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ABSTRACT 

 Glycosaminoglycans (GAGs) carbohydrates are biologically important molecules 

found in all the living organisms and efforts are made to identify their molecular 

structures in order to gain more understanding about their functions. Several tandem mass 

spectrometry (MS/MS) methods have been useful in structural characterization of GAGs. 

However, complete structural characterization of GAGs has remained elusive due to the 

inherent heterogeneity brought about by their non-template biosynthetic pathways. The 

highly sulfated and isomeric GAGs have remained relatively intractable to characterize. 

Highly sulfated GAGs have a tendency to lose SO3 during ion activation thus producing 

few or no structurally informative fragment ions. On the other hand, isomeric 

oligosaccharides produce isobaric molecular ions in the MS stage and generally have 

identical MS/MS fragmentation patterns. This work will highlight some of the recent 

contributions made towards addressing these two issues. By controlling the ESI solvent 

conditions using a small amount of NaOH (1-2 mM), highly sulfated GAG molecules can 

be stabilized and location of SO3 modifications identified using collision-induced 

dissociation (CID). Also, in some instances C5 epimeric state of the uronic acid residues 



 

can be obtained through the selection of the right molecular ions during CID activation. 

By use of field asymmetric-waveform ion mobility spectrometry (FAIMS), it is possible 

to separate isobaric ions and even diastereoisomers. The separated species can be 

fragmented using methods like electron detachment dissociation (EDD) to obtain useful 

structural information. Ion intensity spectral differences especially from isomeric 

compounds can be visualized using statistical methods like principal component analysis. 

 

INDEX WORDS: Glycosaminoglycans, Carbohydrates, High field asymmetric-

waveform ion mobility spectrometry, Fourier transform ion cyclotron resonance, 

Collision induced dissociation, Electron detachment dissociation, chemometrics. 
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ABSTRACT 

This review covers developments in the application of mass spectrometry to the 

analysis of carbohydrates with more emphasis on glycosaminoglycans. These 

developments include approaches for improved ionization, new and improved methods of 

ion activation, advances in chromatographic separations of carbohydrates, the 

hybridization of ion mobility and mass spectrometry. The impacts of the developments 

are considered in terms of their ability to solve new problems or provide new capabilities 

for carbohydrate analysis, particularly for structure characterization by mass spectrometry 

and tandem mass spectrometry. 
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INTRODUCTION 

Carbohydrates including glycosaminoglycans are central players in a number of 

important biological processes including cell signaling, cell adhesion, and the regulation 

of biochemical pathways. Unlike nucleic acids and proteins, the biosynthesis of 

carbohydrates is not template-driven. They occur in nature as heterogeneous mixtures, 

often of high complexity. There is no method for amplifying the amount of a 

carbohydrate analogous to overexpression for proteins or polymerase chain reaction for 

nucleic acids, and so carbohydrate analysis is typically limited to what can be obtained 

from natural sources, thus the researcher must cope with small quantities of 

heterogeneous material. Mass spectrometry has high sensitivity, is tolerant of mixtures, 

and is a natural choice for the analysis of this class of molecules.  

Compared to advances in protein analysis, progress in the application of mass 

spectrometry to carbohydrates has evolved somewhat slowly, principally because 

carbohydrates are a more challenging set of targets for structural characterization. In 

contrast to proteins, there is no database containing an inclusive and closed set of 

sequences representing all possible carbohydrate structures. The characterization of 

carbohydrates relies upon obtaining the full details of structure from the mass spectrum.  

Subtle differences due to isomerism or chirality can produce molecules with very 

different biological activities, making complete structural analysis even more demanding. 

Mass spectrometry methodologies and technologies for biomolecule analysis continue to 

rapidly evolve and improve, and these developments have benefited Glycosaminoglycans 

(GAGs) carbohydrates analysis. 
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Glycosaminoglycans are negatively charged generally sulfated carbohydrates that 

can be divided into different classes depending on the disaccharide repeating unit 

compositions and the glycosidic linkages between them [1-3].  

 

 

Figure 1. 1. Disaccharide units of different classes of GAGs. The hexuronic acid in 

heparin and heparan sulfate and chondroitin sulfates can either be glucuronic acid or 

iduronic acid residues. 

As the Figure 1.1 shows, GAGs are highly heterogeneous compounds with 

variable modifications at different positions within the disaccharide unit. A key property 

of these biomolecules is the sulfate half ester bond which is very labile. Efforts to identify 

the exact location of the SO3 groups within the chain are hindered by the lability of this 

bond as it breaks easily upon mild ion activation and sometimes during sample ionization 

process. The process for the analysis of GAGs generally starts with the extraction of the 

minute amount of sample molecules within a complex mixture from natural sources. 

NRE RE

R1=H or SO3H
R2=H,SO3H or Ac

Heparin and Heparan sulfate (HS)

Chondroitin sulfate A (CSA) Dermatan sulfate (CSB/DS)

Hyaluronic AcidKeratan sulfate 
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Upon extraction, the mixture is separated in terms of length and compositions using the 

existing analytical methods and then purified. The molecular level structural information 

involves identifying the exact locations of the SO3, acetyl and assigning carbon-5 

stereochemistry in uronic acid residues. All these structural features have profound effect 

on GAGs biological functions making their identification important in understanding how 

these they are involved in various biological activities [3]. As mentioned earlier in this 

chapter, mass spectrometry is a key tool for the analysis of carbohydrates including 

GAGs and important considerations for optimal use of this method will be discussed in 

the subsequent sections in this chapter. 

Ionization Methods 

The most widely used ionization method for carbohydrates are matrix assisted 

laser desorption/ionization (MALDI) [4, 5] and electrospray ionization (ESI) [6]. They 

impart little energy to the sample, producing less fragmentation during the ionization 

process compared to methods previously used for ionization of carbohydrates, such as 

fast atom bombardment (FAB).  

To generate ions by MALDI, the sample is dissolved by an organic solvent, 

mixed with a solution of a matrix, dried and then spotted on a MALDI target. The dry 

mixture spot is then irradiated using a ultraviolet laser and the matrix absorbs and 

transfers some of the energy to the analyte which ionizes [7]. Detailed information about 

the application of MALDI to glycan analysis, including matrixes that are of particular use 

for carbohydrates, can be found in a comprehensive review by Harvey [7]. MALDI, 

compared to ESI, has higher sensitivity for N-glycans, ionizes well even at higher mass 

range, and it is more tolerant to contaminants. Spectra from this method are less complex 
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than ESI spectra because a majority of ions generated in both negative and positive mode 

are singly charged through protonation or deprotonation. Singly charged ions are also 

formed as adducts with alkali or alkaline earth metals, and these kind of ions have been 

found to generate useful fragment ions during tandem mass spectrometry analysis [8]. 

However, MALDI imparts more internal energy into the analyte than does ESI, and can 

cause in-source fragmentation of labile groups such as sulfates within GAGs molecules 

so it’s not commonly used for GAGs analysis [9]. 

With ESI, analyte ions are generated by passing a dilute solution (1-10 μM) 

through a thin diameter needle placed near the MS inlet capillary, at a potential of 1-4 

kV. The potential difference between the tip and the capillary generate fine charged 

droplets and then drying gas vaporizes the solvent from the ions as they are aspirated into 

the mass spectrometer [10]. Both positive and negative ions can be generated using this 

method, and multiple charging is generally observed. The pH of the sample and the 

presence of salts have a profound influence on the formation of molecular ions and their 

anionic or cationic adducts. ESI couples well with online liquid flow separation methods 

like HPLC or capillary electrophoresis (CE) techniques.  

Generally, ESI sensitivity decreases as the mass of the glycan increases. 

Conventional ESI is known to be less effective for neutral oligosaccharides due to poor 

ionization efficiency but is useful for acidic molecules like GAGs that can readily form 

negative ions. Smaller sized droplets obtained in both static or flow nano-electrospray 

increase the sensitivity and show increased tolerance to salts and other contaminants 

compared to conventional electrospray [8, 11, 12].  Permethylation and reducing end 

modifications such as reductive amination and hydrazine tagging helps in LC separations 
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and improves the sensitivity for both neutral and acidic oligosaccharides. Permethylation 

also enables acidic oligosaccharides to be analyzed in positive mode [13-15].   

ION ACTIVATION METHODS 

Once the ions are formed, compositional information of GAGs can be derived 

from a single stage of MS, particularly with a high resolution, accurate mass 

measurement. The details of the structures of oligosaccharide molecules are obtained by 

tandem mass spectrometry (MS/MS or MS
n
). In tandem mass spectrometry, a molecular 

ion is selected by a first stage of MS, undergoes activation and fragmentation, and the 

product ions are analyzed to provide information about the sequence, monosaccharide 

compositions, linkages and locations of various modifications [16-20].  

Threshold Ion Activation 

There are two broad categories of tandem mass spectrometry techniques that have 

been applied to oligosaccharide analysis [21-26]. The first category is comprised of 

threshold activation methods, including low energy collision induced dissociation (CID) 

[21] and infrared multiphoton dissociation (IRMPD) [22]. CID is the most commonly 

employed fragmentation method, and has been implemented on many different MS 

platforms. However, CID ruptures the weakest bonds (also true for IRMPD), which can 

be detrimental for the analysis of oligosaccharides with labile modifications especially 

GAGs. Recently, methods have been developed that can improve the utility of this 

method by modifying the ESI spray solutions, derivatization, for example, by methylation 

or acetylation, and also coupling the labile groups with metals [27-31].  

Low energy CID fragmentation of positively charged ions, particularly native N-

linked glycans, favor glycosidic fragmentation and may cause residue rearrangement 
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which can lead to the wrong structural assignment [32]. Metal adducted oligosaccharides 

ions do not undergo rearrangement and provide more fragment ions, including cross-ring 

fragments which provide more detailed information about the oligosaccharides [16, 32]. 

For gangliosides, both negative and positive precursor ions provide extensive 

fragmentation that complements each other [33-35]. Negative ionization and MS/MS has 

also been shown to produce informative fragment ions for acidic biomolecules especially 

glycosaminoglycans and other acidic glycans containing sialic acids [36].  For 

underivatized neutral oligosaccharides, fragment ions obtained from positive and 

negative mode may complement each other, enhancing structural assignment [37-40].  

Electron Based Ion Activation 

A second category of ion activation is electron based methods [23, 24]. These 

entail the transfer of an electron to or from the selected multiply charged molecular ion, 

yielding a radical ion which then undergoes fragmentation. These methods are gaining 

attention because they often result in backbone fragments that give detailed structural 

information about peptidoglycans and oligosaccharides, at the same time preserving 

labile modifications that would otherwise be lost using threshold methods. These 

methods include electron capture dissociation (ECD) [23], electron transfer dissociation 

(ETD) [25], electron detachment dissociation (EDD) [24], negative electron transfer 

dissociation (NETD) [26], and negative ion electron capture dissociation (niECD) [41]. 

EDD and NETD are suited for multiply charged negative ions especially from GAGs or 

glycopeptides [42-47]. ECD and ETD are used to fragment multiply positively charged 

ions and they have been useful for mapping sites of glycosylation from glycopeptides by 

producing backbone fragments while retaining the glycan within the peptide chain [48, 
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49]. niECD is a recently reported electron based fragmentation method in which 

negatively charged ions capture ~5 eV electrons and increase their charge state, in 

contrast to the aforementioned methods of EDD, NETD, ECD, and ETD, which lead to a 

reduction in charge state. The presence of charge-increased ions confirms electron 

capture, and these radical ions initiate fragmentation similar to the ones observed in 

ECD/ETD. This method requires a zwitterionic structure, presumably for electron capture 

by the positively charged region of the ion. niECD produces extensive backbone 

fragmentation and has been applied to characterize peptides [41] including O-

sulfopeptides [50]. Although it has not yet been applied to carbohydrates, it would appear 

to have utility for negatively charged oligosaccharides, such as glycosaminoglycans. 

The Domon and Costello nomenclature [51] is widely accepted as a convenient 

way to present the details of carbohydrate fragmentation. We have modified this 

nomenclature to include the loss of SO3, sodium adducted fragments and EDD unique 

fragments (Figure 1.2). Two major types of product ions are produced by the 

fragmentation of oligosaccharides, those resulting from glycosidic fragmentation (B, Y, 

C and Z) and those from cross-ring fragmentation (A and X). The ions that retain charge 

on the reducing end are X, Y, and Z while the ones that retain the charge on the non-

reducing end are A, B and C. Internal fragments may also be produced, but these are 

generally less informative regarding the structure. A complete set of glycosidic fragments 

give details about the sequence, monosaccharide compositions and branching while 

cross-ring fragments locate modifications and determine the position of glycosidic 

linkage within individual residues [16].  Several recent reviews address tandem mass 

spectrometry of oligosaccharides [16, 18, 19, 52, 53] and specific classes of 
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oligosaccharides, such as GAGs [54], glycopeptides [55, 56], O- and N-linked glycans 

[20, 31, 57, 58], and milk oligosaccharides [59].  

 

Figure 1.2. The structure showing different kinds of fragment assignment for the ions 

obtained in this dissertation. This method of assigning ions is modified from Domon-

Costello nomenclature for hexose carbohydrates.  

Glycosaminoglycan (GAG) sequencing has predominantly relied on tandem mass 

spectrometry of short GAG chains resulting from enzymatic or chemical 

depolymerization (bottom-up) [29, 45, 54, 60-77]. Recently, the first top-down MS/MS 

assignment of intact glycan chains from a GAG proteoglycan was obtained using Fourier 

transform ion cyclotron resonance (FTICR) and FT-orbitrap data (see Figure 1.3) [78]. 

The O-linked glycans were released from the proteoglycan, bikunin. These full-length 

glycans are a complex mixture, which have been characterized previously by mass 

EDD/CID only fragment, no SO3 loss

Fragment with SO3 loss

EDD fragment w/loss of 1 H

EDD fragment w/loss of 2 H’s

Fragment with multiple SO3 losses

Degree of Sodiation1,2,etc.
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spectrometry and were known to have a modest degree of polymerization (dp20-dp45) 

and a low degree of sulfation [64, 79]. The glycan mixture was resolved partially by 

capillary gel electrophoresis, and the fractions were amenable to MS/MS analysis.  One 

of the interesting observations was that CID yielded useful MS/MS data, contrary to the 

general observation for a GAG glycan.  

 

Figure 1.3. (a) FTICR negative-ion mass spectrum of 5.80-kDa MR fraction by PAGE 

with 18 isobars and 63 parent ions. (b) Deconvolution of spectrum in part a. (c) CID-

FTICR-MS/MS spectra of parent-ion m/z = 917.38 (z = 6) and annotated fragment-ions 

providing sequence with dp27- 5-Ser fragmentation pattern assigned from spectrum. 

Reprinted with permission from Ly, M.; Leach, F. E., III; Laremore, T. N.; Toshihiko, T.; 

Amster, I. J.; Linhardt, R. J. Nat. Chem. Biol. 2011, 7, 827−833. Copyright 2011 Nature 

Publishing Group. 
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This was a result of the low degree of sulfation, which allowed the charge state of 

each precursor to be greater than the number of sulfo modifications within a chain. A 

particularly surprising result of this analysis is that each composition yielded a single 

sequence, and that there was a conserved pattern of sulfation modifications among all the 

glycan chains that were examined. This was unexpected since it was believed that GAGs 

modifications take place in a random manner during their biosynthesis. This important 

work provides scientists and medical researchers with a new understanding of these vital 

biomolecules [78].   

It is believed that a similar approach may be applied to other more complex 

GAGs to learn whether they also exhibit a simple pattern of sulfate and acetyl 

modifications. However, more complex chains would pose challenges in separation and 

CID analysis due to the presence of a greater number of compositions, a higher degree of 

polymerization, a higher level of sulfation and more alkali metal-hydrogen heterogeneity. 

Having more compositions with close structural features will introduce separation issues, 

while higher sulfation often leads to unproductive SO3 loss. Higher alkali metal-hydrogen 

heterogeneity will lead to reduction of signal and isolation issues due to overlap of 

multiple peaks within the spectrum. Previous reports have shown that having charge state 

equal or higher than the number of sulfates affords structural informative fragments and 

reduces SO3 loss [44, 80].  

Another biologically relevant aspect of GAG structure is the C5 uronic acid 

stereochemistry. There have been a number of studies directed at determining uronic acid 

stereochemistry in different classes of GAGs from their MS/MS data. EDD was found to 

produce unique fragments for distinguishing glucuronic acid (GlcA) from iduronic acid 
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(IdoA) in heparan sulfate tetrasaccharides [43]. In a more recent work, EDD was 

combined with principal component analysis (PCA) and used to differentiate the uronic 

acid stereochemistry of four synthetic heparan sulfate GAG diastereomers, varying only 

in the uronic acid C5 stereochemistry. The developed method explored the possibility of 

using PCA to quantitate the abundance of two epimers in a binary mixture [72]. CID has 

also been used for distinguishing chondroitin sulfate A (CS-A) and dermatan sulfate 

(DS), which differ only by their uronic acid stereochemistry [81]. More recent CID work 

utilizing MS
3
 showed that glycosidic fragments were more diagnostic of uronic acid 

stereochemistry than the ones obtained by MS/MS [69]. EDD fragmentation in 

combination with statistical analysis has also been used to establish unique product ions 

for distinguishing GlcA from IdoA [74]. These analytical methods could potentially be 

utilized to assign uronic acid stereochemistry of CS or DS oligomers and to quantify the 

relative amount of each in the mixture.  

EDD has been proven to be also very useful for analysis of N-glycans and other 

oligosaccharides [46]. EDD of chloride-adducted neutral and sialylated species was 

found to generate more cross-ring and glycosidic fragment ions compared to the ones 

obtained from EDD of deprotonated molecular ions [47].  Positive ion mode electron 

based methods can also be used for sulfated glycans. Recent work demonstrated the 

efficacy of ECD for sulfated carbohydrates complexed with divalent metal ions.  When 

complexed with Ca
2+

, kappa-carrageenan sulfated oligosaccharides containing one to four 

sulfate groups produced fragment ions that established the position of the sulfates within 

the chain residues [82]. 
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SEPARATION METHODS 

Chromatographic Methods 

Although mass spectrometry is a powerful tool for GAGs analysis, the complexity 

of the mixture extracted from the natural sources including structural isomers, which do 

not produce any difference in mass demands a second mode of separation. Therefore, 

mass spectrometry is often combined with liquid chromatography (HPLC) or 

electrophoresis (e.g. capillary electrophoresis) depending on how the sample is prepared 

(e.g. types of enzyme or release procedure, native versus permethylation, and 

chromophore label). Reversed Phase (RP) chromatography is widely used for the 

derivatized glycans because they are retained in the column. Derivatization can be carried 

out by either permethylation or attaching a chromophoric tag for spectrophotometric 

detection [13].  A chemical derivatization method involving methylation of the –OH, –

NH groups and replacement of the sulfite groups with acetyl or trideuteroacetyl groups 

followed by LC-MS
n
 was used for structural characterization of GAGs recently [15]. This 

method showed improved RPLC separation and the ions are detected in positive mode. 

The method is found to determine the structures of heparin and heparan sulfate GAGs 

[83] as well as distinguishing CS/DS isomers [15].  

Reversed phase ion pairing (RPIP)-LC-MS has also been used for GAGs analysis 

[84-87], heparin-like glycosylaminoglycans (HLGAGs) [88] and glycol-split heparins 

[89]. RPIP separations strongly rely on the choice of ion pairing reagent as well as on the 

pH of the separation. Hydrophilic interaction chromatography (HILIC) has also been 

used for the analysis of glycosaminoglycans [66, 90]. Porous graphitized carbon (PGC) 

has also been GAG digests [62, 91]. These chromatographic methods are time consuming 
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and some require desalting or removal of ion pairing reagents before the samples are 

analyzed using mass spectrometry. Due to this, newer techniques including gas phase 

methods are being developed to increase selectivity and improve the speed of the method 

development. 

Ion Mobility 

Ion mobility (IM) is a gas phase separation technique that can be coupled to MS 

to provide more information about the biomolecules. IM is a pretty fast method that 

separate gas phase ions mixed with buffer gas in presence of alternating or constant 

electric field through the mobility region. Mass spec separates on the basis of M/Z while 

ion mobility discriminate ions in terms of charge state, gas phase conformations and 

shape [92, 93].  There are two main categories of ion mobility separations. 

Time Dispersion IM 

Methods based on separation through time-dispersion have been widely applied 

for glycomics. These methods can either be performed using drift tube ion mobility 

(DTIM), where ions are separated in an electrostatic field by collisions with a buffer gas, 

or traveling wave ion mobility (TWIM), where ions are separated using a buffer gas in an 

electrodynamic field [94]. 

Because of the homogeneous electric field in DTIM instruments, kinetic theory 

can be used to readily determine the collision cross section (CCS) of an analyte based on 

the drift time. Conversely, the electric field in the TWIMS instrument is not 

homogeneous, thereby limiting the use of this technology for obtaining gas-phase 

structure information [94].  To alleviate this limitation, external calibrants, for which the 

CCS has been determined using DTIM instrumentation and which are of similar 
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molecular identity, can be used to determine the CCS of analytes by TWIMS. TWIMS 

has been used to study the conformation changes that occur in heparins when they bind 

with metal cations [95]. TWIM has also been used to separate GAG hexasaccharides [65] 

and octasaccharides [96] due to their differences in conformation. Because this kind of 

ion mobility is time dependent, it is difficult to couple it with ion activation methods like 

EDD that require substantial amount of time during spectral acquisition or in cases where 

multiple ion activation methods are needed for the same molecular ion. 

Spatial Dispersion IM 

High field asymmetric-waveform ion mobility (FAIMS) also known as 

differential mobility spectrometry utilizes differences of ion mobility in alternating high 

and low electric field applied between two electrodes at atmospheric pressure. Ions are 

pushed through the FAIMS device by a carrier gas which could be pure or a mixture of 

gases. The applied field from an asymmetric, periodic waveform disperses the ions within 

the device toward one of the electrodes, depending on their differential mobility, and they 

end up neutralized. When a small dc potential (compensation voltage, CV) is applied, 

ions of a particular differential mobility assumes a stable trajectory through the device 

and are thus detected [97]. FAIMS- LTQ Orbitrap was recently used for the separation of 

isomeric O-linked glycopeptides differing only at the site of glycosylation (GalNAc), and 

that were difficult to separate using RPLC [98]. The site of glycosylation was determined 

from ETD fragment ions obtained from separated peaks at a given CV. Since FAIMS 

separate ions spatially rather than temporally, it is a useful tool particularly when coupled 

to mass spectrometers in which multiple ion activation methods can be used to fragment 

separated molecular ions. 
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In Chapter 2, the experimental procedure for the work described in this 

dissertation is presented. These include how synthetic, chemo-enzymatic and naturally 

depolymerized oligomers used in this work were produced. Both mass spectrometry and 

tandem mass spectrometry methods used will also be described in this section. The 

procedure of how FAIMS separation experiments were carried out and how this 

technique was coupled with FT-ICR for EDD fragmentation will also be discussed. 

Chapter 3 deals with the application of a CID method on differentially ionized 

molecular ions of a highly sulfated pentasaccharide, Arixtra. Arixtra is a pharmaceutical 

drug used as an anticoagulant. Ionizing of the acidic groups was carried out either 

through charge or Na
+
/ H

+
 exchange. The nature of the fragment ions obtained from 

different ionized state of the molecule will be discussed and the quality of the precursor 

ion that generated complete sets of both glycosidic and cross-ring fragment ions which 

located SO3 modifications will be discussed.  

While chapter 3 details the method for stabilizing the acidic groups within highly 

sulfated chain, most of the GAG compounds involved in biological activities are longer 

than a pentasaccharide. Chapter 4 explores the method described in chapter 3 on longer 

highly sulfated GAGs produced using different methods. The compounds chemically 

synthesized using enzymes and naturally occurring oligomers resulting from enzymatic 

depolymerization are studied here. Differences in fragments ions obtained from the free 

reducing end oligomers and the ones whose anomeric –OH is locked will also be 

discussed. 

One of the key observations in the above mentioned work is the appearance of 

some ions in glucuronic containing GAG chains and generally absent or in low intensity 
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in iduronic containing counterparts. In chapter 5 we explore diagnostic uronic acid 

cross-ring fragment ions in CSA and DS dp4, dp6, dp8 and dp10. The characteristics of 

the molecular ions that produce diagnostic ions will be discussed experimentally while 

the structural quality of the diagnostic ions will also be assessed and their relative 

intensity measured. 

Chapter 6 describes a FAIMS-FTICR method used to separate ESI generated 

isobaric charge state ions resulting from different length of chondroitin sulfate A GAGs. 

Additionally, epimeric mixture of heparan sulfate tetrasaccharides differing only at one 

stereogenic center was separated and their ions activated using EDD to obtain structural 

information. The ability of FAIMS to separate anomers and how the multiplicity of peaks 

originating from this phenomenon can be reduced will be described.  
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CHAPTER 2 

 

EXPERIMENTAL METHODS 

Natural heparin oligosaccharides preparation 

Heparin sodium salt used was obtained from porcine intestinal mucosa (Celsius 

laboratories, Cincinnati, OH). Heparin (6 g) was digested by 10 U recombinant 

heparinase 1 (EC 4.2.2.7) in 250 mL volume at 30º C until 30% completion at which 

boiling water was used to quench the reaction [1]. Vacuum rotary evaporation was used 

to concentrate the reaction mixture before filtering with 0.22-μm Millipore membrane  

Before loading the filtrate into the P-10 (BioRad, Hercules, CA) column, the column was 

equilibrated and eluted with 0.2 M NaCl solution. Uniform size oligosaccharide fractions 

were pooled together and then desalted using P-2 column. These uniformly sized 

oligosaccharides were lyophilized and then purified on a semi-preparative strong anion 

exchange–high performance liquid chromatography (SAX-HPLC) (Waters Spherisorb 

S5). Fractionation of various uniform-sized oligosaccharide mixtures were carried out 

using a gradient of water and 2 M NaCl and chromatographic profiles at 232 nm were 

used to combine fractions from repeated separations. Primary structure and the level of 

purity was performed using polyacrylamide gel electrophoresis (PAGE) analysis [2]. 

Chemo-enzymatically synthesized heparan sulfate preparation 

A detailed procedure on the preparation of HS oligosaccharides used in this study 

can be found in Ref. [3]. Briefly, N-sulfonation or 6-O-sulfonation was performed by 
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incubatin  6 μ  of de-N-trifluoro-acetylated or de-6-O-sulfo N-trifluoro-acetylated 

oli osacc aride substrates wit  t e appropriate enzymes and 3’-p osp oadenosine 5’-

phosphosulfate (PAPS), overnight at 37
o 
C in mixture of 80 μM PAP   50 mM 2-(N-

morpholino) ethanesulfonic acid (MES), pH 7.0, 1% Triton X-100 and 4 μ  of  -

sulfotransferase or 6-O-sulfotransferase-1 and 6-O-sulfotransferase-3 in a total volume of 

300 μL  Purification was carried out using diethylaminoethyl (DEAE) column and 

dialyzed using 2500 molecular weight cut-off (MWCO) 3500 membrane and dried before 

further purification by a DEAE-NPR HPLC column (0.46 x 7.5 cm; Tosohaas) [3].   

