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ABSTRACT 

 Glycosaminoglycans (GAGs) are a diverse group of linear, acidic, variably modified 

polysaccharides.  Determining the sites of modification is of significant interest as these sites of 

modification are believed to influence the biological function of GAGs.  However, the structural 

characterization of sulfated glycosaminoglycans has been a longstanding problem due to the 

lability of these oligosaccharides.  In this work, the application of electron detachment 

dissociation (EDD) Fourier transform mass spectrometry (FTMS) to the analysis of sulfated 

GAGs is presented.  EDD produces more abundant glycosidic and cross-ring cleavages for GAG 

oligosaccharides than does other more conventional ion activation methods, allowing sites of 

modification to be determined with a single tandem mass spectrometry experiment.  EDD can 

also distinguish the epimers glucuronic acid (GlcA) and iduronic acid (IdoA) from each other in 

heparan sulfate oligosaccharides.  The influence of the charge state on EDD, and characterization 

of products that arise from electron induced dissociation (EID) are also presented.  Overall, EDD 

is shown to be a powerful tool for characterization of sulfated GAGs.   

 

INDEX WORDS:  Electron detachment dissociation, electron induced dissociation, tandem mass 

spectrometry, Fourier transform mass spectrometry, glycosaminoglycans, sulfated carbohydrates. 
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This dissertation presents the development of new mass spectrometry techniques for 

examining the structural features of glycosaminoglycan (GAG) carbohydrates.  GAGs are a 

diverse group of linear, highly acidic polysaccharides.  GAGs comprise the carbohydrate portion 

of proteoglycans, and can be found both intra- and extra-cellular in a wide variety of organisms, 

from bacteria to humans [1].  GAGs participate in a number of important reactions such as the 

binding of cofactors and chemokines [2, 3], influencing cellular adhesion [4], inhibiting 

proteolysis [5], and regulation inflammation reactions [6].  GAGs have also been implicated in a 

number of pathogenic infections [7-10] and have been shown to undergo alteration during in 

certain cancers [11].   

GAGs are assigned into one of four groups based on the composition of their 

disaccharide subunits (see Figure 1 for structures): heparin/heparan sulfate (HS), chondroitin 

sulfate (CS)/dermatan sulfate (DS), keratin sulfate (KS), and hyaluronan [12].  With the 

exception of KS, GAGs consist of a repeating hexuronic acid-hexosamine disaccharide.  KS 

consists of a repeating hexose-hexosamine disaccharide.  At the molecular level, GAG 

disaccharides are variably modified with sulfation, acetylation, and C5 epimerization.  For 

example, the sulfated GAG heparin contains a disaccharide repeat consisting of hexuronic acid 

and glucosamine.  The hexuronic acid may be iduronic acid or glucuronic acid depending on the 

stereochemistry of C5, and may be sulfated at C2.  The glucosamine may be sulfated C3 or C6, 

and may be sulfated, acetylated, or unmodified at the amino group.  Complexity increases at the 

macromolecular level as GAGs of different composition and different length bind to variable 

protein cores, producing proteoglycans with molecular weights as large as 1 GDa.  There has 

been significant interest in determining the sites of modification (sulfation, aceytlation, C5 

stereochemistry) as the sites of modification are believed to influence GAG function.  Unlike  
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Figure 1.1.  Major and minor disaccharide sequences for heparin/heparan sulfate, and 

disaccharide sequences for chondroitin sulfate, keratin sulfate, and hyaluronic acid. 
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proteins and nucleic acids, GAGs are not template-synthesized.  Therefore, GAG samples must 

be isolated from natural sources that are often available in limited quantity and at low purity.  

One- and two-dimensional NMR can be used to determine the site and type of GAG 

modification, as well as C5 stereochemistry [13].  However, this method requires milligram 

quantities of high purity GAG, which may not be available.  Mass spectrometry is a good 

alternative to analysis of sulfated GAGs as it requires small quantities of samples and can also 

analyze complex mixtures. 

  

Mass Spectrometry of Sulfated GAGs 

The production of gas phase sulfated GAG ions is challenging due to the acidic nature of 

these biomolecules, Na/H heterogeneity, and loss of the labile sulfate groups or fragmentation of 

the molecule during ionization.  Sulfated GAGs have been ionized by fast atom bombardment 

(FAB) [14-16], matrix assisted laser desorption ionization (MALDI) [17-20], and electrospray 

ionization (ESI) [21].  With these ionization methods intact GAG molecular ions can be 

produced, allowing determination of GAG molecular weight.  Currently, ESI is the favored 

ionization technique for producing gas-phase ions with little or no decomposition of the 

molecule, but the production of GAG ions by FAB and MALDI will be briefly described.   

 The first practical molecular weight determination of GAG oligosaccharides by mass 

spectrometry was performed using FAB-MS [14].  FAB-MS analysis of di- to octasaccharide of 

chondroitin sulfate was performed on sulfated GAGs in both positive and negative ion mode 

using glycerol and thioglycerol for matrices.  Thioglycerol was preferred over glycerol, with a 4-

6 fold increase in sensitivity was reported.  Both positive and negative ion FAB-MS produced 

sodium cationized molecular ions that were accompanied by abundant Na/H heterogeneity.  Also, 
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both positive and negative ionization resulted in fragmentation of the oligosaccharides, typically 

at glycosidic bonds.  The authors concluded that analysis of the oligosaccharides in negative ion 

mode was preferred due to enhanced sensitivity and a reduction in the formation of matrix-salt 

clusters.  The authors later analyzed heparin oligosaccharides and came to similar conclusions 

[16].  However, unlike the chondroitin sulfate oligosaccharides, the heparin oligosaccharides did 

not fragment during ionization.  While improvements were made in the analysis of sulfated 

GAGs by FAB-MS using techniques such as permethylation [15], the low signal-to-noise, 

presence of matrix peaks, loss of SO3 from the molecular ion, and fragmentation of the sulfated 

GAGs decreased the analytical utility of this ionization technique. 

 Direct ionization of GAGs by MALDI can be quite difficult, often not producing any 

molecular ions.  In order to aid ionization, GAG oligosaccharides can be mixed with basic 

peptides, producing a gas phase complex between the basic peptide and the anionic 

oligosaccharide [17, 18, 22].  In order to generate positive ions, the basic peptide must contain 

one or more sites of positive charge versus the number of anionic sites on the oligosaccharide.  In 

order to achieve reasonable negative ion signal for direct analysis of sulfated GAGs, 

concentrations of 100 pmol/µL were necessary.   With the addition of a basic peptide, sensitivity 

at 3 pmol/µL was achieved, with no fragmentation of the oligosaccharide or loss of SO3 [17].  

While this method is useful for determining the molecular weight of a sulfated GAG, tandem 

mass spectrometry of the GAG is not possible as charge is carried by the peptide.  Recently, 

direct MALDI analysis of sulfated GAG oligosaccharides has been performed using ionic liquid 

matrices (ILM) [19, 20, 23].  Ionization of sulfated GAGs produces abundant sodiated molecular 

ions with no glycosidic or cross-ring fragmentation of the oligosaccharide, but abundant SO3 loss 

was present [19].  Recent work on the development of newer matrices has shown great promise 
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in reducing SO3 loss [20].  However, Na/H heterogeneity is an issue, which can complicate the 

analysis of complex GAG mixtures.  These newer ILMs have been used to determine the 

approximate molecular weight of a heterogeneous trypsin inhibitor proteoglycan [24].   

 ESI is the most commonly used technique for ionizing sulfated GAGs.  Due to the highly 

acidic nature of this class of molecules, negative-ion ESI is typically used.  The first successful 

demonstration of negative ion ESI was performed with hyaluronic acid and chondroitin sulfate 

oligosaccharides up to 14 sugar residues in length [21].  Complexing the anionic GAG with a 

basic peptide or protein, similar to the aforementioned MALDI work, has also been 

demonstrated using negative ion ESI [25], but offers no advantage over direct ionization of the 

sulfated GAGs.  One common problem in the analysis of sulfated GAGs by ESI-MS is that they 

readily coordinate with cations.  During separation and purification of sulfated GAGs, GAG 

sodium salts are created which will produce considerable Na/H heterogeneity by ESI-MS 

analysis.  ESI-MS analysis of the sodium and ammonium salts of heparin oligosaccharides 

demonstrated a decrease in sensitivity and produced a more complex mass spectrum when GAG 

sodium salts were used [26].  Analysis of heparin octa- and decasaccharides ammonium salts by 

ESI-MS produced several unreported oligosaccharides, leading the authors to conclude that 

analysis of GAG ammonium salts was preferred for the analysis of complex GAG mixtures.  

Because of the improvement in GAG analysis by the use of ammonium salts, a systematic 

evaluation of the influence of counterions on the ESI mass spectra.  The authors examined the 

model highly-sulfated disaccharide, sucrose octasulfate (SOS), using primary, secondary, tertiary, 

and quaternary ammonium counterions with the same number of carbon atoms.  Second, 

quaternary ammonium salts with chains of increasing number of carbon atoms were examined.  

Finally, phosphonium and polyamine were also examined.  Primary, secondary, and tertiary 
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ammonium salts produced low signal-to-noise mass spectra with substantial fragmentation and 

SO3 loss.  Quaternary ammonium and phosphonium salts produced abundant molecular ions with 

very little SO3 loss in both positive and negative ion mode.  From this systematic study, 

tetraethylammonium was found to be the optimal counterion for positive and negative ion ESI-

MS [27].   

 

Tandem Mass Spectrometry of Sulfated GAGs 

 FAB, MALDI, and ESI can be used to produce molecular ions of GAGs while 

minimizing or eliminating fragmentation and SO3 loss of these labile molecules.  While this is 

useful for determining GAG molecular weight and analysis of GAG oligosaccharide mixtures, 

tandem mass spectrometry is needed to determine the locations and types of modifications.  

Tandem mass spectrometry is not necessary to determine the linkage type as this is constant for 

the length of the GAG oligosaccharide chain.  In order to describe the products observed from 

tandem mass spectrometry of GAGs, fragments are annotated as shown in Figure 2 [28].  While 

glycosidic bonds (B, C, Y, and Z; Figure 1.2) can be used to determine the monosaccharide with 

the modification, cross-ring cleavages (A and X; Figure 1.2) are necessary to determine location 

of modification within the monosaccharide.  In tandem mass spectrometry analysis of sulfated 

GAGs utilizing vibrational excitation (e.g. collisionally activated decomposition (CAD) or 

infrared multiphoton dissociation (IRMPD)), the S-O bond of the sulfate group is more labile 

than glycosidic bonds and will readily fragment resulting in SO3 loss.  The challenge for 

practical tandem mass spectrometry analysis of sulfated GAGs is to produce abundant glycosidic 

and cross-ring fragmentation while minimizing or eliminating SO3 loss.    
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 The initial study of sulfated GAGs by FAB-MS produced molecular ions accompanied by 

SO3 loss, but also produced fragmentation of glycosidic bonds [14].  The authors conclude that 

this FAB-MS could be used for determining the sites of sulfation on sulfated GAGs.  However, 

this method requires high sample purity, which may not be available as GAGs must be isolated 

from natural sources.  Also, because only glycosidic bonds are cleaved the monosaccharide 

containing the modification can be determined, but the exact location of the modification cannot 

be determined.  The first tandem mass spectrometry of GAGs using FAB-CAD-MS was reported 

on sulfated glucosamine monosaccharides in 1989 by Dallinga and coworkers [29].  FAB-CAD-

MS of a series of isobaric monosulfated GAG disaccharides has been used to determine sulfate 

and linkage position [30].  The authors could not distinguish between isomers with the sulfate on 

the same saccharide unit (i.e. 4S vs. 6S), but could determine a 1→4 linkage was present based 

on the presence of the 0,2A2 product ion.  This work has also been demonstrated with negative ion 

ESI using either a quadrupole ion trap [31] or triple quadrupole mass spectrometer [32].  The 

challenge of tandem mass spectrometry analysis of sulfated GAGs larger than disaccharide was 

demonstrated by CAD-MS of trisulfated and tetrasulfated GAG tetrasaccharides [33].  CAD of 

singly-charged ions produced from FAB-MS resulted in some glycosidic and cross-ring 

cleavages that were inadequate for determining GAG structure.  MS3 produced more glycosidic 

cleavages, but did not increase the number of cross-ring cleavages that are necessary to 

determine the sites of sulfation.  Using ESI, Zaia and coworkers later demonstrated that the GAG 

precursor ion charge state influences the number of type of observed product ions [34].   This 

work demonstrated that glycosidic cleavages could be maximized and SO3 loss minimized if the 

charge state of the precursor ion is equal to or greater than the number of sulfate groups.  The 

work also demonstrated that complexation with Ca2+ would minimize SO3 loss, leading the 
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authors to conclude that GAG sulfate groups are most stable when ionized.  This research 

demonstrated that tandem mass spectrometry could be used to determine GAG modification.  

However, increasing the number of cross-ring cleavages would be necessary to determine the 

sites of modification of sulfated GAGs. 

 As previously mentioned, the low amount of information derived from tandem mass 

spectrometry using threshold dissociation makes structure determination of sulfated GAGs 

difficult.  The few peaks observed were not enough to distinguish isobaric species (e.g. 4S vs. 6S 

sulfation) or determine C5 stereochemistry (e.g. GlcA vs. IdoA).  A number of methods have 

been developed for determining GAG structure to overcome the problems from structure 

determination using only tandem mass spectrometry.  The first application of oligosaccharide 

structure determination using mass spectrometry utilized MALDI-MS in combination with 

enzymatic digestion.  The oligosaccharide is digested using enzymes that cleave at specific 

glycosidic bonds.  The enzymatic products are analyzed with MALDI-MS by complexing the 

enzymatic products with a basic peptide.  The combination of multiple lyases and mass 

spectrometry allow the sequence to be unambiguously determined, including distinguishing 4S 

from 6S sulfation and distinguishing GlcA form IdoA.  This method has been used to sequence a 

hexasaccharide and two decasaccharides [22], an unusual 3-O-sulfate containing tetrasaccharide 

[35] and decasaccharide [36], and an octasaccharide that binds to the herpes simplex virus 

glycoprotein D [10].  A similar technique, referred to as the heparin oligosaccharide sequence 

tool (HOST) technique, combines enzymatic digestion with HPLC-ESI-MS and tandem mass 

spectrometry.  The oligosaccharide of interest is enzymatically digested and the resulting 

disaccharides are separated by HPLC and interrogated by ESI-MS, including MS2 and MS3.  

Using the MS and tandem mass spectrometry data in combination with database searching, the 
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disaccharide structure can be determined.  The oligosaccharide structure is then determined by 

reassembling the data into the complete oligosaccharide [37].  Using HOST, isobaric 

disaccharides such as 4S and 6S sulfation can be distinguished using tandem mass spectrometry.  

However, enzymatic digestion produces a ∆-uronic acid (∆-UA) at the non-reducing end (NRE), 

erasing the original C5 stereochemistry.  As a result, C5 stereochemistry cannot be determined 

using the HOST technique.   

 The abundances of key product ions that result from tandem mass spectrometry have 

been used to determine sulfate position and distinguish GlcA from IdoA.  For this work, a 

mixture of isobaric hexasaccharides differing only in sulfate position or C5 stereochemistry were 

analyzed by ESI-CAD-MS.  The abundance of the B5, B3, and Y1 product ions can be used to 

determine the sulfate position, while the abundance of the Y5 and 0,2X5 product ions distinguish 

GlcA from IdoA.  Product ion abundances produced from tandem mass spectrometry of a series 

of known isobaric mixtures are used to create a “calibration curve.”  The unknown product ion 

abundances are compared to this calibration curve and used to determine sulfate position or C5 

stereochemistry.  Because this method requires comparison against known compounds, a new 

calibration curve must be created for each sample analyzed.  Currently, this technique has only 

been reported for the analysis of chondroitin sulfate oligosaccharides [38].   

 Because of the limited amount of information produced from vibrational excitation of 

sulfated GAGs, improvements are needed to rapidly sequence these molecules.  Recently, the 

application of electron-ion interactions has produced a number of dissociation techniques.  Of 

these techniques, electron capture dissociation (ECD) has found widespread application for the 

characterization of biomolecules [39].  For ECD, low-energy electrons (≤1 eV) recombine with 

multiply-charged precursor ions and produce a radical species that fragments differently than by 



 12

low-energy or threshold methods of dissociation.  ECD has been used to determine the sites of 

labile post-translational modifications, such as glycosylation, sulfation, or phosphorylation on 

peptides and proteins [40-45].  Electron detachment dissociation (EDD) [46] is the negative ion 

complement of ECD [47], and is useful for the characterization of acidic molecules which do not 

easily form positive ions, such as oligodeoxynucleotides [48].  For EDD, multiply-charged 

precursor anions are irradiated with moderate energy (~19 eV) electrons, resulting in electron 

ejection from the precursor ion.  Similar to ECD, a radical species is created which fragments 

differently than by low energy or threshold dissociation of the even-electron precursor ion.  

Because of the highly acidic nature of sulfated GAGs, EDD is ideally suited for the analysis of 

these molecules.  For this work, the successful application and characterization of EDD to the 

characterization of sulfated GAGs is reported.    

The experimental section in Chapter 2 details carbohydrate sample preparation and 

operation of the ESI-FTMS instrument.  The influence of solution conditions on charge state and 

degree of sodium cationization are also presented.  A brief description of the parameters used to 

perform EDD experiments will be described, and tuning ideas for optimization of EDD is also 

described. 

 Chapter 3 presents the first application of EDD to the analysis of GAG tetrasaccharides.  

A series of heparan sulfate tetrasaccharides with varying modifications (e.g. 0 – 2 sulfates, 

acetylation) are analyzed by CAD, IRMPD and EDD.  Compared to CAD and IRMPD, EDD 

produces cleavage of every glycosidic bond and abundant cross-ring fragmentation.  Cross-ring 

fragmentation occurs primarily on hexuronic acid residues, in the form of both A- and X-ions.  

Fragmentation pathways are proposed based on the observed product ions, including proposed 

mechanisms based on radical ion rearrangement. 
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 Mass spectrometry is typically a stereochemistry-insensitive technique.  In Chapter 4, 

EDD of a pair of GAG epimers demonstrates that EDD can distinguish GlcA from IdoA in HS 

tetrasaccharides based on the presence of key product ions.  These product ions, 0,2A3, B3', and 

B3'-CO2, which are not observed in IRMPD of the same ions, are present in EDD of GlcA but 

not in IdoA containing tetrasaccharides.  Mechanisms are proposed to describe the preference for 

formation of these key product ions. 

 Chapters 3 and 4 demonstrate that EDD is a powerful tool for determining sites of 

modification and C5 stereochemistry of GAG tetrasaccharides.  However, most GAG-protein 

interactions occur for GAGs longer than tetrasaccharide.  Therefore, practical tandem mass 

spectrometry analysis of GAGs must be performed on GAGs larger than tetrasaccharide.  EDD 

of DS oligosaccharides ranging in length from tetrasaccharide to decasaccharide is presented in 

Chapter 5.  Cross-ring fragmentation occurs primarily in IdoA residues, and cleavage of all 

glycosidic bonds is observed.  More glycosidic and cross-ring fragmentation is observed by EDD 

than by IRMPD of these molecules.  A new annotation scheme is presented in Chapter 5 to 

present the large number of products produced from an EDD experiment that will be used for the 

remainder of this work. 

 EDD of DS oligosaccharides produces many products that are accompanied by the loss of 

SO3.  The ability to control SO3 loss, while not influencing glycosidic or cross-ring 

fragmentation, is demonstrated in Chapter 6.   Controlling the charge of the precursor ion 

eliminates SO3 loss, producing a much simpler EDD mass spectrum.  The charge on the 

precursor ion can be manipulated by selecting the proper charge state, or through the addition of 

sodium cations.  Regardless of the charge on the precursor ion, cross-ring fragmentation occurs 

primarily on IdoA residues, and cleavage of most glycosidic bonds is observed.   
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 The fragmentation of GAGs by EDD in Chapter 2 is proposed to occur through either 

electron detachment (EDD) or through electronic excitation of the precursor ion, referred to as 

electron induced dissociation (EID).  In order to distinguish products that arise from direct 

fragmentation versus those that arise from electron detachment, a series of singly-charged GAG 

tetrasaccharides is analyzed by EID in Chapter 7.  The observed product ions can only form as a 

result of direct dissociation by electronic excitation, allowing product formation via EID to be 

examined int eh absence of EDD.  EID of GAG tetrasaccharides produces fragmentation similar 

to EDD of the same tetrasaccharides, with cross-ring fragmentation occurring primarily on 

hexuronic acid residues.  These results indicate that many GAG products result from EID of the 

precursor ion.   

 This dissertation focuses on the characterization of structural features of sulfated GAGs 

using mass spectrometry and tandem mass spectrometry.   
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Preparation of GAG Oligosaccharides 

Heparan sulfate tetrasaccharides are prepared by partial enzymatic depolymerization of 

heparan sulfate sodium salt (Celsus Laboratories, Cincinnati, OH). A 20 mg/mL heparan sulfate 

solution in 50 mM Tris-HCl/60 mM sodium acetate buffer, pH 8 was incubated at 37°C with 

heparinase II (Sigma, St. Louis, MO).  Dermatan sulfate (DS) oligosaccharides are prepared by 

partial enzymatic depolymerization of porcine intestinal mucosa dermatan sulfate (Celsus 

Laboratories, Cincinnati, OH). A 20 mg/mL dermatan sulfate solution in 50 mM Tris-HCl/60 

mM sodium acetate buffer, pH 8 is incubated at 37°C with chondroitin ABC lyase from Proteus 

vulgaris, EC 4.2.2.4. (Seikagaku, Japan).  For either sample, the absorbance at 232 nm is 

monitored to determine when the digestion was 50% complete.  The digestion mixture is then 

heated at 100°C for 3 min.  High-molecular-weight oligosaccharides and the glycosidic enzyme 

are removed by ultra-filtration using a 5000 MWCO membrane.  The resulting oligosaccharide 

mixture is concentrated by rotary evaporation and fractionated by low pressure GPC on a Bio-

Gel P10 (Bio-Rad, Richmond, CA) column. Fractions containing each oligosaccharide are 

desalted by GPC on a Bio-Gel P2 column and freeze-dried. Further purification of the 

oligosaccharides is carried out using strong anion exchange high-pressure liquid chromatography 

(SAX-HPLC) on a semi-preparative SAX S5 Spherisorb column (Waters Corp, Milford, MA). 

The SAX-HPLC fractions containing > 90% of each oligosaccharide are collected, desalted by 

GPC, and freeze-dried. The solid was reconstituted in water and purified a second time by SAX-

HPLC. Only the top 30% of the chromatographic peak is collected, desalted, and freeze-dried. 

Concentration of each oligosaccharide solution is determined by measuring the absorbance at 

232 nm (ε = 3800 M-1cm-1). The resulting fraction containing individual oligosaccharides are 



 24

characterized by PAGE, ESI-MS, and high-field nuclear magnetic resonance (NMR) 

spectroscopy.  

 

Mass Spectrometry Analysis 

Experiments are performed with a 9.4 T Bruker Apex QhFTMS (Billerica, MA) fitted 

with an Apollo II dual source, a 25 W CO2 laser (Synrad model J48-2, Mukilteo, WA) for 

IRMPD, and an indirectly heated hollow cathode for generating electrons for ECD and EDD.  

Bruker Apex Control is used for data acquisition.  The composition of the ESI solution has a 

tremendous influence on the charge state and degree of Na/H heterogeneity of the sulfated 

GAGs.  Generally, decreasing the charge state of the oligosaccharides is accomplished by the 

addition of acid (e.g. formic acid) to the ESI solution, while increasing the oligosaccharide 

charge state is accomplished by addition of base to the ESI solution (e.g. NH3).  For example, 

ESI solutions for sulfated GAGs are typically made in 50:50 methanol:H2O.  A 5 µM solution of 

a DS octasaccharide in a solution of 50:50:0.1 methanol:H2O:NH3 will produce 5-, 4-, and 3- 

ions.  Typically, the 4- ion is the most abundant ion, and Na/H heterogeneity is present for all 

charge states.  A 5 µM solution of the DS octasaccharide in 50:50:0.1 methanol:H2O:formic acid 

will eliminate Na/H heterogeneity and produce an abundant 4- ion and some 3- ion, but no 5- 

ions.  Because fewer charge states are present and Na/H heterogeneity has been minimized, the 

4- ion of the DS octasaccharide will be very abundant.  For studies requiring sodium, the 

octasaccharide can be introduced at a concentration of 150 µM in 50:50 methanol:H2O with 1 

mM NaOH producing 5-, 4-, and 3- ions with abundant Na/H heterogeneity, or by the addition of 

a volatile sodium salt, such as Na2CO3.  An increase in DS octasaccharide concentration is 

necessary when sodium is present as the octasaccharide is distributed over many different charge 
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states and degrees of Na/H heterogeneity.  Sulfated GAGs can be ionized by either regular-flow 

ESI or nanospray.  For regular-flow ESI, sample solutions are infused at a rate of 120 µL/hour.  

For nanospray, samples are infused at a rate of 10 µL/hour using a pulled fused silica tip (model# 

FS360-20-10-D-20, New Objective, Woburn, MA).  The pulled fused silica tips with 20 µm 

capillary ID and 10 µm tip ID produce a more stable spray at a flow rate of 10 µL/hour than the 

fused silica tips with the 75 µm capillary ID and 15 µm tip ID. 

Solution concentrations and ion accumulation time will vary and depends on the ability to 

produce enough ions for EDD.  The precursor ion abundance prior to EDD must be ≥1x107, with 

the instrument amplifier gain is set to low (RGAIN = 0).  For the EDD experiments, precursor 

ions are isolated in the external quadrupole and accumulated for 1–10 seconds before injection 

into the FTMS cell.  The isolation/cell fill can be repeated up to 6 times.  Typically, a maximum 

of 6 cell fills is used because no increase in ion intensity is observed when using more than 6 cell 

fills.  The selection of the precursor ion is further refined by using in-cell isolation with a 

coherent harmonic excitation frequency (CHEF) event. The precursor ions are then irradiated 

with electrons for 1 second.  For electron irradiation the cathode bias is set to -19 V, the ECD 

lens is set to approximately -19.5 V, and the cathode heater was set to 1.6 A.  With the ECD lens 

set to a potential higher than the cathode potential, no electrons enter the analyzer cell.  The ECD 

lens potential is increased in 0.1V steps until the precursor ion intensity decreases by 50%.  

Typically, this occurs within ±0.2V of the cathode potential.  Ions are excited with an RF 

frequency chirp that covered the range of 100 – 2000 m/z.  24 acquisitions are signal averaged 

per mass spectrum.  For each mass spectrum, 512K points were acquired at a 2.4 MHz 

digitization rate, padded with one zero fill, and apodized using a sinebell window.  Background 

spectra are acquired by leaving all parameters the same but setting the cathode bias to 0 V to 
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ensure that no electrons reached the analyzer cell. Background spectra are not subtracted from 

the EDD spectra, but are used to ensure that very few products were formed during ion 

accumulation and isolation.  IRMPD spectra are acquired using the same experimental setup as 

EDD, but replacing the electron irradiation event with a laser pulse.  For IRMPD, ions are 

irradiated for 0.01 – 0.2 seconds with beam attenuation set to pass from 40 – 60% of full power.   

