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ABSTRACT 

A combination of derivatization. reversed-phase hi& performance Iiquid 

chromatography (RP-HPLC), and mass spectrornetry techniques has been explored for the 

characterization of small sugan. medium-size oligosaccharidrs. and glyans detached 

from chicken egg albumin (ovalbumin) by hydrazino iysis. Derivatization methods using 

2-aminopyridine (PA) and 1 -phenyl-3-methyl-5-pyrazoione (PMP) were selected among a 

number of previously reported methods for labeling carbohydrates since both had shown 

a quantitative yield. a rapid reaction and a simple workup procedure. The PMP 

derivatization method was preferred over pyridylamination owing to the sirnplicity of the 

reaction involved and. most importantiy. its better enhancernent of ionîzation rfficicncy 

in îàst atom bombardment (Fm). electrospray (ESI). and mauix-assisted laser 

desorptiodionization (MALDI-MS). In addition. the good quality and ease of separation 

of PMP-derivatives by HPLC are also advantages of using PMP rather than PA as a 

derivatizing reagent. The PA- and PMP-denvatives of mono-. di-. and trisaccharides 

yielded FAB spectra with low SM ratios. whereas ES1 and MALDI produced bener 

specua with 100 times less material used for FAEL In general. PMP-derivatives of di- and 

ui-saccharides gave rise to stronger signais than PA analogs. For oligosaccharides with 

more than three rings. only PMP-derivatives produced structurdly related information. 

and only ES1 and MALDI were utilized while FAB kvas dropped. Sensitiviv studies were 

carried out using a standard oligosaccharide. tetraglucose. One purpose of these studies 

was to determine the minimm amounts of PMP-tetraglucose required to obtain 

informative full-scan ES1 spectra and collision-induced dissociation tandem (MSIMS) 



spectra. The other aim was to study the fragmentation patterns of PMP-derivatives 

Qualitative hgrnentation midies of PMP-derivatives w-ere also carried out with typical 

N-linked oligosaccharides obtained commercially. PMP-denvatives of these standard 

oligosaccharides not only produce abundant molecular ions. but also informative 

sequence-related fragment ions in ESI-MS and ESI-MSMS while the MALDI mass 

spectra mainiy yielded molecular ions. such as [MCHI*. and [M--la]*. With this 

information in hand. the denvatization method was then applied to N-glj-cans cleavsd 

from ovalburnin. which has oniy one N-glycosylation site. Intact ovaibumin was tirst 

analyzed by ESI- and MALDI-MS pnor to the characterizarion of PMP-glycans bp ESI- 

MS and ESI-MS/MS. The combination of ESI- and MALDI-MS of intact ovalbumin and 

ES1 of PMP-glycans gave rise to detection of 17 different glycoforms. indicating 

microheterogeneity of this glycosylation site. 
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1. INTRODUCTTON 

1.1 Importance of Glycopmteins and Their Glycan Components 

Many important cell membrane proteins and saum proteins contain carbohydrate 

chains: these proteins are tcmied glycoproteins [l]. Of the rnany proteins that have been 

characterkd, greater than 50% are glycosyhted [2]. Glycoproteins are complex 

m ~ r 0 ~ 0 k d e ~  eXiSbig in a hrge diversity and are present in a.ki forms of He: ~~, 

plants, and microorganisms [3]. They comprise several important classes of 

macromoledes, such as enzymes, hormones, Urimunoglobulins, transport proteins. ceU 

adhesion molecules, toxins, l e c ~ s ,  sacturai proteins, and even the recently discovered 

cytoplasmic and nuclcoplasniic proteins. These important momolecules perform diverse 

bio Io @cal hinctio ns including enzymatic catalysis, hormonal CO ntrol, immuno 10 @cal 

protection, ion nansport, blood clotting, lubrication, surface protection, structural 

suppon ceii adhesion, intercellular interaction, and most important, in recognition in 

general[3]. Glycoproteins are more precisely defined as conjugated proteins [3]. The role 

of protein-bound carbohydrates in biological recognition, such as that in host-pathogen, 

cell-ce& and ce~molecuie interactions, among other biological processes, has aroused 

great interest and the popularity of this field has been increasing over the recent years. It 

has been known for some time that carbohydrates have an effect on the physiochemical 

propemes of pro teins, such as viscosity, isoelecaic pH, degree of hydration, sohbility, 

thermal stability, and resistance to proteolysis. Recent findings, e.g. the alteration in the 

glycan structures in various develo pmental and pathological States of glycoproteins, have 

suggested that glycans have great biological signincance. The direct involvement of 



glycans in biologicai functions has been dernonstrated. For example, the remval of the 

glycans from some glycosylated hormones, such as human chononic gonadouopin (hCG), 

iutropin (LH), and thyrotropin (TSH), resulted in a draSticalIy reduced biological response 

relative to that of native hormones [3]. Generally, glycans piay two major roles, one of 

which is to confer cenain physicochemical properties to proteins, and the other is to act as 

sig nals for cell-surface recognition p henornena [4]. 

Glycoproteins cunently constitute an active area of research, and the fùnctional 

signifïcance of the carbohydrate moieties has becorne uicreasingly apparent. The interest in 

carbo hydrate function has created a need for rapid, reliable and sensitive methods for 

carbohydrate detection and analysis [a. Characterization of wbohydrates would lead to a 

new insight into the biological functions of glycans. Structural elucidation of complex 

oligosaccharides found in glycoproteins remains cwenging. In contrast to the linear 

protein and nucleic acid biopolymers, sugar analysis involves characterization of sugar 

sequence, ûranching pattern, linkage positions, anomeric configuratio~, and ring f o m  of 

the monosaccharide units present, as well as three-dimentional structure and possible 

presence of sulfate or phosphate goups [6-81. 

1.2 Nomendature and Stnidural Rules for Oligosaccbarides in Glycoproteins 

Monosaccharides commonly encountered in glycopro teins are listed in Table 1.1 

[4, 81, 

When a D-mannopyranose is linked to a N-acetyl-D-glucosamLie as shown in 

Fig. 1.1, Man can be linked to the GlcNAc at four di&rent positions: C-2, C-3, C-4, and 

C-6. In addition, a Man redue  can take two anomric configurations. a or P. The 



Table 1. L Monosaccharides cormnonly encuuntered in a n k d  glycoproteins [4,8]. 

Sialic acid (either NeuNAc 

Monosaccharide 

N-acetyineuraminic acid 

Abbmvistion I 

NeuNAc* or 

* used in this thesis. 

D-glucose 

D-galactose 

N-acetyl-D-glucosamine 

N-acetyl-D-gdactosamine 

D-mannose 

Glc a 

Gd 

GlcNAc ! 

GalNAc 

Man 



GlcNAc 

Fig. 1.1 Man can be linked to the GlcNAc at four different positions. 



expression "Manp 1-4GlcNAcn represents a bond between C-1 of P-Man and C-4 of 

GIcNAc [SI. 

The glycans of glycoproteins can be classifieci into two groups since they can be 

linked to two dinerent types of amino acids. The sugars cailed O-linked or mucin type are 

linked at serine, ihreonine, or (rarely) hydroxylysine residucs of a polypeptide through a 

hydroxyl oxygen. The sugars classified as N-linked contain a GlcNAc at their reducing 

termini and are linked to the d e  nitrogen of an asparagine residue found in the 

following sequence: Asn-X-Ser/Thr (Asn, asparagine; X, any amino acid: Ser, serine; Thr, 

threonine) [5,9]. N-linked sugars are more c o m n i y  found than O-lùiked sugars in 

mammaiian glycoproteins, but a single glycoprotein mây have multiple sugar chains, some 

of which are N-linked and some of which are O-linked [5] .  

Accumulation of structural data revealed that N-linked sugar chahs conforrn to 

more structural niles than O-linked sugars [IO]. Ali N-linked glycans contain a 

pentasaccharide, Mana 1-6(Manal-3)Manp 1-4GlcNAcP 1 -4GlcNAc. as a conimon core. 

This core is calleci nimannosyl core and has been highly conserved during evolution. N- 

linked glycans can be fhrther subclassified into three groups termed as glycotypes [Il] ,  

Mering only in the peripheral sugar residues, as shown in Fig. 1.2. Each glycotype is 

narned according to the structure and the location of glycan residues added to the 

trimannosyl core [4]. These glycotypes are usually consistent at any one site [Il]. 

Structural variations within a motif are termed glycofom, which are often O bsemed as a 

molecular distribution associated with micro heterogeneity at a single glycosylation site 

[Il], as a result of their biosynthesis in which several m d . g  enzymes compete for 



Fig. 1.2 The subgoups of N-iinked sugar chains: (1) cornplex-type sugar chains; (2) high- 

mannose-type sugar chains; (3) hybnd-type sugar chahs. The structure within the solid 

line is the pentasaccharide structure c o m n  to ail N-linked sugar chahs. The structure 

enclosed with a dotted line is the c o m n  heptasaccharide of high-mannose-type sugar 



comrnon carbohydrate substrates 181. The high-mannose-type structures contain from two 

to six additional mannose residues linked to the aimannosyl core [a. The complex-type 

structures usually have &om two to four branches attached to the two outer core mannose 

residues. The branches are dktributed ova  the two terminating core Man residues. The 

complex structures are termed diantennary, triante~ary, and teûaantennary, referring to 

the number of antennae. The basic branch structures are composed in rnost instances of 

one GlcNAc and one Ga1 residue. To coqlicate rnatters further each of these arms can 

terminate in SA. It is possible to have a teaaantennary complex glycoforrn with zero to 

four temiinating SA residues (121. Mammaüan glycoproteins comonly cany complex 

oligosaccharides with 2-4 antennae, but pentaantennary and hexaantennary 

oligosaccharides have b e n  describeci [q. In addition, some complex-type glycans have an 

a-Fuc residue linked to the C-6 position of the proxunat GlcNAc residue and a P-GlcNAc 

residue linked to the C-4 position of the P-Man residue of the aimannosyl core (bisecting 

GlcNAc). 

The third group is called hybrid-type since the oligosaccharides have the structural 

features of both high-mannose-type and complex-type sugar chains. One or two a-Man 

residues are Linked to the Manal-6 a m  of the trimannosyl core as in the case of the high- 

mannose-type, and the outer chains as in the complex-type are linked to the Manal-3 

a m  of the core of this group. The glycans in this group also have an a-Fuc residue and 

the bisecting GlcNAc linked to the trima~osyl core, as in the complex type [ 101. 

According to the biosynthesis pathway of asparagine-Mexi oligosaccharides, 

fucosyltransferase works only on substrates which have an unsubstituted GlcNAc in the 



first antenna Thus hcose may be added to the core of hybrid or cornplex oligosaccharide 

structures, but may not be added to high-mannose structures (which lack the GlcNAc of 

the fkst antema). Fucosyltransferase will also not work on bisected structures [SI. 

It has been reveW that complex N-linked oligosaccharides tend to be located at 

N- terminus of proteins whaeas high-mannose-types are located closer to the C- end of 

pro teins. Furthermore, semm glycoproteins contain mainly complex- types while 

membrane glycoproteins have both complex- and high-mannose-type of oligosaccharides 

U31. 

In contrat to Klinked glycans, O-linked glycans have fewer structural niles. They 

do not share a c o m n  core. Instead, they are base. on several dinerent cores and are 

more difficult to define. So far, these sugar c h a h  can be classined into at Ieast four 

groups according to their core structures (Fig. 1.3) [ 1 O]. Furthemiore, O-linked sugars 

with GlcNAcp 1 -6GaNAc and the GaiNAcP 1 - 3GaNAc cores are found in a iimited 

number of glycoproteins [IO]. The O-Linked sugars are usuaily short (2- 10 residues), but 

longer chains rnay aiso occur. The sugar directly linked to the protein is kequently 

GaNAc (e.g., in mucins) or Gai (e.g., in collagens) [SI. O-linked structures in general 

appear to be less comp1ex than N-linkages in the nurnber of antennae and 

monosaccharides. However, they can be fucosylated and sialyhted [ 121. 

1.3 Release of Sugar Chains from GIycoproteins 

The analysis of sugar chahs involves identification of monosaccharide sequence, 

branching patterns, linkage positions, as well as anorneric configurations. There is no 

simple recipe for determing the structures of these compounds. Rather. a variety of 



Core 1 

Core 2 

Core 3 I 1 

Core 4 

Fig. 1.3. Four types of core structures found in O-linked sugar chains. 
The cores are enclosed by solid lines [IO]. 



chenrical and analytical methods have been used for acquiring complete structural 

information, and the parthdar procedm used depend largely on the nature and the type 

of starting material 17. In most cases, structurai analysis of the carbohydrate portion 

starts with cleavage of the sugar chains fiom the peptide backbone by either chernical or 

enzymatic methods. Cleavage is followed by kactionation of the mixture of glycans, and 

findy characterization of the individual coqonents [7,14]. 

Chemicai and enzymatic methods can be used to detach glycans nom 

glycoproteins. Each has its advantages and disadvantages. The choice of method'mainly 

depends on how much is already known about the structures of the oligosaccharides and 

their linkages to the protein, and &O on the amounts of glycoprotein available [15]. 

1.3.1 Enzpmatic Cleavage of the Oligosacchande Portion from Glycoproteins 

Until 1 970, exhaustive pronase digestions had been used to CO nvert glyco pro teins 

into glycopeptides. Ho wever, digestions were usudy incoqlete and it was difncult t O 

O btain pure glycopeptide samples due to the hetero geneities in the peptide and sugar 

chains [IO]. Afterwards, it was considered more practical and useful to cleave the glycans 

fiom the polypeptide backbone and look at them separately. There are d y  two types of 

enzymes to cleave N-linked sugar chains. One type cleaves the Mage  between the two 

GlcNAc residues in the core, producing an oligosaccharide with one GlcNAc residue at 

the reducing end, and 1e-g the other GlcNAc residue attached to Asn. The other type 

cleaves the linkage between the chitobiose unit and the peptide to yield the complete sugar 

moiety and a sugar-free peptide in which asparagine has been converted to aspartic acid 

[ 1 51. The f o m r  type comprises the endo-P-N-acety~glucosaminidases, such as Endo-H, 



Endo-D, Endo-F (F,, F, F,). Arnong these, Endo-H only cleaves high-niannose- and 

hybrid-type oligosaccharides, and the cornplex-type sugars are resistant to i t  Endo-D 

digests only sugar cham in which the C-2 position of the a-(1-3)-linked Man of the 

trimannosyl core is unsubstituted. Endo-F including FI, F, and F3 cleaves high-mannose-, 

biantennary hybrid-, and biantemary complex-type sugar chains* while tri- and tetra- 

antemary complex- type sugars are resistant 1 1 51. 

The second type of enzyme is based on peptide-N4-(N-aceMP-glucosaminyl') 

asparagine amidase F, which has been @en many shorter nams: glycoamidase F, peptide 

N-glycosidase, PNGase, peptide N-glycosidase F, glycopeptidase F and N-glycanase 

[ 1 4,153. This enzyme is extremeiy versatile and all commonly encountered N-linked sugars 

are susceptible to this enzyme except those occuning on C- or N-terminal asparagines 

[15]. The enzyme c m  not be guaranteed to reiease quantitatively all N-linked glycans and 

conditions for hydrolysis of a particular glycoprotein must be deterrrtined empmcdy [7]. 

However. it has been also reponed that Endo-F, and Endo-H are siniilar in 

substrate specificiw, both enzymes are nearly identical in their ability to hydrolyze high- 

mannose oligosacchandes and do not hydrolyze any of the complex N-linked 

oligosaccharides [16]. The substrate specificities of Endo F, and Endo F, are not weU 

established, and they becorne more characterized as dinerent su bsaates becorne avaiiable. 

An account of the specificity of each of these enzymes including PNGase F. Endo H and 

Endo F is presented in Fig. 1.4 [16]. 

Glycosidases and glycopeptidases can be used not only to release N-linked sugar 

chahs, but also to idenafy giycosylation sites, in conjunction with protein p m  



Fig . 1.4 Specificity of various endoglycosidases. Endogly cosidase specificity 
refers to any hydrolytic cleavage of the N-linked oligosaccharide core, 
including hydrolysis of the glycosylamine linkage by the amidase PNGase F, 
or the glycosidic cleavage of the di-N-acetylchitobiose moiety by endo-B-N- 
acetylgiucosaminidases Endo H, Endo FI, Endo F2, or Endo F3. The invariant 
pentasaccharide wre of a N-linked glycan is shown to the left of the oligo- 
sacchande type, and the type of attached oligosaccharide chah to the right. 
R,, R2, peptide bonds or H; N, GlcNAc; M, mannose; F, fucose; Asn, 



sequence analysis This is because these two kinds of enzyms leave a marker on the 

protein or peptide at the glycosylation site after treatment High-mannose- and hybrid-type 

structures are sensitive to Endo & Treatment of glycoproteins or glycopeptides with this 

enzyme leaves behind a GlcNAc residue attached to any asparagine carry8ig an Endo H- 

susceptible oligosaccharide. PNGase F has relatively broad specificity and it converts 

glycosylated asparagine residues to aspartic acids after releasing the N-linked sugars fiorn 

the polypeptide backbone. These enzymes can therefore be usefd in revealing the 

occupied N-glycosylation sites and the general features of sugar chains at such sites [17]. 

In sunrmary, endoglycosidases have resaicted substrate specificities and gencraily 

are not suitable for obtaining a complete profle of Asn-linked oligosacchandes [14]. The 

best enzyme for the removal of ail c o m n  types of Klinked oligosacchandes (even 

tetraantennary complex structures) from glycoproteins is PNGase, since its hydrophobicity 

enables it to gain access to the protein-oligosaccharide 1in.k which is often bUned in a 

hydrophobie region of the protein [q. 

Unlüce for N-linked structures, there is no enzymaticaliy-based method which 

releases al i  types of mono- or oligosaccharides which are O-linked to serine or threonine 

[18]. However, it has been reported that the O-linked disaccharide Galpl-3GalNAc a- 

linked to serine or threonine c m  be cleaved fkom glycoproteins by endo-a-N- 

acetylgalactosamùùdasc fÎom Diplococcus pnewnoniae, also calied O-glycanase, with a 

narro w substrate specificity [ 15,191. An endo-a-N-acetylgalactosaminidase that seems to 

have a broder substrate specificity has been identif% in culture supernatants of 

Streptomuces, but further work is required to venfy the vdue of this enzyme as  a 



sequencing ragent 171. 

13.2 Chemical Cleavage of the Oligosaccharide Portion fmm Glycoprotein 

There are two c o m n l y  used chemical methods to cleave oligosaccharides fkom 

glycoproteins, namely, hydrazholysis and p-elhination. Both take advantage of the high 

stability of glycosidic bonds to allraline conditions [ 151. 

1.3.2.1 Hydhnolysis 

Hydrazinolysis has been widely accepted as a technique for the nonselective and 

uniform release of N-Linked oligosaccharides in high field f3om glycoproteins [20]. 

Recently, a reexacriination has revealed that under certain optiniized conditions. O-linked 

oligosaccharides can also be selectively and effectively released [21]. 

The reaction mechaniSm by which hydrazinolysis functions to release N-linked 

oligosaccharides is still not clearly understood, and &O the mechanism leading to the 

release of O-luiked oligosaccharides has not yet been investigated at a& although a P- 

elhination has been suspected [22]. Reaction conditions under which N- and O-linked 

oligosaccharides c m  be released have been established empiricaily after thorough 

investigation using a range of glycoprotein standards whose glycosylation characteristics 

had been well dehed previously [21]. Seleetive release of O-linked oligosaccharides with 

little release of N-Iinked ~Iigosaccharides can be achieved with rnild hydrazinolysis 

conditions. HydrazinoIysis can be used in three di&ent ways, Le. to release only O- 

linked oligosaccharides (60 'C for 5 h, during which 90% or more of O-linked 

oligosaccharides are released but less than 1 O% of N-linked oligosaccharides are cleaved) , 

to release sequenrially k s t  O-linked, and then N-iinked oligosaccharides, and to release all 



N- and O-iinked oligosaccharides (90 % for 4 h, in which 85% or more of 0- and N- 

linked oligosaccharides are released) [2 1,221. It should be noted that hydrazinolysis may 

resuit in degradation of O-linked chahs [2 1,221. 

Although hydrazinolysis cleaves aii classes of N-linked chains, it is not an ideal 

procedure. It can lead to low recoveries and a complex mixture of side reaaion producrs 

[14,23]. The sialic acid M a g e  appears to be stable during hydrazinolysis, but certain N- 

and O- acyl substituents on sialic acids are labiie [21]. The glycolyl group of NeuGc is 

more resistant to hydrazinolysis than the acetyl group of NeuNAc. However, it is 

impossible to avoid de-N-glycoiylation Therefore identification of sialic acid residues 

must be carried out on intact glycopro teins [24]. 

The reactions involved in hydrazinolysis and recovery of reducing oligosaccharides 

are summarUtd in Fig. 1.5 [20,23,25]. Through the hydrazinolysis reaction. however, N- 

ac y1 groups are removed concurrently fiom GlcNAc. M e r  hydrazinolysis. the 

glycosylamine linkage of product (I) shown in Fig. 1.5 is very stable in aqueous solution 

even at acidic pH because the electron-donating effect of -Mil, group s t a b i s  the 

linkage. Ln order to cleave this linkage, the product is N-acetylated to preclude the 

stabiüzing effect of -NH, group by converting it to -NHAc, with acetic anhydride in a cold 

NaHCO, aqueous solution. The N-acetylation also reconverts glucosamine residues in the 

released oligosaccharides to GlcNAc residues. Mer N-acetylation, the oligosacc harides 

are rnainly urneduceci with a small fkaction present as P-acetohydrazide derivaiives (II) 

[22,23]. The latter have to be catalytically converted to unreduced oligosaccharides (III) 

with a trace of Cu 2* ions in a dilute acetic acid solution (Reaction 3) [22]. 



Fig. 1.5 Hydrazinolysis of N-linked sugar chains. R represents either hydrogen 
or sogars [20,23,25]. 



1.3.2.2 Reductive p-elhination 

Discrimination berneen N- and O-ünked sugar c h a h  in glycoproteuls had been 

traditionaiiy based on mild alkaline borohydride treatment, which was considered to 

release ody O-linked sugar chains. In contrast, N-glycosidic linkages beiween GlcNAc 

and asparagine were believed stable under miid conditions, although they have been 

known to be cleaved by aikaline borohydride under rigorous conditions [261. It has now 

been shown that alkaline sodium borohydride treatment of proteins containhg both K 

and O-linked sugar chains (N, O-glywproteins) gives O-iïnked sugars in good yields, but 

is accompanied by a simultaneous release of some N-linked sugar chahs due to the 

reductive cleavage of the N-glycosylamide bond with sodium borohydnde [26-281. 

Likhosherstov has found that in the presence of cadmium acetate, O-linked 

oligosaccharides c m  be selectively cleaved by alkaline borohydnde treatment, whereas the 

cleavage of N-linked sugar chahs and peptide bonds is suppressed [28]. This treatment, Ut 

combination with a previously developed procedure for the release of the N-linked sugars 

by Lithium borohydride [29]. aliows a sequentid, and selective release of O-, and then N- 

linked sugar chah.  O-glycosylation sites can also be identifieci by amino acid sequence 

analysis before and after reductive p-elimulation. Reducfve p-elidnation reieases O- 

LUiked oligosaccharides nom glycosylated serine and threonine residues, and converts 

glycosylated serine residue to alanine, and glycosylated threonine to p-amino butyric acid. 

whiie unglycosylated serine and threonine residues are not affected 1171. 

1.3.2.3 Tritluomacetolysis 

Another way to liberaie N- and Osl igosacc~des  involves treatrnent of 



glycoproteins with a mixture of trifiuoroacetic acid and its anhydride. Because of the 

complexity of the procedure, this rnethod has not been widely used to cleave N- and 0- 

linkd sugar chains [15,19,24,30]. 

Apparently, in ali cases the structure of the oligosaccharide should not be affkted 

by the cleaving technique and subsequent chernical modification. In kt, desialylation, 

defucosylation, deacetyhtio~ desuEation, and nonspedk cleavage at the reducing end 

are kmown to occur when chemical methods are used to release sugar chains or when 

enzymatic rnethods are followed by workup procedure under severe conditions (pH, 

temperature, chromatographie conditions for purification) [3 11. 

1.4 Review of Current Analflical Methods for Glycans frorn Glyeoproteins 

Cumntly, characterization of oligosaccharide structures is laborious, insensitive, 

and tirne-consunilig compared to established sequencing mthods for the two other major 

biopolymers, proteins and nucleic acids. due to the limite. arnounts of oligosaccharides 

available, and to the complexity of composition and structure 1321. In addition. a 

glycopro tein has mon than one carbo hydrate structure attached to a single glycosylation 

site, so-called microheterogeneity, as a result of biosynthesis in which several modifying 

enzymes c o q t e  for c o m n  carbohydrate substrates [8]. This resulrs in variable chain 

terminations, which complicates characterization [3 1,331. 

A considerable amount of research has already been carried out in this area. A 

reliable rnethod so far has been nuclear magnetic resonance (NMR) spectroscopy [3 1,34- 

361. High pH anion exchange chromatography (HPAEC) has also been widely used 

[37.3 81. Tezhniques involving the use of glycosidases in combination with sensitive- 



separation or analysis techniques to observe dterations before and d e r  enzymatk 

treatment have proven to be very valuable [n . Reversephase high-performance iiquid 

chromatography (RP-HPLC) [39] and gas chroniatography mass spectrometry (GC-MS) 

(40,41) are also c o m n l y  used techniques nowadays. However, with the advent of new 

soft ionization techniques such as electrospray ionization (ESI) [42,43] and matrix- 

assisted-laser desorp tion/ionization (MALDI) rnass spectromûy [44-461. rnass 

spectrometry holds a very important position in glyco biology, espanally for smctural 

elucidation of carbohydrate portions of glycoproteins. 

1.4.1 Characterination of Oligosaccbande Structures by NMR 

Where milligrarn quantities of material are available, 'H and 13C NMR have 

proven to be a powemil and nondestructive rriethods to provide primary structural 

information regarding anomeric configuration, linkage position, sequence, and 

composition [3 l,34,3S]. However, rnany hours are needed to accumulate and interpret 

data [25]. The amount of pure oligosaccharide required to obtain an 'H NMR specmim in 

less than six hours of data acquisition time varies fiom 7 to 80 nmol depending on the 

rnagnetic field strength of the specaometer avaiIabIe and the sensitivity of the receiver coi1 

in the probe [3 11. 13C NMR spectroscopie studies require ten times more sample than 'H 

studies 1361. 

The 'H NMR spectrum obtained for a carbohydrate can be used as its "identity 

card". Cornparison of the lH NMR Spectnun of an unknown with that of a standard can 

identiQ the unkno wn. Sever al glycopro tein carbohydrate 'H NMR databases are available 

for N- type glycopep tides, N-linked oligo saccharides, and O-linked oligosaccharide dditols 



in D,O. #en the spectrum of the unknown does not match any of the spectra in the 

databases, efforts can be made to interpret the spectrum in t em of anomeric 

configurations and positions of glycosidic linkagw using the sauctural reporter group 

concept [3 11. Particularly useful structural reporter groups for 'H NMR analyses include 

(1) the anomeric (H-1) protons, (2) the protons attached to the carbon atorns in direct 

vicinity of a linkage position, (3) the pro tons attached to deoxy carbon atoms, and (4) 

rnethyi protons. such as in N-acetyl groups [311. 

