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Abstract
Glycosaminoglycans (GAGs) are carbohydrate polyionic polymers that participate in a host of critically important biological
processes. A significant difficulty in the comprehensive structural characterization of GAGs is the determination of specific
sulfation position isomers. We chose to circumvent sulfate lability by its liberation followed by specific isotope exchange that
makes it amenable to methylation, collisional induced dissociation, and MSn disassembly for a detailed structural characteriza-
tion. A set of chemistries that include sulfate release, isotopic (CD3– and CD3–CO–) replacement, and methylation have been
modified to yield a stable product ideal for sequencing by MSn. Disassembly of these samples provides a detailed read-out of
sequence inclusive of all sulfation sites. As documenting steps, we applied these chemical modifications to a series of disaccha-
rides and a synthetic GAG pentamer, Arixtra®. Upon disassembly, glycosidic and cross-ring cleavages define the monomer
composition including individual sulfation positions. The N- and O-sulfates are differentiated by deuterium-containing mass
compositions. The uronic methylesters do not significantly alter the fragmentation patterns. A fragment library of these products
is being assembled as an adjunct to our larger fragment library, some 15 years in the making.
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Introduction

Glycosylation is one of the most common protein post-
translational modifications. Sulfation modifications of glycans
playmany roles in a diverse range of biological events. Sulfated
glycans are related to HIV infection [1], neurological diseases
[2], and cancer [3]. Sulfation can be found in various types of
glycans, such as N-linked glycans, O-linked glycans, and gly-
cosaminoglycans (GAGs). Both free GAGs and their com-
plexes with proteins are widely known as components of dif-
ferent cells, tissues, and organs. They contribute to a wide va-
riety of biological processes. These linear polysaccharides are
highly anionic, widely dispersed with variations in sulfation

and hexuronic acid epimerization. The stereochemistry of the
hexuronic acid residues of the structure of GAGs is a key fea-
ture that affects their interactions with proteins and other bio-
logical functions [4–7]. Their acidity and isomeric properties of
GAG oligomers make structural characterization challenging.

Heparin is a common GAG and a century has passed since
its discovery in 1916, but understanding its fine structure still
remains a challenge. Heparan sulfate (HS) shares the basic
structure with heparin, differing in the extent of modifications.
Most common in heparin, hexuronic acid residues are 2-O-
sulfated iduronic acid (IdoA) and glucosamine (GlcN) resi-
dues that are sulfated at the N and 6-O positions. HS has a
lower degree of sulfation but more variations in sulfation and
epimerization within each residue. Recent data suggests that
unfractionated heparin (UFH) and low molecular weight hep-
arins (LMWHs), in addition to their anticoagulant activation,
also have an anticancer effect [5].

Current preparations of commercial-grade heparin are ani-
mal products. The indigenous variabilities as well as animal
diets and breed are all reported to have an influence on struc-
tural detail [8]. To reduce this natural complexity, samples are
frequently depolymerized chemically or enzymatically. These
products are then fractionated by combinations of size, charge,
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or polarity to LMWHs which are prepared in just this manner.
Whether one can show unity in a set of structures remains an
open question. Chemical synthesis is considered as an alter-
native approach for preparing heparin. Arixtra® is an excellent
pentasaccharide example that duplicates the natural ATIII
binding to heparin. Chemical synthesis of other heparin olig-
omers is under pursuit.

As a result to the transparency of isomers to mass mea-
surement and the chemical lability of sulfate groups,
heparin-related structures remain challenging to character-
ize. Hexuronic acid introduces epimers (glucuronic acid/
iduronic acid) that bring additional structural variability.
However, mass spectrometry (MS) and nuclear magnetic
resonance (NMR) are both powerful analytical techniques
as both are sensitive to subtle structural differences.
Instrumental differences are that NMR is more salt toler-
ant but requires larger sample amounts; purity is essential.
Also, it is frequently necessary to have molecular weight
and MS fragmentation information for approaching com-
plex samples. In contrast, MS suffers from loss of sulfates
during activation analyses and variable positioned coun-
terions introduce further mass variations. Data interpreta-
tion from both MS and NMR is most frequently handled
by experts.