Typically, external calibration of IRMPD and EDD mass spectra produce mass accuracy 

of 5 ppm. Internal calibration is performed using confidently assigned glycosidic bond cleavage 

products as internal calibrants, providing mass accuracy of <1 ppm. Internal calibration is 

performed using Bruker Data Analysis.  Due to the larger number of low intensity products 

formed by EDD, only peaks with S/N ≥ 10 are reported.  Peaks are automatically picked using 

the “FTMS” peak picking feature in Data Analysis with the “S/N threshold” set to 10, the 

“Relative intensity threshold (base peak)” set to ≤0.001, and the “Absolute intensity threshold” 

set to 100.  The “SNAP” peak picking feature in Data Analysis cannot be used because it is 

designed for peptide/protein analysis.  Also, the large number of low intensity product ions and 

the presence of product ions differing by the mass of one or two hydrogen atoms cause 

considerable problems for the SNAP algorithm.  After internal calibration of the EDD mass 

spectra, product ions can be assigned using accurate mass measurement.   

 

18O Labeling 

 18O labeling of the anomeric carbon of the reducing end is performed by dissolving 2 

nmol of the oligosaccharide into 10 µL of H2
18O (Cambridge Isotope Labs, Andover, MA).  The 

microcentrifuge tube is sealed with Parafilm™ to ensure no 18O-water escapes.  The solution is 

heated overnight at 60°C.  It may be necessary to heat the solution to 60°C for two days to 
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increase 18O-labeling efficiency.  Prior to mass spectrometry analysis, the volume of 18O-water is 

determined using a micropipette, and additional H2
18O is added to the solution to bring the total 

volume of H2
18O to 10 µL.  10 µL of methanol is then added to the H2

18O oligosaccharide 

solution before infusion into the mass spectrometer.  If necessary, acid or base can be added to 

the methanol prior to addition to the H2
18O oligosaccharide solution. 
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ABSTRACT 

The first application of electron detachment dissociation (EDD) to carbohydrates is 

presented.  The structural characterization of glycosaminoglycan (GAG) oligosaccharides by 

mass spectrometry is a longstanding problem, because of the lability of these acidic, polysulfated 

carbohydrates.  Doubly-charged negative ions of four GAG tetrasaccharides are examined by 

EDD, collisionally activated dissociation (CAD), and infrared multiphoton dissociation 

(IRMPD).  EDD is found to produce information-rich mass spectra with both cross ring and 

glycosidic cleavage product ions.  In contrast, most of the product ions produced by CAD and 

IRMPD result from glycosidic cleavage.  EDD shows great potential as a tool for locating the 

sites of sulfation and other modifications in glycosaminoglycan oligosaccharides.
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INTRODUCTION 

 Glycosaminoglycans (GAGs) are linear, polydisperse, sulfated polysaccharides found in 

a wide variety of organisms, from bacteria to humans [1].  GAGs play an important role in many 

biological processes such as cell-cell signaling [2], the regulation of biochemical pathways [3,4], 

and inflammation reactions [5].  GAGs form the carbohydrate portion of proteoglycans, which 

are high molecular weight (up to and >1 MDa) molecules of high complexity.  GAGs are 

composed of a repeating disaccharide of an acidic sugar and an amino sugar, and exhibit 

complexity through the degree and sites of sulfation in each disaccharide unit, functionalization 

of the amino group in the glucosamine residues, and chirality of the C5 carbon on the hexuronic 

acid residues.  Additional complexity arises at the proteoglycan level from the distribution of 

GAG chains that bind to the core proteins.   

Heparin and heparan sulfate (HS) are the most structurally complex GAGs [6].  They 

consist of 1,4-linked repeating disaccharide of hexuronic acid and glucosamine.  The hexuronic 

acid is either glucuronic (GlcA) or iduronic acid (IdoA), and may be sulfated at the hydroxyl 

group on carbon C2.  The glucosamine (GlcN) may be sulfated at the hydroxyl group at carbon 

C3 or C6, and may be unmodified, acetylated, or sulfated at the amino group on carbon C2.  

Determining the pattern of modification (sulfation, N-acetylation, GlcA vs. IdoA) in heparin/HS 

polysaccharides is of significant interest as their biological activities are believed to be controlled 

by the pattern of modification [7-9]. 

Tandem mass spectrometry (MS/MS) is an excellent tool for characterizing the structure 

of biomolecules since it is rapid, versatile, and sensitive.  However, the application of MS/MS to 

sulfated GAGs has been hindered by their large size, sulfation heterogeneity, and the lability of 

the sulfate groups, particularly during ion activation [10].  GAGs have been ionized by fast atom 
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bombardment (FAB) [11,12], electrospray ionization  (ESI) [13], and matrix assisted laser 

desorption/ionization (MALDI) [14-17].  Analysis of sulfated GAGs by FAB is relatively 

uninformative due to the abundant loss of NaSO3 and SO3 from the singly-charged precursor 

ions.  Ion activation by collisionally activated dissociation (CAD) or infrared multiphoton 

dissociation (IRMPD) of singly-charged sulfated GAGs results in abundant loss of SO3, 

frustrating efforts to determine sites of sulfation.  ESI is the preferred ionization technique for 

retaining the labile sulfate groups.  During MS/MS, SO3 loss can be minimized and glycosidic 

cleavages maximized if the charge on the ion is equal to the number of sulfate groups [18].  

However, the lack of significant cross ring cleavages makes it difficult to determine the site of 

modification within each saccharide ring. 

 In order to increase the structural information that can be derived by mass spectrometry, a 

number of techniques have been investigated.  Sulfated oligosaccharides have been derivatized 

by permethylation [19].  Localization of the site of sulfation are then determined from MS/MS of 

the permethylated oligosaccharides.  Small oligosaccharide sequences can be determined by a 

combination of enzymatic digestion, MSn of the disaccharides , and database searching [20].  

Capillary electrophoresis has been combined with MS/MS to sequence a complex mixture [21].  

These methods do not provide sufficient cross-ring fragmentation to determine the pattern of 

sulfation, acetylation, and hexuronic acid stereochemistry on a GAG oligosaccharide.  There is 

thus great interest in applying novel ion activation methods to advance the MS/MS analysis of 

sulfated carbohydrates. 

 Ion activation by electrons is finding widespread application to biomolecule structure 

analysis.  First reported in 1998, electron capture dissociation (ECD) is an ion activation method 

in which an odd-electron ion is formed by the recombination of a multiply-charged positive ion 
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with a low energy (<1 eV) electron [22].  Informative fragment ions result from the dissociation 

of the odd-electron ion.  An intriguing aspect of ECD is that it is believed to be non-ergodic [23].  

For example, it promotes extensive fragmentation of peptide backbones without loss of labile 

post-translational modifications such as glycosylation or phosphorylation [24,25].  Positively-

charged oligosaccharides have been dissociated by ECD [26]. Due to the acidic nature of 

sulfated GAGs, the formation of multiply-charged positive ions is difficult.  We have recently 

obtained results for the ECD analysis of sulfated GAGs (manuscript in preparation), but find that 

this approach is not widely applicable because of the difficulty in forming multiply-charged 

positive ions for these acidic molecules.   

Given the propensity of GAGs to form negative ions, we have explored the application of 

electron detachment dissociation (EDD) for the fragmentation of multiply-charged negative ions 

of some model GAG tetrasaccharides.  EDD is the negative ion complement of ECD [27]; 

although electron detachment can be achieved in high energy collisions with inert gases [28], it is 

more easily accomplished by irradiating a multiply charged negative ion with electrons of 

moderate kinetic energy (15 – 20 eV), causing electron detachment and leading to ion 

fragmentation [29-34].  This technique has been applied principally to peptides [29-32], but also 

to other compounds that can form negative ions, specifically nucleotides [34] and a ganglioside 

[33], but otherwise there are very few reports of EDD in the literature.  Here we present the first 

examples of the application of EDD to the analysis of GAG tetrasaccharides. 

 

EXPERIMENTAL 

Preparation of Heparan Sulfate Tetrasaccharides 

Heparan sulfate sodium salt was obtained from Celsus Laboratories (Cincinnati, OH).  
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The heparan sulfate was digested with heparinase II (Sigma, St. Louis, MO) and fractionated by 

gel-permeation chromatography using a P-10 column (Bio-Rad, Hercules, CA) to obtain uniform 

sized oligosaccharides. The fraction containing tetrasaccharides was desalted on a Bio-Rad P-2 

column and concentrated by freeze-drying.  Fractions containing individual tetrasaccharides 

were collected from semi-preparative SAX-HPLC (Shimadzu, Columbia, MD) using a 

Spherisorb column (Waters Corp, Milford, MA), desalted on a Bio-Rad P-2 column, and freeze-

dried [35].  The structure of the three tetrasaccharides (structures 1, 2, and 4) were determined by 

1D and 2D proton NMR.  Tetrasaccharide 3 was prepared from tetrasaccharide 1 by N-

sulfonation using the following protocol: 50 µg of tetrasaccharide 1 was dissolved in 12.5 µL of 

solution containing 10 mg/mL sodium bicarbonate and 10 mg/mL trimethylamine-sulfurtrioxide 

complex and incubated at 50 °C for 12 h. Equal portions of sodium bicarbonate and 

trimethylamine-sulfurtrioxide complex were added two more times at 12 h intervals. The 

solution was then desalted by a P-2 spin column (Bio-Rad, Hercules, CA) and the product was 

freeze-dried [36].   
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Mass Spectrometry Analysis 

 Experiments were performed with a 7 T Bruker Apex IV QeFTMS fitted with an Apollo 

II ESI source, a CO2 laser for infrared multiphoton dissociation (IRMPD), and an indirectly 

heated hollow cathode for generating electrons for ECD and EDD.  The hollow cathode 

implementation with the InfinityTM cell has been previously described [34].  Solutions of each 

tetrasaccharide were made at a concentration of 0.1 mg/mL in 50:50 methanol:H2O (Sigma, St. 

Louis, MO) and ionized by nanospray using a pulled fused silica tip (model# FS360-75-15-D-5, 

New Objective, Woburn, MA).  The sample solutions were infused at a rate of 10 µL/hour.  All 

tetrasaccharides were examined in negative ion mode. 

For the EDD experiments, precursor ions were isolated in the external quadrupole and 

accumulated for 1–2 seconds before injection into the FTMS cell.  The isolation/cell fill was 

repeated up to 6 times.  The selection of the precursor ion was further refined by using in-cell 

isolation with a coherent harmonic excitation frequency (CHEF) event. The precursor ions were 

then irradiated with electrons for 1 second.  For electron irradiation the cathode bias was set to -

19 V, the ECD lens was set to -17.5 V±0.5 V, and the cathode heater was set to 5–6 V.  24 

acquisitions were signal averaged per mass spectrum.  For each mass spectrum, 512k 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. External calibration produced mass accuracy of 5 

ppm. Internal calibration was also performed using confidently assigned glycosidic bond 

cleavage products as calibrants, and produced mass accuracy of 1 ppm. All EDD products are 

reported using the Domon and Costello nomenclature, as shown in Figure 3.1 [37].   
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Figure 3.1.  Fragment ion naming convention used in this paper, adapted from Domon and 

Costello [37]. Superscripts in cross ring cleavage products refer to the bonds that are broken, 

which are numbered as shown for the second saccharide from the nonreducing end.  
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RESULTS AND DISCUSSION 

Irradiation of ∆UA-GlcN-GlcA-GlcNAc, 1, with 19 eV electrons produces the mass 

spectrum shown in Figure 3.2A.  The mass spectrum contains mostly singly-charged product  

ions, including the charged reduced precursor, [M-2H] -•, as well as a small number of doubly-

charged products.  The efficiency of product ion conversion (the sum of product ion intensities 

divided by the precursor ion intensity measured prior to irradiation, as proposed by Gorshkov et 

al. [38]) is approximately 6%.  The presence of both the doubly-charged product ions and the 

charge reduced precursor ion in the product ion spectrum indicates that products are formed via 

two fragmentation pathways, as shown in Scheme 3.1.  Irradiation of the doubly-charged 

precursor ion with 19 eV electrons leads to an activated ion which can undergo direct 

decomposition to yield even-electron product ions that are doubly- or singly-charged.  For 

example, direct decomposition of the doubly-charged precursor produces doubly-charged 

products such as C3
2-, 2,4A4

2-, 2,5A4
2-, and 0,2A4

2-.  Alternatively, the activated precursor can lose 

an electron to form an odd-electron ion that undergoes further fragmentation to form singly-

charged even- and odd-electron product ions.  The charge-reduced molecular ion, [M-2H]-•, and 

other odd-electron species such as [M-2H-CO2]-• provide direct evidence of electron detachment.   

 
 
 
 
 
 
 
 
 
 
 
 

Scheme 3.1.  Fragmentation observed when sulfated GAGs are irradiated with 19 eV electrons. 
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Figure 3.2. Tandem mass spectra of the [M-2H]2- precursor ion of tetrasaccharide 1, obtained by 

using (A) EDD, (B) IRMPD, and (C) CAD. 
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While doubly-charged product ions must arise via direct decomposition, and singly-

charged odd-electron product ions must arise from electron detachment, singly-charged even-

electron products can be formed by either dissociation pathway.  In order to develop a correlation 

between molecular structure and fragmentation behavior, it is important to distinguish the 

dissociation pathways.  The singly-charged even-electron products that arise from direct 

fragmentation of the doubly-charged negative ion can be identified by using IRMPD or CAD for 

ion activation, as their ions are produced by dissociation of an even-electron precursor.  IRMPD 

of 1 produces the mass spectrum shown in Figure 3.2B, while CAD of 1 produces the mass 

spectrum shown in 1C.  The major fragments in Figure 3.2B and 3.2C are principally from 

glycosidic bond cleavages (B, C, Y, and Z) and a small number of cross ring cleavages in the  

form of 0,2A4 and 2,5A4.  Such cleavages have been observed in the CAD mass spectra of GAG of 

di- and tetrasaccharides [39,40].  All of the fragments observed in the CAD spectrum are found 

in the IRMPD spectrum, and all the IRMPD products are present in the EDD spectrum (Figure 

3.2, insets).  We have found this to be generally true for all of the GAG tetrasaccharides  

examined to date, i.e. EDD gives the most comprehensive set of fragment ions, while the 

IRMPD products are a subset of the ions in the EDD spectrum, and the CAD products are a 

subset of the ions in the IRMPD spectrum.  The EDD products that also occur in the IRMPD and 

CAD spectrum probably arise from direct fragmentation of the doubly-charged precursor ion.   

 Electron activation of the precursor ion results in cleavage of every glycosidic bond and 

abundant cross-ring cleavages in the form of A ions, shown by dashed lines in the structure 

shown in the inset in Figure 3.2A.  Product peak assignment was determined by comparison of 

the accurately measured masses with the theoretical product ions from glycosidic fragmentation 
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of the tetrasaccharide.  Other common cleavages such as the 0,2An, 2,5An, and loss of CO2 were 

also identified in this manner.  The N-acetyl group on the reducing end of the tetrasaccharide 

increases the mass defect of the product ions containing the reducing end relative to fragments 

from the non-reducing end, allowing one to distinguish A, B, and C products from X, Y, and Z 

products.  The remainder of the product ions were identified from their exact mass differences 

from [M-2H] -•, which establishes the elemental composition of the neutral loss.  For example, 

the peak at m/z 452.099 differs from the charge reduced species, [M-2H]-•, by 262.085 u.  The 

calculated neutral loss for a 0,2A3 cleavage is 262.093 u, while the calculated neutral loss for a 

2,4X2 cleavage is 262.069 u.  The exact mass calculation of the observed neutral loss suggests that 

this product ion is 0,2A3.  This assignment was confirmed by comparison to the EDD spectrum of 

the closely related compound 2 (vide infra). 

The EDD process can form a radical site by detachment of an electron from the doubly-

charged precursor.  Products from this singly-charged odd-electron ion can be either odd-

electron or even-electron.  The majority of the observed product ions are even- electron ions.  

Odd-electron products include ions from the loss of small, stable neutral molecules (M-•-2H-

CO2, M-•-2H-CH2O), as well as some glycosidic (B3-H, C2-H) and cross-ring cleavages.  Radical 

formation initially occurs at a site of negative charge.  For 1, the two initial sites of negative 

charge are the carboxylic acid groups on the residues at the non-reducing end and the GlcA 

residue next to the reducing end.  The large degree of fragmentation on the GlcA residue next to 

the reducing end indicates a preference for ion decomposition when the radical is located at this 

site.  Radical site formation at the non-reducing end appears to form a stable species that is 

resistant to further fragmentation.  Radical site formation at the GlcA carboxyl group can be 

followed by loss of CO2 to form the odd-electron product ion at m/z 670.196.  This species can 



 40

undergo further radical-driven fragmentation of the glycosidic bond to produce the C2-H ion, as 

shown in the proposed mechanism in Scheme 3.2.  Alternatively, the radical ion [M-2H-CO2]-• 

can lose a hydrogen atom to form a more stable even electron ion, [M-2H-CO2H]-.  
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Scheme 3.2.  Proposed fragmentation mechanism of 1 to form the C2-H product ion. 
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 There is also evidence of H atom transfer to the carboxyl radical from other positions in 

the glucuronic acid residue. One possibility is H-atom transfer from the hydroxyl group on 

carbon C3 to the carboxyl radical, moving the radical site to the C3 oxygen atom, as shown in 

Scheme 3.3a.  This radical site can promote 3,5A3 and 0,2A3 fragmentation.  
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Scheme 3.3a.  Proposed mechanism for H• transfer followed by fragmentation to form the 3,5A3 

and 0,2A3 product ions. 

 

 

Alternatively, H-atom transfer can come from C4 as shown in Scheme 3.3b.  The resulting 

radical is stabilized by delocalization with the oxygen that forms the glycosidic bond to C4. H-

atom transfer from carbon atoms in saccharide rings has been observed in collision induced 
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electron detachment mass spectra of nucleotides [28], in reactions between phenyl radical cations 

and ribose [41], and in the ECD mass spectra of glycopeptides [42].  The radical site at C4 can 

promote 3,5A3 and 0,2A3 fragmentation as shown in Scheme 3.3b. The abundance of cross ring 

cleavage products from fragmentation in the second sugar residue from the reducing end in the 

EDD spectrum, and their absence in the CAD and IRMPD spectra, suggests radical-induced 

fragmentation of many of the bonds in this residue, which can be rationalized by mobility of the 

radical site via hydrogen rearrangement.  The excess energy deposited into the ion during 

electron irradiation can supply the energy necessary to drive the hydrogen rearrangement.  
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Scheme 3.3b.  Alternative mechanism for H• transfer followed by fragmentation to form the 

3,5A3 and 0,2A3 product ions. 
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Figure 3.3 shows the EDD mass spectrum of  ∆UA-GlcNAc-GlcA-GlcNAc, 2, which 

differs from 1 by N-acetylation in the GlcNAc residue next to the non-reducing end.  The 

product ions from EDD of 2, Figure 3.3, are similar in assignment and in abundance as observed 

products for EDD of 1.  Some minor differences are evident.  The C2 and Z2 ions are not 

assigned for EDD of 2 as they overlap with the precursor ion, and would be difficult to discern 

from the much more abundant remaining precursor.  Some new cross-ring product ions are 

evident in the EDD mass spectrum of 2.  The 2,4A3 product ion present in the EDD spectrum of 2 

is not assigned for 1, for if present, it would overlap with the Z2 glycosidic cleavage for 

compound 1.  The 1,4X2 product ion is observed as it does not overlap with the 1,5A3 cleavage, as 

it did for 1.  Aside from these minor differences, a majority of the assigned products are the same 

for the two related tetrasaccharides 1 and 2.  The similarity of the EDD spectra for these two 

related compounds shows that observed fragmentation is not highly sensitive to small 

modifications of the sugar residues, and suggests regularity in the types of fragments that are 

observed. 

Figure 3.4 shows the EDD spectrum of the sulfated GAG tetrasaccharide ∆UA-GlcNSO3-

GlcA-GlcNAc, 3.  Determining the sites of sulfation by MS/MS requires abundant glycosidic  

and cross-ring fragmentation without loss of SO3 from the labile sulfate group.  The sulfate 

group provides an additional site of ionization for the tetrasaccharide.  As sulfuric acid is more 

ionized in solution then a carboxylic acid, doubly-charged negative ions formed by ESI are 

expected to be ionized at the sulfate group and one of the carboxylic acid groups.  Electron 

detachment is expected to occur principally at carboxylate, since the electron affinity of sulfate is 

considerably higher than the electron affinity of the carboxylate (EA(HSO4
-) ≈ 4.7 eV; 

EA(DCO2
-) ≈ 3.5 eV) [43].  EDD of 3, Figure 3.4, results in no observed loss of SO3.  Similar to 
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Figure 3.3.  EDD mass spectrum of the [M-2H]2- precursor ion of tetrasaccharide 2.  The 2,4A3 

product in 1 is not observed since it overlaps with the Z2 product.  The 1,4X2 product in 1 is not 

observed since it overlaps with the 1,5A3 product.  C2 and Z2 are not observed since the products 

overlap with the precursor ion. 
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Figure 3.4.  EDD mass spectrum of the [M-2H]2- precursor ion of tetrasaccharide 3.  The B2 and 

Y2 product ions are not observed as they overlap with the precursor ion.   
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EDD of 1 and 2, the odd-electron product ion [M-2H-CO2]-• is observed, indicating a preference 

for electron detachment from the carboxylate group rather than the sulfate, as it is expected that 

the sulfate radical would exhibit SO3 loss.  The observed EDD product ions of 3 (Figure 3.4 

inset) are similar to those ions observed for 1 and 2.  The B2 and Y2 product ion are not assigned 

for 3 as they overlap with the precursor ion.  In addition to the doubly-charged even-electron 

ions observed in the EDD of 1 and 2, the doubly-charged product ion B3 is also observed in the 

EDD of 3.  As with 1 and 2, there is substantial cross-ring cleavage in the residue next to the 

reducing end.  0,2A3 and 3,5A3 can be rationalized as resulting from hydrogen atom transfer from 

the hydroxyl group on C3 to the carboxyl radical at C5, followed by α-cleavage, similar to the 

mechanisms for 1 shown in Schemes 3a and 3b.  EDD of 3 leads to fragmentation of every 

glycosidic bond.  The glycosidic products establish that the site of sulfation lies within the 

glucosamine residue next to the reducing end.  This glucosamine residue has three possible sites 

of sulfation.  The 0,2A2 and 2,5A2 cross-ring fragments place the sulfation on the amine group, 

establishing this as a GlcNS residue. 

Tetrasaccharide 4, ∆UA-GlcNSO3-IdoA-GlcNAc-6-SO4, contains two sulfate groups.  In 

this case, the doubly-charged negative ion is expected to carry charge at the two sulfates, and 

EDD is expected to form a radical site at one of the sulfates.  Dissociation of the [M-2H]2- 

precursor ion of 4 by IRMPD or CAD (Figure 3.5B or 5C, respectively) results in principally 

glycosidic cleavages.  Some product ions are also found to lose SO3, and some glycosidic 

cleavages are only found with the loss of SO3.  Although the residues that are sulfated can be 

determined from the glycosidic cleavage in the CAD and IRMPD spectra, identification of the 

sites of sulfation is difficult due to the limited amount of fragmentation that occurs by these 

methods of ion activation.  In contrast, irradiation of the [M-2H]2- precursor ion of 4 with 19 eV 
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electrons results in much more extensive fragmentation, as seen in the mass spectrum shown in 

Figure 3.5A.  Predominantly singly-charged even-electron product ions are observed.  Some 

doubly-charged product ions are observed such as [M-2H-SO3]2- and 0,2A4
2-, as well as the Y3

2- 

and Z3
2- glycosidic cleavages.  Some product ions from the EDD fragmentation of 4 are observed 

both as product ions with two sulfates as well as with the loss of one molecule of SO3.  For 

example, the Z3 and Y3 product ions are also observed as Z3-SO3 and Y3-SO3.  The odd-electron 

product ions [M-2H-SO3]-• and [M-2H-CO2]-• are observed along with the even-electron product 

ions [M-2H-HSO3]- and [M-2H-HCO2]-.  Doubly-charged negative ions of 4 formed by ESI are 

expected to be ionized at both sulfate groups.  The presence of the [M-2H-CO2]-• odd-electron 

product ion implies that either a carboxylate anion was formed during ionization or that the 

carboxyl radical was formed as a result of H atom transfer.  The presence of a carboxylate radical 

on the IdoA residue next to the reducing end results in fragmentation similar to EDD of 1, 2, and 

3.  Similar to CAD and IRMPD of 1 (Figure 3.2B and 3.2C), all of the product ions in the CAD 

spectrum are observed in the IRMPD spectrum, and all product ions in the IRMPD spectrum are 

observed in the EDD spectrum (Figure 3.5, insets).  Compared to IRMPD and CAD of 4, the 

EDD mass spectrum of 4 exhibits peaks that result from cleavage of all glycosidic bonds as well  

as from abundant cross-ring cleavages.  The cross-ring fragmentation of the reducing end sugar 

places the sulfate on C6 and identifies this sugar as GlcNAc-6-SO4.  Glycosidic fragmentation 

identifies the sugar next to the non-reducing end as a sulfated GlcN sugar.  The cross-ring 

fragmentation places the sulfate on either the C2 amino group or C6.  The observed 

fragmentation cannot isolate the site of sulfation on this sugar.  
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Figure 3.5.  Tandem mass spectra of the [M-2H]2- precursor ion of tetrasaccharide 4, obtained by 

using (A) EDD, (B) IRMPD, and (C) CAD. 

