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ABSTRACT

Glycosaminoglycans are a family of polysaccharides widely distributed in all eukaryotic cells. These
polyanionic, linear chain polysaccharides are composed of repeating disaccharide units that are often dif-
ferentially substituted with sulfo groups. The diversity of glycosaminoglycan structures in cells, tissues
and among different organisms reflect their functional an evolutionary importance. Glycosaminogly-
can composition and structure also changes in development, aging and in disease progression, making
their accurate and reliable analysis a critical, albeit, challenging endeavor. Quantitative disaccharide
compositional analysis is one of the primary ways to characterize glycosaminoglycan composition and
structure and has a direct relationship with glycosaminoglycan biological functions. In this study, gly-
cosaminoglycan disaccharides, prepared from heparan sulfate/heparin, chondroitin sulfate/dermatan
sulfate and neutral hyaluronic acid using multiple polysaccharide lyases, were fluorescently labeled with
2-aminoacridone, fractionated into 17 well-resolved components by reverse-phase ultra-performance
liquid chromatography, and analyzed by electrospray ionization mass spectrometry. This analysis was
successfully applied to cell, tissue, and biological fluid samples for the picomole level detection of gly-

cosaminoglycan composition and structure.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Proteoglycans (PGs) are ubiquitously presented on the surface
and in the extracellular matrix (ECM) of all eukaryotic cells where
they participate in a variety of critical physiological and patholog-
ical processes, such as morphogenesis, embryonic development,
pathogenic infection, immune response, inflammation mediation,
tumor progression and invasion, angiogenesis and tissue regener-
ation [1-4]. PGs are comprised of one or more glycosaminoglycan
(GAG) chains covalently linked to a core protein. GAG components
of PGs are sulfated, linear polysaccharides consisting of repeat-
ing disaccharides units of hexuronic acid (p-glucuronic acid (GIcA)
and/or its C5-epimer L-iduronic acid (IdoA)) and hexosamine (D-
glucosamine (GIcN) or pD-galactosamine (GalN)). Their structures
can be extremely complex resulting from variations in the degree
and pattern of sulfo group substitution and occurrence of two
hexuronic acid epimers [2,5]. This structural heterogeneity and
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diversity endows GAGs with their crucial biological functions, such
as the regulation and signaling of events through their interaction
with various proteins, ligands, and receptors [5,6].

The major GAGs in animals are heparan sulfate (HS)/heparin
(HP), chondroitin sulfate (CS)/dermatan sulfate (DS) and hyaluronic
acid (HA). The classification of these GAGs depends on their dis-
accharide composition. HS/HP are constructed from a 3-1,4-linked
GlcA and a-1,4-linked GIcNAc (where Ac is acetyl) backbone. CS/DS
and HA have alternating 1,3- and 1,4-linkages positions consist-
ing of 1,3-linked [3-GlcA that is 1,4-linked to either 3-GalNAc in
CS/DS, or B-D-GIcNAc in HA [5]. The simplest GAG, HA, contains
neither sulfo groups nor is it attached to a core protein. HA is
biosynthesized through the HA synthase-catalyzed copolymeriza-
tion of uridine diphosphate (UDP)-GIcNAc and UDP-GIcA at the
cell membrane and extruded into the ECM [7]. The biosynthesis
of HS/HP and CS/DS begins with chain initiation of a tetrasaccha-
ride linker on a core protein serine residue through a common
pathway in the endoplasmic reticulum [8]. Then, chain elonga-
tion of HS/HP in the Golgi occurs through the stepwise addition
of UDP-GIcNAc and UDP-GIcA catalyzed by EXT enzyme. In the
Golgi-based biosynthesis of CS/DS, UDP-GalNAc and UDP-GIcA are
added sequentially by alternate action of GalNAc transferase Il and
GlcA transferase II. The structural heterogeneity and diversity of
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Table 1
Structure and mass of disaccharides studied and the assignment of found ion in the mass spectrum.
Disaccharides Structure Theoretical mol mass Mw-AMAC? Observed ions (charge) Assignment
HS/HP disaccharides
OShs AUA-GIcNAc 379.1 573.1 571.5(-1) [M—H]~
NShs AUA-GIcNS 4171 611.1 609.5 (-1) [M-H]~
6Shs AUA-GIcNAC6S 459.1 653.1 651.5(-1) [M-H]~
2Sus AUA2S-GIcNAc 459.1 653.1 651.5(-1) [M-H]~
NS6Shs AUA-GIcNS6S 497.0 691.0 689.4 (-1) [M-H]~
344.0 (-2) [M—2H]?>-
NS2Shus AUA2S-GIcNS 497.0 691.0 689.4 (-1) [M-H]~
344.0 (-2) [M—2H]?>~
2S6Sks AUA2S-GIcNACc6S 539.0 733.0 7314 (-1) [M-H]~
753.2(-1) [M+Na—-2H]~
365.0 (-2) [M—2H]*-
Tri Sws AUA2S-GIcNS6S 576.9 770.9 769.3 (1) [M-H]~
384.0 (-2) [M—2H]*~
344.0 (-2) [M—SO03—2H]?>~
CS/CD disaccharides
0Scs AUA-GalNAc 379.1 573.1 571.5(-1) [M-H]~
2Scs AUA2S-GalNAc 459.1 653.1 651.5(-1) [M-H]~
6Scs AUA-GaINAc6S 459.1 653.1 651.5(-1) [M-H]~
4Scs AUA-GalNAc4S 459.1 653.1 651.5(-1) [M-H]~
SBcs AUA2S-GalNAc4S 539.0 733.0 7314 (-1) [M-H]~
753.2(-1) [M+Na-2H]~
365.0 (-2) [M—2H]*>-
SDc¢s AUA2S-GalNAc6S 539.0 733.0 7314 (-1) [M-H]~
753.2 (-1) [M+Na—2H]~
365.0 (-2) [M—2H]?>-
SEcs AUA-GalNAc4S6S 539.0 733.0 7314 (-1) [M-H]~
753.2(-1) [M+Na—-2H]~
365.0 (-2) [M—2H]?~
Tri Scs AUA2SGaINAc4S6S 619.0 812.0 811.2(-1) [M-H]~
404.9 (-2) [M—2H]*~
365.0 (-2) [M—SO3—2H]?>~
0SHa AUA-GIcNAc 379.1 573.1 571.5(-1) [M-H]~

