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Abstract

This study illustrates the utility of tetraplex stable isotope coded tags in mass spectrometric glycomics
using three carbohydrate classes. The teteraplex tags allow for the direct comparison of glycan
compositions within four samples using capillary scale hydrophilic interaction chromatography with
on-line mass spectrometry. In addition, the ability to discern glycan structural isomers is shown based
on the tandem mass spectra of each composition using nanospray ionization. Results are shown for
chondroitin sulfate proteoglycans, low molecular weight heparins, full length heparins, and N-
glycans from a-1-acid glycoproteins from four mammalian species. The data demonstrate the value
of the tetraplex stable isotope tagging approach for producing high quality glycomics compositional
profiling and fine structural analysis.

2 Introduction

The majority of nuclear, cytosolic, membrane bound and secreted proteins are glycosylated.!
Glycans are integral to many biological processes ranging from structure 2, protein stability
3, cell growth® 5 and recognition: 7. In depth analysis of the roles of specific glycan structures
within biological systems remains a difficult task, as the non template-driven biosynthesis and
heterogeneous expression does not allow for facile overproduction. Small sample quantities
and contributions of biological matrix contaminants require methods that provide sensitive and
reproducible results. As such mass spectrometry is widely used to determine the carbohydrate
components within a biological system.8-14

The discovery of disease biomarkers and development of carbohydrate derived and
glycoprotein pharmaceuticals, requires robust analytical methods to minimize the error
introduced by instrumental or environmental (matrix) variations to ensure that pharmaceutical
preparations are sufficiently safe and to reduce the occurrence of false positive (or false
negative) biomarker screens. However, the potential for reductions in signal that can be
observed from impurities and other matrix components that cause suppression of ionization
should be addressed. Stable isotope labeling enables simultaneous analysis of multiple samples,
thus equalizing matrix effects while increasing the throughput of sample analysis. The use of
stable isotope labels based on reductive amination chemistry for carbohydrate analysis has
been increasing in recent years 15-21; however, in all but one case?2, duplex analysis has been
demonstrated. Quantification of isobaric labeling has been used for comparison of glycan
classes amenable to permethylation chemistry. 23-25
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The use of glycosylated proteins as therapeutic agents requires strict adherence of the quantity
and type of glycan structures during the manufacturing of the agents, in order to comply with
FDA and patent regulations. Similarly, the potential for the use of changes in glycosylation as
biomarkers for specific disease states requires an analytically robust method of determining
changes on the typically small sample quantities available. In addition, accurate quantification
of glycoconjugate glycans among biological variant samples will facilitate basic science
understanding of human disease processes related to glycoconjugate expression.

Our previous work described synthesis of the tetraplex tags and use with static infusion MS.
This work demonstrates the utility of tetraplex stable isotope labeled reductive amination tags
for quantitative glycomics. Examples are shown for chondroitin sulfate (CS) proteoglycans,
pharmaceutical heparins, and N-glycans from glycoproteins. The compositional profiling data
provide precise comparison of glycan compositions as a function of biological sample
variation. We show the applicability of the tags to an online LC/MS platform and demonstrate
use of tandem mass spectrometry for comparison of the isomeric glycan fine structures in
different biological samples. The tetraplex reductive amination tags thus provide a highly
effective means of producing precise compositional profiling and fine structural comparisons
combined with a multiplexing benefit in terms of increased sample throughput.