Intensity/106 

[M
-2

H
]-•

-S
O

3
-S

O
3H

-C
O

2H

0,
2 A

4

0,
2 X

3

Z 3 Y 3

3,
5 A

3

2,
5 A

3B 3
C

3

Z3-CH2O

Y 2

B 1
C

1

Z 1
Y 1

2,
4 A

4

0,2X3-SO3

Z3-SO3

Y3-SO3

0,2A4-SO3

2,5A4

2,5A4-SO3

-CO2H-SO3

-C
O

2

C3-SO3

B3-SO3

5123

20
0

30
0

40
0

50
0

60
0

70
0

80
0

m
/z

B
3

Z 3
-S

O
3

Y 3
-S

O
3

B
3-

S
O

3

Y 2
Z 2

0,
2 A

4

-S
O

3

B 2C
2

1234

20
0

30
0

40
0

50
0

60
0

70
0

80
0

m
/z

Z 1
Y 1

B 2

-H
2O

0123456

20
0

30
0

40
0

50
0

60
0

70
0

80
0

m
/z

Z 1

Y 1

-S
O

3

0,
2 A

4

B
1

C
1

0,
2 A

4

-S
O

3

B
2

C
2

* * * * **

*

E
D

D

IR
M

P
D

C
A

D

Z 2

2,
4 A

2

Y 3*

Z 3*
0,

2 A
4-

S
O

3
*

1,5X2

-H
2O*

C3-2H

x4
0 

[M
-2

H
]2-
~

[M
-2

H
]2-
~

[M
-2

H
]2-
~

-H
2O*

Z 3*

0,
2 A

4-
S

O
3

*

Z 3*

0,
2 A

4-
S

O
3

*

Y 3* Y 3*

Z 3

4
(A

)

(B
)

(C
)

O
O

O
O

O

O
O

O
H

O
H

O
H

O
H

O
H

O
H

N
H

SO
3H

O
H

N
H

A
c

H
O

O
C

C
H

2O
H

C
O

O
H

C
H

2O
S

O
3H

O
O

O
O

O

O
O

O
H

O
H

O
H

O
H

O
H

O
H

N
H

SO
3H

O
H

N
H

A
c

H
O

O
C

C
H

2O
H

C
O

O
H

C
H

2O
S

O
3H

O
O

O
O

O

O
O

O
H

O
H

O
H

O
H

O
H

O
H

N
H

SO
3H

O
H

N
H

A
c

H
O

O
C

C
H

2O
H

C
O

O
H

C
H

2O
S

O
3H



 49

The EDD spectra of the GAG tetrasaccharides exhibit a substantial number of fragment 

ions, many with low relative abundances.  We find that the majority of these peaks appear 

reproducibly from spectrum to spectrum. The reproducibility of EDD fragmentation has been 

ascertained by comparing the spectra from identical samples acquired at an interval of one month 

(data not shown).  The peaks are found to be reproducible in both the mass-to-charge and 

abundance of the observed fragment ions.  All previously identified product ions are present and 

no new product ions are observed.  Even the unassigned, low abundance product ions are found 

to be remarkably reproducible.  The close match between EDD spectra collected at different 

times is reminiscent of the reproducibility of electron ionization mass spectra, and suggests that 

the product ions do not result from random cleavage of the molecule, but rather that products 

result from well-defined fragmentation pathways. These data suggest that EDD should be useful 

for characterizing the sites of modification in other GAG tetrasaccharides. 

 

CONCLUSIONS 

Irradiation of GAG tetrasaccharides with 19 eV electrons results in predominantly even-

electron product ions.  EDD uses moderate energy electrons compared to the low energy 

electrons used in ECD.  These moderate energy electrons promote ion dissociation by direct 

fragmentation as well as via electron detachment.  The abundance of glycosidic and cross-ring 

cleavage products by EDD will aid in the identification of this important class of compounds. 

H-atom transfer has been observed to occur between hydroxyl groups and carboxylate 

radicals. Since such atom transfers require proximity between the donor and acceptor sites, the 

particular hydroxyl group that participates in this rearrangement may be influenced by the 

stereochemistry of the C5 carbon.  Future experiments on GAG epimers will determine whether 
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the stereochemistry of the hexuronic acid C5 carbon influences EDD fragmentation in a manner 

that allows one to distinguish IdoA from GlcA.  While we have confined these studies to 

tetrasaccharides, we believe that this approach should be extensible to longer GAG 

oligosaccharides. 
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CHAPTER 4 

 

DISTINGUISHING GLUCURONIC FROM IDURONIC ACID IN 

GLYCOSAMINOGLYCAN TETRASACCHARIDES BY USING ELECTRON 

DETACHMENT DISSOCIATION* 
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*Reproduced with permission from Wolff, J.J.; Lianli, C.; Linhardt, R.J.; Amster, I.J.  Analytical 

Chemistry, 2007, 79, 2015-2022.  Copyright 2007 American Chemical Society. 
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ABSTRACT 

Distinguishing the epimers iduronic acid (IdoA) versus glucuronic acid (GlcA) has been a 

longstanding challenge for the mass spectrometry analysis of glycosaminoglycan 

oligogosaccharides.  In this work, electron detachment dissociation (EDD) and Fourier transform 

ion cyclotron resonance mass spectrometry is shown to provide mass spectral features that can 

distinguish GlcA from IdoA in heparan sulfate (HS) tetrasaccharides.  EDD of HS 

tetrasaccharide dianions produces a radical species that fragments to produce information-rich 

glycosidic and cross-ring product ions which can be used to determine the sites of 

acetylation/sulfation.  More significantly, EDD of HS tetrasaccharide epimers produces 

diagnostic product ions that can be used to distinguish IdoA from GlcA.  These diagnostic 

product ions are not observed in the tandem mass spectra obtained by collisionally activated 

dissociation (CAD) or infrared multiphoton dissociation (IRMPD) of the tetrasaccharides, 

suggesting a radical-initiated mechanism for their formation.  Differences in the observed 

product ions obtained by EDD of the tetrasaccharide epimers can be rationalized by simple α-

cleavage of an oxy-radical located at C2 or C3 or a radical at C3 or C4.  These radicals are 

proposed to arise from a hydrogen rearrangement in which a hydrogen atom is transferred from 

the C2 or C3 hydroxyl group or C3 or C4 to a carboxy radical at C5.  This hydrogen transfer 

depends on the proximity of the carboxy radical to the hydroxyl group on C2 or C3 or the 

hydrogen on C3 or C4, and is thus influenced by C5 stereochemistry.  These epimer-sensitive 

fragmentations should allow this approach to be applied to the structural analysis of a wide 

variety of GAG oligosaccharides.   
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INTRODUCTION 

 Glycosaminoglycans (GAGs) are complex polysaccharides which comprise the 

carbohydrate portion of proteoglycans, and are found in a variety of organisms ranging from 

bacteria to humans [1].  GAGs participate in a number of significant biological processes, such 

as cell-cell signaling [2], the regulation of biochemical pathways [3, 4], and the mediation of 

inflammatory reactions [5].  GAGs have also been implicated in the initial step of some 

pathogenic infections [6-8] and have been observed to undergo alteration in some types of cancer 

[9].  There is great interest in correlating the molecular structure of GAGs with their biological 

function, but the complexity of this class of molecules has slowed progress on this front.  

Although GAGs are linear biopolymers consisting of alternating acidic sugar and basic sugar 

residues, they exhibit complexity in a variety of ways.  At the proteoglycan level, GAG chains of 

different length and composition bind core proteins that also exhibit compositional 

heterogeneity.  At the subunit level, GAGs display complexity through their differing degrees of 

sulfation and N-acetylation.  Heparin and heparan sulfate (HS) are the most complex of the 

GAGs; they are composed of a repeating disaccharide of hexuronic acid and glucosamine.  The 

acidic sugar can be either glucuronic acid (GlcA) or iduronic acid (IdoA) depending on the C5 

stereochemistry, and may be sulfated at the C2 hydroxyl group.  The glucosamine may be 

sulfated at the C3 or C6 hydroxyl group, and sulfated, acetylated, or unmodified at the C2 amino 

group.  The structural characterization of GAGs oligosaccharides requires identification of the 

location of sulfation/acetylation modifications as well as establishing the epimeric nature of the 

hexuronic acid.  Characterizing GAGs is of significant interest since it is believed that the pattern 

of modification (sulfation, acetylation, GlcA vs. IdoA) affects their biological activity [10-12].   
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Short lengths of heparin/HS oligosaccharides resulting from enzymatic digestion can be 

analyzed by 1D and 2D NMR [13].  These methods can determine the type and location of chain 

modification and can distinguish IdoA from GlcA.  However, analysis by NMR requires 

milligram quantities of a high purity sample.  Unlike proteins and nucleic acids, GAGs are not 

synthesized by a template-driven mechanism, and so samples must be obtained by isolation of 

naturally occurring materials that are often available only in low quantity and purity.  The 

development of other techniques for characterizing small amounts of GAGs and GAG mixtures 

is necessary to advance the goal of identifying structure/function relationships of this class of 

molecules.  Mass spectrometry (MS) meets these requirements, but its development into a 

general purpose tool for GAG analysis remains incomplete.   

Electrospray ionization (ESI) mass spectrometry is useful for obtaining the molecular 

weight of intact GAG oligosaccharides [14-16].  For small oligosaccharides this can be used to 

determine the degree of sulfation.  To establish the specific sites of modification, more advanced 

methods are required.  Tandem mass spectrometry (MS2 and MS3) using collisionally activated 

dissociation (CAD) of ∆-unsaturated disaccharides resulting from digestion of heparin/HS with 

heparin lyases has been used to determine the pattern of sulfation/acetylation on short 

heparin/HS lengths [17].  However, such disaccharides have lost chirality at the nonreducing end 

hexuronic acid, erasing the original epimeric nature of the acid residue at C5 [18].  Therefore, 

tetramers or longer oligosaccharides are needed for establishing IdoA versus GlcA composition.  

Generally speaking, mass spectrometry is not sensitive to chirality in molecules.  However, Zaia 

and coworkers have shown that for chondroiton sulfate (CS) tetrasasaccharides and 

hexasaccharides, CAD can distinguish between IdoA and GlcA based on the relative abundance 

of specific X and Y ions [19].  For this approach, the relative abundance of key fragment ions as 
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a function of IdoA/GlcA composition was established for a series of tetrasaccharide and 

hexasaccharide standards, essentially producing a calibration curve for each mixture.  This data 

was then used to determine the fractional abundance of IdoA vs. GlcA in tetrasaccharides and 

hexasaccharides from an enzymatic digestion of chondroiton/dermatan sulfate proteoglycans [20, 

21].  The advantage of this approach is that it allows one to establish the epimer composition of 

an isobaric mixture of GAG oligosaccharides.  The drawback is that the fragmentation versus 

chirality dependence must be established for each different type of GAG, e.g. the fragmentation 

behavior of CS oligosaccharides could not be applied to HS oligosaccharides.  In these CAD 

experiments, one cannot predict the fragmentation behavior based on the structure of GAG 

oligosaccharides, and thus this approach is not useful as a general purpose tool for determining 

the epimeric state of hexuronic acids in other GAG oligosaccharides. 

We have recently reported the application of electron detachment dissociation (EDD) [22-

27] to the analysis of GAG tetrasaccharides [28].  EDD produces a radical anion from the closed 

shell, multiply-charged anionic precursor.  The radical anion undergoes distinctly different types 

of fragmentation than its closed shell counterpart.  EDD produces abundant fragmentation, and 

greatly improves the capability of mass spectrometry to determine the sites of 

sulfation/acetylation in GAG tetrasaccharides compared to CAD or infrared multiphoton 

dissociation (IRMPD) of the same precursors.  We have proposed a mechanism for the cross-ring 

fragmentation of hexuronic residues in GAG tetrasaccharides in which electron detachment from 

the C6 carboxylate anion forms a carboxy radical, which can undergo hydrogen rearrangement 

from the hydrogens at C3 or C4, or from the hydroxyl groups at C2 or C3 [28].  The propensity 

for H atom transfer from C3 or C4 or the C2 versus C3 hydroxyl groups should depend on the 

proximity of these hydrogen atoms to the carboxy radical, which is a function of the C5 
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stereochemistry.  Moreover, the product ions that result when fragmentation is initiated by an 

oxy-radical at C2 or a radical at C3 are expected to be different than from an oxy-radical at C3 or 

a radical at C4.  Thus, the stereochemistry of the carbon that bears the carboxylic acid group 

should affect the subsequent fragmentation that is observed.  Here we report evidence that GlcA 

can be distinguished from IdoA in HS tetrasaccharide epimers using EDD.  Furthermore, 

differences in the EDD mass spectra of epimers can be rationalized by simple radical driven 

fragmentation mechanisms that should allow this approach to be extended to the structure 

analysis of a wide variety of GAG oligosaccharides. 

 

EXPERIMENTAL 

Preparation of Heparan Sulfate Tetrasaccharides 

Heparan sulfate sodium salt was obtained from Celsus Laboratories (Cincinnati, OH), 

and digested with heparinase II (Sigma, St. Louis, MO) and fractionated by gel-permeation 

chromatography using a P-10 column (Bio-Rad, Hercules, CA) to obtain uniform sized 

oligosaccharides. The fraction containing tetrasaccharides was desalted on a Bio-Rad Micro Bio-

Spin chromatography column packed with 1 mL of Bio-Rad P-2 resin.  50 µL of sample was 

loaded onto the resin and centrifuged at 1000 x g.  After desalting, the fractions containing 

tetrasaccharides were pooled and concentrated by freeze-drying.  Fractions containing individual 

tetrasaccharides were collected from semi-preparative SAX-HPLC (Shimadzu, Columbia, MD) 

using a Spherisorb column (Waters Corp, Milford, MA), desalted on a Bio-Rad P-2 column, and 

freeze-dried [29].  For the work reported here, four tetrasaccharides were examined, structures 1 

– 4.  The structure of tetrasaccharides 2 and 3 were determined by 1D and 2D proton NMR.  

Tetrasaccharide 1 was prepared from tetrasaccharide 3 by N-sulfonation using the following 
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protocol: 50 µg of tetrasaccharide 3 was dissolved in 12.5 µL of solution containing 10 mg/mL 

sodium bicarbonate and 10 mg/mL trimethylamine-sulfurtrioxide complex and incubated at 50 

°C for 12 h. Equal portion of sodium bicarbonate and trimethylamine-sulfurtrioxide complex was 

added two more times at 12 h intervals. The solution was then desalted by P-2 spin column and 

the product was freeze-dried [30].  Tetrasaccharide 4 was prepared from tetrasaccharide 2 using 

the following protocol:  tetrasaccharide 2 sodium salt was converted to a pyridinium salt using a 

Dowex 50W cation exchange column (Sigma, St. Louis, MO). 200 µg of the pyridinium salt of 2 

was dissolved in 10 µL of dimethyl sulfoxide (Acros, Geel, Belgium) containing 5% methanol 

and incubated for 1.5h at 50 °C [31]. The desulfated product, 4, was then purified on a Bio-Rad 

P-2 spin column and freeze-dried. The products of the sulfation and desulfation reactions differ 

in mass from the starting materials, and they can be easily isolated from each other for the EDD 

experiments. The sulfation and desulfation reactions do not affect the stereochemistry of the 

hexuronic residue, and so the chirality of the products has the same purity as that of the reactants, 

which have been established to be pure by NMR analysis. 
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Mass Spectrometry Analysis 

 Experiments were performed with a 7 T Bruker Apex IV QeFTMS fitted with an Apollo 

II ESI source, a CO2 laser for IRMPD, and an indirectly heated hollow cathode for generating 

electrons for ECD and EDD.  The hollow cathode implementation with the InfinityTM cell has 

been previously described [27, 32].  Solutions of tetrasaccharides 1, 2, and 3 were made at a 

concentration of 0.1 mg/mL in 50:50 methanol:H2O (Sigma, St. Louis, MO), tetrasaccharide 4 

was made at a concentration of 1.0 mg/mL.  All tetrasaccharides were ionized by nanospray 

using a pulled fused silica tip (model# FS360-75-15-D-5, New Objective, Woburn, MA).  The 

sample solutions were infused at a rate of 10 µL/hour.  All tetrasaccharides were examined in 

negative ion mode. 

For the EDD experiments, precursor ions were isolated in the external quadrupole and 

accumulated for 1–2 seconds before injection into the FTMS cell.  The isolation/cell fill was 

repeated up to 6 times.  The selection of the precursor ion was further refined by using in-cell 

isolation with a coherent harmonic excitation frequency (CHEF) event. The precursor ions were 

then irradiated with electrons for 1 second.  For electron irradiation the cathode bias was set to -

19 V, the ECD lens was set to -17.5 V±0.5 V, and the cathode heater was set to 5–6 V.  The 

electrons can potentially make multiple passes through the analyzer cell by reflection from the 

negative potential of the transfer ion optics and the hollow cathode, irradiating the sample at 

many different energies below the initial value of 19 eV.  However, it appears that the efficiency 

of the EDD process is highly sensitive to the energy of the electrons, as irradiation of GAG 

tetrasaccharides with electrons at initial energies higher or lower than 19 eV by even a few tenths 

of an eV results in significantly less fragmentation. 24 acquisitions were averaged per mass 

spectrum.  For each mass spectrum, 512k points were acquired, padded with one zero fill, and 
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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 [33].   

 

RESULTS AND DISCUSSION 

 EDD of epimers 1 and 2 produces the mass spectra shown in Figures 4.1a and 4.1b, 

respectively.  Glycosidic bond cleavage is the principal type of fragmentation that is observed, 

but cross-ring cleavage to produce A ions [33] is also significant.  During EDD, a radical site is 

produced by detachment of a carboxylate electron in preference to a sulfate electron, as ~1.2 eV 

less energy is required [28]. This is evident from the presence of a [M-2H-CO2]-• product and the 

absence of a [M-2H-SO3]-• product.  The abundance of fragmentation at the hexuronic acid near 

the reducing end of the tetrasaccharide suggests that the carboxyl group in this residue is a 

favored site for electron detachment. Many of the product ions observed in EDD of 1 are 

observed in the EDD of 2 (bond cleavage sites shown in insets, Figure 4.1), and can be used to 

establish the sites of modification [28].  On the other hand, there are a few peaks that are not 

common to the spectra of both epimers, for example, the 0,2A3 product ion (m/z 532.059), which 

is observed only in the EDD of 1, albeit at a relatively low abundance.  Closer examination of the 

EDD mass spectra above the precursor ion (m/z 397.047), Figures 4.2a and 4.2b, reveals a 

number of peaks specific to each epimer.  An odd-electron ion at m/z 573.062 is present in EDD 

of 1 and not in EDD of 2.  This product ion differs from the B3 fragment by the exact mass of a 

hydrogen atom, and is more intense than the B3 product ion in EDD of 1.  We have assigned this 

product as [B3-H]-•, which we denote as B3’.  The odd-electron ion at m/z 529.072 is present in 

EDD of 1 and not in EDD of 2 and differs from B3’ by the exact mass of CO2.  We have assigned  



 66

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 4.1.  EDD mass spectra of the [M-2H]2- precursor ion of HS epimers:  (a) GlcA-

containing tetrasaccharide 1; (b) IdoA containing tetrasaccharide 2.  EDD results in cleavage of 

every glycosidic bond and abundant cross-ring fragmentation without loss of the labile sulfate 

group, allowing structure determination of the tetrasaccharides.  Insets:  observed bond cleavages 

for the HS tetrasaccharides.   
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Figure 4.2.  Expansion of the m/z 450 – 800 region of Figure 4.1.  (a) EDD of 1, GlcA.  (b) EDD 

of 2, IdoA.  The ▼above the peak labels indicates product ions unique to each HS epimer.   
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this product as [B3-H-CO2]-•, which we denote as B3’-CO2.  The ion at m/z 590.065 differs from 

C3 by the exact mass of two hydrogens, and is assigned as [C3-2H]-, which we denote as C3”.  

This product ion is observed in both EDD spectra, but is significantly more intense than the C3 

product ion in the EDD spectrum of 2, while it is less abundant than the C3 fragment in the EDD 

spectrum of 1.  Likewise, the 3,5A3 product ion is present in both EDD of 1 and 2, but is 

significantly more intense in the EDD of 1, where it is one of the most abundant product ions in 

the mass spectrum.    

The differences in the observed product ions for the two epimers can be rationalized as 

arising from hydrogen rearrangement from C4 or the hydroxyl group on C3 of GlcA 

(tetrasaccharide 1) to the carboxy radical, versus rearrangement of a hydrogen atom from C3 or 

the C2 hydroxyl group to the carboxy radical for IdoA (tetrasaccharide 2), as proposed in 

Schemes 4.1 and 4.2 (see structure 1 for carbon atom nomenclature).  Hydrogen rearrangement 

from C3 or the C2 hydroxyl group to the GlcA carboxy radical is not expected to occur for 

tetrasaccharide 1, as no conformation of the sugar ring brings the carboxy radical into the 

vicinity of C3 or the C2 hydroxyl group.  Likewise, no conformation of tetrasaccharide 2 is 

expected to bring the IdoA carboxy radical close enough to the C3 hydroxyl group or C4 to 

permit H atom transfer.  Subsequent radical-initiated cleavage of these radicals produces 

different fragmentations that can distinguish IdoA from GlcA.   

The C3 oxy-radical or the C4 radical that results from the aforementioned hydrogen 

rearrangement for 1 can undergo α-cleavage to form the 0,2A3 product ion, as proposed in 

Schemes 4.3a and 4.4a.  The observed 0,2A3 fragment ion is even-electron, formed by a 

mechanism that includes a rearrangement of a hydrogen atom from the departing neutral 

fragment to the product ion.  H atom transfer to oxygen is often observed in the tandem mass 



 69

spectra of carbohydrates when a carbon-oxygen bond is broken, for example in the cleavage of 

glycosidic bonds to form B, C, Y, and Z type ions [33].  The 0,2A3 product ion is easily 

rationalized to result from α-cleavage of an oxy-radical located at C3 or a radical at C4, but not 

by α-cleavage from an oxy-radical located at C2 or a radical at C3.  As H atom transfer is 

expected to occur between the IdoA carboxy radical and the C2 hydroxyl group or C3, but not 

with the C3 hydroxyl group or C4, formation of the 0,2A3 product ion is not expected for epimer 

2.   
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Formation of an oxy-radical on C3 or a C4 radical may initiate a second fragmentation 

pathway (Schemes 4.3b and 4.4b), resulting in formation of the B3’ product ion.  Fragmentation 

via this pathway occurs with the transfer of a hydrogen atom from the B3’ product ion to the 

oxygen atom of the neutral fragment.  Similar to the formation of the 0,2A3 product ion, formation 

of the B3’ should occur only when the oxy-radical is on C3, and not when the oxy-radical is 

located at C2, or when the radical is located at C4 and not C3.  We find that B3’ is twice as 

abundant as B3 in the EDD spectrum of 1, but in the EDD spectrum of 2, the B3’ product 

abundance is only 12% of the abundance of the B3 product (see table of intensities in Appendix 

A.)  Some of this peak is the isotopic contribution of the adjacent peaks, and very little, if any, is 

from B3'.  Also consistent with this proposed radical mechanism is the observation that B3’ 

occurs only as a singly-charged ion, while B3 occurs as both a singly- and doubly-charged ion, 

i.e. only [B3-H]-• is observed, and not [B3-H]2-.  Also observed in the EDD spectrum of 1 and not 

in the EDD spectrum of 2 is the B3’-CO2 ion, which may arise from the B3’ product ion as 
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proposed in Schemes 4.3b and 4.4b.  We do not believe that this product arises from the [M-2H-

CO2]-• ion, as this species has lost its chirality at C5, and so were the B3’-CO2 to arise from [M-

2H-CO2]-• it would be expected to appear in the EDD spectra for both epimers 1 and 2.  Similar 

to B3’, the B3’-CO2 product ion is observed only as a singly-charged ion, consistent with our 

proposed radical mechanism. 
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Scheme 4.4 

 

For IdoA (tetrasaccharide 2), hydrogen transfer to form an oxy-radical at C2 or a radical 

at C3 can lead to the formation of the C3” product ion by α-cleavage as proposed in Schemes 4.5 

and 4.6, respectively.  If the oxy-radical were located at C3 or the radical at C4, there would be 

no simple route to form the C3” product.  Since this product is observed in the EDD spectrum of 

1, albeit at a much lower abundance than in the EDD spectrum of 2, it may also be produced by 

an additional, secondary fragmentation mechanism.  An alternative possibility is that the small 

amount of C3” product in the EDD of 1 results from hydrogen atom transfer between the oxygen 
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atoms on C2 and C3, as proposed in Scheme 4.1.  This H atom transfer is expected to be slow 

due to the unfavorable conformation of the sugar ring that would be necessary to align these 

groups sufficiently to allow this rearrangement to occur.  The differences in the abundances of 

the diagnostic product ions for GlcA versus IdoA suggest that hydrogen transfer between the 

oxygens of C2 and C3, if it occurs at all, is slow compared to cross-ring and glycosidic 

fragmentations.     
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Scheme 4.6 
 

 

 Similar to C3”, the 3,5A3 product ion is observed in both the EDD of 1 and 2, but is 

significantly more intense in 1.  This product ion may result from α-cleavage of an oxy-radical 

located at C3 as proposed in Scheme 4.7 or a radical at C4 as proposed in Scheme 4.8, but not by 

α-cleavage from an oxy-radical located at C2 or a radical at C3.  The occurrence of the 3,5A3 

product at reduced ion intensity in the EDD of 2 can be rationalized as resulting from slow H 

atom transfer from the C3 hydroxyl group to the oxy-radical on C2 or production of this product 

via a second fragmentation mechanism.   
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A second set of epimers, 3 and 4, were analyzed by EDD (Figure 4.3a and 4.3b, respectively) to 

test these hypothesized fragmentation mechanisms.  The epimers 3 and 4 differ from 1 and 2 by 

absence of N-sulfation on the glucosamine residue adjacent to the non-reducing end.  Many of 

the same product ions observed for 1 and 2 are observed for 3 and 4.  Consistent with the 

observations for 1 and 2, the 0,2A3, B3’, and B3’-CO2 product ions are observed only in EDD of 3, 

the GlcA epimer, and not in EDD of the IdoA epimer, 4.  Also, B3’ is more abundant than the B3 

product ion in 3 and the C3” product ion is higher in abundance in the EDD spectrum of 4 versus 

3.  However, there are few differences between the EDD mass spectra of the two epimer pairs.  

For example, the C3” product is less abundant than the C3 product in the EDD spectrum of 4, the 

IdoA epimer, while it was more abundant than C3 for the IdoA epimer, 2.  C3” was observed in 

the EDD spectra of both epimers 1 and 2 (and is more abundant for the IdoA epimer 2 than for 

the GlcA epimer 1), but for the other epimer pair this product is observed only in the EDD 

spectrum of the IdoA epimer 4.  Since the C3” product ion can distinguish IdoA from GlcA only 

by being more abundant in the former, it is useful only if one can directly compare EDD mass 

spectra of both epimers.  Differences in the 3,5A3 product ion abundance in 1 and 2 were 

attributed to the preference of GlcA forming a C3 oxy-radical or a C4 carbon radical.  However, 

the abundance of the 3,5A3 product ion is the same for epimers 3 and 4, indicating that 3,5A3 is not 

diagnostic of IdoA versus GlcA for these nonsulfated tetrasaccharides.  Nevertheless, the EDD 

spectra of tetrasaccharides 3 and 4 exhibit key diagnostic ions (0,2A3, B3’, and B3’-CO2) that 

allow GlcA to be distinguished from IdoA.  These diagnostic product ions, and their observed 

relative intensities, are listed in Table 4.1 for each epimer pair. 
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Figure 4.3.  EDD mass spectra of the [M-2H]2- precursor ion of HS epimers expanded to show 

the region m/z 375 – 725:  (a) GlcA containing tetrasaccharide 3; (b) IdoA containing 

tetrasaccharide 4.  The ▼above the peak labels indicates product ions unique to each HS epimer.  

Insets:  observed bond cleavages for the HS tetrasaccharides. 
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Table 4.1.  Diagnostic product ions and their relative ion intensities.  The relative ion intensities 
are reported with respect to the most intense product ion, C2.  NO =  not observed. 
 