2 Mw-AMAC: the molecular weight of AMAC-tagged disaccharides.

HS/HP and CS/DS are the result of their subsequent and differen-
tial post-polymerization enzymatic modification. In HS/HP chain
modification, N-deacetylase/N-sulfotransferases (NDST) catalyzes
partial N-deacetylation/N-sulfonation. C-5 epimerase converts
some of the GlcA into its C5-epimer, IdoA, which can then be modi-
fied by 2-0O-sulfotransferase. Modification of the GlcNAc residue by
6-O-sulfotransferase and 3-O-sulfotransferase can also take place.
In CS/DS, 4-0- and 6-0-sulfo groups can be introduced into certain
GalNAc residues by 4-O- or 6-O-sulfotransferases, and in DS, C-5
epimerization of GlcA into IdoA can also be accompanied by the
addition of 2-0O-sulfo groups [9-11].

The structural characterization of the GAG polysaccharides pose
significant challenges for analytical chemists due to their high neg-
ative charge, the lability of their sulfo groups, their polydispersity,
and sequence heterogeneity [12]. A general method of GAG analysis
relies on their enzymatic depolymerization to obtain disaccharide
units that can then be related to the particular GAG(s) present
and its (their) composition or structural heterogeneity. Typically,
the enzymatic depolymerization process relies on the specificity of
the heparin lyases and chondroitin lyases to distinguish between
HS/HP and CS/DS and HA classes of GAGs [13,14]. These polysac-
charide lyases leave a double bond, absorbing at 232 nm, in their
product’s non-reducing end uronic acid residue (AUA) [15,16].
Exhaustive heparin lyase treatment of HS/HP or chondroitin lyase
treatment of CS/DS or HA afford twelve HP/HS-derived disaccha-
rides or eight CS/DS disaccharides and one HA disaccharide. Of
the twelve possible HP/HS-derived disaccharides, only eight dis-
accharides are commonly found in normal organisms (Table 1),
the other four N-unsubstituted glucosamine disaccharides (AUA-
GIcNH,, AUA-GIcNH;,6S, AUA2S-GIcNH;, and AUA2S-GIcNH,6S)
are rare products resulting from incomplete N-deacetylase/N-
sulfotransferase modification during HS/HP biosynthesis or loss

of labile N-sulfo groups during isolation. Following the sequential
treatment with polysaccharide lyases, quantitative disaccharide
compositional analysis is then used to characterize the structure
of each GAG, as these structures have a direct relationship to
the biological functions of each GAG. Several modern techniques
have been used for disaccharide compositional analysis including
high-performance liquid chromatography (HPLC) [17,18], ultra-
performance liquid chromatography (UPLC) [19-21], and capillary
electrophoresis (CE) [22,23].

Liquid chromatography-mass spectrometry (LC-MS) and
LC-MS/MS, have recently become widely used to provide indepen-
dent assessments of the retention time and mass of disaccharide
without interference by impurities present in biological samples
[24,25]. Reverse-phase ion-pair (RPIP)-HPLC generally relies on
volatile lipophilic ion-pairing reagents in the mobile phase to aid
in analyte retention on a hydrophobic C18 stationary phase and
to evaporate in electrospraying, making these ion-pairing reagents
compatible with ESI-MS [26,27]. RPIP-HPLC-MS analysis is appli-
cable for a wide variety of analytes, ranging from unsulfated
heparosan disaccharide to highly sulfated HS/HP and CS/DS dis-
accharides [19-21]. The application of UPLC, performed at high
pressures (up to 108 Pa) with columns packed with 1.7 um par-
ticles, provides even higher resolution, peak capacity, sensitivity,
efficiency and speed of analysis [19,20]. Rapid, robust, and simple
RPIP-UPLC-MS methods have been established for both HS/HP and
CS/DS disaccharides and each set of analytes require less than a
five minute analysis time [28]. The effect of several factors on RPIP-
UPLC-MS separation, such as ion pairing regent concentration,
counter-ion and pH, were systematically studied for disaccharide
analysis [21]. Unfortunately, two distinct RPIP-UPLC-MS methods
are required to analyze the CS/DS and HS/HP disaccharide compo-
nents present in a single sample [29,30]. Thus, the routine analysis
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of the disaccharide composition of HS/HP, CS/DS and HA GAGs in a
cell, tissue or biological fluid sample currently requires multiple
selective polysaccharide lyase treatments, multiple disaccharide
isolation steps, multiple HPLC or UPLC columns using different
mobile phases and different ESI-MS detection conditions.