Tandem mass spectrometry using collisional induced
dissociation (CID) produces glycosidic and cross-ring
fragmentations that are useful for localizing sites of sul-
fate groups in GAG oligosaccharides. The fragmentation
pattern of GAGs using CID-MS/MS is dependent on the
charge state of the molecular ion and the ions pairing
the sulfate negative charge [9]. However, loss of sul-
fates accompanies many peaks and complicates the
resulting tandem mass spectra. The higher charge state
of the molecular ions has shown improvement for min-
imizing sulfate loss, in the meantime, maximizing gly-
cosidic bond cleavages [9, 10]. In addition, CID prefer-
ably breaks the most labile glycosidic bonds; therefore,
the structural information is often limited by only
performing a single-stage fragmentation. However, the
charge–charge repulsion limits the ability to achieve a
higher charge state that can produce sufficient intensity
for CID-MS/MS. In addition, epimer-specific fragments
[11] produced by tandem mass spectrometry of native
GAG oligosaccharides have been studied intensively, as
well as a fully synthetic pentasaccharide Arixtra [12].
Exchanging H+ with metal cations such as Na+ or
Ca2+ has been shown to stabilize sulfate groups and
enhance the formation of more structurally informative
ions [9, 11–14]. Structures as well as abundance mea-
surements of B and Y fragment ions are often resolved
by statistical methods [15], but most CID studies appear
to have utilized too high energy and short reaction
times before mass extraction and measurement, resulting

in abundant B and Y fragments. Such conditions fail to
allow the critical time required to form cross-ring frag-
ments that make up the isomeric linkage ions. To fur-
ther make tandem mass spectrometry effective for struc-
tural characterization of GAGs, other fragmentation
methods such as electron detachment dissociation
(EDD) [16–19] and electron transfer dissociation
(ETD) [20–22] have been applied to generate more gly-
cosidic as well as cross-ring cleavages to identify the
location of sulfate groups. Such operating parameters
show promise for detailed structural information on na-
tive GAG oligomers; however, prudent selection of pre-
cursor ions and statistical comparison of fragment ions
suggests critical challenges for de novo structural
elucidation.

Hyphenated MSn-based methods, such as LC-MSn, of-
fer an approach with considerable information to under-
stand sulfation patterns and uronic acid epimerization
[23–26]. In addition, capillary electrophoresis mass spec-
trometry (CE-MS)-based separation using negative mode
electrospray ionization provides shorter time and higher
resolution for heparin oligosaccharides [27]. Ion mobility
mass spectrometry in combination with MSn has been
used for isomer separation and structural characterization
of chondroitin sulfate oligosaccharides [28]. Most recent-
ly, MSn has been coupled to infrared ion spectroscopy to
distinguish GalNAc4S and GalNAc6S [29]. As GAG
chain length increases, the subtle differences in sulfation
isomers are difficult to separate using liquid chromatogra-
phy. Attempts to improve peak resolution with different
chemical derivatizations result in variations in retention
times and mass spectral patterns. This makes it unlikely
for instrument-independent data sharing between labs. A
universal protocol capable of detailing subtle structures
would be in high demand.

The permethylation step improves and enhances MS
ionization and fragmentation. Methylation prior to analy-
sis leads to increases in signal and cross-ring cleavages
upon collisional disassembly. Activation of permethylated
ions by gas collisions and detailing products by repetitive
steps (MSn) of disassembly provides innate control that
introduces a sequencing strategy most successful for gly-
cans of proteins and lipids [30–35]. The application of
this technology to GAGs would be expected to proceed
along comparable lines providing disassembled products
suitable to consider reversibly as a sequence technology.
MSn creates a tractable pathway to pursue these structural
details and has been successfully applied for the determi-
nation of structural isomers of N-linked and O-linked gly-
cans [33–37]. The complexity of GAG structures includes
intact chain composition, oligosaccharide composition, di-
saccharide composition, and uronic acid composition. For
a number of years, we have shown ion trap mass
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spectrometry to be the most effective MS strategy for
precision sequencing of oligosaccharide structures. It is
controlled by indigenous chemical disassembly and the
MSn fragmentation pattern is instrument platform inde-
pendent and highly reproducible. In our extensive experi-
ence, variation of collision energy in CID does not affect
the relative intensity among product ions. This leads to
establishment of a documented MSn library of mass spec-
tra generated from known structures. Spectra matching
compares user-generated CID mass spectrum to previous-
ly collected mass spectral data in the library. This tool
enables outside users who do not have the expertise to
easily apply MSn for glycan sequencing and structure
determination.