Chondroitin sulfate A and dermatan sulfate preparation 

Chondroitin sulfate A (CSA) and dermatan sulfate (DS) oligosaccharides were 

independently prepared by partial enzymatic depolymerization. CSA was depolymerized 

from bovine trachea chondroitin sulfate A (Celsus Laboratories, Cincinnati, OH) while 

DS used in this work originated from porcine intestinal mucosa dermatan sulfate (Celsus 

Laboratories, Cincinnati, OH). Chondroitin ABC lyase from proteus vulgaris, EC 4.2.2.4 

(Seikagaku, Japan) was used to incubate 20 mg/mL solution of each sample in 50 mM 

Tris HCL/60 mM sodium acetate buffer, pH 8 at 37
o 
C. When the UV absorbance at 232 

nm indicated 50% complete, the digestion mixture was heated for 3 min at 100
o 
C. Ultra-

filtration was carried out using a 5000 MWCO membrane to remove the enzyme and the 

high-molecular-weight oligosaccharide. Concentrate the remaining oligosaccharide 

mixture, rotary evaporation was used and then fractionated by low pressure GPC on a 

Bio-Gen p10 (Bio-Rad, Richmond, CA) column. The oligosaccharide fractions were 

desalted by GPC on a Bio-Gel P2 column and freeze dried [1]. Strong anion exchange 

high-pressure liquid chromatography (SAX-HPLC) on an semi-preparative SAX S5 
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Spherisorb column (Waters Corp, Milford, MA) was used for further purification of the 

oligosaccharides. The resulting SAX-HPLC with over 90% oligosaccharides fractions 

were collected, desalted by GPC and then freeze-died. The dried solid was reconstituted 

in water and purified one more time using SAX-HPLC. Only the oligosaccharides within 

the top 30% of the chromatogram peak was collected, desalted and freeze-dried. 

Oligomer concentration in the solution was determined by measuring the absorbance at 

232 nm (e=3800 M
-1

 cm
-1

). The final oligosaccharide fractions were characterized by 

PAGE, ESI-MS, and high-field NMR spectroscopy [2].   

Heparan sulfate epimers synthesis 

Heparan sulfate tetra-saccharides epimers (GlcA-GlcNAc6S-IdoA-GlcNAc6S 

(GI) and GlcA-GlcNAc6S-GlcA- GlcNAc6S (GG) ) and GlcA-GlcNAc6S-GlcA-

GlcNAc6S-(CH2)5-NH2 (GG2) and GlcA-GlcNAc6S-IdoA-GlcNAc6S-(CH2)5-NH2 

(GI2),were synthesized by a modular approach and purified as described in Ref. [4]. Use 

of accurate mass measurement and 
1
H NMR confirmed the structures of the 

tetrasaccharides. 

Arixtra analysis 

Arixtra was purchased from the hospital formulary and desalted on a BioGel P2 

column BioRad (Hercules  CA  U A)  Arixtra (1 3 μM) in 50:50 met anol: water wit  

1.0 mM NaOH was used for analysis. A Bruker 9.4 T FTICR (Billerica, MA, USA) with 

an Apollo II duo source or a Thermo Scientific LTQ Orbitrap XL FT mass spectrometer 

with a standard, factory-installed nanospray ion source (San Jose, CA, USA) was used in 

these experiments. The FT-ICR experimental conditions will be discussed in the 

subsequent paragraph. For orbitrap measurements, nitrogen was used as the collision gas. 



 

36 

 

 

Hydrogen/deuterium exchange 

The Arixtra sample was lyophilized to dryness and then dissolved in D2O to make 

1mg/mL stock solution. A small amount of this solution was dissolved in 50:50 

MeOD:D2O to make 0.05mg/mL of the spray solution. Before the H/D exchange 

experiment the sample syringe and ESI lines were rinsed with a mixture of MeOD and 

D2O. 

Mass spectrometry analysis 

A 9.4 Bruker Apex Ultra Qh-FTICR instrument (Billerica, MA, USA) was used 

in these experiments. Negative-mode ESI was used to ionize the samples using metal 

capillary (Agilent Technologies, Santa Clara, CA, #G2427A). The samples were 

introduced at a concentration 0.05-0.1 mg/mL in 50:50 methanol: H2O unless otherwise 

stated. The degree of sodiation was controlled by the addition of 0.05-2 mM NaOH 

(Sigma, St. Louis, MO, USA) to the electrospray solution depending on the length and 

the level of sulfation of the analyte.  All samples were infused at the rate of 120 μL/   

The precursor-ions were mass isolated in the external quadruple with 3 Da isolation 

window and CID was performed in the collision cell external to the high magnetic field 

region while ensuring the precursor ion intensity remained above the product ions 

intensity to minimize the production of internal fragments. Argon was used as the 

collision gas. 512 k to one mega points of data were acquired for each mass spectrum, 

padded with one zero-fill and apodized using a sinebell window. A 5 ppm mass accuracy 

was achieved through an external calibration while internal calibration using accurately 
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assigned glycosidic bond cleavage products yields a mass accuracy of < 1 ppm. Accurate 

mass measurement values were used to assign product-ions, whose m/z values were 

calculated using Glycoworkbench version 2.1 [5]. The product ions are reported using the 

annotation described previously [6], derived from the Domon and Costello nomenclature 

[7]. 

ESI FAIMS 

Ions were generated using negative mode ESI. Solutions for given GAG samples 

were made at a concentration of 0.05- 0.1 mg/mL in 50:50:0.1 MeOH: H2O: HCOOH 

(Sigma, St. Louis, MO, USA). All sample solutions were infused at a rate of 120 μL/  

using ESI metal capillary (Agilent Technologies, Santa Clara, CA, #G2427A) tip placed 

about 2-3 mm from the FAIMS curtain gas cap. Generated ions were passed through 

Bruker Daltonics planar FAIMS analyzer (Billerica, MA, USA) with electrode gap width 

of 0.5 mm. The FAIMS device was held in place by a cylindrical peek that facilitates 

proper interfacing to a 9.4 T Bruker Apex IV QeFTMS (Billerica, MA, USA). Ions were 

separated in FAIMS using 2.4 MHz bi-sinusoidal waveform between dispersion voltages 

(DV) 1.50 - 1.95 kV and the carrier gas used was air. No modifiers were added to the 

carrier gas. 

ESI-FAIMS-EDD 

The positive CV scan (0-30 V) was carried out (negative CV scan did not yield 

any ions) and the specific CV at which the ion of interest appears in the MS was noted 

and subsequently used to selectively and continuously transmit one ion at a time for EDD 

experiments. Indirectly heated hollow cathode was used for generating electrons for EDD 

experiments. Isolation refinement of the precursor was done in the external quadrupole 
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where the ions were accumulated for 1–2.5 s before they enter the FTICR-MS analyzer 

cell. The isolation/cell fill was repeated up to 3 times. In-cell isolation with a coherent 

harmonic excitation frequency (CHEF) event was used for further ion selection. The 

precursor ions were irradiated with electrons for 1 s. For electron irradiation the cathode 

bias, ECD lens, and cathode heater were set at -19 V, -18.6 V, and 1.6 A respectively. 36 

acquisitions per mass spectrum were averaged and for each mass spectrum 512 k points 

were acquired, padded with one zero fill, and apodized using a sinebell window. 

Background spectra were acquired by leaving all parameters the same but setting the 

cathode bias to 0 V to ensure that no electrons reached the analyzer cell. 

Principal component analysis (PCA)  

PLS toolbox (Eigenvector research, inc., Wenatchee, WA) was used for the 

principal component analysis (PCA). The intensity of 19 assigned fragment ions for each 

spectrum was used for PCA analysis. These fragment ions were selected based on relative 

intensity and then normalized using the intensity of the base peak from the background 

spectra. Each row of the data matrix consists of the mass spectra of each particular 

sample, while each column contained the normalized peak intensities for the selected 

fragment ions. During the PCA analysis, the data was mean-centered and cross-validated. 

For each sample peak, the spectra were acquired in quintuplicate starting with the same 

precursor intensity and using the same EDD experimental conditions. 
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ABSTRACT  

Glycosaminoglycans (GAGs) are a class of biologically important molecules and 

their structural analysis is the target of considerable research effort. Advances in tandem 

mass spectrometry (MS/MS) have recently enabled the structural characterization of 

several classes of GAGs. However, the highly sulfated GAGs, such as heparins, have 

remained a relatively intractable class due their tendency to lose SO3 during MS/MS 

producing few sequence-informative fragment ions. The present work demonstrates for 

the first time the complete structural characterization of the highly sulfated heparin-based 

drug, Arixtra. This was achieved by Na
+
/H

+
 exchange, to create a more ionized species 

that was stable against SO3 loss, and that produced complete sets of both glycosidic and 

cross-ring fragment ions. MS/MS enables the complete structural determination of 

Arixtra, including the stereochemistry of its uronic acid residues and suggests an 

approach for solving the structure of more complex, highly sulfated heparin-based drugs. 
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INTRODUCTION 

Heparin (Hp) and structurally related heparan sulfate (HS) are biopolymers 

comprised of highly sulfated uronic acid and glucosamine repeating units and are found 

intracellularly, in the extracellular matrix, and on the cell surface of a wide variety of 

species [1, 2]. To develop a deeper understanding of their biological function in 

angiogenesis [3], tumor metastasis [4], viral invasion [5], cell growth and proliferation 

[6] and anticoagulation [7], elucidation of their molecular level structures is of great 

interest but remains a challenge [8]. Unlike biopolymers such as proteins or nucleic acids, 

the biosynthetic pathways for GAGs are not based on a template mechanism; thus they 

are heterogeneous in composition, and highly polydisperse in molecular weight [9, 10]. 

While Hp is produced in large amounts as a drug, HS is often extracted from tissues in 

small quantities requiring sensitive analytical methods, such as MS [9]. Negative mode 

electrospray ionization (ESI) is commonly used due to the highly acidic nature of Hp and 

HS [11] and it provides multiply charged precursor ions which facilitates MS/MS of 

higher mass molecules. 

The presence of a high number of labile sulfate groups renders many MS/MS 

techniques insufficient for the structural characterization of Hp and HS [12]. Previously, 

methods such as collision induced dissociation (CID) and infrared multi-photon 

dissociation (IRMPD) were found to lead to sulfate decomposition (loss of SO3) and to 

provide few sequence-informative cleavages [10, 11, 13]. Electron detachment 

dissociation (EDD) and other electron based methods have been used to characterize HS 

oligosaccharides with a low level of sulfation as well as chondroitin sulfate GAGs [14-
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16], but these methods become less efficient as the number of sulfo groups per 

disaccharide increases.  

Research on MS/MS methods for Hp analysis has been directed at the retention of 

labile sulfate groups during ion activation but with limited success. Increasing the charge 

state to a level where all the sulfate groups are ionized reduces sulfate loss and increases 

structurally-informative cleavages [13, 17, 18], but as the number of sulfate groups per 

disaccharide increases, charge-charge repulsion limits the ability to produce molecular 

ions with higher charge states with sufficient intensities for MS/MS [10, 19]. Even when 

the right charge state is selected, most of the cleavages obtained are glycosidic bond 

fragmentation, which cannot be used for locating the position of the sulfate groups within 

a monosaccharide unit. Multistage CID (MS
n
) has provided structural information on 

these molecules but requires substantial amounts of sample and still is inefficient in Hp 

oligosaccharides having more than one sulfo group per disaccharide unit [13]. 

Exchanging H
+
 with metal cations such as Na

+ 
or Ca

2+
 has been show to stabilize 

sulfate groups and to increase the formation of sequence-informative fragment ions [13, 

20], but these previous studies showed few glycosidic and cross-ring cleavages and failed 

to provide comprehensive structural identification of analytes [13], Here we show that 

use of NaOH as a component of electrospray (ESI) enables the production of a precursor 

in which all ionizable protons are removed or replaced by Na
+
. This precursor is found to 

be uniquely suitable for MS/MS analysis, and leads to the production of abundant 

glycosidic and cross-ring fragments, enabling full characterization of a highly sulfated 

synthetic Hp oligosaccharide using a single CID spectrum.  
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RESULTS AND DISCUSSIONS 

Arixtra is a synthetic ultralow molecular weight heparin based on the 

pentasaccharide sequence that comprises the antithrombin III binding site present in both 

Hp and HS that is responsible for anticoagulant activity [21]. Arrangement of the 

monosaccharide units, the position of the sulfo group substitution, and the 

stereochemistry of the uronic acid within this pentasaccharide are critical for its 

anticoagulant activity [22, 23]. Arixtra [C31H53O49S8N3] has 8 sulfo groups and three 

carboxyl groups for a total of 10 acidic sites. Higher charge states lead to less sulfate loss 

[13, 17] but charge-charge repulsion limits the ability to achieve a charge state in which 

all the sulfo groups are deprotonated. 

The most abundant charge state observed in the mass spectrum of Arixtra was 

[M-3H] 
3-

 (Appendix A). In this case only three sulfo groups were deprotonated, leaving 

the remaining 7 acidic groups protonated. Mild CID activation of this molecular ion 

produces very intense SO3 loss peaks, as shown in Figure 3.1a. As previously reported 

[13], increasing the deprotonation of sulfo and carboxyl groups through metal cation/H
+
 

exchange reduces SO3 loss and affords structurally-informative cleavages. In Figure 3.1b, 

Na
+
/H

+
 exchange leads to de-protonation of 8 acidic groups, [M-8H+5Na]

3+
, which 

equals the number of sulfo groups in Arixtra. While the most intense peaks in the 

resulting spectrum are the SO3 loss peaks, a few glycosidic fragments are observed that 

provide limited structural information. When all the acidic groups were deprotonated, a 

CID spectrum for [M-10H+7Na]
 3-

 was obtained, which had a uniform distribution of 

both glycosidic, cross-ring cleavages with few low intensity peaks resulting from neutral 

SO3 loss (Figure 3.1c).  
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Figure 3.1. CID spectra for triply deprotonated molecular ions of Arixtra. a) CID of 

[M-3H]
3-

 showing that a low charge state leads to the loss of SO3 and little useful 

structural information. b) Deprotonation of eight acidic groups, equal to the number of 

sulfo groups, through Na
+
/H

+
 exchange and charging, reduces SO3 loss but provides few 

useful fragments. c) When all ten acidic groups are deprotonated, a large number of 

structurally informative glycosidic and cross-ring cleavages are observed. 

Due to the high density of assignable peaks within this spectrum, a simple 

annotation is used that does not include the entire ion nomenclature. In this annotation, A 

is used to denote any cleavage corresponding to the actual A fragment while A-S is used 

to denote loss of SO3 from the corresponding A fragment. A complete peak list is 

included in the Appendix A. Higher charge states of the fully deprotonated sample were 

examined and found to give complementary data. Annotated structures for [M-

10H+6Na]
4-

 and [M-10H+5Na]
5-

 show the observed fragmentations, which include an 
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entire set of glycosidic bond cleavages and abundant cross-ring cleavages (Figure 3.2). 

For the molecular ion [M-10H+6Na]
4-

, Z1 places two sulfo groups on the reducing end 

residue, and the mass difference between 
0,2

X1 and Y1 places a sulfo group at the 2- 

position of the iduronic acid residue.  

The mass difference between B3 and C2 show there are three sulfo groups in the 

central glucosamine residue occupying all available sites of modification, i.e., 2-N-sulfo, 

3-O-sulfo and 6-O-sulfo. The mass difference between Y4 and the 
2,4

X4 cleavage in the 

non-reducing end residue establishes sulfation on the 6-O- and 2-N- positions. The 
2,4

X4 

fragment is isobaric with a 
1,5

A5 fragment, but 1,5 cleavage is unusual in the CID mass 

spectra of GAGs, while 2,4 cleavage is fairly common. Fragmentation of another fully 

deprotonated molecular ion of one higher charge state [M-10H+5Na]
5-

 (Figure 3.2) 

produces similar cleavages to those observed for [M-10H+6Na]
4-

 with additional 

fragments including 
2,4

A5 that allow for the placement of the two sulfo groups on the 2-N 

and 6-O positions in the reducing end residue. The 
2,4

A5 fragment is isobaric with a 
1,5

X4 

cleavage, but again, the former is common and abundant in CID spectra of GAGs, and 

can be confidently assigned as such. A full mass list can be found in the supporting 

information.  

The effectiveness of this method using FTMS Orbitrap provided similar results, 

indicating that this approach can be applied using a wide variety of FT mass 

spectrometers. Moreover, the Orbitrap can afford additional low mass fragments such as 

0,3
X0, 

3,5
X0, 

0,3
A1, 

0,4
A1, and 

1,3
A1 ions using a higher collision dissociation (HCD) 

fragmentation approach (Appendix A). An increase in SO3 loss fragments is observed in 

the spectra as the charge state increases and the number of the sodium cations in the 
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molecular ion decreases. This suggests that stabilizing the sulfo groups is more readily 

achieved by increasing the degree of sodiation of the molecular ion rather than by 

increasing the molecular ion charge. 

Uronic acid C5-stereochemistry (glucuronic acid/ iduronic acid) is another 

important aspect of the Arixtra structure that determines how it interacts antithrombin 

III and other proteins to influences their functions [21, 24]. Efforts to distinguish iduronic 

acid and glucuronic acid in Hp, HS and dermatan sulfate analytes is an ongoing challenge 

[15, 25, 26] for analytical chemists. In the attempt to determine whether the abundant 

cross-ring cleavages generated by CID can aid in elucidating uronic acid stereochemistry, 

we examined the cross-ring cleavages all of the uronic acid residues in a variety of GAG 

samples (chondroitin 4-sulfate, dermatan sulfate) dp4-dp10, Hp oligosaccharides dp4-

dp8, and chemoenzymatically synthesized Hp (dp7) and HS dp10-dp12) 

oligosaccharides. These results will be a subject of a future publication, which establishes 

the diagnostic nature of 
2,4

An ions in characterizing uronic acid stereochemistry. 
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Figure 3.2. Annotated structures showing observed cleavages for Arixtra for two 

different charge states and levels of sodiation. Both [M-10H+6Na]
4-

 and [M-10H+5Na]
5-

 

show similar fragmentation patterns affording more comprehensive structural 

information. The numbers adjacent to a cleavage indicate the number of sodium ions 

present in the fragment ion, open circles denotes SO3 loss accompanying the indicated 

fragmentation, and filled circles denote loss of 2 or more SO3 groups. 

In all experiments, 
2,4

An (where n is the uronic acid residue position in the 

analyte) cleavage(s) appeared in all glucuronic acid residues but is absent (or present at 

very low intensity) in iduronic acid residues as long as all the acidic groups in the ion are 

deprotonated. In Arixtra, a 
2,4

A2 fragment appears in the glucuronic acid residue but not 

in the iduronic acid residue. Although 
2,4

A2 fragment is isobaric with 
1,5

X1 fragments, 

H/D exchange experiments confirmed the assignment of the 
2,4

A2 fragment (Appendix 

A). 

Unlike the previously reported Q-TOF mass spectral data on Arixtra,
13

 our 
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structure  Additional studies are underway in t e in esti ators’ laboratories on lon er 

oligosaccharides and even full-length Hp and HS chains to establish the effectiveness of 

this method on larger highly sulfated GAGs. 

It is interesting to compare this approach to prior efforts on GAGs and other 

polyanionic biomolecules such as nucleic acids. Molecules with multiple acidic sites have 

a high propensity to pair with metal ions, which adversely impacts mass spectrometric 

analysis, by introducing heterogeneity from incomplete replacement of the ionizable 

protons by metal ions. For this reason, researchers usually take great care to rigorously 

desalt anionic samples prior to MS analysis [27-29]. During the ESI experiments, 

reagents such as formic acid or ammonium hydroxide have been used to reduce 

metal/proton exchange and the consequential splitting of peaks that reduces the efficiency 

of both MS and MS/MS analysis [17, 29]. In contrast to the standard approach for anionic 

biomolecules, the current work purposely introduces metal ions to exhaustively replace 

ionizable protons, which greatly improves the MS/MS analysis.  

Prior investigations of the MS/MS behavior of highly sulfated GAGs have had 

limited success because they did not investigate the appropriate precursor species. When 

more than a single protonated acidic group remains in a precursor ion, MS/MS 

fragmentation is generally accompanied by the loss of SO3. Since sulfo group loss 

effectively competes with glycosidic and through-ring cleavage, this results in a loss of 

sequence-informative fragmentation. In conclusion, MS/MS analysis can provide 

complete sequence coverage for highly sulfated GAG oligosaccharides if the precursor 

molecular ion has all, or all but one, of its acidic groups deprotonated through a 

combination of charging and Na
+
/H

+
 exchange.   
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ABSTRACT 

The highly sulfated glycosaminoglycan oligosaccharides derived from heparin 

and heparan sulfate have been a highly intractable class of molecules to analyze by 

tandem mass spectrometry. Under many methods of ion-activation, this class of 

molecules generally exhibit SO3 loss as the most significant fragmentation pathway, 

interfering with the assignment of the location of sulfo groups in glycosaminoglycan 

chains. We report here a method that stabilizes sulfo groups, and facilitates the complete 

structural analysis of densely sulfated (2 or more sulfo groups per disaccharide repeat 

unit) heparin and heparan sulfate oligomers. This is achieved by complete removal of all 

ionizable protons, either by charging during electrospray ionization, or by Na
+
/H

+
 

exchange. The addition of mM levels of NaOH to the sample solution facilitates the 

production of precursor ions that meet this criterion. This approach is found to work for a 

variety of heparin sulfate oligosaccharides derived from natural sources, or produced by 

chemoenzymatic synthesis, with up to twelve saccharide subunits and up to eleven sulfo 

groups. 
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INTRODUCTION  

Heparin (Hp) and heparan sulfate (HS) are linear, poly-disperse and highly 

sulfated glycosaminoglycans (GAGs), with a repeating disaccharide building block 

composed of a 1-4 linked glucosamine and an uronic acid residue [1]. The saccharide 

residues may have a variety of modifications, and these are usually heterogeneous due to 

the non-template nature of their biosynthesis [2]. Glucosamine residues may be 

substituted with N-sulfo, or N-acetyl and 3- and/or 6-O-sulfo groups. Uronic acid residues 

can be either glucuronic or iduronic acid and substituted with 2-O-sulfo groups [3, 4]. 

These structural features are thought to control Hp and HS biological activity, for 

example, their interactions with proteins, and so the structural characterization of GAGs 

is an important target for chemical analysis [1, 5, 6]. A particularly well-known example 

of a GAG-protein interaction is the role of Hp as an antithrombin III (AT) activator. A 

pentasaccharide unit with a very specific pattern of modification interacts with AT 

causing it to undergo a conformational change that increases the anticoagulation activity 

of AT by more than three orders of magnitude [7, 8]. Contamination of pharmaceutical 

Hp was a major issue recently, associated with over 70 fatalities worldwide [9-12]. This 

problem highlights the need for rapid, robust and sensitive analytical methods for the 

analysis of heparin, and for identifying contaminants of similar composition [11].  While 

nuclear magnetic resonance spectroscopy is often the method of choice for determining 

the structure of GAGs, such as Hp and HS, it requires substantial sample preparation to 

obtain pure samples, relatively large amounts of sample, and time-consuming 

interpretation.  
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Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) offer high 

sensitivity and specificity, and are often used for the analysis of complex mixtures.  For 

these reasons, MS and MS/MS have been explored by a number of researchers as tools 

for the structural analysis of GAGs [13-31]. Recently, the sequence of intact, full length 

chondroitin sulfate GAG chains from bikunin were elucidated [32]. However, these were 

sparsely sulfated compared to typical HS/Hp GAGs, averaging less than 0.5 sulfate 

modifications per disaccharide repeat unit. Hp in particular is highly sulfated, making it 

extremely difficult to deduce composition and other structural details from intact 

samples. Controlled enzymatic digestion (heparin lyases I, II and III) [33] and chemical 

methods (using nitrous acid) [34] can depolymerize Hp and HS to oligosaccharides of 

sizes that can be analyzed using the current instrumentation. The resulting products occur 

as a mixture of different sizes, compositions, isomers and epimers, making their 

characterization extremely challenging.  

Use of MS to analyze highly sulfated HS oligosaccharides, with two or more sulfo 

groups per disaccharide repeating unit, is difficult due to the loss of labile SO3 with mild 

ion-activation [27]. Negative-mode electrospray ionization (ESI) is commonly used to 

analyze GAGs due to its ability to preserve the sulfo groups during the ionization 

process, and its propensity to form multiply-charged anions from these acidic molecules 

[35]. Information about the composition and the length of the molecule can be achieved 

by the first step MS but cannot provide structural details on the monosaccharide residue 

connectivity and locations of various GAG modifications, i.e., sulfo groups, acetyl 

groups, and uronic acid C5 stereochemistry. MS/MS is required to obtain these structural 

details.  Fragmentation of glycosidic bonds produce ion products that determine the 
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composition of individual residues, while cross-ring cleavages are useful for assigning 

the sites of modification within a monosaccharide residue. 

For Hp and HS oligosaccharides, previous studies have shown that threshold ion-

activation methods such as low energy collision-induced dissociation (CID) or infrared 

multiphoton dissociation (IRMPD) produces a relatively low number of structurally 

useful fragments, due to the preference for loss of SO3 rather than glycosidic bond 

fragmentation or cross-ring cleavage [13, 25, 36]. Nevertheless, CID has been used to 

differentiate 6-O-sulfo and 3-O-sulfo groups in Hp disaccharide units, due to differences 

in their multi-dimensional tandem mass spectrometry (MS
n
) fragments [37]. Metal 

cationization has also been used for the MS/MS analysis of carbohydrates [38-42], and it 

has been found that increasing the charge-state and metal-hydrogen exchange in these 

biomolecules increases the density of fragments and reduces SO3 loss [17, 25, 43, 44]. Hp 

and HS GAGs have been characterized by their MS
n 

with CID activation, for both 

multiply-charged ions cationized by Ca
2+ 

(and Na
+
 to a lesser extent), ranging from a 

trisaccharide with 4 sulfo groups to a pentasaccharide with 8 sulfo groups. Although this 

work resulted in more glycosidic and cross-ring cleavages, there were still too few 

fragment-ions to provide detailed structural information about the sites of sulfo group 

modifications [25]. However, this work established that the presence of metal cations in 

these molecules increased the stability of the sulfo groups, leading to more useful 

fragment-ions [45]. In recent years, electron-based methods, especially electron 

detachment dissociation (EDD), have proved to be very useful in both locating the sulfo 

groups and determining the uronic acid C-5 stereochemistry of undersulfated HS-derived 
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tetrasaccharides but the efficiency of EDD decreases as the number of sulfo groups per 

disaccharide unit increases [13-16, 18, 20, 22]. 

Sodium metal cation/proton exchange has been investigated for EDD and IRMPD 

of sparsely sulfated dermatan sulfate oligosaccharides (one sulfo group per disaccharide) 

[17]. This work showed that increasing sodium cationization so that all sulfo groups in 

the molecule are deprotonated greatly reduces the number of SO3 loss peaks, but this 

approach also resulted in a reduction of the number of both glycosidic and cross-ring 

cleavages [17]. The current work demonstrates a new method to stabilize sulfo groups 

during MS/MS of Hp and HS oligosacchardies, while producing much more extensive 

and structurally informative fragmentation. This is achieved by the exhaustive 

deprotonation of all ionizable sites in Hp and HS oligomers, using sodium hydroxide to 

cationize or deprotonate every acidic group in the precursor-ion. This approach has 

recently been shown in our lab to be effective for the highly sulfated heparin-like 

pentasaccharide drug, Arixtra® [46]. Here we show that this approach is generally 

applicable to Hp and HS oligosaccharides from pentasulfated tetrasaccharides up to 

undecasulfated octasaccharide Hp, derived from natural sources, as well as 

chemoenzymatically synthesized HS oligomers up to twelve residues in length.  

EXPERIMENTAL 

GAG oligomers were produced from naturally occurring sources and by 

chemoenzymatic synthesis. Those produced by enzymatic digestion of naturally occuring 

GAGs range from a pentasulfated tetrasaccharide to undecasulfated octasaccharide. The 

chemoenzymatically synthesized oligosaccharides range from a decasaccharide with 8 
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sulfo groups to dodecasaccharide with 10 sulfo groups and under sulfated HS ranging 

from degree of polymerization (dp) 10-dp12.   

