
B American Society for Mass Spectrometry, 2011
DOI: 10.1007/s13361-011-0174-0
J. Am. Soc. Mass Spectrom. (2011) 22:1577Y1587

RESEARCH ARTICLE

LC-MSn Analysis of Isomeric Chondroitin Sulfate
Oligosaccharides Using a Chemical
Derivatization Strategy

Rongrong Huang, Vitor H. Pomin, Joshua S. Sharp
Complex Carbohydrate Research Center, University of Georgia, Athens, GA, USA

Abstract
Improved methods for structural analyses of glycosaminoglycans (GAGs) are required to
understand their functional roles in various biological processes. Major challenges in structural
characterization of complex GAG oligosaccharides using liquid chromatography-mass spec-
trometry (LC-MS) include the accurate determination of the patterns of sulfation due to gas-
phase losses of the sulfate groups upon collisional activation and inefficient on-line separation of
positional sulfation isomers prior to MS/MS analyses. Here, a sequential chemical derivatization
procedure including permethylation, desulfation, and acetylation was demonstrated to enable
both on-line LC separation of isomeric mixtures of chondroitin sulfate (CS) oligosaccharides and
accurate determination of sites of sulfation by MSn. The derivatized oligosaccharides have
sulfate groups replaced with acetyl groups, which are sufficiently stable to survive MSn

fragmentation and reflect the original sulfation patterns. A standard reversed-phase LC-MS
system with a capillary C18 column was used for separation, and MSn experiments using
collision-induced dissociation (CID) were performed. Our results indicate that the combination of
this derivatization strategy and MSn methodology enables accurate identification of the sulfation
isomers of CS hexasaccharides with either saturated or unsaturated nonreducing ends.
Moreover, derivatized CS hexasaccharide isomer mixtures become separable by LC-MS
method due to different positions of acetyl modifications.
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Introduction

G lycosaminoglycans (GAGs) are linear polysaccharides
often linked to the protein component of proteogly-

cans, which can be divided into classes consisting of
different repeating disaccharide units: hyaluronan, chondroi-
tin sulfate (CS), dermatan sulfate, heparan sulfate, heparin,
and keratan sulfate [1]. The repeating disaccharide unit of
CS is comprised of glucuronic acid (GlcA) linked to N-

acetylgalactosamine (GalNAc), where sulfations may occur
at 4- and/or 6-positions of GalNAc, and/or 2-position of
GlcA, yielding five common CS units with different
sulfation patterns: [GlcA-GalNAc(4S)] (A-unit), [GlcA-
GalNAc(6S)] (C-unit), [GlcA(2S)-GalNAc(6S)] (D-unit),
[GlcA-GalNAc(4S6S)] (E-unit), and the nonsulfated unit
[GlcA-GalNAc] (O-unit), along with other rare types [2].
The monosulfated units, A- and C-units, are commonly found
in great proportions in typical CS sources such as chondroitin
sulfate-A (CS-A) and chondroitin sulfate-C (CS-C), respec-
tively, with small proportions of other units also present.

Interactions between GAGs and functional proteins are
involved in many biological processes, including cell
signaling, migration, and tissue development [3–7]. It is
believed that particular saccharide domains with specific
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sulfation patterns play crucial rules in these biological
functions. For example, studies have shown that significant
structural changes in CS chains, caused by alterations in
their expressions, lead to functional changes of CS-proteo-
glycans involved in diseases like atherosclerosis and cancer
[8–10]. Therefore, structural investigation of longer bio-
logically active oligosaccharides rather than just disacchar-
ide compositional analyses is quite necessary for further
understanding functional domains of GAGs [11, 12].
Refined structural characterization of GAG oligosaccharides,
especially the identification of their sulfation patterns, is
imperative to understand the structure–function relations of
GAGs in complexes with target proteins.

The high degree of heterogeneity in GAG polymers
caused by the variety of chain lengths and diverse sulfation
patterns makes their structural determination a very chal-
lenging task. Various techniques have been applied for this
purpose, including nuclear magnetic resonance (NMR) and
mass spectrometry (MS). While NMR techniques have been
demonstrated as a powerful tool for detailed structural
information [13], their application is typically limited to
highly enriched, relatively abundant samples that are
difficult to obtain from many GAG preparations and often
exhibits difficulties with spectral complexity. Thus, MS
methods are generally more desirable for applications
involving low sample amounts and/or heterogeneous sam-
ples due to their higher sensitivity and easier compatibility
with on-line liquid chromatography separations. The possi-
bility to isolate and structurally interrogate analytes from
complex mixtures using tandem MS techniques is an
additional important advantage. The major challenges
involved in the fine structural characterization of GAG
oligosaccharides using MS include the difficulty to obtain
accurate identification of the sulfation patterns due to gas-
phase losses of the sulfate groups upon collisional activation,
and the inefficiency of on-line separation prior to MS/MS
analyses of sulfation isomers having identical elemental
compositions and saccharide sequences but differing solely
in the position of sulfation.