To adapt MSn for GAG sequencing, a universal method
is needed to supply structural information of monosaccha-
ride composition in terms of uronic acid epimerization, N-
glucosamine and O-sulfation pattern, and the sequence of
these residues along the chains. The present work intro-
duces a series of selective chemical steps that includes
sulfate release, isotopic (CD3– and CD3–CO–) replace-
ment, and methylation that yields a stable product ideal
for sequencing by MSn. Resulting MSn fragmentation pat-
terns have proven to be independent of instrument plat-
form and isotopic label modification. Given the wide
availability of ion-trap instruments and the growing num-
ber of glycoanalysts who permethylate their samples, this
would have great benefit to the application of MSn be-
tween various glycomics facilities by data sharing rather
than each facility building their own libraries.

Materials and methods

Materials

Heparin/heparan sulfate disaccharide standards were pur-
chased from V-laboratories, Inc. (Covington, LA, USA)
and were used without further purification. Unsaturated
heparin/heparan sulfate disaccharide standards are pro-
duced from enzymatic digestion and sold in the form
of their sodium salts. D2A0 is the minor product of
the action of heparinase II on heparin. D0A6 is the
product of the action of heparinases II and III on hep-
arin and heparin sulfate.

Arixtra®, fondaparinux sodium, was produced by
GlaxoSmithKline (Brentford, Middlesex, UK). PD MidiTrap
G-10 desalting columns were purchased from GE healthcare
(Piscataway, NJ, USA). All other reagents were from Sigma-
Aldrich (Milwaukee, WI, USA). C18 Sep-Pak cartridges were
fromWaters (Franklin,MA, USA). For convenience, Arixtra®
is abbreviated as Arixtra in the text [38].

Desalting

Arixtra contains around 23mg sodium salts in 0.5mL solution of
each dose. Conversion of this sample to its triethylammonium
(TEA) salt is not very efficient owing to the high sodium content.
Incomplete conversion of TEA salts will reduce its solubility in
dimethyl sulfoxide (DMSO), thus affecting following sample
preparation steps. Therefore, a desalting step is added to clean
up the sample prior to ion exchange.

PDMidiTrap G-10 columns are pre-packed with Sephadex
G-10, which is a gel filtration medium prepared by
crosslinking dextran with epichlorohydrin. Sephadex G-10
has an exclusion limit of greater than 700 molecular weight.
Because its separationmechanism is based on size differences,
any species have a molecular weight smaller than 700 will be
retained in the column. Fluid flow through the column was
accomplished using gravity only. Water was used as equilibra-
tion buffer. The column was equilibrated with 20 mL water.
The flow-through was discarded. Then, 0.4 mL of 1 mg/mL
Arixtra was applied to the column.Water was added to reach a
total volume of 1.6 mL. The flow-through was collected as the
first flow. Then Arixtra was eluted with 1.6 mL water and
collected as the second flow or sample flow. All the flow-
through was lyophilized [38].

Chemical derivatization

Permethylation with methyl iodide

Heparin/heparan sulfate disaccharides The heparin disaccha-
rides were permethylated using methyl iodide following the
method described by Heiss et al. [39] without further
modification.

Synthetic heparin pentasaccharide, Arixtra To increase its sol-
ubility in DMSO, the desalted Arixtra was passed through a
self-packed cation-exchange column with Dowex 50Wx8 res-
in to generate TEA salts. The dried TEA salts were completely
dissolved in 400 μL of DMSO and 400 μL of anhydrous
suspension of 200 μg/μL sodium hydroxide in DSMO [40],
followed by 400 μL of iodomethane. The permethylation was
performed at room temperature by vortex for 5 min and then
sonication for 25 min. The reaction was quenched by adding
2 mL of ion pairing buffer (100 mM triethylamine, pH adjust-
ed to 7 with conc. acetic acid).