Natural Hp oligosaccharides preparation 

Heparin sodium salt used was obtained from porcine intestinal mucosa (Celsius 

laboratories, Cincinnati, OH). Heparin (6 g) of was digested by 10 U recombinant 

heparinase 1 (EC 4.2.2.7) in 250 mL volume at 30º C until 30% completion at which 

boiling water was used to quench the reaction. Vacuum rotary evaporation was used to 

concentrate the reaction mixture before filtering with 0.22-μm Millipore membrane  

Before loading the filtrate into the P-10 (BioRad, Hercules, CA) column, the column was 

equilibrated and eluted with 0.2 M NaCl solution. Uniform size oligosaccharide fractions 

were pooled together and then desalted using P-2 column. These uniformly sized 

oligosaccharides were lyophilized and then purified on a semi-preparative strong anion 

exchange–high performance liquid chromatography (SAX-HPLC) (Waters Spherisorb 

S5). Fractionation of various uniform-sized oligosaccharide mixtures were carried out 

using a gradient of water and 2 M NaCl and chromatographic profiles at 232 nm were 

used to combine fractions from repeated separations. Primary structure and the level of 

purity was performed using polyacrylamide gel electrophoresis (PAGE) analysis [47]. 

Chemo-enzymatically Synthesized HS Preparation 

A detailed procedure on the preparation of HS oligosaccharides used in this study 

can be found in the paper [48]. Briefly, N-sulfonation or 6-O-sulfonation was performed 

by incubatin  6 μg of de-N-trifluoro-acetylated or de-6-O-sulfo N-trifluoro-acetylated 

oli osacc aride substrates wit  t e appropriate enzymes and 3’-p osp oadenosine 5’-

phosphosulfate (PAPS), overnight at 37
o 
C in mixture of 80 μM PAPS, 50 mM 2-(N-
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morpholino) ethanesulfonic acid (MES), pH 7.0, 1% Triton X-100 and 4 μg of N-

sulfotransferase or 6-O-sulfotransferase-1 and 6-O-sulfotransferase-3 in a total volume of 

300 μL. Purification was carried out using diethylaminoethyl (DEAE) column and 

dialyzed using 2500 molecular weight cut-off (MWCO) 3500 membrane and dried before 

further purification by a DEAE-NPR HPLC column (0.46 x 7.5 cm; Tosohaas) [48].   

Mass Spectrometry Analysis 

A 9.4 Bruker Apex Ultra Qh-FTICR instrument (Billerica, MA, USA) was used 

in these experiments. Negative-mode ESI was used to ionize the samples using metal 

capillary (Agilent Technologies, Santa Clara, CA, #G2427A). The samples were 

introduced at a concentration 0.05-0.1 mg/mL in 50:50 methanol: H2O. The degree of 

sodiation was controlled by the addition of 1-2 mM NaOH (Sigma, St. Louis, MO, USA) 

to the electrospray solution depending on the level of sulfation of the analyte.  All 

samples were infused at the rate of 120 μL/h. The precursor-ions were mass isolated in 

the external quadruple with 3 Da isolation window and CID was performed in the 

collision cell external to the high magnetic field region while ensuring the precursor ion 

intensity remained above the product ions intensity to minimize the production of internal 

fragments. The effect of adding NaOH in the solution was studied by first introducing the 

sample in H2O: MeOH only and then with NaOH to a hexasaccharide containing 8 sulfo 

groups. The MS of the hexasaccharide sample with and without NaOH is shown in 

Figure 4.1.  
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Figure 4.1. Showing the heterogeneity observed when there is no NaOH applied (a) and 

when 1mM NaOH is added to a hexasaccharide with 8S groups (b). 

Molecular-ions of charge-state envelope for 3-, 4-, 5- and -6 were observed. 

Within the charge state envelop, there are numerous peaks resulting from metal/hydrogen 

exchange. These include the ones with Na
+
 and K

+
/H

+ 
individually and the ones with a 

combination of Na
+
 and K

+
 in a single peak. This phenomenon is clearly seen when we 

zoom in one charge-state envelop as shown in Figure 4.1. The zoom in of the 5
-
 charge 

state shows the distribution of metal cation/hydrogen exchange peaks. One striking 

observation from these data is the disappearance of K
+
 and Na

+
/K

+
 peaks after the 

addition of 1 mM NaOH solution. The peak intensities of the remaining Na
+ 

peaks 

increase two-fold, enabling the isolation of the precursor in the quadruple mass filter 

without interfering peaks around that would otherwise be co-isolated with the precursor. 

One mega points of data were acquired for each mass spectrum, padded with one 

zero-fill and apodized using a sinebell window. A 5 ppm mass accuracy was achieved 
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through an external calibration while internal calibration using accurately assigned 

glycosidic bond cleavage products yields a mass accuracy of < 1 ppm. Accurate mass 

measurement values were used to assign product-ions, whose m/z values were calculated 

using Glycoworkbench version 2.1 [49]. The product ions are reported using the 

annotation described previously [18], derived from the Domon and Costello 

nomenclature [50]. 

RESULTS AND DISCUSSION 

Negative-mode ESI is a useful method for analyzing highly sulfated GAGs 

because the labile sulfo groups are retained and also because multiply charged anions are 

produced [5, 44]. Sulfo and carboxyl groups comprise the acidic groups in GAGs, which 

serve as charge-bearing residues in the ionized sample. Alkali ion/proton heterogeneity 

can be a significant issue for highly sulfated GAGs, because a substantial reduction in ion 

intensity results when the signal is divided into several different mass channels. Adding 

formic acid to the sample solution reduces both Na
+
 and K

+
 heterogeneity in less sulfated 

GAGs, but it is less efficient for longer and more highly sulfated Hp and HS 

oligosaccharides. Although formic acid reduces the intensity of the Na
+
 and K

+
 peaks, 

they are still present, leading to difficulties during the ion isolation step of a tandem mass 

spectrometry experiment; there can be many co-isolated peaks that complicate the 

resulting MS/MS spectrum. As shown in the 4.1, addition of 1 mM NaOH removes all 

the adduct peaks that contain K
+
, retaining only Na

+
 adducts. This increased the signal 

intensity of the remaining Na
+
 containing peaks and allowed clean selection of the 

precursor ions by the mass selective quadrupole. The structures of all the GAGs 

molecules used in this work can be found in Figure 4.2. Also found in the Appendix B 
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are their mass spectra showing the molecular ions obtained and an inset of a zoom in of 

regions around the precursor ions used in the MS/MS analysis. 

 

Figure 4.2. The structures of the samples investigated in this work including naturally 

occurring (T1, T2, T3, dp6 with 8SO3 and dp8 with 11 SO3 groups) and chemo-

enzymatically produced GAGs. 

Naturally Depolymerized GAGs 

A pentasulfated tetrasacc aride (∆UA2 -GlcNS6S-GlcA-GlcNS6S) (T1) was 

examined using the procedures described above. The mass spectrum of this compound 

produced 2-, 3- and 4- charge state molecular ions as shown in the supporting 

information. One of the molecular ion [M-7H+4Na]
3-

 that was selected for CID analysis 

has all the acidic groups ionized, including five sulfo and two carboxyl groups. A simple 

spectrum was obtained in which the fragment-ions permit the identification and location 

T1 (dp4 5S)

T2 (dp4 6S)

(T3) dp4 5S

dp6 8S

dp8 11S

dp7 7S

dp10,12 dp10,11 and 12
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of all the sulfo groups, Figure 4.3. All the observed fragment-ions are either singly- or 

doubly- charged. The three most intense peaks in the spectrum are cross-ring fragments 

[
0, 2

A4+4Na]
2-

, and a fragment from the same fragment with water loss, and [
2,4

A4+4Na]
-
.  

The fragmentation pathway for these 
0,2

An and 
2,4

An fragments at the reducing end is 

highly favored and they are observed as the most intense fragments in all the highly 

sulfated compounds with two sulfo groups in the reducing end residues and from a 

precursor with all the acidic groups de-protonated. Abundant 
0,2

An fragmentation on the 

reducing end has been observed for CID of heparin disaccharides before and the 

mechanism for its occurrence postulated by a reducing end retro-aldol rearrangement 

pathway [30, 51, 52]. 
0.2

An formed at the reducing end can undergo further fragmentation 

forming 
2,4

An product ion [53] and this may explain the appearance of intense 
2,4

An 

fragments within the reducing end of the aldehyde terminated molecules studied here. 

CID fragmentation of the same fully deprotonated precursor ion [M-7H+4Na]
3-

 from an 

isomeric tetrasaccharide (T3) (discussed below) without sulfation at the 6-O position on 

the reducing end preceded by 2-O-sulfated IdoA produced much less intense 

[
2,4

A4+4Na]
2-

, an indication that the presence of 6-O sulfation at the reducing end amino 

sugar promotes the occurrence of this fragment. Additionally, the CID spectra for the T3 

[M-7H+4Na]
3-

 precursor had a markedly higher percentage of SO3 loss (2% of the 

fragment ion intensity) compared to a much lower degree of SO3 loss for the T1 (<1%) as 

indicated in Table 4.1. Other observable MS/MS spectral differences between these 

precursor ions for the two isomers can be obtained in the supporting information. The 

location of the two sulfo groups in the reducing end reside are identified by the 
2,4

X0 

peak, or by the mass difference between the
 2,4

A4 and C3 fragments. The location of the 



 

67 

two sulfo groups in the central glucosamine residue derive from the mass difference 

between 
2,4

A2 and B2, whereas the site of sulfo group substitution in the non-reducing end 

residue is ascertained through the mass difference of 
0,2

X3 and Y3 fragments.  

 

Figure 4.3. CID spectra of pentasulfated heparin tetramer, precursor [M-7H+4Na]
3-

. The 

fragment ions observed are shown in the annotated structure (inset). The precursor used 

has all the sulfates and carboxyl groups ionized through charge or Na
+
/H

+
 exchange. 
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Compound, number of sulfates, 

precursor with its M/Z 

% product 

ion yield 
% of SO3 loss 

product ions 
Number of 

Free protons 

Sulfate/ 

Disaccharide 

dp4 (T1) 5S, [M-7H+4Na]
3-

 M/Z 386.29 54 <1 0 2.5 

dp4 (T3) 5S, [M-7H+4Na]
3-

 M/Z 386.29 42 2 0 2.5 

dp4 (T1) 5S, [M-6H+2Na]
4-

 M/Z 278.48 41 10 1 2.5 

dp4 (T3) 5S, [M-6H+2Na]
4-

 M/Z 278.48 30 21 1 2.5 

dp4 (T2) 6S, [M-7H+3Na]
4- 

M/Z 303.96 43 12 1 3 

dp6 8S, [M-11H+7Na]
4-

 M/Z 450.20 55 1 0 2.7 

dp8 11S, [M-14H+7Na]
7-

 M/Z 339.25 56 23 1 2.8 

dp10  8S, [M-13H+7Na]
6-

 M/Z 412.66 44 11 0 1.6 

dp7 7S, [M-10H+5Na]
5- 

 M/Z 376.39 50 15 0 2 

dp12 10S, [M-16H+9Na]
7-

 M/Z 430.85 41 14 0 1.7 

dp12 5S,  [M-11H+4Na]
7-

M/Z 358.03 62 7 0 0.8 

dp11 5S, [M-9H+3Na]
6-

 M/Z 384.87 62 7 1 0.9 

dp 10 4S, [M-9H+3Na]
6-

 M/Z 344.70 63 6 0 0.8 

 

Table 4.1. Shows the compounds and the precursor ions used in this work. The product 

ion yield is given by (the sum of all assigned product ions divided by the sum of all the 

ions in the spectrum including the precursor)*100. The percent of SO3 loss experienced 

during the CID of the given precursor is calculated by summing up all the intensities of 

the fragments resulting from SO3 loss and dividing this value with the sum of the 

intensities of all assigned fragment ions excluding the precursor and then multiplying the 

result by 100. Number of free protons in this work is calculated using this formula 

((number of SO3 + carboxyl groups in the compound)-(precursor charge + number of Na
+
 

in it)).  

The product yield from this precursor was 54% and most of the remaining ion 

abundance was from the precursor ion whose intensity was considerably larger than the 

product ions (commonly observed in most of the mass spectra reported in this work even 
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though product ion yields are 30-60%, as product ions are divided between my fragment 

channels). There were only three peaks exhibiting SO3 loss (from C2, C3 and 
0,2

A4 

fragments) accounting for less than 1% of the product ions confirming that the Na
+
 ions 

stabilize the sulfo groups during ion activation leading to backbone fragmentations. CID 

of a precursor-ion from the same compound, but with one ionizable proton present, [M-

6H+2Na]
4-

, also produced fragments that enabled the location of all sulfo groups in the 

molecule but with markedly increased SO3 loss.   

This approach was tested with two additional tetrasacc arides ∆UA2 -GlcNS6S-

IdoA2S-Glc   (T3) and ∆UA2 -GlcNS6S-IdoA2S-GlcNS6S (T2), with five and six 

sulfo groups, respectively. CID for singly protonated molecular-ions for T2 [M-

7H+3Na]
4-

 and T3 [M-6H+2Na]
4-

 produced fragments that were able to locate all sites of 

sulfo group substitution. The structures for T2 and T3 with annotations denoting the sites 

of observed fragmentation as well as their MS/MS spectra and tables with the m/z values 

and assignment of the fragments can be found in the supplementary information. A lower 

charge state molecular-ion [M-7H+4Na]
3-

 for T3 produced a product yield of 42% with 

only a total of 21 fragment ions in the spectrum with 2% of all the products resulting 

from SO3 loss. CID of T2 molecular ion [M-8H+5Na]
3-

 produced only 12 fragments (6 

cross-ring and 6 glycosidic) with no loss of SO3 fragments observed. Another observation 

is that the presence of an acidic proton in the selected precursor within these 

tetrasaccharide units leads to much higher SO3 loss, as seen from Table 4.1. T1 precursor 

[M-7H+4Na]
3-

 with no free proton show less than 1% SO3 loss while a different 

precursor [M-6H+2Na]
4-

of the same compound but with a free acidic group produced 

10% SO3 loss (the same is observed for T3).   
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An interesting observation from these data was the correlation of particular 

fragment ions with uronic acid stereochemistry. 
2,4

An appear with significant abundance 

in the glucuronic acid residue and is absent or present at very low abundance in 2-O-

sulfated iduronic acid residues. As will be seen in the data below, 
2,4

An cleavages are 

absent in 2-O-sulfated iduronic acid residues for all the compounds that we have 

analyzed, except in these tetrasaccharides, where they may occur with low abundance. 

These suggest that these ions may be used to assign the stereochemistry of the uronic acid 

residues in Hp and HS oligosaccharides. Since the analyzed compounds do not contain 

desulfated uronic acid residues, further investigations is required to ascertain whether the 

observed fragmentation pattern is due to the presence of the sulfate group in the iduronic 

acid, and this is currently being done by exploring heparin and heparan sulfate analytes 

containing desulfated uronic acid residues. Ongoing work using this approach on 

epimeric chondroitin and dermatan sulfate dp4-10 oligosaccharides containing GlcA and 

IdoA which are not sulfated indicate that 
2,4

An fragment often appears exclusively in 

GlcA and is absent in IdoA residues indicating that it may be useful in assigning the 

uronic acid stereochemistry in those kinds of GAGs (Chapter 5).   

The octasulfated hexasaccharide (∆UA2 -GlcNS6S-IdoA2S-GlcNS6S-GlcA-

GlcNS6S) was examined by this method, and its CID spectrum is shown in Figure 4.2.  

The mass spectrum obtained from this compound contained charge states 3-, 4-, 5-, and 

6- as can be seen in the Appendix B. Like the tetrasaccharides, the precursor-ion selected 

for analysis, [M-11H+7Na]
4-

, had all eleven acidic groups deprotonated. The fragment-

ions [
2, 4

A6+7Na]
2-

, [
0, 2

A6+7Na]
3-

 and its water loss are found to produce the three most 

intense peaks in this spectra, similar to the tetrasaccharide in Figure 4.3.  
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Figure 4.4. CID spectrum of the precursor [M-11H+Na]
4-

 for the hexamer with 8 sulfate 

and 3 carboxylate groups. All the acidic groups in this precursor are ionized and the 

annotated structure is shown in the inset. Abundant glycosidic and cross-ring cleavages 

enable the location of the sulfate modifications in the structure. 

Despite the density of the sulfates per disaccharide (2.7), total ion current of SO3 

loss fragments resulting from the CID of this fully deprotonated precursor was less than 2 

% of the total ion abundance excluding the precursor intensity, Table 4.1.  As it can be 

seen from Figure 4.4, there are more X, Y, and Z fragments on the non-reducing side of 

the molecule and more A, B, and C fragments on the reducing end side, while the middle 

residues of the molecule exhibit only a few fragments. However, the abundant glycosidic 

and cross-ring fragment-ions obtained unambiguously locate all the sulfo groups in the 

compound except for the one in the iduronic acid (third residue from the non-reducing 
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end). This modification could be located using a different precursor [M-11H+6Na]
5-

 (data 

not shown). 

The undecasulfated octasacc aride (∆UA2 -GlcNS6S-IdoA2S-GlcNS6S-

IdoA2S-GlcNS6S-GlcA-GlcNS6S) was successfully characterized by this method, Figure 

4.5. There are 11 sulfo and 4 carboxyl groups in this octasaccharide, corresponding to 

fifteen ionizable protons.  

 

 

Figure 4.5. CID spectrum for an octamer with 11 sulfates.  The precursor [M-14H+Na]7- 

used had only one acidic group uncharged. Due to the density of ions formed, only the 

most intense fragments are annotated. Full assignment of all the fragments is placed in 

the supporting information. The annotated structure showing the fragments obtained is 

located below the spectrum. 
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The [M-14H+7Na]
7-

 ion with a single protonated acidic group was analyzed by 

MS/MS.  Multiple molecular ions for charge states 4-, 5-, 6- and 7- were observed in the 

mass spectrum of this compound. Use of 2 mM NaOH for this long and densely sulfated 

oligomer led to the reduction of less sulfated molecular ions leaving only highly sodiated 

ones. The mass spectrum and the expanded regions of the precursor ion used for CID 

analysis can be obtained from the Appendix B. An interesting observation made during 

the application of this approach for highly sulfated compounds is that it gets harder to get 

fully deprotonated molecular ions at higher charge states. For this dp8, there was no fully 

deprotonated molecular ion [M-15H+8Na]
7-

 observed in the MS spectrum but other fully 

deprotonated precursor ions appeared in all other charge states with increasing intensity 

as the charge state decreased. This observation was also partly true for the dp4 and dp 6 

compounds analyzed as can be seen in the supporting materials.  

The three most intense fragments observed in the tetrasaccharide and 

hexasaccharide samples above were absent or of low intensity. The reducing end 
0,2

A8 

fragment was observed but in low intensity and there was no 
2,4

A8 product ion observed 

an indication that presence of a free acidic proton within the ion has a profound effect on 

the fragments observed at the reducing end residue especially the 
2,4

An fragments. 

Increased loss of SO3 was observed accounting for 23% of the total ion abundance, Table 

4.1. We believe that the mobile acidic proton as well as the density of the sulfates (2.8 

sulfates per disaccharide) within this dp 8 oligomer has a substantive contribution to the 

observed increase in SO3 loss.  Despite this increase SO3 loss, the product yield was high 

(56%) and there were sufficient glycosidic and cross-ring fragments to locate all the sulfo 

groups except the one on the reducing end residue, which was established after 
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fragmenting the fully deprotonated precursor [M-15H+9Na]
6-

, and one in the iduronic 

acid residue (4
th

 from the non-reducing end). As observed in those other heparin 

oligosaccharides analyzed above, the charge reduced precursor [M-13H+7Na]
6-

 was 

present in high abundance in the CID spectra of the analyzed precursor. 

Chemo-enzymatically Synthesized GAGs 

Part of the challenge in structural elucidation of highly sulfated GAGs using mass 

spectrometry is lack of structurally defined oligosaccharides. A complementary method 

to chemical synthesis that generates well defined HS structures is the use of 

regioselective HS biosynthetic enzymes to synthesize structurally defined sulfated 

oligosaccharides. Tandem mass spectrometry of these compounds can help to build a 

library of well-defined fragments from specified structures that can be useful in 

identifying unknowns.  This work shows the analysis of this type of oligosaccharide 

using CID and the result establish the capability of this approach to locate the sites of 

sulfo group substitution in most oligosaccharides. 

Figure 4 shows the chemoenzymatically synthesized heptasaccharide, GlcNAc6S-

GlcA-GlcNS3S6S-IdoA2S-GlcNS6S-GlcA-AnMan, with 7 sulfo groups and 3 carboxyl 

groups. This molecule is similar in structure to the drug, Arixtra®, examined recently 

using this approach [46]. The differences in structure from the chemoenzymatically 

produced compound are that the first two residues from the reducing end are replaced by 

a methyl group in Arixtra®, and the non-reducing end residue contains an N-sulfo group 

in Arixtra®, but an N-acetyl group in the chemoenzymatically prepared compound.  
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Figure 4.6. CID Spectrum of heparin heptasaccharide precursor [M-10H+5Na]
5-

 with all 

the acidic groups deprotonated. Abundant glycosidic and cross-ring cleavages produced 

enable locate all the sites of sulfation. Inset is the annotated structure showing the 

obtained fragments. 

The spectrum obtained from a fully deprotonated molecular-ion [M-10H+5Na]
5-

 

produced abundant glycosidic and cross-ring fragments that are able to locate all the sulfo 

groups in the molecule including the trisulfated saccharide residue (3
rd

 from the non-

reducing end). Since there are only three possible sulfo group locations in this residue, 

the mass-difference from glycosidic bond fragments Y5 and Y4 provides sufficient 

information to locate them. 15% of the product ions intensity was due to SO3 loss. This is 

understandable considering the density of the SO3 per disaccharide which is 2 and the 

presence of a trisulfated amino sugar within the chain, Table 4.1. 
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The presence of 3-O-sulfation in the trisulfated residue seems to affect its 

fragmentation patterns. Unlike most of the other amino sugar residues, 
0,2

A and 
2,4

A 

fragments are absent in the trisulfated sugar residue in the obtained CID spectra of this 

heptasaccharide and similar behavior was apparent during the analysis of Arixtra® which 

also contains a trisulfated amino residue. Researchers have postulated earlier that, a Cn 

glycosidic fragment can undergo further fragmentation to form 
0,2

A ion which can in turn 

lead to the formation of 
2,4

A ion within 1-4 linked glycans [52, 53]. The fragmentation 

mechanism for the formation of 
0,2

A ion requires the 3-O hydrogen in the sugar ring [30] 

and since the 3-O hydrogen is substituted with SO3 group within the trisulfated residue 

this fragmentation pathway may be less favored. As noted earlier, 
2,4

An fragments are 

common in glucuronic acid residues and extremely rare in 2-O-sulfated iduronic acid 

monosaccharides. There are two glucuronic acid residues, and one 2-O-sulfated iduronic 

acid residue present in this oligosaccharide. The 
2,4

An fragments are only present in the 

two glucuronic acid residues and none on the 2-O-sulfated iduronic acid residue.  

The tandem mass spectrum of a chemoenzymatically produced decasaccharide 

with 8 sulfo groups (GlcA-(GlcNS6S-GlcA)4-AnMan) is shown in Figure 4.7. Molecular 

ions having charge state 5-, 6-
 
and 7-

 
were obtained in the mass spectrum for this 

compound and molecular ion [M-13H+7Na]
6-

 was used for CID analysis (Appendix B).  
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Figure 4.7. Shows [M-13H+7Na]
6-

 CID spectrum and the annotated structure for highly 

sulfated HS decasaccharide. Only the most intense fragments are annotated but all the ion 

assignments can be found in the supporting materials. Below the spectrum is the 

annotated structure showing the fragments obtained. 

All the sulfo groups in the decasaccharide can be unambiguously located except 

the one on the 2
nd

 residue from the non-reducing end. Due to the large number of 

fragments obtained, only the most intense ones are annotated in the figure, but the entire 

annotations for this analyte can be found in the supporting materials. There are very few 

C and Z ions in the spectrum as compared to the B and Y ions. This is somewhat 

different for the highly sulfated oligosaccharides obtained from natural sources as 

discussed above. The most intense fragment ions from fully deprotonated molecular ions 

for the naturally occurring compounds analyzed here are the 
0,2

A and 
2,4

A ions, the same 

type of ions appear to dominate this spectrum and the one for dp 7 (discussed above) but 

this time they appear in the disulfated amino sugar, 3
rd

 residue from the reducing end of 
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these molecules. One characteristic for these intense daughter ions for all the samples 

tested using this method is that they appear when a fully deprotonated precursor is 

fragmented and these daughter ions themselves contain fully deprotonated acidic groups. 

The result obtained for the dodecasaccharide with 10 sulfo groups (GlcA-(GlcNS6S-

GlcA)5-AnMan), whose MS/MS spectrum and annotated peak list are found in the 

supporting materials is similar to that of dp10 discussed above. Most of the sulfo groups 

were located after fragmenting the full deprotonated precursor, [M-16H+9Na]
7-

. The 

fragmentation due to the SO3 loss for the dp10-8S and dp12-10S accounted for 11 and 

14% respectively, Table 4.1. This is consistent with the number of sulfate groups in the 

analyzed chain with the one with more SO3 loss observed for the more highly sulfated 

oligomer. 

Figure 6 shows a CID spectrum acquired from a fully deprotonated precursor-ion, 

[M-11H+4Na]
7-

, of dodecasaccharide (GlcA-(GlcNS-GlcA)5-AnMan) with 5 sulfo 

groups. In the MS spectra charge states 4-, 5-, 6-, and 7- were observed (Appendix B). 

Although only the most abundant fragment-ions are annotated in the figure, most of the 

low intensity fragments could be assigned, as can be seen in the inset, representing an 

expansion of the region m/z 460-500.  All other annotations from this compound are 

listed in the supporting materials. It is noteworthy that the product yield was high (62%) 

and the most intense fragments were either glycosidic or cross-ring fragments and not 

fragments-ions resulting from SO3 loss, which accounted for only 7% of the total product 

ion intensity. All the sulfo groups were located unambiguously.   
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Figure 4.8.  The CID spectrum of chemo-enzymatically produced dodecasaccharide 

precursor [M-11H+4Na]
7- 

With the insert showing a small zoomed in region of the 

spectrum with the annotations. Only the intense peaks are annotated but all fragment 

assignments for this analyte can be found in the supporting materials. 

The annotated structures for a decasaccharide (GlcA-(GlcNS-GlcA)4-AnMan) and 

an undecasaccharide ((GlcNS-GlcA)5-AnMan) with 4 and 5 sulfo groups respectively are 

shown in Figure 4.9. A fully deprotonated precursor was used to obtain the data that 

assigned the sulfo group positions for dp 10. Due to a low density of fragments obtained 

from the fully deprotonated precursor for dp11 (data not shown), a precursor with one 

protonated acidic group was used. A large number of both glycosidic and cross-ring 

fragments enabled the assignment of the location of all the sulfo groups for the 
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decasaccharide structure except the sulfo group in second residue from the non-reducing 

end, which can be easily identified after fragmenting a singly protonated acidic group 

precursor for the same charge state. The sites of sulfo group substitution in the dp 11 

were all located except the one at the non-reducing end. Just like the more highly sulfated 

chemoenzymatically synthesized GAGs studied above, there were very few C and Z ions 

observed in these spectra. As expected, the less sulfated chemoenzymatically GAGs (0.8-

0.9 sulfates/ disaccharide) had very low levels of SO3 loss (6-7 %) and the level is half of 

that observe for the same length, but higher sulfated, counterparts (1.6-1.7 

SO3/disaccharide). The presence of a free acidic proton in the dp11 with 5 sulfates did not 

seem to affect this level as much as observed in the highly sulfated naturally produced 

GAGs, Table 4.1. Additionally, the product yield for the less sulfated chemo 

enzymatically produced compounds (62-63%) was higher than the highly sulfated 

counterparts (41-50%) partly due to relatively higher number of fragments that could not 

be assigned. 
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Figure 4.9. Shows the annotated structures for dp10 and 11 with 4 and 5 sulfates 

respectively, showing the fragments obtained from the tandem mass spectrometry 

experiments. The spectra for these compounds are placed in the supporting materials. 