An important advantage of NMR over other techiques is its nondestructive 

nature. After NMR analysis, the sample can be recovered unimpaired and used for other 

analyses. Furthemre, a mixture of closely related structures can be analyzed 

successfidly. NMR however has certain limitations, therefore NMR should be the fkst, but 

never the only characterization step in the analysis procedure. It is also suggested that 

oligosaccharide composition be obtained by chernical analysis, that the Y be verified by 

ESI- or MALDI-MS. and that anomexk configuration be deterrnined by hydrolysis with 

specific exoglycosidases, in addition to NMR [31,36]. The most undesired limitation of 

NMR is its lack of sensitivity. At least 15 nmol of pure oligosaccharide are essential to 
I 

obtain an NMR spectrum, but even at 600MHz. Iow intensity signals related to 

heterogeneity may not be observable. 'H NMR may also fail to detect the presence of 

nonmagnetically active nuclei, such as in sdfhte groups [3 11. In general, NMR has proven 

to be rnost useful for smal l  oligosaccharides. In most cases, NMR has been used in 

combination with various chernical methodologies [47]. With incrcasing size. it m y  be 

possible to define structural elements that extend nom the core and backbone, but it is not 



always possible ta elucidate unambiguously the branch locations by NMR done [31]. 

Furthemiore, NMR requires a major cormitment of personnel and facility resources, and 

large amounts of pure materAs, as well as a fair1y high degrec of sophistication in 

experirnental setup and interpretation. The use of NMR for oligosaccharide sequencing is 

far fkom routine [32]. 

It is necessary to emphasize that NMR spectroscopy of carbohydrates is no t 

limiteci to studying 'H nuclei 13C NMR spectroscopy is also very useful to hgerprint 

oligosaccharides 13 11. Significant iniprovemnts in the interpretation of 'H and 13C NMR 

spectra of compkx carbohydrates are due to the application of two-dimentional(2D) 

NMR mcthods. These newly developed methods have been stimulatecl, in large part, by 

rapid advances in computer technology and in the construction of high-field, 

superconducting rnagnets over the past decade. A multitude of 2D-NMR pulse sequences 

have been developed and appiied to carbohydrate-containùig molecules. The application 

of 2D-NMR simplifies cornplex spectra by increasing the spectral aispersion to rnake 

cornplete assignment of signals possible [36]. 

1.4.2 Characterization of Oligosaccharide Structures by High-Performance Anion- 

Exchange Chmmatography (HPAEC) 

The invention of highperformance anion-exchange chrornatography (HPAEC) in 

the late 1980s revolutionized carbohydrate analysis 1481. This technique takes advantage 

of the weakly acidic nature of carbo hydrates (pK values ranging fkom 12 to 14) to give 

highly selective separations at high pH, using strong anion exchange stationary phases 

[18]. The major advantages of HPAEC are (1) fast speed of analysis (within 15 min); (2) 



high resolution (isomers mering only in linkage or branching position can be resolved); 

(3) high sensitMty (with pulsed anrpaometric detector (PAD), carbohydrates can be 

measured down to 10 p m l  without pro  or postcolurnn derivatkation) [37.39,48]. 

The mechanism of separation is as follows [39]: under strong alkaline conditions 

(pH > 12). the hydroxyl groups of carbohydrates are parMy ionizcd to fonn oxyanions. 

Because of the dinerent pK, values of carbohydrates, there is a variation in the interaction 

of these oxyanions with the strong anion exchange resins, enabhg these carbohydrates to 

be eluted at dinerent retention times and detected by masuring the current generated by 

the oxidation of carbohydrates at a gold electrode. Practicd and sensitive detection has 

been made possible with the adopted "pulsed amperometric detectionM(PAD). It is a very 

important adjunct to HPAEC. Frequently "HPAEC-PAD" has been used to describe this 

recently developed chrornatographic technique (481. 

Columns comrcially available for HPAEC include CarboPac PA 1, PA- 1 00 and 

MA- 1 columns designed by Dionex. Bo th CarboPac PA1 and CarboPac PA- 100 are 

designed for rapid analysis of mono- and oligosaccharides. CarboPac PA 1 is especially 

suited to the analysis of monosaccharides and the separation of lin= hornopolymers, 

whereas the CarboPac PA-100 is optimhed for resolution and separation of 

oligosaccharides. Reduced carbohydrates are weaker acids than their nonreduced 

counterparts and poorly retaùied on the two kinds of columns mentioned above. Thus 

CarboPac MA- 1 has been introduced to address this issue [48]. 

With GC-MS or other HPLC techniques, monosaccharides must be denvatized 

k s t  in order to obtain sugar composition information W C - P A D  elhinates . 



derivatkation and associated sample preparahon steps. thus niaking the composition 

analysis of glycoproteins much sirrfpler and more accessible [18]. This techruque has also 

been widely used for fkictionation of monosaccharides and neutral or acidic 

oligosaccharides fiom giyco pro teins, mapping of oligosaccharides released fkom 

glycoproteins, and for prepadve purposes [39]. HPAEC-PAD can be used with other 

instrumentation, such as other HPLC rnethods (including RP-HPLC and/or sise exclusion 

chrornatography), NMR, cap- zone electrophoresis (a), SDS-PAGE, as well as 

some forms of MS 1481. 

However, a negative side of w o r b g  in alkaline media is the potential for 

epimerization and degradation, weli known for reducing carbohydrates. Especially for 

HexNAc- terminated oligosaccharides, this pro blem can be serious if the elution volume is 

iarge [37]. 

1-43 Characterization of Oügosaccbaride Stmctures by Exoglycosidases 

Sequentiai digestion of individual oligosaccharides with exog lyco sidases of kno wn 

and well-defineci specincities is one of the rnost commonly used rnethods. This method is 

prominent in sequencing and structural elucidation of oligosaccharides, particularly N- 

linked glycans [7,49]. This method is extremely sensitive, especially when applied to 

radioiabekd su bstrates [49]. 

Exo glycosidases cause hydrolysis, thus cieavage of terminal monosaccharides fiom 

the nonreducing end of sugar chains and cleavage of the sugar chains of glycoproteins. 

These enzymes have two kinds of specificities, the glycon specificity and the aglycon 

specificity, to ward their substrates [SOI. The products of their digestions are 



oligosaccharide fragments, which the enzymes have produced by removing specific 

terminal residues. In order to achieve cornplete re1ease of monosaccharide residues, a 

relatively high concentration of enzymes is required, with an extended incubation tirne. A 

structure can tx deduced based on the information obtauied fiom a Sefies of digestion 

experiments with Merent exoglycosidases [A. The amount of any pure oligosaccharide 

that is needed for enzymatic analysis largely depends on the labeling and detection 

rnethods used, but is usually on the order of 10- 100 pmol[7]. The principal disadvantages 

of sequential digestion are that its application is an ad hoc process and requires the 

repeated isolation and detemination of product hydrodynamic volume (prior to each 

incubation) 1491. Another problem which should be sûessed is the contamination of the 

enzymes used for study with other glycosidases present [50]. Jacob and CO-workers [7] 

have described simple chromatographie pro tocols to remove the c o m n l y  encountered 

contanrinants, and to provide operationally pure enymes. 

A method dinerent fundamentdy fiom sequential rnethods was proposai by Edge 

and CO-workers 1491 for the application of exoglycosidase digestion to oligosaccharide 

structural analysis. This technique, called the ragent-array analysis mthod (RAAM) or 

enzyme array sequencing method, involves division of the purifibd oligosaccharide s q l e  

into aliquo ts, incubation of each aliquo t with a precisely dehed mixture of 

exoglycosidases, recombination of the products of each incubation, and a single andysis 

on the product pooL A specinc enzyme mixture is called an enzyme array. The enzyme- 

a m y  technique has 0 t h  practical advamges over the sequential digestion technique in 

king ~ i c h  faster, ushg a smaller amount of sample (there is no s a q h  loss associated 



with repeated analysis and repdcation) and having a very defined protocoL This 

ekninates the requirement for specinc prior kno wledge in designing the experimental 

procedure, making it casier ro use routïnely and also amenable to automation [49]. 

Usually, O ligosaccharides released fiom glycopro teins before king subjecting to 

enzyme sequencing are radiolabeled with NaB3HH,, or derivatized with 2-arninopyndine [7] 

or 2-amino benzamïde [5 11 to enhance sensitivity when combined with other analyCica.1 

techniques such as Bio-Gel P, size exclusion chromatography, normal phase HPLC on 

amine- bearing columns, and cap- zone electrophoresis (CZE) [7]. 

The products fiom sequential digestion [7, 52-54] or RAAM [7,49] of 

radiolabeled oligosaccharide alditols as mentioncd above are usuaily fiactioned on a 

colurnn of Bio-Gel P4 to O btain a specific h g q r i n t  which identifies the onginal 

smcture. Ho wever, Bio-Gel P4 chromato graphy, which separates oligosaccharides on the 

basis of hydrodynamic volume, is a relatively slow technique (6 to 24 h per run). 

Furthemore, since it is low-resolution approach, it is possible to work only with pure 

oligosaccharides and interpretation becomes di f f id t  even when dealhg with a binary 

mixture [2]. 

Recentiy, using MALDI in combination with RAAM, it was possible to obtain 

molecular rnass and structural details of oligosaccharides fkom a few glycoproteins. This 

was accomplished by dividing a glycopeptide fiaction from RP-HPLC into ahquo ts, 

performing digestions in parallel, and subjecting the products of each digest mixture to 

MALDI-MS analysis [2]. This approach enabled sequencing of aU oligo saccharide 

structures at a particular glyco sylation site simultaneously, and rendered approxhate 



quantitation of the individual structures possible. 

In combination with fluorescent labeling with 2 - ~ o b e n z a m i d e  and normal phase 

HPLC, a series of sequential exoglycosidase digestions was perfonned on the total pool of 

IgG sugars, demonstrating the potential of this technology to elutidate a mixture of 

sugars without prior isolation of individual glycans [SS]. RAAM, in conjunction with 

fluorescent labelhg and normal phase HPLC, was applied to sequencing f i d u a l  

sialylated and neutral sugars [Sa and to simuitaneous sequencing d i q ~ o t s  of the total 

glycan pool fkom human erythrocyte CD59 [5 11. Recently, coupled with fluorescent 

labeling with 2-amino bermmide and capilhy zone electrophoresis (CLE), W was 

used to characterize dloerent glycofom which were still attached to nomial hurnan 

semm transferrin (hTf) and serum hTf nom two patients with CDGC type 1. This study 

suggested that the method may be usefid for diagnosing diseases where glycoproteins are 

carbohydrate deficient [56]. This technology represents a fast, automated, and thorough 

strategy for profihg and analysis of sugars [55]. 

The use of this mthod probably will dinanish in the future with the advances of 

sophisticated analyeical techniques such as multi-dimensional NMR, ESI- and MALDI- 

MS. However, in the Iaboratories where these instruments are not available or when the 

amounts of material are Iimited, enzyme sequencing will continue to play a very important 

role in the structurai characterization of carbohydrates [7]. However, sugar smctures 

deteflTilned by RAAM are not always definitive, and the data should be interpreted very 

carefully. 

1.5 Objectives of This Work 



The min objective of this project is to adapt and use a combination of chernical 

derivatization, chromatographic and mass qectrornetric methods for the characterization 

of oligosaccharides and glycans detached from a glycoprotein, ie. chicken egg albumin 

(ovdbumin) . 

This main objective coqrises secondary objectives: 

Search for (a) good derivatintion method(s) which will be suitable for 

c hromato grap hy, UV detection and mass specaometry of oligosaccharfdes. 

Application of the(@ me thod(s) to chrornat ographic and mass spectrometric 

char acterizatio n of s d  sugars and medium sized-O ligo saccharides. 

From preiiminary experùnents, establishg a method for analysis of glycans 

detached fiom ovdbumh. 

1.5.1 Derivatization for RP-HPLC of Carbohydrates 

High-performance Quid chromatography has been widely used for the analysis of 

sugars. Although this technique does not aUow for structure elucidation, it pemiits 

identification of unknowns relative to standards whose retention behaviour vs. structure 

have been already established. In HPLC analysis, as much as in other analyticd 

techques, high sensitivity is essential when the oligosaccharides are available in very 

limited quantities. Car bo hydrate analysis by HPLC or O ther separation technxques coup led 

to ultra-violet (UV) detectors is rendered difncult by the absence of effective 

chromophores or fluorophores [57,58]. Early studies relied on refractornetry or 

absorption in the W region at 190-2 10 nm 1581. Ho wever, refractive index (RI) detectors 

have several limitations, namely, semitivity to changes in solvent composition, . 



temperature, and pressure. FolIowing this, a major shortcornkg of RI detectors is their 

incompatibility with gradient elution 1581. W detectors can be somewhat usefid in 

carbohydrate analysis by HPLC, e s p e d y  for those compounds bearing carboxyl groups. 

However, problems related to solvent UV-cutoff are often encountered. Pulsed 

amperornenic detection (PAD), combined with hi&-pH anion exchange chromatography, 

has becorne a popular method for the analysis of native carbohydrates because of its bigh 

sensitivity. However, the relatively high pH of eluents has been known to cause sorne 

epimerization and degradation of reducing carbohydrates [37] as mntioned above in 

Section 1.4.2. For these rasons, derivatization plays a key rob in HPLC of 

carbo hydrates. 

Re-colurnn derivatization is define. as the conversion of one chernical entity to 

another more suitable for the purpose of HPU: separation and detection [59]. A chernical 

derivatization method converts carbo hydrates into derivatives which c m  be detected with 

higher sensitivity coqared with their native analogs. Formation of such derivatives can 

also enhance the selectivity of detection. As an example, only reducuig sugars cm be 

deriva- upon modification of carbonyl groups [58]. Furthemore, derivatkation can 

improve HPLC resolution of sugars. Because undenvatized sugars are hydrophillic and 

have closely related structures, there are limitations in the ways they can interact 

differenlialty with the stationary and mobile phases. Tagging of sugars with arornatic 

groups renders oligosaccharides hydrophobic, thus pedtting the use of RF-HPLC, which 

enables separation of oligosaccharide mixtures [ S I .  In addition, aromatic groups are very 

effective chromophores. 



Usually, derivatization should be designed to satisfy the following requkernents 

[58] : 

1. The yield should be quantitative with a minimum extent of side reactions. In addition, 

the reaction should be weU defined. 

2. The reaction should be nondesûuctive to the other oligosaccharide constituents such 

as sialic acid, fucose., phosphorylated, and sulfated suga. residues. 

3. A simple clean-up procedure pnor to HPLC analysis should be required. 

4. The introduced group should be chernically stable enough to ailow subsequent 

reactio ns including exoglycosidase digestion, rnethylation analysis, periodate oxidatio n, 

partial acetolysis, and hydrazinolysis. 

5. Derivatintion should be specific to sugars but insensitive to other biomolecules such as 

lipids and proteins. 

6. Convenient removal or replacement with another tag should be feasible when 

necessary. 

Tt should be emphasized that for aqueous oligosaccharide samples, the 

derivatization reactions ideally should be rapid, d, involve few aansfer steps and 

proceed in aqueous media [60]. 

The reducing end aldehyde groups and hydroxyl groups of carbohydrates are the 

sites where derivatkation reactions occur. Aldehyde groups are highly specific to reducing 

carbohydrates when O ther natural compounds also exist in a mixture, therefore most pre- 

colurnn derivatization reactions are based on carbonyl derivatization [58]. Carbohydrate 

derivatization methods that have been used for HPLC are summarized below. 



1.5.1.1 Carbonyl Derivatization 

1) Carbonyl Derivatization into Imines (Schiff Bases) or GlycusyIamines 

Carbonyl groups of carbohydrates cm be coupled with amines to forrn M e s  or 

glycosylamines, and the general reaction equations are shown in Rg. 1.6 [58]. Since the 

reactions are reversible, the products are somewhat unstable. On the other hand. by taking 

this advantage, regeneration of parent oligosaccharides can be made possible after HPLC 

separation as long as the derivatives are stable enough during chromatography. The 

derivatization reactions belonging to this category which have becn reported are shown in 

Fig. 1.7 [BI. For example, in Fig. 1.7b the reducing groups were coupled with 5- 

dimet hylamine- 1 -naphthalenesulfonyhydrazide (DANSYLhydrazide) to forrn DANSYL- 

hydrazones in the presence of trichloroacetic acid. The DANSn-oligosaccharides can be 

detected by fluorescence (Ex 350 nrn/Em 500 nm) with a detection Limit of nanogram 

quantities (10 pmol) [58,61]. Denvatives obtained with 2-aminopyridine by reductive 

amination are fluorescent, but intemiediate iniines are also fluorescent. The products. N- 

(2-pyridïny1)-glycosylamhes, were stable enough to be separateci by HPLC. and the 

sample could be regenerated aftemards by weak acid hydrolysis with 2% aqueous acetic 

acid [58, 621. 

2) Reductive Amination 1581 \ 

The conversion of sugars into imines or glycosylamines as described above 

encounters pro blerns relative to synlanti-isomrs, anorneric mixtures. and instability of the 

products, but these can be avoided by reduction of an i-e into an amine, a shgb and 

more stable product. Some reductive mination rmctions are show in Fig. 1.8 [58]. 



Fig. 1.6 Reaction of sugars with amines [5 81. 



Fig. 1.7 Denvatization of sugars with amines [5 81. 



Fig. 1.8 Reductive amination of sugars [58]. 



These reactions can be conducted in one-step with aldehyde and amine in the presence of 

sodium cyanoborohydride (NaBH,CN) or borane-dimethylamine cornplex 

(BH,-NH(CH,)& which is volarile and easy to remove [58]. Reactions can also be carried 

out in two-steps: formation of irriines and then reduction 1581. Reduaive amination 

introduces groups such as chromophores, fluorophores, charges, and hydrophobicity into 

O ligo sacc harides, pr oviding hig h selectivit y and sensitivity. 

The analysis of oligosaccharides labeled with 2-aminopyridine is weU-known for 

its excelient chrornatographic separation and high fluorescence sensitivity (63, W. 

Moreover, pyridylarriino (PA) derivatives are stable. Pyndylarriination has been used in 

sugar component analysis, and characterization of sugar chains fiom glycoproteins and 

glycosphingolipids. The derivatization procedure has been iqroved and now a number of 

oligosaccharides of various smictures, including sialylated oligosacchatides, can be 

pyridylarriinated with recovery of more than 90% with minor side reactions [64]. PA- 

oligosaccharides have been separated by RP-HPLC and detected by fluorescence 

(Ex. 320 nm/Ern 400 nm). In most cases, fluorescent derivatives are detectable at the 

subpicomolar level by fluorescence detection, or by W absorption. PA-sugar chains from 

glycoproteins were s&iciently stable for subsequent structure analysis such as Smith 

periodate oxidation. mthylation analysis, and p d  acetolysis 1581. From data of earlier 

HPLC analyses, a mcthod for two-dimensionai rnapping was developed (65,66). The PA- 

O ligo saccharides were separated and identified by size-kactionation and reversed-phase 

HPLC. The relation between the structure and elution position of HPLC is regular, so this 

method can provide information about an unknown oligosaccharide structure [67-691. 



However, this reductive amination method involves a two-step labeling process and has a 

few additional shortconiings, such as tirne-consurning cleanup procedure and loss of sialic 

acid moieties [70]. An irrq,roved method clairned to circunivent this pro blem does no t 

seem to produce quantitative field [64,70]. 

1.5.1.2 Hydroxyl Derivatization [58] 

The hydroxyl groups of carbohydrates are also points where derivatization takes 

place, and chromophores are inaoduced by formation of ester or ether linkages (shown in 

Fig. 1.9). The derivatives of reducing carbohydrates corriprise a and P anorners. Benzoyl 

reagents such as benzoyl chloride (BC) and benzoic anhydride (BA) have been used and 

the resultant perbenzoylated derivatives of carbohydrates were separated by HPLC, and 

detected at 230 nm or 254 nm 

1.5.1.3 PMP-Labeting 

A nurnber of other reactions have ken reported as precolumn derivatization and 

some of them are surnmarized in Fig. 1.10 [58]. Recently, 1-phenyl-3-methyl-5- 

p yrazo lone (PMP) [66-701 and its methoxy ana10 g, 1 -(p-methoxy)phenyl-3 - met hyl-5- 

pyrazolone (PMPMP) [70,76] have been used. The condensation products, b&PMP- 

sugars (shown in Fig. 1.1 l), or PMPMP-sugars, absorb strongly at 245 nm or 249 m 

[70,71]. These derivatization methods have been used for sugar component anaiysis and 

for characterization of oligosaccharides fkom glycoproteins [7 1,761. Bo th PMP and 

PMPMP derivatizing agents can be used to label sialic acid-containhg oligosacc harides 

without causing desialylation [70], which constitutes a great advantage over the PA- 

derivatization method. 
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Fig. 1.9 Dervatkation of sugars by the modification of hydroxyl groups [58]. 
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Fig. 1.10 Miscelianeous reactions for derivatization of sugars [5 81. 
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Fig. 1.1 1 Geneml stnicture of the PMP denvatives. 



1.5.2 Derivatization for Mass Spectrometry 

Mass spectrornetry (MS) is one of the key techniques used in carbohydrate 

analysis. As far as specific MS techniques are concemed. gas chromatography-mass 

spectrometry (GC-MS) and fast atom boddment  mas^ specaometry (FAB-MS) have 

been for a long time the most important in tems of structurai information they cm 

provide, and the range of biological problerns to which they c m  be applied. Together, 

these two techniques are able to define the complete primary structure of an 

oligosaccharide or glycoconjugate 1771. More recently, electrospray (ES) [42,43] and 

matrix-assisted laser desorption (MALD) 144-461 ionization methods have becom more 

powerfûl than FAB-MS. 

1.5.2.1 Currently Used Mass Spectmmetry Ionization Techniques 

1) Fast Atom Bombardment (FAB-MS) 

There are several so-calleci "soft ionization" techniques: such as FAB, secondary 

ion (SI), field desorption (FD), desorption chernical ionization (Da, californium-252 

plasma desorption m C f - ~ ~ ) ,  laser desorption (LD), thermospray (TSI), and elecnospray 

ionization (EST). FAB-MS was developed in early 1980s [78] and stiU holds a very 

important position in the analysis of biological molecules with niasses up to about 5000 

Da 1791. This technique can be used to analyze polar, non-volatile and t h e M y  labik 

compounds [see Ref. 80 and references hereid. However, FAB exhibits poor ionization 

efficiency compared with ES1 and MALDI and produces considerable ion source 

fragmentation [Il] .  

In FAB, an accelerated buun of Xe0 atom having kinetic energies of 8- 10 keV is 



fÏreù fiom a gun towards the target, which has been previously ioaded with a rnatrix 

containing the sampk to be analyzed. When the fan atom beam collides with the rnaaix 

and the andyte, kinetic energy is ~ansferred to the surface molecules. thus making many 

molecules of the analyte sputter out of the liquid into the high vacuum region of the ion 

source (Fig. 1.12) [8 11. A significant number of these mol& are i o d  during the 

sputtering process although some ions are prefomied in solution as d i d  below. 

When ion guns are used, the technique is sornetirnes cakd liquid secondary ion mass 

spectrornetry (LSIMS) instead of FAB-MS. but the result is the same [77,82). The 

spunering ionization results £kom ma&-analyte interactiom in a solution Attachmnt of 

a proton or cation ont0 the analyte mo1ecule (positive ion mode) or loss of a proton 

(negative ion mode) connibutes to formation of pseudo-mol& ions, which produce 

intense signals in the rnass specaa During ionization sorne interna1 energy uriparted to 

the molecules leads to fragmentation [83]. 

The viscous and nonvolatile liquid maaix phys an essential role in FAB-MS. It 

promotes the diffusion of sample molecules to the surface of the ma& and formation of a 

stable, and reproducible ion current [78]. The matrix also serves to mhimk saniple 

damage fkom the high-energy particle bearn by absorbing most of the incident energy and 

is believed to facilitate the ionization process [84]. Glycerol, or a mixture of glycerol and 

thioglycerol are the commody used matrices for the analysis of carbohydrates and 

glycoconjugates [8 11. 

Derivatives play an essential role in almost all FAB-MS studies of carbohydrates. 

They facilitate spectral interpretation, improve sensitivity, p-t the anal@ of salty 
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Fig. 1.12 Schematic representation of a FAB source [81]. 



saxnples, allo w unambiguous sequencing, enable spectra to be O btained fiom very large 

molecules, and help in the location of O-acylated residues in oligosaccharides [8 11. 

Sensitivities obtained in FAB analysis depend on both operators and samples. 

Expenenced rnass spectrornenists, when working with well purified samples, use between 

0.1 and 5 pg of derivatized samples and betweem 1 and 10 pg of native samples (1- 

50 nmol) [85]. In addition, the higher the Mr, the greater the armunt of sample requHed 

[8 11. Furthexmore, the higher the rnolecular m a s  of the sample, the greater the Merence 

in rriinimum sample-loadings required to produce specaa fÎom native saniples and their 

derivatives. If MJs > 4000, the dinerence becornes alrnost innnite, because underivatized 

polysaccharides and glycoconjugates of such a size hardly give a spectmm, whereas 

permethyl derivatives as large as 20,000 have been demonstrated to be amenable to FAB- 

MS [81]. 

2 )  Electrospray Ionization (ESI) 

For the purposes of carbohydrate analysis, ES1 is the most efficient and generally 

applicable technique currently available to aansform these molecules from solution int O 

gas-phase ions [33]. ES1 is a relatively new ionization technique because it has only been 

used since 1988 1821. The mechanisrn of this process is still under debate. but a consensus 

on some features has been reached. Electrospray d e s  use of high elecaic fields to 

aerosolize solutions, creating a fine mkt with each droplet carrying an excess of surface 

charge. A heated, countercment bath gas at atmosphcric pressure evaporates neuaal 

solvent ffom the droplet surface, reducing its s k ,  and therefore increasing its surface 

charge density. Eventually electrostatic repuhion disupts the Quid surface, leadhg to the 



ejection of srnaller charged droplets or to the deveiopment of gas-phase ions [ I l  ,331. 

In practice, solutions are directly infused through a stainless steel needle 

maintained at a potential of a few kilovolts at flow rate kom 1 to 20 pUnrùL This 

potential induces the surface charging of the emerging Quid and aerosol formation. The 

droplets migrate toward the nozzle through the countercurrent bath gas, w k h  promotes 

solvent evaporation. The ions then p a s  through a skinmitr and enter the analpr as 

shown in Fig. 1.13 D3,86]. 