Multiple ionization techniques have been used for
structural analyses of GAGs including fast-atom bombard-
ment (FAB) [14, 15], matrix-assisted laser desorption-
ionization (MALDI) [16, 17], as well as electrospray
ionization (ESI) coupled with different tandem MS
techniques [18–20]. ESI is preferable for its gentle ionization
and has been used for structural analysis of GAGs by several
groups. Zaia and co-workers have shown that the loss of
labile sulfate groups during collision-induced dissociation
(CID) can be minimized by deprotonation of these groups,
using a combination of charge state manipulation and metal
ion adduction. Their tandem mass spectra are often useful in
differentiation of sulfation isomers of CS in enriched
samples, and even in differentiating DS-like oligosacchar-
ides from CS oligosaccharides with additional MS3 stage
[21, 22]. However, unique optimized conditions are required
for each different GAG oligosaccharide. Sulfate losses are

still quite common, making mixture analysis highly prob-
lematic due to the presence of both sulfated and nonsulfated
versions of many product ions. Sufficient fragmentation
information for definitive assignment of sulfation sites is not
always available, even under optimized conditions, which
makes these methods often insufficient for complete sulfa-
tion position analysis of GAG oligosaccharide mixtures with
high degrees of heterogeneity.

Another way to overcome the limitations of sulfation
losses during CID fragmentations in structural analysis of
longer oligosaccharides is disaccharide sequencing, in which
enzymatic digestions followed by sequential stages of
tandem mass spectrometry analyses (MSn) are employed for
disaccharide compositional analysis as well as disaccharide
sequencing [20, 23]. Sequencing of heparan sulfate hexa-
saccharides has been successfully achieved by using this
methodology coupled with a heparin oligosaccharide
sequencing tool for automatic MSn data interpretation [24].
However, pre-purified oligosaccharides or samples with very
few contaminants are still required in order to generate
promising structural information. Digestion with multiple
enzymes and quantification of the resulting disaccharides
mixtures are required prior to this MS-coupled sequencing,
increasing the required amount of sample handling.

In addition to CID, electron-detachment dissociation
(EDD) has also been applied to the analysis of GAG
oligomers. EDD has been demonstrated to produce much
higher abundances of cross-ring cleavages and able to
distinguish glucuronic acid from iduronic acid based on
diagnostic product-ions [25]. However, this dissociation
technique also requires relatively high levels of purity of
the analytes for accurate structural assignment, and the time-
scale for EDD makes coupling with on-line LC separations
difficult, limiting the extension of this technique to complex
mixtures of oligomers.

On-line LC method coupled with MS has been used to
simplify mixtures of GAG oligosaccharides in MSn analysis
while limiting sample losses [26]. Those LC techniques include
hydrophilic interaction (HILIC), size-exclusion (SEC), porous
graphitized carbon (PGC), and ion-pairing reversed-phase
(IPRP) chromatography. HILIC and SEC have been shown to
effectively separate heparin oligosaccharides based on size, and
HILIC is also capable of separation based on sulfation and
acetylation content. However, both are incapable of separation
of sulfation isomers, limiting their effectiveness in analysis of
GAG oligosaccharide mixtures [27–29]. IPRP and PGC give
superior retention of sulfated GAGs than using standard C18
reversed-phase chromatography, and have been shown to be
capable in separation of isomeric oligosaccharides with small
size and less sulfation such as heparan disaccharides, CS
disaccharides, or monosulfated hexasaccharides, including the
conserved linkage tetrasaccharide where the GAG chain is
linked in proteoglycans [30–33]. However, little success has
been demonstrated in analyses of larger oligosaccharides with
sulfation patterns more complex than one sulfate per dis-
accharide unit.
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While all these techniques have their own advantages in
GAG oligosaccharide analyses, there is still no effective
methodology that can achieve accurate detailed identifica-
tion of oligosaccharides in a complex mixture of GAG
isomers with different sulfation patterns. Here, we present an
approach involving sequential chemical derivatizations to
modify native CS oligosaccharides prior to structural MS
analysis enabling accurate identification of GAG compo-
nents in a mixture. This methodology consists essentially of
replacing the labile sulfate groups with stable acetyl groups,
while maintaining the positional information of the original
sulfation pattern. This method enables the combination of
on-line high-resolution reversed phase LC (RPLC) separa-
tion with MSn fragmentation schemes that allow us to
separate sulfation isomers and interrogate them using a step-
wise, modular dissociation scheme. In our method, CS
hexasaccharides were first permethylated to protect free
hydroxyl and carboxyl groups. The sulfate groups were then
removed, and the resulting hydroxyl groups were acetylated.
The chemically derivatized isomers were successfully
separated by on-line capillary LC using a C18 column, and
the original positions of sulfates were determined based on
identification of sites of acetyl groups in the MSn spectra.
Purified oligosaccharides thoroughly characterized by 2D
NMR were used to verify the accuracy of the derivatization/
MSn technique, and the ability of our protocol to separate
and characterize complex mixtures of CS hexamers.

Experimental
Materials

Chondroitin sulfate-A sodium salt from bovine trachea,
chondroitin sulfate-C sodium salt from shark cartilage,
hyaluronidase from sheep testes type V, chondroitin C lyase
from Flavobacterium heparinum, Sephadex G-15 resin
(fractionation range of dextransG1.5 kDa), and Dowex
50WX8-100 ion-exchange resin were purchased from
Sigma-Aldrich Inc. (St. Louis, MO, USA). Bio-Gel P-10
gel resin (Fractionation range of dextrans from ~1.5 to
~20 kDa) and the polypropylene chromatographic columns
(1.5×120 cm for size-exclusion chromatography, and 50×
1.0 cm for desalting) were obtained from Bio-Rad Labo-
ratories (Hercules, CA, USA). A prepacked Spherisorb S10
SAX column (10×250 mm, 5 μm) was from Waters
Corporation (Milford, MA, USA). Chondroitin disacchar-
ide ΔDi-diSE, (sodium salt, with structure of ΔGlcA-
GalNAc4S6S) was purchased from Dextra Laboratories Ltd.
(Reading, UK). All other regular chemical reagents used in the
chemical derivatization, section below, were purchased from
Sigma-Aldrich Inc. (St. Louis, MO, USA).