 0,2A3 B3' B3'-CO2 C3" 3,5A3 
Tetrasaccharide 1 0.0516 0.1553 0.0991 0.1187 0.6050 
Tetrasaccharide 2 NO 0.0117 0.0087 0.3570 0.0896 
Tetrasaccharide 3 0.227 0.1767 0.3937 0.0274 0.0825 
Tetrasaccharide 4 NO 0.0161 0.0232 0.1039 0.0742 

 

 

CONCLUSIONS 

 EDD produces a radical anion which can undergo radical-driven fragmentation processes 

that are very different from the fragmentation of even electron anions that are formed by 

electrospray ionization.  We have demonstrated the utility of EDD for distinguishing GlcA 

versus IdoA in GAG tetrasaccharides.  The diagnostic ions for GlcA are the 0,2A3, B3’, and B3’-

CO2 product ions.  IdoA can be distinguished by the absence of these ions in the EDD mass 

spectrum.  To a lesser extent, the abundance of the C3” product ion can be used to determine C5 

stereochemistry.  All of the diagnostic product ions can be rationalized as arising from a 

proposed radical species whose subsequent fragmentation is influenced by C5 stereochemistry.  

Consistent with the proposed radical mechanisms, these diagnostic ions are not observed by 

CAD or IRMPD of these GAG tetrasaccharides (data not shown). The EDD mass spectra are 

highly reproducible, even for acquisitions taken several months apart (see Appendix A), and so 

the ions that distinguish the epimers from each other have good diagnostic value.  Of course, the 

proposed mechanisms are hypothetical at this point.  Validation of these mechanisms will require 

considerable more effort, for example with isotope labeling experiments.  Since it is possible for 

GAGs to contain a higher degree of sulfation than for the tetrasaccharides studied here, future 
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work will examine the influence of the degree of sulfation on the capability to distinguish 

GlcA/IdoA epimers by EDD. 
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ABSTRACT 

 The structural characterization of glycosaminoglycans (GAG) oligosaccharides has been 

a longstanding challenge in the field of mass spectrometry.  In this work, we present the 

application of electron detachment dissociation (EDD) Fourier transform mass spectrometry to 

the analysis of dermatan sulfate (DS) oligosaccharides up to 10 residues in length.  The EDD 

mass spectra of DS oligosaccharides were compared to their infrared multiphoton dissociation 

(IRMPD) mass spectra.  EDD produces more abundant fragmentation than IRMPD with far less 

loss of SO3 from labile sulfate modifications.  EDD cleaves all glycosidic bonds, yielding both 

conventional glycosidic bond fragmentation as well as satellite peaks resulting from the 

additional loss of 1 or 2 hydrogen atoms.  EDD also yields more cross-ring fragmentation than 

IRMPD.  For EDD, abundant cross-ring fragmentation in the form of A- and X-ions is observed, 

with 1,5Xn cleavages occurring for all IdoA residues and many of the GalNAc4S residues, except 

at the reducing and nonreducing ends.  In contrast, IRMPD produces only A-type cross-ring 

fragmentation for long oligosaccharides (dp6 – dp10).  As all the structurally informative 

fragment ions observed by IRMPD appear as a subset of the peaks found in the EDD mass 

spectrum, EDD shows great potential for the characterization of GAG oligosaccharides using a 

single tandem mass spectrometry experiment.   
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INTRODUCTION 

 Glycosaminoglycans (GAGs) are linear polysaccharides that comprise the carbohydrate 

portion of many proteoglycans and are found in a variety of organisms ranging from bacteria to 

humans [1].  GAGs participate in a number of important biological activities, such as binding 

growth factors and chemokines [2,3], inhibiting proteolysis [4], affecting angiogenesis [5], and 

acting as signaling molecules in response to cellular damage [6].  GAGs also play an important 

role in pathogenic infections [7-9], and have been shown to undergo alteration in certain types of 

cancer [10].  GAGs are assigned to one of four classes: heparin and heparan sulfate (HS), 

dermatan sulfate (DS) and chondroitin sulfate (CS), hylauronic acid, and keratan sulfate (KS) 

[11].  With the exception of KS, GAGs are composed of alternating uronic acid and hexosamine 

residues with variable degrees of sulfation and N-acetylation. KS is composed of a hexose-

hexosamine disaccharide repeat.  There is significant interest in determining the pattern of 

sulfation, N-acetylation of basic residues, and C5 epimerization of the acidic residues, as these 

modifications are believed to determine the biological activity of the GAG chain.  1D and 2D 

NMR have been used to determine the type and location of GAG modification [12], as well as 

the stereochemistry of C5 on hexuronic acid, but NMR analysis requires milligram quantities of 

a high purity sample.  As GAGs must be isolated from natural sources, they are often available 

only in low quantity and purity, and there is considerable interest in the development of more 

sensitive methods for structural analysis of GAGs. 

Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) are viable alternatives 

for the structural analysis of GAGs as they require small quantities of sample and can be used to 

examine complex mixtures.  Progress in the development of MS methods of GAG analysis has 

been slow compared to protein analysis due to the anionic nature of GAGs and the lability of 
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sulfate as a carbohydrate modification.  Electrospray ionization (ESI) [13] and matrix assisted 

laser desorption ionization (MALDI) [14-17] have been used to ionize sulfated GAGs in intact 

form.  However, MS/MS of sulfated GAGs often leads to loss of SO3, obscuring the position of 

modification.  A number of tandem mass spectrometry approaches have been developed to 

overcome these problems.  Zaia and Costello have shown that SO3 loss can be minimized and 

glycosidic bond cleavages maximized by increasing the charge state of an ion so that the number 

of charges on the molecule is equal to the number of sulfates [18].  Their work also demonstrated 

that the addition of divalent calcium to sulfated GAGs decreased SO3 loss during MS/MS.  Saad 

and Leary [19] demonstrated that a mixture of heparin/HS disaccharides can be characterized 

using ESI with tandem mass spectrometry to distinguish isobaric disaccharides.  Using this 

method, the authors were able to determine the disaccharide composition of biological samples 

using only mass spectrometry.  Short lengths of GAGs can be analyzed by a combination of 

enzymatic digestion, tandem mass spectrometry (MS2 and MS3), and database searching [20].  

While this approach can determine the pattern of modification (i.e. sulfation and acetylation), 

enzymatic digestion results in the formation of disaccharides containing C4 – C5 unsaturated 

uronic acid (∆UA) at the non-reducing end (NRE), thereby converting glucuronic acid (GlcA) 

and iduronic acid (IdoA) into a single product (∆UA) that eliminates chirality at C5 [21].  As the 

epimeric state of the hexuronic acid residues is thought to influence biological activity, it is 

important to be able to analyze GAG oligosaccharides which contain internal hexuronic acid 

residues that retain their chirality.  Although tandem mass spectrometry is typically insensitive to 

stereochemistry, MS/MS of a series of isobaric CS samples has been shown to distinguish IdoA 

from GlcA as well as distinguish 4S- from 6S- sulfation based on the relative abundance of 

specific product ions [22].   
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We have recently reported the utility of electron detachment dissociation (EDD) [23-27] 

for the analysis of GAG HS tetrasaccharides [28,29].  EDD produces a radical anion, which 

undergoes more extensive fragmentation than that produced from activation of even electron ions 

by low energy or threshold dissociation methods. For HS tetrasaccharides, EDD produces both 

glycosidic bond and cross-ring fragmentation, revealing the sites of sulfation and acetylation, 

while minimizing SO3 loss.  More recently, we demonstrated that EDD can distinguish the 

epimers IdoA from GlcA in HS tetrasaccharides [29].  While application of EDD to the 

characterization of HS tetrasaccharides appears very promising, the extension of this 

fragmentation technique to longer oligosaccharides remains an important goal.  Many protein 

binding sites on GAGs are 3-9 disaccharides in length, and GAG binding sites up to 15 

disaccharides in length have been reported [30-35].  Here we demonstrate the applicability of 

EDD to the structural analysis of DS oligosaccharides up to 10 saccharides in length.   

 

MATERIALS AND METHODS 

Preparation of DS Oligosaccharides 

Dermatan sulfate (DS) oligosaccharides were prepared by partial enzymatic 

depolymerization of porcine intestinal mucosa dermatan sulfate (Celsus Laboratories, Cincinnati, 

OH). A 20 mg/mL dermatan sulfate solution in 50 mM Tris-HCl/60 mM sodium acetate buffer, 

pH 8 was incubated at 37°C with chondroitin ABC lyase from Proteus vulgaris, EC 4.2.2.4. 

(Seikagaku, Japan).  After the absorbance at 232 nm indicated the digestion was 50% completed, 

the digestion mixture was heated at 100°C for 3 min.  High-molecular-weight oligosaccharides 

and the enzyme were removed by ultra-filtration using a 5000 MWCO membrane.  The resulting 

oligosaccharide mixture was concentrated by rotary evaporation and fractionated by low pressure 
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GPC on a Bio-Gel P10 (Bio-Rad, Richmond, CA) column. Fractions containing tetra- to 

decasaccharides (dp4 – dp10, structures 1 - 4) were desalted by GPC on a Bio-Gel P2 column 

and freeze-dried [36]. Further purification of compounds 1 – 4  were carried out using strong 

anion exchange high-pressure liquid chromatography (SAX-HPLC) on a semi-preparative SAX 

S5 Spherisorb column (Waters Corp, Milford, MA). The SAX-HPLC fractions containing > 90% 

of 1 – 4 were collected, desalted by GPC, and freeze-dried. The solid was reconstituted in water 

and purified a second time by SAX-HPLC. Only the top 30% of the chromatographic peak was 

collected, desalted, and freeze-dried. Concentration of the oligosaccharide solutions was 

determined by measuring the absorbance at 232 nm (ε = 3800 M-1cm-1). The resulting fractions 

containing individual DS oligosaccharides, structures 1, 2, 3, and 4, were characterized by 

PAGE, ESI-MS, and high-field nuclear magnetic resonance (NMR) spectroscopy.  
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generating electrons for ECD and EDD.  Solutions of each oligosaccharide were introduced at a 

concentration of 0.1 – 0.2 mg/mL in 50:50:0.1 methanol:H2O:NH3 (Sigma, St. Louis, MO) and 

ionized by nanospray using a pulled fused silica tip (model# FS360-75-15-D-20, New Objective, 

Woburn, MA).  The sample solutions were infused at a rate of 10 µL/hour.  All DS 

oligosaccharides, 1 – 4, were examined in negative ion mode.   

For the EDD experiments, precursor ions were isolated in the external quadrupole and 

accumulated for 1–2 seconds before injection into the FTMS cell.  The isolation/cell fill was 

repeated up to 6 times.  The selection of the precursor ion was further refined by using in-cell 

isolation with a coherent harmonic excitation frequency (CHEF) event [37]. The precursor ions 

were then irradiated with electrons for 1 second.  For electron irradiation the cathode bias was set 

to -19 V, the extraction lens was set to -17.5 V±0.5 V, and the cathode heater was set to 1.6 A.  

24 acquisitions were signal averaged per mass spectrum.  For each mass spectrum, 512K 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. IRMPD spectra were acquired using the same 

experimental setup as EDD, but replacing the electron irradiation event with a laser pulse.  For 

IRMPD, ions were irradiated for 0.01 – 0.2 seconds beam attenuation set to pass from 40 – 60% 

of full power.  External calibration of IRMPD and EDD mass spectra produced mass accuracy of 

5 ppm. Internal calibration was also performed using confidently assigned glycosidic bond 

cleavage products as internal calibrants, providing mass accuracy of <1 ppm. Due to the larger 

number of low intensity products formed by EDD, only peaks with S/N > 10 are reported (see 

Appendix B).  Product ions were assigned using accurate mass measurement.  All EDD products 

are reported using the Domon and Costello nomenclature [38]. 
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18O Labeling 

 18O labeling of the anomeric carbon of the reducing end was performed by dissolving 2 

nmol of the DS oligosaccharide into 10 µL of H2
18O (Cambridge Isotope Labs, Andover, MA).  

The solution was heated overnight at 60°C.  Prior to mass spectrometry analysis, 10 µL of 

methanol was added to the H2
18O oligosaccharide solution before infusion into the mass 

spectrometer [39].   

 

RESULTS AND DISCUSSION 

EDD of DS Tetrasaccharide (dp4) 

 EDD of the [M-2H]2- of DS dp4, 1, by irradiation with 19 eV electrons produces the mass 

spectrum shown in Figure 5.1A, while IRMPD of the [M-2H]2- ion of 1 produces the mass 

spectrum shown in Figure 5.1B.  EDD of 1 produces similar glycosidic bond cleavages to those 

observed in the IRMPD spectrum. However, more abundant cross-ring cleavages and less SO3 

loss are observed in EDD of 1 (insets, Figures 1A and 1B) compared to those produced by 

IRMPD.  As observed with HS tetrasaccharides, the majority of cross-ring fragmentation 

resulting from EDD occurs in the residue bearing a carboxyl group, IdoA.  As suggested 

previously, carboxylate readily undergoes electron detachment [28], and it seems reasonable that 

this group will become a radical site that will direct fragmentation to that residue.   

The EDD mass spectrum of 1 contains predominantly singly-charged product ions and 

three doubly-charged product ions, Y3
2-, 0,2X3

2-, and [M-2H-H2O]2-.  As described previously 

[28], the doubly-charged products show that some of the observed product ions result from 

activation of the precursor ion without electron detachment.  These doubly-charged product ions 

result from fragmentation near the NRE of 1 and are also observed in the IRMPD mass spectrum  
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Figure 5.1.  MS/MS of [M-2H]2- precursor ion DS dp4, 1, with (A) EDD and (B) IRMPD.  

Insets; product ions observed by the fragmentation methods. The charge reduced species in the 

EDD mass spectrum is indicated with a ▼over the peak label.   
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of 1, Figure 5.1B.  For this tetrasaccharide, cleavage of all glycosidic bonds is observed both by 

IRMPD and by EDD, except for the Z3 glycosidic bond cleavage, which is observed only with 

loss of SO3, forming singly-charged, even-electron product ions Z3-SO3 and Z3"-SO3 in the EDD 

mass spectrum of 1.  The C2 and Z2 glycosidic bond cleavages, if present, cannot be assigned as 

they overlap in mass-to-charge with the precursor ion.  Cross-ring cleavages are observed both 

by EDD and IRMPD.  However, IRMPD appears to produce fewer cross-ring fragments, and to 

favor the formation of A-type cross-ring fragments over X-type cross-ring fragments.  The EDD 

mass spectrum shows considerably more cross-ring fragmentation, and X-ions are far more 

abundant than A-ions.  It is important to note that all of the cross-ring fragments found by 

IRMPD also appear in the EDD spectrum.   

Numerous odd-electron product ions are observed in the EDD mass spectrum of 1.  The 

charge reduced species [M-2H]-• is observed at m/z 916.125, albeit at low intensity, as well as the 

odd-electron product [M-2H-SO3]-•.  Since sulfuric acid is more ionized than a carboxylic acid in 

solution, and since ESI is thought to preserve the ionized state of species as they move from 

solution to the gas phase, the doubly-charged anion of 1 is expected to carry each of its charges 

at a sulfate group.  As the radical site formation is proposed to initially occur at a site of charge, 

EDD is expected to form a sulfate radical, which can readily undergo loss of SO3, consistent with 

the observation of the [M-2H-SO3]-• ion.  However, the preponderance of cleavage on the ring 

with the carboxyl groups, IdoA, suggests the presence of a radical site on the uronic acid residue, 

even though it bears no sulfate.  These data suggest radical site migration to the carboxyl group, 

most likely by hydrogen atom rearrangement.  Alternatively, it is possible that the carboxyl 

group is a site of ionization in the doubly-charged precursor ion of 1, perhaps the result of proton 

migration.  Detachment of an electron from a carboxylate anion is thermodynamically favorable, 
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as it requires ~1 eV less energy than detachment of an electron from a sulfate anion, as noted 

previously [28].  Another explanation for the abundance of IdoA fragmentation is that EDD 

produces a hole in a molecular orbital, and that the hole migrates until it recombines with an 

electron in IdoA [24].   

Another odd-electron ion of interest is the peak at m/z 898.116, which differs from the 

charge-reduced species, [M-2H]-•, by the exact mass of H2O, and which is assigned as [M-2H-

H2O]-•.  This product is unusual as H2O loss from the charge-reduced species has not been 

observed previously in the EDD mass spectra of GAGs [28,29].  It is unlikely that this is a 

secondary product ion resulting from the detachment of an electron from the [M-2H-H2O]2- 

product ion, given the low abundance of the [M-2H-H2O]2- product ion and the low efficiency of 

EDD fragmentation.   

The peak at m/z 800.111, assigned as the odd-electron product 0,2X3, is unusual in that it 

is observed as both a singly-charged odd-electron product ion (m/z 800.111-•) and a doubly-

charged even-electron product ion (m/z 400.0552-).  The 0,2X3 product ion is isobaric with the 

2,5A4 product ion, and to distinguish these we have performed 18O-labeling of the hydroxyl group 

at the anomeric position of the reducing end (RE).  EDD of the 18O-labeled 1 (data not shown) 

caused both the singly- and doubly-charged ions to shift +2 amu, confirming that the products 

contain the reducing end of the GAG chain, consistent with the assignment of these as 0,2X3 ions. 

The peak at m/z 720.153 differs from the odd-electron 0,2X3 product by the exact mass of SO3, 

and is assigned as the odd-electron product 0,2X3-SO3
-•.   

The 18O-labeling of the reducing end of 1 allowed us to confirm the assignments of all the 

product ions.  Those assigned as A, B, or C ions were found to undergo no mass shift upon 

labeling, while those assigned as X, Y, or Z all undergo a +2 amu shift.  One exception is the 
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peak at m/z 782.100 which differs from the 0,2X3 fragment by the exact mass of H2O.  18O 

labeling was used to determine if this product was in fact the result of water loss from the 0,2X3 

cleavage.  The peak at m/z 782.100 did not shift +2 amu, indicating that this product either does 

not contain the reducing end (i.e. may not be an X-type ion), or that the resulting H2O loss 

removed the 18O from the reducing end.  Also, the product at m/z 702.143 differs from the peak 

at m/z 782.100 by the exact mass of SO3, suggesting a composition of [0,2X3-H2O-SO3]-•.  The 

peak at m/z 702.143 also did not shift +2 amu with 18O-labeling, suggesting that either this 

product does not contain the reducing end, or that H2O loss removed the 18O from the reducing 

end, resulting in a [0,2X3-H2
18O-SO3]-• product ion.  We are unable to assign these two product 

ions to any NRE fragmentation (i.e. A-type cleavage) or any internal fragment ion.   

In our prior work on HS tetrasaccharides, all products that result from IRMPD or CAD of 

sulfated GAGs are observed in the EDD mass spectrum.  This is generally true for DS GAGs as 

well.  The only product ions observed in IRMPD that are not observed in EDD are a small 

number that result from SO3 loss accompanying other fragmentation.  In fact, very little SO3 loss 

is observed in the EDD mass spectrum of 1.  Aside from the [M-2H-SO3]-• species, only one 

significant peak is observed to result from SO3 loss, namely 0,2X3-SO3, which has the same 

abundance as the 0,2X3 ion.  A few low abundance product ions are found to result from SO3 loss 

(Z3-SO3, Y3-SO3, and their -2H counterparts), and no products are observed with loss of two SO3 

molecules.  The only product ion observed solely with SO3 loss is the [Z3-SO3]- product.  

Compared to IRMPD of 1, far less SO3 loss is observed by EDD fragmentation (Figure 5.1).   

EDD of 1 results in numerous glycosidic bond cleavages that are accompanied by the loss 

of 1 or 2 H atoms (Figure 5.1).  These satellite peaks are not observed in the IRMPD mass 

spectrum of 1, suggesting that they arise from a radical site induced hydrogen rearrangement.  
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Similar to EDD fragmentation previously observed in HS tetrasaccharides [28,29], the B3 

glycosidic bond cleavage is accompanied by a B3-H product (labeled B3'), and the C3 glycosidic 

bond cleavage is accompanied by a C3-2H product (labeled C3").    

Previous studies of the EDD of HS tetrasaccharides found the formation of the 0,2A3 

product occurred only for cross-ring cleavage of GlcA and not IdoA, and only by EDD, and not 

by IRMPD or CAD [29].  The preference for the formation of 0,2A3 from GlcA versus IdoA was 

proposed to result from a radical mechanism involving an H atom rearrangement.  Unlike HS 

tetrasaccharides, IRMPD of the DS tetrasaccharide 1 produces the 0,2A3 product ion.  The 

mechanism of its formation is clearly different from EDD of HS tetrasaccharides as the 0,2A3 ion 

for 1 is produced from an even-electron ion.  Furthermore, the ring undergoing fragmentation is 

IdoA, which does not produce 0,2A3 in EDD or IRMPD of HS.  Given its formation from an 

even-electron precursor, the 0,2A3 fragment in the EDD spectrum is not expected to distinguish 

GlcA from IdoA in DS oligosaccharides.   

In order to present a complete picture of the observed fragmentation, we propose an 

annotation scheme that can distinguish hydrogen transfer and SO3 loss in addition to the standard 

A, B, C, X, Y, and Z fragmentations.  The EDD and IRMPD products for 1 (insets, Figures 1A 

and 1B) are combined in this new fragmentation annotation scheme, shown in Figure 5.2.  This 

scheme distinguishes products observed by IRMPD from those formed by EDD and can display 

additional hydrogen and SO3 loss.  This scheme is particularly useful for examining the large 

number of fragment ions that are found in the mass spectra of longer oligosaccharides, as shown 

below.     
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Figure 5.2.  EDD and IRMPD fragmentation of the [M-2H]2- precursor ion of 1 combined and 

displayed using the new fragmentation notation.   
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EDD of DS dp6, dp8, and dp10 

EDD of the [M-3H]3- of DS dp6, 2, produces the mass spectrum shown in Figure 5.3.  

The products observed in the IRMPD mass spectrum of the [M-3H]3- precursor ion of 2  (peak 

list and intensities in Appendix B) are compared to the observed EDD products in the annotated 

structure shown in Figure 5.2, inset.  EDD of the [M-4H]4- precursor ion of DS dp8, 3, and the 

[M-5H]5- precursor ion of DS dp4, 4, produces the mass spectra shown in Figures 5.4 and 5.5, 

respectively.  Due to the complexity of the EDD mass spectra of 3 and 4, the mass scale is 

divided into three different m/z ranges.  Products observed in the IRMPD of [M-4H]4- precursor 

ion of 3 (peak list and intensities in Appendix B) are compared to the observed EDD products of 

3 in the annotated structure shown in the inset of Figure 5.4C, inset, while the structure in the 

inset of Figure 5.6 compares products of IRMPD (peak list and intensities in Appendix B) and 

EDD for the [M-5H]5- precursor ion of 4.   

Although the charge reduced species [M-3H]2-• is not observed in the EDD spectrum of 2, 

the charge reduced species minus SO3, [M-3H-SO3]2-• is observed.  For EDD of 3 and 4, both the 

charge reduced species (labeled with a ▼ over the peak) and the charge reduced species minus 

SO3 are observed.  EDD produces more extensive fragmentation than IRMPD for 2, 3, and 4, as 

can be seen in the annotated structures shown as insets to Figures 3, 4, and 5, respectively.  For 2 

and 3, the small number of products that are observed only in the IRMPD mass spectra but are 

not observed by EDD are those that result from SO3 loss.  For 4, all products observed in the 

IRMPD spectrum are observed in the EDD spectrum.   

EDD of 2, 3, and 4 produces abundant cleavage of glycosidic bonds.  In contrast to 

IRMPD of these compounds, EDD cleaves all glycosidic bonds (Figures 3, 4, and 5, insets).  

Because of the symmetry of the oligosaccharides presented in this work, the even numbered Cn  
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Figure 5.3.  EDD mass spectrum of the [M-3H]3- precursor ion of 2.  Inset:  Observed product 

ions from the EDD and IRMPD MS/MS data of 2 combined and displayed using the modified 

fragmentation notation.  
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Figure 5.4.  EDD mass spectrum of the [M-4H]4- precursor ion of 3.  The EDD mass spectrum 

was divided into three different regions for publication.  (A) m/z 155-460, (B) m/z 455-650, and 

(C) m/z 645-1100.  Inset:  observed product ions from the EDD and IRMPD MS/MS data of 3 

combined and displayed using the modified fragmentation notation. The charge reduced species 

is indicated with a ▼over the peak label.   
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Figure 5.5.  EDD mass spectrum of the [M-5H]5- precursor ion of 4.  The EDD mass spectrum 

was divided into three different regions for publication.  (A) m/z 155-460, (B) m/z 455-650, and 

(C) m/z 645-1100.  The charge reduced species is indicated with a ▼over the peak label.   
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Figure 5.6. Observed product ions from the EDD and IRMPD MS/MS data of DS dp10, 4, 

combined and annotated using the scheme presented in Figure 5.2. 
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and Zn glycosidic bond cleavages are isobaric (e.g. C2/Z2, C4/Z4, etc.), and cannot be 

distinguished.  We are presently attempting to label the NRE or RE saccharide to allow the 

assignment of these ambiguous peaks.  For all the DS oligosaccharides presented in this work, 

the isobaric C2 and Z2 singly-charged products are not assigned as they overlap with the 

precursor ion.  However, for 2, the C2/Z2 glycosidic bond cleavages are observed as the even-

electron product C2/Z2-SO3 only in the IRMPD spectrum.  The even-electron product C2/Z2-SO3 

is observed in both the EDD and IRMPD mass spectra for 3 and 4. 

Some glycosidic bond cleavage products from IRMPD of 2, 3, and 4 are observed only 

with SO3 loss.  While SO3 loss accompanying glycosidic bond cleavage is observed in EDD of 2, 

3, and 4, these glycosidic bond cleavages are also observed without SO3 loss, facilitating the easy 

assignment of these peaks.  However, the Z5 glycosidic bond cleavage is observed in the EDD 

mass spectrum of 2 only as the doubly-charged even-electron Z5-SO3 and Z5"-SO3 product ions, 

similar to the Z3 fragmentation pattern for 1.  For 3 and 4, Zm-1 (m = degree of polymerization) is 

observed in addition to Zm-1-SO3.   

 

Hydrogen Rearrangement Accompanying Glycosidic Bond Cleavages 

 EDD of 1, 2, 3, and 4 (Figures 2-5, respectively) produces several glycosidic bond 

cleavages that are accompanied by the loss of 1 or 2 H atoms.  The annotation for these 

cleavages are represented with one or two hatch marks bisecting the fragment label on the 

molecule (see Figure 5.2 for annotation scheme), and we refer to these products as Bn' and Zn' 

indicating the loss of one additional hydrogen atom, and Cn", Z n", and Y n" indicating the loss of 

an additional two hydrogen atoms.  Brüll et al. have reported glycosidic bond cleavages with loss 

of 2 hydrogen atoms from CAD of native and permethylated oligosaccharides [40].  They found 
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that only C-type glycosidic cleavages undergo the loss of two hydrogen atoms, and the normal 

glycosidic bond cleavage products were not observed in the CAD spectrum.   

For the EDD work here, conventional glycosidic bond cleavage products are always 

present when any glycosidic bond cleavage is observed with additional hydrogen atom loss.  

Unlike products previously observed from EDD of HS tetrasaccharides [28,29], glycosidic bond 

cleavages with additional hydrogen loss are less intense than the accompanying glycosidic bond 

cleavage.  These hydrogen atom loss satellite peaks are not observed in the IRMPD mass spectra 

of the DS oligosaccharides, suggesting that these products arise through a radical fragmentation 

mechanism.  In the case of the loss of one additional hydrogen atom, the product ion is odd-

electron (Bn' and Zn'), strongly suggesting that the precursor ion was odd-electron.  The other 

unusual glycosidic products are even-electron (Cn", Zn", and Yn").   