3 Experimental Section

3.1 Reagents

Chondroitin sulfate (CS) type A ((GlcAp3GalNAc4Sulfatep4),), CS type B (CSB)
((ldoAa3GalNAc4sulfatep4),) CS type C (CSC) ((GIcAB3GalNAc6sulfate),), and
chondroitinases ABC, B and AC1 were obtained from Seikagaku America/Associates of Cape
Cod (Falmouth, MA). Heparin lyases I, 11, and 111 were purchased from Ibex Technologies,
Inc. (Montreal, Quebec, Canada). Peptide-N-Glycosidase F (PNGase F) was purchased from
ProZyme, (San Leandro, CA.) Aggrecan, biglycan, decorin; cartilage extract, porcine mucosal
heparin, and a-1-acid glycoprotein from ovine, bovine, human, and baboon were purchased
from Sigma (St. Louis, MO). Lovenox (enoxaparin) was purchased as a prefilled syringe
pharmaceutical preparation from Aventis Pharmaceuticals, Inc. (Bridgewater, NJ). Fragmin
(dalteparin) was purchased as a prefilled syringe pharmaceutical preparation from the joint
manufacturing of Pfizer Inc. (New York, NY) and Vetter Pharma-Fertigung, GmbH & Co. KG
(Ravensburg, Germany). Purified A-disaccharide standards were purchased from V-labs
(Covington, LA). 2-Aminoacridone was purchased from Fluka Chemical (Buchs,
Switzerland). Acetonitrile, acetic acid, DMSQO, and sodium cyanoborohydride was from
Aldrich Chemicals Co (St. Louis, MO). Cellulose packing material Micro Spin Columns were
purchased from Harvard Apparatus (Holliston, MA). Porous graphitized carbon columns
(SupersSil) were purchased from Thermo Fisher Scientific (Waltham, MA). C18 Macrospin
columns were purchased from the Nest Group (Southborough, MA).

3.2 Tag synthesis and labeling procedure

A stable isotope-labeled tag in four forms (+0,+4,+8,+12) was synthesized for the pur ose of
labeling the reducing end of glycans, as previously described.?2 The tag utilizes well
documented?® and mild reductive amination?: 28 protocols for the addition, in high yields, of
isotopic content into the glycan structure.

3.3 Chondroitin sulfate proteoglycan sample preparation

Chondroitin sulfate chains were released, in two sets of triplicates, from 10 pg samples of each
proteoglycan by B-elimination, as previously described.1” The sample was partially

depolymerized (30%) using chondroitinase ABC, chondroitinase B, and chondroitinase ACL1,
for use in MS Studies, as previously described.1%: 22 Samples were normalized by the quantity
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of protein present in the sample as determined by the BCA assay, as determinations by weight
may vary based on salt content of the highly sulfated GAG chains.

3.6 Heparin sample preparation

Samples of porcine mucosa heparin (Sigma), Lovenox (enoxaprin), and Fragmin (dalteparin)
(100 ng) were prepared in triplicate in 50 mM Tris buffer pH 7.4. Heparin samples were
exhaustively digested by the action of heparin lyases | (60 mU), 11 (60 mU), and 111 (60 mU),
added in two portions 3 hours apart, with a total reaction time of 16 hours. The resulting samples
were desalted using a G50 size-exclusion resin in a spin-column format (Nest group).

3.7 Heparin labeling and workup

The desalted oligosaccharide containing fractions were labeled with isotope- coded tags as
described above. The A- unsaturated disaccharides and the lyase resistant oligosaccharides
were labeled with stable isotope-containing tags (dg-heparin, d4_Lovenox, dg-Fragmin, and
dqo-heparin, and in reverse order) by reductive amination and the resulting tagged GAGs were
combined, followed by cellulose clean-up, then fractionated by SEC-HPLC with a Superdex
Peptide 3.2/30 column (Amersham Biosciences, Piscataway, NJ) using a mobile phase of 50
mM ammonium formate/ 10% acetonitrile at a rate of 40 ul/min while the profile was monitored
at 232 nm,

3.8 a-1 acid glycoprotein release and workup

The N-Linked glycans of human, ovine, bovine, and baboon a-1-acid glycoprotein (Sigma, St
Louis, MO) were released, in triplicate experiments of 500 pmol (20 ug) glycoprotein, from
their proteins by the action of N-Glycanase® (Peptide-N-Glycosidase F, PROzyme, San
Leandro, CA) according to the manufacturer's protocol. Glycan release was confirmed by SDS-
PAGE. Excess detergent, buffer salts, and the core proteins were removed by porous
graphitized carbon chromatography (SuperSil, Thermo Fisher Scientific, Waltham, MA). The
glycan containing fractions were derivatized with dg-, d4-, dg- or d1»-custom tags using the
previously described method. The intent of the experiment was to compare abundances of N-
glycans among samples from four species. The N-glycan signals were therefore normalized to
the protein quantity as determined using the BCA assay.