Preparation of CS Hexasaccharides

CS hexasaccharides were prepared as described previously
[13]. Briefly, three enzymatically digested samples were

applied separately for further chromatography purification
including C lyase-digested CS-C, C lyase-digested CS-A,
and hyaluronidase digested CS-A. The depolymerized
samples were subjected to size exclusion chromatography
on a Bio-Gel P-10 column using 1 M NaCl containing 10%
ethanol as a mobile phase to obtain oligosaccharides
fractions with uniform length. The fraction containing
hexasaccharides was concentrated, desalted through Sepha-
dex G-15 column using distilled water mobile phase, and
then lyophilized. The desalted, dried hexasaccharide fraction
was then reduced using sodium borohydride as previously
described [13], followed by desalting and lyophilization.
The reduced hexasaccharide faction was further separated by
strong anion exchange (SAX) chromatography using a linear
gradient of NaCl (10 mM/min) in H2O (pH 5.0). Major
fractions were collected, desalted, and dried.

Structural Determination by NMR

The purified CS hexasaccharide fractions from SAX
chromatography were fully characterized by two-dimensional
NMR experiments, 1H/1H double quantum filtered corre-
lation spectroscopy (DQF-COSY), 1H/1H total correlation
spectroscopy (TOCSY), and 1H/13C gradient heteronu-
clear single quantum coherence (gHSQC). The different
patterns of sulfation were assigned primarily via 1H/13C-
chemical shifts of cross-peaks in the 13C-gHSQC spectra
that were indicative of specific sulfation positions. The 13

C-assignment in 13C-HSQC cross-peaks were assigned by
the 1H-chemical shifts obtained previously from DQF-
COSY or TOCSY experiments. More details about
parameters in these NMR experiments have been addressed
in previous work [13].

Chemical Derivatization of CS Hexasaccharides

The permethylation of sulfated CS oligosaccharides was a
modified from those standard protocols used for unsulfated
glycans because the high degree of sulfation groups and
carboxyl groups prevented the dissolution of CS oligosac-
charides in DMSO [34]. Reduced CS hexasaccharides were
converted to triethylamine (TEA) salts by a self-packed
cation-exchange column with Dowex 50 W resin, followed
by lyophilization. The dried TEA salts (10–50 μg) were
resuspended in 200 μL DMSO and 200 μL anhydrous
suspension of NaOH in DMSO (150 μg/μL) followed by
addition of 100 μL iodomethane. After 5 min vortexing and
10 min sonicating, the reaction was stopped by adding 2 mL
water and sparged with nitrogen to remove iodomethane,
followed by desalting using a C18 Sep-Pak cartridge
(Waters Co.). The permethylated products were dried and
then made as pyridinium salts using the same type of cation-
exchange column and lyophilization. The pyridinium salts
(10–50 μg) of hexasaccharides were dissolved in 10 μL
DMSO containing 10% methanol and incubated for 3 h at
80 °C to remove the sulfate groups [35]. The desulfated
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product was lyophilized and then resuspended in 175 μL
pyridine, 25 μL acetic anhydride, and incubated at 50 °C
overnight to acetylate the hydroxyl groups [36]. The
solvents were then removed by using a Speed-Vac concen-
trator, and the samples were resuspended in water at a
concentration of 0.2 μg/μL for later analysis.

LC-MSn Analysis

RPLC was performed on a regular capillary C18 column
(Michrom Bioresources, Auburn, CA, USA, 0.2×50 mm,
3 μm, 200Å), using a linear gradient of acetonitrile from
20% to 60% over 60 min in 1 mM sodium acetate, with a
flow rate of 3 μL/min and a 10 μL injection at a sample
concentration of 0.2 μg/μL water. Mass spectrometry was
performed on a Thermo LTQ-FT instrument using Captive-
Spray ionization with an Advance Ion Source for Thermo
MS (Michrom Bioresources Inc.). The spray voltage was set
at 1.9 kV; capillary temperature was set to 250 °C. A full
mass scan was acquired under FT mode followed by several
directed MSn scans of precursors with ion trap mode to
direct MSn analysis. The range of the collision energy for all
stages of ion activation was set as 35–40 V.

Results and Discussion
Homogeneous fractions of CS hexasaccharides were
obtained by a combination of SEC and SAX chromatog-
raphy (Figure S1, online supporting information). The
structures of these isomers were then determined by 2D-
NMR (Figure S2). Previous studies had already shown that
commercial CS sources like CS-A and CS-C are not
composed of only A-unit or C-unit but always with
substantial amounts of other disaccharide units. The proper
validation of any new analytical method requires the use of
standards of known structure, therefore the purification and
rigorous structural analysis of CS oligomers by LC and
NMR spectroscopy, while difficult and laborious, is a key
part of the effort to develop analytical methods, especially
for heterogeneous polysaccharides such as GAGs.