Despite the outstanding performance of RPIP-UPLC-MS in
GAG analysis it has a number of severe limitations. (1) Multiple
independent analyses are required for determining the disaccha-
ride composition of samples containing more than one type of
GAG, particularly common in biological samples. (2) RPIP per-
formance is particularly sensitive to the concentration mobile
phase components and is often not considered sufficiently robust
for analysis in clinical laboratories. (3) The ion-pairing reagents
in mobile phase decrease the sensitivity of analytes on electro-
spray ionization mass. (4) The ion-pairing reagents seriously and
permanently contaminate the ion source, making this analyti-
cal method difficult to use on shared LC-MS instruments. Here
we report an alternative approach relying on RP-UPLC. Although
hydrophilic, anionic disaccharides are not retained on RP-UPLC,
by first labeling these disaccharides with a hydrophobic fluo-
rophore, their chromatographic properties can be improved and
their detection sensitivity enhanced. Several highly sensitive ana-
lytical methods have involved labeling GAG-derived disaccharides
through their reductive amination with 2-aminoacridone (AMAC),
2-aminobenzamide (2-AB), and 4,4-difluoro-5,7-dimethyl-4-bora-
3a,4a-diaza-s-indacene-3-propionic acid (BODIPY) fluorophores.
These labeled disaccharides were then detected with high sensitiv-
ity by CE with laser-induced fluorescence detection (CE-LIF) [31,32]
or using strong anion exchange (SAX)-HPLC coupled with in-line
fluorescence detection [33]. Mixtures of HS/HP disaccharides and
ones of CS/DS/HA disaccharides labeled with AMAC have been ana-
lyzed by RP-HPLC with in-line fluorescence detection [34,35]. Such
methods have been applied to the compositional analysis HS/HP
and CS/DS disaccharides derived from GAGs recovered from cul-
tured cells and LMWH [33]. Fluorescent detection affords high
sensitivity with alow picomole level detection limits. Furthermore,
RP-HPLC mobile phases composed of volatile salts and organic
solvents are compatible with MS detection. Indeed, AMAC-tagged
CS/DS/HA disaccharides of GAGs, purified from endogenous normal
human plasma, have recently been successfully analyzed using RP-
HPLC with a fluorimetric detection before on-line detection using
ESI-MS [36]. Recently, this method was used for the quantitative
analysis heparin and LMWH [35]. All the current methods still
require the separate recovery of HS/HP disaccharides and CS/DS
disaccharides from multiple digestion steps, followed by separate
and distinctly different analyses affording a very time-consuming
and complicated analytical process. Moreover, the resulting data
from multiple analyses are often difficult to compare and can pro-
vide inaccurate calculations of the ratio of HS/HP and CS/DS present
in a sample. This study describes a simplified and highly sensi-
tive method to analyze 17 AMAC-tagged disaccharides from HS/HP,
CS/DS and HA by a single RP-UPLC-MS experiment and demon-
strates its capability in performing the GAG-derived disaccharide
profile of a cultured cell sample, an animal tissues sample, and a
biological fluid sample.

2. Experimental
2.1. Materials

The 17 unsaturated disaccharide standards listed in Table 1 were
obtained from Iduron Co (Manchester, UK). AMAC and NaCNBH3
were purchased from Sigma-Aldrich (St. Louis, USA). The cloning,
Escherichia coli expression and purification of the recombinant
heparin lyase 1 (EC 4.2.2.7), heparin lyase II (no EC assigned),

and heparin lyase Il (EC 4.2.2.8) from Flavobactrium heparinum
were performed in our laboratory as previously described [37-39].
Chinese hamster ovary (CHO)-S cells were grown in suspension
culture on CD-CHO medium supplemented with 2% HT (Hypoxan-
thine/Thymidine mixture, Gibco-Invitrogen) and 8 mM glutamine
[40]. Arabian camel liver tissue and camel urine were obtained from
young (1-2 yr old animals) at a slaughterhouse in Egypt [29,41]. All
other chemicals were of HPLC grade.