3.9 Normal-phase capillary LC-MS

On-line LC-MS was performed using a capillary (250um x 10 cm) packed with Amide —80
resin (5 um, Tosoh Biosciences, South San Francisco, CA). Samples were eluted with a linear
gradient (5% A-60% A). Solvent A: 50mM ammonium formate (pH 4.4) containing 10% ACN;
Solvent B: 95 % ACN containing 5% 50mM ammonium formate (pH 4.4) over 60 minutes at
a flow rate of 1 ul/min. The eluant was introduced into a quadrupole orthogonal time-of-flight
(Q-0TOF) mass spectrometer (Applied Biosystems/MDS Sciex Qstar/Pulsar i) using a coated
PicoTip™ emitter (SilicaTip™) (New Objective, Inc., Woburn, MA ) 50 um needle tapering
to a 15 um orifice in the negative mode (ISV = — 4000 V).

3.10 Nanospray mass spectrometry

Oligosaccharides were analyzed using a quadrupole orthogonal time-of-flight (Q-0TOF) mass
spectrometer (Applied Biosystems/MDS Sciex Qstar/Pulsar I, Toronto, Cananda) using
nanospray2? ionization. Samples were dissolved in water, then diluted in an isopropanol:water
(1:9) solution at a final concentration of 1 pmol/ul Fragmentation of the resultant tagged
glycans was attained using collision energy (CAD=2, CE = —20 for CS analysis; CE= —8 to
—15 for heparin analysis; CE= —25 - —40 for N-linked glycans), to determine the fragmentation
patterns of the tag incorporated glycans. Tandem mass spectra were collected for heparin
samples from the m/z corresponding to the highest charge state possible, generally equal to one
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negative charge per acidic group. By modifying the isolation parameters for Q1 isolation it
was possible to isolate all four isotopic variants in one ion package, thereby allowing
fragmentation of each elemental composition and a direct comparison of the ion fragmentations
of constitutional isomers within each sample.

3.11 Description of data workup

The isotopic distribution of each envelope was calculated from the determined composition of
the dg component using the isotope distribution calculator function in the Analyst software
package. Component masses containing varying amounts of deuterium (4, 8, 12) were
calculated from the dg value, correcting for the increased presence of deuterium and reduced
presence of hydrogen. These calculated isotopic envelopes were then used to correct for the
isotopic overlap occurring due to overlapping envelopes between differentially labeled glycans
and fragment ions. In addition a small isotopic deficiency (ca. 1.5%), was corrected for each
alanine unit in the labeled analyte. All tandem MS data is presented in terms of relative
abundances of each parent MS ion, to reflect the differences in fragmentation between sample
sources. For illustrative representations see supplementary information (Figures S1 and S2).

4. Results and Discussion

Glycosaminoglycans are linear biopolymers that are too large and heterogeneous to analyze
intact, therefore they were enzymatically depolymerized into smaller chain lengths for analysis.
The digestion mechanism incorporates an unsaturation at the non-reducing end of the product
and allows for the monitoring of the reaction at a wavelength of 232 nm. This chromophore
also allowed for the quantitative comparison of native and labeled glycosaminoglycans.