The reaction mixture was sparged with nitrogen to remove
excess iodomethane before G-10 column cleanup.
Equilibration buffer was 30% acetonitrile/water. The column
was equilibrated with 20 mL buffer. The flow-through was
discarded. The dried reaction mixture was re-suspended in
600 μL 30% acetonitrile/water. Then the solution was applied
to the column. Equilibration buffer was added to reach a total
volume of 1.5 mL. The flow-through was collected as the first
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flow. Then permethylated Arixtra was eluted with 1.7 mL
equilibration buffer and collected as the second flow or sample
flow. The sample flow was lyophilized.

Solvolytic desulfation

The dried permethylated product was completely dissolved in
400 μL of 50% methanol/water, then loaded onto a cation-
exchange column in H+ form. The IE column was flushed
with 5 mL of 50% methanol/water, then 1 mL pyridine was
added to the solution, followed by lyophilization.

The dried pyridinium salts were re-suspended in 100 μL of
10% methanol/DMSO and incubated at 100 °C for 6 h to
remove the sulfates [41], followed by lyophilization.

N-Acetylation with acetic anhydride-d6

The dried desulfated product was re-suspended in 500 μL of
ammonium carbonate in 30% acetonitrile/water and 1250 μL
of acetic anhydride or acetic anhydride-d6, and incubated at
room temperature overnight, followed by lyophilization [42].
This step was intended to prevent formation of a permanent
positive charge on free glucosamine (generated from
desulfation) during the 2nd permethylation step.

Permethylation with deutero methyl iodide

The 2nd permethylation was performed using a spin column
procedure, but instead of iodomethane, iodomethane-d3
was used to replace acetyl groups on O-sulfates. A spin
column (Harvard Apparatus) was packed with sodium hy-
droxide beads to about 3 cm depth. The packed column was
rinsed with acetonitrile once, then DMSO twice. Sample
was dissolved in 141.6 μL DMSO, 52.8 μL iodomethane-
d3, and 0.9 μL water. Then the mixture was applied to the
column to react for 15 min. The reaction mixture was col-
lected by spinning the column at 2000 rpm for 2 min. Then,
70 μL DMSO and 26 μL iodomethane-d3 were added to the
sample tube, and transferred to the spin column. The col-
umn was spun at 2000 rpm for 2 min to collect all sample.
After that, 60 μL iodomethane-d3 was added to the reaction
mixture and re-applied to the column to repeat the reaction
for another 15 min. After reaction, the total reaction mixture
was collected by spinning the column at 4000 rpm for 2min.
The mixture was transferred to a test tube containing one
aliquot of chloroform and one aliquot of 10% acetic
acid/water. At least five water washes of the sample layer
(organic layer) were performed during the liquid–liquid ex-
traction cleanup. The sample layer was dried for later ESI-
IT-MSn analysis [38].

Glycan analysis

The fully derivatized Arixtra was cleaned up with RP-LC/
MS. Reversed-phase liquid chromatography (RPLC) was
performed on a Thermo VelosPro mass spectrometer with
a Thermo Surveyor MS pump and Thermo Surveyor
autosampler. Separation was carried out on a BDS
HYPERSIL C18 column (Thermo), 2.1 mm × 150 mm,
3 μm. Mobile phase A was 25 μM sodium acetate pre-
pared with HPLC-grade water. Mobile phase B was ace-
tonitrile. A linear gradient of mobile phase B from 25% to
55% over 36 min was used, with a flow rate of 200 μL/
min. Online positive ion MS profiles were obtained from
a VelosPro (Thermo Fisher Scientific, Waltham, MA)
equipped with an electrospray ion source. The capillary
temperature was 375 °C. The collision energy was set as
35% normalized collision energy.

Fractions collected from RP-LC/MS were dissolved in
50% (v/v) methanol/water before direct infusion analysis on
a Thermo LTQ or Thermo VelosPro equipped with a TriVersa
Nanomate nanoelectrospray ion source (Advion, Ithaca, NY).
MSn spectra were obtained from this chip-based nanoESI in-
terface by direct infusion ESI ion trapping.