2.2. Sample preparation and GAG disaccharide recovery

Isolation and purification of GAGs from liver tissue, urine and
CHO cells were previously described [29,42]. Briefly, the samples
were defatted (when necessary), proteolyzed, the GAG purified
using a strong anion exchange spin column, released with salt
and alcohol precipitated. The recovered GAGs were next com-
pletely depolymerized using polysaccharides lyases. Chondroitin
lyase ABC (5 m-units) and chondroitin lyase ACII (2 m-units) in
10 L of 0.1% BSA were added to ~5 g GAG sample in 25 pL of
distilled water and incubated at 37 °C for 10 h. After boiling to inac-
tivation the chondroitinase enzymes at 100 °C for 2 min and cooling
to room temperature, a mixture of heparin lyase I, II, and I11 (10 mU
each)in 5 pL of 25 mM Tris, 500 mM NacCl, 300 mM imidazole buffer
(pH 7.4) were added and incubated at 37 °C for 10 h. The products
were recovered by centrifugal filtration using an YM-10 spin col-
umn, and the disaccharides were collected in the flow-through and
freeze-dried.

2.3. Derivatization of unsaturated disaccharides with AMAC

The freeze-dried biological sample containing GAG-derived dis-
accharides (~5 g, determined by micro carbazole assay [43]) or a
mixture of 17 disaccharide standards (5 p.g/per each disaccharide
or 0.5 nmoL/per each disaccharide) was added 10 wLa 0.1 M AMAC
solution in acetic acid (AcOH)/dimethyl sulfoxide (DMSO) (3:17,
v/v) and mixed by vortexing for 5 min. Next, 10 wL of 1 M NaBH3CN
was added in the reaction mixture and incubated at 45°C for 4h
[44]. Finally, the AMAC-tagged disaccharide mixtures were diluted
to different concentrations (0.5-100 ng) using 50% (v/v) aqueous
DMSO and LC-MS analysis was performed.

2.4. UPLC-MS

LC-MS analyses were performed on an Agilent 1200 LC/MSD
Instrument (Agilent Technologies, Inc., Wilmington, DE) equipped
with a 6300 ion-trap and a binary pump followed by a UV detec-
tor equipped with a high-pressure cell. The column used was an
Acquity UPLC BEH C18 column (2.1 mm x 150 mm, 1.7 pwm, Waters,
Milford, MA, USA) at 45°C.

For constant ammonium acetate concentration with methanol
gradient, eluent A was water/methanol (88/12, v/v), and eluent
B was water/methanol (12/88, v/v). Both eluents contained the
same concentrations ammonium acetate (either 20 mM, 40 mM,
60 mM, 80 mM, or 100 mM ). Solution A for was flowed (100 pL/min)
through the column for 5min followed by linear gradients 0-4%
solution B from 5 to 15 min, 4-15% solution B from 15 to 30 min
and 15%-100% solution B from 30 to 60 min.

For dual ammonium acetate and methanol gradient, eluent A
was ammonium acetate solution (20 mM, 40 mM, 60 mM, 80 mM,
100 mM) and eluent B was methanol. Solution A and 12% solution
B was flowed (100 pL/min) through the column for 5 min followed
by linear gradients 12-15% solution B from 5 to 15 min, 15-30%
solution B from 15 to 30 min and 30-100% solution B from 30 to
60 min.

The column effluent entered the ESI-MS source for continuous
detection by MS. The electrospray interface was set in negative
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Fig. 1. Fluorophore derivatization reaction of unsaturated disaccharides with AMAC. A generalized GAG disaccharide is shown that can either be 1,3 or 1,4 linked and can
contain a GalN or GlcN residue at the reducing end where W =H or glycosidic, X=H or SO3~, Y=H or SO5;~ or glycosidic, and Z=Ac or SO5~.

ionization mode with a skimmer potential of —40.0V, a capillary
exit of —40.0V, and a source temperature of 350°C, to obtain
the maximum abundance of the ions in a full-scan spectrum
(150-1200 Da). Nitrogen (8 L/min, 40 psi) was used as a drying and
nebulizing gas.

2.5. Calibration

Quantification analysis of AMAC-labeled disaccharides was per-
formed using calibration curves constructed by separation of
increasing amounts of unsaturated disaccharide standards (0.1, 0.5,
1,5, 10, 20, 50, 100 ng/each disaccharide or 0.02, 0.03, 0.05, 0.1, 0.2,
0.3 nM/each disaccharide). Linearity was assessed based on amount
of disaccharide and peak intensity in UV,55hm, Mass spectrometry
total ion chromatography (TIC) and extract ion chromatography
(EIC). All analyses were performed in triplicate.

3. Results and discussion

The quantitative analysis of disaccharide composition is
extremely important to develop a deeper understanding of GAG
structure-activity relationships. Some progress has been made in
the disaccharide compositional analysis of either HS/HP or CS/DS.
However, there is currently no rapid, sensitive and reliable method
for the quantitative analysis of the GAG-derived disaccharides aris-
ing from mixtures of HS/HP, CS/DS and HA. The challenge is to
design a single analytical method to determine 17 GAG-derived
disaccharides, some containing structural isomers with identical
charge and mass. Hyphenated techniques, such as LC-MS, provide
multiple ways (retention time and mass, or MS/MS) to identify
each disaccharide. Ideally, LC-MC relies on volatile mobile phase
components that can be reliably formed, do not contaminate the
ion-source, and provide high sensitivity detection.