Two types of enzymes were used to obtain CS oligo-
saccharides with either unsaturated nonreducing end (by C
lyase) or with saturated nonreducing end (by hyaluronidase).
Initial work was performed using hexasaccharides generated
by lyase digestion, which introduces a double bond at the
nonreducing terminus. The asymmetry introduced by the
double bond makes interpretation of product ion spectra
easier. Four homogeneous CS hexasaccharides were iso-
lated: two trisulfated hexasaccharides [ΔGlcA-GalNAc(4S)-
GlcA-GalNAc(4S)-GlcA-GalNAc(4S)-ol] (ΔC4;4;4S-ol) and
[ΔGlcA-GalNAc(6S)-GlcA-GalNAc(6S)-GlcA-GalNAc
(6S)-ol] (ΔC6;6;6S-ol) from C lyase digested CS-A, one
disulfated hexasaccharide [GlcA-GalNAc(6S)-GlcA-Gal-
NAc(4S)-GlcA-GalNAc-ol] (C6;4;0S-ol) from hyaluroni-
dase digested CS-A, and one tetra-sulfated hexasaccharide
[ΔGlcA-GalNAc(4S)-GlcA(2S)-GalNAc(6S)-GlcA-GalNAc

(6S)-ol] (ΔC4;2,6;6S-ol) from C lyase digested CS-C. The
symbol Δ indicates 4,5-unsaturation on GlcA at the non-
reducing end, the "S" refers to sulfation group, and the "-ol"
indicates GalNAc at the reducing end is reduced. A
hexasaccharide fraction isolated from hyaluronidase-
digested CS-A was collected after SEC separation and
without further SAX separation in order to test the method’s
ability to separate and characterize structures from mixtures.

Chemical Derivatizations of CS hexasaccharides

The initial part of our methodology is the chemical
derivatization of the oligosaccharides, which include sequen-
tial permethylation, desulfation, and acetylation. The pur-
pose of the chemical derivation strategy is to substitute the
labile sulfate groups with a more stable and distinguishable
group that can be differentiated from permethylated groups,
both by mass and by LC retention time. This allows the LC
separation and structural identification of sulfated GAG
oligomers differing only by one or more positions of
sulfation. Thus, we substitute the sulfate groups with acetyl
groups, which are more stable and distinguishable from
methyl groups. The position of acetyl groups determined by
CID tandem mass spectrometry will reflect the original
position of sulfate groups.

The first obstacle encountered for the derivatization
scheme was the dissolution of highly sulfated CS hexasac-
charides in DMSO, which is the common solvent used in the
standard permethylation procedure. Unlike unsulfated or less
densely-sulfated glycans, the high density of the sulfate and
carboxyl groups make GAG oligosaccharides highly neg-
ative charged and usually exist as sodium salts, which
prevents their complete dissolution in DMSO. Therefore, the
counter-ions in our CS hexasaccharides were exchanged to
form a TEA salt prior to the permethylation reaction. The
TEA-CS salts were easily dissolved in DMSO, even for
highly sulfated GAG oligomers. The mass of the products
showed that the CS hexasaccharides were fully permethy-
lated, including the hydroxyl groups of the carboxyls on the
GlcA and the hydrogen of the acetamine group on the
GalNAc, leaving the sulfate groups unmodified as shown in
the supporting information (Figure S3a and b).

For desulfation reaction, two methods were experimen-
tally compared in order to increase sulfation removal
efficiency: methanolic desulfation and the solvolytic desul-
fation. The former was performed by incubating the
permethylated GAG in methanol/HCl, where the sulfate
groups are removed by acid methanolysis [37]. However, the
acidic conditions seemed to cause the cleavage of some
glycosidic bonds concurrently with desulfation, as previ-
ously observed with sulfated N-linked glycans [38]. Even
though some glycosidic bond cleavages in our products were
decreased by optimizing conditions, the amounts of glycol-
ysis were still leading to undesirable levels of sample losses.
Adoption of a pyridinium salt-mediated solvolytic desulfa-
tion protocol described in the Experimental section reduced
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the sample loss considerably as determined by direct
infusion analysis in both positive and negative ESI-MS
(data not shown).

After desulfation of the hexameric mixture, three different
derivatization schemes were comparatively tested for deter-
mination of the original sites of sulfation. One aliquot was
derivatized by acetylation, labeling the original sulfation
sites with a group that could be differentiated from
permethylated sites by mass and, potentially, by retention
on a C18 column. A second aliquot was derivatized by
trideuteropermethylation due to the higher efficiency of
permethylation compared with peracetylation methods. In
this aliquot, the original site of sulfation was labeled with a
group that could be easily differentiated from a standard
permethylation site by mass, but probably not by retention
time. Finally, a third aliquot was kept underivatized at the
hydroxyl groups left after desulfation.

All three derivatized versions were retained on a standard
C18 column and analyzed in positive ion mode. The
subsequent MSn analyses of the aliquot with underivatized
hydroxyl groups at the original sites of sulfation exhibited
extensive water loss during the fragmentation procedure.
This resulted in fewer informative product ions than the
other two derivatized types. The chromatograms of the
unmodified hexasaccharides also gave broader peaks and
shorter retention times, making the separation less efficient
than for the acetylated product, as shown in Figure S4a.
Trideuteromethylation of former sites of sulfation solved the
issues pertaining to water loss during ion activation. The
permethylated-desulfated-trideuteromethylated products
gave valuable information from the MSn spectra, and
enabled differentiation of isomeric hexasaccharide species
based on diagnostic product ions. However, the efficient
separation of isomers based on differential position of
trideuteromethyl groups in the fully permethylated GAG
was not possible, which makes confident identification of
specific CS hexamers from an isomeric mixture difficult at
best (Figure S4b). For products where the original sites of
sulfation were replaced by acetyl groups, CS sulfation
isomers were readily distinguishable through MSn analyses,
as detailed below. Additionally, relatively efficient separa-
tions were achieved using standard RPLC based on the
different positions of the acetyl groups (Figure S4c).