ES1 provides two feaîures important for biopolynier characterization: efficient 

ionization and multiple charging by proton or cation attachment in positive ion mode and 

proton subaaction in the negative ion mode [82]. The multiple charging effect malces the 

analysis of large molecules with Y up to 100,000 to 150,000 Da possible using 

conventional mass analyzers with only a modest mlz range since the highly charged 

molecular ions, which typically exhibit little or no hgmentation, appear within the 

conventionalm/z range of 1000-3000 u [82,87]. Another distinct advantage of ESI-MS is 

that it provides effective coupling with powemil separation techniques such as üquid 

chrornatography and capillary electrophoresis because it is a flow technique operating at 

atmospheric pressure. This allows direct separation and mass analysis of low picornole to 

femtomoie quantities of biornolecdes using microbore or cap- reversed phase KPLC 

coupled to ESI-MS (LUESI-MS) [see Ref. 82,88 and references herein]. 

A quadrupole niass analyzer is most c o m n l y  used io conjunction with ES1 

because of relatively low cost and ease of interfacing with this ionization techmque. 0th 

types of mass spectrorneters are also amenable to coupling with ES1 including magnetic 
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Fig. 1.1 3 Diagram of an electrospray source [86]. 



sectors. time of £iight analyzers, quadrupole ion aaps. and Fourier txansform ion cycloaon 

resonance mass spectrometm [see Ref. 87 and references herein]. 

When using ES1 for smictural analpis and diffkrentiation between isorners that 

ofien occur in nanird corripounds, collision-induce. dissociation-tandem mass 

spectrometxy (CID-MSIMS) is very useful, because unless in-source CID or CID-MS/MS 

is applied, ES1 does not always generate fiagrnent ions 1891. CID is a process whereby a 

sniall portion of the kinetic energy of the mas-selected parent ion is transfomied into 

vibronic energy upon collision with helium or argon atom for the purpose of promoting 

unirraolecular decompositions [go]. In CID studies, a triple quadnipole (QQQ) rnass 

spectromter is commonly used. The first quadrupole (Ql) is operated in the mass 

analyzer mode and transmits only the desired parent or precursor ions. When the parent 

ions enter the central quadrupole (Q2), which is filled with molecules of an inert gas. ie. 

argon. fiagrnentation occurs after cohion and daughter or product ions are formrd. 4 2  is 

also t e d  the "collision-tell" and does not function as a mass analyzer like Q1. 

Emerging daughter (fragment) ions are accelerated to ward the third q u a d .  pole (43) 

which senes as a second mass analyzer foliowed by the detector [87,88]. A major 

advantage of CID-MS/MS is that mixtures can be analyzed in a m e r  that yiclds 

smctural information reiated solely to the ions selected by 01. This technique is 

particularly usefid for the anaiysis of glycoconjugates, which c o m n l y  occur as 

heterogenwus samples. This method can give structural information on each individual 

component of a mixture [91]. 

Fragmentation patterns observed by ESI-CID-MS/MS are much the same as in 



FAB-CD-MS/MS in either positive or negafive ion mode, if the sarne analyzer instrumnt 

is used for both ionization techniques 1891. 

Although ESI-MS is definitely more sensitive than FAB, it is less sensitive than 

rnatrîx-assisted laser desorption/ionization (MALDI). In most cases, a picornole of 

sample material can be identifid using conventional mass spectrornetry of ESI. Unlike 

with FAB and LSIMS, derivatization is not always required by ESI, while derivatization 

of oligosaccharides permits the analysis at lowcr s q l e  levels [sec Ref. 82 and references 

herein] . 
3) Matrix-Assisted Laser Desorptionllonization (MALDI) Time-of-Flight (TOF) 

Mass S pectrometry 

Besides ESI-MS, maîrix-assisteci laser desorp tion/ionization (MALDI) &-of- 

fight (TOR MS, introduced in 1988 by Karas and Hillenkamp 1921, appears to hold the 

greatest promise for the m a s  spectrornemc analysis of biomoiecules in the rnolecular 

mass range between a few thousand and a few hundred thousand Daitons 144. 

MALDI involves pulsing a laser at the target loaded with the analyte co- 

crystallized with a large excess of matrix which absorbs at the laser wavelength used. Two 

CO mrno nly used wavelengt hs are 10.6 p rn (CO2 laser. IR) and 337 run Rl, laser, LW). A 

low concentration of analyte molecules, which usudy only exhibit moderate adsorption of 

IR or U V ,  is embedded in a ma& consisting of highly absorbing species. In this way, the 

energy is transfened efficiently and controiiably to the analyte molecules whiie they are 

spared fkom excessive energy O btained fkom irradiation which would cause their 

decompositio n. In addition to absor bing the energy from laser light, the rnatrîx also serves 



to isolate the biomolecdes ftom each other [44]. Under conditions of low intensity 

irradiation, linle hgrnentation is produced, which facilitates mo1ecular mass 

determination. At higher Hradiance, stmcturally significant fragmentation can be induced 

1931 

The use of suitable maix materials to promote efficient ionization is central to the 

success of MALDI-MS. 2,5-dihydroxybenzoic acid (Dm), 3-aniino-4hydroxybenzoic 

acid, or 3-hydroxypicolinic acid are cornmonly used for oligosaccharides and 

glycopeptidw [see Ref. 93,94 and the references herein]. The O ther key to success of 

MALDI is how the analyte and rnatrix are CO-crystallized. Since MALDI is quite a new 

technique, new mamces and crystallization methods are still under investigation, 

irrrproving the analysis of oligo saccharides, glyco pep tides, and glyco pro teins as well as 

glycoconjugates [see Ref. 82 and the references herein]. 

In MALDI, the ions are generated by a pulsed laser beam, wbich makes the 

technique ideally compatible with tirne-of-flight m a s  analyzers [Ml, but not easily 

compatible with scanning m a s  spectrometers such as linear quadrupoles and sector 

instruments [87]. In a TOF rnass analyzer, the mas-to-charge ratio of an ion can be 

rneasured by using its velocity. A packet of ions is accelerated to a nxed kinetic energy by 

an elecmc potenhaL The velocity of the ions wiU then be proportional to (mjz)-ln where 

mjz, is the mass-to-charge ratio of a pdcular ion species. The ions are then perrnitted to 

pass through a field-kee region where they separate into a series of spatially discrete 

individuai ion packets. Each ion packet travels with a velocity characteristic of its mlz 

value and arrives at the detector (at the end of the field-fiee region) at a different tirne, 



proportional to ( r n , h ~ ?  The detector generates a signal as each ion packet strikes it [44. 

The siniplicity of the instrumentation and high sensitivity are the two major 

advantages of MALDI. The detection limit for glycopeptidu has been achieved at the 

level of 500 femtomoles, and that for underivatized oligosaccharides at low picomole 

levels [see Ref. 82 and references therein]. However, because of pro blems with shot to 

shot reproducibity during MALDI and the large kinetic energy spread of the ions 

generated, the resolution (typically 100-400) and accuracy of mas determination (0.11, 

intemal calibration; 0.01 t extemal calibration [93]) is significantly lower than tnat 

achkved with ESI and FAB-MS techiques [82]. Although MALDI allows the analysis of 

both native and derivathai oligosaccharides with great sensitivity, usually information is 

lirnited to molecular rnass determination. However, it has been demonstrated that it is 

possible to determine the primary structure of oligosaccharides by combination of 

exoglycosidase analyses and MALDI-MS [95]. h o ,  it has k e n  reported that post-source 

decay (PSD) MALDI-MS makes it possible to obtain sequence and branching information 

fkom native and derivatid sugars [24,45,96,97]. MALDI is also quite tolerant of the 

presence of buffers and salts [93]. 

In summary, ESI-MS is probably next to the mst  sensitive ionization technique, 

which is MALDI-MS, arnong several others. In ternis of structural information, FAF3 rnay 

sciU be better for srnaller molecules, but FAB is not able to ionize molecules larger than 

several thousand Daltons. Besides, FAB requïres much larger sample arnounts [89]. 

1.5.2.2 Nomenclature Used in Fragmentation of Carbohydrates 1911 

A systematic nomenclature for labeling the types of fkagrnentations observed for 



native and derivatized carbohydrates in FAB-MS specaa has ben established by Domon 

and Costelio [9 11, which is also applied to other ionization modes, such as ESI-MS and 

ESI-MS/MS [89,9 11. This system has been devisbd by analogy to that used for peptides, 

dthough more complicated. 

Two major types of cleavages are usually observed. One of these. also the simplest 

one, is cleavage of glycosidic bonds, yielding sequence information. The other is more 

cornplex, involving sugar ring cleavages, which are more conimonly observed in CID- 

MSMS spectra. Although more clBicuit to assign, the latter contain important structural 

information. 

As shown in Fig. 1.14 (top), when the charge is retained on the non-reducing end, 

fragment ions are t e d  A,. Bi, and Ci. where i represents the number of the glycosidic 

bond cleaved, counted fkom the non-reducing end. On the other hand, fragments with 

charge retained on the reducing end are termed XP YI, and 3, where j indicates the 

number of the glycosidic bond cleaved, counted fiom the aglycone unif or fiom the 

reducing end sugar unit. The glycosidic bond linkuig to the aglycone is numbered O. 

The fkagments formed with retention of glycosidic oxygen fiom the reducing end 

are Y-ions, and that fiom the non-reducing end are C-ions. whereas fragment ions formed 

without retention of glycosidic oxygen fiom the reducing end are Zions and that f?om 

non-reducing end are B-ions. 

4 and Xj labels are used to represent cross ring cleavages. Since several such 

fragmentations are possible, two superscripts k and 1 (Le. UA,, qj) are used to indicate 

the sugar ring bonds that have been broken and the ring bonds are numbered in the 



Fig. 1.14 Fragmentation enwuntered with carbohydrates [9 11. 



bottom of Fig. 1.14. A,-ions are seldom observed in the positive ion mode, while Xj-ions 

occur usually in positive ion spectra but rarely in negative ion specea. 

In the case of branchcd oligosaccharides (Fig. 1.15). the carbohydrate portion can 

be dinded into the "core" and branches, called "antennae". The labels for the core pomon 

are the same as used for linear oligosaccharides as descfibed above and Greek Ietters a. P. 

y are used to designate each branch with a king the largest and P, y representing smaller 

branches in the order of decreasing molecuiar (fragment) mass. Fragmentation taking 

place on the a, or p-antenna are expressed as 4, Bk, &, &,Y,, G, respectively. 

Fragment ions fiom the core portion are designated without Greek letters and the use of 

a, p. y begins from the comection point of the core to the antennae. a: a", and Pt, Pl1 are 

used when carbohydrates contain subbranches with a' r a", and P' 2 P". 

1.5.2.3 C hemical Derivatintion for Mass S pect rometry 

Unlike the usual approach to pro teins, the analysis of carbo hydrates involves 

chernical denvatization. The major goal for the early use of derivatization was to confer 

the necessary voiatility to samples since they had to be in gas phase before ionization. 

Chernical denvatization was also used to enhance the information available £rom mass 

specîral data. The development of soft ionization techniques such as FAB, ES1 and 

MALDI has overcome most volatility limitations. Chernical derivatization, however, sti l l  

plays an important role since fiagrnent ions fiom native carbohydrates do not always allow 

unarnbiguous detemination of the sequence, and the poor ionization efficiency of 

underivatized samples linnits their usefulness [42,98]. The reasons to use chernical 

derivatkation for MS can be surnmarized as foUows: (1) enhancement of volatilitr, (2) 



Fig. 1.15 The nomendahue of hgmentation for branched oligosaccarides [83]. 



enhancement of detectability ; (3) enhancement of separab'rliw, (4) modification of the 

fragmentation scheme: (a) enhancement of rnolecular ion production, and (b) 

enhancement of production of structurally informative ions; (5) possibiity to Iocalize 

functional groups [99]. 

A useful chernical derivatization r a t i o n  should be specific in that it should 

modrfy only the intended part of the molecule and should yieM preferably a single stable 

product. It should be reasonably fast and simple to carry out and amenable to very small 

sample sïzes. Ideally the derivatization reagents should also be reasonably stable and d e  

to hande. However, very few derivatization procedures meet ail of these criteria [99]. 

Derivatkation is still part of most FAB-MS strategies in carbohydrate analysis 

because (1) derivatives are easier to obtain kee nom salt irnpunties, which rnay prejudice 

the MS experiment, (2) sensitMty is significantly inqroved when hydrophobie moieties 

are introduced and (3) derivatized samples tend to kaagment in very predictable ways, and 

lead to abundant fragment ions that can be assigned unambiguously [77]. For example, 

FAB-MS of native oligosaccharides is a well proven procedure for denning, via molecuiar 

ions, the compositions of components, including the number and types of mdifying 

groups. Unfominately, FAB-MS is not a reliable procedure for sequencing native 

oligo sacc harides. The fiagmntation of underivatwd oligosacc harides is unpredic table, 

and fiagrnent ions formed are of low abundance, or some molecules do not fragment at 

a1.L When fiagrnentation does occur, it may not be possible to assign unambiguous 

structures to the kagrnent ions [lûû,lOI]. 

The choice of the proper derivative for an analyte depcnds mainly on the nature of 



the sample introduction/iomzation techmque to be usad [102]. For instance. when the 

sample is inaoduced via a gas chromatograph or by a heated solid probe (eiectron 

impact), derivatives need to be volatile and/or thermaily stable. Desorption ionization 

techniques such as FAB and secondary ion mass specnometry (SIMS) work particu]arIy 

weii for the analysis of preformed ions. Therefore, derivatkation is often directed toward 

formation of an ionic species and. in the case of FAB, directed toward increasing surface 

actMty of the analyte by introduction of a hydrophobie group [1021. The best 

detectability with ESI-MS has been achieved with analytes that are either ionic in solution 

or that can be readily ionized in solution via Brgnsted or Lewis acid/base cherriistry- 

Neutrai, non-polar molecules that are not easily ionized in solution by acid/base chemistry 

are not typically amenable to ESI-MS [103]. Derivati;i.ahon, dong with manipulation of 

solution chemistry to ionize or neuaalize particular anaiytes, has the potential both to 

improve detectability of particular analytes in ESI-MS and to add selectivity to an analysis 

[103]. Reinhold et aL also indicated that, due to the weak acidity or basicity of mon N- 

and O-1Liked glycans. fi= oligosaccharides do not efficiently charge by protonahon or 

deprotonation. It is necessary, tkrefore. to use derivatkation techniques, except for 

acidic carbohydrates [6,11,] . Derivatization helps carbohydrate structural analysis by ES1 

for two fundamental reasons. Frst. when using more volatile organic solvents. ES1 shows 

significant increases in sensitivity, and second. methylation brings unique insight into 

structure when glycans are analyzed by collision-induced-dissociation (CID) [ 1 11. 

1.5.2.3.1 Modifying Most or AU Functional Groups 

Methyiation analysis, reductive cleavage. pemitthy lation and peracet ylation, as 



weil as periodate oxidation belong to this category. These derivatization methods involve 

modification of most or a i l  hctional groups and are discussed in detaii below. 

1) Derivatization for CC-MS Anaiysïs 

a) Met h y lation Analysis 

Methylation analysis is one of the most powerful toofs used for elucidating the 

O ligosaccharide smcture of glycopro teins [ 1041. Methyiation was the k s t  derivatization 

method developed for linkage analysis by mas spectrometry [82]. 

This procedure. as introduced by Lindberg and CO-workas in the latc 1960s [los], 

is based on aeatment of the carbohydrate with Corey-Chaykovsky base (methylsuiphinyi 

carbanion) and rnethyl iodkie according to Hakornori [106]. Methylation of aiI fiee 

hydroxyl groups in an oligosaccharide is then followed by hydrolysis of glycosidic bonds, 

reduction with NaBH, (or NaBDJ and acetylation of the exposed or newly formed 

hydroxyl groups [lO7]. The acetylated hydroxyis are those either involved in the linkages 

of the monosaccharide units in the oligosaccharide or linked to the oxygen withui the 

sugar Rng before hydrolysis. The pamally methylated aditol acetates (PMAAs) are then 

separated by GC and analyzed by ekctron ionization mass specaometry (EI-MS) andor 

chernical ionization rnass spectromtry (CI-MS), and identification of residues and 

iinkages is obtained by cornparison of retention tims with known standards combined 

with molenilar mass and characteristic hgmentation information [82]. 

A number of factors have been reported to innuence the recovery of PMAAs 

[ 1 081, including undemthylation, side reactions occurrkg during methylation, liberation 

of substituents because of the strong alkaline conditions us&, degradation or de-O- 



methylation of the methylated sugar derivatives during acid hydrolysis, selective losses of 

volaale components during evaporation of solvents, loss of material by adsorption to 

glassware. and decomposition of the PMAAs (especially of hexosamine derivatives) 

during GC analysis. Furthermore, inipurities derived fiom solvents or reagents rnay impair 

the identification and quantitation of PMAAs during GC-MS analysis [108]. 

b) Reductive Cleavage 

Reductive cleavage is a relatively newer method, permitting the sirnultaneous 

determination of positions of linkage and ring form(s) in oligosaccharides [109]. This 

technique is basai on rnethylation analysis, but differs from it in t e m  of the types of 

fiagment ions eventuaily analyzed. The reductive cleavage procedure, as illusuateci in 

Sc h e m  1.1 [47], produces partially rnethylated anhydroalditols whic h are readily 

characterized by perfoming GC/MS of their acetates. 

Fragmentation patterns for these denvatives have not been established. but EI 

spectra do yield diagnostic kagrnent ions which can be used to iden* the residues and 

Mages  [82]. To tai reductive cleavage is perforrned with triethylsilane (E t-,S M) as the 

rcducing agent and with either hmethylsilyl aifluoromethane sulfonate (TMSOTf) or a 

mixture of trimethylsilylmethane sulfonate (TMSOMs) and boron trifiuoride etherate 

(BF,-EbO) as the catalyst [ 1 1 O]. Reductive cleavage with Et$iH and TMSOTf and 

su bsequent in situ acetylation [ I l l ]  are accomplished as previously described [47]. 

Reductive cleavage with EsSiH in the presence of TMSOMs and BF,-Eh0 and separate 

acetylation are performed as described by Jun and Gray [1 121. It was reported that 

reductive cleavage with TMSOTf gives isomerization products and pro ba bly incomplete 



Scheme 1.1 Reductive cleavage [47]. 



cleavage, therefore reductive cleavage with TMSOMs and BF,-EbO as the cataiysts is 

the preferred method [ 1 131. 

2) Peracetylation and Perrnethy lation 

Peracetylation and permethylation are two of the most cornmon denvatizatio n 

procedures and take advantage of the reactivity of the numrous hydroxyl groups to yield 

highly rnodified apolar derivatives [ 1 141. Peracetyhtion is one commonly used 

derivatization method permitting purification of the sample and resulting in concomitant 

increased surface activky and therefore enhanced sensitivity. The peracetyl-labile 

substituents, e.g. acyl are preserved. The r a g e n t  is prepared by mixing equVnolar 

amounts of aifluoroacetk anhydride and acetic acid. If nanirally O-acetylated residues are 

anticipated in oligosaccharides, the acetic acid can be replaced with 'H-labeled acetic acid 

or propionic acid in order to dehe the presence and position of na- acetate groups 

[ 1001. The resulting mixed anhydride CF3CO-CO-COCH, can, in principle, transfer either 

ainuoroacetyl or acetyl to a nucleophilic acceptor. In practice, all hydroxyl groups are 

almost exclusively acetylated [96]. Peracetylation by basic catalysis must be used to 

preserve acid labile groups such as  sulfate. The reaction is carried out by dissolving the 

sample in pyridine or 1-rnethylirnidazole, and then adding acetic anhydride (or 2~-labeled 

acetic anhydride) to the mixture [77]. 

For positive mode FAB and LSIMS, perrnethylated and peracetylated samples are 

often dissolved in methanol or chioroform, and monothioglycerol or m-nitrobenzylalcohol 

(m-NBA) is used as the ma& [82]. The LSIMS spectra of permethylated and 

peracetylated samples often yield sodiated molecular species. m+Na]+, rather than 



protonated molecules [M+Hj+. LSIMS analysis of pemiethylated oligosaccharides is 

particularly useful for the chafacterization of conrplex sugar structures, gMng abundant 

B- type fiagrnent ions at every HexNAc residue [82,ll6]. A systematic nomenclature for 

fiagrnent ions was previously proposed by Domon and CosteUo [9 11. 

For the analysis of high mannose oligosaccharides, peracetylation is preferred over 

permethylation to O btain sequence information. This is because pemieth yiated derivat ives 

are selectively cleaved only at the GlcNAc residues, while hagmentations occur dong 

the backbone for peracetylated compounds. However, additional fkagrnentation occurring 

in LSIMS spectra of pemiethylated compounds is not observe. in spectra of 

peracetylated compounds [82]. 

Although peracetyhtion involves simple chemistry, it has the drawback of a 

sig nincant molecular mass increase of the derivatized car bo hydrates. Therefore. for 

oligosaccharides larger than six sugar units, permethylation is the rnethod of choice and 

yields derivatives whose specna allow the assignmnt of sugar sequence and branchuig, 

and &O identification of 3-substituted HexNAc sugar units. In contrast to peracetyl 

derivatives, for which determination of the major structural parameters is straightforward 

owing to a cornplete set of B ions, pemthyl  derivatives require more extensive spectral 

interpretation since the sarne kifonnation is distributeci over two incoqlete 3 and Y ion 

senes [117]. 

Peracetylation is an excellent method for recovering oligosaccharides fiom impure 

samples, e.g. urine extracts, salty samples. Once the peracetylated sarriple has been 

separated fkom water-soluble contaminations, it can be analyzed directly or converted to 



the pemiethyhted form [8 11. 

ES-CID-MS/MS is a powemil ncw tool for structural elucidation of carbohydrates 

at the low-picornole leveL Permethyiation has k e n  used in ES-MS to hprove sensitivity. 

When combined with collision-induced dissociation (CID), permethyiation yields 

sequence, linkage and branching information, even identification of specific isorners [Il]. 

In summary, peracetyl and permethyl derivatives are i o n i d  to give abundant 

rnolecular ions as weli as reproducible and predictable fragmentation patterns which allow 

unambiguous sequencing and facile assignmnt of linkage positions. High sensitivity is 

achieved with both derivatization rnethods, in som cases two orders of magnitude better 

than with native samples [ 1 161. 

3) Periodate Oxidation 

Linkage information c m  also be obtained from MS or MS/MS of oligosaccharides 

by ap plying a weil-ho wn reac tion in carbo hydrate chemistry, the penodate oxidation 

[ 1 181. The foUowing sequence of reactions is carried out: (1) periodate oxidation, (2) 

borodeuteride reduction, and (3) permethylation (Fig. 1.16 [119]). Penodate cleaves 

between carbons carrying vicinal hydroxyl goups either cis or trans related to produce 

aldehydes, which are su bsequently reduced with NaBD,. The products formed depend on 

the position of substitution and linkages between monosaccharide residues. After this 

reaction, followed by pemthylation, and FAB-MS, LSIMS or ESI-MSIMS, linkage 

positions can be deduced fiom primary and secondary sequence ions [82,lOl, 1201. With 

respect to the extent of information acquired, ORM (oxidation, reduc tion, and 

rnethylaiion) parailels PMAA analysis, but the amounts of sample required are 
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Fig. 1.16 Reaction steps for preparation of periodate oxidized 
samples for analysis by FAB mass spectrometry [119]. 



considerably les with ORM D3]. 

Angel and Nilsson [101] sunmiarized, in a kt, the narnes of the products obtained 

by ORM FAB analysis of non-reducing terminal and intemal hexopyranosyl residues. The 

most abundant sequence ions are formed £rom the non-reducing terminal Tkrefore, the 

Mage to a reducing hexose is deterniined best by subtracting the sequence ion with the 

highest m l z  value from the molecuiar rnass (ly) which can always be determineci [ 10 1, 

1 201. 

Peracetyiated [ 1 I9,lO 1,12 1 - 1231 rather than perrnethylated derivatives (after 

periodate oxidation, and borodeutde reduction) have been used in order to direct fission 

to the carbon-oxygen bonds of the oligosaccharide backbone. The FAB mass spectra of 

the peracetyhted derivatives give unique information not yielded in the spectra of the 

pemthylated derivatives, in that fragmentation occurs on either side of the glycosidic 

oxygen atom, not only at the reducing terniinal but also at intemal Mages. n u s ,  suice 

kagmentation is O bserved kom both the reducing and non-reducing ends of the molecule, 

additional sequence information is O btained [ 12 1). Borodeutende reduction is utitized 

instead of boro hydride reduction to differentiate a native primary alco ho1 func tion fio m 

one introduced by periodate oxidation followed by sodium borodeuteride reducfion, and 

to distinguish 6-Iinked fiom 2-iinked oxidized reducing terminal residues [12 1 1. 

0- and N-linked oligosacchades fiom bovine fetuin have been analysed by FAB 

after ORM [119]. A high-mannose glycan mixtue isolated fiom a plant glycoprotein and 

a complex glycan mixture obtained fÎom erythropoietin glycopeptide have been 

successfully analyzcd by ES-MS after ORM [33]. 



One sugar structure in the O-linked oligosaccharide mixture fiom glycophorins of 

B ALB/c mouse erythrocytes released as a mixture of alditol derivatives on reductive P- 

elimination was elucidated using the above rnethod [122]. The structures of a number of 

oligosaccharides obtained nom high-mannose glycoproteins have been analyzed [123]. 

1.5.2.3.2 Tagging of the Redueing Ends 

The other category of derivatkation is to tag the reducing end of sugars. Tags 

were originally introduced for irnproving sensicivity, for example, the pentafluoro- 

benzyloxime derivative was succcssfully used to characterize elicitor-active 

oligo galacnironides at Io w-niicrogram quantities isolated fiom plant ceU walls [ 1241. 

Subsequently, a variety of tags has been used not only permitting sensitive detection 

during HPLC puifïcation as ultraviolet or fluorescent chromophores but also promoting 

surface activity within the ma& during LSIMS as a hydropho bic tail [77,125]. 