There were no cross-ring fragments obtained within the reducing end (AnMan) 

and the non-reducing end, as observed for all the chemo-enzymatically produced 

oligosaccharides. This could be due to the type of the residues in both the reducing end 

and the non-reducing end of these molecules. Unlike the chemo-enzymatically produced 

GAGs used in this work, the naturally occurring heparin oligosaccharides analyzed 

contains  Δ
4-5 

–unsaturated uronic acid at the non-reducing end which promotes the 

formation of 
0,2

X through the well-established retro-Diels Alder rearrangement of the 

non-reducing end [30]. The 
0,2

X is within the non-reducing end residue is observed in all 

the naturally occurring heparin oligosaccharides analyzed (Figures 4.3-4.6) and not in 

any of the chemo-enzymatically ones (Figures 4.7-4.9). The disappearance of reducing 

end fragments observed in the naturally occurring heparins (Figure 4.3-4.6) within all the 

chemo-enzymatically produced GAGs (Figure 4.7-4.9) tested using this approach may be 
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due to lack of terminal aldehyde which could promote the formation of 
0,2

A fragment 

through the retro-aldo rearrangement of the reducing end as noted above. 

CONCLUSIONS 

While mass spectral analysis is widely used in proteomics, the mass spectrometric 

analysis of sulfated oligosaccharides has proven much more challenging, slowing the 

development of glycomics.  This work demonstrates that under proper spray conditions, 

and with selection of the proper precursor, MS/MS using CID will yield a complete set of 

cross-ring and glycosidic fragment-ions, which enables the characterization of highly 

sulfated Hp and HS oligosaccharides. The method is equally efficient for undersulfated 

and highly sulfated oligosaccharides as well as short and long Hp and HS chains. Useful 

structural information is produced when all the acidic groups are either deprotonated, or 

undergo Na
+
/H

+
 exchange.  Previous MS/MS studies on Hp and HS suggested that the 

charge state should be equal or slightly more than the number of sulfo groups [21]. This 

normally works well for shorter or more sparsely sulfated GAGs (zero to two sulfo 

groups per disaccharide subunit) but fails for highly sulfated GAGs (two to three sulfo 

groups per disaccharide subunit). Although other work had suggested use of ammonium 

acetate to improve upon Na
+
 cationization, we find a substantial advantage from the 

addition of 1-2 mM NaOH to the spray solution, specifically the elimination of other 

interfering metal adducts, improving isolation and producing cleaner, easier to assign, 

fragmentation spectra.  

There is a difference between these results and those obtained previously with 

Ca
2+

 cationization, for which there were fewer useful fragments obtained for metal 

adducted highly sulfated GAGs [25]. In this previous study, Ca
2+

 adduction gave an 
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improvement in the production of structurally significant product ions compared to those 

from precursors lacking metal cations. However, the precursors in prior studies were not 

exhaustively deprotonated. In all the compounds studied in this work, the precursor ions 

used had all acidic groups deprotonated or with one proton present. In most cases, a 

single precursor provides all the structural information (monosaccharide composition and 

the sites of sulfo group substitutions) but in few cases, a combination of assignments 

from fully deprotonated and from a singly protonated acidic group provide the full 

structural characterization. The work here demonstrates that this approach, recently 

demonstrated in our laboratory for the pentasaccharide drug, Arixtra® [46] is generally 

applicable to Hp and HS oligomers of a broad range of lengths and degrees of sulfation. 
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USING CID URONIC ACID CROSS-RING DIAGNOSTIC FRAGMENTS IN A 
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ABSTRACT 

Stereochemistry of hexuronic acid residues of glycosaminoglycans (GAGs) 

structure is a key feature that determines their interactions with proteins and functions. 

Electron based tandem mass spectrometry methods especially electron detachment 

dissociation (EDD) have been able to differentiate between glucuronic (GlcA) and 

iduronic acid (IdoA) residues in heparan sulfate tetrasaccharides by producing epimeric 

unique fragments. Likewise, relative abundance of mostly glycosidic collision induced 

dissociation (CID) and EDD fragment ions have been shown to characterize hexuronic 

acid epimeric state of chondroitin sulfate (CS) GAGs. The present work examines the 

effect of charge state and the degree of sodium cationization on the CID fragmentation 

products for identifying glucuronic and iduronic acid containing CSA and DS chains. 

Interestingly, we find cross-ring fragments 
2,4

An and 
0,2

Xn formed within the hexuronic 

acid residues which in some cases are unique to a given CSA chain especially for long 

chains like dp8 and dp10. These diagnostic fragments are produced by specific molecular 

ions and they also have a particular charge state and sodium cationization characteristics. 

The identified ions with these characteristics displayed diagnostic properties for all the 

CS and DS chains (dp4-dp10) studied.   
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INTRODUCTION 

Chondroitin sulfates (CS) are a class of GAGs responsible for various useful 

biological activities [1, 2]. During their biosynthesis enzymatic modifications take place 

on differentially elongated chains of CS thus producing highly heterogeneous products 

[3]. Unique sulfo-transferases place SO3 modifications at various prior undefined 

positions of the disaccharide repeating unit especially in the amino sugar, while some of 

the GlcA residues are converted to IdoA residues in presence of C5 epimerase enzymes. 

The extracted sample from natural sources is thus a mixture of different length of CS 

chains with different sets of modifications within these sequences. Differential SO3 

modifications and epimeric state of uronic acid leads to large number of compounds 

some having the same composition but differing in their structures.  

CS can be divided into different sub-classes depending on the extent and positions 

of the sulfate modifications and the hexuronic acid C5 stereochemistry. The basic 

repeating disaccharide unit of CS polysaccharides is N-acetyl-galactosamine (GalNAc) 

and a uronic acid (GlcA or IdoA). Chondroitin sulfate A (CSA) is O-sulfated at C4 of 

GalNAc and the uronic acid is mainly GlcA while dermatan sulfate (CSB or DS) have the 

same composition as the CSA but most of the GlcA residues are epimerized to idoA [1, 

4]. Chondroitin sulfate C (CSC) which is sulfated at the 6-O position and other forms CS 

with multiple SO3 groups within the disaccharide unit including the ones with 2-O 

sulfation at the hexuronic acid also exists. Most single GAG chains can contain 

differentially modified disaccharide units with IdoA sometime appearing continuously 

within a given portion and intermittently in other portions of the intact chain [1, 5].  
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Structural identification of chondroitin sulfates at molecular level can have 

profound effects in medicine and could provide insight on structural motifs associated 

with protein binding and regulation which may lead to clinical applications [6]. Sulfation, 

epimerization, and extracellular matrix composition of CSA/DS have enormous effect on 

their binding activities: IdoA containing CSA/DS chains found in large amounts in some 

parts of the brain have been found to be critical in neuritogenesis during the brain 

development of mice and other organisms [7, 8]. DS is also implicated in connective 

tissue maintenance and embryonic development [9, 10] and has been found to induce 

antithrombotic effect by activating heparin cofactor II, a plasma protein which inhibits 

thrombin [9, 11].  Mutations in CSA/DS sulfotransferases lead to abnormal levels of 

CSA/DS in corneal tissue, causing macular corneal dystrophy [12]. CSA/DS chains play 

critical roles in the central nervous system, regulating both brain development and 

plasticity. Some pathogens use CS and DS to bind to host cells as well. Mutant CHO cells 

defective in CS cannot be bound by the malarial parasite P. falciparum [13]. Because of 

the many functions of GAGs like CSA/DS, most of them not mentioned here, their 

molecular structural elucidation and characterization in relation to protein binding can 

lead to important therapies.  

Various analytical techniques including nuclear magnetic resonance (NMR) and 

mass spectrometry (MS) are being implemented in elucidating structures of GAGs 

including differentiation of hexuronic acid C5 stereochemistry [14-16]. Low sample sizes 

obtained from complex GAGs extraction methods makes MS analysis more essential due 

to its high sensitivity. Presence of sufficient glycosidic and cross-ring fragments during 

tandem mass spectrometry provides detailed molecular level structural information of 
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GAGs.  For the sulfated GAGs, unwanted neutral loss of sulfite (SO3) is the most 

favorable mechanism pathway of fragmentation, leading to less informative MS/MS 

results but recent advancement in MS/MS methods has enabled more informative 

structural information from these biomolecules [15, 17-28]. Combination of glycosidic 

and cross-ring fragments enable the identification of the positions of the sulfo groups 

within the residue and in some cases the epimeric state of the hexuronic acid [13, 20, 22, 

29-33]. Research has shown that epimerization of hexuronic acid and sulfate position 

along GalNAc residues can affect the number and the intensity of some glycosidic and 

cross-ring bond cleavages obtained in a given MS/MS experiment [20, 31, 32]. Thus, 

diagnostic ions that can distinguish differentially modified chains can be obtained. 

CID is a novel approach for fragmentation; however, fragmentation through this 

technique often causes significant losses of labile SO3 groups. SO3 loss reduction could 

be accomplished through sufficient ionization of acidic groups through charge or metal 

cation/hydrogen ion exchanges [28, 30, 33]. CID has been used in the past to sequence 

intact chains of chondroitin sulfate from Bikunin proteoglycan [34]. Different conformers 

could be identified through the intensity of the glycosidic fragments obtained from CID 

spectra. Relative abundance of B, X and Y CID ions have been previously used for the 

characterization of hexuronic acid epimeric state of chondroitin sulfate (CS) GAGs.[31, 

32, 35, 36] Recently, relative abundance of MS
n
 B and Y fragment ions was used to 

distinguish between CSA and DS [18].  

Electron based ion activation methods are promising tandem mass spectrometry 

techniques for both determination of sulfate locations and the epimeric state of GAGs 

molecules [22, 29, 30]. EDD produces relatively high number of useful product ions with 
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minimal loss in SO3 and it has been found to produce unique fragment ions that can 

distinguish between GlcA and IdoA in heparan sulfate tetrasaccharides [20]. EDD, 

electron induced dissociation (EID) and negative electron transfer dissociation (NETD) 

combined with multivariate analysis have also been applied in distinguishing chondroitin 

and dermatan sulfate GAGs in the past [37]. The effect of EDD fragmentation method for 

DS different chain length and also with increase in sodiation level has been investigated 

[22, 29, 30]. The mass difference between cross-ring fragments 
0,2

A and 
2,4

A fragments 

for N-glycan reducing end residue can be used to distinguish core-fucosylated (mass 

difference 206 Da) and the ones that are not (60 Da) [38]. 
0,2

An fragments at the reducing 

end can also be combined with ions like B and Y for structural identification [39]. 

Most of the previous work investigated molecular ions in which the number of 

ionized acidic species was equal to the number of sulfate groups within the molecules 

[23, 35]. In most instances, CID of these precursor ions do not produce large number of 

cross-ring cleavages. Recently, we have shown that ionizing all the acidic groups within 

highly sulfated GAGs lead to more useful daughter ions including cross-ring fragments 

[17, 28]. In such cases, higher number of cross-ring fragments is obtained. This work 

investigates cross-ring fragment ions formed during this process. We find that CID of 

molecular ions of CSA and DS with a single free proton produces abundant glycosidic 

and cross-ring fragments (in hexuronic acid residues) ions. These cross-ring daughter 

ions were found to be useful in distinguishing GlcA and IdoA residues on a single 

MS/MS step. Release of these ions depends on the precursor charge state and the number 

of ionized species within the GAG chain.  
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METHODS  

CSA and DS Preparation 

CSA and DS oligosaccharides were independently prepared by partial enzymatic 

depolymerization. CSA was depolymerized from bovine trachea chondroitin sulfate A 

(Celsus Laboratories, Cincinnati, OH) while DS used in this work originated from 

porcine intestinal mucosa dermatan sulfate (Celsus Laboratories, Cincinnati, OH). 

Chondroitin ABC lyase from proteus vulgaris, EC 4.2.2.4 (Seikagaku, Japan) was used to 

incubate 20 mg/mL solution of each sample in 50 mM Tris HCL/60 mM sodium acetate 

buffer, pH 8 at 37
o 
C. When the UV absorbance at 232 nm indicated 50% complete, the 

digestion mixture was heated for 3 min at 100
o 
C. Ultra-filtration was carried out using a 

5000 MWCO membrane to remove the enzyme and the high-molecular-weight 

oligosaccharide. Concentrate the remaining oligosaccharide mixture, rotary evaporation 

was used and then fractionated by low pressure GPC on a Bio-Gen p10 (Bio-Rad, 

Richmond, CA) column. The oligosaccharide fractions were desalted by GPC on a Bio-

Gel P2 column and freeze dried [40]. Strong anion exchange high-pressure liquid 

chromatography (SAX-HPLC) on an semi-preparative SAX S5 Spherisorb column 

(Waters Corp, Milford, MA) was used for further purification of the oligosaccharides. 

The resulting SAX-HPLC with over 90% oligosaccharides fractions were collected, 

desalted by GPC and then freeze-died. The dried solid was reconstituted in water and 

purified one more time using SAX-HPLC. Only the oligosaccharides within the top 30% 

of the chromatogram peak was collected, desalted and freeze-dried. Oligomer 

concentration in the solution was determined by measuring the absorbance at 232 nm 

(e=3800 M
-1

 cm
-1

). The final oligosaccharide fractions were characterized by PAGE, 
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ESI-MS, and high-field NMR spectroscopy [41].  The general structures for the 

molecules used are shown in Figure 5.1. 

 

Figure 5.1. The general structure for the CSA and DS oligosaccharides studied. The 

value of n for the molecules analyzed is 1, 2, 3 and 4 for dp4, 6, 8, and 10 respectively. 

Mass Spectrometry Analysis 

The experiments were carried out using a 9.4 Bruker Apex Ultra Qh-FTICR 

instrument (Billerica, MA) operating in negative polarity source conditions. Metal 

capillary (G2427A, Agilent Technologies, Santa Clara, CA) was used to introduce the 

samples to the MS. The sample concentrations was 0.05-0.1mg/mL in 50:50, MeOH:H2O 

and CSA and DS of different length were introduced individually at the rate of 2 uL/min. 

Between 0.5-1.0 mM NaOH in the spray solution was used to vary the degree of 

sodiation of the analytes and varying the degree of ionization. Ions of interest were 

isolated in a mass selective quadrupole using 3 Da isolation window and CID 

experiments of CSA/DS dp4-dp10 molecular ions with different level of Na
+
/H

+
 

exchange were performed in the collision cell external to the high magnetic field region. 

The intensity of the precursor ion was maintained above the fragment ions during CID 

Dermatan sulfate (DS)

Chondroitin sulfate (CSA)
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experiments. The fragment ions were assigned using high resolution accurate mass 

measurement assisted with glycoworkbench software [42]. Wolff et al annotation [22] 

derived from Domon and Costello nomenclature [43] was used to show the identified 

product ions. 

PCA Analysis 

The statistical method used to visualize the differences between the epimeric 

compounds spectra is PLS toolbox (Eigenvector Research, Inc., Wenatchee, WA, USA). 

Five spectra were obtained for each CS and DS oligosaccharide and ion assignment was 

carried out and the intensity of at least 40 of the assigned fragment ions was used for 

PCA analysis. Before the PCA analysis, the intensity of the ions was normalized using 

the base peak of the background spectrum of each respective oligosaccharide chain. PCA 

analysis matrix was created in an excel spreadsheet with each sample spectrum 

represented in a row while the intensity of the particular ions was entered in a given 

column. The data was mean-centered and cross-validated during the PCA analysis. 

RESULTS AND DISCUSSION 

The only difference between CSA and DS GAGs is the stereochemistry of 

hexuronic acid residues which plays a key role in their biological functions. Although 

considerable mass spectrometry work has been done to distinguish CSA and DS 

stereoisomers using tandem mass spectrometry, most of published work on these 

biomolecules investigated molecular ions with the number of ionized acidic groups equal 

to the number of sulfate groups within the chains. These molecular ions are isobaric for 

different length of the CSA/DS chains due to the symmetric nature of the CSA and DS 

oli osacc arides wit  t e  eneral formula Δ exA(Gal Ac  O3
-
-HexA)nGalNAcSO3

-
) 
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where n=1,2,3, etc. Generally, these molecular ions produce B and Y glycosidic 

fragments and few cross-ring fragments thus reducing the extent of structural information 

that can be gleaned [18]. Use of higher charge state precursors or derivatized CSA/DS 

molecules eliminate this isobaric nature of these molecules enabling tandem mass 

spectrometry of mixtures of different chain length of the oligomers. Use of higher charge 

state precursor ions also increases the number of product ions observed. The diagnostic 

ability of the ring fragments obtained from glucuronic and iduronic acid residues will be 

studied here. We investigated CSA/DS chains from degree of polymerization (dp) 4 to 

10.   

Diagnostic Ion Criteria 

Samples were run in triplicates obtained different months apart. The error bars in 

the graphs represent the standard error of those three measurements. Relative intensity 

calculations were obtained by dividing the intensity of the diagnostic product ion with the 

total ion current in the spectrum excluding the precursor. Investigation of the MS/MS 

products proved that the number of ionized acidic groups in the molecular ions plays a 

significant role in controlling the diagnostic value of the product ions. Although other 

precursor ions produced 
2,4

A and 
0,2

X uronic acid fragment ions with intensity differences 

between CSA and DS, the molecular ions that produced all the diagnostic ions had 

particular characteristics. The charge state was higher than the number of sulfate groups 

within the chain by one and the molecular ion contained single free acidic hydrogen. The 

same precursor produced both A and X diagnostic fragment ions. 
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dp Molecular ion 
2,4

An Mass 

CSA 

100*
TIC

IonInt
 

CSB 

100*
TIC

IonInt
 

4 [M-3H]
3-

 

(305.0374) 

2,4

A
3
 500.0716 17.05 ± 0.65 4.70 ± 0.17 

6 [M-5H+Na]
4-

 

(348.7892) 

2,4

A
3
 

 
2.02 ±0.06 0.96 ± 0.04 

[
2,4

A
5
+Na]

2-

 490.0571 6.83 ± 0.71 0.32 ± 0.02 

8 [M-7H+2Na]
5-

 

(375.0399) 

2,4

A
3
 

 
1.17 ± 0.03 0.32 ± 0.03 

[
2,4

A
5
+Na]

2-

 
 

0.64 ± 0.04 0.08 ± 0.003 

2,4

A
5
+2Na 1003.1049 0.11 ±0.01 0.0 

[
2,4

A
7
+2Na]

3-

 486.7192 2.06 ± 0.24 0.07 ±0.005 

10 [M-9H+3Na]
6-

 

(392.5403) 

2,4

A
3
 

 
0.66 ± 0.06 0.24 ± 0.01 

[
2,4

A
5
+Na]

2-

 
 

0.17± 0.02 0.0 

[
2,4

A
7
+2Na]

3-

 
 

0.29 ± 0.02 0.0 

[
2,4

A
7
+3Na]

2-

 741.5734 0.26 ± 0.01 0.0 

[
2,4

A
9
+3Na]

4-

 485.0501 0.63 ± 0.10 0.0 

Table 5.1. The list of diagnostic molecular ions for each chain length with their masses, 

2,4
An diagnostic fragments and their masses and the % abundance of that given ion 

compared to the total ion abundance. It can be seen from the table that most of the 
2,4

A 

ions obtained for the dp10 were unique for CSA. 

Furthermore, even for the molecular ions with the specific characteristics 

mentioned above, only ions with a specific charge and sodium level combinations were 

diagnostic. 
2,4

An diagnostic ions had all the acidic groups ionized except one and 

whenever any of these ions were produced regardless of the precursor ion, they were 

found to be diagnostic. In most cases there were no such ions in unsodiated molecular 

ions and their prevalence and diagnostic qualities increased with the number of Na
+
 ions 

present in the molecular ion. Fully ionized precursor ions generally produced fewer 

fragment ions including the ones that were diagnostic. Using this criterion, the molecular 
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ions and the 
2,4

An fragments identified in the spectra investigated including their masses 

is shown in Table 5.1.  

For the 
0,2

Xn fragments that were found to be diagnostic especially for longer 

chains, diagnostic ions were either fully ionized or the ones with a single free acidic 

protons. The ions with a single free proton were also accompanied by another peak 

resulting from loss of SO3 that was also diagnostic.  

dp4 CSA and DS 

CSA/DS tetrasaccharide epimers were the shortest chains that were investigated 

in this study. They have a total of four acidic groups (2 sulfate and 2 carboxyl groups). In 

all the chains studied, the non-reducing end hexuronic acid residue is unsaturated due to 

the double bond between C4 and C5 so its C5 stereochemistry is lost. Due to this, only one 

hexuronic acid stereochemistry can be determined experimentally for dp4. The precursor 

ion with the aforementioned diagnostic characteristics is [M-3H]
3-

 and it’s unsodiated. 

The MS/MS spectrum obtained for these two epimers is shown in Figure 5.2. CSA most 

intense product ions are isobaric C2/Z2 followed by the 
2,4

A3 fragment and then Y1. 

Considering that C2 and Z2 are isobaric and assuming the intensity of the peak is a 

contribution of both ions, the most intense single ion fragment would be the 
2,4

A3 

fragment which is diagnostic. The bonds that are broken to produce them are believed to 

be more labile for that compound so their intensity is higher than the other ions in the 

spectrum. Collisional activation of DS dp4 produces ions with abundance B2> Y3
2-

 

>
0,2

X3
2-

. The differences in intensity of the ions resulting from CSA and those of DS 

should be due to hexuronic acid residue C5 stereochemistry because that is the only 

difference between the two chains.  
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Figure 5.2. The mass spectra for dp4 CSA and DS chains displaying differences in ion 

abundance and distributions. The ions highlighted in red have been found to be diagnostic 

for this chain by other researchers. The fragment ions (shown in green) were found in this 

work and they are highly diagnostic for CSA and DS. Relative abundance of ion pair B2 

and C2/Z2 also differ between the two chains. 

One of the most interesting ions that will be discussed throughout this study is the 

intensity of the uronic acid cross-ring fragment 
2,4

A3 which is much more intense in CSA 

compared to DS for the dp4 chains. This fragment (
2,4

A3) is one of the ions bearing the 

diagnostic characteristics for CSA/DS chains studied in this work. Although this ion is 

not as diagnostic as the 
2,4

An fragments for longer chains, the intensity ratio between CSA 

and DS is 4.6:1 which is pretty high (Table 5.1 and Figure 5.2). During the investigation 

of unique EDD fragments that distinguish GlcA and IdoA in heparan sulfate 

tetrasaccharides, it was postulated that having a charged uronic acid bring about the 

diagnostic 
0,2

A3 within the uronic acid due to radical mechanisms [20]. Although other 
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researchers have explained the occurrence of 
2,4

An to originate from 
0,2

An fragments that 

occur after reducing end ring opening [44, 45], we believe that 
2,4

An and 
0,2

X fragments 

obtained from this study are consistent with mechanism put forward before [46] for metal 

adducted oligosaccharides. 
2,4

A fragments have also been observed before for other Na
+
 

adducted oligosaccharides [47].  
0,2

Xn ions were less diagnostic for both dp4 and dp6. 

Some of the other distinguishing ions have been observed in the previous work on 

doubly deprotonated precursor, [M-2H]
2- 

and they follow a similar pattern for this 

precursor. For instance Y1 is more intense in CSA than in DS. Other previously identified 

diagnostic ions were also present; these include Z1, Y3
2-

, and 
0,2

X3
2-

 although their 

intensity differences are not very pronounced [31, 37]. The molecular ion investigated 

here reveals other ions like B2 which is much more intense in DS than in CSA. Another 

useful detail that can be used to compare the two isomers include a pair of ions, in CSA 

dp 4, B2 intensity is lower compared to the Z2/C2 while in the DS the relative intensity is 

reverse, i.e., the intensity of the Z2/C2 is more intense than B2 (Figure 5.2). This can be 

useful in quick identification of contamination without doing quantitation. 

The PCA analysis of the intensity of the peaks from both CSA and CSB confirms 

the observation discussed above (Appendix C)  From t e score plot  it’s apparent t at t e 

1
st
 principal component explains 99.68% of the difference between the two spectra while 

the 2
nd

 PC explains only 0.29% of the spectra differences. Although the scores for the 

CSB seems spread out, the PC2 scale is very small compared to the PC1 scale and thus 

not as far apart as it seems on the scale plot. The loading plot (Appendix C) shows the 

ions that are most responsible the separation of the ions within the spectra, the ions 
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discussed above especially the hexuronic acid fragment 
2,4

A3 seen to have a huge 

contribution for the separation. 

Dp6 CSA and DS 

The hexasaccharides have two uronic acids whose C5 stereochemistry can be 

determined. The molecular ion that is diagnostic is [M-5H+Na]
4-

 (Figure 5.4) and the 

graph showing differences in ion intensity is shown in Figure 5.3. The fragment ion 

distribution is a bit similar to what is observed for dp4.  

 

Figure 5.3. The graph shows relative intensity of 
2,4

An fragments obtained from dp4 and 

dp6 CSA and DS with the standard error bar from three time sample runs. Although only 

a single ion (
2,4

A3) was diagnostic for the dp4 there are several 
2,4

A ions for dp6 but only 

2,4
A3 and [

2,4
A5+Na]

2-
 had the diagnostic qualities discussed in the text. [

2,4
A5+Na]

2-
 ion 

present in uronic acid near the reducing end and is more diagnostic that the 
2,4

A3 in the 

middle uronic acid. 
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Figure 5.4. Spectra for the CSA/DS dp6 showing ions that differ in intensity between the 

two chains. Only the ions with intensity differences between the two chains are annotated 

in the spectra but all the ions found in the spectrum are shown in the structure below the 

spectra with 
2,4

A and 
0,2

X ions appearing in red. The ions that are shown in red in the 

spectra  a e been identified before but t ey don’t seem to play a bi  role in t e oli omer 

differentiation using this precursor except Y3
2-

. Ions shown in green especially the 
2,4

An 

fragments with given characteristics are found to be more diagnostic. 

The most intense fragment in both spectra is isobaric [C4+Na]
2-

/[Z4+Na]
2-

 ions 

followed by [
2,4

A5+Na]
2-

 ; a fragment occurring within the hexuronic acid at the reducing 

end and is diagnostic (Table 5.1 and Figure 5.3, 5.4). For the CSB, notable diagnostic 

ions include B3+Na, [B4+Na]
2-

, B2, and C2+Na/Z2+Na. There are some ions whose 
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intensity differences were found to be diagnostic before like Y3
2-

, [Y5+Na]
3-

, [
0,2

X5+Na]
3-

 

[31].  

The dp6 diagnostic precursor produces cross-ring fragments in each uronic acid 

residue that are apparently diagnostic. [
2,4

A5+Na]
2-

 with the ratio of the intensity in CSA 

to CSB being 16.7:1 and cross-ring fragment 
2,4

A3 whose intensity difference ration 

between CSA and CSB is 1.7:1. Suffice it to say that, the closer the 
2,4

An diagnostic ring 

fragment is to the reducing end, the more diagnostic it is.  [
0,2

X5+Na]
3-

  ion is also 

diagnostic for CSA albeit in low intensity relative to the precursor ion (data not shown). 

Other notable ions which are less diagnostic include B3+Na, [B4+Na]
2-

, B2, and 

C2+Na/Z2+Na for CSB. 
2,4

A5
2-

 ion does not  a e dia nostic c aracteristics so it’s not 

diagnostic. The PCA data for the two dp6 chains revealed the same ions identified in the 

spectra and the two samples spectral intensities separated within the first principal 

component but the first two PCs are shown (Appendix C).  