The Chondroitin sulfate class consists of repeating disaccharide units of N-acetyl-
galactosamine and hexuronic acids, they exist primarily in three forms CSA, 4-sulfated on N-
acetyl-galactosamine (-GIcA-GalNAc4S-), CSB isa C5 hexuronic acid epimer of CSA (-1doA-
GalNAc4S-), and CSC, 6-sulfated on N-acetyl-galactosamine (-GIcA-GalNACc6S-). Three
proteoglycans of bovine articular cartilage (aggrecan, biglycan, and decorin) were chosen for
analysis due to their varied structures and biological significance. Aggrecan is a large (3.5
MDa) proteoglycan consisting of a 300 kDa core, decorated with up to 30 KS (keratin sulfate)
chains and up to 100 CS chains. Over the course of life, the aggrecan molecules have been
shown to have a reduction in the amount of CS present and a shift to increasing CSC-like
composition.3? Biglycan and decorin are comparatively smaller CSPGs containing two and
one CS/DS chains, respectively. The relatively high DS content of the GAG chains in decorin
and biglycan enable binding of growth factors, including FGF-2 and FGF-7.31 Decorin and
biglycan play roles in collagen fibrillogenesis, contributing to the structural stability of
cartilage.32

Relative quantities of depolymerization products were determined using two methods. After
partial (30%) depolymerization a series of SEC-HPLC experiments, with UV detection at 232
nm, were used to determine the relative abundances of degree of polymerization (dp)4 products
present in each proteoglycan mixture. A second series was labeled with tetraplex tags and the
dp4 fraction from SEC-HPLC was analyzed by nanospray mass spectrometry (Figure 1.)
Analytes reductively aminated with stable isotope tags were quantified in the MS mode.
Additionally, using tandem mass spectrometric dissociation, the relative contributions of each
glycoform present (CSA, CSB, CSC) in the samples were determined, adapting methods shown
previously. 19 22, 33-36 sing tetraplex stable-isotope labeled oligosaccharides and tandem
mass spectrometry as the method of analysis (Figure 1c), values were determined to be closely
related to those obtained from the capillary electrophoresis with laser-induced fluorescence
detection (CE-LIF) disaccharide analysis (Figure 1d). For the tandem MS data in Figure 1c,
the blue bar corresponds to CSA-like (A-UA-GalNAc4S -GlcA-GalNAc4S) repeats, the
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maroon bar to CSB-like (A-UA-GalNAc4S-1doA-GalNACc4S) repeats, and the white bar to
CSC-like (u-UA-GalNAC6S -GlcA-GalNAC6ES) repeats. In the CE-LIF disaccharide analysis
results (Figure 1d), there is loss of information on the uronic acid epimerization caused by the
complete depolymerization to disaccharides using the lyase enzymes. Thus, the abundance of
A-di-4S in Figure 1d reflects the sum of CSA and CSB abundances from Figure 1c.

CSPG aggrecan was 75% CSC, 25% CSA, 0% CSB. Biglycan and decorin possess CSB-like
domains that have been speculated to have more protein-binding biological activity due to the
relatively flexible 1doA residues allow for more interactions with protein binding partners.3’
By mass spectrometric analysis, biglycan contained 34% CSA-like; 25% CSB-like; and 40%
CSC-like composition, consistent with the ratios observed in CE-LIF (55% CSA+CSB; 45%
CSC). Similarly, decorin samples contained 35% CSA-like; 46% CSB-like; and 19% CSC-
like composition, also consistent with the values obtained from CE-LIF analysis (78% CSA
+CSB; 22% CSC) (Figure 1d). These data for disaccharide analysis provided results consistent
with those obtained by other groups8; slight variations in compositions were likely to result
from differences in labeling protocols utilized. Relative quantities of disaccharide observed
from aggrecan were also consistent with an LC-MS method using porous graphitized carbon
(PGC) chromatography3°.

Having demonstrated the use of our tetraplex labeling strategy on CS from proteoglycan
samples, we applied it to the more complex heparin class of glycosaminoglycans. The highly
sulfated heparin affects the coagulation pathway primarily by binding and inhibiting the serpin
antithrombin 11 (ATHI). This activitiy is mediated by the presence of a pentasaccharide
sequence GICNS/Ac-GIcA-GIcNS3S6S-1doA2S-GIcNS6S in approximately one in three
heparin chains. Full length heparins exhibit poor pharmacokinetics upon subcutaneous
injection and have clinical side effects resulting from undesirable protein binding. LMWHSs
are partially depolymerized heparin preparations that were developed to circumvent some of
the limitations of heparin. LWMHs are less polydisperse, more bioavailable*? on subcutaneous
injection, show better pharmacokinetics, and therefore clinical safety.*!