1) Reductive Amination 

The most c o m n l y  used derivatives are those forrned by reductive amination 

with a hydrophobic chromophore to the free reducing terniinus of an oligosacch~de. This 

is performed by formation of a Schi£f base and subsequent reduction to the secondary 

amine as shown in Scheme 1.2 for derivatization with alkyi esters of p-amino benzoic acid 

[125]. The chromophonc portion of the derivative is UV absorbing, thus p e m i t ~ g  

detection of the derivative using conventional HPLC-UV detectors. The MS analysis of 

arninated derivatives is superior to that of the underivatized oligosaccharides, since the 

introduction of a hydrophobic group greatly increases the surface activity of 

oligosaccharides in hydrophilic Liquid matrices such a s  glyceroi, thioglycerol or 



R = Me, Et, Bu, Hex, Ocî, Dec, and Tdec 

Scheme 1.2 Oligosaccharide derivatization with n-alkyl p-arninobenzoates [125]. 



triethanolamine, thus increasing the sensitivity in FAB- and LSIMS [85]. It also enhances 

pre-formation of ions in solution for ESEMS analysis [46]. Furthermore, even though 

permethyl and peracetyl derivatkition eases the difnculties of isolation and salt removal, 

these derivatives are of litiie use in subsequent separation of components of mixtures. In 

the case of larger oligosacchandes, reductive amination is particuiarly advantageous, 

since a large increase in the rnass upon pennethyl or peracetyl derivatization wouid 

preclude the detection of the molecular ions [85]. 

a) Derivatization with AUryl Esters of P-aminobenzoic Acid 

One of the most popular and successful labels for cabhydrates is the 

aminobenzoic acid alkyl ester group [85,l25- 1271. In addition to the obvious advantage 

of introducing an excellent W chromophore at the fkee reducing temiinus of 

oligosaccharides, this method aiso imparts hydrophobicity to the oiigosaccharides. The 

increased hydrophobicity of these oligosaccharide derivatives dows the oligosaccharides 

to be separated by RP-HPLC as well as greatly increases the sensitivity of their detection 

[114]. Furthemore these denvatives serve to introduce a preferential site of protonation 

and more importantly, of deprotonation, which is of considerable analytical advantage in 

negative ion LSIMS analysis [125]. In the rnass spectral characterization of these 

derivatives, the method chosen depends on the kind of information one wishes to obt& 

and the amount of sample one wishes to use. In the positive ion mode, abundant 

molecular ions are produced with little fragmentation, so that a molecular mass profile of 

HPLC fiaction components c m  be readily obtained by LSIMS by using approximately 

5 pmol of sample. However, more importantly, in the negative ion mode the 



fkgmentation pattem obtained comprises several fiagrnent ions, rnany of which contain 

the modified reducing terminus, thus providing sequence and branching information. In 

order to obtain this fhgmentation pattern, around 50 pmol of denvaiized sample are 

usually required [ 1281. 

Using this approach, the sequence of the neuaal and acidic oligosaccharides 

expressed on 1 nmol of nicotinic acetylcholine receptor and the acidic N-linked 

oligosaccharides released fkom 2 nmol of human a,-acid glycoprotein have been 

successfully detennined [125]. It is proposed that this approach can be used to provide an 

"oligosaccharide map" of the gross oligosaccharide structures present on any senun or 

membrane-bound glycoprotein possessing N-linked oligosaccharides available at only 

picornole to low nanomole levels [125]. Furthemore, these derivatives with free 

nonreducing terminal moieties are directly amenable to sequence exoglycosidase 

digestion, thus the tnincated smctures codd be analyzed by rnass spectrometry, 

providing additional structurai data such as linkage position and anomenc configuration 

[8S, 1251. The advantages of this protocol become obvious when very small quantities of 

oligosaccharides are available and losses of material due to sample transfer become 

noticeable. 

Limitations of this method are that the derivatizing reagent must be prepared 

beforehand, the actual derivatization yield is not quantitative for longer chah allcyl esters, 

and significant sample workup must be perfoxmed pnor to analysis [32]. 

b) Derîvatization with 2-aminopyridine (PA) 

2-aminopyridine (PA) has been extensively used to denvatize sugars for HPLC 



separation and analysis, providing very high sensitivity as mentioned in Section 1 -5.1 .1. 

PA-oligosaccharides have also been andyzed by FAB-MS, and ESI-MS, as well as FAB- 

MS/MS and ESI-MS/MS [42,67,129,130]. It was reported tbat PA-denvatized 

maltopentaose showed a 3 to 1 O-fold sensitivity improvement in positive ion FAB-MS 

compared with the native sugar. m i e  positive ion mode gave a 100-fold sensitivity 

increase in ESI-MS, negative ion mode yielded a 30-fold sensitivity improvement [42]. 

Both conventional FAB- and ESE m a s  spectra showed o d y  molecular ions, and no 

sequence-related fragment ions were apparent, and thus an oligosaccharide map could be 

provided [67,129]. For example, Cars and Reinhold prepared a rnixîure of linear 

polyglucoses (hm corn syrup) which had been derivatized with 2-aminopy~idine. The 

normal FAB mass specmim contained the protonated molecular ions of oligomers with 

four, five and six, etc. monosaccharide units [129]. 

FAB-CID-MS/MS midies showed that selection and collision of the protonated 

hexamer yielded a diagnostic daughter ion specmim [129]. Two series of reducing end 

fiagrnent ions were obtained. One represented successive losses of temiinal deoxyhexose 

units (Y-ions), while the other series was formed by scission of the pyran rings and 

protonation of the remaining reducing end oligomers (LsX,-ions, 28 u higher than the Y- 

ions). This cleavage leaves a fomyl group on the glycosidic oxygen. Neady no firagments 

related to the nonreducing end of the molecule were apparent, probably because charge 

was strongly localized on the secondary amine of the aminopyndinyi group [129]. 

ESI-MS of PA-digosacchandes was first reported by Suzuki-Sawada and CO- 

workers [67]. They described both on-line LC/ESI-MS and hgmentation by CID. A P.4- 



glycan mixture cleaved fiom human immunoglobulin (IgG) was characterized and one 

component selected in this mixture was studied in detail by ESI-MS/MS [6q. The 

product ions were mainiy due to fragmentation at glycosidic bonds. Types of hexoses and 

positional Iinkages could not be distinguished with these data alone, but the information 

provided by MSMS was useful in corrobora~g the estimated structure [673. Later on, 

Gu et al. [130] reported that molecular weights of PAsligosaccharides were detectable 

by ESI-MS with a 1-pmol sample, and that the fhgmentation pattern of PA- 

oiigosaccharides O btained by applying in-source fragmentation, showed simple gly cosidic 

cleavages with the positive charge retained on the PA site [89,13 O]. 

The other denvatizing agents used in reductive amination for MS include 

trimethyl @-aminopheny1)-ammonium chloride (TMAPA) [42,116,117], aniline 

[lZ7,45,13 11, benzylamine [45], 2-aminobenzamide [45], aminohexane[45], 

phosphatidylethanolamine dipalmitoate (PPEADP) [ 1 32],2-amino-6-methylpy~idine 

[133], 2-aminoethanethi01 (AET) and 2-aminobenzenthiol (ABT) [see Ref. 57 and 

references therein], N, N-(2,4-dinitrophenyl)octyi&e (DNPO) [32,8 3 1, and N, N- 

dansyloctylamine [83]. The ionization efficiencies of TMAPA-, p-aminobenzoic acid 

ethyl ester (ABEE), and PA-denvatives have been investigated quantitaùvely by ESI- and 

FAB-MS, and compared with those of permethyl and peracetyl derivatives [42]. Among 

these derivatives TMAPA-derivatized maltopentaose showed extremely hi& sensitivip 

in positive ion ESI-MS, a 5000-fold improvement compared with native maltopentaose 

[42]. Derivatization with N,N-(2,4-dinitrophenyl)octyiamine has demonsmted an at least 

100-fold improvement in sensitivity relative to arninobenzoic acid a b 1  ester derivatives 



[32]. Recently, Takao and CO-worken reported tiom experiments using a high-mannose- 

type N-linked oligosaccharide ( Man,GlcNAc,, as a mode1 showed that derivatization 

with 4-amino-benzoic acid 2-(diethylamino)ethy1 ester (ABDEAE) gave 400-, 80-, and 

20-fold increases in molecular ion abundance over the underivatized oligosaccharide and 

oligosaccharide denvatized with PA and ABEE, respectively. ABDEAE derivatization 

demonstrated a 1000-fold sensitivity increase over the underivatized oligosacchande in 

MALDI-MS and 5000-fold in positive ES1 mode [see Ref. 46 and references therein]. 

2) Derivatization with PMP or PMPMP 

A MS sensitivity study on PMP and PMPMP oligosacchandes, relative to other 

types of derivatives has been conducteci [57]. The derivatizing agents used included PA, 

ABEE, 2-aminoethanethi01 (AET) and 2-aminobenzenthiol (ABT), in addition to PMP, 

and PMPMP. In FAB-MS, the PMP denvative in glycerol in aqueous methanoiic solvent 

(positive ion mode) provided the second highest signal among the other derivatives of 

maltopentaose, with the ABEE derivative giving the highest response. In the negative ion 

mode, the PM.-derivative of maltopentaose not only gave intense molecular ion signais, 

but also detectable m e n t  ions fiom the nonreducing terminus corresponding to '"A- 

type fragments. 

In positive ion ESI-MS, the specûum of the PMP-derivative of maltopentaose 

gave the highest sensitivity among the other derivatives examined under optimized 

conditions. The relative intensities of PA derivatives were 5.8% of that of the PMP 

denvatives at a concentration of InmoVpL. nie minimum amount of maltopentaose 

required was 0.9 ng. Honda and CO-workers also checked the setting of voltages in the 



ES1 interface and noticed that the variation of the cone voltage had a serious effect on the 

response obtained for the PMPderivatives of isomaltooligosaccharides. At 40 V. ody the 

PMP denvative of glucose was observed, but the derivatives of larger oligosacchandes 

began to be observed with increaSiLlg cone voltage. At 400 V, the derivatives of 

isomaltooligosaccharides with up to 16 rings couid be detected [ 5 7 .  Higher voltages gave 

p+Na]+ signals in addition to p+H]+.  even though the ration mixture of 

derhtization had been subjected to desalting by electric dialysis. A high voltage senutg 

is, however, considered to be favorable for the analysis of oligosaccharides derived fiom 

glycoproteins [ 5 7. 

The usefûiness of derivatization with PMP in LUESI-MS using thy~oglobulin- 

derived oligosaccharides was dernonstrate-. The five peaks were eluted and separated. 

The mass spectra of these fr;ictions showed the presence of high mannose-type 

oligosacchandes with six to nine mannose residues [SA. 

Recentl y, a combination o f  PMP-denvatization, 1 iquid chromatography and 

MALDI-TOF-MS was appiied for determination of carbohydrate heterogeneiry in the 

humanizsed antibody CAMPATH 1 H [134]. Preliminary work involved examination of 

native and PMP-derivathi standard carbohydrates by MALDI-MS. The native 

carbohydrates were observed as predomhmtly sodium and potassium adducted species. 

as expected. The denvatized materials in al1 but one case showed p + H ] +  ions of 

reasonable intensity in addition to sodium and potassium adducted species. The LC 

profile and MALDI-MS data contributed to detection of tweive components. The mass 

çpecm indicated that the derivatives were stable and did not significantly fragment under 



MALDI-MS conditions [134]. 

1.5 J Methodology Used in This Work 

Mer considering the advantages and disadvantages of dl derivatization methods 

descnbed above, PA- and PMP-denvatives were chosen as the most practical ones 10 

prepare. The preiiminary work thus uivolved preparing PA- and PMP- derivatives of a 

senes of mono-, di-, and tri-saccharides and cornparing UV and MS sensitivities, as well 

as HPLC separatiori efficiencies. The resuits demoll~trated that PMP-derivatives of small 

sugars were more worth preparing than PA-derivatives in t e m  of simplicity of the 

derivatization reaction and clea~lup procedure, good quality and ease of separation by 

revened-phase HPLC, as well as enhanced ionization efficiency in FAB-, ESI, and 

MALDI-MS. 

Based on the above findings, linear retraglucose and a few standard 

oligosacchandes obtained comrnercialiy were used a s  models of large oligosaccharides in 

order to address the sensitivity and study Gsigmentation patterns for PM.-denvatives 

using ESEMS, ESI-MS/MS, and MALDI-MS. 

Finally, intact chicken egg albumin (ovalbumin) and neutral glycans detached 

fiom ovalbumin were characterized by these recently developed MS techniques. The 

results from mass s pectrometric experiments, es pecially involving ES 1-MS and ESI- 

MSIMS, were emphasized. 

Ovalbumin was used as a mode1 glycoprotein in this project. Ovalbumin is the 

most abundant protein in egg white compnsing 385 amino acid residues [135]. The total 

molecular mass of ovalbumin is 44287 [I35,l36] and the glycan ption in ovdbumin 



accounts for 3.5% in weight [6q. The glycan moiety of ovdburnin has been scnitinized 

over the last 20 years [2 1,43,66,136- 1481. There is only one N-glycosylation site, and no 

O-linked glycosylation site [21,43,1371. The carbohydrate moiety is attached to Asn-292 

of the polypeptide chah whose moiecular mass was reported to be 42699 [135], and the 

sequence of a glycopeptide shows it contains the Asn-X-Thr "recognition site" [135]. So 

far, about 35 different neutrai sugars have been attnbuted to this glycoprotein [see Ref. 

142 and the references therein]. Until 1 992, only high-mannose- and hybrid-type 

oligosaccharides had been reported [2 1,43, 13 7,1391. However, recently complex~type 

oligosaccharides have also been found but rarely encountered. All these N-linked glycans 

contain neutral sugars without sialic acid [Ml - 143, 1461. The main reason for choosuig 

ovalbumin as a mode1 is that it has only one glycosylation site. This eliminates the 

necessity to determine glycosylation sites and allows the shidy to remain focused on 

investigation of site-specific heterogeneity with regarding the limited tirne. 

Studying the structures of these N-glycans requires their release fiom the protein 

backbone. As descnbed above in Section 1.3, a number of different methods, chernical 

and enymatic, exist for this purpose. Enqmatic cleavage of N-Iinked oligosaccharides 

with PNGase F offers several sigxufïcant advantages over hydrazinolysis. Overail, the 

enzymatic procedure is simpler but much more coçtly than most other methods. A mild 

incubation with the enzyme releases al1 cornmon classes of N-linked sugars. Usually, side 

reactions are unlikely to occur unless contamhathg enzymes are involved. On the other 

hand, hydrazinolysis requires relatively harsh reaction conditions. Therefore when the 

asparaginyl-N-acetylglucosamide bond is cleaved, other undesirable reactions also occur, 



nich as release and partial degradation of O-linked sugars, de-N-acety lation, hydrazone 

formation, and in some cases, peeling and other side reactions. in addition, it is necessary 

to re-N-acetylate each oligosaccharide and to regenerate its free-reducing tenninal before 

M e r  characterization. Furthexmore, labile derivatives such as O-acetyl groups of sialic 

acids are destroyed during hydmzinol ysis [ 1 41. However, hydrazinol ysis has been chosen 

to release glycans in this project with the consideration that it is much less expensive than 

cleavage by enzymatic methods. It has been s h o w  that hydrazinolysis, under certain 

reaction conditions, can cause complete cleavage of N- and O-glycosyl peptide linkages 

[2 1,221. This occurrence is not relevant in the case of ovalbumin since only N-linked 

carbohydraîes are present. 

To maintain the fidelity of structures inherent with the starting material is a 

constant challenge during isolation af glycans [33]. In this project, special attention has 

been focused on the characterization of detached glycans and oligosacch&des, which 

have been chemically derivatized to impart rnolecular specificity during ESI- and 

MALDI-MS analyses. PMP-derivatization was selected among a number of reported 

methods to label the glycans for the reasons discussed above. 
I 



2. EXPERIMENTAL 

2.1 Materiais 

The 1 -p heny l-3 -methyi-5-pyrazolone (PMP) reagent was purchased fiom ICN 

Biomedicals Inc. (Aurora, OH, USA) and used as obtained. Anhydrous hydrazine, 2- 

aminopyridine and borane-dimethylamine complex were obtained from Aldrich 

Chernicals (Wilwaukee, WI, USA). The small saccharides D(+)-galactose, D(+)-glucose, 

D(+)-mannose, D(+)-glucosamine, D(+)-galactosamine, D(+)-N-ace~lglucosarnine, L(-)- 

fucose, p-lactose, 2'-fucosyllactose, sialyllactose (a mixture of 3'- and 6'-N- 

acetylneuramin-lactose), tetraglucose (4-0-(4-0-[6-0-a-~-G1ucopyranosyl-a-~- 

Glucopyranosyl]-a-D-Glucopyranosy1)--se) biue dextran, horse 

hemoglobin, ovalbumin (albumlli, chicken egg, Grade V), myoglobin ( fiom hone 

skeletal muscle, MW 16952, ), bovine insulin (Mr 5733), Substance P (Mr 1347.6), 3, 5-  

dimethoxy-4-hydr oxycinnamic acid (sinapinic acid, SA), a-c yano-4-hydr ox y-cimamic 

acid (CHCA) and Dowex -50 W (H') were purchased from Sigma Chernical CO (St. 

Louis, MO, USA). Larger oligosaccharide standards M3N2 (conserved trimannosyl core), 

NGA3 (asialo-, agalacto-, triantemary) and NGA4 (asialo-, agalacto-, tetraantennary) 

were obtained fiom Oxford GlycoSystems (Rosedale, NY, USA) and used as received. 

Bio-Gel P-4 (minus 400 mesh) was fiom Bio-Rad (Richmond, CA, USA). Al1 solvents 

were glass distilled, HPLC-grade and obtaùied fiorn Mallinckrodt (Paris, KY, USA). 

Chomatographic papa (Whatman 3MM) was obtained fiom VWR Canlab (Mississaug% 

ON, Cana&). T'hin layer chromatographie (TLC) Baker-flex silica gel IB-F plates were 

obtained fiom J. T. Baker hc. (Phillipsburg, NJ, USA). Sep-Pak C,, c d d g e s  were 
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obtained fkom Waters waters Corp., Milford, MA, USA). Deionized, filtered water was 

obtained fiom a Bamstead Nano-Pur? water filtration system supplied by a reverse 

osmosis feedstock. 

2.2 Preparation of PA-Derivatives of Smail Sugars [64,149,150] 

The solutions of individual smail sugars (0.3-5.5 prnol) or a mixture of six smdl 

sugars (1 -5.5 pmol each) were evaporated to dryness in a 1 -3 x 10 cm glas tube tapered 

at the bottom. The residue was thoroughly mixed with 10-100 PL of coupling reagent, 

which was prepared by &g 552 mg of 2-aminopyridine with 200 PL of glacial acetic 

acid (reagents and syringe were wamed before use). The mixtures were heated at 90 O C  

for 60 min, and then cooled. Reducing reagent (70-350 pL, hshly  prepared by dissolving 

200 mg of borane-dirnethylamine complex in a mixture of 50 PL of water and 80 pL of 

acetic acid) was added to the reaction mixture. The solutions were mixed, and heated at 

80 O C  for 50 min, then cooled to room temperature. Ammonium hydroxide (2.8 M) was 

then added to bring the pH to 10. Excess reagents were extracted three t h e s  with two 

volumes of chloroform. The pH of the aqueous phase was adjusted to 6.0 with acetic acid 

and the solution was evaporated to dryness by centrifuge-evaporation using a Savant 
\ 

Speed Vac with the 'no-heating' setting. 

2.3 Preparation of PMP-Derivatives o f  Small Sugan (71,733 

n i e  solutions of individual sugars (30 nmol-15 pmol) or a mixture of ten small 

sugars containhg 1-5.5 p o l  each were concentrated to dryness and dissolved in 0.3 M 

NaOH solution (1 0-500 PL). A 0.5 M methanolic solution ( 10-500 PL) of PMP was 

added to these solutions. The mixtures were vortexed, sealed and heated at 70 OC for 2 h. 



After the reaction mixtures were cooled to room temperature, they were then neutralized 

by adding 10-500 pL of hydrochloric acid solution (0.3 M). Then 0.5 rnL water and two 

volumes of chloroform were added. The organic phase was discarded after being vortexed 

and centrifbged (phase separation was enhanced by brief centrifugation). This extraction 

process was repeated twice more. The aqueous layer was evaporaîed to dryness using a 

centrifuge-evaporator (Savant Speed Vac), leaving a residue of PMP-sugars. 

2.4 Isolation of Oiigosaccharides from Ovalbumin 

2.4.1 HydrPzinolysis and Re-N-Acetylation [20-22,633 

Anhydrous hydrazine (1 mL) was added to a dry sample of the glycoprotein (564 

m o l ,  25 mg) and the sample was heated at 95 O C  for 4 h in an evacuated sealed side ami 

tube. The sample was shaken gently three or four times dirring heating. At the end of 

hydrauiolysis, excess unreacted hydrazine was removed under vacuum using Speed Vac 

at a temperature not exceeding - 25 O C .  Toluene was added to assist removal of traces of 

residuai hydrazine if the sample did not thoroughly dry under vacuum. Freshly prepared 

sodium bicarbonate solution (9.8 % wt/wt) and acetic anhydride were added to the 

residue. Five minutes later, another portion o f  the bicarbonate solution and acetic 

anhydride were added. The reaction mixture was left to stand for 30 mins at room 

temperature with occasional m g .  The volumes of reagents added are calculated based 

on the assumption that al1 possible amino groups are to be N-acetylated. For practical 

purposes it cari be assumed that al1 of these derive fiom amino acids. A volume of acetic 

anhydride equal to a Sx rnolar excess over these amino groups should be added, and the 

volume of sodium bicarbonate is such as to render the &al acetic anhydride solution 



0.5 M. Dowex 50WX2 (IC, 100-200 mesh) was added to the solution to bnng the pH to 3 

and thus remove amino acid derivatives and sodium ions. The resin and solution were 

poured Ulto a small column (20 x 0.5 cm), which was washed with 5-fold bed volumes of 

water. The effluent and the washings were cornbined, and concentrated by rotary- 

evaporation and M e r  dned by a centrifuge-evaporation at a temperature lower than 

30°C. 

An alternative rnethod for re-N-acetylation was also used: Acetic anhydride (160 

PL) was combined with a methanol-pyridine-water mi- (30: 15: 10,2.2 mL) and used 

to acetylate the sample &er hydrazinolysis [15 11. The main advantage of this meîhod is 

the volatility of the solvent system used. Moreover, it eliminates the desalting step. The 

glycans analyzed by off-line coupling of HPLC with MALDI-MS were re-N-reacetylated 

with this method after being cleaved fkom ovalbumin. 

2.4.2 Separation of Glycans from the Peptide Moiety [20-22,521 

The N-acetylated samples were dissolved in srnail amounts of water and spoaed 

on Whatman No. 3MM chromatographie paper. The paper was then subjected to 

descending chromatography using 1 -butanol-ethanol- water (4: 1 : 1 ) for 1 8 hours. Under 

these conditions, disaccharides and larger oligosacchandes are immobile and dl of the 

degradation products fiom the peptide moiety move quite a distance on paper. The area at 

O to 5 cm h m  the ongin was cut out and the oligosaccharides were recovered from the 

paper by elution with d i d e d  water. The eluate was filtered (0.22 pm,Teflon filter), and 

concentrated to dryness. After N-acetylation, the oligosaccharide pool consists maid  y of 

unreduced oligosaccharides with a small hction present as the acetohydrxzide . 



derivatives [22]. These latter are catalytically converted to the former as follows. n e  

oligosaccharides pool f i er  paper chromatography was redissolved in -0.5 mL of 1 mM 

Cu (II) acetate in 1 m M  acetic acid, and hcubated at room temperature for one hour. 

Afier passage through a column of Dowex 50WX2 (H'), the effluent and washings were 

combined and evaporated to dryness (the acetic acid can be removed by evaporation). 

2.4.3 Separation of Neutral Sugars from Anionic Sugars [1521 

The residue from the step above was dissolved in 0.5 mL of water and applied to a 

Bio-Gel P-4 column (20 x 1.5 cm). Water was used as the eluent at a flow rate of 20-30 

mUh. The material eluted within the void volume contained acidic oligosaccharides 

[7,152] separated from neutral oligosaccharides, which were retarded by the column 

according to the size. The pool of neutrai glycans was collected and collection was 

stopped by the time it took for glucose to corne out, which had been determined 

previously. The pool of neutrai sugars was combined and evaporated to dryness. The 

sugar portion was checked by resorcinol-H,SO, assay. The void volumn was detennined 

with blue dextran or hemoglobin [153]. 

2.4.4 PA- or PMP-DerivatizPtion of Larger Oligosaccharide Standards or Neutral 

~ ~ ~ o s a c c h a r i d e s  from Ovalbumin 

The oligosaccharide mixture isolated fiom ovalbumin as descnbed above was subjected 

to PA- or PMP-derivatization using the rnethods descnbed above but on a smaller scale, 

as well as each of M3N2, NGA3 and NGA4 standard oligosaccharides (10 pg each). In 

addition, for PMP-derivatization of larger sugars, the reaction time used was 30 min 

instead of two hours used for small sugars. 



2.5 Thin-Layer Chromatography o f  PMP-Labeled Sugars 1711 

The progress of the PMP-labeling reactions was rnonitored by TL,C on silica gel 

plates. The presence of impunties could also be detected at the same t h e .  A (40: 10: 1 ) 

mixture of chloroform-methanol-water was used as the eluent. The spots were visualized 

under the 254 nm W light. 

2.6 Reversed-Phase HPLC of Derbataed Carbohydrates 

2.6.1 Reversed-Phase HPLC of PA-Derkatives of Srnail Sugars [65,68] 

A mixture of D(+)-mannose, D(+)-galactose, D(+)-glucose, L(-)-fucose, f3-lactose 

(5.5 pmol each) and 2'-fucosyllactose (1 pmol) was reacted with 2-aminopyridine as 

described above and the products were dissolved in 0.1 M ammonium acetate buffer. 

Aliquots corresponding to 1/400 of the total sample were injected into the HPLC system. 

A Waters mode1 600 HPLC system (Millipore Corporation, Malborough, MA, USA) 

equipped with a Waters 486 Tunable Absorbance UV detector and a Waters 746 Data 

Module was used. Reversed-phase HPLC of PA-denvatives was carried out with a Vydac 

2 1 8TP54 Protein & Peptide C,, column (25 x 0.46 cm) (The Separations Group, 

Hesperia, CA, USA) at a flow rate of 1 d l m i n .  Solvent A was 0.1 M ammonium acetate 

b a e r  without pH adjustment (pH -6.0), and solvent B was 0.5% n-butanol in solvent A 

(pH 4.0). Initially, the mixture was 9 5 5  A-B. After injection of a sarnple, the proportion 

of solvent B was fint increased linearly to 15% over 10 min, and then to 85% over 40 

min. Detection was perfomed at 3 1 8 nm. 

2.6.2 Reversed-Phase HPLC of PMP-Derivatives of Smaii Sugars [73] 

A mixture of D(+)-mannose, D(+)-galactose, D(+)-glucose, L(-)-fbcose, Pt 



lactose, D(+)-glucosamine, D(+)-galactosamine, D(+)-N-acetylglucosarnine (5.5 pmol 

each), 2'-fucosyllactose (1 pmol) and sialyllactose (0.76 pmol) was reacted with PMP as 

described above. Aliquots corresponding to 1/200 of the total sample were injected into 

the HPLC system. A Spectra-Physics HPLC system (Themo Instnunents, San Jose, CA, 

USA), equipped with a mode1 SP8450 uvfvis Spectra-Physics detector and a HP-3396A 

integrator (Hewlett Packard Canada hc., Orangeville, ON), was used. An Inerisil ODS-3 

column (1 5 x 0.46 cm, 5 pn particle size) was used (Phase Separations, Franklin, MA, 

USA). The flow rate was set at 1 mUmin and the wavelength at 245 nm. Soivents A and 

B were 0.1 M ammonium acetate (pH 5.5) with 10 and 25 % acetonitrile, respectively. A 

gradient of 45 to 100% buffer B over 55 min was used for separation. 