The AMAC fluorophore can be conveniently introduced into the
reducing end of GAG-derived disaccharides by reductive amination.
Reductive amination relies on the efficient formation of Schiff base
between the reducing end aldehyde of the disaccharide and the
AMAC amino group followed by sodium cyanoborohydride reduc-
tion (Fig. 1). AMAC-labeling offers high sensitivity fluorescence (Aex
428 nm, Aem 525 nm) detection and also a strong UV absorbance at
255 nm. More importantly, the hydrophobic AMAC-label facilitates
the chromatographic separation of GAGs-derived disaccharides by
RP chromatography eliminating the needs for ion-pairing reagents.

3.1. Optimization of mobile phase

It was necessary to optimize the UPLC fractionation to separate
the 17 AMAC-disaccharides through a systematic study of mobile
phase composition. An ammonium acetate—acetonitrile elution
system has been previously reported for the analysis of AMAC-
glycans [34,36]. However, we discovered that acetonitrile was too
non-polar a mobile phase component to completely separate the
17 AMAC-disaccharides with all the gradients that were examined

(data not shown). Instead, we selected to use methanol as the non-
polar mobile phase component.

We next investigated the mobile phase having a constant
ammonium acetate concentration with a methanol gradient
(Fig. 2A, a—e). The results showed that several AMAC-disaccharides
were difficult to separate at constant ammonium acetate con-
centrations (Fig. 2A, a-e, Fig. S1). As the ammonium acetate
concentration increases, the retention times of each AMAC-
disaccharide increase. A comparative study on this relationship
was next undertaken that showed the retention time shift (AT)
as a function of ammonium acetate concentrations (Table S1). The
results shows that the Tri Scs, SBcs, SDcs, 2S6Sys, 6Sus show a sig-
nificantly greater shift (AT=2-3.5min) with ammonium acetate
concentrations than the other AMAC-disaccharides. Based on the
results, we next decided to examine a gradient with a decreasing
ammonium acetate concentration and an increasing methanol con-
centration (Fig. 2B). Using this approach, the separation of 0Sys
and 6Scs (14 and 15) improved with 60 mM ammonium acetate
in solution A (Fig. 2B-c) and 0S¢s was successfully separated from
the AMAC peak with the 80 mM ammonium acetate in solution A
(Fig. 2B-d). The 17 AMAC-disaccharides also separated completely
in 100 mM ammonium acetate as elution solution A using a mod-
ified gradient by increasing the flow rate to 120 pL/min (data not
shown) but the system pressure was considerably higher.

The pH of the mobile phase can also play a key role in the
separation of AMAC-disaccharides. We found that a decrease in
mobile phase pH lead to a gradual reductionin AMAC retention time
(Fig. S2). However, the shift of AMAC-disaccharides vary based on
their structures with the more highly sulfated AMAC-disaccharides
showing elongated retention times and the non-sulfated and
mono-sulfated AMAC-disaccharides showing shorter retention
times with decreased mobile phase pH. The optimal value for the
separation of the 17 AMAC-disaccharides was found to be pH 6.8.

3.2. Optimization of RP-UPLC-MS analysis of 17
AMAC-disaccharide standards

We qualitatively confirmed the identity of each disaccharide
from their mass by injecting one AMAC-disaccharide at a time.
The molecular weight (Mw) of AMAC-disaccharides (Fig. 1) were
calculated from the sum of the disaccharide and AMAC molecular
weights, minus water and plus 2H and are listed in Table 1. The
mass spectra of the 17 AMAC-disaccharides (Fig. 3) show that only
an [M-H|~ molecular-ion peak for non-sulfated and mono-sulfated
disaccharides and an [M—2H]?~ molecular-ion peak the di-sulfated
and tri-sulfated disaccharides. Because sulfo groups are relatively
labile, minor doubly charged peaks, corresponding to loss of SO3~,
were observed at m/z 344.0 and 365.0 for the tri-sulfated disaccha-
rides TriSys and TriScs, respectively. Detailed assignments of these
mass spectra are provided in Table 1.

All 17 AMAC-tagged disaccharides were completely separated
using 60mM or 80 mM ammonium acetate as elution solution
A. Two of the most commonly occurring disaccharides found in
biological samples, the 0Sys and 6Scs (peaks 14 and 15), elute
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Fig. 2. Effect of the different ammonium acetate concentrations on the retention
time by UV detection at 255 nm. (A) Constant ammonium acetate concentration
with methanol gradient. Eluent A was water/methanol (88/12, v/v), and eluent B
was water/methanol (12/88, v/v). Both eluents contained the same concentration
ammonium acetate either 20 mM (a), 40 mM (b), 60 mM (c), 80 mM (d) or 100 mM
(e).(B) Ammonium acetate and methanol gradient. Eluent A was ammonium acetate
solution either 20 mM (a), 40 mM (b), 60 mM (c), 80 mM (d), or 100 mM (e). Eluent
B was methanol. 1. Tri SHS: 2. NSﬁSHs, 3.NS2SHS, 4. Tri Scs, 5. NSHs, 6. SBcs, 7. 2565]15,
8. SDcs, 9. GSHs, 10. SEcs, 11. ZSHs, 12. ZScs, 13. 45(5, 14. OSHs, 15. 6Scs, 16. OSHA, and
17. 0Scs.