Multiple sources of pharmaceutical-grade heparin preparations are available. Here we report
aside by side comparison between compositions and fragment ions from two such preparations,
as well as reagent grade heparin. The chemical and biological properties of LMWH depend on
the depolymerization methods used. As a result, individual LMWH products are not
therapeutically interchangeable.*2: 43 LMWH may be produced by a variety of physical,
chemical, and enzymatic depolymerization methods. These methods include gamma
irradiation, alkaline hydrolysis, and heparin lyase digestion. Each of these methods gives rise
to a distinct structural change in the newly cleaved glycosidic bonds. Of critical importance to
the pharmaceutical industry is the ability to measure the glycan variation that composes all or
part of the therapeutic agents. This serves two goals, one to maintain efficacy of the treatment,
the second to provide the information necessary to protect the intellectual property via patent
descriptions. One major point of investigation was to generate a better comparative technique
for pharmaceutical preparations for the purposes of determining lot-to-lot variabilities, as well
as comparisons for the development of generic versions of the LMWT heparin drugs.*4

Exhaustive digestion with heparin lyase enzymes (1,11,111) produces AHexA2SGIcNS6S as the
primary disaccharide products with AHexAGIcNS6S and AHexA2SGIcNS in lower
abundances. A portion of the ATIII binding pentasaccharide resists digestion and results in the
formation of AHexAGIcNAC6SGICAGICNS3S6S (dp4).#® The abundances of this tetramer has
been used to measure the abundance of ATIII sequences in LMWH preparations.*6

Heparin samples were digested exhaustively using heparin lyases I, Il and I11. The tetraplex
tagging strategy allows for the quantification of differences in ion abundances between heparin,

Anal Chem. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bowman and Zaia

Page 6

dalteparin, enoxaparin, and heparin by LC-MS. The differences in the quantities of lyase
resistant tetramers containing a reducing end are shown in Figure 2. The normal phase
chromatographic conditions and elution profiles are typical of those observed for heparin
tetrasaccharides when using a 60 minute gradient. Composition [1,1,2,4,1] was the most
prevalent composition in each heparin source, followed by [1,1,2,5,0]. The LC-MS data
provided results consistent with those obtained by static nanospray, in terms of the relative
quantities of each labeled composition present in the system. The use of an on-line separation
system allowed for the facile compositional profiling of a set of samples with no observed
chromatographic separation of tagged glycans containing varying quantities of deuterium, a
complication observed in C18 chromatography of deuterium-labeled peptides*’ and
zwitterionic interaction chromatography (ZIC).#8 This was likely due to the high helical
propensity of alanine residues that composed the tag, where three consecutive alanines and an
anthranillic acid were capable of completing one helical turn, thereby minimizing the
deuterium isotope effect. The ability to separate the labeled dp4 compositions from
compositions with reducing end modification generated by pharmaceutical preparations,
anhydromannitol and 1,6-N-glucosamine acetal, led to an approximately 10-fold increase in
the observed relative ion abundances of these compounds over that observed in nanospray
conditions (Figure S 3). The likely cause was competing nanospray ionization that favored the
more hydrophobic tagged structures over the reduced reducing end structures. Additionally,
LC-MS allowed for the determination of the amount of sulfate loss during ionization, as
indicated in Figure 2, composition [1,1,2,4,1] was observed with < 10 % loss of sulfate, and
the more highly sulfated [1,1,2,5,0] with an approximate 20% loss.