After reduction, permethylation, desulfation, and acetyla-
tion, the total sample loss is estimated at 50%. The masses of
the permethylated-desulfated products and the permethylated-
desulfated-acetylated products showed that CS hexasacchar-
ides were properly derivatized (Figure S3c and d). Themajority
of byproducts were tetrasaccharides and disaccharides caused
primarily by the β-elimination reaction between the carbon-4
and −5 of the GlcA during the permethylation (Figure S3b),
with a smaller amount of byproducts apparently formed during
the desulfation procedure. These byproducts are notable for not
introducing species that would lead to the false identification of
sites of sulfation; their major effect is reducing the apparent
sensitivity of the technique.

Another problem caused by permethylation is the under-
methylation, giving a product (m/z of 544.16 in Figure S3b)
with one free hydroxyl group left. This undermethylation
product can also be acetylated in subsequent acetylation
step, giving a final derivatized product with m/z of 804.84 as
shown in Figure S3d. While such product might give a false
identification of one additional sulfation site, the amount is
very low compared with the fully derivatized product (m/z of
790.84), and the LC chromatogram also gives a separation
of 3 min between the two products (data not shown).

Structural Differentiation of CS Isomers
ΔC4;4;4S-ol and ΔC6;6;6S-ol

As CS molecules vary mainly at 4- and 6-sulfation of the
GalNAc, homogeneous trisulfated hexasaccharides
ΔC4;4;4S-ol and ΔC6;6;6S-ol were selected as initial stand-
ards. They allow differentiation during the MSn analyses
between the A-unit and C-unit at each region of the
hexamer, including nonreducing end, internal region, and
reducing end. As illustrated in Figure 1, all free hydroxyl
groups of the oligosaccharides are now methylated after
derivatization, and the previous sites of sulfation are labeled
by acetyl groups. Fragmentation nomenclature is followed
here as described by Domon and Costello [39]. After all
derivatizations, ΔC4;4;4S-ol and ΔC6;6;6S-ol were first
analyzed by manual MSn experiments by direct infusion of
solutions of the sample at a concentration of 10 μM in 50/50
acetonitrile/water with a flow rate of 3μL/min. Four ions, [M
+H]+, [M+2H]2+, [M+Na]+, and [M+2Na]2+, were detected
and analyzed by thorough MSn up to MS4 for the most
abundant product ions for each round of fragmentation (data
not shown). While it is relatively simple to drive permethy-
lated sugar ions toward sodium adducts by the introduction
of sodium salts into the running buffers, it is very difficult to
wholly eliminate sodium adduct ions and drive permethy-
lated sugars to protonated ions. Additionally, the [M+
2Na]2+ ion yielded more thorough and reliable structural
information than [M+Na]+ under corresponding optimized
condition. Therefore, selection of the doubly charged
sodium adduct as the preferred precursor ion allows us
to increase our sensitivity by driving our ion population
toward sodium adducts.

As illustrated in Figure 2a, the product ions [B2+Na]
+,

[B4Y4+Na]
+, and [Y2+Na]

+ with different m/z values
represent the three disaccharides units of each hexasacchar-
ide, which enable us to compare the differences between 4-
and 6-sulfation on different positions along the oligomeric
chain in a systematic, modular scheme by doing MSn

individually of the respective product ions. The MS2 of
[M+2Na]2+ gave three major product ions [0,2X5+2Na]

2+,
[B2+Na]

+, and [Y4+Na]
+ (Figure 2b) regardless of the

original pattern of sulfation. MS3 of the [Y4+Na]
+ product

ion gave two product ions [B4Y4+Na]
+ and [Y2+Na]

+

(Figure 2c). The three unique ions representing each
disaccharide unit along the hexamer allows for individual
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determination of the site(s) of sulfation of each disacchar-
ide unit of the oligosaccharide in a systematic manner.

As part of the development of the initial MSn

parameters for 6- and 4-sulfation at each disaccharide
unit of the hexasaccharide by direct infusion of these two
enriched NMR-characterized standards, identification of
diagnostic MSn ions was performed by on-line RPLC-MS.
The additional LC-based separation step was performed
prior to diagnostic MSn product ion analysis since the
purity of these standards was only verified by NMR. Low
levels of contaminant isomers missed by NMR analysis
might lead to incorrect identification of diagnostic product
ions in the MSn spectra. Online LC separation also
isolated the target products (hexasaccharides) from those
by-products (tetrasaccharides and disaccharides) resulting
from the chemical derivatization steps. This also helped to
increase the sensitivity of the analysis by reducing ion
suppression in the electrospray process from by-products.
In order to get [M+2Na]2+ as the predominant parent ion,
1 mM sodium acetate was added to the LC mobile phases,
which did not seem to significantly compromise electro-
spray stability.