 A number of the features of hydrogen atom loss are evident from the EDD mass spectra 

of all four compounds.  The Z1 and Y1 are always accompanied by Z1' and Y1".  Aside from Z1', 

the Bn cleavages are the only glycosidic cleavages observed with loss of a single hydrogen atom, 

Bn', that is, B-type glycosidic cleavages are not observed with loss of two hydrogen atoms.  Also, 

Y1, Y2, and Y4 are the only Y glycosidic cleavages observed with loss of 2 hydrogen atoms, Y1", 

Y2", and Y4", respectively.   

 

Cross-Ring Cleavages 

Cross-ring fragmentation from EDD of 2-4 occurs primarily within the IdoA residues 

rather than the GalNAc4S residues, similar to EDD of 1, and both A- and X-type cleavages are 

observed. Typically, only A-type cross-ring cleavages are observed in the CAD or IRMPD mass 

spectra of oligosaccharide even-electron ions.  For example, predominately A-type cross-ring 
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cleavages are observed in IRMPD of 2-4 (insets, Figures 3, 4, and 5).  In contrast, EDD of 2, 3, 

and 4 produces abundant A- and X-type cross-ring cleavages.   

0,2Xn and 1,5Xn (n = odd #) cleavages of IdoA residues are found in the EDD mass spectra, 

but are not observed in IRMPD of 2-4, suggesting fragmentation through a radical mechanism.  

Only 0,2X1 is observed in both the EDD and IRMPD mass spectra for 1-4, all other X-products 

are found only by EDD.  Except for the IdoA saccharide next to the RE, these product ions are 

also observed with SO3 loss.  The preference for IdoA to undergo 1,5Xn cleavage can be 

explained by the fragmentation mechanisms proposed in Schemes 5.1A and 5.1B.  A radical site 

located at the carboxylic acid group on IdoA, formed from either the initial electron detachment 

or hydrogen rearrangement, may undergo a hydrogen atom rearrangement to create a C2 O• 

radical (Scheme 5.1A) or a delocalization-stabilized C3• radical (Scheme 5.1B).  Either of these 

radical products can fragment to form 1,5Xn from IdoA.  These hydrogen rearrangement 

fragmentation mechanisms have been proposed to explain the products observed from 

fragmentation of the hexuronic acid residues in GAG tetrasaccharides [28].  1,5Xn-type 

fragmentation is not predicted to occur for the ∆UA on the NRE through this proposed 

mechanism as the double bond restricts the conformational change necessary to bring the 

carboxyl radical into the proximity of the C2 OH or C3 hydrogen for hydrogen atom transfer.  

Cross-ring cleavage of the NRE residue of 2, 3, and 4 is similar to that observed in EDD 

of 1.  The 0,2Xm-1 (m = degree of polymerization) cleavage is observed as both an even-electron 

product with same charge as the precursor ion, and an odd-electron product ion with one less 

charge than the precursor ion.  The odd-electron product is also accompanied by the loss of SO3, 

forming the odd-electron 0,2Xm-1-SO3 product ion.   
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Scheme 5.1 

 

1,5Xn (n = even #) cleavages are also observed for many of the GalNAc4S residues for 1-

4, except for the RE GalNAc4S.  While 1,5X0 cleavage may occur on the RE, the resulting 

product ion is outside the m/z detection range.  The preference for GalNAc4S to form the 1,5Xn 

cleavage can be rationalized by the mechanisms proposed in Schemes 2A and 2B.  A radical site 

located at the sulfate group on GalNAc4S undergoes hydrogen atom rearrangement to create a 

C6• (Scheme 5.2A), or loses SO3 and then undergoes hydrogen atom rearrangement to create a 

C6• (Scheme 5.2B).   The C6• species can undergo facile decomposition to form the 1,5Xn 

product. 
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EDD of 1, 2, and 3 does not produce cross-ring cleavage within the reducing end residue, 

GalNAc4S.  This is in contrast to our previous results obtained with HS tetrasaccharides, for 

which cross-ring products were observed for the reducing end sugar [28].  For EDD of the HS 

tetrasaccharides, products from cleavage of the reducing end were typically observed in the 

IRMPD mass spectra, suggesting formation of these products through a non-radical pathway.  As 

no products from the cleavage of the reducing end are observed in EDD or IRMPD spectra, these 

data suggest that the reducing end is more stable toward fragmentation for DS oligosaccharides 
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than for HS oligosaccharides, perhaps as a result of the β1-3 linkage as opposed to β1-4 linkage 

of the amino sugar.   

  

Product Ion SO3 Loss 

 Sulfate is labile under most CAD or IRMPD conditions and readily undergoes the 

cleavage of the half-ester bond, resulting in the loss of SO3.  The extent of SO3 loss is lower in 

EDD than in IRMPD of 1 - 4.  Generally, EDD product ions that exhibit SO3 loss are 

accompanied by the related fragments that have retained SO3.  Such product ion pairs are easy to 

identify as they differ by 79.957 u.  For 2 and 3, the only products that are exclusive to the 

IRMPD mass spectra result from SO3 loss (shown in blue in the annotation scheme).  All 

products observed by IRMPD of 4 are observed for EDD of 4. For EDD of 1 and 2, SO3 loss 

from the precursor ion is not observed.   For EDD of 3 and 4, SO3 loss from the precursor ion is 

observed as [M-4H-SO3]4- and [M-5H-SO3]5-, respectively.  The charge reduced species minus 

SO3 (e.g. [M-3H-SO3]2-• for 2, [M-4H-SO3]3-• for 3) is observed in the EDD spectra of all four 

DS oligosaccharides studied here.   

While several bond cleavages are observed to occur both with and without SO3 loss, no 

products are observed with loss of two or more equivalents of SO3.  For EDD of 2, 3, and 4 

(Figures 3, 4, and 5, respectively), the extent of SO3 loss is related to the amount of charge 

relative to the number of sulfate modifications on the product ion.  Our results indicate that if the 

charge of the product ion is equal to the number of sulfates, no SO3 loss is observed.  If the 

charge of the product ion is less than the number of sulfates, the product ion is typically observed 

with and without SO3 loss.  For example, in EDD of 2 (Figure 5.3), the singly-charged peak at 

m/z 899.117 has been assigned as a B4 glycosidic cleavage, and contains two sulfate groups.   
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The singly-charged peak at m/z 819.160 differs from the B4 product by the exact mass of SO3, 

and has been assigned as B4-SO3.  The doubly-charged peak at m/z 440.056 has also been 

assigned as a B4 product.  However, no product ion is present that differs from the doubly-

charged B4 product by the exact mass of SO3.  The relationship of charge state to SO3 loss has 

been previously observed by Zaia and coworkers for heparin-like molecules [18].  During CAD, 

SO3 loss can be minimized and glycosidic cleavages maximized if the number of charges on the 

GAG precursor is equal to the number of sulfate groups, suggesting that protonated form of 

sulfate is unstable toward SO3 loss.  The exception to this observation can be found in the EDD 

mass spectrum of 2, in which the [Z5-SO3]2- product has no corresponding Z5 fragment.  Also, 

for EDD of 3 and 4, the singly-charged B3 and C3 products, which contain one sulfate, and are 

accompanied by peaks corresponding to B3-SO3 and C3-SO3.  These products with SO3 loss are 

also observed in the IRMPD spectra of these compounds, and are therefore expected in the EDD 

spectra.   

 

CONCLUSIONS  

 EDD of GAG oligosaccharides produces more glycosidic and cross-ring cleavages than 

are observed by IRMPD.  EDD produces predominately even-electron product ions; although 

some odd-electron product ions are also observed.  While the EDD products are low intensity 

relative to IRMPD products, the large number of glycosidic cleavages permits the determination 

of the degree of sulfation for each residue, while cross-ring fragmentation can locate the site of 

sulfation within each residue.   Cross-ring cleavages occur predominately on IdoA saccharides.  

1,5Xn cleavages are observed for most residues except the NRE and RE, and are observed for all 

IdoA residues.  The preference for cross-ring fragmentation of the IdoA residue suggests a 
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radical site on the IdoA residue, either formed initially by EDD, or by hydrogen atom transfer.  

Also, the stability of the GalNAc4S, evidenced by the small number of observed cross-ring 

products of GalNAc4S residues may result from the linkage location at C3 instead of C4.  EDD 

produces far fewer product ions observed only with SO3 loss compared to IRMPD.  For longer 

oligosaccharides, many EDD products are observed with SO3 loss.  Where SO3 loss does occur, 

fragment pairs separated by the exact mass of SO3 generally occur, facilitating the assignment of 

these peaks.  Overall, the large degree of fragmentation from EDD permits the analysis of 

sulfated GAG oligosaccharides through a single MS/MS experiment.   
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CHAPTER 6 

 

INFLUENCE OF CHARGE STATE AND SODIUM CATIONIZATION ON THE 

ELECTRON DETACHMENT DISSOCIATION AND INFRARED MULTIPHOTON 

DISSOCIATION OF GLYCOSAMINOGLYCAN OLIGOSACCHARIDES* 
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*Reproduced with permission from Wolff, J.J.; Laremore, T.N.; Busch, A.M.; Linhardt, R.J.; 

Amster, I.J.   Journal of the American Society for Mass Spectrometry, 2008, in press.  
Copyright 2008 Elsevier. 
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ABSTRACT 

 Electron detachment dissociation (EDD) Fourier transform mass spectrometry has 

recently been shown to be a useful method for tandem mass spectrometry analysis of sulfated 

glycosaminoglycans (GAGs).  EDD produces abundant glycosidic and cross-ring fragmentation 

that is useful for localizing sites of sulfation in GAG oligosaccharides.  While EDD 

fragmentation can be used to characterize GAGs in a single tandem mass spectrometry 

experiment, SO3 accompanies many peaks, and complicates the resulting mass spectra.  In this 

work we demonstrate the ability to significantly decrease SO3 loss by selection of the proper 

ionized state of GAG precursor ions.  When the degree of ionization is greater than the number 

of sulfate groups in an oligosaccharide, a significant reduction in SO3 loss is observed in the 

EDD mass spectra.  This data suggested that SO3 loss is reduced when an electron is detached 

from carboxylate groups instead of sulfate.  Electron detachment occurs preferentially from 

carboxylate versus sulfate for thermodynamic reasons, provided that carboxylate is in its ionized 

state.  Ionization of the carboxylate group is achieved by selecting the appropriate precursor ion 

charge state, or by the replacement of protons with sodium cations.  Increasing the ionization 

state by sodium cation addition decreases, but does not eliminate, SO3 loss from infrared 

multiphoton dissociation (IRMPD) of the same GAG precursor ions.  
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INTRODUCTION 

 Glycosaminoglycans (GAGs) participate in numerous important biological processes 

such as cell-cell signaling [1, 2], the regulation of biochemical pathways [3, 4], inhibiting 

proteolysis [5], and effecting angiogenesis [6].  GAGs also play an important role in pathogenic 

infections [7-9], and may undergo alteration in certain types of cancer [10].  Both intra- and 

extracellular GAG proteoglycans can be found in a wide variety of organisms, from bacteria to 

humans [11].  At the molecular level, GAGs are sulfated, linear carbohydrates consisting of 

alternating acidic sugar and basic sugar residues.  GAG complexity arises through variable 

sulfation, N-modification of the basic residues, and C5 stereochemistry of the hexuronic acid 

residues.  There is significant interest in developing methods to determine the pattern of 

modification in GAG oligosaccharides, as these are believed to influence the biological function 

of the GAG molecule.  While 1D and 2D NMR can be used to determine the pattern and type of 

GAG modification [12], GAGs must be isolated from natural sources and may not often be 

available in the quantity and purity that is required for NMR analysis.  Mass spectrometry is 

much more sensitive than NMR, and can be used to examine mixtures, particularly when 

combined with online chromatography.  A wide variety of mass spectrometry and tandem mass 

spectrometry techniques have been developed to analyze this challenging class of molecules [13-

20].   

Recent work from this laboratory has demonstrated the analytical utility of electron 

detachment dissociation (EDD) [21] for the structural analysis of negatively-charged GAG 

oligosaccharides varying in length from tetrasaccharides to decasaccharides [22-24].  EDD 

produces more abundant glycosidic and cross-ring fragmentation for GAG oligosaccharides than 

is observed by more conventional dissociation methods such as collisionally activated 
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dissociation (CAD) or infrared multiphoton dissociation (IRMPD).  Moreover, it reduces the loss 

of SO3 from labile sites of sulfation compared to other methods of ion activation.  This 

fragmentation behavior has been proposed to result from a radical anion that is formed from 

electron detachment, and which yields product ions that are distinctly different from the 

dissociation products of closed shell anions via low energy or threshold fragmentation methods 

such as CAD or IRMPD.  As in electron ionization mass spectra, the location of the radical site is 

expected to influence the resulting fragmentation and observed products.  Our prior results 

suggest that electron detachment occurs at a site of negative charge, namely carboxylate and 

sulfate groups.  The charge of the precursor ion determines how many of these sites are ionized, 

and are available as candidates for electron detachment.  Thus the charge state of the precursor 

ion may have a significant influence on fragmentation, and on the ions produced by EDD.   

The charge state of the precursor ion has been shown to influence fragmentation of 

closed-shell ions.  For CAD fragmentation of heparin-like GAGs, Zaia and coworkers 

demonstrated that glycosidic cleavages increased and SO3 loss decreased as the charge state of 

the precursor ion increased [25].  The work by Zaia et al. also demonstrated that the addition of 

Ca2+ to the precursor ion minimized SO3 loss during CAD of closed-shell ions.  It is possible that 

replacing protons with monovalent cations such as sodium may also suppress SO3 loss in the 

dissociation of sulfated GAG oligosaccharides by EDD.  In the present work, we examine the 

influence of charge state and sodium cationization on the EDD fragmentation of a GAG 

octasaccharide, and compare these products with those obtained by IRMPD.   
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MATERIALS AND METHODS 

Preparation of DS Oligosaccharides 

Dermatan sulfate (DS) octasaccharides were prepared by partial enzymatic 

depolymerization of porcine intestinal mucosa dermatan sulfate (Celsus Laboratories, Cincinnati, 

OH). A 20 mg/mL dermatan sulfate solution in 50 mM Tris-HCl/60 mM sodium acetate buffer, 

pH 8 was incubated at 37°C with chondroitin ABC lyase from Proteus vulgaris, EC 4.2.2.4. 

(Seikagaku, Japan).  The absorbance at 232 nm was monitored to determine when the digestion 

was 50% completed.  The digestion mixture was then heated at 100°C for 3 min.  High-

molecular-weight oligosaccharides and the glycosidic enzyme were removed by ultra-filtration 

using a 5000 MWCO membrane.  The resulting oligosaccharide mixture was concentrated by 

rotary evaporation and fractionated by low pressure GPC on a Bio-Gel P10 (Bio-Rad, Richmond, 

CA) column. The fraction containing DS octasaccharides (dp8) was desalted by GPC on a Bio-

Gel P2 column and freeze-dried [26]. Further purification of DS dp8  were carried out using 

strong anion exchange high-pressure liquid chromatography (SAX-HPLC) on a semi-preparative 

SAX S5 Spherisorb column (Waters Corp, Milford, MA). The SAX-HPLC fractions containing 

> 90% of DS dp8 were collected, desalted by GPC, and freeze-dried. The solid was reconstituted 

in water and purified a second time by SAX-HPLC. Only the top 30% of the chromatographic 

peak was collected, desalted, and freeze-dried. Concentration of the octasaccharide solution was 

determined by measuring the absorbance at 232 nm (ε = 3800 M-1cm-1). The resulting fraction 

containing DS dp8 was characterized by PAGE, ESI-MS, and high-field nuclear magnetic 

resonance (NMR) spectroscopy.  
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Mass Spectrometry Analysis 

Experiments were performed with a 9.4 T Bruker Apex Ultra QhFTMS (Billerica, MA) 

fitted with an Apollo II dual source, a 25 W CO2 laser (Synrad model J48-2, Mukilteo, WA) for 

IRMPD, and an indirectly heated hollow cathode for generating electrons for ECD and EDD.  

For studies requiring sodium, the octasaccharide was introduced at a concentration of 150 µM in 

50:50 methanol:H2O with 1 mM NaOH (Sigma, St. Louis, MO) by ESI in negative ion mode.  

To produce abundant [M-3H]3- ions, the octasaccharide was introduced at a concentration of 20 

µM in 50:50:1 methanol:H2O:formic acid.  All sample solutions were infused at a rate of 120 

µL/hour.   

For the EDD experiments, precursor ions were isolated in the external quadrupole and 

accumulated for 1–4 seconds before injection into the FTMS cell.  The isolation/cell fill was 

repeated up to 6 times.  The selection of the precursor ion was further refined by using in-cell 

isolation with a coherent harmonic excitation frequency (CHEF) event [27]. The precursor ions 

were then irradiated with electrons for 1 second.  For electron irradiation the cathode bias was set 

to -19 V, the extraction lens was set to -18.5 V±0.5 V, and the cathode heater was set to 1.6 A.  

Ions were excited with an RF frequency chirp that covered the range of 100 – 2000 m/z.  24 

acquisitions were signal averaged per mass spectrum.  For each mass spectrum, 512K points 

were acquired at a 2.4 MHz digitization rate, 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. Background 

spectra were not subtracted from the EDD spectra, but were used to ensure that very few 

products were formed during ion accumulation and isolation.  IRMPD spectra were acquired 

using the same experimental setup as EDD, but replacing the electron irradiation event with a 
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laser pulse.  For IRMPD, ions were irradiated for 0.01 – 0.2 seconds with beam attenuation set to 

pass from 40 – 60% of full power.  External calibration of IRMPD and EDD mass spectra 

produced mass accuracy of 5 ppm. Internal calibration was also performed using confidently 

assigned glycosidic bond cleavage products as internal calibrants, providing mass accuracy of <1 

ppm. Due to the larger number of low intensity products formed by EDD, only peaks with S/N > 

10 are reported.  Product ions were assigned using accurate mass measurement.  For the work 

presented here, fragmentation of the DS octasaccharide is presented using a modification of the 

Domon and Costello annotation [28] that presents GAG fragmentation with SO3 loss and 

hydrogen rearrangement that is observed in EDD of GAGs [22].   

 

RESULTS AND DISCUSSION 

 DS dp8 has eight ionizable acidic sites; four carboxylic acid groups and four sulfate 

groups.  This acidic molecule readily forms negative ions, but the charge state and Na/H 

heterogeneity depend strongly on solution conditions.  The influence of ESI solution conditions 

is shown in Figures 6.1A and 6.1B.  The addition of 1% formic acid to the ESI solution results in 

the mass spectrum shown in Figure 6.1A, in which abundant [M-4H]4- and [M-3H]3- molecular 

ions are observed, with only a low level of sodium cationization.  The addition of 100 µM NaOH 

in place of formic acid to the ESI solution produces the more highly charged 5- ion as well as the 

4- and 3- ions.  The presence of sodium cations in solution also results in the exchange of up to 5 

protons by sodium cations, as shown in Figure 6.1B.  Using these two solution conditions the 

influence of precursor ion charge (3-, 4-, 5-) and sodium cationization (0 – 4) on sulfated GAGs is 

examined. 
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Figure 6.1.  The influence of solution conditions on the observed ESI-FTMS spectra of DS dp8.  

(A) 15 µM DS dp8 dissolved in 50:50 methanol:H2O with 1% formic acid results in no Na/H 

heterogeneity and the formation of a [M-3H]3- ion. (B) 150 µM DS dp8 dissolved in 50:50 

methanol:H2O with 100 µM NaOH results in abundant Na/H heterogeneity.   
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Influence of Charge State on EDD Fragmentation of DS dp8 

EDD of the [M-4H]4- and [M-3H]3- precursor ions of DS dp8 produce many glycosidic 

and cross-ring cleavages that are also accompanied by the loss of SO3.  No product ions are 

observed with loss of two equivalents of SO3 for any EDD mass spectrum, regardless of the 

charge state of the precursor ion.  Product ions with SO3 loss generally occur as satellite peaks to 

similar fragments without SO3 loss, and are easily assigned as the pairs of peaks differ by the 

exact mass of SO3, 79.957 u.  While products ions accompanied by SO3 loss are easily identified, 

they complicate the EDD mass spectrum by adding additional peaks and do not aid in 

deciphering the structure of the sulfated GAG.  The additional complexity resulting from product 

ion SO3 is apparent in Figure 6.2, where many of the product ions accompanied by the loss of 

SO3 are present in the EDD mass spectrum of DS dp8.  The Z3 and Y3 glycosidic cleavages are 

accompanied by Z3-SO3 and Y3-SO3 product ions, as well as many other products ions 

accompanied by the loss of SO3 as shown in Figure 6.2A.  However, a much simpler EDD mass 

spectrum is observed from EDD of the [M-5H]5- precursor ion (Figure 6.2B) due to the absence 

of  satellite peaks from SO3 loss.  As shown in Figure 6.2B, the Z3 and Y3 glycosidic cleavages 

are not accompanied by SO3-loss product ions.  This behavior is observed throughout the EDD 

mass spectrum.  The number of products accompanied by SO3 loss is similar in EDD of [M-

3H]3- and [M-4H]4-, i.e. no decrease in SO3 loss is observed when the precursor ion charge 

increases from 3- to 4-.  In contrast, there is a dramatic decrease in the loss of SO3 for precursor 

ion charge 5- versus 4- or 3-, as shown in Figures 6.3A through 6.3C, respectively. Fragmentation 

accompanied by loss of SO3 is denoted with an open circle.  For EDD of [M-3H]3-, 36 of the 88 

observed cleavages are accompanied by SO3 loss, and EDD of[M-4H]4- results in 34 of the 87 

products are accompanied by SO3 loss.  In contrast to this, 3 of the 56 products from EDD of [M- 
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Figure 6.2.  EDD mass spectrum complexity increases when product ions accompanied by SO3 

loss are present.  (A) EDD of the [M-3H]3- of DS dp8 produces a more complex mass spectrum 

than (B) EDD of [M-5H]5-.  Insets, a reduction in mass spectrum complexity is observed when 

SO3 loss is reduced.   

 

Y6-SO3
2-

Z3-SO3

Z3"-SO3

C6/Z6
2-

C6"/Z6"2-

Y6
2-

1,
5 X

3-
S

O
3

0,
2 A

7-
S

O
3

0,
2 X

3-
S

O
3

Z3

Y3

C
7-

SO
32-

B 7
-S

O
32-

Z6-CO2
2-

Y3-SO3

660 670 680 690 700 710 720 730 740 750 m/z

0.5

1.0

1.5

In
te

ns
ity

/1
06

B6
2-

Y1

Y5
4-

Y3
2-

1,5X1

Y3"2-

300 310 320 330 340 350 360 370 m/z

0.2

0.4

0.6

0.8

1.0

Z3
2-In

te
ns

ity
/1

06

1,5X5
4-Y1"

A

B

200 400 600 800 1000 1200 m/z

1

2

3

200 400 600 800 1000 1200 m/z

1

2

3

In
te

ns
ity

/1
06

In
te

ns
ity

/1
06



 126

 

 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

Figure 6.3.  Influence of precursor ion charge on EDD of DS dp8.  Product ions observed from 

EDD of (A) the [M-5H]5- precursor ion, (B) the [M-4H]4- precursor ion, and (C) the [M-3H]3- 

precursor ion of DS dp8.   
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5H]5- are accompanied by SO3 loss.  Most glycosidic cleavages of the 3- or 4- precursor occur 

with loss of SO3, but are absent for the 5- charge state.  Abundant and similar glycosidic and 

cross-ring fragmentation is observed for EDD of all charge states.  For EDD of [M-3H]3-, [M-

4H]4-, and [M-5H]5-, cleavage of most glycosidic bonds is observed.  EDD of [M-5H]5- and [M-

3H]3- produces 26 of the 28 possible products (Figures 6.3A and 6.3C, respectively) while  EDD 

of [M-4H]4- precursor produces all 28 possible glycosidic products (Figure 6.3B).  Differences in 

the number of observed glycosidic cleavages are due to the low abundance of the product ion, or 

overlap of the product ion with the precursor ion.  Glycosidic bond cleavages accompanied by 

loss of one or two additional hydrogen atoms are observed for EDD of all charge states.  

Specifically, we observed B-H, C-2H, Y-2H, and Z-2H, which we refer to as B', C", Y", and Z", 

respectively.  We have previously suggested radical mechanisms for the formation of these ions 

and found them useful for analyzing structural features, such as distinguishing IdoA form GlcA 

[24].   

Previous results from CAD of sulfated GAGs suggest that the sulfate group readily loses 

SO3 when it is protonated [25].  Because sulfate is more acidic than carboxylate in solution, 

sulfate groups will be ionized in preference to carboxyl groups in solution.  Products observed 

from EDD of DS dp8 indicate that these sites of charge are preserved as the molecule moves 

from solution to the gas phase, and as a result sulfate groups will ionize in preference to carboxyl 

groups.  Therefore it is expected that the [M-5H]5- precursor will have all four sulfate residues 

charged plus one carboxylate group charged.  Electron detachment is expected to occur more 

readily from the carboxylate anion as it requires ~1.2 eV less energy than from a sulfate anion 

[23].  For the 3- and 4- precursor ions only sulfates will be ionized, and detachment will occur 

from the sulfate group.  In support of this, EDD of [M-5H]5- produces the charge reduced species 
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minus CO2 ([M-5H-CO2]4-•) and not the charge reduced species minus SO3 ([M-5H-SO3]4-•), 

indicating a preference for radical site formation at the carboxylate anion.  Conversely, for EDD 

of [M-3H]3- and [M-4H]4-, the charge-reduced species minus SO3 ([M-3H-SO3]2-• and [M-4H-

SO3]3-•, respectively) is observed, but not the charge-reduced species minus CO2.  These data 

suggest that electron detachment from a sulfate anion produces a sulfate radical that readily loses 

SO3 from EDD product ions, while electron detachment from a carboxylate anion does not 

promote the loss of SO3.  Therefore, if the charge on the precursor ion is greater than the number 

of sulfate groups, at least one ionized carboxyl group is present and available as a radical site 

after electron detachment, and SO3 loss will greatly reduced in EDD fragmentation.   

The pattern of SO3 loss from the charge-reduced species suggests that the initial site of 

radical formation occurs on a sulfate group of the GalNAc4S residues for the 3- and 4- charge 

states of DS dp8, and on a carboxylate group of IdoA residues for the 5- charge state of DS dp8.  

The majority of the cross-ring fragmentation products that are observed, however, originate 

across IdoA residues for all the charge states of the precursor.  The preferential fragmentation of 

the acidic residues (IdoA) over fragmentation of basic residues (GalNAc4S), regardless of the 

initial site of electron detachment, can be rationalized by radical site migration from GalNAc4S 

to IdoA, for example by radical site initiated hydrogen rearrangement.  Another explanation for 

these data is that many of the “EDD” products do not arise from radical site initiated 

fragmentation, but are a result of ion activation from the interaction of the precursor ions with 

the 19 eV electrons [29-31].  Clearly, the loss of CO2 or SO3 from the charge-reduced species are 

radical driven processes, as these products are strongly influenced by the initial site of radical 

formation.  Other products appear to arise both from fragmentation of the odd-electron charge 

reduced species as well as from activation of the even-electron precursor ion.  We have recently 
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examined the electron induced dissociation (EID) of singly-charged GAG tetrasaccharides, for 

which all products must come from an even-electron precursor (manuscript in preparation).  