The detected [1,1,2,4,1] composition likely contained a mixture of structural isomers that
included the lyase resistant portion of the ATIII binding sequence that contains the critical
GIcNS3S6S residue necessary for binding. Tandem MS was therefore used to compare the
abundances of different isomeric structures among heparin preparations. Product ions
containing the tag provided a measure of the relative abundances of different glycoforms
among the four samples. Due to the solvent system used, ion charge states were too low for
production of abundant product ions from glycosidic bond cleavage.*® Therefore, off-line
nanospray ionization was used to obtain the higher charge states necessary for abundant
dissociation by glycosidic bond cleavage.

The tandem mass spectrum of composition [1,1,2,4,1] (Figure 3a.) showed Y1 product ions
corresponding to three compositions: GICNS3S6S-Tag (YA in the figure) , GICNS-Tag
(Y1B), and GIcNS6S-Tag (Y1C). The relative abundances were 9:5:23 for heparin; 11.7:5.5:7.9
for dalteparin; and 11:4:21 for enoxaparin as shown graphically in Figure 3b. Note that sucrose,
present in the lyase enzyme formulation, was co-isolated with the precursor ion. The dy, isotope
of the Y1C ion was isobaric with the sucrose, and thus it has an increased abundance. Because
the Y,C ion was present at a 2- charge state, it was possible to correct its abundance from the
contribution of the singly charge sucrose ion using the abundance of the Y,C A+1 ion. For the
Y3, [M-SO3], and %2X ions, it was not possible to determine the locations of the sulfate groups.
The structures of the three isomeric [1,1,2,4,1] compositions were therefore deduced from the
compositions of the Y ions, corroborated by the presence of the complementary B- and C-
type ions within the tandem mass spectrum. Figure 3b compares the abundances of product
ions containing the tag for the four samples. To provide additional structural certainty, each of
the four deuterated forms of the precursor ions were isolated separately using an isolation
window of 1u and dissociated, yielding the same interpretation (Figure S 4). The tandem mass
spectrum of composition [1,1,2,3,1] (Figure 3c.) showed Y1 and Y, product ions corresponding
to four isomers. Again, isolation and dissociation of each deuterated precursor ion form
separately confirmed the interpretation of the complementary B- and C-type ions.
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Care was taken to minimize loss of equivalents of SO3 from precursor ions during tandem MS
process by selecting precursor ions with high charge states. To accomplish this, collision
energies were set to reduce the parent ion abundance by only 10%. The use of tetraplex labels
for fragmentation studies provided a normalizing effect due to the fact that all components
were subjected to the same conditions, thus providing a level comparison. It was significant
that each heparin source produced a unique tandem mass spectral ion abundance pattern, as
well as different oligosaccharide compositional profiles. The data therefore showed potential
for comparison of the abundances of isomeric mixtures without need for purification of each
component.

In a final demonstration of the utility of multiplex reductive amination tagging, the N-linked
glycans released from a-1-acid glycoprotein from four species were examined. The mass
spectrometric data were normalized relative to the quantity of core protein present in each
sample. The glycosylation structure of a-1-acid glycoprotein has been reported to change

resulting from inflammation caused by factors such as bacterial infections and wound healing.
50

a-1-Acid glycoprotein N-glycans from human, ovine, bovine, and baboon sources were used
to demonstrate the utility of the tetraplex reductive amination tags for profiling of N-glycans
as shown in Figure 4. The extracted ion chromatogram (a) showed the elution of N-glycans in
the m/z 1000-1600 range. The summed mass spectrum (b) showed the distribution of N-glycan
compositions, each of which were present as four deuterated tagged variants. The inserts show
the dg, dg, dg and dq5 isotope distributions for four N-glycan compositions. The distribution of
BiAn(NeuAc), isotopic forms shows that human a-1-acid glycoprotein has the lowest
abundance of this composition. Human BiAn(NeuGc); (dg form) is absent, as expected since
humans do not express the enzyme function for producing NeuGc. TriAn(NeuAc), is abundant
in humans. TriAn(NeuAc);(NeuGc); is absent from humans, as expected. These trends are
shown in detail in (c), reconstructed from the integrated LC/MS peak areas for each species.