The MS method was set up as six events including one
full mass scan followed by five MSn scans for five ions
shown in Figure 2a: MS2 of [M+2Na]2+, MS3 of [B2+Na]

+,
MS3 of [Y4+Na]

+, MS4 of [B4Y4+Na]
+, and MS4 of [Y2+

Na]+. Three MSn spectra of ΔC4;4;4S-ol (Figure 3a–c) and
ΔC6;6;6S-ol (Figure 3d–f) were compared. From the MS3 of
[B2+Na]

+, we noticed that the B2Z5 ion with m/z of 278.2
was abundant only for the 6-sulfated disaccharide on the
nonreducing end (Figure 3d), while 4-sulfation disaccharide
at the nonreducing end resulted in a MS3 product ion of m/z
196.2 (Figure 3a). Similarly for the internal disaccharide, the
B4Z3 ion of m/z 278.2 was also observed for the 6-sulfated
GalNAc (Figure 3e) on the MS4 spectra of [B4Y4+Na]

+ ion
and not for the 4-sulfated GalNAc (Figure 3b), where the
product ion of m/z 196.2 was observed. The trend did not
continue with the disaccharide on the reducing end where
the GalNAc was reduced. As shown in Figure 3c, the MS4

of [Y2+Na]
+ ion gave two diagnostic product ions with m/z

of 480.2 and 502.2 for 4-sulfated GalNAc, which were
practically undetectable for the 6-sulfated GalNAc at the
reducing end (Figure 3f). For the reduced GalNAc at the
reducing end, the acetyl group on the 4-position appeared
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Δ indicates 4,5-unsaturation on GlcA at the nonreducing end, the "S" refers to sulfation group, and the "-ol" indicates GalNAc
at the reducing end is reduced. The structure shows that there is one acetyl group on the 6 position for each GalNAc indicating
the original sulfation sites, while other positions are all methylated
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more likely to be lost during the fragmentation than it did on
the 6-position, resulting in the more intense product ions as
observed. Overall, by fragmenting the three target product
ions corresponding to disaccharides units in a sequential
manner, we were able to differentiate between the 4- and 6-
sulfated GalNAcs at any disaccharide position along the CS
hexasaccharides using a systematic predetermined MSn

scheme.

LC-MSn Analysis of CS Trisulfated
Hexasaccharides Mixture

In order to explore the separation capabilities of RPLC for
derivatized CS hexasaccharides, as well as to demonstrate
the ability to differentiate isomers by MSn on an LC time-
scale, a mixture of trisulfated CS hexasaccharides was
prepared as described in the Experimental section, and
analyzed by the similar LC-MSn method used for standards.
Unlike the standards ΔC4;4;4S-ol and ΔC6;6;6S-ol, having
unsaturated nonreducing end residues (due to lyase diges-

tion), the hexasaccharides mixture used here was prepared
by hyaluronidase digestion in order to produce oligosac-
charides with saturated nonreducing end residue. This would
extend the application of our methodology to CS oligosac-
charides produced from different workflows. As listed in
Table 1, among the five ions analyzed in the MSn method,
the [M+2Na]2+ and [B2+Na]

+ ion had different m/z values
for hexasaccharides having unsaturated and saturated non-
reducing ends, while the [Y4+Na]

+, [B4Y4+Na]
+, and [Y2+

Na]+ ion had same m/z values for both species. In order to
check if the differentiation of 4- and 6-sulfated for the
GalNAc of the saturated disaccharide units would be similar
to unsaturated disaccharide units, the MS3 of [B2+Na]

+ ion
(m/z 496.2) were extracted and two different types of spectra
were observed, as shown in Figure 4. The diagnostic ions
with m/z of 278.2 and 196.2 were still observed and able
to be used for distinguishing the 6- and 4-sulfated
GalNAc respectively, even though the MS/MS fragmenta-
tion looks different from the standards (Figure 3a versus
d) by missing the [B2

0,2X5+Na]
+ ion (m/z 352.2) that was
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Figure 3. MSn spectra for two derivatized hexasaccharide standards ΔC4;4;4S-ol (a), (b), (c) and ΔC6;6;6S-ol (d), (e), (f). From
top row to bottom row, they are (a), (d) MS3 of [B2+Na]

+ (m/z 496.2), (b), (e) MS4 of [B4Y4+Na]
+ (m/z 514.2) and (c), (f) MS4

of [Y2+Na]
+ (m/z 562.2) spectra, representing the three disaccharide units respectively at the nonreducing end, in the

middle and at the reducing end. The peak marked with an asterisk represents the diagnostic product ions used for
differentiation between 4-sulfated and 6-sulfated GalNAc
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believed to be typically produced by retro-Diels-Alder
decomposition of cyclohexene-like structure.