2.6.3 Revened-Phase HPLC Separation of PMP-Derivatives of Larger 

Oiigosaccharides or GIycans from Ovaibumin 

A Varian 90 10 HPLC system (Varian, Lexington, MA, USA), equipped with a 

Varian 9050 WMS detector and a Varian Star data processor, was used. The reversed- 

phase column was Hypersil ODS (25 x 0.46 cm, 5 pm particle size) (Sigma-Aldrich). 

Solvent A was 0.01 M TFA (trifluoroacetic acid) in water, and solvent B was 0.01 M T M  
1 

in acetonitrile. Detection was at 245 nm. The gradient used consisted of increashg the 

proportion of B fiom 20 to 100% over 70 min at a flow rate of 1 mL/roin. For larger 

standards, aiiquots of 1/6 of the total sample (derivatization was carried out by using 

10 pg of each of standards) were injected for analysis and the &actions corresponding to 

each peak were collected and çoncentrated by centrifuge-evaporation for ESEMS 

analysis, md TFA was also removed during evaporation [l4 11. The same HPLC 



procedure was applied to PMP-denvatized glycans fiorn ovalbumin. AIiquots of 1/ 1 00 

(for analysis) or 1/10 (for fiaction collection) of the total sample were injected. Fractions 

collected were concentrated and reconstituted to a desired concentration for MALDI-MS 

analy sis. 

2.7 Mass Spectrometry 

2.7.1 Fast Atom Bombardment Mass Spectrometry (FAB-MS) (Performed by X. 

Shen, and H. Perreault) 

Positive ion mode FAB experiments were camied out with a VG AnalyUcal7070E 

mass spectrometer (Micromass, Manchester, UK). Samples (ca. 10 nrnol) were loaded 

ont0 a stainless steel target and then a rnatrix of either glycerol alone or a mixture of 

glycerol-thioglyceroI(1: 1, v/v) was added and mùted with the sample. The FAB gun 

(Xe0) was operated at 8 kV. The accelerating voltage was set at 6 kV. Conventional scans 

were at the rate of 2 s/decade and the d z  range covered was fiom 45 to 1000 u. 

2.7.2 Matiix-Assisted Laser Desorptiodknization Tirne-of-Flight Mass 

Spectrometry (MALDI-TOF-MS) (Performed by X. Shen, and H. Perreault) 

MALDI-TOF-MS was performed in the linear mode on Manitoba II, an 

instrument built in-house in the Time of Flight Laboratory, Department of Physics, 

University of Manitoba, and described elsewhere [154]. The samples ( 1 PL, Ca. 100 

prnol) were loaded onto a stainless steel target with 1 PL of a-cyano%hydroxyc' Lnnarnic 

acid (saturated in 1 : 1 acetonitiile water containing 0.1% TFA) as the matrix. The sample 

and the matrix were thoroughly mixed and CO-crystaUized (so-cailed dried-drop method) 

[92]. An accelerating potential of 25 kV was used. The samples were irradiated using a 



N, laser beam at 337 nrn. Extemal calibration of the MALDI mass spectra was carried out 

fiom a second preparation on the same sample support using bovine insulin and substance 

P as extemai calibrants for the analyses of PMP-denvatives of sugars, and hone skeletal 

muscle myoglobin as a calibrant for the analyses of intact ovalbumin. 

2.73 Electrospray Ionization Mass Spech-ometry (ESEMS) 

2.7.3.1 Electrospray Ionization Mass Spectrometry (ESI-MS) for PA or PMP- 

Derivatives of Small Sugars (Performed by R. Bordoli, Micromass, AltringhaqUK) 

Sample-infusion ES1 analyses were perforxned on a Micromass Q-To f ins rnent  

(Micromass, Atringham, UK). Full-scan spectra were acquired over a d z  range 100 to 

2000 u. Collision induced dissociation (CID) MSMS experiments were conducted with 

argon at a gas pressure of 3 x 10' torr and a collision energy of 28 eV. Roduct ion scans 

were recorded. 

2.7.3.2 On-Line WLC/MS for PA- or PMP-Derivatives of Srnall Sugars (Performed 

by J. Langridge (Micromass, Al&gham, LTK)) 

A Micromass Quattro-II triple qiiadrupole mass spectrometer was used in these 

experiments. Full-scan &îa were acquired in the positive ion mode over a m/z range of 

100 to 2000 u at the rate of 7 dscan. The cone voltage was set to aiternate between 50 

and 100 V every second scan. An AB1 Aquapore RP 300 column (100 x 1 mm) was used; 

the arnounts of sample injected were one f3k of those used for HPLC-W experiments in 

Section 2.6.1 and 2.6.2. The column effluent was monitored by an on-line W detector at 

245 nm for PMPderivatives or at 3 1 8 nm for P A-denvatives. The flow rate was 

50 @,/min and gradients were the same as used in RP-HPLC of PA- or PMP-derivatives 



except that 50 mM W O A c  was used instead of 0.1M NH,OAc. 

2.7.33 Sensitivity Studies on Native and PMP-Derivatized Tetraghcose as a Mode1 

for Other Oiigosacchandes by EST-MS 

A series of aqueous solutions of native and Pm-teadglucose (4-0-(4-0-(6-0-u- 

D-glucopyranosyl-a-D-glucopyranosyl]a-D-glucoposy)-D-g1ucopose) was 

prepared, i.e. 10", 1 O", 1 04, 1 O-', 1 O* M. The starting solution at 1 0" M was prepared 

first (Pm-tetraglucose solution was filtered with Teflon filter (0.22 pm)), and then 

diluted to yield 10'~. 104, IO-', lod M solutions. Each of these solutions (20 PL) was 

injected into the mass spectrometer. The instrument used for these analyses was a Quattro 

LC fiom Micromass (Manchester, UK) equipped with a 2-sprayTM electrospray source. 

Solutions were injected using a 20 pL Rheodyne bop, and the c-g solvent was 1 : 1 

acetonitrile-water at a flow rate of 10- 13 &/min. A KD Scienûfïc (KD Scientific hc., 

Boston, MA, USA) syringe pump was used to provide the carrying solvent. 

The samples were sprayed using a 3.50 kV needle voltage, and the cone voltage 

(declustering voltage) was set at 60 V for d l  experiments, unless specified. The source 

block and desolvation temperatures were set at 1 10 O C  and 130 OC, respectively. 

MS and MSMS spectra were recorded in both the positive and negative ion 

modes, with scan rates of 300 dsec and variable mass ranges for CID experiments. The 

pressure of argon in the gas ceii was 2x 10" torr, and the collision energy was set ranging 

fiom 35 to 90 eV. 

2.7.3.4 ESI-MS and ESI-MS/MS of PA or PMP-Derivatives of Larger Sugar 

Standards (M3N2, NGA3, and NGA4) (Perfonned by X. Shen, And D. Boismenu, 



(McGill University)) 

Most of these analyses were carried out with our instrument described in section 

2.7.3.3 and some was c e e d  out at McGill University with a Q m o  II instrument fiom 

Miromass. The conditions were the sarne as used for tetraglucose. For native and PMP- 

NGA3, the mass spectrometer and ail other conditions used were the same as used for 

tetraglucose, except that the carrying solvent, 49:49 : 2 water-methanol- fonnic acid was 

used for native NGA3. 

2.73.5.On-line RP-HPLCJESI-MS for PMP-NGA3 

The HPLC system used was an Ultra Plus Pump Module fiom Microtech Science 

Inc. The column was a 25 x 0.46 cm Vydac 21 8TP54 Protein & Peptide C,, column (The 

Separations Group, Hesperia, CA, USA). The HPLC system was equipped with a 

Rheodyne injector (20 PL loop). A constant flow rate was set at lmUmin, and the 

composition of the mobile phase was programmed as follows: The initial composition, 

5% of acetonitrile in water, was kept for 5 min, then increased to 60% over 10 min, and 

kept at 60% for 20 min. Trinuoroacetic acid (TFA) was kept at a constant concentration 

of 0.04% throughout the separation. 

2.7.3.6 ESI-MS of Intact Ovalbumin [43] 

An ovalbumin solution was prepared by dissolving the sample in water fust and 

ben adding acetonitrile and f o d c  acid sequentially to reach a f d  concentration of 

100 pmoVpL in acetonitrile-water (2: 1) containhg 2% formic acid. The amount of 

sample injected was 2 nmol. The mass spectra of ovalbumin were acquired by scanaing 

from 500 to 2500 u in 7 S. Twenty scans were averaged to produce S N  and resoiiition 



high enough to resolve oligosaccharide heterogeneity. 

2.7.3.7 ESI-MS and ESI-MSMS of PMP-Glycans Cleaved from Ovalbumin 

The giycan derivatives were desalted using a SepPak C,, cartridge. The camidge 

was pre-conditioned by treatrnent with 5 rnL water, 5 mL of acetonitrile, and 10 mL of 

water. The sample was then reconstituted with 0.5 rnL of water and applied directly ont0 

the cartridge. The sample was eluted wîth 5 rnL of water, 5 mL of 20% aqueous 

acetonitrile, and 5 mL of pure acetonitrile [log]. The water fiaction was discarded. The 

acetonitrile fiactions were combined, passed through a Teflon filter (0.22 p), and dried 

by centrifuge-evaporation. The residue was reconstituted in 100 pL of water for ESI-MS, 

or in 30 pL of water for ESI-CID-MSMS (obtained fiom the same amount of 

ovalbumin). A 5 pl-aliquot containhg the PMP-oligosaccharides detached fiom 4 mg 

ovalbumin was injected for ESI-CID-MS/MS, whereas an aliquot fiom 2.5 mg ovalburnin 

was injected for ESI-MS. The CID tandem mass spectra of selected w+2W2+ ions of 

PMP-giycans were recorded. For this purpose, the precmors were individually selected 

by the first quachpole, collided with argon in the second quadruple, and the product 

ions (fragments) were mass-analyzed by the third quadrupole. The argon gas pressure was 
! 

maintained at ca 2 x 1oe3 torr for this study and collision energies of 50-60 eV were 

used. 



3. RESULTS AND DISCUSSION 

3.1 Preliminary Work 

The PA- and PMP-derivatkation methods were selected arnong a number of 

reported methods for labeling carbohydrates since both involve quantitative yields, rapid 

reactions and simple cleanup procedures [57]. Reliminary work was camed out on 

characterization of PA- or PMP-derivatives of s d  sugars pnor to studying derivatives 

of larger oligosaccharides, either obtained cornnercially or detached nom ovalbumh. 

These oligosaccharides were availab1e in very limited quantities, and therefore had to be 

characterized by methods which had &en preassessed. 

3.1.1 Labeling with PA or PMP 

3.1.1.1 Labeling Carbohydrates with 2-aminopyridine 

The reaction conditions for pyridylamination have been optimized by a thorough 

investigation regarding the effects of reagent concentration, temperature, 9me, etc., on the 

yield of PA-denvatives 1641. Bor me-dimeth ylamine complex @Hf NH(CH,)J was used 

rather than sodium cyanoborohydride (NaBH,CN) for the reductive step of the PA- 

derivatkation reaction, since the former is more volatile and thus more easdy removed 

[58]. In addition, it was reported that the former gave the highest yield of PA-sugars and 

the srnailest amount of by-products among the reducing reagents tested [64]. For the early 

experiments, a TSK gel H W 4 F  size exclusion column was tested to remove excess PA 

reagent [149]. However, since this rnethod is tirne-consumhg it was dropped, and 

extraction with chloroform was adopted [149]. 

3.1.1.2 Labeling Carbohydrates with PMP 

86 



The optimal concentrations of the reagent and NaOH to O btain quantitative yields 

for PMP-derivatives were found to be 0.5 and 0.3 M, respectively [7 13. These 

concentrations represent large excesses of PMP and NaOH relative to the substrates, as is 

usually the case with precolurnn Iabeling. The exces  PMP reagent had thus to be removed 

prior to HPLC analysis. Chloroform was found by Honda et aL.[71] to give good results 

for both extraction efficiency and product recovery. However, chloroform gave 

unsausfactory recovery of some more hydrop ho bic monosaccharides such as xylo se and 

fucose. Butyl ether was reported to give more complete recovexy of the PMP- 

monosaccharides than chlorofom since butyl ether is a less polar solvent [73]. We decided 

to use chlorofom in our experiments since it yielded much clearer two-phase separations 

than butyl ether. The nebulous separations o b m e d  when using the latter resulted in 

sample loss. 

3.1.2 Reversed-Phase HPLC of PA- and PMP-Labeied SrnaIl Sugars 

3.1.2.1 Reversed-Phase HPLC of PA-Labeled Small Sugars 

Fig. 3. la  shows the HPLC-UV chrornatogram o btained after injecting a mixture of 

PA-mannose, galactose, glucose, fucose, p-lactose (14 m i  of each) and 2'-fucosyllactose 

(2.5 nmol). The retention h s  of the individual components had been determined prior to 

running the mixture. In previous studies [68 ,69,l49,lS], the additivity rule was 

observed: a monosaccharide residue in a PA-oligosaccharide rnakes an intrinsic 

conmbution to the retention rime of the PA-saccharide with a certain HPLC apparatus, 

column, column temperature, and mode of gradient elution. Fig. 3. la shows that PA-P- 

lactose was eluted before some of the PA-monosaccharides, e.g. mannose and glucose. 



A-Gd 
B-$-Lac 
C-Man, Gk 
D-Fuc 
E-Fucosy llactose 

Retention Tune (min) 

Retention Tirne (min) 

Fig. 3.1 : a) Reverseci phase HPLC-W ctirornatograrn of the PA derivatives of small 
sugars. b) Chromatogram showing the elution of 2-aminopyridinë and PA-L(-)-fucose. 
C01umn:Vydac Protein & Peptide CI,, (25 x 0.46cm). Gradient: fiom 0.025% to 0.425% 
I -butano1 in 0.1M ammonium acetate over 50 min, 1 mL/& Detection: 3 1 8 nm. Ga1 = 
galactose, Lac = lactose, Man = mannose, Glc = glucose, Fuc = fucose. Sample 
concentration: 0.5-2.8 nmoUpL. Sample injated: 5 j L  of the mixture of PA-D(+)- 
mannose, D(+)-galactose, D(+)-glucose, L(-)-fbcose, &lactose (14 m o l  each) and 2'- 
fucosyiiactose (2.5 mol). 



The elution order observed here is similar to that reported by Takemoto and CO-workers 

[ 1561. A longer retention t h e  is O bserved for Z'hicosyUactose, which is predictable 

according to its three-ring composition. Fucose, or 6-deoxy-galactose, is less polar than 

galactose, resulting in a longer retention time relative to that of galactose. The peaks 

correspondhg to PA-mannose and PA-glucose are superiniposed, but a l l  other 

coniponents were resolved. The broad 2-amhopyndine peak obtained using the same 

conditions (Fig. 3.1 b) was absent £kom the chrornatograrn of the mixture (see Fig. 3. la). 

demonstra~g that extraction of the excess ragent with chlorofonn was quite efficient as  

reported eariier 11491. If 2-aminopyridine is not rernoved properly, it can interfere severely 

with PA-derivatives during HPLC analysis. Size exclusion chromatography was reporteci 

to be an efficient method to remove very smail quantities of 2-aminopyridine fkom PA- 

denvatives [ 1491. Ho wever, in addition to being tirne-consumhg, this procedure rnakes 

use of buffer salts which are not favorable for MALDI or ES1 analysis. An atterrrpt was 

made to adjust the pH of the b e e r  used in our HPLC experiments ftom 6 to 4. as 

adopted previously [63,65,68,155]. However. results showed even lower resolution than 

O bserved in Fig. 3. la  at pH 6. 

3.1.2.2 Reversed-phase HPLC of PMP-Labeled SmaM Sugars 

Fig. 3.2 shows the elution pattern of PMP-denvatives of small sugars. An aliquot 

containhg the derivatives of D(+)-mannose, D(+)-galactose, D(+)-glucose. L(-)-fucose, 

p-lactose, D(+)-glucosamine, D(+)-galactosamine, D(+)-N-acetylglucosarriine (27.5 nmot 

each), 2'-fucosyliactose (5 nmol) and sialyliactose (3.8 nmol) was injected to obtain this 

chrornatogram The PMP-labeled sugar peaks were ail sharp and alrnost baseline-resolved. 



Fig. 3.2 Reversed-phase HPLC-UV chromatogram of the PMP-denvatives of small 
sugars. Column: Lnertsil ODS (25cm x 0.46 cm). Gradient: £kom 16% to 25% acetoniûile 
in 0.1M ammonium acetate over 55 min, 1 Wmin. Detection: 245 m. GlcN = 
giucosamine, GalN = gaiactosamine, GlcNAc = N-acetylglucosamine. Sample injected: 
the mixture of PMP-Il(+)-ma~ose, Il(+)-galactose, D(+)-glucose, L(-)-hse, p-lactose, 
D(+)-glucosamine, D(+)-gdactosamine, D(+)-N-acetylgiucosamine (27 m o l  each), 2'- 
fucosyllactose (5 mol) and N-acetyineufamiil-lactose (sialyllactose) (3.8 mol). 



A siniilar pattern had been reported by Fu and O'Neil[73]. The deoxy-hexose (fucose) 

eluted later than its parent compound galactose, as observed with PA-derivatives. The 

PMP-derivative of fucose produced a much smalIer peak (labeled K in Figure 3.2) than the 

other monosaccharide derivatives, although equal amounts of ali monosaccharides were 

used for denvatization.This may be caused by poor extraction recovery of PMP-fucose 

with chloroform, since it is more hydrophobic than the other denvatives, as reported by Fu 

and O'Neil[73]. The PMP reagent appears as a minor peak at a retention tirne of ca. 5.6 

min, which indicates that PMP can be a h s t  completely removed by the extraction 

procedure. Our results show that a low initiai acetonitrile concentration and a shdow 

gradient cm provide good quality separation of the reagent fÎom PMP-labeled products 

as reported by Strydom [72]. The basic mode of separation in the present method appears 

to involves hydrophobic interactions, considering the generally observed shorter elution 

times with increasing acetonitde concentration [7 11. It has &en found before that the 

structures eluted in order of decreasing rnolecular weight and polarity 1134). 

It has been reported that oligosacchrides derivatized with PA or PMP produce 

responses more than 10 times weaker than their parent oligosaccharides when using high 

pH anion exchange chrornatography (HPAEC) [37]. Therefore, PA- or PMP-derivatives 

are not suitable for the HPAEC technique. 

3.1.3 TLC Analyses of the PMP-Derivatives of SmaU Sugars 

Foilowing extraction with chloroform, the PMP-sugars were eiuted on sika gel 

plates to ascertain efficiency of PMP removaL In addition, the R, values of these individual 

PMP-derivatives can be used as reference data. In most cases, two spots could be ' 



visuaiized under W light, one due to the PMP-derivative and the other fkom a smal l  

amount of PMI? The R, values rneasured for PMP-glucose and PMP itseif are 0.43 and 

0.90, respectively, and agree with the reported values [71]. The measured R, data for 

PMP-derivatives of s d  sugars are given in Table 3.1. The relatm standard deviations 

for the R, values (n = 3) was within 3.6 % for a.lI spots. 

3.1.4 Mass Spectmmetry of PA- and PMFDenvatives of Small Sugars 

The derivatives have been characterized using three ionization techniques: FAB, 

ES1 and MALDI. The purposes of this investigation were fnst to determine the rnolecular 

masses of derivatization products, secondly to determine how much material was required 

to produce informative spectra, and thirdly to asscss the relevance of the information 

obtained with each technique, for both types of derivatives. 

3.1.4.1 Mass Spectrometry of PA-Denvatives of Small Sugars 

1) FAB-MS of PA-Derivatives 

The PA-monosaccharides produced m+H]* ions at m/z 259 for PA-mannose, 

glucose (Figure 3.3a), galactose and at m/z 243 for PA-fucose. Glycerol produced 

multiple peaks (hbeled with an astexkk). The secondary amine in the aminopyridine 

portion of each PA-denvative provides a favourable site for protonation and thus 

promotes the formation of [M+Hj' ions [42,67,129,130,133]. The resulting sewitivity 

enhancement obtained with these derivatives relative to underivatized sugars was around 

one order of magnitude. Honda, and Kakehi et al. c l a b x i  a 100-fold sensitivity 

iniprovernent over free dtooligosaccharides [133], whereas recentty Okamoto. and 



Table 3.1. Thin- layer chromatography R, values measiiled for the PMP-derivatives of 

PMP-derivative of. .. 

SiaMlactose 1 0.00 

*Relative standard deviation within 3.6% on 3 measurements 

\ 



'mi 

Fig.3.3 Positive mode FAB m a s  spectra of the PAderivatives of small sugars: a) PA- 
glucose, b) PA-&lactose, c) PA-2'-fbcosyUactose, d) PA-sialyl~actose. Detaiis on 
conditions are given in Section 2.7.1. 



Takahashi et aL reported an only three-fold sensitivity improvement in the positive ion 

mode [42]. Figure 3.3b shows the FAB spectrum of PA-P-lactose, which contains 

characteristic w+H]+ ions at m/L 421. Ions at mir 259 indicate the loss of the galactose 

residue (Y-type cleavage [9 11). Typically, the loss of a hexose residue is indicated by a 

peak 162 rnass unis below the parent ion. This is believed to result nom cleavage of the 

glycosidic bond (away fiom the charged site) followed by hydrogen transfer to the 

glycosidic oxygen [127]. While molecular ions of PA-derivatives were relatively abundant, 

very few fiagrnent ions with low abundance were present, as reported previousky [ 12911- 

PA-2'-fbcosyhcto se and PA-sialyllactose produced [M+H]+ ions at ml2  567 and 7 1 2. 

respectively, as shown in Figure 3 . 3 ~  and 3.3d. Especially in 3.3d, the fragment ions are 

O bscured by background signais kom the Muid rnatrhc, making the specaum nearly 

uninterpretable. Many of the peaks in FAB m a s  spectra are attributed to the rnatrix 

(glyccrol in this case). This ma&-related chexnical background can mask saniple fiagrnent 

peaks, making smictural assignments dZ6cult [ 127, 1333. Carr and Reinhold have pohted 

out that experimentd factors such as mode of ionization, choice of liquid nia&, amount 

of compound analyzed and the presence of salts may also dramaticdy infiuence the ratio 

of molecuiar to sequence-relateci ions [129]. Also, it was reported that PA-derivatives 

gave little or no information in the negative ion mode [ 1571. 

With such lack of sensitivity, and specificity especially for larger oligosaccharides, 

it was decided that PA-derivatives of sugars iarger than trisaccharides would be 

characterized by ES1 andfor MALDI. 

2) ESEMS of PA-Derivatives of Small Sugars 



The full-scan ES1 spectra of a PA-derivatin mixture recorded with a cone voltage 

30 V and 50 V, are shom in Fig. 3.4a and 3.4b, respedvefy. This mixture is the same as 

that used to produce Fig. 3. la but was diluted two tmies with 1: 1 acetonitrile-water (the 

concentration of PA-derivatives was ca 0.3 to 1.4 nmof/pL), however, the amounts 

injected were the same as used in Fig. 3.1 a ûriginally, alternate scans at low an-! high 

cone voltages were acquired in order to generate both the molecular ions and sorne 

fragmentation. However, these two spectra display no significant Merence, and major 

peaks appear at rn/z 243,259,421,567 correspondhg to the protonated molecular ions of 

PA-fucose, PA-hexose (mannose and glucose), p-lactose, and PA-2'-fucosyllactose: no 

sequence-related ions are apparent in either spectcum, even at high cone voltage (50 V). 

Sequence information may be obtained by selecting the appropriate protonated parent ion, 

inducing fkagmentation by CID and analyring the daughter ions produced. CID 

experiments were however not performed at this stage. 

On-line HPLC/ESIMS of the same mixture was camed out using the same ES1 

conditions. Overiapping between the HPLC peaks made the intexpetahon of spccua 

rather difficult and these data will not be further discussed here. The overlapping was 

partly due to a lower ammonium acetate concentration than that used for KPLC-W 

experirnents in order to suit to ES1 requirements. To summarize, ES1 produced good 

quality spectra for each of the mono-, di-, and trisaccharides analyzed. Okamoto et aL [42] 

had made sirnilar observations with ES1 of PA-maltopentaose and had masured a 100- 

fold sensitivity improvement relative to ES1 of the underivatized pentasaccharide in the 

positive ion mode. In the case of our mono-, di- and aisaccharides, the sensitivity 





ùrrprovernent was approximately 50-fou 

3) MALDI-TOF-MS of PA-Derivatives of Smaü Sugars 

In MALDI, the P A-daivatives produced predomhant w+H]' ions, with l e s  

abundant w+Na]+ species. For PA-monosaccharides, these ions appeared in the ma&- 

region of the spectra, Le. where most background ions are present, making their 

assignrnents more difncult. The maaix used, a-cyno4hydroxy cinnamic acid (CHCA), 

has a rnolecular weight of 189.17 and produces m+H]+, m+Na]+ and other low mass 

ions which interfered with the peaks of the compounds of interest. in the case of di- and 

trisaccharides, the w+HJ+ and m+Na]+ ions were easily recognized, dthough fragments 

were in Nni obscured by the background in the maaix region. To sunnnarize, MALDI 

signais for mono- and disaccharides were easiiy lost in the rnaaix background, making this 

technique more favorable to characterization of higher PA-oligosaccharides. The 

sensitivity improvement O bsenied was on the same order as in ESI. 

3.1.4.2 Mass Spectrometry of PMP- Derivatives of Smaii Sugars 

1) FAB-MS of PMP-Derivatives of Small Sugars 

FAB mass spectra of PMP-derivatives are shown in Fig. 3.5 (PMP-fucose, 

galactose, N-acetylglucosamine) and Fig. 3.6 (PMP-P-lactose, 2'-fucosyllactose, and 

sialyhc to se). The sensitivity enhancernent o btained with these derivatives relative to 

undenvatized sugars was of the order of 100. The PMP-derivatives produced abundant 

[M+H]+ and m+Na]+ ions, and also fragment ions, dthough low in abundance. The 

[M+Na]+ species predominated, as weIl as FI-H+2Na]+ and FI-2H+3NaI4 were present, 

due to excess sodium hydroxide used in the derivatization reaction. The loss of one PMP 



Fig. 3.5 Positive mode FAB mass spectra of the PMP-derivatives of monosaccharides: a) 
PMP-hose, b) PMP-galactose, and c) PMP-N-acetylglucosamine. Details on conditions 
are given in Section 2.7.1. 



Fig. 3.6 Positive m 
saccharides: a) PM 
on conditions are g 

)de FAB m a s  spectra of the PMP-derivatives of di- and tri- 
?-$-lactose, b) PMP-Zfucosyllactose, c) PMP-siaiyiiactose. Details 
.ven in Section 2.7.1. 



residue fkom w+Na]+ ions produced abundant ions. The same loss fiom w+H]+ and w- 
H+2Na]+ ions produced fiagrnent ions varying in abundance, depending on the overall 

sodium content of the sampl. Figure 3 . 5 ~  is a good exampk to illustrate these trends. In 

Fig. 3.6b, loss of the fucose residue fiom the non-reducing terminal of PMP-fucosyllactose 

produced abundant ions at miz 674 and 696. Ions due to m e r  loss of a galactose residue 

appeax at m/z 5 1 1 and 533. respectively. 