MSn spectra were obtained with either Thermo LTQ or
VelosPro equipped with a nanospray ESI source (Thermo Fisher
Scientific, Waltham, MA). Details are noted in specific figures.

Results and discussion

Resolving isomeric structures for heparin
disaccharides

D2A0 and D0A6 are heparin-derived disaccharide standards.
They are structural isomers. D2A0 has 2-O-sulfation at unsat-
urated uronic acid (ΔUA) residues while D0A6 has 6-O-
sulfation at glucosamine (GlcN) residues. After chemical deriv-
atization, all available protons are exchanged with methyl
groups and sulfo groups are converted to methyl-d3 groups.
With this isotopic label, sulfated disaccharide derivatives weigh
3 Da heavier than non-sulfated disaccharide derivatives.

At MS3 level (m/z 506–359), fragments at m/z 255, m/z 271,
andm/z 285 (Fig. 1b) are 3Da heavier than fragments atm/z 252,
m/z 268, and m/z 282, respectively (Fig. 1a). This 3-Da mass
difference indicates that D0A6 has a sulfation at the GlcN resi-
due. As a consequence of observing fragments at m/z 285 and
m/z 255, this sulfation is at the 6-O position.

In the meantime, there is no sulfation at the GlcN residue of
D2A0. At the MS3 level, fragments at m/z 255, m/z 271, and
m/z 285 (Fig. 1b) and fragments at m/z 252, m/z 268, and m/z
282 (Fig. 1a) are generated from the same parent ion atm/z 359.
Therefore, the sulfo group of D2A0 is at the 2-O position of the
unsaturated ΔUA residue.
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Chemical derivatization of synthetic heparin
pentasaccharide, Arixtra

Isotopic replacement of N- and O-sulfates

As a key point of adapting GAGs to MSn analysis, isotopic
(CD3– and CD3–CO–) replacement provided mass shifts to
label the sulfation positions. As shown in Fig. 2, all available
protons were exchanged with methyl groups by performing
permethylation with methyl iodide. This permethylation was
named as 1st permethylation. To distinguish the sulfation po-
sition from non-sulfation position, particularly for O-sulfates,
all the sulfates have been removed by solvolytic desulfation.
After derivatization, N-sulfates were converted to N-acetyl
groups (CD3–CO–N–R) while O-sulfates were converted to
methyl esters (CD3–O–R). With this specific isotopic replace-
ment, sulfation sites have been localized for MSn analysis.

As an important component of derivatization,
permethylation contributes significantly to MS-based
structural analysis. However, permethylation of sulfated
glycans are very difficult because of the insolubility of
very polar glycans in DMSO. Arixtra is a highly sulfated

synthetic pentasaccharide. To make it soluble, desalted
Arixtra was passed through a cation exchange column to
generate its TEA salts [43]. This effort is remarkable for
ini t iat ion of the derivat ization process. The 1st
permethylation was performed using a modified protocol
from heparin disaccharide standards [39]. The complete-
ness of permethylation is related to many factors, such as
solubility in DMSO, NaOH concentration in DMSO,
quenching solution, and reaction time. Upon investiga-
tion, the best conditions are summarized in the sample
preparation section. After the reaction, the mixture was
cleaned up using the G-10 desalting column (molecular
weight cutoff of 700 Da) instead of a C18 column to get
maximum recovery of both complete and incomplete
permethylation products.

After the 1st permethylation, non-sulfation positions
were masked with methyl groups except where a sulfated
am i n e r e s i d u e c o n t a i n s a 3 - O - s u l f a t e . A n
undermethylation site was found at sulfated glucosamine
residues containing 3-O-sulfation with Arixtra. This phe-
nomenon is consistent with previous studies of
permethylated Arixtra-like oligomers [12] and NMR

Fig. 1 A simple identification of isomeric structures usingMSnAnalysis.
Spectra were acquired by Thermo LTQ. Native unsaturated heparin
disaccharide standards (D2A0 and D0A6) were chemically derivatized

to convert O-sulfates to O-CD3 groups. a MS3 spectra of derivatized
D2A0. b MS3 spectra of derivatized D0A6
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s t ud i e s o f A r i x t r a [ 44 ] . The po s i t i on o f t h e
undermethylation site was followed up after desulfation,
via acetylation as well as deutero permethylation. The
traceable mass shift after each derivatization step con-
firmed the presence of one undermethylated position.