Many cross-ring fragmentation products of the hexuronic acid residues were found in the EID 

mass spectrum that were not found in the IRMPD mass spectrum of the same precursor ion.  

Previously, we had proposed the preponderance of cross-ring fragmentation of the hexuronic 

acid residues over amino sugars in heparan sulfate tetrasaccharides [23] and dermatan sulfate 

oligosaccharides [22] was related to radical-driven fragmentation processes originating from a 

carboxy-radical.  However, the newer EID data suggests that hexuronic acid residues are more 

labile, and that fragmentation of the hexuronic acid residues occurs by electron activation of the 

even-electron precursor ion (EID) as well by as radical-driven fragmentation (EDD).   

 The gas phase ion conformation of proteins has been shown to influence the products 

observed by ECD.  The combination of IRMPD with ECD, known as activated ion ECD (AI-

ECD) [32], have been shown to increase the number of backbone cleavages by ECD, and this 

effect is also observed by increasing the precursor ion charge state [33].  This increase in 

fragmentation has been proposed to occur from a change in ion conformation that results from 

breaking intramolecular noncovalent bonds, producing a more extended structure. To examine 

the possibility that conformation affects fragmentation for GAG oligomers, activated ion EDD 

(AI-EDD) was performed on the [M-4H]4- precursor ion using CO2 laser irradiation to warm the 

ions to the threshold of fragmentation, followed by irradiation with electrons. While the S/N of 

some product ions increased slightly, AI-EDD does not influence the type or relative abundance 

of the observed products, specifically products accompanied by SO3 loss (data not shown).   

Therefore, the difference in SO3 loss in the 3- and 4- versus 5- charge states appears to be a result 
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of electron detachment from a carboxylate anion and not due to a change in gas-phase 

conformation.   

 

EDD of DS dp8 with Sodium Cations 

 The loss of SO3 by MS/MS of sulfated GAG oligosaccharides complicates the mass 

spectrum and reduces its analytical utility.  Thus, controlling SO3 loss is important for the 

analysis of GAG oligosaccharides.  The results of the charge state dependence studies show that 

SO3 loss is reduced when at least one carboxyl group is ionized in the precursor ion.  As an 

alternative to dissociation of higher charge states, which may not have substantial abundance by 

ESI, we have investigated the replacement of protons by sodium.  In such ions, the charge state 

will be smaller than the number of ionized sites in the precursor.  As Figure 6.1 shows, the [M-

5H]5- ion is half as abundant as the [M-5H+Na]4-.  Both have five ionized sites and will therefore 

have an ionized carboxyl group available for electron detachment, providing a way to achieve a 

higher degree of ionization with precursor ions of a lower overall charge.   

Products from EDD of the [M-5H+Na]4- precursor ion of DS dp8 are shown in Figure 

6.4A (mass spectrum provided as Appendix C).  When sodium is present in the precursor ion, 

product ions may occur as protonated or sodium cationized products.  Product ions that are 

observed with sodium are indicated by a number above the fragment notation, with this number 

indicating the number of sodium cations in the product ion.  For the work presented here, 

products containing sodium are described as the fragment plus the number of sodium cations, 

such as 0,2X7+Na.  EDD of the [M-5H+Na]4- precursor ion of DS dp8 produces abundant 

glycosidic and cross-ring fragmentation similar to EDD of the non-cationized (i.e. 3-, 4-, and 5-) 

precursor ions of DS dp8.  Glycosidic cleavages accompanied by the loss of 1 or 2 hydrogen  
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Figure 6.4.  Product ions observed from EDD of the (A) [M-5H+Na]4-, (B) [M-6H+2Na]4-, (C) 

[M-7H+3Na]4-, and (D)  [M-8H+4Na]4- precursor ions of DS dp8.  
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atoms are also observed.  Compared to EDD of [M-4H]4- (Figure 6.2B), EDD of [M-5H+Na]4- 

results in a significant decrease in product ions accompanied by SO3 loss.  When compared to 

the product ions observed from EDD of the 3-, 4-, and 5- precursor ions of DS dp8 (Figure 6.2), 

the products observed from EDD of the [M-5H+Na]4- precursor ion resemble more closely the 

products observed from EDD of the [M-5H]5- precursor ion.  For example, cross-ring cleavages 

occur primarily on IdoA residues.  Also, the charge-reduced species minus CO2, [M-5H+Na-

CO2]3-•, and not SO3 is observed.  SO3 loss accompanying other fragmentation is greatly reduced 

in EDD of both [M-5H]5- and [M-5H+Na]4-, and the small number of products accompanied by 

SO3 loss occur near the NRE of the octasaccharide for both precursors.  For example, 34 or the 

87 observed products from EDD of the [M-4H]4- precursor ion are accompanied by SO3 loss, 

while 3 of the 56 and 1 of the 70 observed products from EDD of the [M-5H]5- and [M-5H+Na]4- 

precursor ions, respectively, are accompanied by SO3 loss.  Together, these data suggest a total 

of five ionized sites on DS dp8, with at least one ionized site on a carboxy group.  These data are 

consistent with our proposal that electron detachment preferentially occurs from the carboxylate 

anion, with EDD of [M-5H+Na]4- exhibiting a significant decrease in SO3 loss and fragmentation 

similar to EDD of [M-5H]5-.  These observations suggest SO3 loss is suppressed when the total 

number of ionized sites on the GAG is one more than the number of sulfate groups.  In further 

support of this observation, a significant decrease in SO3 loss is observed for EDD of [M-

5H+2Na]3- when compared to the EDD data of [M-4H+Na]3- (data not shown).   

Additional replacement of protons by sodium cations can be used to increase the number 

of ionized sites.  We have examined the EDD of DS dp8 with up to eight ionized acidic groups.  

Products from the EDD of the [M-6H+2Na]4-, [M-7H+3Na]4-, and [M-8H+4Na]4- precursor ions 

are shown in Figure 6.4B through 6.4C, respectively (see Appendix C for EDD mass spectra).  
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As shown in Figure 6.4, increasing the number of sodium cations, and thus the number of 

ionized sites on the DS dp8 precursor ion decreases the number of observed glycosidic and 

cross-ring fragmentations.  For the 4- ion of DS dp8 with 1 – 4 sodium cations, the charge 

reduced species minus CO2 is observed for all ions, indicating preference for electron 

detachment at carboxylate on IdoA residues.  While increasing the ionization state of the 

molecule such that one carboxylate is charged benefits fragmentation by decreasing SO3 loss, 

further ionization of the GAG with sodium cations reduces EDD fragmentation.  The decrease in 

fragmentation suggests that carboxyl hydrogens may play a role in the mechanism of cross-ring 

fragmentation, perhaps via hydrogen rearrangement reactions.   

 

IRMPD of DS dp8 with Sodium Cations 

SO3 loss during electron activation methods such as EDD of EID differs from that 

observed during activation of even-electron ions by threshold or low-energy methods.  Previous 

work by Zaia and coworkers suggests that sulfate groups are most labile and readily undergo loss 

of SO3 during CAD when protonated [25].  While SO3 loss can be minimized and glycosidic 

cleavages maximized by increasing the charge state so that all sulfate groups are charged, the 

abundance of precursor ions in which all sulfates are charged may be too small to be useful for 

MS/MS.  The addition of sodium cations to the ESI solution allows IRMPD to be applied to 

more ionized sulfated GAGs.  Products resulting from IRMPD of the [M-4H]4-, [M-5H+Na]4-, 

[M-6H+2Na]4-, [M-7H+3Na]4-, and [M-8H+4Na]4- precursor ions of DS dp8 are shown in 

Figures 6.5A – 6.5C, respectively.  Compared to EDD of the same precursor ions (Figures 6.2A 

and 6.4A – 6.4C), IRMPD produces fewer glycosidic and cross-ring cleavages as well as more 

abundant SO3 loss.  Unlike EDD, IRMPD produces some product ions which are observed only  
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Figure 6.5.  Product ions observed from IRMPD of the (A) [M-4H]4-, (B) [M-5H+Na]4-, (C) [M-

6H+2Na]4-, (D) [M-7H+3Na]4-, and (E)  [M-8H+4Na]4- precursor ions of DS dp8.   

 

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

1

1
1

2,3

3

3

3
1,2

31,2,3
1

1 1
2 1,2

11
11

3 3

3

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

1

1
1

2,3

3

3

3
1,2

31,2,3
1

1 1
2 1,2

11
11

3 3

3

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

3,44

4

2,3 3

3

1 2
2

1
2
1

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

3,44

4

2,3 3

3

1 2
2

1
2
1

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

1

11

2 2

2
2

2

1,2

1,2
1,2

1,2

1,21,2
1,2

1 1
1,2

1,2
1

1,2

1 11,21,22

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

1

11

2 2

2
2

2

1,2

1,2
1,2

1,2

1,21,2
1,2

1 1
1,2

1,2
1

1,2

1 11,21,22
C

D

E

A

B

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

1

1

1

1
1

1
1

1

11 1
1

1
1

11

11
1

1
1

111

1 111

1
1

1

1
1

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

1

1

1

1
1

1
1

1

11 1
1

1
1

11

11
1

1
1

111

1 111

1
1

1

1
1

O OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOO OOO

O

HO3SO HO3SO

OHOH OH

OH NHAc OH NHAc

HOOC CH2OH

COOH

CH2OH

O O
OO

O

HO3SO

OH

NHAc OH

CH2OH

COOHOOO

O

HO3SO

OH

NHAc OH

CH2OH

COOHO

[M-6H+2Na]4-

[M-7H+3Na]4-

[M-8H+4Na]4-

[M-4H]4-

[M-5H+Na]4-



 135

with SO3 loss.  However, product ion SO3 loss decreases as the cationization of the precursor ion 

increases, for example IRMPD of the [M-4H]4- precursor ion produces 18 products accompanied 

by SO3 loss, while IRMPD of the [M-8H+4Na]4- produces 6 products accompanied by SO3 loss.  

These results are similar to the observations by Zaia et al. [25], suggesting that ionization of the 

sulfate groups prevents loss of SO3 for ion activation via threshold dissociation.  The number of 

glycosidic bond and cross-ring cleavages produced by IRMPD decreases when the ionization of 

the GAG is increased using sodium cations, similar to the observation for EDD.  For example, 

IRMPD of the [M-4H]4- precursor ion produces a total of 41 glycosidic and cross-ring cleavages, 

while IRMPD of the [M-8H+4Na]4- produces 23 glycosidic and cross-ring ring cleavages.   

 

CONCLUSIONS 

 The ionization state of a sulfated GAG affects the number of ionized sites available for 

electron detachment.  Since electron detachment occurs at a site of negative charge, the pattern 

of SO3 loss in EDD of sulfated GAGs is dependant on the number of ionized sites on the sulfated 

GAG.  When electron detachment occurs at a sulfate anion, many product ions are accompanied 

by loss of SO3.  When electron detachment occurs at a carboxylate anion there is a significant 

decrease in the number of product ions that are accompanied by loss of SO3.  Increasing the 

degree of ionization can be achieved by either increasing the precursor ion charge state, or by the 

replacement of protons with sodium cations.  Both methods can be used to ensure ionization of a 

carboxylate group.  For EDD of sulfated GAGs, SO3 loss is minimized if the ionization state of 

the sulfated GAG is equal to one more than the number of sulfate groups. Further increasing the 

ionization state of the molecule so that more carboxylate groups are charged eliminates SO3 loss 

by EDD, but also decreases the number of glycosidic and cross-ring cleavages.  For IRMPD of 
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sulfated GAGs, increasing the ionization state of GAG precursor ions by replacement of protons 

with sodium cations decreases SO3 loss, but also decreases glycosidic and cross-ring 

fragmentation. 
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ABSTRACT 

 Electron detachment dissociation (EDD) Fourier transform mass spectrometry has 

recently been shown be a powerful tool for examining the structural features of sulfated 

glycosaminoglycans (GAGs).  The characteristics of GAG fragmentation by EDD include 

abundant cross-ring fragmentation primarily on hexuronic acid residues, cleavage of all 

glycosidic bonds, and the formation of even- and odd-electron product ions.  GAG dissociation 

by EDD has been proposed to occur through the formation of an excited species which can 

undergo direct decomposition, or eject an electron which then undergoes dissociation.  In this 

work, we perform electron induced dissociation (EID) on singly-charged GAGs to distinguish 

products that form via direct decomposition versus products that arise through electron 

detachment.  EID of GAG tetrasaccharides produces cleavage of all glycosidic bonds and 

abundant cross-ring fragmentation primarily on hexuronic acid residues, producing 

fragmentation similar to EDD of the same molecules, but distinctly different from the products 

of infrared multiphoton dissociation or collisionally activated decomposition.  These results 

suggest that observed abundant fragmentation of hexuronic acid residues occur because they are 

more labile when they undergo electronic excitation.  EID fragmentation of GAG 

tetrasaccharides is found to produce both even- and odd-electron products.  EID of heparan 

sulfate tetrasaccharide epimers produces identical fragmentation, contrary to EDD, in which the 

epimers can be distinguished from their fragment ions.  These data suggest that electron 

detachment fragmentation pathways play a significant role in distinguishing glucuronic acid 

from iduronic acid.   
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INTRODUCTION 

Glycosaminoglycans (GAGs) are complex, sulfated carbohydrates that comprise the 

carbohydrate portion of proteoglycans and participate in diverse biological processes such as the 

regulation of biochemical pathways [1, 2] or inhibiting proteolysis [3], and are involved in some 

pathogenic infections [4-6].  GAGs are found both intra- and extracellularly in a wide variety of 

organisms, from bacteria to humans [7].  At the molecular level, GAGs are linear carbohydrates 

that consist of a repeating disaccharide containing one acidic sugar and one amino sugar.  GAG 

complexity arises from variation in the degree and location of sulfation on either sugar, N-

modification of the amino sugar, and C5 stereochemistry of the acidic sugar.  There is significant 

interest in developing methods to characterize the pattern of GAG modification, as these 

structural details are believed to influence the biological function of GAGs.  A wide variety of 

analytical techniques have been developed to characterize sulfated GAGs, including 1D and 2D 

NMR [8] as well as mass spectrometry and tandem mass spectrometry [9-17].   

The application of electron-ion interactions to tandem mass spectrometry has produced a 

number of useful ion dissociation techniques.  The recombination of low-energy electrons (≤1 

eV) with multiply-charged precursor ions, known as electron capture dissociation (ECD) [18], 

has found widespread use in the characterization of biomolecules.  ECD produces a radical 

species that fragments differently compared to low-energy or threshold methods of dissociation, 

and can be used to determine the sites of labile post-translational modifications, such as the 

glycosylation, sulfation, or phosphorylation of peptides and proteins [19-24].  Electron 

detachment dissociation (EDD) [25] is the negative ion complement of ECD [26], and is useful 

for the characterization of acidic molecules which do not easily form positive ions.  For EDD, 

multiply-charged precursor anions are irradiated with moderate energy (~19 eV) electrons, 
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resulting in electron ejection from the precursor ion.  Similar to ECD, a radical species is created 

which fragments differently than do even-electron ions by low energy or threshold dissociation.   

We have recently demonstrated the analytical utility of EDD for determining the 

important structural features of sulfated GAGs [27].  EDD produces more abundant cross-ring 

and glycosidic cleavages with minimal SO3 loss compared to collisionally activated 

decomposition (CAD) or infrared multiphoton dissociation (IRMPD) of the same precursor ions.  

EDD has been demonstrated to be useful for GAG oligosaccharides ranging in size from 

tetrasaccharides to decasaccharides [28], and can distinguish glucuronic acid (GlcA) from 

iduronic acid (IdoA) in heparan sulfate oligosaccharides by the presence of key product ions 

[29].  While the experimental parameters influencing the efficiency of EDD for sulfated GAGs 

have recently been examined [30], the mechanistic details of GAG dissociation by EDD have not 

been studied.  The mechanism of the EDD-induced dissociation of GAGs and the preference for 

GlcA/IdoA fragmentation was proposed based on the observed products [27].  Irradiation of the 

precursor anion with 19 eV electrons is proposed to produce an excited intermediate which can 

undergo direct decomposition or electron detachment.  Electron detachment from a site of 

negative charge produces a radical species.  A preference for cross-ring fragmentation of 

GlcA/IdoA residues was proposed to result from radical formation at the carboxyl group, 

inducing fragmentation in these residues.  However, recent studies on the effect of precursor ion 

charge on the EDD spectra shows preferential fragmentation of GlcA/IdoA residues regardless of 

the initial site of electron detachment, suggesting that GlcA/IdoA residues are more labile when 

activated via electronic excitation than by vibrational excitation [31]. Carbohydrate 

fragmentation by EDD has also been proposed to occur by an electron capture mechanism [32].  
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While this proposal explains the formation of even- and odd-electron products, it does not 

explain the preference for fragmentation of GlcA/IdoA residues over the amino sugar residues.   

Some fraction of product ions in an EDD experiment are produced by activation of the 

precursor without detachment of an electron.  The irradiation of singly-charged ions with 

electrons below their second ionization energy, but with sufficient energy to promote electronic 

excitation (typically 6 – 20 eV) was originally termed electron-impact excitation of ions from 

organics (EIEIO) [33, 34].  It is now referred to as electron induced dissociation (EID) [35], 

which also applies to the excitation of multiply-charged ions with an electron beam.  EID was 

first applied to small molecules and peptides [36], producing fragmentation similar to CAD or 

IRMPD, even though EID is expected to activate ions by electronic excitation rather than by 

vibrational excitation.  Recent work on carbohydrate cations [35], phosphorylated metabolite 

anions [37], and amino acids [38] has shown promise for characterization of these small 

molecules using EID.   

In order to distinguish products that arise from EID versus those than arise from electron 

detachment, in this work we examine the dissociation of singly-charged GAG tetrasaccharides 

by 19 eV electrons.  Because electron detachment from a singly-charged GAG anion would 

produce a neutral molecule, products observed from irradiation of singly-charged GAG precursor 

ions can only result from EID.  The products observed from EID provide insight into the degree 

of fragmentation and the type of products produced by electron detachment versus EID in an 

EDD experiment. 

 
MATERIALS AND METHODS 

Preparation of Tetrasaccharides 

Heparan sulfate tetrasaccharides 1 and 2 were prepared by partial enzymatic 
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depolymerization of heparan sulfate sodium salt (Celsus Laboratories, Cincinnati, OH). 

Dermatan sulfate tetrasaccharide, 3, was prepared by partial enzymatic depolymerization of 

porcine intestinal mucosa dermatan sulfate (Celsus Laboratories, Cincinnati, OH). A 20 mg/mL 

heparan sulfate or dermatan sulfate solution in 50 mM Tris-HCl/60 mM sodium acetate buffer, 

pH 8 was incubated at 37°C with heparinase II (Sigma, St. Louis, MO) or chondroitin ABC lyase 

(Seikagaku, Japan), respectively.  The absorbance at 232 nm was monitored to determine when 

the digestion was 50% completed.  Each digestion mixture was then heated at 100°C for 3 min.  

High-molecular-weight oligosaccharides and the glycosidic enzyme were removed by ultra-

filtration using a 5000 MWCO membrane.  The resulting oligosaccharide mixtures were each 

concentrated by rotary evaporation and fractionated by low pressure GPC on a Bio-Gel P10 

(Bio-Rad, Richmond, CA) column. Fractions containing tetrasaccharides 1, 2, 3, and 4 were 

desalted by GPC on a Bio-Gel P2 column and freeze-dried [39]. Further purification of the 

tetrasaccharides was carried out using strong anion exchange high-pressure liquid 

chromatography (SAX-HPLC) on a semi-preparative SAX S5 Spherisorb column (Waters Corp, 

Milford, MA). The SAX-HPLC fractions containing > 90% of the tetrasaccharides were 

collected, desalted by GPC, and freeze-dried. The solid was reconstituted in water and purified a 

second time by SAX-HPLC. Only the top 30% of the chromatographic peak was collected, 

desalted, and freeze-dried. Concentration of the tetrasaccharide solutions was determined by 

measuring the absorbance at 232 nm (ε = 3800 M-1cm-1). The tetrasaccharides were characterized 

by PAGE, ESI-MS, and high-field nuclear magnetic resonance (NMR) spectroscopy. 

Tetrasaccharide 5 was prepared from tetrasaccharide 2 using the following protocol:  

tetrasaccharide 2 sodium salt was converted to a pyridinium salt using a Dowex 50W cation 

exchange column (Sigma, St. Louis, MO). 200 µg of the pyridinium salt of 2 was dissolved in 10 
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µL of dimethyl sulfoxide (Acros, Geel, Belgium) containing 5% methanol and incubated for 1.5h 

at 50 °C [40]. The desulfated product, 5, was then purified on a Bio-Rad P-2 spin column and 

freeze-dried. The product of the desulfation reaction differs in mass from the starting material, 

and can be easily isolated from each other for the EDD experiment. The desulfation reaction 

does not affect the stereochemistry of the hexuronic residue, and so the chirality of the product 

has the same purity as that of the reactants, which have been established to be pure by NMR 

analysis.   
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IRMPD, and an indirectly heated hollow cathode for generating electrons for EDD and EID.  

The tetrasaccharides were introduced at a concentration of 5 µM in 50:50:0.1 

methanol:H2O:formic acid (Sigma, St. Louis, MO) by ESI in negative ion mode.  To produce 

abundant [M-H]- ions for 3, the tetrasaccharide was introduced at a concentration of 50 µM in 

45:45:10 methanol:H2O:formic acid.  All sample solutions were infused at a rate of 120 µL/hour.   

For the EID experiments, precursor ions were isolated in the external quadrupole and 

accumulated for 1 – 4 seconds before injection into the FTMS cell.  The isolation/cell fill was 

repeated up to 6 times.  The selection of the precursor ion was further refined by using in-cell 

isolation with a coherent harmonic excitation frequency (CHEF) event [41]. The precursor ions 

were then irradiated with electrons for 1 second.  For electron irradiation the cathode bias was set 

to -19 V, the extraction lens was set to -18.5 V±0.5 V, and the cathode heater was set to 1.6 A.  

Precursor ions have been irradiated with electron energies varying from 12 – 25 eV, but no 

difference was observed other than changes in product ion intensity.  Therefore, singly-charged 

GAG ions were irradiated with 19 eV electrons for comparison to previously published results.  

Ions were excited with an RF frequency chirp that covered the range of 100 – 2000 m/z.  24 

acquisitions were signal averaged per mass spectrum.  For each mass spectrum, 512K points 

were acquired at a 2.4 MHz digitization rate, 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. IRMPD 

spectra were acquired using the same experimental setup as EID, but replacing the electron 

irradiation event with a laser pulse.  For IRMPD, ions were irradiated for 0.01 – 0.2 seconds with 

beam attenuation set to pass from 40 – 60% of full power.  External calibration of IRMPD and 

EID mass spectra produced mass accuracy of 5 ppm. Internal calibration was also performed 
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using confidently assigned glycosidic bond cleavage products as internal calibrants, providing 

mass accuracy of <1 ppm. Due to the larger number of low intensity products formed by EID, 

only peaks with S/N > 10 are reported.  Product ions were assigned using accurate mass 

measurement.  For the work presented here, fragmentation of the tetrasaccharides is presented 

using a modification of the Domon and Costello annotation [42] that presents GAG 

fragmentation with SO3 loss and hydrogen rearrangement that is observed in EDD of GAGs [28].   

 

RESULTS AND DISCUSSION 

 Irradiation of the [M-H]- precursor ion of ∆UA-GlcNAc-GlcA-GlcNAc, 1, with 19 eV 

electrons produces the EID mass spectrum shown in Figure 7.1A, while IRMPD of the same 

precursor ion produces the mass spectrum shown in Figure 7.1B.  While the EID mass spectrum 

contains all the products found by IRMPD of 1, EID of 1 also results in many additional 

glycosidic and cross-ring cleavages, as shown in Figure 7.2A and 7.2B.  The EDD mass 

spectrum of 1 has been published previously [27], and the products that result from irradiation of 

the [M-2H]2- precursor ion of 1 with 19 eV electrons (i.e. EDD of 1) are shown in Figure 7.2C.  

Interestingly, EID of the singly-charged precursor ion of 1 produces identical fragmentation 

products to those observed by EDD of the 2- precursor, but differences in product ion intensity 

between EDD and EID are observed.  Cleavage of all glycosidic bonds is observed, and cross-

ring fragmentation occurs primarily on GlcA residues.  However, a few more glycosidic 

cleavages (the isobaric C2/Z2 glycosidic cleavages) are observed in EID of 1 as they do not 

overlap in mass-to-charge with the precursor ion as they do for the doubly-charged precursor.   
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Figure 7.1.  Tandem mass spectrum from the [M-H]- precursor ion of 1 obtained by (A) EID and 

(B) IRMPD.   
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Figure 7.2.   Products observed from (A) EID, (B) IRMPD, and (C) EDD of 1. 
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 Cross-ring fragmentation in the amino sugar residues is found by IRMPD as well as by 

EID.  In contrast, only EID leads to cross-ring fragmentation in the acidic residues.  The 

preference for cross-ring fragmentation in GlcA/IdoA residues has been observed in EDD of 

GAG tetrasaccharides to decasaccharides [28].  It was proposed that the preference for 

fragmentation of the GlcA/IdoA residues results from radical formation via electron detachment 

from carboxylate functional groups on the GlcA/IdoA residues.  However, recent studies of the 

effect of varying precursor ion charge state on the EDD mass spectrum showed preferential 

fragmentation of GlcA/IdoA residues regardless of the initial site of electron detachment, 

suggesting that the lability of GlcA/IdoA residues is due to electronic excitation rather than the 

presence of radical intermediate.  In support of these observations, EID of 1 produces abundant 

cross-ring fragmentation of GlcA residues.  Because these cross-ring cleavages are not observed 

by IRMPD (Figure 7.1B), it appears that cross-ring fragmentation of GlcA occurs only by 

electronic excitation of the even-electron precursor ion.   

 EID of 1 yields some product ions that have previously been observed only in EDD mass 

spectra.  These product ions include both even- and odd-electron ions, such as those arising from 

glycosidic cleavages accompanied by the loss of 1 or 2 hydrogen atoms (e.g. B3' and C3"), and 

odd-electron cross-ring cleavages (e.g. 0,2X3).  Previously, we proposed that formation of these 

odd-electron products occurs through an odd-electron intermediate formed via electron 

detachment.  This proposed fragmentation scheme was based on the assumption that odd-

electron product ions can only form from an odd-electron precursor ion.  However, the presence 

of singly-charged odd-electron products from EID, but not IRMPD, of 1 indicates that odd-

electron products can also arise from electronic excitation of an even-electron precursor ion, 

albeit they are present at relatively low abundance.   It is unusual for an even-electron precursor 
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to yield an odd-electron product, and relatively few instances can be found in the literature [43, 

44].  The EID of negatively-charged metabolite ions has recently been published, but odd-

electron products were not reported [37].   

