pmol) bTSH.

As expected, the intensities of sulfated glycans mod-
erately increased upon double-permethylation (Figure
4), thus suggesting the effectiveness of our approach
and minimum sample loss. The observed signal also
suggests a minimum sample loss associated with the
chemical treatment. More importantly, a previously
absent disulfated glycan (framed structure, Figure 4b)
was observed before desulfation and deuteromethy-
lation (compare Figure 4a and b). The possibility that

ntified in permethylated (P) and doubly-permethylated (PD)
only after double-permethylation (second row)

ted.
s ide
cture

nota
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it is the defucosylated product of another specie (m/z
unit 2331.9) can be excluded as the corresponding
defucosylated peaks for other fucosylated structures
(m/z unit 2127.8, 1934.7) was not found. Additionally,
the defucosylated product of peak 2331.9 will be 3 Da
higher than the observed peak as a result of the
deuteropermethylation. Therefore, the detection of
this structure suggests an enhancement in the ioniza-
tion efficiency as a result of substituting the labile SO3

group with the more stable CD3 group. Moreover, it
also proves that the recovery of this treatment is
analytically satisfactory.

The cleavage of sulfate group appears to be analyti-
cally acceptable, since all the sulfated structures en-
dured an n � 85 m/z unit decrease, where n is repre-
senting the number of sulfate groups. Peaks originating

Figure 5. MALDI-MS spectra illustrating doub
permethylated (a) and doubly-permethylated
standard (m/z unit 2431.0). MALDI mass spectru
N-glycans spotted in equal amounts (c). A peak
with an asterisk (b) and internal standard is label

bTSH N-glycan relative to that of the internal standa
from the glycosidic bond cleavages were also observed;
however, these peaks were exclusively corresponding
to a cleavage of the sulfate-carrying monosaccharide.
Example of these peaks is the one observed at m/z unit
1797.7 (PD), corresponding to biantennary monosul-
fated compound (m/z unit 2042.7 (PD)) with a cleaved
terminal GalNAc (peak marked with asterisk, Figure 4b).
However, the intensities of these signals were relatively
weak. In addition, fucose moieties attached to the struc-
ture were intact, avoiding any possible confusion be-
tween fucosylated and sulfated structure since fucose
attachment appears to be stable under the reaction
condition [38]. Similarly, the sialic acid is also stable
under the room temperature and mild acid conditions
used here [27]. Therefore, the reaction condition de-
scribed here has high specificity for sulfated structures.

methylation efficiency. MALDI mass spectra of
bTSH N-glycans analyzed using an internal
permethylated and doubly permethylated bTSH
to the cleavage of terminal GalNAc is marked
STD. Table 2 summarizes the intensities of each
le per
(b)

m of
due

ed as

rd (m/z unit 2431.0).
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The number of sulfate groups associated with each
glycan was determined using the aforementioned cal-
culation. The results were also confirmed by observing
an n � 3 m/z unit shift, when comparing PP and PD
spectra (data not shown). The major glycans observed
in the spectra depicted in Figure 4 were consistent
with the structures previously reported [31–33]. The
monosaccharide structures are adapted from Baen-
ziger et al. [32]. The different sulfated structures and
their corresponding m/z unit values are summarized
in Table 1.

Evaluation of Signal Enhancement After
Double-permethylation

To quantitatively evaluate the efficiency of our meth-
odology, a sialylated complex-type N-glycan was used
as an internal standard. The internal standard is perm-
ethylated and spotted with equal amount of P and PD
bTSH N-glycan as shown in Figure 5a and b, respec-
tively. The internal standard was observed as an intense
peak at m/z unit 2431.0, the intensity of which was used
for determining the efficiency of our approach. As
depicted in Figure 5a and b, doubly-permethylated
bTSH N-glycans showed higher intensities than that of
permethylated glycans relative to the internal standard.

Table 2. Intensities of permethylated (P) and doubly-permethyl
standard (m/z 2431.0)

Structure (P) Relative intensity Str

0.3

0.2

1.8

0.1

1.2

1.9

0.05

0.1
The intensity of each structure relative to that of the
internal standard is listed in Table 2. The enhancement
factor of double-permethylation is calculated by divid-
ing the relative intensities of PD glycans with that of the
P glycans. The intensities of monosulfated structures were
approximately enhanced between 3.2 to 5 times as a result
of the derivatization. The enhancement was more pro-
nounced in the case of disulfated structures reaching a
factor of 20. This is expected since polysulfated struc-
tures are more prone to in-source and post-source
fragmentations as well as week ionization in MALDI
positive-ion mode MS. The described derivatization
approach allowed species with higher sulfation states to
better ionize with minimum in-source and post-source
fragmentations.

MALDI-CID Spectra of Biantennary
Monosulfated Glycans

The position of sulfate groups can be determined by
comparing MALDI-CID-MS spectra of PP and PD sam-
ples. The difference between the two precursor ions is
n � 3 m/z units. This difference is also observed for all
product ions possessing the sulfation sites. Therefore,
the site of sulfation can be potentially determined by
comparing PP and PD CID-MS spectra. This is illus-

(PD) bTSH N-glycans relative to the intensity of the internal

re (PD) Relative intensity Enhancement factor

1.0 3.3

0.7 3.5

5.7 3.2

0.5 5.0

4.0 3.3

6.7 3.5

1.0 20

1.7 17
ated

uctu
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trated for a bi-antennary monosulfated glycan. The
peak annotations of CID spectra follows the nomencla-
ture proposed by Domon and Costello [39].