MS n a n a l y s i s w a s p e r f o rm e d t o l o c a t e t h e
underpermethylation site. Another problem found with
permethylation was saponification of uronic acids.
Owing to the presence of NaOH, permethylation was per-
formed under strongly basic conditions. Arixtra has two

Fig. 2 Experimental workflow
adapting GAGs to MSn analysis.
To enhance DMSO solubility, the
sample was passed through a
cation exchange column to
prepare the TEA salt, followed by
CH3I methylation. After removal
of sulfates, N-acetylation, and
CD3I remethylation, the N-
sulfates were converted to CD3–
CO–N groups and O-sulfates
were converted to O-CD3 groups
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uronic acid residues; thus, saponification of carboxyl es-
ters happened when the pH is basic. As the acidity of
quenching solution increased, saponification side products

were gradually reduced. Other possible side products are
summarized in ESM Table S3 and Fig. S1.
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Fig. 3 Identification of sulfation sites. a No isotopic label, MS4 m/z
1240–745–546; b Isotopic label on N-sulfates, MS4 m/z 1249–751–
549; c Isotopic label on O-sulfates, MS4 m/z 1264–766–555; d Isotopic

label on O- and N-sulfates, MS4 m/z 1273–769–558. Spectra were ac-
quired by Thermo VelosPro



After permethylation, sulfo groups were chemically re-
leased by solvolytic desulfation. Permethylated Arixtra was
converted to its pyridinium salt before solvolysis.
Incomplete desulfation was found at the 3-O position or 2-
O-sulfoiduronic acid (ESM Fig. S3).

After release of sulfates, Arixtra was acetylated with
acetic anhydride-d6. This step served two purposes: to
label the N-sulfated position and to prevent formation of
a permanent positive charge on the free amino group in
the next permethylation step. N-sulfates have been re-
p l a ced by N-deu t e r o ac e t y l g r oup s . The 2nd
permethylation was carried out in a spin column with
methyl iodide-d3 to label O-sulfated positions. This sec-
ond methylation step is critical for CID-MSn disassembly.
In the process of acetylation, the free hydroxyl groups
produced by liberation of O-sulfates were partially acety-
lated under the conditions of N-acetylation. Complete
acetylation of all sulfo groups is achievable under more
harsh conditions, which is desirable for reversed-phase
chromatography to get better separation of isomeric struc-
tures. However, the O-acetyl bond is very labile and
cleaved easily during CID (shown in ESM Fig. S6). And
the position of loss is not predictable. This significantly
hinders the adoption of MSn for identification of sulfation
positions. Therefore, the follow-up methylation step to
replace O-acetyl with a more stable O-methyl is necessary
to generate reproducible MSn fragmentation. After deriv-
atization, sulfation positions were replaced with isotopi-
cally labeled sites, followed by multistage spatial disas-
sembly to reveal all structural details.

Yield estimation of Arixtra is particularly challenging
as a result of the absence of a chromophore. Before re-
moval of sulfates, the yield (ion exchange with TEA and
permethylation) was estimated on the basis of peak area
of total ion chromatogram (TIC) of ion pairing reversed-
phase liquid chromatography coupled with mass spec-
trometry (IP-RP-LC/MS). Using peak area of TIC is con-
sidered a semi-quantitative way to calculate the yield. In
this case, Arixtra or permethylated Arixtra was not detect-
ed as a single molecular ion. Its MS profile comprised
various adducts of ion pairing agent and sulfate loss prod-
ucts (shown in ESM Fig. S1). A major side product of
permethylation was an elimination of O-sulfate. The yield
before desulfation was estimated to be less than 50%.
After removal of sulfates, the yield was estimated on th
basis of relative peak abundance. Yield of solvolytic
desulfation was estimated to be less than 60% (shown in
ESM Fig. S7). The overall yield of this derivatization
protocol was estimated to be less than 30% considering
these two major side reactions.