Figure 5 demonstrates the ability to use amide-HILIC separation for N-linked glycans based
on the composition of each glycan and, in many cases, multiple peaks indicate isomers present
within the composition. The on-line separation system allows comparison of the extracted ion
chromatograms among the different species. The separation of glycans based on the N-
glycolyl-neuraminic acid content is also observed. The compositions determined by MS
analysis are consistent with those observed by Nakano et al. where greater quantities of tetra-
and tri- antennary glycans are observed in human samples, whereas bovine samples contain
larger quantities of biantenery glycans including a large amount of N-glycolyl-neuramininc
acid.>1 Baboon samples have the lowest glycan content per ug of protein as compared to the
other species, with a distribution of bi-, tri-, and tetra- antennary structures. Abbreviations are
used for these structures, as defined in the Figure 4 legend. Sheep a-1 glycoprotein glycans
have a relatively even distribution of glycan size and functionalization across the observed
compositions, as well. The addition of fucose to the glycans of a-1-acid glycoprotein occured
only in humans, exclusively on the TriAn(NeuAcy), TriAn(NeuAcs), TetraAn(NeuAcs), and
TetraAn(NeuAcy). Although it is possible for incorporation of NeuGc into human
glycoproteins due to the dietary consumption of animal products, no such glycans were detected
in the human a-1-acid glycoprotein samples. The data demonstrated, however, the potential
for this approach for profiling NeuGc incorporation as a function of biological variation. Such
an approach would be expected to prove useful for profiling changes in incorporation of NeuGc
observed in glycoproteins associated with tumors.>2 Because the tetraplex tagging protocol
allowed for the direct comparison of each composition from each species the precise data lent
confidence in the assignment of subtle differences in glycan compositions among a-1-acid
glycoprotein from the four species.
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Tandem mass spectrometry showed that different patterns of dissociation exist among a given
N-glycan composition from the different species. The most abundant product ions
corresponded to untagged non-reducing end fragments and losses of NeuAc groups.
Nonetheless, the species-specific product ion abundance profiles indicated that positional
isomers exist. In the case of BiAn(NeuAc,) -, labeled reducing end fragments showed an
abundant Z; ion, relative to the Yg ion, while the other species showed significantly different
ratios for this pair. This indicated that the NeuAc linkage from the human samples were
significantly less susceptible to dissociation than that from the other species, thereby causing
an abundant Z; ion. Similarly, TriAn(NeuAcs)* ions from human showed a more abundant
Z4 ion and ion from loss of NeuAc (ye) relative to the other species. TriAn(NeuAc;) 2 shows
a pattern similar to BiAn(NeuAc,) 3 with significantly more abundant Z; ions than Zg ions
for human samples.

Tandem mass spectrometry of N-linked glycans requires a higher collision energy than that of
the sulfated GAG class previously analyzed. As such, it was determined that collision energies
exceeding—45 V induced the loss and/or fragmentation of the tag, creating a potential limitation
onthe information available from a labeled glycan. However, this can be overcome viaisolation
and fragmentation of each isotopically enriched tag variant individually.

5. Conclusions

Glycans released from purified glycoconjugates contain a distribution of glycoforms. A given
composition from such a mixture typically contains a mixture of isomers. The tetraplex stable
isotope reductive amination tags are shown here to facilitate precise LC/MS compositional
profiling of glycosaminoglycans and N-glycans. These results are significant in that the high
data quality enables comparatively subtle changes in glycan composition to be visualized. A
given glycan composition typically reflects the presence of a distribution of structural isomers.
Tandem MS of the tetraplex tagged glycans enables comparison of the fine structures present
in each biological sample. It is expected that this capability will be useful for correlating glycan
structure with observed biological function. The ability to assign product ion profiles associated
with an observed biological phenotype, or a desired pharmaceutical endproduct, is expected
to be useful for directing glycan purification for the purpose of informing chemical synthesis
efforts.
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a. Nanospray mass spectrum of tetraplex labeled dp4 SEC-HPLC fraction corresponding to
[1,1,2,2,2] [A-UA, UA, GalN, Sulfate, Acetyl] . b. Relative quantities per ug protein of the dp4