Dp8 CSA and DS  

The molecular ion [M-7H+2Na]
5-

 produced the diagnostic ions for dp 8 and the 

ion distribution profile was slightly different from dp4 and 6. This could be due to the 

length of the chain thus bringing more flexibility which could affect the energy 

distribution within the molecule during CID. The most intense fragment is the isobaric 

fragment ions [Z6+2Na]
3-

/[C6+2Na]
3-

. The other most intense fragments are from 

glycosidic B and Y fragments. Within the spectrum though, there are cross-ring signature 

ions with diagnostic characteristics in every uronic acid except the non-reducing end 

residue and the ratio of intensities in between CSA and DS can be found in Table 5.1 and 

in Figure 5.5. These include ions like 
2,4

A3, [
2,4

A5+Na]
2-

, 
2,4

A5+2Na and [
2,4

A7+2Na]
3-

. 
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Furthermore, as stated earlier, the chart and the table results indicate that the nearer the 

diagnostic ion is to the reducing end the more diagnostic it is and of course the more 

sodium level there is in the ion in order to have the diagnostic characteristics. The other 

2,4
A cross-ring fragment ions observed did not show diagnostic qualities. For instance the 

2,4
A3+ a ion is re erse dia nostic in t e sense t at it’s more intense in DS than in CSA, 

this behavior is observed for this ion in all the chains that it was found. For the 
0,2

Xn 

fragments, ions that had all the acidic groups ionized were found to be diagnostic except 

for 
0,2

X1+Na near the reducing end.  

 

Figure 5.5. A graph of the relative intensities of 
2,4

An CID fragments obtained from the 

two dp8 chains (a). The ions with the arrow on top have the diagnostic qualities discussed 

in the text. 
2,4

A5+2Na, M/Z 1003.10 was found to be unique but with low intensity. b). 
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Visual comparison of some of the 
2,4

An fragments obtained in CSA and DS with [
2,4

A7 

+2Na]
3-

 almost exclusively in CSA. c). A structure with the fragment ions obtained from 

[M-7H+2Na]
5-

 precursor. 
2,4

A and 
0,2

X fragments are shown in red within the structure. 

Other 
0,2

Xn ions that were also diagnostic include the ones with only one acidic 

group unionized and these ions were often found accompanied by another peak as a result 

of SO3 loss that were also diagnostic as shown in Figure 5.7. An exception to this 

observation was the occurrence of non-reducing end fragment [
0,2

X7+3Na]
3-

  which is 

much less diagnostic because the intensities of the two ions almost match one another 

with the CSB intensity being more that of CSA. This kind of ion [
0,2

X9+3Na]
5-

  at the 

non-reducing end for the dp10 had similar behavior (Appendix C). These two fragments 

occur at the non-reducing end residue whose C5 stereochemistry is nonexistent due to its 

unsaturation. Ions with more than one free acidic group were not found to be diagnostic, 

for example, [
2,4

X5+Na-SO3]
2-

 ion in Figure 5.7.  The PCA loading plot shows the ions 

that were responsible for the spectral differences within the dp8 CSA/DS spectra 

including 
2,4

An and 
0,2

Xn fragments (Appendix C).  

Dp 10 CSA and DS 

CSA and DS dp10 were the longest chains analyzed in this work and their 

diagnostic molecular ions is [M-9H+3Na]
6-

. As observed in dp8, majority of intense 

fragments are not the ones resulting from cross-ring cleavages but instead B and Y ions. 

The most intense fragments were [C8+3Na]
4-

/[Z8+3Na]
4-

. This type of ion combination 

was found in all the chains from dp4 to dp10 and could be due to the combination of 

different ion intensities.  



 

110 

Although there are plenty of 
2,4

An and 
0,2

Xn fragment ions in the hexuronic acid 

residues of both CSA and DS, there are extremely few ring fragments occurring at the 

amino sugar for this chain. The annotated structure of dp10 CSA shows only one 

fragment ion at the reducing end glucosamine residue (Figure 5.6).  

Another key observation is that, due to higher charge distributed within the 

molecule, one would expect to find complementary ions for both 
2,4

An and 
0,2

Xn 

fragments but they are not present in the MS/MS data from this chain, this would imply 

that these ions might be formed simultaneously following the mechanism discussed 

earlier in the text [46].  

The 
2,4

An fragments for the dp 10 are highly diagnostic (Table 5.1 and Figure 5.6). 

There are specific ions only found in the GlcA residues in CSA and they are not present 

in IdoA of the DS chains. These ions include, [
2,4

A9+3Na]
4-

 present in the GlcA residue 

next to the reducing end. There were two fully diagnostic ions obtained from GlcA 

residue (7
th

 residue from non-reducing end) these are [
2,4

A7+3Na]
2-

 and [
2,4

A7+2Na]
3-

. 

[
2,4

A5+Na]
2-

 is diagnostic for the 5
th

 residue from the non-reducing end. Only 
2,4

A3 

fra ment is found in bot  GlcA and IdoA residues and it’s more intense in C A t an in 

DS. 
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Figure 5.6. a). The graph shows the 
2,4

An ions obtained from the dp 10 CSA and DS 

chains with the ions with the arrow on top having the diagnostic characteristics discussed 

in the text. There were ions that only appeared in CSA and were absent in DS chains in 

all the hexuronic acid residues except the one near the non-reducing end. b).The zoom in 

of some of these particular diagnostic ions is shown below the graph. c). Structure with 

fragment ions obtained from the diagnostic precursor ion with the 
2,4

A and 
0,2

X fragments 

shown in red. 

2,4
An fragments have been shown to arise from the C ion by retro-aldo 

rearrangement of ions in negative mode after the formation of 
0,2

An fragment ion [44, 45]. 

The mechanism that requires an open ring reducing terminal aldehyde and such structures 

are formed from C-type fragments. But the observations from these experiments show 
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that the C5 stereochemistry of the uronic acid of the precursor ions have a profound effect 

on the diagnostic ions observed and t ey don’t seem to follow t e stated mec anisms 

because the 
2,4

A and 
0,2 

X fragments seem to occur simultaneously since there are very 

few complementary 
2,4

X and 
0,2

A fragments.  

0,2
Xn fragments with all the acidic groups fully ionized or the ones with one free 

acidic group are also found to have diagnostic characteristics for this chain (Figure 5.7). 

As mentioned for the dp8, [
0,2

X9+3Na]
5-

 which has one free acidic proton was obtained in 

high intensity but was found to be less diagnostic. [
0,2

X9+3Na]
6-

 ion was found to be fully 

diagnostic for the dp10 CSA as it was not found in DS. Other fully diagnostic ions 

include [
0,2

X5+2Na]
2-

 and [
0,2

X5+2Na-SO3]
2- 

 found only in GlcA and not present in IdoA. 

Figure 5.7 shows the 
0,2

Xn ions that were obtained from the diagnostic precursor 

including the ones that were not found to be diagnostic. Ions like [
0,2

X7+2Na]
3-

 and 

[
0,2

X7+2Na-SO3]
3-

 with more than one free acidic proton were not diagnostic. 

Although
 2,4

A and 
0,2

X of the respective uronic acid display more diagnostic 

characteristics than the rest of the ions, other ions were found to be diagnostic as well, 

these includes some of the glycosidic fragments that have been identified in the earlier 

work by other researchers. We were unable to find common diagnostic characteristics of 

these ions like the ones identified for the
 2,4

An and 
0,2

Xn fragments. 
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Figure 5.7. Graphs showing the 
0,2

X fragments obtained from dp8 and dp 10 CSA and 

DS chains. The ions at the non-reducing end that were not diagnostic but of high intensity 

compared the other 
0,2

X fragments have been removed. The ions with defined 

characteristics are diagnostic. 

When the molecular ion with diagnostic charge state is not sodiated [M-6H] 
6-

, 

2,4
An ions are present but not entirely diagnostic except for the 

2,4
A9 

4-
 ion which is 

present only in GlcA and not in IdoA (Appendix C). Both the score and loadings plot 

PCA data for the diagnostic molecular ions is shown in the Appendix C.  

  

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

(I
o

n
 I

n
t/

T
IC

)*
1

0
0

0,2Xn Fragment ion

Dp10 [M-9H+3Na]6-

CSA

CSB

0

0.2

0.4

0.6

0.8

1

(I
o

n
 I

n
t/

T
IC

)*
1

0
0

0,2Xn Fragment ion

Dp8 [M-7H+2Na]5-

CSA

CSB

DS

DS



 

114 

CONCLUSIONS 

The work described in this chapter shows that ionizing all acidic groups except 

one, it is possible obtain stereo-chemical information of chondroitin sulfate 

glycosaminoglycans using CID. Previous work in our lab has shown that 
2,4

A fragments 

are rear even in heparin and heparan sulfate oligosaccharides IdoA residues. Addition of 

small NaOH solution helps in obtaining higher charge states thus eliminating the isobaric 

nature of molecular ions resulting from different CSA and DS chain length. Ion activation 

of higher charge state molecular ions leads to the production of large number of cross-

ring fragments which can be used to distinguish closely related structures.  

2,4
An and 

0,2
Xn ions were present in all the spectra taken from dp4-dp10 CS but 

0,2
Xn were found to be less diagnostic for dp4 and 6. This is the first indication that 

unique CID fragments that can distinguish between CSA and DS chains can be obtained. 

2,4
A fragments near the reducing end are more diagnostic than the ones near the non-

reducing end. 
0,2

Xn fragments ions at the non-reducing residue produce a mixture of 

diagnostic and non-diagnostic ions. This residue as lost its C5 stereochemistry due to its 

unsaturation so it’s not expected to produce diagnostic ions. 
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ABSTRACT 

High-field asymmetric waveform ion mobility spectrometry (FAIMS) is shown to 

be capable of resolving isomeric and isobaric glycosaminoglycan negative ions, and to 

have great utility for the analysis of this class of molecules when combined with Fourier 

transform ion cyclotron resonance mass spectrometry (FTICR-MS) and tandem mass 

spectrometry. Electron detachment dissociation (EDD) and other ion activation methods 

for tandem mass spectrometry can be used to determine the sites of labile sulfate 

modifications and for assigning the stereochemistry of hexuronic acid residues of GAGs. 

However, mixtures with overlapping mass-to-charge values present a challenge, as their 

precursor species cannot be resolved by a mass analyzer prior to ion activation. FAIMS is 

shown to resolve two types of mass-to-charge overlaps. A mixture of chondroitin sulfate 

A (CSA) oligomers with 4-10 saccharides units produces ions of a single mass-to-charge 

by electrospray ionization, as the charge state increases in direct proportion to the degree 

of polymerization for these sulfated carbohydrates. FAIMS is shown to resolve the 

overlapping charge. A more challenging type of mass-to-charge overlap occurs for 

mixtures of diastereomers. FAIMS is shown to separate two sets of epimeric GAG 

tetramers.  For the epimer pairs, the complexity of the separation is reduced when the 

reducing end is alkylated, suggesting that anomers are also resolved by FAIMS. The 

resolved components were activated by EDD and the fragment ions were analyzed by 

FTICR-MS. The resulting tandem mass spectra were able to distinguish the two epimers 

from each other. 
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INTRODUCTION 

Glycosaminoglycans (GAGs) are a linear, anionic, structurally diverse, and 

ubiquitous family of polysaccharides composed of a hexuronic acid and a hexosamine 

repeating disaccharide unit [1-3]. The identity of the monosaccharide residues, the 

linkage position of glycosidic bonds between the monosaccharides, as well as the degree 

and location of sulfate modifications distinguish the various classes of GAGs [2, 4].  

Research has shown that modifications of the residues, specifically O-sulfation, N-

deacetylation/sulfation, or epimerization of uronic acid residues impacts their biological 

activity.  GAGs are present on all animal cell surfaces and in the extracellular matrix 

(ECM) within which they regulate many cellular and physiological processes [1-5]. They 

are known to bind and regulate a number of distinct proteins including small secreted 

proteins (chemokines) [6], small secreted cell signaling proteins (cytokines) [7], growth 

factors like morphogens [5], enzymes, and adhesion molecules [4], GAGs also modulate 

cell–cell and cell–extracellular matrix communication, angiogenesis, axonal growth, 

tumor progression, metastasis, and anti-coagulation [2, 5]. Although numerous functions 

of GAGs are known, there are only a few function specific sequences whose structures 

have been fully elucidated [8]. To advance the study of the biological functions of GAGs, 

sophisticated analytical methods are needed to identify and characterize biologically 

important motifs within their basic sequences [9]. The structural complexity of GAG 

molecules, especially heparin and heparan sulfate makes their structural determination 

more challenging than other biomolecules. The complexity is a consequence of the non-

template nature of their biosynthesis, and the vast number of modifications that occur 
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post-synthesis, including de-acetylation, sulfation and epimerization giving rise to a 

considerable polydispersity and heterogeneity.  

Mass spectrometry (MS) using negative mode electrospray ionization (ESI) is 

widely used for the structural elucidation of GAGs [10, 11]. In addition to retention of 

sulfo groups during MS analysis and the production of multiply charged ions, ESI can be 

coupled with liquid chromatography or capillary electrophoresis separation methods that 

enhance sensitivity and selectivity of the GAG analysis [12]. In order to obtain detailed 

information about monosaccharide connectivity and their unique modifications, several 

tandem mass spectrometry (MS/MS) techniques have been examined and refined for the 

structural analysis of GAGs, including collision induced dissociation (CID[13-18], 

electron detachment dissociation (EDD) [19-23], and negative electron transfer 

dissociation (NETD) [24, 25]. These methods have been effective on relatively small 

oligomers produced by enzymatic digestion of full-length glycans. Recently, full length 

chains from a proteoglycan have been characterized by Fourier transform ion cyclotron 

resonance tandem mass spectrometry (FTICR-MS/MS) [8]. Despite a propensity for 

decomposition of sulfo modifications via SO3 loss during MS/MS, careful control of the 

ion activation conditions lead to glycosidic and cross-ring cleavages which can be used to 

assign the location of sites of sulfation at both the monosaccharide level and the ring 

position in GAG oligosaccharides [16, 17, 19, 20, 24-30].  

Despite the versatility of mass spectrometry for characterizing GAGs, the 

complex mixtures produced by enzymatic de-polymerization, and the isomeric nature of 

the resulting sequences require separation steps before they are introduced to the mass 

spectrometer [31-34]. Chromatographic separation methods such as normal phase and 
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reverse phase high performance liquid chromatograph (HPLC), porous graphite carbon 

liquid chromatograph (PGC-LC) and hydrophilic interaction liquid chromatography 

(HILIC) have been used for separation of GAGs [32, 33, 35]. Ion exchange methods such 

as high-performance anion-exchange chromatography (HPAEC) [36] have also been used 

for GAG separations. However, these present challenges when combined with MS 

analysis, requiring desalting or removal of ion pairing reagents prior to introduction to the 

mass spectrometer [37]. Capillary electrophoresis (CE) methods have also been used for 

separating and characterizing GAGs [31]. The short time for LC or CE peak elution does 

not match the long analysis times required for high resolution analysis by FTICR-MS, 

particularly for ion activation by EDD [21]. 

As an alternative to liquid separations, there has been considerable recent interest 

in gas-phase separation of ions prior to mass spectrometry analysis, using ion mobility 

spectrometry (IMS). IMS separates gas phase ions on the basis of their charge state, 

overall shape and the ionic collision cross-section while under a weak, time-invariant 

electric field [38, 39] and can achieve separation of structural and positional isomers [39-

42]. Previously, others have used a combination of ion mobility, mass spectrometry and 

proton NMR to characterize iduronic and glucuronic acid containing heparan sulfate 

hexasaccharides [34], and recently, IMS was used for separation and analysis of 

positional isomers of heparin octasaccharides [43]. However, the peak width for a 

component in an IMS separation is on the order of microseconds, which is far too short to 

be used for FTICR-MS. 

High-field asymmetric waveform ion mobility spectrometry (FAIMS), also 

known as differential mobility spectrometry (DMS), separates gas-phase ions depending 
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on the differences between their mobility in high and low electric fields, and at 

atmospheric pressure [44, 45]. It is a particularly attractive choice for coupling to FTICR-

MS, as ions are separated spatially rather than temporally [45, 46]. With FAIMS, ions are 

drawn by the flow of buffer gas into a mobility region consisting of two parallel or 

coaxial electrodes, located between an atmospheric pressure ion source and the inlet to 

the mass spectrometer. An asymmetric alternating potential, the peak amplitude of which 

is called the dispersion voltage (DV), is applied between the electrodes producing an 

electric field tangential to the direction of gas flow. The mobility of ions differ during the 

high-field and low-field portion of the waveform, leading to their lateral displacement. A 

small static voltage called the compensation voltage (CV) is applied to one electrode, to 

direct ions of a particular differential mobility onto the mass spectrometer inlet. In this 

fashion, ions that have been separated by FAIMS can be continuously admitted into the 

mass spectrometer, allowing this separation method to be coupled with slow analysis 

methods such as FTICR-MS. The FAIMS separation is orthogonal to both 

chromatographic and mass spectrometric techniques, thereby increasing selectivity and 

specificity of analysis when combined [45, 47].  

ESI-FAIMS-MS has been used to effect gas phase separation and differentiation 

of anomers, linkage, and position isomers of disaccharides [48], glycopeptides [49] and 

other biomolecules [50-54]. In addition, FAIMS has been used to selectively introduce 

different gas phase conformers of ubiquitin ions prior to FTICR-MS analysis, making it 

possible to resolve and identify different populations of conformers [55]. Here we show 

the utility of FAIMS as a separation tool coupled to FTICR-MS and FTICR-MS/MS for 

the analysis of mixtures of glycosaminoglycans. A chondroitin sulfate A mixture of 
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oligomers of degree of polymerization (dp) 4-10 produces isobaric ions due to the linear 

relationship between charge and length of the polymer. These cannot be resolved by a 

mass-to-charge separation, but are resolved by differential mobility spectrometry. A more 

demanding separation is demonstrated for a mixture of epimeric GAG tetramers, 

facilitating their MS/MS analysis. The effect of the reducing end anomericity and the 

behavior of sodiated adducts on the separation are examined. This is the first application 

of FAIMS separation to GAGs, with subsequent analysis of the separated isobaric 

molecular ions using EDD. 

EXPERIMENTAL 

Epimer Synthesis 

Heparan sulfate tetrasaccharides epimers (GlcA-GlcNAc6S-IdoA-GlcNAc6S (GI) 

and GlcA-GlcNAc6S-GlcA- GlcNAc6S (GG) ) and GlcA-GlcNAc6S-GlcA-GlcNAc6S-

(CH2)5-NH2 (GG2) and GlcA-GlcNAc6S-IdoA-GlcNAc6S-(CH2)5-NH2 (GI2) showed 

in Scheme 6.1,were synthesized and purified as described in literature [56].  Use of 

accurate mass measurement and 
1
H NMR confirmed the structures of the tetra-

saccharides.  

Preparation of CS GAG Oligosaccharides 

Chondroitin sulfate A (CS-A) oligosaccharides were prepared by partial 

enzymatic depolymerization of bovine trachea chondroitin sulfate A (Celsus 

Laboratories, Cincinnati, OH) and purified as described in the previous paper [57].  High-

field nuclear magnetic resonance (NMR), ESI-MS and PAGE were used to characterize 

the final isolated individual oligosaccharide fractions [58].  

ESI FAIMS 
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Ions were generated using negative mode ESI. Solutions for both tetra-

saccharides were made at a concentration of 0.05 mg/mL in 50:50:0.1 MeOH: H2O: 

HCOOH (Sigma, St. Louis, MO, USA) unless otherwise stated.  All sample solutions 

were infused at a rate of 120 μL/  usin  E I metal capillary (A ilent Tec nolo ies   anta 

Clara, CA, #G2427A) tip placed about 2-3 mm from the FAIMS curtain gas cap.  

Generated ions were passed through Bruker Daltonics planar FAIMS analyzer (Billerica, 

MA, USA) with electrode gap width of 0.5 mm. The FAIMS device was held in place by 

a cylindrical peek that facilitates proper interfacing to a 9.4 T Bruker Apex IV QeFTMS 

(Billerica, MA, USA).   
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Figure 6.1. Structures for the HS tetra-saccharides used in this study; GG and GI have a 

free reducing end and they differ only at C5 stereochemistry of the uronic acid residue 

near the reducing end. GG2 and GI2 epimers have the same sequence like GG and GI but 

they are alkylated at their reducing end. 

Ions were separated in FAIMS using 2.4 MHz bi-sinusoidal waveform between 

dispersion voltages (DV) 1.50 - 1.95 kV and the carrier gas used was air. No modifiers 

were added to the carrier gas. 

ESI-FAIMS-EDD 

The positive CV scan (0-30 V) was carried out (negative CV scan did not yield 

any ions) and the specific CV at which the ion of interest appears in the MS was noted 

and subsequently used to selectively and continuously transmit one ion at a time for EDD 

GG 

GG2 

GI 

GI2 
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experiments. Indirectly heated hollow cathode was used for generating electrons for EDD 

experiments. Isolation refinement of the precursor was done in the external quadrupole 

where the ions were accumulated for 1–2.5 s before they enter the FTICR-MS analyzer 

cell.  The isolation/cell fill was repeated up to 3 times. In-cell isolation with a coherent 

harmonic excitation frequency (CHEF) event was used for further ion selection. The 

precursor ions were irradiated with electrons for 1 second. For electron irradiation the 

cathode bias, ECD lens, and cathode heater were set at -19 V, -18.6V, and 1.6A 

respectively. The 36 acquisitions per mass spectrum were averaged and for each mass 

spectrum 512 k points were acquired, padded with one zero fill, and apodized using a 

sinebell window.  Background spectra were acquired by leaving all parameters the same 

but setting the cathode bias to 0 V to ensure that no electrons reached the analyzer cell.  

All EDD products are reported using the Domon and Costello nomenclature [59].  

Principal Component Analysis (PCA)  

PLS toolbox (Eigenvector research, inc., Wenatchee, WA) was used for the 

principal component analysis (PCA). The intensity of 19 assigned fragment ions for each 

spectrum was used for PCA analysis. These fragment ions were selected based on relative 

intensity and then normalized using the intensity of the base peak from the background 

spectra. Each row of the data matrix consists of the mass spectra of each particular 

epimer sample, while each column contained the normalized peak intensities for the 

selected fragment ions. During the PCA analysis, the data was mean-centered and cross-

validated. For each epimer peak, the spectra were acquired in quintuplicate starting with 

the same precursor intensity and using the same EDD experimental conditions. 

RESULTS AND DISCUSSION 



 

132 

As the MS/MS methods for GAGs have improved, there has been considerable 

interest in applying these approaches for the analysis of GAGs samples from natural 

sources, which are often heterogeneous mixtures. Particularly difficult is the 

characterization of isomeric oligosaccharides, which produce isobaric molecular ions in 

the MS step and generally identical MS/MS fragmentation patterns. In some cases, a 

mixture of different length GAGs may produce molecular ions with overlapping mass-to-

charge values, resulting from longer oligomers having higher charge states. All these 

hurdles make complete characterization of GAG mixtures using mass spectrometry 

difficult. FAIMS separation is orthogonal to mass-to-charge separation in MS and can 

selectively and continuously transmit an ion of selected differential mobility into the 

mass spectrometer, thus making it possible to use multiple ion activation methods within 

a single experiment on an FT-ICR platform. Unlike LC and CE methods, FAIMS has the 

ability to continuously transmit selected ions, enabling the utilization of a host of ion 

activation methods for GAGs, some of which require a long activation time (seconds to 

tens of seconds), and/or significant signal-averaging, such as EDD.  

Charge State Separation by ESI-FAIMS 

Enzymatic depolymerization of chondroitin sulfate (CS) or dermatan sulfate (DS) 

yields oli omers of composition Δ exA(Gal Ac  O3
-
-HexA)nGalNAcSO3

-
) where 

n=1,2,3, etc., as shown in the inset of Figure 6.1a. The mass spectrum in Figure 1a 

exhibits a peak at m/z 458.06, which corresponds to group of isobaric molecular ions [M-

mH]
m-

 for Δ-unsaturated CS/DS oligosaccharides of various lengths, with m=n+1. 

Although the spacing of the isotope peaks above m/z 458.06 indicates the presence of a 

mixture of different charge states, it is not possible, using mass-to-charge discrimination, 
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to isolate a length-selected component for MS/MS analysis by mass filtering. On the 

other hand, FAIMS is able to separate this mixture of gas phase ions [M-mH]
m-

 for dp 4, 

6, 8 and10 for chondroitin sulfate (CSA) before the MS analysis.  

The mixture that produced the data in Figure 1a was composed of oligomers dp4, 

dp6, dp8 and dp10. The dispersion voltage (DV) used was 1950 V with a compensation 

voltage (CV) scan from11-20 V, and a step size of 0.2 V. The extracted ion 

chromatogram (EIC) for ions of m/z 458.06 obtained from this scan is shown in Figure 

1(b), which shows the separation of the various oligomers in the mixture. The mass-to-

charge separation of the isotope peaks at CV 12.0 V allows us to assign this peak to dp4 

[M-2H]
2-

.  
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Figure 6.2. MS and the EIC of the mixture of dp4, dp6, dp8 and dp10 of chondroitin 

sulfate A (CSA). a) The general structure of the dermatan sulfate (DS) and CS oligomers 

that ionize to produce an overlapping charge states at m/z 458.06 and the mass spectrum 

of the mixture showing the overlapping isotopic distributions of four different charge 

states. b) FAIMS MS Extracted ion chromatogram (EIC) for m/z 458.06 with the 

respective MS spectra at the indicated CV voltages for which various individual ions are 

transmitted into the FTICR. 

 

The other charge states in the EIC profile are not baseline resolved but at specific 

CV only a single charge state is transmitted into the MS. The isotope profile at CV 14.5V 
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shows that only dp6 [M-3H]
3- 

is transmitted at that CV, while dp 10 [M-5H]
5-

 is the sole 

component passed at a CV of 16.2 V. Interestingly, the number of distinct FAIMS peaks 

observed is greater than the number of components in the mixture. Some components 

appear in more than one peak within the CV scan.  A mixture of dp4 and dp 6 appear at 

CV 13.5 V while dp8 [M-4H]
4-

 and dp10 ion appear at CV 15.4 V. Dp4 and dp6 appear 

as separate EIC peaks and as a mixture; the same is observed for the dp10 that appears as 

an individual peak and also as a mixture with dp8 peak. This suggests the existence of 

different stable conformers or anomers from individual molecular ions that are separated 

within the FAIMS device, with some having a unique differential mobility that 

distinguishes them from other charge states, while others have similar mobility to other 

charge states. The extracted ion chromatogram for the second peak in each charge state 

isotope distributions confirms this conclusion (Figure 6.3). 
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Figure 6.3. Extracted ion chromatograms for the second peak in each charge state isotope 

distributions for each individual species in the CSA dp4-dp10 mixture.  M/Z 458.56 

extracted for the dp4 is identical to the third stable isotope for [ dp 8] 
4-

 so the dp4 peak 

appearing after the cv 14.2 is assumed to be from dp8 and not from dp4 

Epimeric Tetrasaccharides 

Even more challenging to analyze is a mixture of diastereomers. The structures of 

two pairs of synthetically-produced diastereomeric heparan sulfate tetramers, GG, GI, 

GG2 and GI2, are shown in figure 6.1. The labels denote the type of uronic acid moiety 

in the first and the third residues, respectively, from the non-reducing end. GG indicates 

GlcA in the first and third residues from the nonreducing end, while GI has IdoA in the 

third residue, which differs from glucuronic acid only by the stereochemistry of C5. GG2 

and GI2 epimers are alkylated at the reducing end while GG and GI contain a free 
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reducing end. In solution, the anomeric isomers of the reducing end sugar are in 

equilibrium with each other for the non-alkylated samples (GG and GI). In contrast, the 

alkylated samples (GG2 and GI2) have a single conformation of the anomeric carbon 

established during synthesis. In order to separate and characterize individual sets of 

epimeric tetramers, a mixture containing 0.05 mg/ml of each epimer was electro-sprayed 

using normal electrospray at the rate of 120 μL/ . The dispersion voltage within the 

electrode gap was 1800 V and four spectra were averaged at every 0.2 V. The molecular 

ions of interest appeared within a CV range of 9-22 V.  