If the fully derivatized product ion is observable in MS
profile, inevitable sample loss during each step is acceptable
for MSn structural analysis.

Identification of sulfation sites

To verify sulfation positions, different combinations of
isotopic labels were applied to Arixtra in chemical de-
rivatization processes, including two permethylation
steps. The first permethylation step was to block non-
sulfated positions; the second permethylation was to la-
bel O-sulfate positions. In addition, N-sulfates were la-
beled using acetic anhydride-d6 during N-acetylation. At
MS4 level, fragment ion at m/z 287 was observed in
both Fig. 3a and b. This ion indicated that only the
N-sulfo group was isotopically labeled. From Fig. 3a
to b, the rest of fragment ions were shifted by 3 Da.
This verified that only one N-sulfo group was present in
the precursor ion. As an example, fragment ion at m/z
285 in Fig. 3b was 3 Da heavier than fragment ion at
m/z 282 in Fig. 3a. This was used to confirm that N-
sulfation was present at the rightmost monosaccharide
sequence. Note that when performing the second
permethylation with methyl iodide-d3, transesterification
was observed at uronic acids. Consequently, one addi-
tional deutero methyl group was found at the uronic
acid position. However, the uronic methyl esters did
not significantly alter the fragmentation patterns.
Comparing to Fig. 3a, fragment ion at m/z 293 was
6 Da heavier than the ion at m/z 287 in Fig. 3c, corre-
sponding to two isotopic labels. Comparing to fragment
ions at m/z 331 and m/z 449 of Fig. 3b, fragment ions
from cross-ring cleavage (m/z 331 and m/z 455) con-
firmed that one isotopic label was on a uronic methyl
ester and the other one was at the 2-O position. When
all the sulfation positions were labeled as seen in Fig.
3d, fragment ion at m/z 288 verified 6-O-sulfation.

MSn structural details of Arixtra

Positive MSn spectra were obtained from the VelosPro
equipped with TriVersa Nanomate Advion. After remov-
al of sulfates, Arixtra was acetylated with acetic anhy-
dride-d6, then permethylated with CD3I. Positive MSn

analyses were performed to fully derivatized Arixtra
(profiles were included in ESM Fig. S4). At MS2 level
(Fig. 4a), the molecule broke into two parts as a result
of glycosidic bond cleavage between saccharide #2 and
#3. C2 and Z2, B3 and Y3 ions represented fragments

Fig. 4 Identification of Arixtra sulfation patterns, MSn details. After
removal of sulfates, Arixtra was acetylated with acetic anhydride-d6,
then remethylated with CD3I. Positive MSn analyses were performed to
fully derivatized Arixtra. a MS2 m/z 1273; b MS3 m/z 1273–766; c MS4

m/z 1273–766–527; d MS3 m/z 1273–530. Spectra were acquired on
Thermo VelosPro
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from glycosidic bond cleavages. At MS3 level (Fig. 4b)
of B3 ion at m/z 766, glycosidic cleavage between glu-
curonic acid residue #2 and GlcNS residue #1 resulted
in fragments at m/z 501 and m/z 483. C3 ion at m/z 527
was the glycosidic cleavage between glucuronic acid
residue #2 and 3-O-sulfated GlcNS residue #3.
Another dominant fragment ion at m/z 600 was the
3,5-cross-ring cleavage at the 3-O-sulfated GlcNS resi-
due #3. The other cross-ring cleavage resulted in frag-
ment at m/z 336, which was the 3,5-cross-ring cleavage
at glucuronic acid residue #2. In MS4 (Fig. 4c) of C3

ion at m/z 527, fragment ions at m/z 262 and m/z 288
were the glycosidic cleavages between glucuronic acid
residue #2 and GlcNS residue #1. Loss of deuterated
carboxylic acid group glucuronic acid residue #2 and
one MeOH resulted in fragments at m/z 464 and m/z
495, respectively. At MS3 level (Fig. 4d) of Y3 ion at
m/z 530, fragment ions at m/z 306 and m/z 265 were the
glycosidic cleavages between iduronic acid residue#4
and GlcNS residue #5. Loss of deuterated carboxylic
acid group at iduronic acid residue#4 and one MeOH