fraction of three proteoglycans and cartilage extract determined using: nanospray mass

spectrometry of stable isotope coded samples; and SEC-HPLC of unlabeled samples at an
absorbance of 232 nm. c. Relative glycoform quantities as determined by: nanospray tandem
mass spectrometry of tetraplex labeled dp4 samples; d. CE-LIF disaccharide analysis of

exhaustively digested chondroitin chains.
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Figure 2.

a. Normal phase LC/MS extracted ion chromatograms from heparin dp4 corresponding to
[1,1,2,4,1] (m/z 683-6912") tagged with do-heparin (black), d4 (fragmin (green), dg (Lovenox
(red), dq» (Heparin (blue)). See the Experimental Section for chromatographic conditions. b.
Summed mass spectrum for the 40-44 min range in (a), showing the m/z range of 683-691 (2-
charge state of [1,1,2,4,1] (heparin, fragmin, lovenox, heparin, dy:d4:dg;dq2). c. Extracted ion
chromatograms of : black [1,1,2,4,1], red [1,1,2,3,1], grey [1,1,2,5,0], blue [1,1,2,4,0], green
[1,1,2,5,1]. d. Percentage relative abundances of isotope-coded labeled lyase-resistant dp4
fractions derived from LC-MS. Relative abundance of compositions observed containing
reducing end modified structures due to the depolymerization process of pharmaceutical
preparation
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Figure 3.

a.).Tandem MS of lyase resistant tetrasaccharide [1,1,2,4,1] by nanospray ionization. The
insets show expansions of m/z regions showing the four deuterated forms corresponding to the
product ions indicated. The Y ions in the insets are labeled with a letter that corresponds to a
structure shown to the right. ; b.) distribution of isotopically labeled product ions from the lyase
resistant tetrasaccharide of composition [1,1,2,4,1]%"; c.) distribution of isotopically labeled
product ions from the lyase resistant tetrasaccharide of composition [1,1,2,3,1]*; d.)
representations of structures present in [1,1,2,3,1] tandem mass spectrum.
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Figure 4.

Compositional analysis glycoprotein glycan compositions released by PNGase F treatment .
a. EIC of labeled N-glycans (m/z 1000-1600). b.) Mass spectrum of tetraplex labeled a-1- acid
glycoprotein glycans (dg: human; dg: sheep; dg: bovine; dq2: baboon) showing inserts for four
N-glycan compositions. ¢.) Percent relative abundances per pg protein of reducing end labeled
compositions. N-Glycan structure are listed using the following abbreviations: BiAn,
HexsHexNAcy; TriAn, HexzsHexNAcs; TetraAn, Hexg,HexNACg.
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Figure 5.

a.) Extracted ion chromatograms of: BiAn(NeuAc,) 2 (m/z 1277-1283); (BiAn
(NeuAc;NeuGceq)? (m/z 1286-1291); (Bian(NeuGcey)%™ (m/z 1294-1299) dg-human, ds-ovine,
dg bovine, dq» baboon. b.) LC-MS summing all peaks for BiAn(NeuAc,)%
(human:ovine:bovine:baboon, dg:d,:dg;d12). N-Glycan abbreviations are defined in the Figure
4 caption.
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Figure 6.

a.) Tandem mass spectrum of a-1-acid glycans corresponding to compositions: a.) BiAn
(NeuAc,) 3 and the relative quantification of product ions. b.) relative quantification of product
ions from TriAn(NeuAcs)* c.) relative quantification of product ions from TriAn(NeuAc;) 2
The location of the sialic acid in the representative structure is for illustrative purposes, as the
sialic acid position was not determined. N-Glycan abbreviations are given in the Figure 4
legend.
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