 

EID of GAG Tetrasaccharides Containing Sulfate 

 Irradiation of the [M-H]- precursor ion of sulfate containing tetrasaccharide ∆UA-

GlcNSO3-IdoA-GlcNAc, 2, with 19 eV electrons produces the EID mass spectrum shown in 

Figure 7.3A, while IRMPD of the same precursor ion is shown in Figure 7.3B.  The assignments 

of the product ions for both EID and IRMPD are shown in Figure 7.4A and 7.4B.  The EDD 

mass spectra of 2 has been published previously [29], and products observed from EDD of the 

[M-2H]2- precursor ion of 2 are shown in Figure 7.4C.  Irradiation of the [M-H]- precursor ion of 

the dermatan sulfate GAG, ∆UA-GalNAc-4-SO3-IdoA-GalNAc-4-SO3, 3, with 19 eV electrons 

produces the EID mass spectrum shown in Figure 7.5A, while IRMPD of the same precursor ion 

is shown in Figure 7.5B.  Product ions for both EID and IRMPD are shown in Figure 7.6A and 

7.6B.  The EDD mass spectra of 3 has been published previously [28], and products observed 

from EDD of the [M-2H]2- precursor ion of 3 are shown in Figure 7.6C.   

 For 2 and 3, EID produces considerably more glycosidic and cross-ring fragmentation 

than IRMPD, as shown in Figures 7.4 and 7.6, respectively.  Generally, EID produces similar 

fragmentation to EDD of the same molecules.  However, a greater number of cross-ring 

cleavages are observed for EDD of these tetrasaccharides, and these are primarily found across 

hexuronic acid residues.  The additional cross-ring fragmentation products that are not observed 

by either EID or IRMPD but are observed by EDD may arise as a result of electron detachment 

from the multiply-charged precursor ion.  In support of the observations made on EID of 1,  
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Figure 7.3.  Tandem mass spectrum from the [M-H]- precursor ion of 2 obtained by (A) EID and 

(B) IRMPD 
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Figure 7.4.  Products observed from (A) EID, (B) IRMPD, and (C) EDD of 2.   
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Figure 7.5.  Tandem mass spectrum from the [M-H]- precursor ion of 3 obtained by (A) EID and 

(B) IRMPD. 
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Figure 7.6.  Products observed from (A) EID, (B) IRMPD, and (C) EDD of 3.   
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cross-ring cleavages occur primarily on hexuronic acid residues, indicating that these residues 

are most labile and readily undergo fragmentation as a result of electronic excitation.  Similarly, 

the presence of odd-electron products, such as 0,2X3, and glycosidic cleavages accompanied by 

the loss of 1 or 2 hydrogen atoms, such as B3' and C3", are also observed in EID of 2 and 3.  

Cross-ring fragmentation of the reducing end residue is observed by EID of 1 and 2, but is not 

observed in EID of 3, suggesting that the 1→3 glycosidic inhibits this pathway of fragmentation.  

Similar results have been observed before for EDD of dermatan sulfate oligosaccharides [28], 

and for CAD of isobaric GAG oligosaccharides differing only in linkage position [45].   

 The presence of odd-electron product ions from EID suggests that different dissociation 

pathways are accessed by electronic activation of GAG precursor anions compared to slow-

heating or low-energy ion activation.  Generally speaking, odd-electron products are not 

produced from even-electron precursors.  Their presence here raises questions about the 

mechanisms of dissociation.  Perhaps electronic excitation produces a diradical that fragments to 

give a radical ion and a radical neutral.  Another possibility is that electron capture produces an 

odd-electron doubly-charged ion which fragments to a singly-charged radical product ion.  While 

electron capture by an anion seems energetically unfavorable, direct evidence of such a process 

has been recently reported [32].  In the measurements made for the current study, we find no 

direct evidence of electron capture, i.e. no doubly-charged ions were observed.   

Because tetrasaccharides 2 and 3 contain sulfate groups, product ions may be 

accompanied by the loss of SO3, which are annotated with an open circle at the end of the 

cleavage in Figures 7.4 and 7.6.  Product ions accompanied by the loss of SO3 are observed as 

pairs differing by the exact mass of SO3, 79.957 u, aiding in their identification.  We have 

previously observed a significant decrease in the number of products accompanied by SO3 loss 
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when the precursor ion charge is greater than the number of sulfate groups [31].  The reduction 

in SO3 loss was proposed to result from electron detachment occurring at a carboxylate anion, 

versus electron detachment occurring as a sulfate anion which can then readily undergo radical 

driven loss of SO3.  For EID of 2 and 3, because products cannot result from electron detachment 

from the singly-charged precursor ions, SO3 loss resulting from EID must occur via another 

route.  There is significantly more SO3 loss observed by EID than by EDD for compound 3, 

primarily accompanying glycosidic bond cleavage.      

 

EID of GAG Epimers 

 We have previously reported the capability to distinguish GlcA from IdoA in GAG 

tetrasaccharides using EDD [29].  Product ions used to distinguish GlcA from IdoA (0,2A3, B3', 

and B3'-CO2) were proposed to form via a radical intermediate, as a result of hydrogen atom 

transfer within the hexuronic acid to a carboxy radical.   Because abundant cross-ring cleavages 

of the hexuronic acid residues are observed by EID, it is important to determine if product ions 

used to identify GlcA from IdoA resulted from EID versus the proposed radical mechanism.  

EID of ∆UA-GlcNAc-GlcA-GlcNAc, 4, was compared to EID of the epimer ∆UA-GlcNAc-

IdoA-GlcNAc, 5, shown in Figure 7.7A and 7.7B, respectively.  Products observed from EID of 

4 and 5 are shown in the insets of Figure 7.7A and 7.7B, respectively.  EDD mass spectra for 4 

and 5 have been previously published [29].  Similar glycosidic and cross-ring fragmentation 

products are observed for EID of 4 and 5, as shown in the insets of Figures 7.7A and 7.7B.  The 

product ions 0,2A3 and B3', used to distinguish GlcA from IdoA, are present in both EID mass 

spectra (Figures 7.7A and 7.7B) and thus do not distinguish GlcA from IdoA.  Also, the B3'-CO2 

peak is not observed in either EID mass spectrum (Figures 7.7A and 7.7B).  These products are  
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Figure 7.7.  EID mass spectra of the epimer pair (A) 4 and (B) 5.  The mass scale is expanded to 

show the region containing product ions that are used to distinguish GlcA from IdoA by EDD, 

indicated by the ▼ over the peak label.  Insets:  structures indicating product ions observed from 

EID of (A) 4 and (B) 5.  
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also not observed in IRMPD of 4 and 5 (data not shown).  Clearly, the EID results are different 

than the results obtained by EDD of the 2- precursor ion.  This suggests that either the radical 

species proposed for EDD [29] plays a more significant role than EID in determining the 

products, or that the dissociation of doubly-charged ions differs from singly-charged precursors.  

However, no difference in glycosidic and cross-ring fragmentation is observed from IRMPD of 

the 1- and 2- precursor ion of 4 (data not shown), suggesting that charge state is not the primary 

influence in the differences between the observed product ions of EDD versus EID. 

 

CONCLUSIONS 

 EID of singly-charged GAG tetrasaccharides has been used to identify products which 

arise from electronic excitation.  These data provide insight into the origin of products in a EDD 

experiment.  EID of singly-charged GAGs produces fragmentation products which have 

similarity to products observed by EDD of the same molecules.  EID produces cross-ring 

fragmentation primarily on hexuronic acid residues, and both even- and odd-electron glycosidic 

and cross-ring products are observed.  These features are not observed in IRMPD of the same 

precursor ions.  These results suggest that fragmentation of the hexuronic acid residues by EDD 

and EID occurs because these residues are more labile under electronic excitation.  Furthermore, 

these data show that for EDD, not all odd-electron products form via electronic detachment.  

However, EID mass spectra are similar for GlcA and IdoA residues in GAG epimers, in contrast 

to previously reported EDD results.  These data suggest that a radical intermediate plays a 

significant role in the formation of the product ions that distinguish these epimers in EDD 

measurements.   
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 Irradiation of multiply-charged GAGs with 19 eV electrons produces more abundant 

fragmentation compared to ion activation methods that lead to vibrational excitation of the same 

precursor ions, namely infrared multiphoton dissociation (IRMPD) and low energy collisionally 

activated decomposition (CAD).  Fragmentation by electron detachment dissociation (EDD) is 

proposed to occur through the formation of an excited species which can eject an electron to 

produce a radical species.  Alternatively, the excited species can undergo direct decomposition.  

Products that form via electronic excitation (e.g. EID) and by electron detachment (e.g. EDD) are 

different than the products vibrational of excitation of GAGs, and can be used to determine the 

sites of GAG modification from a single tandem mass spectrometry experiment.  EDD of 

sulfated GAGs produces a number of characteristic features.  First, more abundant glycosidic 

and cross-ring fragmentation occurs compared to vibrational excitation of the same precursor 

ions.  This fragmentation can also be used to distinguish GlcA from IdoA in GAG 

tetrasaccharides.  Second, even-electron products both with the same charge and with less charge 

than the precursor ion are observed, as well as odd-electron products of lower charge than the 

precursor ion.  Fourth, although some bond cleavages are observed with and without SO3 loss, 

the cleavages are never are observed to occur only with SO3 loss, and no more than one 

equivalent of SO3 is lost.  Thus, SO3 loss produces pairs of peaks that differ in mass by 79.957 u.  

Finally, EID studies of singly-charged GAGs demonstrates that many of the product ions 

observed in the EDD mass spectra of sulfated GAGs, including odd-electron products, arise from 

direct fragmentation of the precursor ion. 

 EDD effectively dissociates sulfated GAGs ranging in size from tetrasaccharides to 

decasaccharides. This work also demonstrates that the cross-ring fragmentation products can be 

used to determine the stereochemistry of C5 in hexuronic acid residues in heparan sulfate 
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tetrasaccharides based on the presence of key product ions.  These product ions, 0,2A3, B3', and 

B3'-CO2, are present from EDD of GlcA but not IdoA.  Because these key product ions are 

observed in EID of the tetrasaccharide epimers, the ability to distinguish GlcA from IdoA is 

proposed to occur from the formation of a radical species which fragments differently than 

electronically or vibrationally excited ions.  One challenging aspect of EDD of GAGs is the 

presence of product ions accompanied by the loss of SO3.  However, the work presented here 

demonstrates that SO3 loss can be minimized by selecting the correct charge state of the 

precursor ion.  Multiply-charged GAG precursor ions may contain either carboxylate or sulfate 

anions.  If no carboxylate anion is present, electron detachment will occur from a sulfate anion, 

creating a radical species which readily undergoes loss of SO3.  In contrast, if a carboxylate 

anion is present, electron detachment will produce a carboxy radical which does not undergo loss 

of SO3.  Ionization of the carboxylate group can be achieved through selection of a higher charge 

state or the precursor, or by the replacement of protons by sodium cations.   

Because the initial site of electron detachment can be controlled through charge state 

selection, the residue containing the radical can be predicted in many cases.  However, 

preferential cross-ring fragmentation of hexuronic acid residues occurs regardless of the initial 

site of electron detachment, suggesting that hexuronic acid residues are more labile under 

conditions of electronic excitation and readily undergo fragmentation.  In support of this 

observation, EID of GAG tetrasaccharides results in preferential fragmentation of hexuronic acid 

residues which is not observed in IRMPD of the same molecules.  EID of GAG tetrasaccharides 

also produces glycosidic and cross-ring odd-electron product ions that have previously only been 

observed in EDD mass spectra.  This suggests that these product ions can be formed through 

electronic excitation as well as electron detachment.  However, EID cannot distinguish GlcA 
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from IdoA, suggesting that fragmentation via electron detachment plays a significant role in 

formation of product ions used to distinguish GlcA from IdoA.   Historically, the structural 

analysis of sulfated GAGs by tandem mass spectrometry has been challenging.  The work 

presented here demonstrates that EDD is a powerful tool for the structural characterization of 

sulfated GAGs.   
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Figure.  EDD mass spectra of the [M-2H]2- precursor ion of tetrasaccharide 3 at two different 

times to demonstrate reproducibility of EDD fragmentation.  (a)  EDD of tetrasaccharide 3 on 

3.20.06.  (b) EDD of tetrasaccharide 3 on 8.1.06.  Fragmentation is identical and all diagnostic 

product ions are observed at similar intensities.  The ▼above the peak labels indicates product 

ions unique the GlcA containing HS tetrasaccharide, 3.   
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Table.  Peak list of product ions observed from EDD of 1 and 2, including relative intensity (RI) 

of peaks and ID of peaks.   

 

Tetrasaccharide 1 Tetrasaccharide 2  
m/z RI m/z RI ID 

157.0142 0.112716 157.0143 0.067786 B1 
173.009 0.097941 173.0091 0.035066  
175.0248 0.322369 175.0248 0.19351 C1 
202.0722 0.021727 202.072 0.011405 Z1 
202.9892 0.036285 202.9893 0.036676  
210.9916 0.020361 210.9917 0.016768  
211.9867 0.047084 211.9995 0.016947  
220.0825 0.042944 220.0825 0.02381 Y1 
222.0076 0.165805 222.0076 0.065311  
240.0181 0.064112 240.0183 0.049768  
258.0287 0.08546 258.0289 0.087397  
259.046 0.083033 259.0458 0.016507 2,5A2 
272.0533 0.017359 272.0536 0.016875  
273.0616 0.049677 273.0614 0.038031  
277.0563 0.020017 277.0563 0.029097 0,2A2 
286.0282 0.12203 286.0236 0.035332  
286.0362 0.114487 286.0362 0.087895  
286.5324 0.1132 286.5321 0.019578 B3

2- 
294.5297 0.021432 294.5298 0.06232 C3-2H2- 
295.5375 1.682314 295.5375 0.489193 C3

2- 
296.5343 0.108313 296.5345 0.037169  
316.5428 0.052768 316.5427 0.069672 2,4A4

2- 
332.0618 0.04182 332.0623 0.04146  
333.0697 0.466127 333.0699 0.415616  
333.1062 0.110742 333.1062 0.146384  
337.548 0.571004 337.548 0.284969 2,5A4

2- 
346.5535 0.473739 346.5536 0.400564 0,2A4

2- 
369.037 0.03023 369.037 0.023211  
370.0454 0.218213 370.0455 0.108467  
372.0605 0.115679 372.0605 0.133251  
376.0882 0.347461 376.0884 0.042075  
377.0959 0.859294 377.0969 0.128271 Z2-H 
378.0994 0.132182 378.1044 0.046084 Z2 
382.5763 0.116335 382.5756 0.015266  
383.0789 0.074438 383.0795 0.027275  
388.0718 0.124535 388.0711 0.076885  
388.5768 0.259511 388.5771 0.078436  
389.0714 0.193642 389.0753 0.119948 [M-2H-H2O]2- 
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397.076 119.0124 397.0761 49.67004 precursor ion2- 
413.0265 0.035083 413.0267 0.035649  
414.0346 0.319661 414.0347 0.25647  
415.0423 0.866599 415.0424 1.10527 C2-H 
415.0785 0.671537 415.0788 0.857938  
416.0508 1 416.0507 1 C2 
440.0508 0.213258 440.0509 0.017395  
442.0659 0.168046 442.0662 0.027032 3,5A3-CO2 
459.0684 1.474862 459.0687 0.426186 2,4A3 
470.0609 0.034169 470.0612 0.022625  
486.0558 0.605093 486.0562 0.089661 3,5A3 
496.0403 0.065192    
504.0661 0.044209 504.0663 0.008438  
505.0737 0.105901 505.0744 0.195637  
506.0798 0.111196    
510.1097 0.022053 510.1089 0.036161  
512.1265 0.019443 512.1265 0.012311  
514.0505 0.212771 514.0494 0.011424 2,4A3 
527.0596 0.01794    
528.0665 0.034526 528.0677 0.015911  
529.0743 0.099136   B3'-CO2 
532.0609 0.051666   0,2A3 

  544.0631 0.026706  
546.0775 0.140355 546.0767 0.224703 1,5A3 
548.0926 0.0189 548.0958 0.014196 C3-CO2 

  554.1358 0.01818  
555.0542 0.022023    
571.1051 0.004772 571.1086 0.011917  
572.0561 0.027979 572.057 0.013618  
573.065 0.1553 573.0643 0.011704 B3' 
574.0712 0.116286 574.0721 0.088508 B3 
589.1184 0.084124 589.1198 0.045367 Z3-CH2O 
590.0673 0.118777 590.0671 0.357035 C3" 
592.0827 0.176393 592.0828 0.119569 C3 
600.1117 0.040436 600.1117 0.077216  
619.1298 0.298629 619.1297 0.191542 Z3 
634.0936 0.026323 634.0928 0.044409 2,4A4 
637.1413 0.035836 637.1397 0.061999 Y3 
646.0941 0.017687 646.0941 0.057862 3,5A4 

  668.1925 0.047264  
678.1436 0.032454 678.1446 0.02704 0,2X3 
694.1144 0.063871 694.1135 0.040289 0,2A4 
749.1584 0.020902 749.1572 0.038651 [M-2H-CHO2]-• 
750.1646 0.084904 750.1627 0.033485 [M-2H-CO2]-• 
794.153 0.01702 794.1541 0.015973 [M-2H]-• 
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Table.  Peak list of product ions observed from EDD of 3 and 4, including relative intensity (RI) 

of peaks and ID of peaks.   

 
Tetrasaccharide 3 Tetrasaccharide 4  

m/z I m/z I ID 
157.0129 0.186454 157.013 0.196726 B1 
175.0233 1.530121 175.0233 1.084135 C1 
202.0703 0.016441 202.0704 0.030469 Z1 
220.0804 0.045258 220.0804 0.043652 Y1 
255.5566 0.741483 255.5565 0.192901 C3

2- 

259.0432 0.091871 259.043 0.13015 2,5A2 
276.5615 0.05698 276.5614 0.271499 2,4A4

2- 

277.0536 0.26103 277.0531 0.325279 0,2A2
 

297.5666 0.293569 297.5663 0.435 2,4A4
2- 

306.5717 0.263051 306.5715 0.616931 0,2A4
2- 

  307.5172 0.572409  
318.0803 0.037498 318.0785 0.032269 B2 

  327.576 0.108505  
  328.0296 0.166245  

333.1026 0.165318 333.1022 0.144204  
334.0748 0.050872    
334.1104 0.282425 334.11 0.259808  
336.0898 0.519693 336.0891 0.371991 C2 
342.5938 0.104351    
348.0897 4.206264   [M-2H-H2O]2- 

  349.0348 0.891572  
357.0944 56.56165 357.0937 61.28651 precursor ion2- 

378.0996 0.339766 378.0988 0.777172 Z2 
380.1158 0.053156 380.1145 0.052732  
396.1097 1 396.1088 1 Y2 
406.0942 0.082536 406.0933 0.074242 3,5A3 

  416.0441 0.228481  
422.125 0.038511    
424.1044 0.292544 424.1033 0.112623 1,5X2 
434.0883 0.128579 434.0563 0.038016 2,5A3 
434.1481 0.08973 434.147 0.064724  
438.12 0.084592    

449.1113 0.39374   B3'-CO2 
452.0985 0.277125   0,2A3 

  458.0527 0.34884  
465.1056 0.074956    
466.1142 0.164485 466.1123 0.152779 1,5A3 
468.1296 0.072664 468.1284 0.036573 C3-CO2 
476.1587 0.028059 476.0629 0.133457  
478.174 0.035609    
482.1448 0.059947    
493.1016 0.176727   B3' 
494.1078 0.087772 494.1068 0.217245 B3 
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499.1225 0.028704    
509.155 0.098856 509.153 0.089634 Z3-CH2O 
510.1028 0.027485 510.1003 0.103916 C3" 
512.1185 0.433624 512.1162 0.403658 C3 
522.1621 0.031508    

  536.0802 0.065892  
539.165 0.114891 539.1649 0.044245 Z3 
541.1807 0.075062 541.1777 0.089119  
554.1283 0.248965 554.1251 0.212519 2,4A4 
557.1755 0.306407 557.1725 0.142909 Y3 
560.1751 0.078029    
566.1294 0.042324    
596.137 0.019679 596.1358 0.051822 2,5A4 
598.1778 0.078654 598.1743 0.314978 0,2X3 
614.15 0.021088 614.1444 0.123784 0,2A4 

652.1886 0.023747    
665.1599 0.025538    
670.1965 0.095483 670.1927 0.078937 [M-2H-CO2]-• 
683.1676 0.111147 683.1668 0.082506 [M-2H-CH3O]-• 
714.1835 0.014958 714.179 0.034296 [M-2H]-• 
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Table.  List of observed product ions with corresponding S/N and assignment from IRMPD and 

EDD DS dp4 (1).  N.O. = not observed, N.A. = not assigned.   

 
 

IRMPD EDD  
m/z S/N m/z S/N Assignment 

157.0142 335 157.0142 19.2 B1 
175.0248 1504 175.0246 115.8 C1 
185.437 756.2 N.O. N.A. 
189.1933 187.6 N.O. N.A. 
193.0354 322.9 193.0352 39.7 N.A. 

N.O. 194.9273 79.1 N.A. 
N.O. 198.9917 39.7 N.A. 

199.9952 88.7 N.O. N.A. 
202.0721 65.9 N.O. N.A. 
205.3711 68.1 N.O. N.A. 
210.3431 155.4 N.O. N.A. 
222.0078 55.3 N.O. N.A. 

N.O. 236.0232 14.7 N.A. 
N.O. 237.0312 20.9 N.A. 
N.O. 238.0394 13.5 N.A. 
N.O. 240.0743 19.8 N.A. 
N.O. 254.0338 28.9 N.A. 

264.0184 52.8 N.O. N.A. 
N.O. 266.0339 33.2 N.A. 
N.O. 266.7317 21 N.A. 
N.O. 272.992 47.4 N.A. 
N.O. 280.0131 37.5 N.A. 
N.O. 281.0212 40.6 Z1' 

282.0288 5639.6 282.0288 1317 Z1 
N.O. 298.0238 63.6 Y1" 

300.0396 21983.1 300.0395 1208.3 Y1 
N.O. 315.0265 73.8 N.A. 

316.543 726.8 316.5429 79.4 N.A. 
324.0397 927 324.0396 75.4 N.A. 

N.O. 328.0343 250.4 1,5X1 
N.O. 337.3625 21.5 N.A. 

339.0718 114.9 N.O. N.A. 
N.O. 341.0424 77.6 N.A. 

342.0502 383.3 342.0505 54.7 0,2X1 
N.O. 350.047 33.7 N.A. 

360.0937 211.2 N.O. B2-SO3 
370.045 71.1 N.O. N.A. 
378.1043 615.6 N.O. C2/Z2-SO3 
379.0505 6650.3 379.05 641.4 Y3

2- 
387.0823 34.2 N.O. N.A. 
391.0504 38.5 N.O. N.A. 
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393.0479 37.7 N.O. N.A. 
N.O. 396.061 20.2 N.A. 

396.1148 1233.4 N.O. Y2-SO3 
N.O. 397.032 44 N.A. 
N.O. 399.5518 24 N.A. 

400.0556 2428.2 400.0555 204.7 0,2X3
2- 

409.0774 60 N.O. N.A. 
N.O. 412.0559 18.4 N.A. 
N.O. 413.0635 28.6 N.A. 
N.O. 414.0712 283.2 Z2-CO2 

416.0505 159.2 N.O. N.A. 
418.0825 181.7 418.0825 24.9 N.A. 

N.O. 420.9988 18.5 N.A. 
427.0608 75.7 N.O. N.A. 
430.066 69.4 430.0659 36.9 N.A. 

N.O. 439.0426 65.7 B2' 
440.0503 2913.9 440.0503 349.9 B2 
449.0551 84.3 449.0552 24.1 N.A. 

N.O. 449.5591 48.2 N.A. 
458.0606 32749.9 458.0586 91780.8 precursor ion 
465.3044 127.2 N.O. N.A. 
474.1256 38.6 N.O. N.A. 

N.O. 474.0559 87.2 Y2" 
476.0716 3468.7 476.0718 467.6 Y2 
492.1362 52.9 N.O. N.A. 
494.1157 37.5 N.O. N.A. 

N.O. 495.0357 47 N.A. 
500.0716 3115.2 500.0713 102.1 2,4A3 

N.O. 504.0667 114.8 1,5X2 
512.0719 44.7 512.0387 27.3 N.A. 
518.0827 320.7 N.O. N.A. 

N.O. 520.0074 160.4 N.A. 
N.O. 528.0666 102.4 3,5A3 

536.1254 567.8 N.O. B3-SO3 
N.O. 538.0179 43.7 N.A. 

554.1363 450.3 N.O. C3-SO3 
N.O. 556.0283 41.4 N.A. 
N.O. 557.0676 10.9 N.A. 

572.0929 49.1 N.O. N.A. 
574.0722 398.3 574.0719 207 0,2A3 

N.O. 588.0887 22.4 N.A. 
N.O. 614.1273 136.5 N.A. 
N.O. 615.0747 142.1 B3' 
N.O. 615.9074 34.8 N.A. 

616.0827 2872.1 616.0818 896.3 B3 
N.O. 629.1141 152.9 N.A. 
N.O. 632.0775 113.2 C3" 
N.O. 633.0847 148.4 N.A. 

634.0931 1417.8 634.0931 2697.9 C3 
N.O. 643.13 48.1 N.A. 
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N.O. 644.137 48.1 N.A. 
N.O. 645.1457 46.9 N.A. 
N.O. 659.1251 165.9 Z3"-SO3 
N.O. 661.1417 69 Z3-SO3 
N.O. 674.1248 22.2 N.A. 
N.O. 677.1351 43.2 Y3"-SO3 

679.1516 45.2 679.1517 45.8 Y3-SO3 
N.O. 688.1035 197.1 N.A. 
N.O. 702.1432 217.9 0,2X3-H2O-SO3 
N.O. 712.0933 23.1 N.A. 
N.O. 714.0497 103.5 N.A. 
N.O. 715.0574 133 N.A. 
N.O. 718.1131 69.2 N.A. 
N.O. 720.1538 1057 0,2X3-SO3 
N.O. 782.1004 147 0,2X3-H2O 
N.O. 786.0715 24.4 N.A. 
N.O. 788.144 31.3 N.A. 
N.O. 790.1611 18.5 N.A. 
N.O. 791.1671 30.2 N.A. 
N.O. 792.1741 42.5 N.A. 
N.O. 800.1108 1147.4 0,2X3 
N.O. 818.1543 111.1 N.A. 
N.O. 835.1581 44.2 N.A. 
N.O. 836.1653 210.2 [M-2H-SO3]-• 
N.O. 898.1126 53.8 [M-2H-H2O]-• 
N.O. 916.1218 10.6 [M-2H]-• 
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Table.  List of observed product ions with corresponding S/N and assignment from IRMPD and 

EDD DS dp6 (2).  N.O. = not observed, N.A. = not assigned.   