resulted in fragments at m/z 467 and m/z 498, respec-
tively. In MS4 spectrum (Fig. 4c) of C3 ion at m/z 527,
fragment ion at m/z 288 suggested that there was one
sulfo group at the 6-O-position of GlcNS residue #1.
Fragment ions at m/z 336 and m/z 600 at MS3 level
of B3 ion at m/z 766 indicated 3-O-sulfation and 6-O-
sulfation of the GlcNS residue #3, respectively.
Fragment ion at m/z 265 at MS3 level of Y3 ion at
m/z 530 suggested that one sulfo group was present at
the 2-O position of the iduronic acid residue #4. In the
meantime, fragment ion at m/z 306 suggested that 6-O-
sulfation was present at GlcNS residue #1.

Spectral fidelity was observed with all sample types in a
large cross selection of samples run under comparable con-
ditions, including synthetic and natural samples and even
MS2 in triple quadrupoles. In this study, spectra were ac-
quired by Thermo LTQ and Thermo VelosPro. As shown in
Fig. 5, the fragmentation pattern was very similar between
the two ion traps. This favorable comparison suggests that
the documentation of the spectra can support analysis on a
large number of instruments currently in use.

Fig. 5 Spectra fidelity at MS4 level for fully derivatized Arixtra, Thermo LTQ/Thermo VelosPro
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Conclusion

For several years, we have shown that the sequential mass
spectrometry strategy is themost effective at directly unraveling
linkage isomeric fragments, (C1–O–CX, where CX would in-
clude a C2, C3, C4, or a C6 carbon). Stepwise MSn disassembly
is initiated by gas-phase collisional activation and the outcome
fragmentation is defined by innate structural features of precur-
sor ions explained by basic organic chemistry. We have been
collecting these spectra in a searchable file with the goal of
facilitating greater collaborative interactions, a fundamental
component for advancing glycosylation research.

Unlike those N- and O-linked glycoprotein glycans with
various linkages, structural characterization of GAGs mainly
encounters difficulty in determination of specific sulfation po-
sition isomers. The goal of this derivatization protocol is to
utilize the advantages of permethylation and sequential mass
spectrometry to provide a novel approach for GAG structural
analysis. We describe here a set of chemistries that specifically
replaces sulfate residues with a stable isotopic analog that
makes it amenable to methylation, CID, andMSn disassembly
for a detailed structural characterization. After derivatization,
O-sulfates were converted to O-CD3 groups and N-sulfates
were converted to N-deutero acetyl groups. Although acety-
lation may not be a necessary step, as a general approach of
identifying sulfation position, acetylation should be included
considering the presence of N-sulfates.

There is an additional attachment of deuteron methyl
groups at uronic acid residues after detero permethylation.
Under strong basic conditions, transesterification happens
at the carboxyl position which held a methyl ester. On the
basis of our extensive experience with permethylated hep-
arin disaccharide standards, this methyl ester is always
converted to deutero methyl ester. By only adjusting pH
after deutero permethylation, this reaction goes to
completion.

The protocol has been tested and modified using a
highly sulfated heparin pentasaccharide (Arixtra). Given
an unusual feature of Arixtra’s synthetic structure, an
underpermethylation site was found at sulfated glucos-
amine residues containing a 3-O-sulfation. As mentioned
earlier, MSn fragmentation is controlled by indigenous
chemical disassembly. Hence, neither uronic methyl esters
nor additional N-deutero acetyl groups would significant-
ly alter the fragmentation patterns. In addition, MSn frag-
mentation pattern is instrument platform independent. In
this case, the same precursor ion has shown very similar
MSn fragmentation pattern in both Thermo LTQ and
VelosPro ion trap instruments.

For the purpose of de novo structural analysis, a long-
term goal of this work is to document suitable CID spec-
tra from dual permethylated GAG oligosaccharides. This
would be an addition to our current mass spectral library.
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