Fig. 3 . 6 ~  shows the FAB mass spectrum of PMP-sialykictose. The peaks at mlz 

966, 988, and 1010 correspond to the w+H]+, w+Nd+ and (M-H+2Na)+ ions. 

respectively. The abundant ions at m/z 696 and 533 result fiom sequentid losses of sialic 

acid and galactose residues f3om the non-reducing end of the [M+Na]+ ions. The high 

abundance of ions at m/z 696 is possibly due to increased lability of the sialy1 linkage 

owing to substitution of H+ by Na+ as the counter ion to the carboxylate group [129]. The 

specaa of aU PMP-sugars exarnined contained two high peaks at m/z  359 and 38 1 

(Fig. 3.5 and 3.6). These signals were attributed to cleavage of Bond 1 of the terminal 

reducing end (between Cland Cl), producing fragments bearing two PMP residues 

(without and with sodium attached). Also, for sugars with a hexose residue at their 

reducing end, ions at m/z 359 and 38 1 could be in part due to hgment ions corresponding 

to mono-PMP- hexose, with one and two sodium attached, respectively. Tables 3.2 and 3.3 

List the major ions contained in the FAB spectra discussed above. These results show that 

PMP-labelhg enhances sensitivity by almost an order of magnitude over PA-denvatization 

for the analysis of smali  sugars in FAB-MS. According to Suztxki et aL [57], PMP-labeled 

maltopentaose yielded two to three-fold enhancd relative intensity over its PA-derivative 



Table 3.2. Molecular ions observed in the fast atom bombardment mass spectm of the 

PMP-derivatives of small sugars. 

Molecular ions, nt& 1 

'Calculated using monoisotopic values 

of. .. 

D(+)-Galactose, 
D(+)-Glucose, 
D(+)-Mannose 

L(-)-Fucose 

D(+)-Gam, D(+k 
GIcN 

N-GlcNAc 

JbLactose 

2'-Fucosyllactose 

3'- and 6'- 
Sialyllactose 

molecular 
mas* 

5 10.3 

494.5 

509.4 

55 1.5 

672.6 

818.7 

963.9 

(MD2H+3Na)+ 

7 

- 
I 

575 

618 

740 

- 
- 

(M-H+ZNa)+ 

555 

539 

554 

966 

71 8 

864 

1 O 1 O 

(M+H)* 

51 1 

495 

5 10 

552 

674 

820 

966 

( ~ + p ï a ) +  

533 

5 17 

532 

574 

696 

842 

988 





in a glycerol matrix in the positive ion mode. PMP-labeling produces sugars with a more 

hydrophobic tail than the PA niethod, and thus enhances surface activity of the analytes 

during FAB experiments. Poulter and CO-workcrs [1251 reported the sarne phenornenon 

with the labeling of sugars using n-akyl p-aminobenzoates for liquid secondary ion rnass 

spectrornetry (UIMS). Our results also show that aU types of smaii saccharides (hexoses. 

hicose, aniino hexoses, aceroamhohexoses, fucosylated and sialykted lactose) can be 

labeled with PMP to form bis-PMP-derivatives. The extensive loss of one PMP residue 

observed in the mass specaa rnay indicate Uistability of bis-PMP-derivatives and relatively 

higher stability of mono-PMP-derivatives, as indicated previously for PMPMP- 

compounds [70]. Overall, the PMP-derivatives were more readily fkagrnented than PA- 

derivatives under FAB conditions. Also, for PMP-di- and nisaccharides, more information 

on the sugar sequence was obtained than with PA-derivarives, which provided mainly M, 

information. 

Because of the limited mass range and sensitivity available with the FAB 

technique, no informative specrra could be obtained for PMP-sugar derivatives with Y 

above 800. The use of ESI- and MALDI-MS was thus investigated for characterization of 

PMP-sugars. 

2) ESI-MS of PMP-Derivatives of Small Sugars 

Suniki and CO-workers [57] have previously reported that PMP-denvatives of 

malt opentaose gave the highest ES1 sensitivities among other types of derivatives 

investigated, such as PA-, ABEE-, 2-aminoethanethi01 (AET)- and 2-amhobeiizenethiol 

(ABT)-derivatives. 



The ES1 spectra of PMP-P-lactose and 2'-hicosyllactose are shown in Fig. 3.7a 

and 3.7b. The full-scan ES1 spectxum of p-iactose (not shown) contained many unknown 

ions due to impin;ities and thus an ESI-MS/MS specmim of the w+H]+ ions at m/z 674 

was recorded instead (Fig. 33.a). The peaks at m/z 51 1 and 337 conespond to successive 

losses of a galactosyi residue and of one PMP group. The peak at mlz 373 has been 

interpreted as a X, ion originatïng fiom cleavage of the CL-C3 bond followed by proton 

transfer and loss of H,O. Fig. 3.7b shows the full-scan ES1 specmim of PMP- 

fucosyllactose. The ionic pattern somehow differs fiom that of Fig. 3.6b (FAB).' For 

example, the peak obsexved at m/z 696 in the FAB spectrum and corresponding to Ioss of 

a fucosyl residue kom [M+Na]+ ions is small in the ES1 spcctnim and doniinated by an 

ion peak at m/z 667, which ùidicates the preferentiai loss of a PMP residue fiom w+Na]+. 

The ES1 spectrum of Fig. 3.7b, obtained at relatively high cone voltage (100 V), required 

100 times less materiai (50 pmol) than the FAB specuum, and the absence of matrk ions 

in ES1 yielded a much cleaner specmrn Fig. 3.7a and 3.7 b show that Y- type cieavages 

£iom [M+H]' are readily produced by ESI, in the specific cone conditions used here. At a 

10 w cone voltage (40 V), fM+H]+ ions dominated the spectra of all sugars investigated in 

this study, whereas higher values (100 V) favored the [M+Na]' ions. The additional ions 

created by increasing the cone voltage are mostly due to fiagrnentation of [M+H]', as 

suggested by MS/MS experiments on the latter (not shown here). Full-scan ES1 rnass 

spectra of a mixture of PMP-derivatives recorded at a cone voltage 45 V is shown in Fig. 

3.8. The [M+HJ+ and m+Na]+ ions of PMP-derivatives label& as such in Fig. 3.8 

dominated the spectrum, and two abundant fkagment ions at mlz 175 and 359 are 



Fig. 3.7 a) Positive ESI-MSIMS spectrum of the [M+H]+ ions of PMP-&lactose. b) Full- 
scan ESGMS spectrum of 2'-fucasyilactose. Details on conditions are given in Section 
2.7.3.1. 





obsemed. The former was attributed to protonated PMP, and the latter, which was also 

predominant in the FAB m s  spectra shown in Fig. 3.5 and 3.6, has been explained in the 

text above. The peaks at d z  5 10 (base peak) and 51 1 are present in high intensities since 

they were causai by superimposition of isomers of PMP-GlcN and GalN (mlz 510), and 

by the superimposîion of PMP-Man, Glc, and Ga1 (m/z 51 1). The peaks at m/z 869 and 

9 10 could not be assigned here and might be fragment ions kom PMP-sialyllactose. 

[M+H]* and [M+Na]+ of PMP-sialyllactose are supposed to appear at m/z 966 and 988, 

respectively, but were not detected there. 

Overail, sensi- irriprovement of one order of magnitude was obtained by 

performing ESI-MS of PMP-derivatives rather than PA-derivatives. The signal to noise 

ratios O bsmed with ES1 were in general higher than those O bserved with FAB, although 

only 1% of the sample amount used for FAB was injected into the ES1 source. 

3) MALDEMS of PMP-Derivatives of Srnaii Sugars 

The MALDI spectra of PMP-2'-fucosyllactose and sialyllactose are shown in Fig. 

3.9a and 3.9b. These spectra show simpler pattern than FAB- and ES1 specaa For 

instance, two high peaks are observed at m/z 673 and 5 1 1 (Figure 3.9a) and correspond tu 

the sequentid losses of fucosyl and galactosyl residues fkom the non-reducing end of 

fucosyllactose. The ions due to loss of one PMP residue fiom either mokcecular or fiagrnent 

ions are predominant in the MALDI (and ESI) spectra of the derivatives. The peak at mlz 

568 (Fig. 3.9b) origuiates fiom nimers of the ma& The ions at m/z 359 and 381 

O bserved with FAB were mostly absent from MALDI spectro The signal-to-noise ratios 

obscrved with MALDI were also higher than those obtained by FAB with the same 



Fig. 3.9 Linear mode MALDI-TOF mass spectra of a) PMP-2'-fucosyllactose, b) PMP- 
sialyllactose. Details on conditions are given in Section 2.7.2. 



arnount of -le as used for ESI. The MALDI spectrum of PMP-fucosyllactose contains 

[M+H]+ ions, and that of PMP-siaiyUactose shows both w+H]+ and w+Na]+. This could 

be attribut& to the afhîty of the carboxyl group (in siaüc acid residues) for sodium ions. 

Also, Ltmoine and CO-workers 1451 showed that the extent of ionUaeon by either 

protonation or addition of a sodium ion depends on which region of the sample spot, 

prepared with the dried-droplet method 1921, is irradiated. Irradiation of the crystalline 

region at the edges of the sample spot tends to produce (M+H]+ species, whereas 

desorption from the center of the spot (lm crystalline, sometmies amorphous), yields 

[M+Na]' ions. Application of a more sophisticated sampk preparation method may 

circurnvent this dimimination [147,158]. 

Overail, a sensitivity improvement of one order of magnitude in MALDI was 

obtained by using the PMP-labeling method rather than preparing the PA-derivatives. 

4) On-Line HPLCfESGMS of PMP-Denvaüves of Small Sugan 

On-line HPLC/ESEMS experiments perfomied on a mixture of PMP-labeled small 

sugars produced better quality chromatograms and rnass specna than the on-iine work 

achieved with the PA-mixture. Good chromtographic separation (similar to that obrauied 

in Fig. 3.2) provided for h s t  unambiguous ES1 specaa, with characteristics simhr to 

those discussed above (e-g. Fig. 3.7 and 3.8). 

The U V  absorbance chromatogram and total ion m e n t  ('TTC) chromatograms of 

20 p L of PMP-derivative minwe (0.02 to 0.14 m l / p L )  are shown in Fg. 3.10. The 

correspondence of the UV chromatogram (Fig. 3.10a) to the TIC chromatograms (Fig. 

3.10 b and 3.1 Oc) (the niass spectrome ter's analog to the UV absorbance trace) was quite 



TIC 
Conc voltage 50 v 

Fig. 3.10 a) Sirnultanmus W absorbance chromatogam, b) TIC chromatogram at cone 
voltage 50 V, and c) TIC chromatogram at cone voltage 100 V of a mixture of PMP- 
derivatives observed during LCIESI-MS. Approximately 20 pL of the sample was 
injected containing 0.14 nmoVpL each of PMP-D(+)-mannose, D(+)-galactose, D(+)- 
glucose, L(-)-ficose, B-lactose, D(+)-glucosamine, D(+)-paiactosamine, @t)-N- 
acetylglucosamine, 0.03 mol/& of 2'-fucosyilactose and 0.02 d p L  of sialyilactose 
using LCESI-MS mobile phase A and B as given in Section 2.7.3.2. HPLC gradient 
elution was performed as follows: 27 to 60% B over 55 min, then linearly to 100% over 
25 min. Details on conditions are given in Section 2.7.3.2. 



good. ailowing reliable correlation of retention times with mass spectra However, the 

peak appearing at a retention time of 18.54 min (which has been identiûed as Ph& 

sialyllactose) in the W abwrbance chrornatogram is not observeci in the TIC 

chromatogram recorded at a cone voltage of 50 V (Fig -3.1 Ob), and it appears very weakly 

in the TIC chromaîograrn recorded at a cone voltage of 100 V (Fig. 3.10~). These 

differences may be attrhted to low ionization efficiency of this component: the presence 

of a sialic acid residue rnakes it more efficiently ionized in the negative ion mode because 

of deprotonation of the carboxyl group in sialic acid. At 100 V. it appears that a sufficient 

amount of [M+Na]* k formeci, and dows  observation of a cbromatographic peak. The 

srnail ciifferences in signal intemities between W detection and TIC traces (Fig. 3.1 0) cm 

be attributed to the specificity of each of the two detectors. The UV detector is sensifive 

to the nurnber of chromophores present in the compounds whüe the mass spectrometer is 

sensitive to ionizarion efficiencies 11591. The mass spectral data were evaluated by 

correlating ali W peaks to maçs spectral scan times in order not to miss any component 

which rnay produce a weak TIC response (the m a s  spectral data were acquired over a 

d z  100-2000 range). Mass spectra were thus obtained by averaging aLI scans belonging to 

each individual PMP-conipound on the TIC chromatogram It was possible to obtain a 

mass spectnun for each individual component of the mixture except for PMP-2'- 

fucosyiiactose and sialyiiactose, due to incomplete resolution or low ionization efficiency. 

Also, cornpareci with the other PMP-derivatives in the mixture. the initial concentrations 

of these two derivatives were lower. The spectra of PMP-P-lactose and PMP-Glc 

obtained fiom these HPLC/ESI-MS data are shown in Fig. 3.1 1 and 3.12. Both spectra 







were obtained by averaging the sans acquired over th& respective peaks. Fig. 3.1 1 a 

shows the ES1 miss spectra of PMP-P-lactose at cone voltage 50 V (a) and 100 V (b). 

The spectra are the sums of scans 267 to 272, corresponding to the peak Iabeled g in the 

TIC trace show in Fig. 3.10. Fig. 3.12 shows the ES1 mass spectra of PMP-Glc at cone 

voltage 50 V (a) and 100 (b), which are the sums of sans 290 to 297, corresponding to 

the peak labeled h in the TIC trace shown in Fig. 3.10. These data easily indicated which 

peaks in the TIC trace conesponded to the m/z values o f  expected structures. However, at 

this stage, this technique can not distinguish between the iso baric components such as 

PMP-Glc, Man, and Ga1 or PMP-GlcN and G a .  Thefore  the assignments of these 

isomers was possible only fkom a snidy of their retention times (re: Fig. 3.2). 

Comparing Fig. 3.1 la with 3.1 1 b and Fig. 3.12a with Rg. 3.12b, it can be seen 

that at low cone voltage (SOV), the predoniinant ions are w+H]', for example the peak at 

rrJz 673 for PMP-P-lactose and 511 for PMP-Glc. Some fragment ions due to glycosidic 

cleavage (Y-ions) are ais0 present, such as the peak at rdz 5 1 1 in Fg. 3.1 1 a At high cone 

voltage (100 V), w+H]+ ions were more dissociated and more abundant fiagrnent ions 

were present, with the peak at m/z 175 as the base peak corresponding to pro tonated 

PMP. On the other hand, the sodiated molecular ions dominateci the spectra without 

no ticeble fragmentation (3.1 1 b and 3.12b). This indicates that pro tonated molecular ions 

of PMP-derivatives are no t stable at high cone voltage, and therefore fhgment easily, 

whereas the sodiated mlecular ions are more stable at high cone voltage and are not 

readily fragmented. This di&rence is highlighted by comparing the abundance of m/z 695 

ions in Eig. 3.11b and Fig. 3.1 la, or by comparing the abundance of m/z 533 ions in 



Fig. 3.12b and Fig. 3.12a. 

Our results indicate that on-line coupling of HPLC with MS is rapid and simple. A 

key advantage of this method is that it provides instantanmus identification of coeluting 

components. Even if the separation is incoqlete, the MS can identify and quantQ the 

corripounds of interest. The rnolecular mass of each component in the mixture can be 

measured and the further study on structure of each corrrpound can be carried out by 

MS/MS. This rnethod is especially usefid for analyzing a mixture, for example, that of 

glycans cleaved from a glycoprotein. HPLC and MS cornplexnent each other, Le., if it is 

difncult to separate the mixture by HPLC and coelution occurs, LC/MS andor LC- 

MSfMS can help overcorne the problem and make it possible to determine the structures 

of the coeluting components. 

3-2 ESI-MS of Native and PMP-Tetraglucuse: Sensitivity Study as a Benchmark for 

Other Native and PMP-Oügosaccharides 

Aqueous solutions of native and PMP-teuaglucose of different concentrations 

( 1 O-3, 1 O", 10". IO-', and 1 O4 M) were prepared. Tetraglucose was used as a mode1 

compound to assess the ESI-MS sensitivity toward native and PMP-oligosaccharides. 

Also, it was of interest to study the behaviour and fragmentation of these compounds 

under ESI-MS and CID-MS/MS conditions. Fig. 3.13 shows the structure of PMP- 

tetraglucose and indicates some fkagmentation pathways characteristic of PMP- 

O iigosaccharides. 

3.2-1 Conventional F'uiIScan ESI-MS of Native and PMP-Tetraglucose 

The full-scan positive and negative ion mass spectra of PMP-tetraglucose are 



Fig. 3.13 Structure of the PMP derivative of tetraglucose. 



shown in Fig. 3.14, displaying different characteristics. In each case, 20 @, of a 1 O-' M 

solution were injected (200 pmol), and 20 scans were averaged. The 20 PL injections and 

averaging of 20 sans remained consistent houghout the study. In the positive ion 

spectnam (Fig. 3. Ma), the base peak at mlz 997 cornes fiom [M+H]+, whereas 

correspondhg [M+Na]+ ions appear at m l ,  1019 with lower abundance. Abundant ions at 

m/z 823 and 845 are attniuted to the loss of one PMP fiom the [M+H]+ and [M+Na]+ 

ions. Other kagrnent ions are of the Y-types, such as at mlz 835,673, and 51 1 coming 

kom [M+H]' ions, as well as 857,695. and 533, fiom [M+Na]+ with lower abundance. 

This sequential loss of 162 u was expected, since the structure of tetragiucose is hear and 

consists of four glucose units. AU fragments contain the reducing end of tetraglucose and 

graduaiiy decrease in abundance fiom low to high mass. A noticeable peak at m/z 689 

corresponds to the [M+Na]* ions of native tetraglucose. The presence of native sugar will 

be disasseci further in the tes .  

The negative ion spectrum (Fig. 3.14b) is dominated with [M-Hl- ions at m/z 995 

and the ions resulting fkom los  of one PMP residue (base peak) at e /z  821. In contrast to 

the positive ion spectrum, several fiagrnent ions containing the non-reducing end are 

observed as reportecl earlier by Honda and CO-workers [57]. The peak at m/z 701 is 

attributed to a chloride adduct, [B4+H,0tCl]-. It could also be due in part to adduction of 

chloride on native tetraglucose [M+Cl]'. The signal appeaMg at m/z 503 corresponds to 

C, fkagments. In addition, a few fragment ions from cross-ring cleavages are observed. 

The peaks at mlz 545,587, and 605 have been attributed to z4&, "A, and 0°2A4 fragments, 

respectively. The obsexvation of these ions suggests that the opening of the reducing 



native 

Fig. 3.14 Full-scan ES1 mass spectra of PMP-tetmgiucose: a) positive ion mode, b) 
negative ion mode. 



glucose through taggîng enhances its fkagmentation in the negative mode. Even if the 

spectrum of Fig.3.14a provides more interpretable q u e n c e  information than its negative 

analog, bo th ionization modes coqlement each O ther, as very Werent types of ions are 

obtained fiom one specmim to the other. 

In both Figures 3.14a and b, there are pcaks associated with nacive tetraglucost. 

The presence of native material indicates that much precaution must be taken when 

derivatizing sugars, since in this case a portion of the material has not been transformed 

into the PMP compound. This phenornenon was not observed for the srnd sugars, which 

could indicate that the yield of PMP-derivatives is higher for small sugars than for larger 

oligosaccharides. We have estimateci a 10-fold increase in sensitMty of rnolecular ion 

signal with PMP- vs. native sugars, and therefore the sample used to generate Fig. 3.14a 

rnay have contained qua1 amounts of denvatized and undenvatized rnateriaL Out of many 

cases of preparing PMP-labeled carbohydrates, very rare are the cases where native 

material was left unreacted. 

For cornparison, the positive and negative full-=an ion specua of native 

tenaglucose are shown in Fig. 3.15. The positive ion spectrum (Fig. 3.15a) shows 

abundant [M+Na]+ and @A+K]+ ions, whereas sequence-related ions are generally absent, 

except for C, (or YJ species at mlz 365, which result fiom loss of two ghcose units fiom 

[M+Na]+. It has been reporteci that sugar chains in the positive ion mode are often ionized 

by formation of sodium or potassium adducts rather than by protonation [89]. The signal 

at d z  16 1 couM result fkom B, cleavage foiiowed by loss of Hz, and the peaks at mlz 5 17 

and 230 can not be assigned. 



Fig. 3.15 Full-scan ES1 rnass spectra of native tetragiucose: a) positive ion mode, b) 
negative ion mode. 



Unlike the positive ion spectrum, the negative ion s p e c m  of native tetraglucose 

(Fig.3.15b) not only gives molecular ions, but also sequence-related fragment ions. The 

[M-H]- ions at mir 665 are accompanied by w+CIl- , w+HS04-&O]-and w+HSOJ' 

ions at m/z 701,745 and 763, respectively, due to contamination. Signals at m/z 503 and 

34 1 arise fkom the sequentiai loss of one and two glucose uni& korn FI-HJ* due to 

glycosidic cleavages. They codd correspond to either G, C, (as assigned) or Y,, Y,. The 

peaks at m/z 587, 545,425,383 and 265 are non-reducing end fiagrnent Mns and are 

assigned to w, "4, U ~ 3 ,  "S a n d U ~ ,  due to cross-ring ckvages. H a e  a g h ,  each 

spectrum is complementary to the other. W1th this pareicular saqle. molecular mass 

information is better obtained in the positive mode, whereas the negative mode provides 

more structural information. 

The sensitivity of positive and negative ion fbU-scan ESI-MS toward native and 

PMP- tetraglucose was investigated next. Solutions with concentrations ranging kom 1 O-3 

to 10-' MM. sfarting with lC3 M solutions were injmed into the mass spectrometer. 

Eig. 3.16a and 3.16b show the results obtained for 104 M solutions of both PMP- and 

native tetraglucose. In the positve mode, the detection Iimit for PMP-tetraglucose was 

2 pmol: A 20 pL of a IO-' M solution yielded a 5.5/1 S / N  ratio for p+a+ ions. However, 

at 1 O-' M, only w+H]+ ions were identifiable and no strucnual information was available 

(not shown). For native tetraglucose, the detection ümit is 20 pmol under the same 

conditions (Fig. 3.16b): 20 pL of a 104 M solution produced a 4/1 S / N  ratio for M+Na]+ 

ions. 

In the negative ion mode, 20 pmol(20 pL of a IO4 M solution) was the lowest 
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Fig. 3.16 Sensitivity of positive ion ES1 for a) PMP-tetraglucose and b) native 
tetragiucose. Spectra obtained with Io4 M solutions. For each spectnim, 20 scans were 
accumdated. 



quantity detectable for both PMP- and native tetraglucose as shown in Fig. 3.17a and b. 

However, at this concentration leveI, the PMP-derivative yields a S / N  ratio of 16/1 for 

N-ETJ ions, while the native compound yields a S/N ratio of only 211 for m-m' ions. 

These results indicate that positive mode ES1 of PMP- derivatives should be used 

to enhance sensitivity. As weU, Eg. 3.14 shows that these derivatives are able to produce 

information on the sugar sequence, which is useful in situations where MS/MS is not 

available. 

The positive and negative spectra obtairied for PMP-tetraglucose dl showed 

abundant ions corresponding to the molecular species having lost one PMP-moiety. As it 

becarne unclear whether the PMP unit was lost as a result of fkagmntation Ui the ion 

source or occurred pnor to mass spectral analysis, the origin of the w+H-PMI?]* and [M- 

H-Pm]- ions was investigated by varying the cone voltage. If the loss of PMP becornes 

more extensive at higher cone voltages, it is a good indication that the loss occurs in the 

ion source. Fig. 3.18 and 3.19 show the effect of varying the cone voltage on the 

abundances of molecular and fragment ions. By increasing the cone voltage fiom 50 V to 

80 V in the positive ion mode (Fig. 3.18). the abundance ratio of the m+w' ion peak (at 

mlz 997) to the IM+H-PMP]' fiagrnent ion peak (at mlz 823) is almost unchanged. and 

the same is observeci for the corresponding sodiated ions (the peaks at m/I 1019 and 845, 

respectively). In contrast, in the negative ion mode (Fig. 3.19), by changing the cone 

voltage fiom 15 V to 90 V, the ratio of the abundances of [M-H]' to [M-PMP-H]- 

decreases from 5.0 to 0.35. These results indicate that higher cone voltages favour 

fragmentation of rnolecular ions by loss of one PMP unit in the negative ion mode only, 
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Fig. 3.19 Effect of changing the cone voltage on the dissociation of PMP-tetraglucose in 
the negative ion mode: a) at cone voltage 90 V, b) 75 V, c) 60 V, d) 45 V, e) 30 V, f )  
15 V. 



whereas they have no effkct at di on the positive ion spectra. The variation of the relative 

ionic abundances between w-H]- and FI-H-PMP]- seem to indicate in-source 

fiagmentation by loss of one PMP. However, results obtained in the positive ion mode do 

no t show this trend and rather indicate that loss of PMP had already occurred prior to 

rnass spectral anaiysis. It is safe to assume that PMP loss is partiy due to in-source 

fiagmentation, and pmly due to degradation prior to analysis. 

3.2.2 ESI-CID-MS/MS of Native and PMP-Tetragiucose 

In order to evaluate the usefulness of sequence information obtained by a- 

MS/MS, the protonated and deprotonated rnolecular ions of PMP-tetraglucose at m/z  997 

and 995 were selected as the precursor ions for positive and negative ion ESI-CID- 

MS/MS , respectively. 

The daughter ion spectrum of the [M+H]+ ions of PMP- tetraglucose (Fig. 3 -2Oa) is 

much like that of the [M+w+ ions of p-lactose (Fig. 3.7a). Mauily Y-type sequence ions 

are O bserved due to cleavages of glycosidic bonds. Fragment ions at m/r 835,673, and 

51 1 were consistent with the successive Loss of glucose units fiom the molecule, the 

positive charge always k ing  retained at the reducing end. The ions at m/z 337 correspond 

to loss of a PMP residue fkom those at m/z 5 11. The signal at m/z 823 is due to the 10~s of 

one PMP îkom the prcnirsor ions. The peak at m/z 217 could be due to hirther 

fragmentation of the ions at m/z 337 by a loss of 120 u. The absence of B, fiagrnent ions 

fkom the CID-MS/MS spectrum confimis that the peak at m/z  689 in Fig. 3.14a is due to 

native tetraglucose left unreacted during derivatization. 

In cornparison, the product ion specmun of the W-H]' ion of PMP-tetraglucose 





(Fig. 3.20b) wntains very little information related to the sugar sequence. Ions related to 

cleavage of the open sugar ring next to the PMP groups (A-type) are obsemed, as weii as 

C, and C, ions. The spectra of Fig. 3.20 are qualitatively very similar to those of Fig. 3.14 

indicating that in-source eagmentation in the full-scan mode may yield as much 

information as MS/MS, given that clean samples of individual sugars are available. The 

full-scan and MS/MS results on PMP-tetraglucose show that positive mode ES1 wül yield 

y and sequence information quickly, whereas negative mode ES1 can be used to confirm 

a proposed structure or to obtain more details regarding M a g e  positions, owhg to 

observation of A-type ions. 