Figure 5.4 shows the CV scan obtained for the GG and GI molecular ion [M-2H]
2-

, m/z 467.06.  The epimer containing two glucuronic acids (GG) produced only one main 

peak at CV 16.6 V, while epimer (GI) produced two main distinct peaks with the first and 

the second peak appearing at CV 15.0 V and 18.5 V respectively.  There is also a small 

peak at CV 13.0 V that appears in both epimers. The assignment of the peaks from the 

two epimers was confirmed by introducing each individual epimer separately into the 

ESI-FAIMS-MS.  
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Figure 6.4. EIC for the epimeric mixture [M-2H]
2-

 m/z 467.06. (a) EIC for a mixture of 

GG and GI epimers with the MS at different peaks showing the separation of ions of the 

same mass-to-charge. (b) EIC for individual epimers overlayed on the EIC of the 

mixture. The GG molecular ion appears as a single peak while that of GI appear as two 

distinct peaks. 

The appearance of multiple peaks for the GI epimer suggests a mixture of 

conformers or anomers. The reducing end sugar undergoes equilibration in solution, and 

so both anomers are expected in the sample that was analyzed. The presence of the 

acyclic form of the reducing end sugar could also introduce an additional component to 

the mixture, although this form is expected to be a minor component in solution. Finally, 
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a mixture of conformers may also separate by FAIMS. Multiple peaks from a single 

reducing end monosaccharide residue have been observed in IMS experiments before 

[40].  Although GG and GI both have equal anomeric and acyclic form possibilities, the 

flexibility of iduronic acid may be responsible for more peaks being observed in the EIC 

profile of the GI epimer. The appearance of a single major peak for epimer GG could 

suggests a single dominant conformer or anomer, although it could also indicate a 

mixture of unresolved components.  

Iduronic acid is known to be more flexible than glucuronic acid, and to exist as a 

mixture of different chair and skew conformations including 
4
C1, 

1
C4 and 

2
S0 [60, 61]. 

This explains the appearance of more peaks for GI than GG [M-2H]
2-

 molecular ion, 

although we cannot discount the possibility that the peaks may consist of unresolved 

multiple gas phase conformers of the molecule originating from the ESI process. The 

small peak at 13.0 V could be conformers of both epimers having the same FAIMS 

behavior.   

To explore the origin of the multiple peaks in the CV scan, the two epimers that 

are alkylated at the reducing end, GG2 and GI2, respectively, were selected for FAIMS-

MS analysis. With these samples, the reducing end stereochemistry is locked into the  

configuration, thus reducing the complexity of the sample. The CV scan obtained for the 

molecular ion [M-2H]
2-

 produces only one main peak for each individual epimer as 

shown in Figure 6.5, suggesting that some of the additional FAIMS peaks obtained for 

t e GG and GI epimers wit  a free RE resulted from t e anomeric α and β isomers   
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Figure 6.5. Comparison between the GG and GI [M-2H]
2-

 (m/z 467.06) EIC with the 

corresponding [M-2H]
2-

 (M/Z 509.60) EIC obtained from GG2 and GI2 epimers. 

Multiple peaks are observed from the epimers with a free reducing end while only one 

main peak is observed for GG2 and GI2 epimers. In both cases, ions for each epimer can 

be separately passed into the FTICR for MS/MS analysis. 

Investigation of a higher charge state molecular ion [M-3H]
3-

 for both sets of 

epimers produced similar result where two or more peaks are observed for epimers with 

free reducing end (GG and GI) and only one peak is observed for each epimer GG2 and 

GI2 (Figure 6.6).   
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Figure 6.6. Extracted ion chromatograms for the [M-3H]
3-

 for the four epimers showing 

multiple peaks that are observed for  the free reducing ended GG and GI and single peaks 

from GG2 andGI2 that are alkylated at their reducing end. 

Another observation for the [M-3H]
3-

 is that there is less separation in the CV 

scan between the epimers, suggesting closer similarity in configuration when the 

molecular ion assumes an extended form due to charge-charge repulsion. Although the 

components are not baseline separated in their CV scan, GG2 and GI2 for [M-2H] 
2-

 

(509.60) are well-enough separated to enable selective introduction of an individual 

epimer ion for MS/MS analysis.  Only [M-2H]
2-

 ion for GG2 ion is observed at CV 14.5 

while only GI2 is present at CV 16.0 V.  The separation of the alkylated GG2 and GI2 
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epimers is due to differences in the uronic acid C5 stereochemistry, since the reducing 

end is alkylated, locking in the stereochemistry of C1 for these samples. The iduronic acid 

residue is known to be more flexible that the glucuronic acid residue, causing differences 

in the overall shape of the molecules. Chemical reduction of the reducing end of GG and 

GI epimers using NaBH4 using the procedure described before [62] also reduced the 

number of peaks per single species to one, again suggesting that anomeric mixtures 

produce multiple peaks in the CV scan of the non-reduced samples (data not shown).  

We also investigated the effect of Na
+
 cationization on the FAIMS MS separation 

of the four epimers by extracting ion chromatograms of the molecular ions that contain 

Na
+
.  All the four epimers generally produced single main peaks indicating that Na

+
 alters 

the shape of the molecules and thus the mobilities within the FAIMS device. Na
+
, being 

larger than the H
+
, has been noted to bind multiple oxygen atoms within the GAG 

molecules which leads to more stable gas phase ion conformations and thus a more 

defined shape [38]. In this particular case, the presence of Na
+
 leads to gas phase 

configurations with similar differential mobility. There is less separation for the GG and 

GI epimers compared to GG2 and GI2 sodiated molecular ions as seen in Supplemental 

Figure 6.7. Having a single peak per component during the analysis will be especially 

important when dealing with complex mixtures.  
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Figure 6.7. EIC of other useful molecular ions [M-3H+Na]
2-

 and [M-4H+2Na]
2-

 for the 

two sets of epimers. Each epimer produced a single principal peak, thus reducing the 

complexity of mixture. Sodiated ion of the alkylated GG2 and GI2 show better separation 

compared to GG and GI epimers. 

FAIMS-FTICR-EDD for the Epimers 

To explore the potential of applying MS/MS on the separated molecular ions, CV 

separated GG and GI [M-2H]
 2-

 were selected for EDD experiments. From a CV scan, the 

respective value was obtained for the [M-2H]
2- 

of each epimer, GG and GI. The CV 

values were used to select a single epimer for the EDD experiments. Although there was 

a general reduction in signal intensity at high DV, the intensity of the two peaks 

emanating from the epimer GI differed with the DV voltage applied in a reverse order. 

The relative intensity of the first peak increased with the increase in the DV voltage, 

while that of the second peak decreased (Figure 6.8).  
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Figure 6.8. Showing the changes in abundance of the two main components of GI epimer 

with the dispersion voltage. Peak 2 amplitude diminishes with the at high DV 1900 V 

while peak 2 amplitude slightly increases compared to their amplitude at lower DV of 

1500 V. 

This behavior is observed for type A and C ions, respectively, with cylindrical 

FAIMS [45], but there is no focusing effect from inhomogeneous fields with planar 

FAIMS, so other mechanisms must be responsible, for example heating of the ions by the 

higher DV producing a change in their conformational equilibrium.  DV 1800V was used 

for the selection and EDD fragmentation and all other experimental conditions were 

identical and all the experiments were done the same day. The uniformity of the EDD 

precursor intensity was ensured for all the selected peaks and each experiment was done 

in quintuplicate. Background spectra were acquired by leaving the other experimental 

conditions constant but changing the value of the ECD bias to zero to ensure no electrons 

reaches the analyzer cell. 
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Figure 6.9. EDD spectra for the FAIMS separated GG and GI epimers, [M-2H]
2-

 

molecular ions. A single GG peak and two GI peaks (GI peak a and b) were isolated from 

a mixture and subjected to EDD analysis. 
0,2

A3 peak (encircled) is only contained in the 

GG spectra. EDD spectra from the two GI (GI a and GI b) peaks have many similarities, 

displaying similar fragmentation patterns, but with consistently different abundances. 

PCA identified Ions that differ significantly within the spectra, these ions are colored in 

red. 

EDD spectra obtained from the three peaks are shown in Figure 6.4. EDD 

fragmentation patterns were similar to those observed in previous studies [19, 20].  The 

three spectra are rich in both glycosidic and cross-ring cleavages. The majority of peaks 

were glycosidic bond cleavages, and among the cross-ring fragments, there are more A 

type cleavages compared to the X type. Most of the assigned ions peaks are observed in 
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the three spectra except the ion 
0,2

A3 (encircled in Fig 6.9) which is only present in the 

GG epimer spectra, consistent with earlier findings on the EDD fragmentation of GlcA 

versus IdoA [20].  

Principal Component Analysis of EDD Data 

Multivariate analysis (MVA) of complex data has previously been used to 

distinguish closely related MS spectra [63, 64], and more recently, PCA of the EDD data 

was used to differentiate four epimeric heparan sulfate tetra-saccharides [65].  To 

compare the fragment ion intensities for the EDD spectra obtained from the three CV 

values, principal component analysis was used. The data obtained from principal 

component analysis indicate that the three spectra differ in terms of the fragment ion 

intensities. As shown in Figure 6.10a, the first principal component (PC1) distinguishes 

the two GI peaks in the CV scan, while PC2 distinguishes GG spectra from both GI 

spectra. The two principal components account for 96 % of the spectral differences.  
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Figure 6.10. PCA results for the EDD spectra obtained from the three [M-2H]
2-

 FAIMS 

separated EIC peaks. (a) A plot of the first two principal components distinguishes the 

three sets of spectra obtained, with 95% of the spectral differences accounted for by these 

two principal components. (b) The loading plot for the first two principal components 

reveals the ions whose intensities differentiate the three sets of EDD spectra. The further 

away the ion is from the center of the plot, the more significant it is in distinguishing the 

three sets of spectra. 
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A close observation of the loading plot in Figure 5b reveals the fragment ions that differ 

significantly between the spectra. These includes; 
0,2

A4-SO3, 
0,2

A4, B2/Z2-CO2, [M-SO3]
2-

, 

B3, Y1, 
3,5

A3, and 
0,2

 A3 (they are shown in red in Figure 6.9). Some of these ions have 

been correlated with differences in the EDD behavior of GlcA versus IdoA [20]. The 

observed differences in the fragmentation intensities of the two GI peaks show that 

conformational differences have a significant effect on the dissociation behavior of the 

gas-phase ions.  

CONCLUSION 

EDD is known to be an important tool for the MS/MS characterization of GAGs, 

due to its ability to produce spectra with high-information content, including both 

glycosidic and cross-ring cleavages. The results obtained in this study indicate that by 

combining FAIMS with FTICR-MS, it is possible to separate isomeric or isobaric GAG 

gas phase ions which have the same mass-to-c ar e  and t erefore can’t be separated by a 

mass analyzer, including stereoisomers or conformers.  Such GAG ions can then be 

characterized using EDD. The fragmentation patterns from EDD of different gas-phase 

conformations of GI were similar, but with consistently observed intensity differences, as 

revealed by PCA analysis. This gas phase separation method can be used as an alternative 

to solution phase separation methods such as HPLC to resolve GAGs isomer mixtures. 

The complexity introduced from single components producing multiple FAIMS peaks 

can be reduced by removing anomeric isomers from the mixture, via alkylating the 

reducing end or by chemical reduction of the reducing end monosaccharide. A reduction 

of complexity in the CV scan can also be achieved by using sodium adduction. Sodiated 
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molecular ions have been found to give very detailed structural information for highly 

sulfated GAGs [16, 28]. The work provides a step forward towards the characterization 

of these useful biomolecules from their natural sources. 
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CHAPTER 7 

 

CONCLUSIONS 

One of the key challenge for complete characterization of sulfated 

glycosaminoglycans have been loss of SO3 groups during ion activation thus leading to 

less structural information especially for the highly sulfated chains. The work described 

here highlights a way to stabilize the SO3 groups in these biologically relevant chains and 

then activating them using collision induced dissociation to get more informative 

structural information. Ionizing all or all but one acidic group within the highly sulfated 

chains through charge and Na
+
/H

+
 exchange strengthens the molecules against the 

unwanted SO3 loss during CID. This is believed to occur due to the ability of the Na
+
 

(unlike hydrogen) to bind with multiple oxygen atoms of both the sulfo groups and the 

glycosidic bond oxygen thus minimizing fragments resulting from loss of SO3 and at the 

same time increasing the more useful ring fragments.  

This was first demonstrated using a pentasaccharide heparin like drug Arixtra 

which has 8 sulfo groups thus more than three sulfates per disaccharide unit. Ionizing 8 

acidic groups which is equal to the number of SO3 groups in the chain helped in getting a 

few glycosidic fragment ions through collision activation providing very little 

information about the structure. It is only when all the ionizable groups were 

deprotonated that we ended having more fragment ions that were found to be useful.  
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The findings from these experiments prompted us to test other heparin like 

compounds including chemoenzymatically produced chains. It was found that the method 

can be useful for long highly sulfated chains and even less sulfated ones. For example a 

dp8 with 11 sulfate groups from the naturally occurring ones and a dp12 with 10 sulfate 

groups for the chemoenzymatically produced chains. The compounds with a free 

reducing end were found to produce very intense cross-ring fragments 
0,2

A and 
2,4

A 

fragments at the reducing end. 
0,2

A fragment was believed to be due to the reducing end 

ring opening and retro aldo rearrangements. The 
0,2

A ion formed can easily form 
2,4

A 

fragments through rearrangements within the remaining residue. These observations were 

corroborated due to lack of these 
0,2

A and 
2,4

A fragments in the reducing end of the chains 

with locked reducing end like Arixtra and the chemoenzmatically produced GAGs.  

During this initial work, it was noted that glucuronic acid residue had some 

fragment ions that were not in the iduronic acid residue. These findings lend us to 

investigate other kinds of compound including CSA and DS chains. It was noted that 

only particular molecular ions produced all the diagnostic ions and the diagnostic ions 

also had a given charge and Na
+
 cation characteristics. The molecular ions had a single 

mobile proton and the 
2,4

A and 
0,2

X diagnostic fragments also had their own 

characteristics. Since these ions were uronic acid C5 stereochemistry specific, their 

fragmentation mechanism should have some relationship with the glucuronic and 

iduronic acid characteristics. The shorter the chain the less diagnostic their fragments 

were so there were no unique fragments for the dp 4 and dp6 CSA and DS. For the longer 

chains like dp8 and dp 10 there were fragments that were only present in glucuronic acid 

in CSA but not in iduronic acid counterparts in DS chains. 
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Another key obstacle to complete characterization of glycosaminoglycans is their 

presence in multiple isomeric glycoforms. Although liquid chromatography and capillary 

electrophoresis have been applied to separate oligomers prior MS analysis, some 

compounds like epimeric ones are hard to separate using these methods. Another key 

issue with these methods is that they separate in time and thus use of multiple ion 

activation methods to explore a give elute is limited. In the work described here, epimeric 

heparan sulfate tetrasaccharides were separated using gas phase field asymmetric-

wa eform ion mobility (FAIM )  FAIM  separate in space rat er t an time so it’s 

suitable when you are using more than one ion activation method to activate the precursor 

ions or when the ion activation method like EDD that requires more time to acquire a 

spectrum t an t e LC pea  elution duration  T is wor  also indicates t at it’s possible to 

separate anomers. Although separation of anomers shows that FAIMS is a separation 

method with high specificity, multiple peaks obtained from these separations can hinder 

correct interpretation of the results. The multiplicity of peaks can be reduced by either 

reducing the reducing end or introducing a derivative that locks the reducing end to one 

state. The closeness of the spectra obtained from ion activation of isomeric molecular 

ions can be simplified using PCA analysis and the peaks that differ between the spectra 

can be obtained. 
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SUPPLEMENTAL DATA FOR CHAPTER 3 
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Figure. Mass spectrum of Arixtra in aqueous methanol containing 1mM NaOH. 
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Figure. CID spectra for Arixtra [M-10H+6Na]
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Figure. CID spectra for Arixtra [M-10H+5Na]
5- 

0,2A1

[B2+Na]2- C1+Na

0,2A2+2Na

[Y2+5Na]2-

Z2+3Na

Z3+5Na-SO3

B3+4Na-SO3

[Z2+2Na]2-

[M-10H+6Na]4-

[M-10H+6Na-H2O-SO3]
3-

0

1

2

3

9
x
1

0
In

te
n

s
it

y

200 300 400 500 600 700 800 900 1000 m/z

~X 3
~ X 2

0,2A1

0,2X1+Na

[Z2+2Na]2-

B1+Na

C1+Na

[Y3+4Na]3-

[M-9H+5Na]4-

2,4A2+2Na/1,5X1+2Na
0.2A2+3Na

Z2+3Na

[M-10H+5Na-H2O-SO3]
4-

C2+2Na

[Z3+4Na-SO3]
2-

0

1

2

3

8
x
1
0

In
te

n
s
it

y
.

200 250 300 350 400 450 500 550 600 650 m/z

[M-10H+5Na]5-
~ X 2



 

167 

  

Figure. H/D exchange for 2,4A 2+Na/1,5X1+Na isobaric peaks 
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Figure. H/D exchange for 2,4A 2+2Na/1,5X1+2Na Isobaric peaks. 
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Figure. H/D exchange for Y1+Na and C1+Na. 
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 Table.  Arixtra [M-8H+4Na]
 3-

 peak list. 

Mass to charge Assignment Intensity 

Accuracy 

PPM 

416.0499 B2-SO3 1.28E+07 1.27 

438.0318 B2+Na-SO3 3207123 1.32 

456.0425 C2+Na-SO3 3255512 0.96 

484.6419 [M-8H+5Na-2SO3]3- 7436939 -0.07 

496.007 B2 6331788 0.46 

496.9553 [Y3+3Na-SO3]2- 6754740 0.67 

503.9665 [M-7H+4Na-SO3]3- 1.72E+07 0.63 

507.9461 [Y3+4Na-SO3]2- 1.49E+07 1.00 

511.2939 [M-8H+5Na-SO3]3- 6.72E+08 0.46 

517.9888 [B4+2Na-2SO3]2- 3.85E+08 0.73 

517.9888 B2+Na 3.85E+08 0.73 

532.0049 Z2+Na-SO3 4300042 -0.04 

535.9994 C2+Na 3.40E+07 0.63 

537.946 [M-8H+4Na]3- 6.56E+08 0.74 

547.9248 [Y3+4Na]2- 5.33E+08 0.38 

558.9158 [Y3+5Na]2- 2.16E+07 0.33 

635.9413 [Y4+4Na]2- 1.81E+07 -0.38 

646.9324 [Y4+5Na]2- 2.57E+07 -0.56 
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 Table. Arixtra [M-10H+7Na]
 3-

 peak list. 

Mass to charge Assignment Intensity 

Accuracy 

PPM 

198.9917 0,2A1 1.17E+07 0.44 

240.0182 B2-SO3 3339319 0.54 

314.0551 0,2X1-2SO3 4666034 0.19 

316.4681 [Z2+2Na]2- 4089132 0.25 

341.9571 B2+Na 4.16E+07 -0.06 

355.9727 Z1+Na 1.04E+07 0.22 

359.9676 C1+Na 1.47E+08 0.11 

373.9834 Y1+Na 4.05E+07 -0.16 

401.9782 2,4A2+Na 3.37E+07 0.02 

401.9782 1,5X1+Na 3.37E+07 0.15 

415.9939 0,2X1+Na-SO3 9341459 0.02 

423.9602 2,4A2+2Na 1.26E+07 -0.10 

423.9602 1,5X1+2Na 1.26E+07 0.02 

434.0611 C2-SO3 3989453 -0.25 

438.0325 B2+Na-SO3 3.34E+07 -0.27 

449.9696 [C3+3Na-SO3]2- 3357881 -0.48 

451.9553 [B3+4Na-SO3]2- 3058211 -0.49 

452.0479 Z2+Na-2SO3 4853705 0.40 

456.0429 C2+Na-SO3 5197643 0.09 

470.0585 Y2+Na-2SO3 2.33E+07 0.30 

491.9336 [B3+4Na]2- 3913651 -0.24 

497.9604 0,2A2+2Na 3.16E+07 0.31 

500.9387 [C3+4Na]2- 2.21E+07 0.12 

507.9465 [Y3+4Na-SO3]2- 2.65E+07 0.22 

517.9327 0,2X1+2Na 6.82E+07 -0.08 

517.9892 B2+Na 3.44E+07 -0.04 

518.9371 [Y3+5Na-SO3]2- 9644630 0.93 

539.9145 0,2X1+3Na 4452295 0.20 

539.9712 B2+2Na 4.65E+07 -0.13 

550.0155 Y2+Na-SO3 3244283 -0.11 

552.601 [M-10H+7Na]3- 4.43E+08 0.06 

553.9868 Z2+2Na-SO3 2.55E+07 0.05 

557.9818 C2+2Na 3.46E+07 -0.20 

558.916 [Y3+5Na]2- 7.01E+07 -0.03 

569.9073 [Y3+6Na]2- 5498967 -0.60 

571.9975 Y2+2Na-SO3 5555067 -0.19 

575.9687 Z2+3Na-SO3 6866877 0.14 

593.9792 Y2+3Na-SO3 5275453 0.24 

648.9177 [Z4+6Na]2- 1.48E+07 0.05 
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655.9254 Z2+3Na 9.35E+07 0.27 

673.9361 Y2+3Na 4.65E+07 0.06 

677.9068 Z2+4Na 4353111 1.08 

695.9182 Y2+4Na 2.49E+07 -0.16 

904.917 B2+4Na-SO3 1.76E+07 0.48 

940.9152 Z3+5Na-2SO3 1.14E+07 -0.13 

1020.8725 Z3+5Na-SO3 1.31E+07 -0.61 
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 Table. Assignment list for Arixtra [M-10H+6Na]
4-

. 

Mass to charge Assignment Intensity 

Accuracy 

PPM 

198.9917 0,2A1 3.93E+07 0.44 

240.0182 B1-SO3 6035774 0.54 

247.4717 0,2X1+Na 7040639 0.08 

258.4909 [B2+Na]2- 7.56E+07 0.21 

265.4988 [Z2+Na-SO3]2- 1.27E+07 0.02 

305.4772 [Z2+Na]2- 3.60E+07 0.02 

316.4681 [Z2+2Na]2- 1.72E+08 0.25 

325.4734 [Y2+2Na]2- 3.02E+07 0.18 

341.9572 B1+Na 1.05E+08 -0.35 

355.6657 [Y4+2Na-2SO3]3- 1.65E+07 0.23 

355.9727 Z1+Na 4.49E+07 0.22 

359.9677 C1+Na 3.66E+08 -0.17 

363.9389 B1+2Na 8632978 0.36 

364.9475 [Y3+4Na]3- 1.25E+08 0.23 

373.9833 Y1+Na 1.44E+08 0.11 

381.9494 C1+2Na 4304885 0.50 

382.3181 [Y4+2Na-SO3]3- 8277558 -0.13 

390.9689 [Z4+4Na-SO3]3- 8904675 0.67 

401.9783 2,4A2+Na 3.29E+07 -0.23 

401.9783 1,5X1+Na 3.29E+07 -0.10 

408.7033 [M-10H+6Na]4- 1.04E+10 0.42 

415.9939 0,2X1+Na-SO3 3.33E+07 0.02 

420.2768 [B4+5Na]3- 2.24E+07 0.11 

423.9602 2,4A2+2Na 4.03E+07 -0.10 

423.9602 1,5X1+2Na 4.03E+07 0.02 

424.9488 [Z4+5Na]3- 2.78E+07 -0.13 

426.9666 [1,5A3+3Na-SO3]2- 2.40E+07 0.12 

426.9666 [2,4X2+3Na-SO3]2- 2.40E+07 0.18 

430.9523 Y4+5Na]3- 6.38E+07 -0.08 

438.0323 B2+Na-SO3 1.14E+07 0.18 

440.9642 [B3+3Na-SO3]2- 2.71E+08 -0.22 

445.9865 [Y3+2Na-2SO3]2- 5963797 -0.54 

451.9551 3,5A2+2Na 1.55E+07 -0.06 

451.9551 [B3+4Na-SO3]2- 1.55E+07 -0.04 

456.043 C2+Na-SO3 1.54E+07 -0.13 

491.9335 [B3+4Na]2- 1.19E+07 -0.04 

497.9607 0,2A2+2Na 7.48E+07 -0.30 

498.9414 [Z3+4Na-SO3]2- 1.27E+08 -0.14 

500.9388 [C3+4Na]2- 1.10E+08 -0.08 
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509.9322 [Z3+5Na-SO3]2- 8882291 0.21 

510.6124 [1,5A5+4Na]3- 7186648 -0.73 

510.6124 [2,4X4+4Na]3- 7186648 -0.70 

511.9298 [C3+5Na]2- 5315593 -0.13 

517.9326 0,2X1+2Na 2.00E+08 0.11 

517.9892 B2+Na 3.73E+07 -0.04 

518.9373 [Y3+5Na-SO3]2- 5.88E+07 0.55 

519.9427 0,2A2+3Na 4.52E+07 -0.38 

535.9997 C2+Na 1.41E+07 0.07 

539.9147 0,2X1+3Na 1.72E+07 -0.17 

539.9712 B2+2Na 1.09E+08 -0.13 

545.2738 [M-9H+6Na]3- 2.50E+08 -0.15 

553.9867 Z2+2Na-SO3 1.68E+07 0.23 

557.9816 C2+2Na 1.01E+08 0.16 

558.916 [Y2+5Na]2- 1.03E+09 -0.03 

569.907 [Y3+6Na]2- 1.94E+07 -0.07 

575.9687 Z2+3Na 2.16E+07 0.14 

579.9215 [0,2X3+5Na]2- 6305185 -0.40 

590.9403 [B4+5Na-SO3]2- 1.55E+07 0.35 

597.9485 [Z4+5Na-SO3]2- 4.75E+07 -0.24 

641.9103 [B4+6Na]2- 6459701 -0.65 

648.9183 [Z4+6Na]2- 1.18E+07 -0.88 

655.9256 Z2+3Na 5.44E+08 -0.03 

673.936 Y2+3Na 4.63E+07 0.21 

677.9071 Z2+4Na 1.10E+07 0.63 

695.9184 Y2+4Na 1.39E+07 -0.45 

904.9173 B3+4Na-SO3 5.62E+07 0.14 

926.8999 B3+5Na-SO3 6337397 -0.56 

940.9143 Z4+5Na-2SO3 2.59E+07 0.83 

1020.8724 Z3+5Na-SO3 5.90E+07 -0.51 
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 Table. Assignment list for Arixtra [M-10H+5Na]
5-

. 