The m/z unit values of the two precursors depicted in
Figure 6a (m/z unit 1865.2) and Figure 6b (m/z unit
1868.1) differ by 3 m/z units, suggesting the presence of
a single sulfate group. Fragments representing a glyco-
sidic bond dissociation (B, Y and C, Z ions) were the
most abundant features, while some cross-ring frag-
mentations (A and X ions) were also observed, but only
at lower abundances (Figure 6). A complete B and Y ion
series were observed on the � antenna (longest an-
tenna), while only Y3� ion originating from the �
antenna (theoretical m/z unit 1443.7) was observed at
m/z unit values of 1444.0 in the case of PP product ion
(Figure 6a), and 1447.0 in the case of PD product ion
(Figure 6b). The fragments containing the sulfate-carrying
structure appeared at 3 m/z units higher (framed struc-

Figure 6. MS/MS (CID) spectra of (a) permet
deuteromethylated (PD) mono-sulfated glycan f
difference) are framed. The position of CD3 (sulf
HexNAc. All ions including the sulfate groups
tures, Figure 6). Therefore, B, Y and C, Z fragments on �
antenna all carry the same m/z unit, while those on �
antenna and core were observed at 3 m/z unit higher. The
Y5�fragment with a theoretical m/z unit of 1606.8 Da was
observed at m/z unit values of 1607.3 Da (PP) and 1607.4
Da (PD) in Figure 6a and b, respectively. Elucidation of the
sulfate position on the sugar ring requires cross-ring
fragmentation on the terminal galactose possessing a
sulfate group. Unfortunately, cross-ring fragmentation,
especially on the non-reducing end of a glycan structure
[40, 41] is usually very difficult to observe due to the
high-energy requirement and stereo confinement [39, 42,
43]. By optimizing the CID gas pressure, the cross-ring
fragmentation was enhanced to a certain extent. Three
cross-ring fragments on the terminal galactose residue
(Gal) were observed, including 0,4X5� (theoretical m/z unit
1791.9, observed m/z unit 1791.5 (PP and PD)) and an
internal fragment C5

2,4X5� (theoretical m/z unit 662.3, ob-
served m/z unit 662.6 (PP and PD)). Detection of these

ed-permethylated (PP) and (b) permethylated-
bTSH. All diagnostic ions for sulfate (with 3 Da
an be assigned to the 3 or 4 position of terminal
diated unless otherwise annotated.
hylat
rom
ate) c
fragments allows the assignment of sulfate at either 3 or 4
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position on the sugar ring. However, unambiguous as-
signment requires a cross-ring fragmentation, involving
the breakage of C–C at position 3, which was not observed
under the current experimental conditions. Similarly, sul-
fate group can only be assigned to two possible positions
according to the cross-ring fragmentations on all other
structures. However, the sulfate-carrying monosacchar-
ides were unambiguously determined for all compounds,
being consistent with the published data [31, 32].

The determined structure and diagnostic ions for the
major bTSH glycans are summarized in Table 3. Typi-
cally, abundant B and Y ions are used to locate the
sulfate-carrying monosaccharide, while X ions are used
to determine the position on the sugar ring. Interest-
ingly, a peak at 2157.8 Da (PP), which corresponds to a
biantennary disulfated structure, was observed only in
the doubly-permethylated sample spectra, but not in
the only permethylated sample spectra. This confirms
again that the ionization is enhanced after the removal
of a sulfate group, while the suppressed peaks re-
appeared after double-permethylation. This result also
suggests that double-permethylation can be used to

Table 3. Structure, m/z values, and diagnostic ions for identified

aAll ions including the sulfate groups are sodiated unless otherwise an
bThe 32 Da loss corresponds to the neutral loss of a CH3OH group.
detect otherwise suppressed sulfated glycans.
Conclusions

Double-permethylation enables structural analysis of
sulfated glycans in the positive-ion MS mode by substi-
tuting sulfate groups with deuteromethyl groups. It al-
lows the determination of sulfate numbers as well as their
positions on a glycan. The number of sulfate groups is
easily deduced by calculating the mass shift between the
permethylated spectra and doubly-permethylated
spectra. The position of sulfate groups, on the other
hand, can be determined by comparing the CID
spectra of PP and PD doubly-permethylated sample.
Ionization as well as fragmentation, including cross-
ring fragmentation, has also been enhanced through
this treatment. As a result, the otherwise suppressed
sulfated glycans can be recovered to allow their
structural determination. Sample loss due to desulfa-
tion reaction is minimal, while all the peaks resulting
from the peeling reactions can be excluded by the n �
85 m/z unit mass-shift requirement. As all analyses
can be carried out in the positive-ion mode MS, a
simultaneous abundance comparison and structural

pounds

ted.
com
determination of sulfated, sialylated, and neutral
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structures become possible. Applications of this
method to the comparative studies of the role of
sulfated glycans in health and disease are currently
being pursued in our laboratory.
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