The base peak chromatograms (BPC) of the hexasaccharide
mixture forMS3 of [B2+Na]

+,MS4 of [B4Y4+Na]
+, andMS4 of

[Y2+Na]
+ were extracted and shown as a black line in Figure 5

from the top panel to the bottom one. For MS3 of [B2+Na]
+, the

diagnostic product ions withm/z of 278.2 (6-sulfated) and 196.2
(4-sulfated) indicate 6-sulfation (Figure 5a, red line) or 4-
sulfation (Figure 5a, purple line) in GalNAc disaccharide
located at the nonreducing end. The same selected ion
chromatogram (SIC) was extracted for MS4 of [B4Y4+Na]

+

(Figure 5b), where the same diagnostic product ions withm/z of
278.2 and 196.2 were extracted. For MS4 of [Y2+Na]

+, the ion
withm/z value of 480.2was extracted to indicate isomers with 4-
sulfated GalNAc on the reducing end (Figure 5c, red line).
However, there was no diagnostic product ion for 6-sulfated
isomers; rather, 6-sulfated GalNAc on the reducing end is
signified by a mass consistent with a sulfated reducing end unit
combined with a lack of MS4 product ion of m/z 480.2, as
shown in Figure 3f. In order to plot the SIC for the 6-sulfated
GalNAc on the reducing end, the intensity of the ion of m/z of
326.2 (which is common to both 6-sulfated and 4-sulfated
reducing end disaccharide product ions) was subtracted by the
sum of the intensities of the ion of m/z of 480.2 and 502.2
(which are abundant for the 4-sulfated reducing end disacchar-
ide product ion but not to the 6-sulfated one) to show the 6-
sulfated species (Figure 5c, purple line). Each SIC in Figure 5
represents all isomers with the annotated modification; there-
fore, in order to identify a particular isomer, data from all three
panels must be superimposed, with the data in panel a indicating
the sulfation site at the nonreducing end GalNAc, panel b
indicating the sulfation site at the internal GalNAc, and panel b
indicating the sulfation site at the reducing end GalNAc. In this
manner, even though the chromatography alone is insufficient to
resolve the isomers to baseline, combination of the chromatog-
raphy with the MSn data are capable of resolving all of the
different isomers in the trisulfated hexamer.

Three major peaks were observed in the BPC shown in
Figure 5. For the first peak, the three SICs that covered the peak
area at ~71min for GalNAc at the nonreducing end (panel a), the
internal (panel b), and the reducing end (panel c) disaccharides
showed that all contain 4-sulfation (purple lines), indicating for
the first peak at ~71 min that the structure is C4;4;4S-ol.

The second major peak in the BPC at ~74 min seemed to
have more than one species based on the various SICs
extracted for the nonreducing end (Figure 5a) and the
internal disaccharides (Figure 5b). The SICs of the non-
reducing end indicate the presence of a large amount of 6-
sulfation, with a small amount of 4-sulfation that elutes
toward the front of the peak. Analysis of the SICs from the
internal disaccharide indicate the presence of both the 6- and
4-sulfated internal disaccharide, where the 6-sulfated internal
disaccharide co-elutes with the 4-sulfated nonreducing
disaccharide, and the 4-sulfated internal disaccharide co-
elutes with the 6-sulfated nonreducing disaccharide. No
significant overlap was found between the 6-sulfated non-
reducing disaccharide and the 6-sulfated internal disaccharide,
neither between the 4-sulfated nonreducing disaccharide and the
4-sulfated internal disaccharide. All of the hexasaccharides in
the second major peak in the BPC at ~74 min exhibited a 4-
sulfated reducing end, with no 6-sulfation observed at the
reducing end. These results indicate that the second major

Table 1. m/z of Relevant Precursor and Product Ions for Derivatized CS
Hexamer Identification

Parent and
product ionsa

Saturated
nonreducing end

Unsaturated
nonreducing end

Mass shift by±one
sulfation group

M2+ 790.8 774.8 ±14
0,2X5

2+ NAb 703.2 ±14
B2

+ 528.2 496.2 ±28
Y4

+ 1053.4 1053.4 ±28
B4Y4

+ 514.2 514.2 ±28
Y2

+ 562.2 562.2 ±28
C1

+ 273.2 NAb ±28
B2Z5

+ 278.2 278.2 ±28
C3Y4

+ 259.2 259.2 ±28
B4Z3

+ 278.2 278.2 ±28
C5Y2

+ 259.2 259.2 ±28
Z1

+ 326.2 326.2 ±28
B2

0,2X5
+ NAb 352.2 ±28

aAll ions were mono-sodiated except for M2+ and 0,2X5
2+ which were

di-sodiated
b The corresponding product ion was not observed
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Figure 4. Two different MS3 of [B2+Na]
+ (m/z 528.2) spectra

extracted from the LC-MSn analysis of mixture of derivatized
trisulfated hexasaccharides with a saturated nonreducing
end. While the product ion spectra are notably different from
the hexasaccharide standards with an unsaturated non-
reducing end (Figure 3a/d), the same diagnostic ions were
observed at m/z 196.2 and 278.2 representing the 4-sulfated
GalNAc (a) and the 6-sulfated (b) GalNAc. The peak marked
with an asterisk represents the diagnostic product ions used
for differentiation between 4-sulfated and 6-sulfated GalNAc
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peak in the BPC at ~74 min consists of two analytes: the
major analyte is C6,4,4S-ol, which eluted in the latter
portion of the peak, and a minor component identified as
C4,6,4S-ol that eluted at the front of the peak.

For the third major peak in the BPC at ~76 min, both the
nonreducing end and the internal disaccharide were identified
as being solely sulfated at the 6-position. However, the third
major peak was determined to consist of two analytes that
differed in sulfation at the reducing end: the front of the peak
showed the major component to have 4-sulfation at the
reducing end, while the tail of the peak showed a relatively
minor component with 6-sulfation at the reducing end. These
chromatograms allowed the interpretation of the third major

peak in the BPC at ~76 min as consisting of both C6,6,4S-ol
and C6;6;6S-ol. Even though the chromatography did not
separate the CS hexasaccharide isomers to baseline in the BPC,
the MSn indicated sufficient separation capability to clearly
identify five slightly different CS hexamer isomers.