very close to one another when using 60 mM ammonium acetate
as elution solution A. Therefore, we selected 80 mM ammonium
acetate as eluent A and methanol as eluent B at pH 6.8 for optimal
RP-UPLC-MS elution conditions. In Fig. 4, 17 AMAC-tagged dis-
accharides (50 pmolL/disaccharide) were baseline-separated and
detected by TIC (Fig. 4A), UV at 255 nm (Fig. 4B), and extracted ion
chromatography (EIC) (Fig. 4C). Detection by UV exhibits the high-
est sensitivity, while EIC detection provides the flattest baseline
so may be particular useful for the analysis of small amounts of
biological samples containing protein, peptides, and other sample
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Fig. 3. Mass specta of heparin/HS-derived disaccharide: (A) Tri Sys, (B) NS6Sgs, (C)
NS2Sys. (D) Tri Scs, (E) NSws, (F) SBcs, (G) 2S6Shs, (H) SDcs, (1) 6Sks, (J) SEcs, (K) 2Sks,
(L) 2Scs, (M) 4Scs, (N) OSys, (M) 6Scs, (O) 0Sya, and (P) OScs.

impurities [29]. When this mobile phase system was applied for
analysis of either just the eight AMAC-HS/HP disaccharides or just
the nine AMAC-CS/DS/HA disaccharides, a steeper gradient can
be used in each case to afford baseline-separated within 25 min
(Fig. S3).

3.3. Quantitative analysis of AMAC-disaccharides

Equal-mass (0.1-100ng/each disaccharide) and equal-molar
(0.02-0.3nM/each disaccharide) mixtures of the 17 AMAC-
disaccharides were analyzed by RPIP-UPLC-MS to evaluate the



Table 2
Quantification analysis of disaccharide mixtures containing known amounts of disaccharides by quality equations.
Disaccharides M-1 (ng) M-2 (ng) M-3 (ng)
Known Calculated Calculated Calculated Known Calculated Calculated Calculated Known Calculated Calculated Calculated
amount amount amount amount amount amount amount amount amount amount amount amount
by TIC by UV by EIC by TIC by UV by EIC by TIC by UV by EIC

Tri Sus 100 98.8 +£0.12 99.7 + 0.06 99.1 + 0.20 60 57.8 £ 0.18 58.3 + 0.06 58.2 + 0.09 10 9.92 + 0.19 9.81 + 0.07 9.96 + 0.08
NS6Sus 100 99.5 + 0.08 99.8 + 0.05 99.4 + 0.08 60 58.9 + 0.10 59.4 + 0.08 59.1 + 0.06 10 10.5 £ 0.09 9.96 + 0.02 10.1 £0.13
NS2Sus 80 81.4 + 0.05 80.6 + 0.31 81.2 + 0.01 40 40.8 + 0.04 40.1 +£0.12 40.5 + 0.14 20 21.8 +£0.13 20.8 + 0.09 223 +0.34
Tri Scs 80 80.4 + 0.12 79.8 +£ 0.15 80.1 + 0.16 40 424 + 0.27 41.8 £0.18 41.2 £ 0.09 20 22.1 +£0.19 21.2 £ 0.10 20.5 £0.21
NShs 80 81.3 £ 0.07 80.1 +£0.10 80.8 + 0.26 40 41.2 £ 0.08 40.2 +£ 0.10 40.7 + 0.03 20 21.3 £ 0.09 20.9 £ 0.17 21.5+0.12
SBcs 60 58.5 + 0.03 59.2 + 0.06 59.1 £ 0.15 10 10.2 £ 0.04 104 + 0.07 9.99 + 0.05 80 80.8 + 0.34 81.0 £ 0.18 81.3 £ 0.11
2S6Sks 60 59.1 + 0.03 59.8 + 0.06 59.3 £ 0.13 10 11.2 £ 0.09 104 + 0.04 109 £ 0.14 80 82.1 £ 0.31 80.9 + 0.07 81.5 + 0.22
SDcs 40 419 + 0.11 404 + 0.12 40.8 £ 0.11 5 4.96 + 0.12 4.87 +£0.03 4.98 + 0.09 100 99.7 + 0.18 99.2 + 0.02 100.2 + 0.17
6SHs 40 41.7 £ 0.02 40.8 +£0.10 41.7 £ 0.14 5 5.03 £ 0.11 492 +0.09 497 +£0.12 100 98.6 + 0.04 99.0+0.02 99.4 + 0.05
SEcs 40 40.7 +£ 0.13 40.2 +£0.10 40.3 £ 0.10 5 488 + 0.24 482 +£0.11 4.87 +0.26 100 100.5 + 0.14 99.3 + 0.02 100.7 + 0.15
2SHs 20 18.9 £ 0.15 19.8 £ 0.05 19.3 £ 0.09 80 80.2 = 0.15 79.5 + 0.05 81.3 £ 0.19 5 5.37 +£0.27 5.24 + 0.16 5.40 + 0.39
2Scs 20 214 +£0.13 20.2 +0.10 21.5+0.03 80 81.5 +0.12 80.1 + 0.10 80.9 + 0.18 5 5.12 £ 0.11 5.07 + 0.09 524 +0.12
4Scs 20 21.0 £ 0.07 204 + 0.15 20.8 + 0.05 80 80.9 + 0.03 79.5 + 0.13 81.2 £ 0.12 5 5.26 + 0.21 5.12 £ 0.13 5.31 +0.32
OSHs 10 9.87 + 0.02 10.1 £ 0.03 9.97 + 0.05 100 101.3 £ 0.18 100.2 + 0.02 100.9 + 0.17 40 41.0 £ 0.14 40.6 £ 0.11 41.4 + 0.07
6Scs 10 10.6 + 0.14 10.1 + 0.06 104 £+ 0.11 100 100.7 £ 0.11 99.7 £+ 0.05 100.2 + 0.08 40 40.2 + 0.07 40.7 + 0.04 404 + 0.13
0SHa 5 4.88 + 0.02 4.85 + 0.03 498 + 0.05 20 21.2 £ 0.09 20.5 + 0.10 21.7 £ 0.15 60 58.2 +£0.19 594 + 0.07 59.0 + 0.21
0Scs 5 4.94 + 0.07 4.84 +0.07 4.92 + 0.08 20 20.5 + 0.02 214 + 0.19 20.8 £ 0.11 60 59.9 + 0.10 60.6 + 0.24 59.7 + 0.19
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Fig. 4. RP-UPLC-MS chromatograms of 17 AMAC-tagged disaccharide standards
with TIC (A), UV255nm (B), and EIC (C) detection.