 
IRMPD EDD  

m/z S/N m/z S/N Assignment 
157.0142 376.3 157.0141 16.9 B1 

N.O. 172.0014 17.2 N.A. 
175.0248 495.6 175.0248 74.8 C1 
180.9812 905.5 N.O. N.A. 

N.O. 193.0355 29.9 N.A. 
N.O. 194.9275 38.5 N.A. 
N.O. 198.9918 35.9 N.A. 
N.O. 235.0158 70.5 N.A. 
N.O. 236.0237 56.7 N.A. 
N.O. 237.0314 86.7 N.A. 
N.O. 254.0342 22.2 N.A. 
N.O. 255.9896 19 N.A. 
N.O. 264.0186 20.2 N.A. 
N.O. 266.0341 41.4 N.A. 
N.O. 270.9769 63.6 N.A. 
N.O. 280.0129 14.2 N.A. 
N.O. 281.0213 197 Z1' 

282.0288 3277.5 282.0292 1370.3 Z1 
290.088 188.7 N.O. N.A. 

N.O. 298.0239 54.2 Y1" 
300.0394 5448.6 300.0397 610.9 Y1 

N.O. 310.0238 18.8 N.A. 
N.O. 315.0264 19.3 N.A. 

318.083 243.8 N.O. N.A. 
324.0394 814.6 324.0397 39 N.A. 

N.O. 328.0345 420.3 1,5X1 
339.0717 68.2 N.O. N.A. 

N.O. 341.0423 79.2 N.A. 
342.05 715.9 342.0516 15.2 0,2X1 

349.0396 35.2 N.O. N.A. 
N.O. 356.0299 19.3 N.A. 
N.O. 357.0364 20.2 N.A. 

360.0936 151.1 N.O. B2-SO3 
370.0449 307.2 370.0454 27.7 Z3

2- 
378.1041 1071 N.O. C2/Z2-SO3 
379.0501 817.1 379.0505 226.3 Y3

2- 
N.O. 386.0526 19.7 N.A. 

391.0502 69.8 N.O. N.A. 
N.O. 393.0486 54.5 1,5X3

2- 
396.1146 320.3 N.O. N.A. 
400.0556 60.7 400.0541 16.1 0,2X3

2- 
405.3872 134.8 405.3881 77.5 Y5

3- 
N.O. 407.5503 11.2 2,5X3

2- 
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N.O. 414.0722 85.5 Z2-CO2 
416.0504 93.9 N.O. N.A. 
418.0826 113.7 N.O. N.A. 
418.5838 56 N.O. N.A. 
419.3909 110.8 419.3913 60.2 0,2X5

3- 
427.0875 30.3 N.O. N.A. 
430.066 150.5 430.0682 18.7 N.A. 

N.O. 431.4103 25.8 N.A. 
431.7426 75.9 N.O. N.A. 

N.O. 436.0669 62.1 Z4-CO2
2- or 1,5A4

2- 
N.O. 439.0434 27.3 B2' 

440.0503 504.5 440.0514 218.5 B2 
N.O. 443.7214 20.4 N.A. 

449.0555 91.7 449.0566 70.4 B4
2- 

N.O. 452.0575 26.1 [M-3H-H2O]3- 
458.0608 9902.9 458.06 46911.7 precursor ion 

N.O. 466.0576 11.4 Y4"2- 
467.0664 19.5 467.0671 55.1 Y4

2- 
N.O. 474.0563 68 Y2" 

476.0716 377.8 476.0722 841.9 Y2 
479.0661 52.4 N.O. N.A. 

N.O. 481.0637 34.3 1,5X4
2- 

N.O. 486.0559 19.6 N.A. 
500.0715 761.4 500.0708 27.4 2,4A3 

N.O. 504.0667 65.4 1,5X2 
N.O. 512.0714 21.3 N.A. 

518.1154 37.5 N.O. N.A. 
N.O. 520.0069 48.7 N.A. 
N.O. 521.01 10.6 N.A. 
N.O. 528.0669 173.6 3,5A3 
N.O. 530.5995 12.7 N.A. 
N.O. 536.0936 19.7 B5'2- 

536.1255 110.9     B3-SO3 
537.0719 229.7 537.0723 134 B5

2- 
N.O. 543.5876 30.9 N.A. 
N.O. 545.0695 78 C5"2- 
N.O. 546.0775 84.6 C5

2- 
N.O. 550.5955 27 N.A. 

554.1362 663.6 N.O. C3-SO3 
N.O. 556.0283 40.9 N.A. 
N.O. 558.5926 47.3 Z5"-SO3

2- 
N.O. 559.5999 19.1 Z5-SO3

2- 
N.O. 567.598 15.9 Y5"-SO3

2- 
568.6072 10.4 568.6058 75.8 Y5-SO3

2- 
N.O. 573.0821 135.7 N.A. 

574.0718 33.7 574.0717 299.8 0,2A3 
N.O. 579.582 22.2 N.A. 

581.1833 25.8 N.O. N.A. 
N.O. 587.0808 12.7 N.A. 
N.O. 588.0853 17.3 N.A. 
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589.611 36.9 N.O. N.A. 
N.O. 589.1073 267 0,2X5-SO3

2- 
598.0729 7.3 N.O. N.A. 
599.1933 24.1 N.O. N.A. 

N.O. 614.1275 21 N.A. 
N.O. 615.0746 107.6 B3' 

616.0825 492.5 616.0818 146.7 B3 
N.O. 623.1018 18.3 N.A. 
N.O. 629.0835 57.2 0,2X5

2- 
N.O. 629.1158 54.9 N.A. 
N.O. 632.0779 130.7 C3" 

634.0931 357.4 634.0933 487.6 C3 
N.O. 638.1074 35.4 N.A. 
N.O. 642.1183 11.4 N.A. 
N.O. 643.1304 21 N.A. 
N.O. 644.137 32.8 N.A. 
N.O. 646.6086 33.6 [M-3H-SO3H]2-• 
N.O. 647.1121 57.8 [M-3H-SO3]2-• 
N.O. 659.125 56.9 Z3"-SO3 

661.1399 40.4 661.1404 56.1 Z3-SO3 
N.O. 677.1358 22.3 Y3"-SO3 

679.1511 29.9 679.1516 112.6 Y3-SO3 
N.O. 683.0921 11.6 N.A. 
N.O. 688.1041 21.3 N.A. 
N.O. 689.1377 27.8 N.A. 
N.O. 702.1437 160.2 0,2X3-H2O-SO3 

703.1506 34.4 N.O. N.A. 
N.O. 707.1464 104.8 1,5X3-SO3 
N.O. 714.0498 28.6 N.A. 
N.O. 720.154 207 0,2X3-SO3 
N.O. 741.0971 60.4 Z3 

749.157 21.8 N.O. N.A. 
757.2145 21.3 N.O. N.A. 

N.O. 759.1077 122.5 Y3 
N.O. 769.0909 26.5 N.A. 
N.O. 775.1714 15.5 N.A. 
N.O. 782.1004 551.5 0,2X3-H2O 
N.O. 787.1024 149.2 1,5X3 
N.O. 792.1709 10.1 N.A. 
N.O. 800.1107 222.5 0,2X3 
N.O. 818.1525 28.7 B4'-SO3 

819.1613 40.5 819.1605 105.8 B4-SO3 
N.O. 820.2789 86.8 N.A. 
N.O. 835.1568 146.5 C4"/Z4"-SO3 

837.1716 24.7 837.1725 99.3 C4/Z4-SO3 
N.O. 855.1854 36.7 Y4-SO3 
N.O. 873.1388 27 Z4-CO2 
N.O. 883.1757 23.6 1,5X4-SO3 
N.O. 898.1133 24.2 B4' 
N.O. 899.1176 235 B4 
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N.O. 907.1765 83.3 3,5A5-SO3 
N.O. 915.1119 54.7 C4"/Z4" 
N.O. 917.1266 37.9 C4/Z4 
N.O. 935.1356 12.4 Y4 
N.O. 945.1243 11.5 N.A. 
N.O. 953.181 28.8 0,2A5-SO3 
N.O. 963.129 17.9 1,5X4 
N.O. 987.1329 54.8 3,

5A5 
N.O. 993.2397 16.3 N.A. 
N.O. 994.1772 15.8 B5'-SO3 
N.O. 995.1882 17.1 B5-SO3 
N.O. 1011.1828 14.8 C5"-SO3 
N.O. 1013.2033 151 C5-SO3 
N.O. 1022.2412 15.1 N.A. 
N.O. 1033.1433 18.6 0,2A5 
N.O. 1038.2342 15.7 N.A. 
N.O. 1073.1961 33.2 N.A. 
N.O. 1098.2605 14.2 N.A. 
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Table.  List of observed product ions with corresponding S/N and assignment from IRMPD and 

EDD DS dp8 (3).  N.O. = not observed, N.A. = not assigned.   

 
IRMPD EDD  

m/z S/N m/z S/N Assignment 
157.0141 625.6 157.0142 131.4 B1 
175.0247 812.1 175.0248 285.7 C1 
193.0353 671 N.O. N.A. 
196.0615 28.4 N.O. N.A. 

N.O. 196.9438 1349.3 N.A. 
198.9918 977.9 198.9918 142.6 N.A. 

N.O. 201.237 65.2 N.A. 
202.0721 218.8 N.O. N.A. 

N.O. 229.0309 84.8 N.A. 
N.O. 236.0235 64.3 N.A. 
N.O. 266.0341 79.6 N.A. 
N.O. 270.9767 84.7 N.A. 
N.O. 281.0212 146.7 Z1' 

282.0292 5351.5 282.029 2390.2 Z1 
N.O. 298.0239 99.5 Y1" 

300.0399 8346.8 300.0396 1612.5 Y1 
318.0838 250.6 N.O. N.A. 
324.0402 1035.3 324.0397 140.1 N.A. 

N.O. 328.0345 362.2 1,5X1 
330.0673 215.2 N.O. Z3-SO3

2- 
339.0726 122.4 N.O. Y3-SO3

2- 
342.0509 485.4 342.0503 73.1 0,2X1 
360.0946 262.6 360.0937 22.8 B2-SO3 
370.0459 2225.4 370.0451 278.1 Z3

2- 
378.1053 1544.6 378.1044 161 C2/Z2-SO3 
379.0513 1768.8 379.0504 511 Y3

2- 
391.0514 152.6 N.O. N.A. 

N.O. 393.0479 124.3 1,5X3
2- 

396.116 465.5 396.1151 66.3 Y2-SO3 
N.O. 399.3838 56 Z5

3- 
405.3884 1646.4 405.3873 504.2 Y5

3- 
409.0788 104.6 N.O. N.A. 
413.3886 182 N.O. N.A. 

N.O. 414.0714 99.2 Z7 
N.O. 414.719 95.8 1,5X5

3- 
416.052 72.2 N.O. N.A. 
418.0841 459.4 418.0829 50.8 C4/Z4-SO3

2- 
418.5569 378.6 418.5557 129 Y7

4- 
N.O. 419.0561 201.5 N.A. 

425.4065 41.5 N.O. N.A. 
427.0896 47.6 N.O. N.A. 
429.0597 197.5 429.0583 79.9 0,2X7

4- 
N.O. 429.5589 119.1 N.A. 
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431.4103 125.9 N.O. N.A. 
N.O. 436.0664 94.5 1,

5A4
2- or Z4-CO2

2- 
437.4137 63.2 N.O. N.A. 
438.0733 178 438.0718 102.8 [M-4H-SO3]4- 

N.O. 438.5726 196.2 N.A. 
N.O. 439.0428 32.3 B2' 

440.0522 538 440.0507 357.1 B2 
N.O. 443.3979 67.3 1,5A6

3- or Z6-CO2
3- 

N.O. 447.3063 156.6 N.A. 
449.0575 167.4 449.0558 156.4 B4

2- 
452.0593 427.6 452.0575 171.6 B6

3- 
N.O. 452.725 123.1 N.A. 

458.0625 15910.5 458.0603 47619.5 precursor ion 
N.O. 464.0647 14.2 Y6

3- 
N.O. 466.0584 15.2 Y4"2- 
N.O. 467.0668 188 Y4

2- 
472.0665 205.4 N.O. N.A. 

N.O. 474.056 227.8 Y2" 
476.0738 1364.8 476.0719 1518.4 Y2 
479.0683 106.1 N.O. N.A. 

N.O. 481.0642 25.8 1,5X4
2- 

484.0847 72.2 N.O. N.A. 
N.O. 493.064 274.6 3,5A5

2- 
497.0958 114 N.O. B5-SO3 
500.0741 1154.8 500.0719 104.6 2,4A3 

N.O. 504.067 61.5 1,5X2 
506.1013 46.5 N.O. C5-SO3

2- 
510.7373 1021.3 510.7351 217.8 B7

3- 
N.O. 511.4025 187.3 N.A. 
N.O. 516.0667 321.6 0,2A5

2- 
N.O. 516.7384 70.8 C7

3- 
518.118 73.3 N.O. N.A. 

N.O. 525.7545 18.6 Z7-SO3
3- 

N.O. 528.067 86.2 3,5A3 
531.7605 40.7 531.7576 77 Y7-SO3

3- 
536.1287 275.6 536.1265 35.7 B3-SO3 

N.O. 536.5681 86.2 B5'2- 
537.0749 399.8 537.0718 176.5 B5

2- 
N.O. 545.0695 177.4 C5"2- 
N.O. 545.4253 170.2 0,2X7-SO3

3- 
545.7638 159.1 N.O. N.A. 

N.O. 546.0774 246.7 C5
2- 

N.O. 552.4065 12.4 Z7
3- 

N.O. 553.0777 24 N.A. 
554.1396 892.5 554.1369 74.6 C3-SO3 

N.O. 558.4104 33.8 Y7
3- 

559.6038 48.4 559.601 33.9 Z5-SO3 
568.6092 31.6 568.6064 84 Y5-SO3

2- 
572.0962 35.3 572.0773 301.2 0,2X7

3- 
574.0753 14 574.0723 180.3 0,2A3 
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N.O. 580.1027 54.6 N.A. 
581.1871 71.8 N.O. N.A. 

N.O. 582.6033 42.3 1,5X5-SO3
2- 

N.O. 584.0946 53.6 [M-4H-SO3]3-• 
584.4358 17.9 N.O. N.A. 

N.O. 589.1081 63.1 0,2X5-SO3
2- 

N.O. 592.083 41.3 N.A. 
599.1982 52.3 599.5794 35.5 Z5

2- 
N.O. 608.5841 29.2 Y5

2- 
N.O. 610.7486 13.6 [M-4H]3-• 
N.O. 615.0749 89.7 B3' 

616.0869 682.7 616.0831 243.2 B3 
N.O. 620.0807 216.4 N.A. 
N.O. 625.6221 26.5 N.A. 
N.O. 629.0854 20.6 0,2X5

2- 
N.O. 629.1166 29.8 N.A. 
N.O. 632.078 52.7 C3" 

634.0977 473.1 634.0936 208.1 C3 
N.O. 638.1076 14.7 B6'-SO3

2- 
638.6156 49.7 638.6111 52.2 B6-SO3 

N.O. 644.138 32.4 N.A. 
N.O. 646.6091 67.6 C6"/Z6"-SO3

2- 
647.6219 23.7 647.6164 69.9 C6/Z6-SO3

2- 
N.O. 652.1043 78.5 N.A. 
N.O. 656.6215 39.5 Y6-SO3 
N.O. 659.1248 20.3 Z3"-SO3 

661.1451 116.7 661.1409 81.3 Z3-SO3 
668.6258 22.4 N.O. N.A. 

N.O. 677.1371 16.9 Y3"-SO3 
N.O. 678.084 8.3 B6'2- 
N.O. 678.5895 17.8 B6

2- 
679.1565 53.3 679.1514 65.9 Y3-SO3 

N.O. 687.5959 9.5 C6/Z6
2- 

N.O. 689.1363 45.7 N.A. 
695.3684 12.8 N.O. N.A. 

N.O. 702.1435 76.2 0,2X3-H2O-SO3 
703.1566 49.8 N.O. N.A. 

N.O. 707.1462 62.6 1,5X3-SO3 
N.O. 720.1537 51.5 0,2X3-SO3 
N.O. 741.0978 183.7 Z3 

757.2225 89.7 N.O. N.A. 
N.O. 759.1083 89.8 Y3 
N.O. 769.0925 109.3 N.A. 
N.O. 778.1596 27.9 N.A. 
N.O. 782.1005 273.4 0,2X3-H2O 
N.O. 787.1033 117.4 1,5X3 
N.O. 793.1851 22.2 N.A. 
N.O. 798.0952 37.9 N.A. 
N.O. 800.1111 105.7 0,2X3 
N.O. 818.1555 12.3 B4'-SO3 
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819.1705 47.5 819.1627 253.8 B4-SO3 
N.O. 835.1574 53.5 C4"/Z4"-SO3 

837.1805 66.5 837.1729 94.5 C4/Z4-SO3 
N.O. 855.1292 57 Y4-SO3 

879.1935 40.7 N.O. N.A. 
N.O. 898.1131 24.2 B4' 
N.O. 899.1193 616.1 B4 
N.O. 915.1143 41.7 C4"/Z4" 
N.O. 917.1301 114.2 C4/Z4 
N.O. 935.1416 35.6 Y4 
N.O. 945.1244 32.4 N.A. 
N.O. 1013.2051 47.7 C5-SO3 
N.O. 1055.1851 37.8 N.A. 
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Table.  List of observed product ions with corresponding S/N and assignment from IRMPD and 

EDD DS dp10 (4).  N.O. = not observed, N.A. = not assigned.   

 
IRMPD EDD  

m/z S/N m/z S/N Assignment 
157.0137 267 157.0142 59.2 B1 
175.0242 246.1 175.0248 93.5 C1 
180.9807 436.9 N.O. N.A. 
182.0657 133.6 N.O. N.A. 
184.061 65.7 N.O. N.A. 
185.3514 307.7 N.O. N.A. 
189.193 140.8 N.O. N.A. 
193.0348 310 193.0353 66.8 N.A. 
196.9435 3185.1 196.944 438.9 N.A. 
198.9912 861.2 198.9918 57.3 N.A. 

N.O. 201.2372 34.7 N.A. 
202.0715 166.5 202.0721 23.3 N.A. 

N.O. 236.0234 48.2 N.A. 
N.O. 237.532 42.7 N.A. 
N.O. 266.034 33.9 N.A. 
N.O. 280.0133 16.2 N.A. 
N.O. 281.0211 66.1 Z1' 

282.0284 1747.8 282.0289 1324.9 Z1 
N.O. 298.0237 38.2 Y1" 

300.039 1425.9 300.0395 596.9 Y1 
N.O. 310.024 25.7 N.A. 

318.0826 80.3 N.O. N.A. 
324.039 236.9 324.0395 53.5 N.A. 

N.O. 328.0344 180.3 1,5X1 
330.0662 39.8 N.O. N.A. 

N.O. 341.0417 22.8 N.A. 
342.0496 210.7 342.0502 27.9 0,2X1 
360.0932 64.3 360.0937 22.8 B2-SO3 
370.0446 594.2 370.045 286 Z32- 
378.1039 448 378.1042 92.4 C2/Z2-SO3 
379.0499 298.2 379.0502 264.5 Y32- 

N.O. 393.0478 124.2 1,5X32- 
396.1144 122.9 396.1151 32.1 Y2-SO3 

N.O. 398.5663 21.3 N.A. 
399.3832 346.7 399.3835 170 Z53- 
405.3868 497.9 405.3872 330.6 Y53- 

N.O. 412.0555 25.7 N.A. 
414.0526 82.9 414.0527 56.2 Z74- or Z2-CO2 

N.O. 414.7185 46.5 1,5X53- 
N.O. 418.0826 38 C4/Z4-SO32- 

418.5552 753.5 418.5554 478 Y74- 
N.O. 424.555 15.6 N.A. 
N.O. 425.5541 47.5 1,5X74- 
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426.4561 157.3 426.4565 113.5 2,4A105- 
426.6574 27 N.O. N.A. 

N.O. 429.058 23.5 0,2X74- 
430.0659 50.4 N.O. N.A. 

N.O. 431.4084 22.1 N.A. 
434.8582 59 434.8582 47.8 0,2X95- 

N.O. 436.0661 44.4 1,5A42- or Z4-CO22- 
438.0713 53.4 438.0718 48.1 N.A. 
440.0503 110.9 440.0505 187.4 B2 
442.0691 148.3 442.0693 162.7 [M-5H-SO3]5- 

N.O. 443.3974 37.5 1,5A63- or Z6-CO23- 
N.O. 447.0641 23.9 N.A. 
N.O. 448.5516 20.9 B4'2- 

449.0553 37 449.055 77.1 B42- 
N.O. 449.4565 73.7 N.A. 
N.O. 449.6578 114.3 N.A. 

452.0574 103.2 452.0575 92.3 B63- 
453.558 380.8 453.5581 222.8 B74- 
458.0605 27101.9 458.0602 34299.1 precursor ion 

N.O. 464.0643 37.7 Y63- 
N.O. 466.0587 29 Y4"2- 
N.O. 467.0665 205.1 Y42- 
N.O. 472.0649 10 N.A. 
N.O. 474.056 153.7 Y2" 

476.0717 261 476.0717 893.8 Y2 
N.O. 481.3957 26 N.A. 
N.O. 486.0554 17.5 N.A. 
N.O. 493.0639 56.2 3,5A52- 
N.O. 496.7314 45.7 2,5X63- 
N.O. 497.0655 34.6 B5-SO32- 

497.5662 175.5 497.5659 106.2 B94- 
500.0718 168.7 500.0718 58.1 2,4A3 

N.O. 502.0685 57.2 C94- 
N.O. 504.0664 29.2 1,5X2 
N.O. 509.3342 19.8 N.A. 
N.O. 510.3986 35.5 B7'3- 

510.735 161.4 510.7344 109.6 B73- 
N.O. 513.3333 31.1 Y9-SO34- 
N.O. 516.0665 285.8 0,2A52- 
N.O. 516.7382 23.4 C73- 
N.O. 518.8209 14.8 N.A. 
N.O. 523.5841 42.6 0,2X9-SO34- 

523.8359 102.5 523.8354 77.7 N.A. 
N.O. 525.7537 15 Z7-SO33- 
N.O. 528.0665 17 3,5A3 
N.O. 529.0707 16.4 Z94- 
N.O. 531.7567 47.9 Y7-SO3 
N.O. 533.3214 14.7 Y94- 

536.1263 57.5 536.1255 25.7 B3-SO3 
N.O. 536.5679 58.5 B5'2- 
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537.0723 110.1 537.071 100.1 B52- 
N.O. 540.8333 49.5 N.A. 
N.O. 543.5728 123.9 0,2X94- 
N.O. 543.8238 186.4 N.A. 
N.O. 545.0691 31.9 C5"2- 
N.O. 545.4247 16.8 0,2X7-SO33- 
N.O. 546.0772 117.5 C52- 
N.O. 548.3374 17.7 N.A. 
N.O. 550.7563 16 N.A. 
N.O. 552.5861 37.7 [M-5H-SO3]4-• 

554.1368 227.9 554.1368 51.1 C3-SO3 
N.O. 558.4097 41.9 Y73- 
N.O. 559.6008 25.7 Z5-SO3 
N.O. 561.5759 11.5 [M-5H-CO2]4-• 
N.O. 566.0735 19.6 N.A. 
N.O. 568.6055 28.2 N.A. 
N.O. 572.077 37.4 0,2X73- 
N.O. 572.576 27.2 [M-5H]4-• 
N.O. 572.8264 58.1 N.A. 
N.O. 574.0721 52.7 0,2A3 
N.O. 577.4091 23.2 N.A. 

578.4286 35 578.4276 32.4 B8-SO33- 
N.O. 580.1035 11.7 N.A. 
N.O. 582.6026 11.5 N.A. 
N.O. 583.7594 26.6 C8"/Z8"-SO33- 
N.O. 584.0934 29.9 N.A. 
N.O. 584.4307 39.3 C8/Z8-SO33- 
N.O. 589.1088 18.9 0,2X5-SO32- 
N.O. 590.4341 12.1 N.A. 
N.O. 592.0827 45 N.A. 
N.O. 596.4213 17.8 N.A. 
N.O. 599.5792 54 Z52- 
N.O. 605.0944 18.9 B83- 
N.O. 608.5829 20.9 Y52- 
N.O. 610.4118 12.4 C8"/Z8"3- 
N.O. 611.0812 23.7 C8/Z83- 
N.O. 615.0751 42.8 B3' 

616.0836 315 616.0826 160 B3 
N.O. 620.0799 41.3 N.A. 
N.O. 628.0773 26.6 N.A. 
N.O. 629.0857 12.9 0,2X52- 
N.O. 629.1144 15.9 N.A. 
N.O. 632.0766 15.7 C3" 

634.0944 139.3 634.0933 107.8 C3 
N.O. 638.6112 64.6 B6-SO32- 
N.O. 646.6086 23.6 C6"/Z6"-SO3 
N.O. 646.7918 13.4 N.A. 
N.O. 647.6163 37.1 C6/Z6-SO3 
N.O. 650.0884 19.4 N.A. 
N.O. 652.1039 51.8 N.A. 
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N.O. 656.6202 26.7 Y6-SO3 
661.1425 35.1 661.1409 36.6 Z3-SO3 

N.O. 678.5897 86.3 B62- 
N.O. 679.1514 17.4 Y3-SO3 
N.O. 687.5941 19.3 C6/Z62- 
N.O. 689.1388 14.8 N.A. 
N.O. 695.2686 11.4 N.A. 
N.O. 696.5999 10 Y6 
N.O. 702.1431 22.1 0,2X3-H2O-SO3 
N.O. 706.1162 13.3 N.A. 
N.O. 720.1553 13.4 0,2X3-SO3 
N.O. 741.0977 116.5 Z3 

757.218 40.1 757.2226 10.5 N.A. 
N.O. 759.1083 24.6 Y3 
N.O. 769.0929 48.3 N.A. 
N.O. 782.0998 149 0,2X3-H2O 
N.O. 787.1022 25 1,5X3 
N.O. 798.0935 20.2 N.A. 
N.O. 800.1131 23.2 0,2X3 
N.O. 819.1617 90.9 B4-SO3 

837.1762 32.8 837.1728 53 C4/Z4-SO3 
N.O. 855.1302 33.8 Y4-SO3 
N.O. 898.1143 14 B4' 
N.O. 899.119 358.6 B4 
N.O. 915.1163 12.8 C4"/Z4" 
N.O. 917.1296 115.4 C4/Z4 
N.O. 935.1386 24.6 Y4 
N.O. 1013.2001 14.9 C5-SO3 
N.O. 1097.4193 12.7 N.A. 
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Figure.  EDD mass spectrum of the [M-5H]5- precursor ion of DS dp8. 
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Figure.  EDD mass spectrum of the [M-3H]3- precursor ion of DS dp8. 
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Figure.  EDD mass spectrum of the [M-5H+Na]4- precursor ion of DS dp8.  
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Figure.  EDD mass spectrum of the [M-6H+2Na]4- precursor ion of DS dp8. 
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Figure.  EDD mass spectrum of the [M-7H+3Na]4- precursor ion of DS dp8. 
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Figure.  EDD mass spectrum of the [M-8H+4Na]4- precursor ion of DS dp8. 
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