The daughter ion spectra of the [M+Na]* ions (m/z 689) of native tevaglucose are 

shown in Fig. 3.21. In contrast to full-scan positive ion ESI-MS, there are here abundant 

sequence-related fragments. The spectrum (Fig. U l a ) ,  obtained ushg 20 nrnol of 

material, is dominated by Y- and 2-type ions spaced by increments of one hexose residue. 

Each of these ions contains sodium, and could also be fragments containing the non- 

reducing end of the sugar (B- and C-types). The low abundance ions originatïng from a 

ring cleavage are present at mlz 629,467, and 305 arising fkom a loss of 60 u from 

[M+Na]+ and Y-ions [160]. In wntrast, Dufiin et al. [43] reported that CID-MS/MS 

product ion spectra of [M+Na]* ions of oligosaccharides lacked the presence of 

st ructur ally-significant fiagrnent ions. In their case, even at hi& CO llision energies relative 

to ours (IO0 eV vs. 60 eV ), the abundances of product ions were low relative to the 

parent ions, resulting in poor signal-to-noise ratio. 

The daughter-ion spectra of the [M-Hl- ions of the native tetraglucose (Fg. 3.22) 





Fig. 3.22 ESI-CID-MSMS spectrum of WH]- ions of native tetraglucose, at d z  665, 
recorded at a concentration of IOe3 M. 



is siniilar to the full-scan specaum shown in Fig. 3.15b, except for @f+q-, N+HSO,- 

H,O]', and w+HS04]' ions, which are absent fkom the MS/MS spectrum. In the negative 

ion mode, Fig. 3.14b, 3.1 Sb, 3.20b and 3.22 show that more easily interpretable structural 

information can be obtained kom the spectra of the native compound than those of the 

PMP-derivative. 

Experiments were carried out next to detemine the minimum amounts of native 

and PMP-tetraglucose required to obtain informative sequence ions in positive ion ESI- 

CID-MS/MS. Minunal amounts of 200 pmol and 20 pmol, respectively, were required for 

native and PMP-tetraglucose to o btain diagnostic sequence information as sho wn in 

Fig. 3.21b and Fig. 3.23~. 

The results obtained for native and PMP-tetraglucose constiîute a good basis for 

studying neutral sugars, Le., sensitivity and arnount of information obtained fkom ESI-MS 

and ESI-CID-MS/MS analysis would pro bably be simila. for other neutral 

oligosaccharides. Overail, positive mode ES1 of the PMP-derivative produced the best 

results, £iom both qualitative and quantitative points of view. However, sugars containing 

GlcNAc or GaWAc would be expected to have Iower detection iimits in the positive mode 

and higher detection bits in the negative mode than their neutral analogs. Also, the 

presence of acetykmino groups is known to promote B-type fragmentations in the 

positive mode. while mainly Y-type species are f o d  with PMP-tetraglucose. On the 

other hand, siaiylated oligosaccharides in their native fonn are expected to be better suited 

for negative ion analysis than neutral sugars. 

3.3 Application to Larger Oügosaccharides 





So far, our results have indicated that: i) PMP-derivatives are more readily 

separable by HPLC than PA-compounds; ii) our FAB-MS systcm does not oEer sufncient 

sensitivity for analysis of nanomolar quantities of sugars with Y > 800; iii) MALDI or 

ES1 are more suitable than FAB for higher oligosaccharides on s&r arnounts of 

niaterial; iv) the PMP-derivatives yield an at least 10-fold sensitivity hprovernent over 

PA-compounds under ES1 and MALDI conditions; and v) easily interpreted sequence 

information is available fkom the positive ion ESI-MS spectra of PMP-tetragucose, either 

with or without using CID. Prior to exaniining the derivatid mixture of glycans cleaved 

fiom ovalbumin, the present study was extended to weU-characterized N-linked 

oligosaccharides obtained c o ~ r c i a l l y ,  since they are more representative of glycans 

from glycoproteins than tetraglucose. 

Three oligosaccharide standards, M3N2, NGA3, and NGA4, were thus labeied 

with PA and PMP. The structures of these three sugars are shown in Fg. 3.24. The PA- 

derivatives were cenaifuge-evaporated several times after addition of 0.5 mL of distilled 

water in order to remove ammonium acetate, which was used to neutralize acetic acid 

after the derivatization step. Vacuum cenaifugation spins the tubes under vacuum to 

evaporate solvent while continuously forcing the remaining solution to stay at the bottom 

of the tube. This method has the advantage of concentra~g the saniple to a srnall area at 

the bottom of the tube rather than dryuig it over a larger s h c e  area, as occurs with 

evaporation under a s t r m  of inen gas. It also eliminates "bumping " during evaporation 

[99]. Ammonium acetate is volatile enough to be partly removed in this way [48]. The 

presence of the sdt would otherwise yield unsatisfactory results for MS analysis, as 



Fig. 3.24 Structures of standard oligosaccharides obtained commercially. 
The carbohydrate stnicnires are drawn to reproduce the structures supplied 
with these commercial oligosaccharide standards. 



explained below. It has been reported that addition of salts, including ammonium acetate, 

c m  significantiy enhance the positive-ion sensitiviity for native oiigosaccharides [43]. 

Ho wever, the present smdy has demonstrateci that the presence of ammonium acetate had 

an adverse effect. This rnay be due to much higher concentrations of ammonium acetate in 

o u  sample than that rnentioned in that report (0.1 mM) [43]. On the other hand, the 

presence of d t s  is not as suitable for MS of PA-derivatives as much as it is for native 

sugars. 

3.3.1 PA-Denvatives of Larger Oligosaccharides by ESEMS 

M e r  evaporation, the PA-derivatives were reconstituted and subjected to ESI- 

MS. The positive ion ES1 rnass spectra of PA-M3N2 and NGA3 are shown in Fig. 3.25a 

and b. In the case of PA-M3N2 (Fig. 25a), prominent m+H]' ions at m/z 990 are 

obsexved, and the w+Na]+ ions appear as  an intense signal at m/z 10 12. Losses of one, 

two, and three mannose residues ftom [M+H]+ ions produce Y-type fkagment ions of low 

abundance at m/z 827,665, and 506. The low intensity of the signal at mlz 665 may be 

attributed to the requirernent of cleaving two glycosidic bonds to produce these ions. The 

next prominent signal, appearing at m/z 447. (59 u below the signal at m/z 506), may result 

fkom the fùrther ioss of an ace tyhho  goup bom the GlcNAc residue. The peak of high 

intensity at mlz 690 is attributed to fragment ions firom the non-reducing terminus 

containing three Man and one GlcNAç units. 

Figure 3.25b shows the ES1 mass spectrum of PA-NGA3, where the [M+HJ* ions 

appear as at m/z 1600. The fiagrnent ions due to bsses of one, two, t h e .  four and five 

monosaccharide residues are noticeable, but obscured by background noise. The signals at 



Fig. 3.25 ES1 mass spectra of PA-oligosaccharides: a) PA-WN2, b) P A W U .  The 
sample injected was 50 pmol and the cone voltage was set at 60 V. 



d z  85 1,69 1 due to losses of four and five residues are sodium adducts of the fragments. 

The peak at m/z 569 results fkom fragment ions fiom the non-reducing terminus. While 

positive ion ESEMS yielded high intensity w+w* signals for PA-derivatives, the relative 

abundance of fragments was generally too low to give diagnostic sequence information. 

Ho wever, it has been clearly demonstrated that most fkagment ions O bserved retain the 

charge at the reducùig end of a given oligosaccharide. 

The three preparations of PMP-derivatives (M3N2, NGA3, and NGA4) were each 

divided into three portions. Two portions were directly subjected to MALDI- and ESI- 

MS, andor ESI-MS/MS analysis. The third portion was separated by RP-HPLC &st and 

the £?actions coliected were concentrated and characterized by ESI-MS in order to 

compare with direct ESI-MS without HPLC. Also, the RP-HPLC retention t k w s  for these 

PMP-derivatives were O btained during these experirnents. 

3.3.2 PMP-Denvatives of N-lin ked Oügosaccharides b y MALDEMS 

PMP-derivatives were fkst characterized by linear mode MALDI-TOFMS in order 

to ascertain observation of molecular ions at the low nanomole and picomole leveL Figure 

3.26 shows the resulting mass speztra of PMP-M3N2 and NGA4, both O btained with 

10 pmol of material. Mainly w+Na]+ and/or w+H]+ ions appeared and no fragment ions 

were obsewed. The measwed and calculated m/z values for the [M+Na]' ions of the three 

sugars are given in Table 3.4. There is a good agreement betwecn rneasured and 

calçulated masses, and the error lies within f 0.2 %. 



Fig. 3 -26 Linear mode MALDI-TOF mass spectra of PMP N-linked oligosacCWde 
standards: a) PMP-M3N2, b) PMP-NGA4, showing experimentai and calcdated masses 
(in parentheses). MALDI-TOFMS conditions are given in Section 2.7.2. 



Table 3 -4: MALDI-TOFMS molecular m a s  measurernents on the PMP-derivatives of 

three oligosaccharide standards. 

*Structures of the oligosaccharides given in Fig. 3.24. 

tcalculated using average values. 

Calculated d z t ,  

(M+Na)+ 

1264.2 

1873.8 

2077.0 

pMp-derivatives of ...* 

M3N2 

NGA3 

NGA4 
1 

Observed 

(M+Na)' 

1267 

1875 

2076 



3.3.3 PMP-Derivatives of N-linked Oligosaccbarides by off-üne HPLC/ESI-MS. 

The PMP-standards (2 to 3 nmol of each, in total) were then eluted on a RP- 

HPLC C,, colurnn for sait rernovaL Separation of the PMP-derivatives £kom contaminants 

was canied out using a water-acetonitrile system containing 0.01 M of TFA, instead of 

ammonium acetate as suggested in the literature [73] and used here for smder sugars. 

Our early experience had indicated that the presence of ammonium acetate in the coliected 

&actions gave unsatisfaaory MALDI resdts, since salts in the samples caused a wide 

distribution of adduct ions and disabled accurate M, measuremnts. Although it has been 

reported that MALDI is tolerant to the presence of low rnM concentrations of salts in 

protein samples, bde r  concentrations of more than a fivefold molar excess over the 

analyte concentration have been h o  wn to suppress the ionizatio n of oligosacchande 

samples [142].The HPLC procedure with use of T'FA allowed for preparation of samples 

devoid of the salt, ie. NaCl, which was eluted shortly after the injection peak. TFA is 

readiiy removed &om fiactions by cenaifuge-evaporation. The rernoval of T'FA is in 

general much more complete than that of ammonium acetate. 

In order to isolate &actions without overloading the column, the denvatized sugars 

were injected several times in a row, with ody  50-pL aliquots containing ca. 100 pmol of 

PMP-denvative each time. Fig. 3.27 shows the RP-HPLC-UV chromatogram obtained for 

PMP-M3N2. The peak appearing at a retention tirne of 1 1.3 min is PMP-M3N2, which 

was identified afterwards by ESI-MS. The PMP ragent had been completely rernoved and 

was not detected, and ifpresent, would produce a broad peak at ca. 16 min. The other two 

minor components at 9.3 and 22.9 min are unidentified inipurities or side-products. 



Retention Timc (min) 

Fig. 3.27 Rtvcrscd-phase HPLGW ~hromnl~gram of PMP-M3NZ Column: 
SUPELCOSILm Le18 column (25 x 0.46 cm). Gradient: h m  20% to 100 % 
acetonitde containhg 0.01 M ?FA over 70 min, 1 mUmin. An aliquot containing 
1 O0 pmol PMP-M3NZ was injected. 



Fractions collecteci fiom several nuis w a e  combined and concentrateci to obtain 10 pL of 

solution. An aliquot of this solution was diluted five times with 1:l acetonitrile-water 

containing 1 % acetic acid and 20 pL was injected for ESI-MS. nie r e s u l ~ g  ES1 spectra 

displayed weak @4+HJ+ signals sufncient for the purposes of identification by as shown 

in Fig. 3.28, but not enough for MS/MS experiments to be p e r f o d .  The estimateci 

quantity of each PMP derivative used for these ES1 nuis was 50 pmoL Unlike the samples 

su bjected directly to ES 1- MS , which produced [M+Na]' ions, off-line HPLC-cleaned 

PMP-derivatives produced w+w+ ions, as with on-he HPLC/MS disnissed below. The 

off-he coupling of HPLC with ESI-MS was therefore a convenient way to detemine the 

retention times of PMP-derivatives, even in the presence of impUnties. Suice the hmpurities 

ako exhibit absorbante at 245 nm, the retention times of PMP-derivatives could not be 

obtained by HPLC alone. 

33.4 Native and PMP-NGA3 by ESI-MS, ESI-MSIMS, and on-line HPLC/ESEMS 

The N-linked oligosaccharide, NGA3, was first charactenzed by ESI-MS in the 

native form Fig. 3.29 shows full-scan positive ES1 mass spectra acquired with 1 m o l  of 

material in 49:49:2 water-rnethanol-fomic acid. The spectrum in Fig. 3.29a was recorded 

at a cone voltage of 60 V, and that in Fig. 3.29b with a voltage of 30 V. Interestingly, the 

cone voltage had a strong impact on the nature of ions observed in the specaa, which was 

not the case in our hands with native tetraglucose. At 30 V (Fig. 3.29b), the specmm was 

dominated by [M+~H]" ions, wherea at 60 V *g. 3.29a), an informative in-source CID 

spectnun was obtained. Fig. 3.29a shows w+HJ* ions (mlz 1521) and also signifiant 

sequence-related fragment ions. The spectrum is dominated with B- and C-type ions, as 



min 

Fig. 3.28 ES1 mass spectnim of PA-M3N2 coiiected fiom the HPLC hction at 1 1.3 min 
~t at 60 V. in Fig. 3.27. The sample injected was 50 pmol and the cone voltage was s- 



Fig. 3.29 ESI-MS spectra of native N-Iinked standard NGA3: a) cone voltage 60 V, b) 30 
V. Possible fhgmentation pathmys are shown with the sûucture of the compound. Ion 
labels including a star (*) indicate that more than one m e n t i o n  pathway may lead to 
ions wiui the same d z  value. 



weU as the second-generation fiagmnt ions including CJY,., c4Y,p, Bfl,., B&, 

BJY,,. A few Y- and Ztype ions, e.g. Y,, &, Y,, and Z, exist at relatively high 

abundances at mir 953, 935,425, and 407, sespectively. In addition, cven the third- 

generation fragment ions can beobserved at high abundance such as BJY&, at mlz 

690. The peak with high intensity appearùig at d z  780 is attributed to a doubly charged 

monopotassium adduct, [M+H+K]". The CID MS/MS spectrum of the [ M + ~ H ] ~  ions 

was also recorded, at 40 eV collison energy. The ions O bserved in t his specmim (not 

shown) were simiIar to those of Fig. 3.29b. The amount of NGA3 used was the same as 

that used for the spectra in Fig.3.29. 

PMP-NGA3 was also analyzed by full-scan ESI-MS. Since the derivatization step 

innoduceci large quantities of saits in the sample, an appropriate workup procedure had to 

be applied prior to the ESI-MS analysis. Sep-Pak C,, cartridges were tested fkst to pur@ 

the PMP-derivative, but no usefùl ES1 mass spectra could be acquIred due to significant 

loss of the desired PMP-derivative during the cleanup step. This loss might have occurred 

during the loading of the sample onto the Sep-Pak cartridge because of residuai 

chloroform used to extract the excess PMP ragent, since the aqueous phase was 

saturated with chloroform after extraction, which niight have resulted in elution of some 

PMP-denvative within the void volume. As RP-HPLC is weU-known not only to provide 

good separation but also to remove salts efficiently, it has been used here instead of the 

Sep-Pak procedure. On-line HPLC/ESI-MS was thus used in order to acquire good 

quality specaa. The presence of a low quantity of TFA helped protonation of the 

rnolecular ions. The resultant sptctrum of PMP-NGA3 in the positive ion mode is shown 



in Fig. 3.30a and was acquired at a cone voltage of 60 V with 5 m l  of m a t a  The 

same amount of information codd still be obtained with 1 nrnoi, but not with smaller 

quantities. The spectrum is dominated by Y-type ions and their second-generation 

fragments. The ions resdting fiom Y-type cleavages include Y+, Yk, Yz and Y,, 

appearing at m/z 1648, 1485, 1283,755, and 552. Second-generation fragments such as 

Y4JY4,,Y3JY4,, and Yk/Y3@ are registered at m/z 1445, 1080. and 918. B-type ions, e.g. 

Bo and B, at m/z 366 and 1096, as weil as thex second-generation Bagrrients at 

m/z 73 1 and B o 4 ,  at mlz 893) are also obsemed with relatively high abundance: I t  should 

be mentioncd that Bo,, and BJY* could also be possibly second-generation fiagrnents 

arising f3om Y-types ions. Interestingly, the PMP-derivative did not favor giycosidic 

cleavages next to GlcNAc groups. For example, B, ions were not observed, and Y, ions 

were not prominent in the spectrum Y, ions appear as the base peak, presumably due to 

protonation taking place on the double PMP moiety. 

Coqared with the spectrum of Fig. 3.29% that of Fig. 3.30a contains peaks that 

can be assigned more easily with more certainty. The peaks rnarked with an asterisk in Fig. 

3.29a have more than one possible origin. For example, in Fg. 29a, the signal marked as 

B, ( d z  1097) could be also assigned as Y,+&. , Y44Zkn, Y,.&., Y,v/Z,p, Y,dZks, 

and Y,-/&,,, whereas in Fig. 3.30% B, is the oniy possible assignment for this signal- Both 

spectra contain informative sequence-related fiagment ions and are complemntary to 

each other. For example, the ES1 mass spectra of native oligosaccharides can be used as 

fingerprints for qualitative cornparison, whereas the spectra of PMP-derivatives can be 

used to provide sequence information, especially for unknown compounds since they are 



Fig. 3.30 a) Fdi-scan in-source CID spec- of PMP-NGA3, d d t e d  by on-line HPLC 
and b) ESI-CID-MSIMS spectmm of the w+2Nal2+ ions of PMP-NGA3, at d z  948.5, 
before desaking. Ion labels including a star (*) indicate that more than one fragmentation 
pathway may Iead to ions with the same d z  value. Conditions are given in Section 
2.7.3.4 and 2.7.3.5. 



much easier to interpret, due to observation of reducing end-containing fkagments in 

majority. 

The molecular ions of PMP-NGA3 were then analyzed by ESI-MS/MS. The full- 

scan positive ES1 mas spectra of the PMP-NGA3 c o n b e d  predoniinantly w+2Nal2+ 

ions. Therefore, oniy [M+2Nalh ions codd be sekcted as  the precursor ions rather than 

[M+H]' ions, since the samples were not desalted after derivatization. As mentioned 

above, the Sep-Pak CI, cartridges cleanup procedure faikd to enable us acquire ESI-MS 

andor ESI-MS/MS spectra because of sarqle 10s  and lirriited amount of material In 

addition, HPLC/ESEMS/MS is still  no t readily available on our instrnment at this stage. 

Therefore, sodiated molecular ions appeared as the predominant peaks under these 

conditions. The ESLMS/MS spectrum of the [~+2Na]" ions of PMP-NGA3 at miz 948 

(Fig. 3.30b) demonstrates that w+2Na]" ions are not easily fkagmented under the CID 

conditions employed here (50 eV), which agrees with D u f i ' s  observation that sodium- 

adducted digosaccharide ions were more difncult to break down than their protonated 

anaiogs [43]. It is very interesting to notice that unlike the Ml-scan ESI-MS specmm of 

PMP-NGA3, its MS/MS spectrum is quîte sMilar to the full-scan spectrum of native 

NGA3. Fig. 3.30b is dominated by sodiated B- and C-type ions, the former with higher 

abundance (C,, B, q, B,, and and Bq). A second-generation fiagrnent is also 

observed, ie. BJY* (Na) at m/r 916. Sorne sodiated Y-type ions, cg.Yq (2Na). Y,(Na). 

and Y,(Na) appear with high abundance as weU. Even though signincant peaks could be 

assigned, less diagnostic quence information was obtained by ESI-CID-MS/MS than by 

full-scan in-source CID ESI. The presence of two Na+ moieties on the precursor and 



therefore b g m n t  ions with zero, one or two Na+ attached make pealc assignment much 

more difScdt than that if only protonated species were present, which emphasizes the 

importance of a desaiting step when using PMP derivatization. 

To sunwiarjze, no gain of sensitivity was obtained by derkatizing NGA3 with 

PMP. However, more specinc fkagmentation pathways were achieved for the derivative 

than for native compound, Le. formation of reducing end-containing hagments with PMP 

attached was favored. For both native and PMP-NGA3, in-source-CID with 60 V cone 

voltage was sufficient to obtain informative fiagrnentation patterns, Le. it was unnecessary 

to use ESI-CID-MS/MS. At low cone voltage values (e-g. 30 V), both native and PMP- 

NGA3 produced mainly w+2H]" ions. Thus, for a mixture of PMP-N-linked 

oligosaccharides, low cone voltage values seem preferable to high values in order to 

O btain mainly rnolecular ions rarher than fiagrnents which make spectra interpretation 

more complex. 

As a general observation, the PMP-oligosacchandes yielded better sensitivit y in 

MALDI than in ESI, but more accurate ly rneasurernents were achieved with ESI. The 

rneasured m/z values of the w+H]+ or [M+Na]+ ions with ES1 were within 0.05% of the 

predicted monoiso topic values. The MALDI results indicate that the PMP-derivatives of 

N-linked oligosaccharides are stable and do no t fragment readily under the MALDI-MS 

conditions employed. MALDL and ESI-MS data on large oligosaccharide standards can 

no t only vem the masses of the derivatives but &O give sorne insight into the nature of 

possible adduct species which could be formed with unhown sugars fiom glycoproteins. 

These data also display the preferred fragmentation pathways of the denvatives. 



3.4 Application to Ovalbumin 

3.4.1 Mass Spectmmetry of Intact Ovalbumin: Background 

ES1 and MALDI were used to obtain information on the rnolecular mass and 

degree of heterogeneity of intact ovalbunrih ES1 was useful in showing site specitic 

carbohydrate heterogeneity, whereas MALDI allowed for rapid and simple detexmination 

of the average molecular mass of all glycoforms. Both methods can provide information 

with p m 1  to ho1 sensitivity [161]. 

3.4.1.1 Intact Ovalbumin by MALDI-Toms 

MALDI. which is capable of low picornoie sensitivity, speed (5 rnîn per sample) 

and accuracy (< O. 1 9% enor) [95], has k e n  adopted as an invaluable technique to 

determine riiolw* masses of biomolecuies [162].The MALDI mass spectra of 

ovalbumin are shown in Fig. 3.3 l a  and b. using sinapinic acid (SA) and CHCA as a 

matrix, respectively. An acetonitrile- water solution (1 : 1) containuig 0.1 % TFA and 

saturated with SA or CHCA was used to dispense the matsix. The insrniment was 

calibrateci with an external standard, horse skeletal muscle myoglobin. In contrast to the 

results reported by Sottani and Fiorentino, et al. [161], where only singly charged 

mo lecular ions were o bserved, the present results show multiply charged molecular ions 

without fragmentation. Fig. 3.3 1 a shows the presence of singly and doubly charged 

protonated mlecular species, as well as a singly protonated dimer of ovdburnin with SA 

as the rnatrix. The peaks in Fig. 3.31b correspond to singly, doubly, tnply, quadmply, and 

even mdtiply charged ([M+6HJW) molececular ions obtained with CHCA as the ma&. This 

multiple charging phenomenon could be attrïbuted to the lower pH of the matrix solutions 



Fig. 3.3 1 Linear mode MALDI-TOF mass specm of intact ovdbumin obtained with 
different matrices: a) sinapinic acid (SA), b) a - c y a n o 4 h y d r o x y - c ~ ~  acid (CHCA). 
Horse skeletal muscle myoglobin was used as an extemal calibrant Conditions are given 
in Section 2.7.2. 



pnor to drying. Due to operation of the Manitoba II instmmnt in the linear TOF mode, it 

was not possible to resolve the individual glycofom of this highly heterogeneous 

glycoprotein, with either of these two matrices. However, broad unresolved molecular ion 

peaks as sho wn in Fig. 3 -3 la  and b providai an average rnolecular mass of 44688 f 0.05 % 

with SA as a matrix, and 44584 2 0.2% with CHCA, and these values are quite close to 

that of 44287 previously reported [135,136], with an accuracy of 0.8%. The width of the 

peaks gives a m u r e  of the amount of heterogeneity in the compound [44]. The amount 

of ovalbumùi loaded to obtain each of the spectra was only 1 pmoi, and a high signal-to- 

noise ratio was observed for multiply charged molenilar ion peaks. As already indicated. 

the limitations of MALDI-TOFMS in this study are the kick of resolution and mass 

accuracy, the latter king typicaily of the order of 0.5% 11341. The values reported here 

resdt fiom an average of all charged States and the mors  represent the precision, not the 

accuracy. They are consistently higher than the predicted value, which may be due on one 

hand to the use of extemal (rather than intemal) calibration and on the other hand to 

rnaaix adducts ont0 the molecular ions [163]. However, it has been indicated that if an 

appropriate rnatrix is selected and sample-ma& preparation, pH snd instrumentation 

conditions are opturuzed, resolution of glycofom could also be achieved [161]. 

3.4.1.2 Intact Ovalbumin by ESI-MS 

ESI-MS cm be used to rneasure the masses of glycoproteins accurately and to 

resolve oligosaccharide hetero geneity on these biomolecules [43]. Reinhold and co- 

workers also indicated that a mass profile of aII glycoforms as O btained by ESI-MS can be 

very informative and serve in the first step of structure inquiry, akin to carbohydrate 



composition anaipis 11641. 

Intact ovalbumin was thus analyzed by ESI-MS, according to a procedure reponed 

previously [43]. The preparation of an ovalbuniin solution was as follows: the 

glycopro tein had to be dissolved in water kst ,  acetonitrile and f o k c  acid were then 

added sequentially until a concenaation of 100 pmol/pL in 2: 1 &O-CH,CN was reached. 

If ovalbumin was mixed with water, acetonitrile and fonmic acid sirnultaneously, it failed to 

dissolve. The same happened if a H,O-CHJN mixture was fist prepared, followed by 

addition of fo- acid. Acetonitde is likely too hydrophobie for the hydrophilic 

glycopro tein, and the solute-sohrent pair is incompatible. The full-scan mass spectrum of 

ovalbumin (Fig. 3.32) was acquired by scanning nom 500 to 2500 u over 7 s and 

averaging 20 scans. The amount of sample injected was 2 nmoL Fig. 3.32 displays multiply 

charged ions formai by attachment of different numbcrs of protons to the molecule. 