sensitivity and linearity of disaccharide determination using UV,
TIC and EIC detection (Fig. S4, Tables S2 and S3). The integrated
disaccharide peak areas showed good linearity when plotted as
a function of their amount. The linearity based on the mass-
peak areas (R2=0.9762-0.9999) was slightly better than the
mole-peak areas (R% =0.9476-0.9940). Monosulfated CS/DS disac-
charides 2Scs, 4Scs, 6Scs and unsulfated disaccharides 0Sys, 0Scs
showed a greater capacity to ionize, their limit of detection (LOD)
was 0.1 ng, while trisulfated disaccharide Tri Scs, Tri Sys and mono-
sulfated NSys showed lower ionization efficiencies and an LOD
of >1ng. Detection by UVy55,, and by EIC exhibits a 10-fold
higher sensitivity than detection by TIC. Three known disaccharide-
mixtures designated M1, M2 and M3 were prepared, derivatized by
AMAC, and analyzed using this optimized RP-UPLC-MS method.
The results showed that the calculated amounts for the individ-
ual components in each mixture were consistent with their known
amounts by TIC detection, UV detection at 255nm and by EIC
detection (Table 2). The combination of RP-UPLC separation and
UV and MS detection represents a fast, highly sensitive, and reli-
able method for the qualitative and quantitative analysis of GAG
disaccharide standards.

3.4. Analysis of GAG-containing biological samples

Quantitative disaccharide compositional analysis is one of the
most important ways to characterize the structures of GAGs and is
directly related to their important biological functions. However,
many biological GAG samples are not very abundant making GAG
detection and quantitative compositional analysis problematic.
There is an increased interest in GAG structural characterization
of genetically engineered cells and knockout organisms and for
the comparison GAGs from different tissues and cell lines. This has
resulted in the development of a number of analytical methods for
the compositional profiling of GAGs from biological sources. Our
laboratory had established methods for the quantitative recovery
of GAGs from cells, tissue and biological fluids that rely on SAX spin
columns [42]. While studies on GAG extraction from selected tis-
sues have shown excellent recoveries [45], additional research will
be necessary to optimize the rapid micro-scale recovery of GAGs
from a wide variety of biological samples. Methods have also been
developed for the analysis of GAG disaccharides composition by
multiple RPIP-UPLC-MS systems [29]. However, several issues still
require resolution: (1) the quantification of 0S is difficult due to its
very shortretention time and its elution with the salt peak; (2) there
are difficulties in cross-comparison of analytical data obtained on
different families of GAGs; and (3) time-consuming and compli-
cated multiple sample recoveries and analyses are required.

Three biological samples, a tissue sample (camel liver), a bio-
logical fluid (camel urine) and a cell sample (cultured CHO cells)
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Fig. 5. EIC of AMAC-tagged disaccharide analysis of GAGs from different biolog-
ical sources. (A) disaccharide standards; (B) disaccharides from camel liver; (C)
disaccharides from camel urine and (D) disaccharides from CHO cells.