Mass to 

charge Assignment Intensity 

Accuracy 

PPM 

168.4893 C12- 1.03E+07 -0.53 

175.497 Y12- 1.38E+07 0.34 

198.9917 0,2A1 1.19E+08 0.44 

207.5215 [B2-SO3]2- 5332529 0.39 

214.4829 [3,5A2+Na]2- 6732445 0.13 

214.4829 [B3+2Na-SO3]4- 6732445 0.14 

240.0183 B1-SO3 7.61E+07 0.12 

247.4717 0,2X1+Na 1.67E+08 0.08 

247.4999 B22- 2.53E+07 0.32 

254.0339 Z1-SO3 2.29E+07 0.51 

258.0288 C1-SO3 3.26E+07 0.35 

258.4909 [B2+Na]2- 1.47E+08 0.21 

265.4987 [Z2+Na-SO3]2- 1.12E+08 0.40 

267.4961 [C2+Na]2- 9842431 0.50 

267.9634 [Y3+3Na]4- 6207507 -0.07 

272.0445 Y1-SO3 5885870 0.33 

274.504 [Y2+Na-SO3]2- 7816819 0.31 

286.4866 [Y4+2Na-SO3]4- 8897724 0.42 

294.0263 Y1+Na-SO3 6956130 0.82 

296.9885 [Y3+2Na-2SO3]3- 1.52E+07 -0.28 

298.4694 [B4+2Na]4- 1.15E+07 -0.15 

303.9648 [B4+3Na]4- 4.00E+07 0.14 

305.4771 [Z2+Na]2- 1.43E+08 0.34 

309.4603 [B4+4Na]4- 2.82E+07 0.10 

313.9621 1,5A1+Na 5331036 0.23 

313.9621 2,4X0+Na 5331036 0.39 

314.0552 0,2X1-SO3 5631049 -0.13 

314.4825 [Y2+Na]2- 5672506 -0.05 

316.4681 [Z2+2Na]2- 6.12E+08 0.25 

320.2926 [B3+3Na]3- 6.28E+07 -0.06 

322.3648 [M-10H+5Na]5- 4.84E+09 0.41 

324.4656 [2.4A5+4Na]4- 7737584 0.04 

324.4656 [1,5X4+4Na]4- 7737584 0.08 

324.9645 [Z3+3Na-SO3]3- 6.84E+07 -0.06 

325.4734 [Y2+2Na]2- 1.50E+08 0.18 

326.296 [C3+3Na]3- 4.38E+07 0.31 

341.9572 B1+Na 5.24E+08 -0.35 

349.6621 [Z4+2Na-2SO3]3- 5639632 0.47 

355.9727 Z1+Na 2.94E+08 0.22 
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359.9677 C1+Na 7.28E+08 -0.17 

363.939 B1+2Na 2.98E+07 0.08 

364.9475 [Y3+4Na]3- 1.58E+09 0.23 

373.9833 Y1+Na 6.41E+08 0.11 

377.9547 Z1+2Na 1.59E+07 0.08 

381.9494 C1+2Na 6853826 0.50 

386.2972 [B4+4Na-SO3]3- 6.57E+07 0.16 

390.9691 [Z4+4Na-SO3]3- 3.09E+08 0.16 

395.9652 Y1+2Na 3.77E+07 0.23 

401.9783 2,4A2+Na 2.77E+08 -0.23 

401.9783 1,5X1+Na 2.77E+08 -0.10 

403.208 [M-9H+5Na]4- 4.61E+08 -0.04 

412.9495 [B4+4Na]3- 8644652 0.07 

415.9939 0,2X1+Na-SO3 1.02E+08 0.02 

416.0504 B2-SO3 4.23E+07 0.07 

420.2768 [B4+5Na]3- 1.02E+08 0.11 

423.9603 2,4A2+2Na 4.58E+08 -0.33 

423.9603 1,5X1+2Na 4.58E+08 -0.21 

424.9488 [Z4+5Na]3- 5.88E+07 -0.13 

426.9667 [1,5A3+3Na-SO3]2- 1.11E+07 -0.11 

426.9667 [2,4X2+3Na-SO3]2- 1.11E+07 -0.06 

430.9524 [Y4+5Na]3- 6.13E+07 -0.31 

434.0609 C2-SO3 8230418 0.21 

437.9577 [1,5A3+4Na-SO3]2- 1.25E+07 -0.17 

437.9577 [2,4X2+4Na-SO3]2- 1.25E+07 -0.11 

438.0324 B2+Na-SO3 3.30E+07 -0.05 

440.9642 [B3+3Na-SO3]2- 1.08E+08 -0.22 

447.9721 [Z3+3Na-SO3]2- 4.62E+07 -0.32 

449.9695 [C3+3Na-SO3]2- 2.15E+07 -0.26 

451.9552 3,5A2+2Na 5.18E+07 -0.28 

451.9552 [B3+4Na-SO3]2- 5.18E+07 -0.27 

456.0429 C2+Na-SO3 9623320 0.09 

456.9922 [1,4A4+4Na-3SO3]2- 8096384 0.72 

456.9922 [2,5X3+4Na-3SO3]2- 8096384 0.77 

461.9996 3,5X1+Na-SO3 2.36E+07 -0.46 

487.9504 [Z3+3Na-SO3]2- 5463174 -0.09 

491.9336 [B3+4Na]2- 2.47E+07 -0.24 

497.9607 0,2A2+2Na 2.74E+08 -0.30 

498.9414 [Z3+4Na-SO3]2- 7.89E+08 -0.14 

507.9468 [Y3+4Na-SO3]2- 6182968 -0.37 

509.9323 [Z3+5Na-SO3]2- 1.44E+08 0.01 

517.9327 0,2X1+2Na 3.21E+08 -0.08 
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517.9892 B2+Na 6.71E+07 -0.04 

519.9426 0,2A2+3Na 8.18E+08 -0.19 

537.9462 [M-8H+5Na]3- 6864637 0.37 

539.9148 0,2X1+3Na 3.62E+07 -0.35 

539.9713 B2+2Na 1.32E+08 -0.31 

547.9251 [Y3+4Na]2- 2.56E+07 -0.16 

553.9868 Z2+2Na-SO3 7.82E+07 0.05 

557.9817 C2+2Na 2.44E+08 -0.02 

558.916 [Y3+5Na]2- 3.71E+07 -0.03 

561.9531 B2+3Na 2.33E+07 -0.04 

575.9689 Z2+3Na-SO3 3.01E+07 -0.21 

579.9212 [0,2X3+5Na]2- 3.10E+07 0.12 

583.9352 [0,3X3+4Na]2- 1.25E+07 0.65 

597.9484 [Z4+5Na-SO3]2- 8.03E+07 -0.08 

633.9438 Z2+2Na 7802677 -0.27 

655.9257 Z2+3Na 5.50E+08 -0.18 

673.9362 Y2+3Na 7.99E+07 -0.09 

677.9075 Z2+4Na 5.46E+07 0.04 

695.9182 Y2+4Na 5.98E+07 -0.16 

904.9179 B3+4Na-SO3 1.20E+07 -0.52 

926.8996 B3+5Na-SO3 2.15E+07 -0.24 

940.9147 Z3+5Na-2SO3 8135565 0.40 

1020.8722 Z3+5Na-SO3 9602360 -0.31 
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Table. Extra assignment list from Orbitrap HCD MS/MS for Arixtra  [M-10H+7Na]
 3- 

at 

low mass range (100-220 Da). 

Mass to charge Assignment Intensity 

Accuracy 

PPM 

137.9863 1,3A1 8000 -2.55 

138.9703 0,4A1 47800 -2.64 

168.9807 0,3A1 1470 -3.15 

203.9961 0,3X0+Na 3020 5.83 

219.9910 3,5X0+Na 1420 5.79 
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Figure. Comparison for the spectra from two isomeric tetrasaccharides showing that T1 

produces more fragment ions than T2   
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Figure. MS spectrum for T2 

 

Figure. The CID spectrum of T2 molecular ion [M-7H+3Na]
4-

. 

 

 List of annotations obtained from the T2 dp 4 spectra. 

Mass to 

charge Type Intensity 

168.4892 Y1 2- 1259937 

236.971 B1 3218323 

238.4947 B2-SO3 1364968 

240.0181 Z1-SO3 1052776 

249.4857 [B2+Na-SO3]2- 3222343 

254.9813 C1 1314598 

258.9531 B1+Na 5534002 

274.9626 [0,2X3+3Na]4- 1110835 

276.9635 C1+Na 1210440 

283.9757 [M-7H+3Na-SO3]4- 1.37E+07 

285.2973 [B3+2Na]3- 4991964 

289.4641 [B2+Na]2- 7670537 

298.4691 [C2+Na]2- 2095032 

 

[Z2+Na]2- 2095032 
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301.648 [1,5X3+2Na-SO3]3- 1750779 

303.9649 [M-7H+3Na]4- 6.16E+08 

307.4747 [Y2+Na]2- 1.36E+07 

309.4604 [C2+2Na]2- 2583771 

 

[Z2+2Na]2- 2583771 

318.4657 [Y2+2Na]2- 3.95E+07 

318.9686 [Y3+2Na]3- 9017729 

325.3115 [0,2A4+2Na-SO3]3- 3197024 

326.2963 [Y3+3Na]3- 2.88E+07 

328.3007 [1,5X3+2Na]3- 2731378 

332.6388 [0,2A4+3Na-SO3]3- 4.54E+07 

335.6282 [1,5X3+3Na]3- 1560015 

340.2998 [0,2X3+3Na-SO3]3- 3.00E+07 

341.9572 Z1+Na 9468056 

351.9637 [0,2A4+2Na]3- 5264673 

359.291 [0,2A4+3Na]3- 4.70E+08 

359.6255 [0,2X3+2Na]3- 1.01E+08 

366.952 [0,2X3+3Na]3- 1.54E+07 

378.9699 [M-6H+3Na-SO3]3- 5318248 

399.4622 [B3+3Na-SO3]2- 9640934 

405.6224 [M-6H+3Na]3- 8.82E+07 

408.4676 [C3+3Na-SO3]2- 6725738 

428.4488 [B3+2Na]2- 1532901 

429.4729 [2,4A4+3Na-SO3]2- 1.46E+07 

429.9744 [Z3+2Na-SO3]2- 3817753 

439.4407 [B3+3Na]2- 4.43E+07 

440.9652 [Z3+3Na-SO3]2- 2230471 

448.446 [C3+3Na]2- 1.28E+07 

448.9473 [2,4X2+2Na]2- 2170754 

449.9699 [Y3+3Na-SO3]2- 2298003 

458.9524 0,2A2+Na 2754190 

469.4514 [2,4A4+3Na]2- 7.26E+07 

480.9339 0,2A2+2Na 4900006 

481.9359 0,2X2+Na 2556994 

499.4617 [0,2A4+3Na-SO3]2- 2380818 

539.4404 [0,2A4+3Na]2- 1.08E+07 

 

[0,2X3+2Na]2- 2464958 

619.9271 C2+2Na 2037570 

 

Z2+2Na 2037570 

623.8986 B2+3Na 1459132 

641.9104 C2+3Na 3820371 

 

Z2+3Na 3820371 
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683.9223 2,4A3+3Na 1791505 
 

 

 

Figure. Mass spectrum and the CID spectrum of T3 molecular ion [M-6H+2Na]4-.  The 

list of annotations obtained from the T3 dp 4 is shown below. 

Mass to charge Type Intensity 

230.9581 1,5A1+Na 3259220 

236.9711 B1 1.15E+07 

250 300 350 400 450 500 550 600 650 m/z
0.0

1.0

2.5

9
x10

Intens.

385.0 386.0 387.0 388.0 389.0
m/z

276.0 277.0 278.0 279.0 280.0 281.0
m/z

[M-7H+4Na]3-
[M-6H+2Na]4-

[M-7H+4Na]3-

[M-6H+2Na]4-

[M-5H+1Na]4-

[M-5H]4-

[M-6H+3Na]3-

[0,2A4+2Na]3-

[M-5H+2Na]3-

2,4A3+2Na

200 250 300 350 400 450 500 550 600 m/z
0

1

2

3

4

8
x10

Intens.

[2,4A3+2Na]2-

[M-6H+2Na]4-

(Precursor)

T3

1

1

1

1
1,21

1,2

1,2 1

21,2

1,2
1

1,2

2

1,2

2

1
1

1,2

1,2

2

21,2

1,2
2 2

2

2
2

2

2

2

2
2

2



 

184 

238.4947 [B2-SO3]2- 2.04E+07 

240.0184 Z1 7270695 

247.5 [C2-SO3]2- 4029798 

247.5 Z22- 4029798 

249.4775 [0,2X3+2Na]4- 3303252 

249.4857 [B2+Na-SO3]2- 2.38E+07 

249.9939 [C3-SO3]3- 3000519 

251.0097 [Y3-SO3]3- 3673961 

254.9816 C1 7814516 

256.5053 Y22- 1.56E+07 

258.0289 Y1 1.41E+07 

258.491 [C2+Na-SO3]2- 4.02E+07 

258.491 [Z2+Na]2- 4.02E+07 

258.491 

[M-6H+2Na-

SO3]4- 4.02E+07 

258.953 B1+Na 1.80E+07 

267.4963 [Y2+Na]2- 5.08E+07 

276.9636 C1+Na 8037289 

277.97 [B3+Na]3- 5100710 

278.4802 [M-6H+2Na]4- 1.64E+09 

284.9893 [Y3+Na]3- 2.56E+07 

285.2973 [B3+2Na]3- 2.60E+07 

286.3134 [Z3+2Na]3- 2470270 

289.4642 [B2+Na]2- 2.80E+07 

291.3008 [C3+2Na]3- 1.21E+07 

291.3317 

[0,2A4+Na-

SO3]3- 3258351 

292.3165 [Y3+2Na]3- 7.73E+07 

294.3209 [1,5X+Na]3- 1.34E+07 

298.4693 [C2+Na]2- 7760193 

298.6591 

[0,2A4+2Na-

SO3]3- 2.82E+07 

300.4551 [B2+2Na]2- 2.02E+07 

305.3043 [2,4A4+2Na]3- 1.04E+08 

306.3202 

[0,2X3+2Na-

SO3]3- 5.77E+07 

309.4603 [C2+2Na]2- 5441659 

317.9841 [0,2A4+Na]3- 1.92E+07 

318.3185 0,2X33- 3103711 

318.9742 2,4A2+Na 9672884 

325.3114 [0,2A4+2Na]3- 3.45E+08 

330.4657 [2,4A3+2Na]2- 3780261 

332.9724 [0,2X3+2Na]3- 5.34E+07 
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348.4927 [B3+2Na-2SO3]2- 3405913 

357.0137 0,2A2-SO3 3707350 

371.6427 [M-5H+2Na]3- 2.80E+08 

374.4737 

[1,5A3+2Na-

SO3]2- 7910904 

377.4803 [B3+Na-SO3]2- 3581633 

378.5033 [2,4A4+2Na]2- 8437037 

378.9953 0,2A2+Na-SO3 1.40E+07 

388.4712 [B3+2Na-SO3]2- 2.71E+07 

389.9945 [Z3+2Na-SO3]2- 1.03E+07 

397.4764 [C3+2Na-SO3]2- 8774894 

398.9999 [Y3+2Na-SO3]2- 1.02E+07 

401.9786 0,2X1+Na 3323437 

412.9973 

[1,5X3+2Na-

SO3]2- 4531903 

414.4519 [1,5A3+2Na]2- 4221979 

418.4817 

[2,4A4+2Na-

SO3]2- 9.90E+07 

428.4495 [B3+2Na]2- 4.28E+07 

429.973 [Z3+2Na]2- 5525687 

438.9784 [Y3+2Na]2- 7109071 

456.043 Y2+Na-SO3 4467213 

458.4602 [2,4A4+2Na]2- 3872562 

458.9523 0,2A2+Na 3475504 

480.934 0,2A2+2Na 1.62E+07 

488.4703 [0,2A4+2Na]2- 8306916 

497.9602 2,4X1+2Na 6793631 

499.9785 B2+Na-SO3 4980819 

517.9891 C2+Na-SO3 6333176 

517.9891 Z2+Na 6333176 

517.9891 

[M-4H+2Na-

SO3]2- 6333176 

521.9605 B2+2Na-SO3 3407680 

535.9996 Y2+Na 6337390 

539.971 C2+2Na-SO3 6448918 

539.971 Z2+2Na 6448918 

557.9816 Y2+2Na 8275336 

563.9944 1,5X2+Na 4322263 

581.9813 2,4A3+2Na-SO3 4970396 

619.9271 C2+2Na 7270995 
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Figure. Mass spectrum of dp6 8S with the inset showing the region around the precursor 

ion used for MS/MS analysis.  

The mass list for dp6 with 8S [M-11H+7Na]
4-

. 

Mass to charge Type Intensity 

258.9529 B1+Na 4984716 

299.9464 2,4X0+Na 8195879 

309.4603 [C2+2Na]2- 3575464 

318.9742 2,4A2+Na 2567656 

359.9678 Y1+Na 2026596 

424.3164 [C5+2Na-SO3]3- 2431740 

449.9692 [Y3+3Na]2- 4499612 

450.2004 [M-11H+7Na]4- 8.27E+08 

466.2745 [0,2A5+6Na]3- 1.97E+07 

480.9342 [0,2A2+2Na 8504308 

486.2814 [C5+6Na]3- 1.53E+07 

486.6158 [2,4X4+5Na]3- 6915157 

500.2852 [2,4A6+6Na]3- 8370949 

500.6195 [Z5+5Na]3- 4399340 

513.9495 [Y5+6Na]3- 9062216 

520.2923 [0,2A6+6Na-SO3]3- 4213206 

539.0069 0,3A5-2SO3 3.52E+07 

546.9446 [0,2A6+6Na]3- 6140067 

547.2786 [0,2X5+5Na]3- 2339933 

554.2718 [0,2A6+7Na]3- 2.87E+08 

200 300 400 500 600 700 800 900 m/z
0

2

4

6

8

8
x10

Intens.

[M-11H+7Na]4-

447 448 449 450 451 452 453 454 455 m/z

[M-11H+7Na]4-

[M-10H+6Na]4-

[M-9H+3Na]6-

[M-11H+6Na]5-[M-10H+5Na]5-

[M-11H+8Na]3-
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554.6061 [0,2X5+6Na]3- 1.19E+08 

555.9384 [3,5X3+5Na]2- 4368569 

561.9327 [0,2X5+7Na]3- 2.23E+07 

590.9402 [C4+5Na-SO3]2- 7155144 

590.9402 [Z4+5Na]2- 7155144 

599.9459 [Y4+5Na]2- 3074815 

600.6029 [M-10H+7Na]3- 2.87E+07 

632.9047 [B4+6Na]2- 3750901 

641.9102 C2+3Na 2.87E+07 

641.9102 [C4+6Na]2- 2.87E+07 

652.9011 [C4+7Na]2- 2560747 

659.9368 

[0,2A5+6Na-

SO3]2- 2879917 

662.9153 [2,4A5+6Na]2- 2.50E+07 

691.9168 [2,5A5+6Na]2- 1.85E+07 

710.906 [0,2A5+7Na]2- 1.38E+07 

720.9196 [B5+6Na]2- 3351030 

721.9441 

[2,4A6+7Na-

SO3]2- 9220799 

722.4452 [Z5+6Na-SO3]2- 4492063 

731.9115 [B5+7Na]2- 1.81E+07 

741.4169 [2,4X4+6Na]2- 4562072 

761.9219 [2,4A6+7Na]2- 6.05E+08 

762.4235 [Z5+6Na]2- 2.59E+08 

782.4183 [Y5+7Na]2- 4839473 

881.9351 2,4A4+4Na-SO3 2857517 

1005.8532 2,4A4+6Na 3275464 
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Figure. Mass spectrum of dp8 11S showing molecular ion obtained followed by a list of 

annotations obtained from the CID of [M-14H+7Na] 7-. Below the MS is the MS/MS 

spectrum of the fully deprotonated precursor for the same compound showing abundant 

0,2 A and 2,4A fragments. 

List of fragments for dp8 with 11sulfates  

300 350 400 450 500 550 600 650 700 m/z0

4

8

x10

0 337 338 339 340 341 342 m/z

[M-14H+7Na]7-

[M-14H+7Na]7-

325 330 335 340 345 m/z

[M-14H+8Na]6-

[M-15H+10Na]5-

[M-14H+9Na]5-

[M-15H+11Na]4-

[M-14H+7Na]7-

[ 0,2 A 8 +9Na] 5 - 

[M - 15H+9Na] 5 - 

[ 0,2 A 
8 +9Na] 4 - 

[ 2,4 A 
8 +9Na] 4 - 

[M - 15H+9Na] 6 - 

300 400 500 600 700 m/z 
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Mass to charge Type Intensity 

168.4894 Y12- 4479713 

249.4858 [B2+Na-SO3]2- 7731088 

254.9819 C1 3055304 

258.9531 B1 4949704 

267.4963 [Y2+Na]2- 4.14E+07 

285.2974 [B3+2Na]3- 3051354 

288.4784 [Y4+3Na]4- 2.36E+07 

289.4641 [B2+Na]2- 5030745 

300.4551 [B2+2Na]2- 6410255 

304.9578 [B4+4Na]4- 3875564 

309.4604 [C2+2Na]2- 6194873 

309.4604 [C4+4Na]4- 6194873 

309.4604 [C6+6Na]6- 6194873 

327.8277 [M-14H+7Na-SO3]7- 1.99E+07 

330.3931 0,3A75- 6714473 

341.9572 Z1 1.04E+07 

351.9604 [B6+6Na-SO3]5- 5.31E+07 

356.2967 [Y7+7Na]6- 6374763 

359.1646 [Y6+6Na]5- 4.44E+07 

359.4678 [0,2A8+7Na-SO3]6- 5564013 

359.9676 Y1+Na 6658933 

363.5561 [B6+5Na]5- 1.24E+07 

367.9518 [B6+6Na]5- 2.86E+07 

372.3481 [B6+7Na]5- 1.15E+07 

372.794 [0,2A8+7Na]6- 4.53E+07 

374.4503 [B5+5Na]4- 7475135 

375.9503 [C6+7Na]5- 1.48E+07 

378.9954 0,2A2+Na-SO3 6937228 

379.7147 [Y5+5Na]4- 4638434 

380.2938 [B4+4Na-SO3]3- 5.46E+07 

380.6283 [3,5X7+6Na]6- 1.20E+07 

382.6334 [M-13H+7Na-SO3]6- 2.72E+07 

384.4486 [C5+6Na]4- 3697470 

384.9735 [Y4+3Na]3- 1.17E+07 

386.2972 [C4+4Na-SO3]3- 6580223 

386.2972 [Z4+4Na]3- 6580223 

390.3595 [0,2A7+5Na]5- 3741610 

391.5631 [B7+7Na-SO3]5- 4.27E+07 

392.3007 [Y4+4Na]3- 1.18E+07 

395.9597 [M-13H+7Na]6- 3.26E+08 

396.9597 [3,5X6+7Na]5- 7334740 
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397.4764 [C3+2Na-SO3]2- 8759418 

399.462 [B3+3Na-SO3]2- 3521621 

406.946 [B4+4Na]3- 1.43E+07 

407.5544 [B7+7Na]5- 2.31E+08 

408.4674 [C3+3Na-SO3]2- 1.59E+07 

409.9563 [0,2A6+6Na-SO3]4- 5630415 

414.2733 [B4+5Na]3- 2.15E+07 

420.2768 [C4+5Na]3- 9463523 

429.2187 [Y6+6Na-SO3]4- 4561288 

429.9458 [0,2A6+6Na]4- 5439597 

435.4412 [0,2A6+7Na]4- 3.80E+07 

439.4404 [B3+3Na]2- 8343323 

440.2023 [B6+6Na-SO3]4- 1.66E+07 

440.964 [Z3+3Na]2- 6018888 

445.6978 [B6+7Na-SO3]4- 5.39E+07 

447.5542 [0,2A8+7Na]5- 1.95E+07 

447.7549 [0,2X7+6Na]5- 1.25E+07 

448.4457 [C3+3Na]2- 5634376 

449.2075 [Y6+6Na]4- 1.51E+07 

449.985 [2,5X3+4Na-2SO3]2- 1.13E+07 

450.2004 [C6+7Na-SO3]4- 1.03E+08 

450.2004 [Z6+7Na]4- 1.03E+08 

452.1508 [0,2X7+7Na]5- 5734230 

452.3015 [C5+5Na-2SO3]3- 4155869 

460.1911 [B6+6Na]4- 4837501 

460.7033 [2,4A7+7Na-SO3]4- 9986845 

465.6869 [B6+7Na]4- 1.69E+07 

470.1896 [C6+7Na]4- 1.23E+08 

475.3531 [M-12H+7Na]5- 7.23E+07 

480.6924 [2,4A7+7Na]4- 5500224 

480.9341 0,2A2+2Na 5537107 

486.2814 [C5+6Na-SO3]3- 2.53E+07 

486.6159 [2,4X4+5Na]3- 8505295 

489.7059 [B7+7Na-SO3]4- 1.18E+07 

506.9302 [B5+6Na]3- 1.80E+07 

507.9463 [Z5+6Na]3- 8233310 

509.695 [B7+7Na]4- 6.40E+07 

512.9336 [C5+6Na]3- 7508546 

513.9495 [Y5+6Na]3- 8638295 

521.9606 B2+2Na-SO3 6368459 

534.2647 [2,4A6+7Na]3- 1.84E+07 

554.2717 [0,2A6+7Na-SO3]3- 5.04E+07 
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554.6063 [0,2X5+6Na]3- 2.20E+07 

561.9327 [0,2X5+7Na]3- 1.60E+07 

567.9473 [B6+7Na-2SO3]3- 1.30E+07 

573.9507 [C6+7Na-2SO3]3- 7736524 

573.9507 [Z6+7Na-2SO3]3- 7736524 

580.9239 [0,2A6+7Na]3- 3.14E+07 

581.9353 [B4+5Na-SO3]2- 4705133 

590.9407 [Z4+5Na]2- 6283632 

594.5999 [B6+7Na-SO3]3- 6546650 

599.9454 [Y4+5Na]2- 6367650 

600.6032 [C6+7Na-SO3]3- 1.11E+07 

600.6032 [Z6+7Na]3- 1.11E+07 

641.9102 C2+3Na 9477174 

641.9102 [C4+6Na]2- 9477174 

761.9233 [2,4A6+7Na-SO3]2- 3.96E+07 
 

  

 

Figure. Mass spectra for dp7 7S with the expanded region around the precursor [M-

10H+5Na]
5-

. 

 

List of MS/MS annotations for molecular ion [M-10H+5Na]
5-

. 

Mass to 

charge Type Intensity 

198.9918 0,2A1 1.53E+07 

0

1

2

3

8x10
Intens.