Within each charge state, several glycofom of ovalbumin can be resolved, as indicated by 

the inset in Fig. 3.32, which shows the [M+24mm and [M+25WB m/z region. The 

molecular masses corresponding to the inaivdual glycofom can be calculated and 

displayed by deconvolution using an aigorithm which extracts molecular mass information 

fkom the peaks displayed in Fig. 3.32. The r e d ~ g  deconvoluted specmirn is shown in 

Fig. 3.33. This spectrum clearly displays, within k 4 u, the 162 and 203 u mass increments 

corresponding t O Hex and HexNAc residues. The masses of the different oligosacc harides 

attached to the glycosylation site of ovalbuniin can be determineci by subtracthg the 

average y of 42859 u which represents non-carbohydrate moiety Cl60 (phosphate part) + 

42699 (peptide molecular mas)  ] [ 135,1361 fiom the masses of individual glycofom 





Fig. 3.33 Transformed mass spectnim of intact ovalbumin, obtained fiom the spectnim in 
Fig. 3.32 by deconvolution. 



detected in Fig. 3.33 [43]. These glycofom are listed in Table 3.5. Here we need to take 

into consideration the loss of water upon formation of the asparaguie-carbohydrate bond, 

therefore, 18 u musc be added to the subtracted value when calcuiating the masses of 

glycans. This procedure allowed differentiation of 12 oligosaccharides with different 

molecular masses. and provided tentative compositions for these glycans since data &om 

the Complex Carbohydrate Database indicated that there were very few rnass 

degenerations which could give rise to ambiguities of composition [95l, suggesting that 

this glyco syiation site possesses a variety of non-sialylated oligosaccharide structures. The 

two most abundant glycofom O bserved in the deconvoluted specaum of Fig. 3.33 were 

assigned with the compositions, He%GlcNAc, and Hex&icNAc,, which are in good 

agreement with data reported previouly 1431. Although aII 12 compositions listed in Table 

3.5 have already been reported, it is the first time that so many dinerent glycoforms can be 

detected by only perfonriing full-scan ESI-MS of intact ovalbumin, ie. without detaching 

the glycans [43,134.136-1471. Reinhold and CO-workers have indicated th& although not 

always experimentally possible, intact pronles would best represent glycan heterogeneity, 

uncompromiseci by selective enzymatic and isolation techniques, while deglycos yiation 

may be discriminating or incomplete and chrornatography could enrich or exclude 

particular subforms [33]. 

3.4.2 PMP-Derivatized Glycans fmm Ovalbumin by ESI-MS and off-üne 

HPLC/MALDI-TOFMS 

To venQ and validate the results on the oligosaccharide content of ovalbumin. the 

glycans were chemicaUy cleaved by hydrazinolysis and isolated fkom the peptide backbone. 



Table 3.5. Summary of the information obtained from Fig. 3.33, listing the M, values of 

different glycofom of ovalbuniin as detected byES1-MS. The comsponding M, and 

compositions of oligo saccharides are also given. 

'Deconvolute 

ovalbumin 

Mg of I Composition + calculated 
corresponding M 4  of oügosaccharidesc 

* Most abundant glycoforms detected in the ES1 mass spectrurn of Fig. 3.33. 

Obtained by s u b a a c ~ g  42859 u, which represents the non-carbohydrate moiety 1135, 

1361 

Hex = hexose; HexNAc = N-acetylhexosamine; the data in parentheses are calculated 

monoiso topic M, for oligosaccharides. 



The oligosaccharide mixture was subjected to PMP-derivatization on a small scde. The 

PMP-glycan mixture thus obtained was either subjected directly to ESI-MS and 

ESI/MS/MS, or characterized by off-line coupling of HPLC with MALDI-TOFMS. The 

results were compared to those O btained nom ESEMS experùnents on intact ovalburnin. 

3.4.2.1 Analysis of PMP-Glycans from Ovalbumin by ESI-MS and ESEMSMS 

The methodology developed for analysis of smail sugars and larger oligosaccharide 

standards was applied to the PMP-derivatized glycan mixture. Since the eariier expenence 

showed chat the presence of significant m u n t s  of salts caused problems in ESIlMS 

analyses of PMP-oligosaccharides, the sample was desalted with a Sep-Pak C,,  camidge 

prior to ESI-MS. The ionization conditions were optimized with PMP-tetraglucose fkst in 

order to mhhize fragmentation and observe r d y  molecular ions, otherwise it would 

rnake interpretation of the spectra too difficult and yield a distomon of the indigenous 

glycan structures. Eig. 3.34 shows the ES1 m a s  specmm obtained for the mixture of 

PMP-derivatized glycans? ie. the N-linked oïigosaccharide profile of ovaiburNn. With a 

cone voltage of 30 V, and after desalring on a Sep-Pak C,, camidge, [M+EQ+ and 

[M+2HI2+ ions are observed. The charge States of the ions of PMP-derivatives were 

deduced by e x m g  the miz dinerences within an isotopic cluster. For example, a mlz  

daerence of 0.5 arnong isotopes indicates a do ubly charged PMP-oligosaccharide ion, 

whereas a mass-to-charge difference of one belongs to a singly charged ion state. The 

signais corresponding to different PMP-oligosaccharide compositions were observed 

reproducibly over four independent analyses and are presented in Table 3.6. The two 

intense signais at mlz 529 and 599 observed in Fig. 3.34 rernaui unexpbed and rnay 



Fig. 3.34 Positive full-scan ES1 mass s p e c t m  of the mixture of PMP-derivatized glycans 
cleaved fiom ovalbumin by hydrazinolysis. ES1 conditions are given in Section 2.7.3.7, 



Table 3.6. Sunnnary of the information O btained Born Fig. 3.34. listing the M, and 

compositions of oligosaccharides cleaved fiom ovalbuniin and derivatized with PMP, 

values deduced from the m/z values of the moleculair ions of PMP-derivatives. 

20 * 1551(2+) 2770 Hex, ,HexNAc, (2774) 

Noa 

3 * 
14 

5 

15 * 

W o t  reported in the literanire. 

M y  of 
oligosacchandes from 
experiments 

1158 

1434 

1558 

1760 

Observed m/z data of 
PMP- 
oligosaccharidesb 

745 (2+) 

t883(2+) 

t 945 (2+) 

1046 (2+) 

10 

16' 

17 * 
18" 

19" 

If singly charged ion, 2+ doubly charged ion, t possibly muicated 

Composition with 
calculated Mp of 
oligosaccharides 

Hex,HexNAc, (1 154) 

Hex5HexNAc7 ( 1437) 

Hex,HexNAq ( 1558) 

Hex,HexNAc3 ( 176 1) 
1 

1922 

1964 

2168 

2328 

26 10 

1127(2+) 

1148(2+) 

1250 (2+) 

1330(2+) 

1471(2+) 

These data were obtained by subuacting the rnass of the PMP portion (330.4) nom the 

Hex3HexNAc, ( 1925) 

Hex,HexNAc4 ( 1 964) 

Hex,HexNAc, (2 167) 

Hex8HexNAc, (2329) 

Hex, , HexNAc, (26 1 2) 



be non-sugar conîaminants. The molenilar masses and sugar compositions of these 

oligosaccharides were O btained by subtracting the mass of the PMP portion f?om AQ 

calculated f?om the obsewed mlz values of w+II]' and w+2HJa ions of the PMP- 

derivatives. Here it was assurned that the glycans have [(Hex),(HexNAc),(Fuc)J 

smctures. Since a lirriited amount of sample was available, prionty was put on tuning up 

the instrument for high sensitivity, which resulted in decreased resolution. The low 

resolution yie1de.d poor definition of the isotopic clusters and thus there is some 

uncertainty about the charge states assigned to the ions in Table 3.6. 

In order to O btain more structural oligosaccharide information, t hree doubly 

charged ions of PMP-oligosaccharides with high abundaces at m/z 883,945, and 1047, 

(see Kg. 3.34) were selected as the precursor ions and characterized by ESI-CID-MS/MS. 

Fig. 3.35% b, and c show the ESI-MSMS spectra of [M+2HIa for these three PMP- 

oligosaccharides. The spectrum in Fg. 3.35a was O btained for the parent ions at nziz 883, 

and accorclingiy, the composition suggested for these parent ions is HeqHexNAc3. The 

peak at mîz 1746 is attibuted to loss of water fiom the[M+m+ ion. Fragment ions due to 

Iosses of one, two, and three GlcNAc units are observable at mlz 1542, 1338, and 1137, 

respectively. The peak at mlz 782 aises fkom loss of a GlcNAc residue fkom the doubly 

charged precursors. The peak at mlz 204 is characteristic of ali N-linked oligosaccharides. 

since it arises nom a GlcNAc residue. This oligosaccharide with HeqHexNAc, 

composition was not found by ESI-MS analysis of intact ovalbuniin (Fig. 3. 33 and Table 

3.5). The sequential loss of three GlcNAc fiom the parent ions would be possible only if 

these threc GlcNAc were peripheral residues at the non-reducing end, since the kagrnent 



Fig. 3.35 ESI-CID-MSIMS spectra of three [M+2HI2+ ions of PMP-derivatives of 
oligosaccharides cleaved fiom ovaibumin. Precursors at (a) dz 883, (b) d z  945, and (c) 
dz 1047. Conditions are given in Section 2.7.3.7. 



ions appearing at m/z 1542, 1338, and 1 137 still contain the PMP portion. Also, ions 

appearing at m/z 337 most probably correspond to [Hex+lPMP-H20]', which suggests 

that the reducing end is Man instead of GlcNAc as in the conimon core of all N-linked 

oligosaccharides, Le. Mana 1 -6(Mana 1 - 3 ) M w  1 -4GlcNAcP 1-4GlcNAc. The losses of 

these GlcNAc residues can not therefore onginate fkom this core. According to the 

kagrnentation pathways observed for PMP-derivatives of tetcaglucose and N-linked 

standards, losses of non-reducing end residues shoubl be prominent in the positive ion 

mode. The loss of the three GlcNAc residues thus pro bably originates fiom peripheral 

branches. If two GkNAc units in the core are also taken into consideration, there should 

originally be five GlcNAc residues contained in this oligosaccharide (ie., Hex&exNAc,). 

However. the precursor ion has been &eady describai to contain only three GlcNAc 

residues. The conclusion which can be drawn h m  the specmun of Fig. 3.35a coutd be 

that the oligosaçcharide with the composition He%HexNAc, may have been truncated 

either during hydrazinolysis of ovalbumin or as a resuit of the workup produre. The 

remaining sugar woukl therefore not comprise the entire common core. Deii has reported 

that FAB data showed that hydrazinolysis had effected a partial h i o n  of the chitobiose 

core [8 1 1. Two structures have k e n  reportexi for oligosaccharides with He%GlcNAc, 

composition and are shown in Fig. 3.36 [139.142]. Structure 1 in Fig. 3.36 is likely to 

correspond to that of the precursor ion in Fig. 3.35% although two GlcNAc units are 

misshg £rom the reducing end. 

The precursor ions at mlz 945 (Fig. 3.35b) have been assigned the composition 

Hex,GlcNAq. A corresponding structure has been reported by a few r e m c h  groups 



Fig. 3.36 Two oligosaccharide structures h m  ovalb& report& 
previousb having the composition HexgGlcNAcs. M, Man; GN, 
GlcNAc; G, Ga1 [13 91. 



[139,14 1,1421. As in the spectnun in Fig. 3.35% the peak appearing at mlz 1870 in 

Fig. 3.35b is due to the shgly charged rnolecular ion w+H]+ having lost one water 

rnolecde. Ions at mlz 1644 arise fiom loss of 60 u fiom a Y fragment formed by loss of a 

hexose residue, whereas the signal at mlz 1441 is attributed to a further Ioss of GlcNAc 

from the mlz 1644 ion. The signals at rnfz 13 18 and 1 137 resulted ftom the losses of two 

and three Hex residues f?om the ion at m/z 1644. The ions at mlz  842 and 733 are doubly 

charged Y-fkagments due to losses of one and two GlcNAc residues from the precursor. 

Again, in this case, auncation of the ainiannosyl core must have occurred, and the original 

structure of the oligosaccharide was possibly Hex,GlcNAc+, or Hex,gicNAc,. Observation 

of ions at m/z 337 as described above supports these two suggested compositions. 

Fig. 3 .35~ shows the CID-MS/MS spectmm of M+ZH]% ions at mlz 1047, whose 

composition has been tentatively assigned as Hex,GlcNAq. A few fragment ions are 

obsemed, and labefe-d in Fig. 3.3%. The oligosaccharide with the composition 

Hex,GlcNAc, and the six other oligosaccharides labeled with an asterisk in Table 3.6 have 

not been reportai elsewhere so far. This oligosaccharide produced molecular ions losing 

only one GlcNAc residue (a? mlz 1888, and 945 ions) and no ions at m/z 337. suggesting 

that no truncation of the trimannosyl core occurred. However, since there is some 

uncertainty as to the charge States assigned to the oligosaccharides in Table 3.6, 

(espccially for 19#, and 2W), there is &O a doubt as to the compositions suggested for 

these two oligosaccharides. 

The ESI-MS/MS results O btained here can not give complete structural 

information, however, they are useful to confimi some of the sugar compositions 



previously suggested by full-scan ESI-MS measurernents on intact ovalbuniin as wetl as 

detachexi and derivatized sugars. The fkagments resulting kom losses of Hex and HexNAc 

residues provide strong evidence that the three signals appearing in Fig. 3.34 (m/ z  883, 

945, and 1047) definitely kbelong to PMP-derivatid glycans. In addition. these resub 

indicate that the charge States assigned to these three PMP-derivatives are correct, since 

sorne daughter ions have higher mlz values than the selected precursor ions. 

Unfo rtunately. the prelirninary experiments with PMP- tetraglucose and PMP- N-linked 

standards never consisted of fkapnting [M+~H]" ions. Thus the direct cornparisons 

between the spectra of unknowns and those of the standards were not possible. As a 

rerrrinder, the PM.-temaglucose and e s p e d y  PMP-N-linked standards used for fd-scan 

ES 1-MS , available in very low quantities and costly, had no t been desalted in order to 

avoid loss of material, and thus protonated molecular ions were substituted by m+Na]+ or 

[M+ZNa] a species. Furt hermore, the derivatized pool of glycans fiom ovalbunrin without 

desalting resulted in an ES1 spxtrum CO rripletely uninterpretable. 

3.4.22 Analysis of PMP-Glycans frorn Ovalbumin by off-üne Combination of HPLC 

with MALDI-TOFMS 

The PMP-denvatized glycans cleaved fiom different lots of ovalbumin were elutcd 

on an Hypersil ODS column, using the same conditions as for the PMP-derivatives of 

larger standards.The gradient had been previously optirrrized with the PMP-derivatives of 

srnall sugars. Figure 3.37 shows the HPLC-W profîle obtained for the PMP- 

oligosaccharides frorn o v a l b ~  The PMP-sugar chains were separateci according to 

their chernical structures and compositions. The broad peak appearing at retention àme 



PMP 

Retention Time (min) 

Fig. 3.37 Reversed phase HPLC-W chromatogram of the &ycans ovalbumin, 
PMPderïvatired. Column: Hypersil ODS column (25 cm X 0.46 cm); Gradient h m  
20% to 100 % acetoaitde in 0.0 1 M aqueous TFA over 70 min; flow Dte 1 mL/min; 
wavelength 245 m. The peaks are labeled 1-7 and correspond to different collected 

Fig. 3.38 Linear mode MALDI-TOF m a s  spectnrm of one of the PMP-glycans fiom 
ovalbumin following RP-HPLC separation (fbction 4). 



9.8 min is due to a large arnount of PMP reagent, left behind even after cleanup. The 

resdts obtained £iom RP-HPLC indicated that Pm-glycans from ova1bumi.n had sir& 

c hromatograp hic behaviours to those of PMP-derivatives of larger standards. 

In order to isolate hctions more efnciently without overloading the colur~,  the 

derivatized giycan mixture was injected several times in a row, with only 50- 100-p L 

aliquots (0.044-0.088 mg of glycans) each tima Fractions corresponding to each of the 

peaks shown in Fig. 3.37 was coliected manually, and fiactions fkom several nuis were 

cornbined, then evaporated by S peed Vac. The repetitive runs yielded quite reproducible 

chrornatograms. It has been reported that, typically, a modest recovery of 50% is 

experienced in isolating N-ünked oligosacchandes fkom silica RP-HPLC colwnns, 

presurnably due to irreversible interaction of the carbo hydrate with the column support 

[see Ref. 14 1 and the references therein]. The same report also pointed out that this loss 

cm be overcome by using polymer RP-WLC columns, which can provide 90% recovery 

of carbohydrates, at the expense of greatly nduced resolution. 

The Speed Vac-dned combined fractions were reconstituted in 10 pL of water 

and subjected to MALDI-TOFMS. Aüquots (1 PL) of these solutions were used as 

samples for MALDI. Prior to characterizhg the cleaved glycan mixture obtained fÎom 

ovalbumin, three PMP-derivatized oligosaccharide standards were examined by MALDI- 

MS as describeci above. This confkned the character of the derivatized oligosaccharides 

through O btaining their w, but also gave an indication of the nature of adduct species 

that could be expected [134]. An example of a MALDI spectrum obtained for one of the 

PMP-glycans coUected from peak 4 in Fig. 3.37 is presented in Figure 3.3 8. Since rnost 



sodium ions had been removed by RP-HPLC, &y protonated molecular spccies 

w+H]' were obsezved with MALDI-MS. Table 3.7 @es a list of some suggested glycan 

compositions, deduced from their observed M, The caiculation rnethod used for the 

results fiom ESI-MS analyses of PMP-glycans has been applied here to the MALDI 

results. As indicated by Harvey and CO-workers [147, the essential absence of any ions 

other than the molecular ions ensured that MALDI s p e m  are ideal for the examination of 

mixtures as each peak in the spectrum could be assigned with confidence to have been 

produced by a different oligosaccharide. However, it cannot be ruied out that individual 

peaks could be produced by two or more isobaric sugars. Except for two, Le. (Hex), 

(GlcNAc),(Fuc) and (Hex),(GlcNAc), the compositions suggested in Table 3.7 had been 

reported previously [43,66,lM,I36- 1471. Two snucnires O bserved here, 

Le. (Hex) ,(HexNAc), and (Hex), (HexNAc), rnay result frorn hgmentation due to 

cleanup or the MALDI process. The (Gl~NAc)~(Hex),(Fuc) structure suggested by our 

snidy was not reported elsewhere and the other possible composition corresponding to 

this molecular mass might be (Hex),(Gl~NAc)~-%0. The oligosaccharide with the 

compositon of (Hex),(GlcNAc), was also detected by ESI-MS of intact ovalbumin, as 

shown in Table 3.5. It has &O been pointed out by Harvey and CO-workers [ 1471 that 

somc ion peaks couid be interpreted in ternis of two compositions ciifferhg by about 2 u, 

a ciifference too srnall to determine with the TOF analyzer. A rnass measurement accuracy 

to within 1 u is necessary to assign a unique composition to those ions such as with higher 

resolution offered by reflectron or rnagnetic sector instniments. The MALDI results show 

that besides the main component, each HPLC fiaction also contained several minor 



Table 3.7: MALDT-TOFMS molecular rnass measurements for PMP-derivatized glycans 

fiom ovalbuniin. 

Possible sugar 
composition 

22# 

23 

'# these glycans have not been reported in the literature. 

We estimated an emor o f f  7 on measured mlz values due to broadening of the peaks by 

Mrs of oügosaccharides 
fmm expenments No" 

26 

27# 

the presence of NaC adducts. 

' The numbers in the parentheses indicate RP-HPLC hctions. 

Observed m/zb 
[M+H]+ 

920 (3)" 

1082 (3) 

1769 (3) 

2 120 (4) 

590 

752 

(Hex), (GIcNAc), 
(587) 

(H~x)~(GLcNAc), 
(749) 

1439 

1790 

(Hex) ,(GlcN Ac) 
(1438) 

(Hex),(GlcNAc),(Fuc ) 
(1788) 
(Hex),(GIcNAc),- &O 
(1785) . 



components, possibly originating fiom incoqlete resolution of HPLC peaks [ 1 571 or 

kom structural heterogeneity [ 1651 since isomric glycans have siniilar smictures which 

have si& interactions with RP-HPX column so that they are not easily separateci fiom 

each other. Our MALDI data agree with earlier work [134]: PMP-sugars are eluted in the 

order of decreasing molecular weigb and polarity in RP-HPLC. In addition, generally, 

oligosaccharides with increasing numbers of GlcNAc residues elute Iater in the 

chromatograrn as indicated earlier [Ml]. 

Overali, hted in Tables 3.5,3.6 and 3.7, are twenty seven oligosaccharides with 

their respective suggested compositions. Nine of those have no t been previously reported. 

However, at least four of them detected by off-line HPLC/MALDI and ESI-MS are 

possibly truncated sugar fragments generated during the workup or due to in-source 

fiagrnentation. The Y values masured by MALDI-MS and ESI-MS can only suggest 

possible (Hex),(GlcNAc),(Fuc), structures. In our hands, MS and MS/MS were also not 

able to differenthte oligosaccharides with same Y but different compositions or different 

isomers with dinerent linkage position, ie. isomers with the same composition. For 

example, ano ther possible composition for the oligosaccharide 10, which has been 

described as Hex,HexNAc, in Table 3.6, could be Hex8HexNAc,, and its expected M, 

1923, wouId be more closer to the observed value (1922). The results £rom direct ESI-MS 

analysis of intact ovalbuniin are considered more reliable than those involving cleavage 

and derivatintion chemistry since oligosaccharides were kept intact in the fornier. More 

specific information on carbo hydrate structure has ho wever ken  O btained in O ther 

laboratories by MALDI-TOFMS, with detection in the post-source decay (PSD) mode 



[97,166] or by ESI-(=ID-MS/MS [ 1 1,331. It has however been reported that bener mass 

resolution of low y oligosaccharides detached fkom ovalbumin allowed detemination of 

more glycoforms of ovalbumin than could be directly deterrnined ftom the m s  spectrum 

of the intact glycoprotein [43]. In our ESI-MS analyses of cleaved oligosaccharide 

mixtures, enhanced sensitivity could be achieved after derivatization with PMP, resulting 

in detection of seven oligosaccharides which have not been reported before. However, it 

should be mentioned here that there has been growing confusion about which of the 

reported structures in fact belong to ovalbumh and which are constituents of 

contaminating pro teins [142]. As previously indicated by Reinhold and CO-workers [ 1 641, 

successful profiling relies on complete deglycosylation and derivatization chemistry. 

Aithough glycan release by hydrazinolysis always appears complete, usually 5-10 times 

more material is required for hydrazino lysis than if eWymatic treatment is used for the 

same purpose, when ESI-MS is to be used as the.characterization rnethod. In addition, 

side products and background of t his hydrazinolysis chemistry may interfere wit h 

electrospray ionization and reducing end labeling. Enzymatic cleavage rnethods are more 

costly than hydrazinolysis, but more reliable by not cleaving the sugars into smaller 

portions. In our case, truncation of the trimannosyl core by hydrazinolysis was shown to 

occur at the reducing end of oligosaccharides, however, it is not known if any truncation 

occurs at the non-reducing end. 



CONCLUSION 

In this project, a combination of derivatization, HPLC, and mass specaornetry, as 

weil as off-line and on-line coupiing of HPLC with m a s  spectrometry has been used to 

characterize glycans fkom a glycoprotein, ovalbumin. Derivatization with suitable 

chromophores allows enhanced HPLC detection. In addition, derivatization often gives 

rise to more sauctural information available fiom m a s  spectromeaic experiments. 

Improved sensitivity and enhanced hgmentation are especially usefd when the available 

chromatographic methods are not able to provide complete separation of major and rninor 

CO mponents. 

In the prehninary work, s m d  sugars were used to prepare PA- and PMP- 

derivatives. Both PA- and PMP-denvatization methods involve reactions which are 

quantitative and simple to cany out. PA- and PMP-derivatization allowed sensitive 

detection of carbohydrates in both W absorption and MS (FAB, ESI, and MALDI). The 

PMP-denvatives sho wed better chromatographic resolution and selec tivity than PA- 

LabeIed sugars. In addition, PMP-derivatives of small sugars produced improvements in 

MS sensitMty of a factor up to 100 relative to underivatized sugars, and up to ten relative 

to PA-derivatives. PMP-labelkg method was chosen to carry out work further on 

teaaglucose and larger standard oligosaccharides O btained commercially. ESI-MS results 

show that PMP-iabeling increases the positive mode ES1 sensitivity by a factor of 10 in the 

case of a neutral sugar. For a Klinked oligosaccharide containing GlcNAc rnoieties, no 

Unprovernent in sensitivity has been achieved; however, PMP-derivatization made the 

fiagrnentation pattern much easier to interpret and gave more sequence information than 



that provided with native sugars. This methodology was further applied to a glycoprotein 

with only one glycosylation site, ovalbumin The sugar content of ovalbumin was 

characterized by ESI-MS combined with other techniques with and without glycans king 

detached fiom the glycoprotein. Electrospray of intact ovalburnin provided reliable and 

qualitative information on the glycofom of the molecule. Hydrazinolysis caused 

mincation of sorne glycans, even when p e r f o d  carefidly for sugar removai f%om the 

peptide backbone. However, it is an inexpensive method relative to enzymatic cleavage, 

although the latter is more advisable to use, especidy if Iess than 1 mg of gycoprotein is 

initially available. Characterization of PMP-derivatized N-glycans from ovalbumin by full- 

scan ES1 confimied some of the sugar compositions found by EST of the intact 

glycoprotein, and also allowed identification of the compositions of some sugars which 

have not b e n  reported in the iiterame, based on (Hex),(GlcNA~),(Fuc)~ formula This 

procedure also clearly demonstrated that hydrazinolysis had caused sorne sugar truncation 

among the giycan mixture. FinalIy, ESECDD-MS/MS experimcnts on three PMP-glycans, 

chosen as precursors nom the PMP-glycan mixture, did not provide detailed information 

of the sugar structures, but ratha helped to confirm sorne truncations and verify the 

identity of PMP-glycans. These results are also complernentary to those obtained by hear 

mode MALDI-TOF-MS. Accordkg to the resuits obtained with NGA3, a standard N- 

lïnked oligosaccharide, on-line coupling of HPLC with ESI-MS seems very prornising in 

detennining the structures of glycans f?om glycoproteins among the techniques applied in 

this project. The molecular rnass of each component in a mixture can be rneasured, and the 

smcture can be studied by MS/MS. This method is useful for elucidation of cornplex 



mixtures, especially when s o m  difficulty exists in separation by HPLC. HPLC and MS are 

coqlementary to each other. If HPLC cannot provide saMactory separation, LC/MS 

and MSfMS render it possible to distinguish isobaric structures of different components 

which appear as coeluted peaks. 

Oligosaccharides derivatized with PMP possess unrnodified no nreducing temllni 

and therefore are amenable to subsequent investigation using high sensitivity analytical 

rnethods such as exoglycosidase digestion. Exoglycosidasc digestion in combinatio n with 

the analysis of the tnmcated oligosaccharide from enzymatic digestion by mass 

spectrornetry could be the avenue to future work for O btaining additional structural data. 
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