were selected for GAG analysis using our newly developed RP-
UPLC-MS method. After recovery of GAGs from each sample and
complete GAG digestion using multiple polysaccharide lyases, the
resulting GAG-derived disaccharide mixtures were derivatized by
reductive amination with AMAC. Liver and urine samples con-
taining AMAC-disaccharides were directly injected onto LC-MS,
without the removal of residual fluorescent AMAC reagent. Quali-
tative separation of GAG-derived disaccharides was accomplished
(Fig. 5B and C) from which quantitative disaccharide composition
could be calculated (Table 3). The results show that the 4S¢s was the
major component (26.7%) in the liver GAG sample. The 0Sys, NSys
and 6Sys accounted for 20.5, 14.8 and 8.2% of the total disaccha-
rides, respectively. The Tri SHS was 5.9% of the total disaccharides
and 10.3% of HS/HP disaccharides. Previous comparative studies,
undertaken in our laboratory, on the HS/HP compositions of camel
and other liver samples by RPIP-HPLC and NMR showed a unique
disaccharides composition for camel liver HS. The TriSys level is
considerably lower in camel liver compared to human liver and
porcine liver. The reported compositions of camel liver HS using
RPIP-HPLC, 19.7 mol% 0Sys, 25.9mol% NSys and 27.2 mol% 6Sys
[46,47], are consistent with the current study relying on RP-UPLC.
Furthermore, based on the total disaccharides analysis, we found a
considerable amount of CS/DS/HA disaccharides also exist in camel
liver samples with the HS/HP to CS/DS ratio of 1.5:1. In the urine
sample, the 4Scs was a dominant component (43.7%) and there
were nearly equal amounts of 6S¢s (12.4%), 0Scs (14.2%) and 0Sys
(12.3%), comparable to previous results [29]. The ratio of CS/DS to
HS/HP is 1:2.9. With exception of 2S6Sys and TriScs, the other 15
disaccharides were unambiguously detected in GAGs from liver and
urine samples using high sensitivity RP-UPLC-MS.

Chinese hamster ovary (CHO) cells are widely used in the
biotechnology/biopharmaceutical industry for the production of
recombinant therapeutic proteins. They are also accepted by the
FDA as a host for the production of human therapeutics, and pro-
tocols exist for removal of host cell proteins, nucleic acids, and
viral contaminants. CHO cells are known to biosynthesize HS but
not heparin. Current research in our laboratory is aimed at the
metabolic engineering of the HS biosynthetic pathway to produce
secreted CHO cell heparin. AMAC-disaccharides obtained from CHO
cell GAGs were analyzed by RP-UPLC-MS (Fig. 5C). The data shows
that only four different disaccharides were present, OSys (72.2%),
NSys (14.7%), 6Sys (3.8%) and 4Scs (8.3%), and the ratio of HS/HP to



98 B. Yang et al. / J. Chromatogr. A 1225 (2012) 91-98

Table 3
Disaccharide composition analysis of GAG samples from biological source.

Samples HS/HP disaccharides CS/DS disaccharides Radio of HS/HP and CS/DS
TriS NS6S NS2S NS 2S6S 6S 2S  0S TriS SB  SD SE 25 4S 6S 0S 0SHa

Camel liver 5.9 3.5 4.5 14.8 nd 82 0.1 20.5 nd 58 1 26 02 267 31 0.6 2.5 1.5:1

Camel urine 0.8 0.7 0.7 54 nd 47 08 123 nd 1.1 06 12 03 437 124 142 11 1:2.9

CHO-Scells nd nd nd 147 nd 38 1.0 722 nd nd nd nd nd 83 nd nd nd 11.2:1

CS/DS was 10. These results are consistent to our previous analysis
using RPIP-HPLC methods [29].

Previous studies in our laboratory have demonstrated that EIC
is a particularly useful means of detection means in the analysis of
very small amounts of GAGs from the biological sources as this
means of detection is not interfered with by proteins, peptides
and other sample impurities. For AMAC-tagging biological sam-
ples, TIC and UV detection also display excellent chromatograms
(Fig. S5). Qualitative analysis by MS detection also confirms all dis-
accharides, initially identified on the basis of retention time were
correctly assigned. Several impurity peaks, such as Peak 3 in TIC
and UV detection (Fig. S6) are still observed that might interfere
with the integration of tiny amounts of certain disaccharides.

UPLC takes advantage of technological strides made in resolu-
tion, peak capacity, sensitivity, efficiency and speed of analysis. It
has been widely used in many analytical fields as advanced tech-
nology. In our previous research, we found that both UPLC and
traditional HPLC columns show sufficiently well separated peaks
for the analysis of eight heparin/HS disaccharides standards and
pharmaceutical heparin samples. But in the analysis of “real” bio-
logical samples from cells and tissues, UPLC significantly improves
separation, sensitivity, and analysis speed without being subject
to interference from proteins, peptides, and other sample impuri-
ties ultimately allowing us to separate 17 different GAG-derived
disaccharides.

4. Conclusions

A new method has been developed that allows the analysis of
the GAG content in tissue, biological fluid and cell samples. This
method does not rely on differences in the specificity of polysac-
charide lyases to distinguish between different types of GAGs and,
thus, requires a single multi-enzyme digestion to convert the GAGs
in these samples to a mixture of disaccharides. The AMAC labeling
of these disaccharides makes their high-resolution separation pos-
sible by using RP-UPLC on a standard C18 column. The application
of eluents with volatile components (water, methanol and ammo-
nium acetate) provides a mobile phase that is compatible with
ESI-MS analysis. Detection using UV, TIC and EIC provides picomole
sensitivity. Future studies will be aimed and further simplifica-
tion of the analytical method and improved sensitivity through the
coupling of LIF detection.
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