300 350 400 450 500 550 600 650 700m/z

0 374 375 376 377 378 379 380
m/z

355 360 365 370 375 380 m/z

[M-10H+5Na]5-

[M-10H+5Na]5-

[M-9H+4Na]5-

[M-10H+5Na]5-
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220.9738 0,2A1+Na 1.05E+07 

282.0289 B1 3.79E+07 

300.0395 C1 8.67E+07 

306.3201 [C3+2Na]3- 9338888 

313.3346 [Z4+2Na]3- 4386507 

321.0827 Z2 4225431 

339.0934 Y2 2.03E+07 

340.5252 [Y3+Na]2- 2.59E+07 

342.0502 2,4A2 6349648 

343.577 [B6+5Na]5- 1.29E+07 

349.9736 [0,2A5+4Na]4- 6793217 

361.5304  [0,2X3+NaSO3]2- 5138528 

364.032 2,4A2+Na 5498661 

369.9936 [Z6+4Na-SO3]4- 5850691 

376.3906 [M-10H+5Na]5- 3.97E+08 

378.1046 B2-SO3 3471737 

385.715 [B5+5Na]4- 1.17E+07 

390.2176 [C5+5Na]4- 1.36E+08 

395.4783 [Z6+5Na]4- 4.91E+07 

399.981 [Y6+5Na]4- 7.29E+07 

400.3007 [B4+4Na]3- 8445863 

400.7202 [2,4A6+5Na]4- 1.22E+07 

404.2385 [B6+4Na-SO3]4- 3424950 

406.3044 [C4+4Na]3- 2.59E+07 

408.2228 [1,4A6+5Na]4- 3977224 

409.7338 [B6+5Na-SO3]4- 2.80E+07 

411 [0,2X3+2Na]2- 1.08E+07 

420.0053 [C3+2Na-SO3]2- 4364660 

429.7229 [B6+5Na]4- 1.99E+07 

430.527 [Z4+2Na]2- 2.88E+07 

434.9834 [2,5A5+4Na-SO3]3- 9203312 

434.9834 [Z5+4Na-SO3]3- 9203312 

438.0324 [0,2A2+Na 1.52E+07 

440.3149 [0,2A5+4Na-SO3]3- 2.70E+07 

450.2389 [2,4X6+4Na]4- 8506864 

453.9902 [B5+4Na-2SO3]3- 3809926 

458.061 B2 7.50E+07 

470.5055 [Z4+2Na]2- 8640268 

470.74 [M-9H+5Na]4- 2.00E+08 

470.9746 [C3+3Na]2- 1.08E+07 

474.2944 [0,2A5+5Na]3- 2.09E+08 

474.967 [Y5+5Na]3- 2.78E+07 
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480.0429 B2+Na 7830718 

481.4964 [Z4+3Na]2- 8.25E+07 

481.9662 [C3+4Na]2- 4006469 

487.97 [B5+5Na-SO3]3- 6.13E+07 

488.9698 [0,2X5+5Na]3- 9107277 

490.5016 [Y4+3Na]2- 1.89E+07 

493.9735 [C5+5Na-SO3]3- 4.89E+07 

494.9844 [3,5A4+2Na]2- 1.63E+07 

498.0535 C2+Na 4.86E+07 

498.0535 2,5X2+Na 4.86E+07 

500.9879 [Z6+5Na-SO3]3- 4.47E+07 

507.9771 [2,4A6+5Na-SO3]3- 5980668 

513.9911 [1,4A42- 4256644 

517.9887 [0,2A4+2Na]2- 4196043 

520.626 [C5+5Na]3- 7747676 

527.6403 [Z6+5Na]3- 1.22E+07 

533.6437 [Y6+5Na]3- 1.64E+07 

539.9711 [0,2A4+4Na]2- 1.47E+07 

559.2958 [0,2A6+5Na]3- 1.35E+07 

560.9764 [B4+4Na-SO3]2- 2.13E+07 

569.9816 [C4+4Na-SO3]2- 9284524 

569.9816 [2,5X4+4Na]2- 9284524 

590.9872 [2,4A5+4Na-SO3]2- 1.16E+07 

600.9554 [B4+4Na]2- 4249928 

611.9459 [B4+5Na]2- 3.16E+07 

620.9512 [C4+5Na]2- 1.97E+07 

627.9897 [M-8H+5Na]3- 7509571 

641.9565 [2,4A5+5Na]2- 4.59E+08 

671.967 [0,2A5+5NaSO3]2- 2.01E+07 

686.0289 2,5A3+2Na-SO3 2.04E+07 

686.0289 Z3+2Na 2.04E+07 

704.0395 Y3+2Na 1.94E+07 

844.9888 B3+3Na-SO3 9680534 
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Figure. Mass spectrum of the dp10 8S. 

Fragments for decasaccharide with 8 sulfate groups molecular ion [M-13H+7Na]
6-

 

Mass to charge Type Intensity 

267.4953 C2+Na 6597467 

339.0932 Y2 6658410 

340.5251 [Y3+Na]2- 2.74E+07 

346.5071 [B3+Na]2- 7494399 

357.4981 [B2+2Na]2- 3783717 

377.6668 [0,2A5+4Na-SO3]3- 7488464 

384.343 [B5+3Na-SO3]3- 3253578 

384.343 [2,4X9+2Na]6- 3253578 

385.3205 [B9+7Na]6- 9010882 

396.3419 [B5+Na]3- 9853119 

397.0062 0,2A2+Na 6.71E+07 

398.0097 [M-11H+3Na]6- 8247257 

398.786 [0,2A8+6Na]5- 5631168 

407.0075 [Y5+3Na]3- 1.62E+07 

410.2162 [2,4X9+2Na-SO3]5- 1.75E+07 

412.6652 [M-13H+7Na]6- 2.39E+08 

427.3795 [B8+7Na]5- 7255480 

430.5272 [Z4+2Na]2- 4926796 

430.9816 [C8+7Na]5- 7.33E+07 

438.0328 B2+Na-SO3 1.67E+07 

390 395 400 405 410 415
m/z

0

1

2

3

4

[M-13H+7Na]6-

411 412 413 414 415 416
m/z

300 350 400 450 500 550 m/z0.0

1.0

2.0

8x10
Intens. 6-

7-

5-

[M-13H+7Na]6-[M-12H+6Na]6-

[M-13H+7Na]6-

[M-12H+6Na]6-
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439.3837 [2,4A9+7Na]5- 9319113 

439.5327 [Y4+2Na]2- 7921180 

440.2485 [Y7+5Na]4- 2.66E+07 

445.3861 [1,4A9+7Na]5- 4702562 

446.5945 [B9+7Na-SO3]5- 2.73E+07 

456.0434 C2+Na-SO3 9204776 

460.1932 [Y9+7Na]5- 1.09E+07 

462.5858 B9+7Na]5- 1.24E+07 

468.4887 [0,2A4+3Na]2- 1.85E+07 

478.7452 [0,2A8+6Na-SO3]4- 1.10E+07 

492.3163 [0,2A6+5Na]3- 1.20E+07 

495.3995 [M-13H+7Na]5- 8.54E+07 

504.23 [0,2A8+7Na]4- 1.83E+08 

514.4867 [B8+7Na-SO3]4- 9577850 

518.9892 [C8+7Na-SO3]4- 8791279 

529.4915 [2,4A9+7Na-SO3]4- 8601026 

529.4915 [2,5X9+7Na]4- 8601026 

539.9709 [B4+4Na]2- 1.22E+07 

539.9709 B2+2Na 1.22E+07 

539.9709 [B6+6Na]3- 1.22E+07 

545.9744 [C6+6Na]3- 9887771 

557.9814 C2+2Na 1.36E+07 

559.9779 [2,4A7+6Na]3- 5755043 

567.3258 [2,4X7+5Na]3- 1.23E+07 

571.9956 [B7+6Na-SO3]3- 1.28E+07 

599.9916 2,4A3+2Na 1.19E+07 

605.9749 [B7+7Na]3- 6894930 

621.9728 2,4A3+3Na 6622705 

625.9816 [2,4A8+7Na]3- 1.66E+08 

645.9883 [0,2A8+7Na-SO3]3- 7175739 

668.9867 [2,4A6+5Na]2- 1.28E+07 
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Figure. MS spectrum of dp 12 10S and CID spectrum of molecular ion [M-16H+9Na]
7-

. 
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Fragments for dodecasaccharide with 10 sulfate groups [M-16H+9Na]
7-

. 

Mass to charge Type Intensity 

247.5 B44- 3943817 

247.5 B22- 3943817 

258.491 B66- 5750292 

258.491 [B2+Na]2- 5750292 

258.491 [B6+3Na]6- 5750292 

267.4963 [C2+Na]2- 9001010 

306.5286 [B3+Na-SO3]2- 4510112 

318.3379 [B4+2Na-SO3]3- 5480837 

318.3379 [B8+4Na-2SO3]6- 5480837 

339.0933 Y2 1.80E+07 

340.5252 [Y3+Na]2- 5.44E+07 

346.507 [B3+Na]2- 2.06E+07 

349.0112 [Y6+3Na]4- 3636408 

357.4983 [B3+2Na]2- 4870180 

407.0071 [Y5+3Na]3- 2.51E+07 

410.995 [B5+3Na]3- 7648838 

412.8521 [0,3X11+8Na]7- 4439231 

416.0503 B2-SO3 2.34E+07 

417.5191 [0,2A4+2Na-SO3]2- 5048231 

418.173 [0,2X10+3Na]6- 4545805 

430.527 [Z4+2Na]2- 5254437 

430.8513 [M-16H+9Na]7- 8.52E+07 

430.9946 [1,5X5+5Na]3- 7.45E+07 

435.1525 [B10+6Na]6- 4395095 

438.0323 [B2+Na-SO3 4.37E+07 

439.5321 [Y4+2Na]2- 1.48E+07 

440.248 [Y7+5Na]4- 6291112 

449.1461 [C10+9Na]6- 2.33E+07 

449.8116 [2,5X9+2Na]5- 4271808 

456.0428 C2+Na-SO3 2.51E+07 

456.1476 [2,4A11+9Na]6- 6428470 

458.3366 [0,2A6+4Na-SO3]3- 4813288 

460.1927 [Y9+7Na]5- 1.21E+07 

462.157 [B11+9H-SO3]6- 1.29E+07 

468.4884 [0,2A4+3Na]2- 2.20E+07 

473.0116 [Y6+4Na]3- 5582342 

475.4829 [B11+9H]6- 4387354 

492.3163 [0,2A2+5Na]5- 7486805 

498.0071 [C4+3Na-SO3]2- 1.17E+07 

502.8277 [M-15H+9Na]6- 4.43E+07 
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505.9917 [B6+5Na-SO3]3- 8804915 

511.3779 [0,2A10+9Na]5- 5.24E+07 

531.5874 [2,4A11+9Na-SO3]5- 5348609 

531.5874 [2,5X9+9Na]5- 5348609 

548.976 [C4+4Na]2- 6255244 

557.9815 C2+2Na 1.94E+07 

582.9884 [C9+7Na]4- 9100291 

599.9922 [2,4A3+2Na 1.89E+07 

603.5944 [M-14H+9Na]5- 9608097 

604.4801 [2,4A10+9Na]4- 4.56E+07 

619.4857 [0,2A10+9Na-SO3]4- 4799855 

621.9743 2,4A3+3Na 6994490 

668.9889 [2,4A6+5Na]2- 8669320 

798.0064 2,4A4+3Na 1.79E+07 
 

 

 

Figure. MS for dp10 4S with insert of the molecular ion selected for the MS/MS analysis. 
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Figure. CID spectrum of molecular ion [M-9H+3Na]
6-

 for dp10 4S. 

Fragments from decasaccharide with 4 SO3 groups molecular ion [M-9H+3Na]
6-

. 

Mass to 

charge Type Intensity 

257.0279 2,4A2+Na 1.09E+07 

289.5558 [Y32- 2.61E+07 

295.5376 B32- 3651483 

315.5339 [C3+Na]2- 3902235 

336.5392 [2,4A4+Na]2- 5108608 

339.0482 [Y5+Na]3- 1.01E+07 

344.7057 [M-9H+3Na]6- 1.19E+08 

347.5304 [2,4A4+2Na]2- 3868584 

349.4302 [C8+3Na]5- 1.83E+07 

363.7942 [Y7+2Na]4- 1.07E+07 

366.5497 [0,2A4+Na]2- 4581149 

370.3701 [2,4A6+2Na]3- 5616976 

372.2804 [B7+3Na]4- 3829242 

378.6419 [Y9+3Na]5- 4393977 

381.0344 [B9+3Na]5- 4203768 

387.0631 [B4+Na-SO3]2- 7322719 

387.2858 [2,4A8+3Na]4- 4.76E+07 

413.8482 [M-8H+3Na]5- 1.27E+08 
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416.0504 B2 2.94E+07 

427.0413 [B4+Na]2- 4727769 

427.0413 [B8+2Na]4- 4727769 

434.0611 C2 5039825 

436.0464 [C4+Na]2- 6497746 

436.7086 [C6+2Na]3- 5641534 

437.0395 [C8+3Na]4- 1.38E+07 

438.0323 [B4+2Na]2- 4.75E+07 

438.0323 B2+Na 4.75E+07 

438.0323 [B6+3Na]3- 4.75E+07 

444.0358 [C6+3Na]3- 8.48E+07 

447.0376 [C4+2Na]2- 4.69E+07 

453.5649 [Y9+3Na-SO3]4- 7521683 

456.0429 C2+Na 1.24E+08 

458.0393 [2,4A7+3Na]3- 2.51E+07 

458.0393 [2,5X6+3Na]3- 2.51E+07 

468.043 [2,4A5+2Na]2- 2.18E+07 

468.043 [2,5X4+2Na]2- 2.18E+07 

473.5539 [Y9+3Na]4- 4870322 

479.0338 [2,4A5+3Na]2- 6100571 

479.0338 [2,4X4+3Na]2- 6100571 

490.0646 [2,4A8+3Na-SO3]3- 1.67E+07 

492.7219 [Y7+3Na]3- 4717183 

496.7098 [B7+3Na]3- 3.39E+07 

498.0535 2,4A3+Na 4.64E+07 

498.0535 2,5X2+Na 4.64E+07 

516.034 [0,2A5+3Na]2- 1.03E+07 

516.0806 [2,4A6+2Na-SO3]2- 8334257 

516.7168 [2,4A8+3Na]3- 9277651 

517.562 [M-7H+3Na]4- 7.57E+07 

520.0355 2,4A3+2Na 1.73E+07 

520.0355 2,5X2+2Na 1.73E+07 

520.0664 [Y5+2Na]2- 1.09E+07 

526.0482 3,5A3+Na 9758418 

526.0482 [B5+2Na]2- 9758418 

534.1075 B3+Na-SO3 1.26E+07 

537.0396 [B5+3Na]2- 6518305 

546.0446 [C5+3Na]2- 1.82E+07 

552.1182 C3+Na-SO3 8543680 

567.0498 [2,4A6+3Na]2- 1.28E+08 

594.1283 2,4A3+Na-SO3 4603201 

597.0604 [0,2A6+3Na]2- 2.90E+07 
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602.101 Y3+Na 9616690 

614.0644 B3+Na 2.72E+07 

616.0179 0,2A3+3Na 5376588 

617.5737 [B6+3Na-SO3]2- 8602060 

626.5789 [C6+3Na-SO3]2- 2.77E+07 

654.0571 C3+2Na 1.42E+07 

654.1498 0,2A4+Na-SO3 6480394 

666.5575 [C6+3Na]2- 1.23E+07 

696.0673 2,4A4+2Na 5.61E+07 

718.0492 2,4A4+3Na 1.03E+07 

756.0885 0,2A4+2Na 1.95E+07 

815.1258 C3+2Na-SO3 8380501 

917.0636 C4+3Na 1.86E+07 
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Figure. Mass spectrum for dp 11 5S and CID spectrum of molecular ion [M-9H+3Na] 
6-

 

followed by a list of annotations obtained from it. 

Fragments obtained from undecasaccharide [M-9H+3Na] 
6-

 5SO3 groups 

Mass to 

charge Type Intensity 

240.0184 B1 2.21E+07 

258.029 C1 1.11E+08 

282.0291 [0,2A7+2Na]5- 4499190 

289.5559 Y32- 4.55E+08 

300.0394 2,4A2 5142234 

328.0345 3,5A2 9738265 
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328.0345 B32- 9738265 

330.0501 1,4A2 6603699 

331.7208 Y53- 7163293 

337.0397 C32- 4800199 

338.0482 [B5+Na-SO3]3- 4045606 

339.0255 [B3+Na]2- 1.30E+07 

339.0481 [Y5+Na]3- 1.98E+08 

339.0933 Y2 5073763 

348.0308 [C3+Na]2- 9.25E+07 

350.0166 3,5A2+Na 4885117 

350.0166 [B3+2Na]2- 4885117 

363.7941 [Y7+2Na]4- 1.00E+08 

364.7004 [B5+Na]3- 9449790 

368.5665 Z42- 5064810 

369.036 [2,4A4+Na]2- 2.28E+07 

371.5503 [M-9H+3Na-SO3]6- 7785414 

372.0278 [B5+2Na]3- 5763001 

378.0313 [C5+2Na]3- 2.73E+07 

378.6418 [Y9+3Na]5- 5.67E+07 

384.8766 [M-9H+3Na]6- 8.70E+08 

387.063 [B4+Na-SO3]2- 1.61E+07 

388.5628 [Y4+Na]2- 1.21E+07 

392.0348 [2,4A6+2Na]3- 4.00E+07 

393.0315 [C7+3Na]4- 1.43E+07 

397.6353 [C9+3Na]5- 3.10E+07 

403.5342 [2,4A8+3Na]4- 1.04E+08 

404.0529 [B6+2Na-SO3]3- 1.88E+07 

405.0527 [Y6+2Na]3- 3.89E+07 

412.5478 [B8+3Na-SO3]4- 3.26E+07 

413.2977 [Y8+3Na]4- 8.08E+07 

416.0504 B2 1.89E+08 

418.0038 0,2A2+2Na 6610985 

423.3779 [B6+Na]3- 6911510 

424.8434 [B10+2Na]5- 7867478 

427.0413 [B4+Na]2- 5.79E+07 

427.5532 [2,4A9+3Na-SO3]4- 5545081 

427.5532 [2,5X8+3Na-SO3]4- 5545081 

429.2394 [B10+3Na]5- 9208185 

430.7051 [B6+2Na]3- 6.70E+07 

432.5369 [B8+3Na]4- 1.49E+08 

434.0608 C2 4817212 

437.0394 [C8+3Na]4- 7456715 
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438.0323 [C4+2Na]2- 9.94E+07 

444.0358 [C6+3Na]3- 1.61E+07 

447.0377 [C4+2Na]2- 2.33E+07 

447.5425 [2,4A9+3Na]4- 1.86E+07 

447.5425 [2,5X8+3Na]4- 1.86E+07 

456.0429 C2+Na 4.10E+07 

458.0393 [2,4A7+3Na]3- 4.38E+07 

458.0393 [2,5X6+3Na]3- 4.38E+07 

462.0533 [M-8H+3Na]5- 7.12E+08 

468.0429 [2,4A5+2Na]2- 7.88E+07 

468.0429 [2,5X4+2Na]2- 7.88E+07 

473.554 [Y9+3Na]4- 2.28E+07 

478.0462 [0,2A7+3Na]4- 5976500 

479.0337 [2,4A5+3Na]2- 7160001 

479.0337 [2,5X4+3Na]2- 7160001 

479.0663 2,5A5+Na 6882898 

479.0663 [2,4X4+Na]2- 6882898 

485.3945 [Y7+2Na]3- 2.42E+07 

487.0626 [0,2A5+Na]2- 5255149 

491.722 [B7+3Na-SO3]3- 2.29E+07 

497.2958 [C9+3Na]4- 7425811 

497.7255 [C7+3Na-SO3]3- 5.14E+07 

498.0535 2,4A3+Na 1.67E+08 

498.0535 2,5X2+Na 1.67E+08 

505.6205 [0,2A6+2Na-SO3]2- 5420371 

509.0756 [Y5+Na]2- 2.26E+07 

511.729 [2,4A8+3Na-SO3]3- 5764889 

518.3744 [B7+3Na]3- 1.04E+07 

520.0354 2,4A3+2Na 2.76E+07 

520.0354 2,5X2+2Na 2.76E+07 

524.3777 [C7+3Na]3- 1.30E+08 

527.5719 [C5+2Na-SO3]2- 6.23E+07 

530.0821 [0,2X5+Na]2- 1.38E+07 

536.0926 0,2A3 9951863 

550.3992 [B8+3Na-SO3]3- 5484626 

551.3992 [Y8+3Na]3- 1.18E+07 

558.0744 [0,2A3+Na 5.85E+07 

567.5504 [C5+2Na]2- 4.47E+07 

569.5361 [B5+3Na]2- 1.61E+07 

577.0515 [B8+3Na]3- 1.83E+07 

577.8183 [M-7H+3Na]4- 3.80E+07 

578.5412 [C5+3Na]2- 8.20E+07 
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580.1188 Y3 1.30E+07 

596.5682 [0,2A6+3Na-SO3]3- 1.38E+07 

597.0596 [2,4A9+3Na]3- 4892592 

597.0596 [2,5X8+3Na]3- 4892592 

599.101 B3+Na-SO3 1.19E+07 

599.5461 [2,4A6+3Na]2- 8101677 

602.1011 Y3+Na 5769178 

657.552 [B6+3Na]2- 1.19E+07 

666.5575 [C6+3Na]2- 1.65E+07 

677.5946 [0,2A7+3Na]2- 3.95E+07 

679.0581 B3+Na 7228203 

687.5625 [2,4A7+3Na]2- 7623786 

687.5625 [2,5X6+3Na]2- 7623786 

697.0685 C3+Na 3.13E+07 

701.0397 B3+2Na 1.12E+07 

717.5732 [0,2A7+3Na]2- 2.39E+07 

719.0502 C3+2Na 6.83E+07 

747.0913 [C7+3Na-SO3]2- 6064588 

797.1152 B4+2Na-SO3 8775359 

815.1255 C4+2Na-SO3 2.01E+07 

857.136 2,4A5+2Na-SO3 2.06E+07 

857.136 2,5X4+2Na-SO3 2.06E+07 

877.0715 B4+2Na 1.68E+07 

917.0643 C4+2Na 1.43E+07 

917.1565 0,2A5+2Na-SO3 1.27E+07 

959.0751 2,4A5+3Na 2.01E+07 

959.0751 2,5X4+3Na 2.01E+07 

1019.0959 0,2A5+3Na 1.17E+07 

1078.1332 C5+3Na-SO3 1.21E+07 
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Figure. Mass spectrum for dp12 5S. 

The fragments for molecular ion [M-11H+4Na]
7-

 for dp12 with 5SO3 groups. 

Mass to 

charge Assignment Intensity 

257.0279 2,4A2+Na 6117759 

289.5558 Y32- 4.40E+07 

295.0671 0,2A2 3757211 

295.5377 B32- 5569058 

300.5468 [Y3+Na]2- 4496709 

315.5339 [C3+Na]2- 3203223 

331.7208 Y53- 3525633 

334.5997 [B11+4Na]7- 2554324 

336.5393 [2,4A4+Na]2- 3583175 

339.048 [Y5+Na]3- 1.57E+07 

339.0932 Y2 2885007 

343.0359 [B5+Na]3- 3327863 

354.1041 C2-SO3 3425055 

358.0379 [M-11H+4Na]7- 1.93E+08 

363.794 [B7+2Na]4- 1.17E+07 

364.1971 [C10+4Na]6- 2.26E+07 

366.5494 [0,2A4+Na]2- 2933018 

370.3702 [2,4A5+2Na]3- 3666364 

372.2804 [B7+3Na]4- 3709908 

373.8301 [2,5A9+4Na]5- 3370863 
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378.6418 [Y9+3Na]5- 1.68E+07 

385.4308 [B9+4Na]5- 3102269 

387.0631 [B4+Na-SO3]2- 8670307 

387.2858 [2,4A8+3Na]4- 7417169 

388.5402 [Y11+4Na]6- 5624570 

388.5628 [Y4+Na]2- 4497349 

390.5343 [B11+4Na]6- 3236169 

397.435 [2,4A10+4Na]5- 4.86E+07 

405.0528 [Y6+2Na]3- 3213955 

413.2976 [Y8+3Na]4- 2850569 

416.0504 B42- 7.35E+07 

416.0504 B2 7.35E+07 

417.8789 [M-10H+4Na]6- 1.10E+08 

418.2446 [Y10+4Na]5- 5595727 

427.0413 [B4+Na]2- 9494556 

433.6359 [B10+4Na]5- 3038262 

434.0608 C2 7232781 

436.0466 [C4+Na]2- 6470307 

437.2381 [C10+4Na]5- 1.11E+07 

438.0324 [B4+2Na]2- 4.37E+07 

438.0324 B2+Na 4.37E+07 

442.535 [C8+4Na]4- 5.49E+07 

444.0359 [C6+3Na]3- 1.66E+07 

447.0377 [C4+2Na]2- 3.02E+07 

450.4581 [Y11+4Na-SO3]5- 7243021 

453.0378 [2,4A9+4Na]4- 2.66E+07 

453.0378 [2,5X8+4Na]4- 2.66E+07 

456.043 C2+Na 7.46E+07 

458.0393 [2,4A7+3Na]3- 1.80E+07 

458.0393 [2,5X6+3Na]3- 1.80E+07 

462.0511 [B9+4Na-SO3]4- 6545002 

466.4497 [Y11+4Na]5- 4618620 

468.0429 [2,4A5+2Na]2- 2.20E+07 

468.0429 [2,5X4+2Na]2- 2.20E+07 

470.0573 [B7+3Na-SO3]3- 4296836 

473.5539 [Y9+3Na]4- 4574421 

476.5454 [B9+3Na]4- 3497816 

477.0564 [2,4A10+4Na-SO3]4- 8810204 

479.05 [Y9+4Na]4- 3928217 

482.0404 [3,5A5+2Na]2- 2.40E+07 

482.0404 [B9+4Na]4- 2.40E+07 

486.5431 [C9+4Na]4- 3891252 
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490.0337 [0,2A7+4Na]3- 3977041 

490.0644 [2,4A8+3Na-SO3]3- 5535133 

492.7218 [Y7+3Na]3- 6353019 

496.7098 [B7+3Na]3- 9785280 

497.0455 [2,5A5+2Na]2- 1.29E+07 

497.0455 [2,4A10+4Na]4- 1.29E+07 

498.0535 2,4A3+Na 4.02E+07 

498.0535 2,5X2+Na 4.02E+07 

501.6563 [M-9H+4Na]5- 2.95E+07 

510.0404 [C7+4Na]3- 8598470 

516.0808 [2,4A6+2Na-SO3]2- 3941574 

516.7171 [2,4A8+3Na]3- 3119019 

520.0355 2,4A3+2Na 1.27E+07 

520.0355 2,5X2+2Na 1.27E+07 

520.0667 [Y5+2Na]2- 8957274 

523.0573 [Y10+4Na]4- 3852742 

524.0441 [2,4A8+4Na]3- 8.14E+07 

526.0485 3,5A3+Na 8402480 

526.0485 [B5+2Na]2- 8402480 

534.1077 B3+Na-SO3 8959707 

536.724 0,2A8+3Na]3- 3821816 

544.0511 0,2A8+4Na]3- 1.55E+07 

546.0448 [C5+3Na]2- 4845652 

552.1184 C3+Na-SO3 1.06E+07 

557.7266 [B8+4Na-SO3]3- 6781295 

563.7303 [C8+4Na-SO3]3- 1.29E+07 

567.05 [2,4A6+3Na]2- 2.98E+07 

577.7339 [2,4A9+4Na-SO3]3- 4136697 

577.7339 [2,5X8+4Na-SO3]3- 4136697 

590.3827 [C8+4Na]3- 1.37E+07 

597.0602 [0,2A6+3Na]2- 6619554 

602.1011 Y3+Na 6780777 

614.0647 B3+Na 2.46E+07 

626.5793 [C6+3Na-SO3]2- 8964937 

654.0566 C3+2Na 5567281 

654.1501 0,2A4+Na-SO3 5060953 

666.5575 [C6+3Na]2- 3688080 

677.5485 [C6+4Na]2- 1.54E+07 

696.0677 2,4A4+2Na 2.07E+07 

698.554 [2,4A7+4Na]2- 1.58E+07 

698.554 [2,5X6+4Na]2- 1.58E+07 

746.5915 [2,4A8+4Na-SO3]2- 1.61E+07 
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756.0893 0,2A4+2Na 7224457 

756.559 [B7+4Na]2- 5808390 

776.6027 [0,2A8+4Na-SO3]2- 5527140 

917.0641 C4+3Na 5561024 
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APPENDIX C 

 

SUPPLEMENTAL DATA FOR CHAPTER 5 
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Figure. Score plot of the dp 4 CSA and DS showing that the sample spectra are different 

as pertains to the intensity of fragment ions. 

 

Figure. The loading PCA plot of dp4 CSA and DS showing the ions responsible for the 

sample separation. 
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Figure. dp 6 CSA and DS PCA score plot. 

 

Figure. dp6 CSA and DS loadings plot. 
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Figure. Score plot for dp8 CSA and DS. 

 

Figure. Loadings plot for dp8 CSA and DS. 
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Figure. Score plot for dp10 CSA and DS. 

 

Figure. Loadings plot for dp10 CSA and DS. 
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Figure. A plot for the 
2,4

An ions obtained from unsodiated molecular ion for dp10 CSA 

and DS. Only 
2,4

A9 
4- 

was fully diagnostic. 
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