In total, five isomers were identified even with two minor
spices (C4,6,4S-ol and C6;6;6S-ol) that cannot be chromato-
graphically separated and detected by 2D-NMR without
derivatization. Generally, the isomers could be separated by
the extension of 6-sulfation, eluting in the order of no 6-
sulfate (C4;4;4S-ol), one 6-sulfate (C4,6,4S-ol and C6,4,4S-
ol), two 6-sulfates (C6,6,4S-ol), and three 6-sulfates
(C6;6;6S-ol).
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Figure 5. LC-MSn analysis for a derivatized mixture of CS trisulfated hexasaccharides with saturated nonreducing ends. Base
peak chromatograms were shown for MS/MS spectra of three disaccharide units: (a) MS3 of [B2+Na]

+, (b) MS4 of [B4Y4+Na]
+

and (c) MS4 of [Y2+Na]
+ (black). Extracted single ion chromatograms (SIC) with m/z of diagnostic ions indicate the appropriate

GalNAc is 6-sulfated (in red) or 4-sulfated (in purple). The three sulfation sites for each BPC peak can be assigned separately by
the color of the three SIC that cover the corresponding peak area
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Structural Analysis of CS Disulfated
and Tetra-Sulfated Hexasaccharides

While the monosulfated A- and C-unit disaccharides are the
most commonly detected disaccharide units in most chon-
droitin sulfate sources, the nonsulfated [GlcA-GalNAc] O-
unit and the disulfated [GlcA(2S)-GalNAc(6S)] D-unit and
[GlcA-GalNAc(4S6S)] E-unit are also commonly found.
Analyses of hexasaccharides containing the O-unit or the D-
unit were performed, and are detailed in online supporting
information (Figure S5). While hexasaccharides containing
the E-unit could not be identified in our library of CS
hexasaccharides, we did derivatize an E-unit disaccharide
and compared its fragmentation properties with those of a
derivatized D-unit disaccharide, with detailed results pre-
sented in online supporting information (Figure S6). To
briefly summarize our results, all three units are efficiently
derivatized using the protocol detailed above. The derivat-
ized O-unit and D-unit can easily be differentiated from each
other, as well as from the A-unit and C-unit, based on the
masses of the disaccharide product ions in the MSn

fragmentation scheme. While the masses of the D-unit and
E-unit disaccharide are identical, our analyses of derivatized
disaccharides indicate that these two units can be easily
differentiated based on the masses of the abundant mono-
saccharide product ions present in the final stage of our MSn

protocol, allowing for the accurate identification of all five
common disaccharide units in CS hexamers.

Conclusions
In this work, a sequential chemical derivatization strategy
allowed the combination of online capillary RPLC separa-
tion of isomeric trisulfated CS hexasaccharides with sub-
sequent MSn fragmentation for differentiation of isomers by
their sulfation patterns. Online separation of sulfation
position isomers was easily achieved by using a standard
capillary C18 column using a typical reversed phase gradient
coupled to an electrospray interface operated in positive ion
mode, which greatly simplifies the analytical procedures and
readily supports complex samples of CS hexasaccharides.
By using MSn fragmentations in a linear ion trap, we could
fragment hexasaccharides into three distinguishable individ-
ual disaccharide units and analyze each separately in a
systematic, modular scheme instead of assigning all sulfation
sites in just one single complex MS/MS spectra. Therefore,
even without producing an abundance of cross-ring cleavage
products, assignments based on product ions primarily
generated by glycosidic bond cleavages were still easily
capable of differentiation between the 4- and 6-sulfated
GalNAcs. When the modular MSn fragmentation scheme is
combined with the capillary RPLC separation of sulfation
isomers, the resulting method is capable of handling even
complex isomeric mixtures of CS oligomers.

In addition, the methodology presented here has been
demonstrated to identify CS sulfation patterns for both

saturated and unsaturated hexasaccharides by simple mass
shift corrections to the MSn spectra of the nonreducing
terminus. The method described here can be extended to any
CS hexasaccharides, regardless of the sulfation pattern,
sulfate composition, or nonreducing end saturation/unsatura-
tion, without using specific synthetic standard. Extension to
larger oligosaccharides also is a current issue being inves-
tigated. In octasaccharides, for example, a nonreducing end
disaccharide product ion and a reducing end hexasaccharide
product ion would be generated after performing MS-MS, in
which the disaccharide product can be identified by its MS3.
The hexasaccharide product can be further fragmented
stepwise into positional disaccharides by MSn, with each
disaccharide identified as described in present work.
Although, the characterization of oligosaccharides larger
than hexasaccharides using such a strategy must require a
unique multistage fragmentation path as well as higher
stages of tandem mass spectrometry, such an extension
should not be prohibitive assuming sufficient signal exists to
support the additional layers of MSn required. Similarly, we
are currently investigating the analysis of other sulfated
GAGs, including more diverse GAGs such as heparan
sulfate, where we anticipate utilizing trideuterated acetyl
groups to differentiate between N-acetylated and N-sulfated
amino sugars. We anticipate that with further refinements,
this methodology will be expanded to the analysis of
sulfation patterns of oligomers from all classes of sulfated
GAGs. This is a very efficient analytical tool for character-
ization of these polysaccharides that are structurally hetero-
geneous, but widely relevant biomedically.
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