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Methyiation andysis has been widely used for determination of 

carbohydrate structures by mass spectrometry. Pemethylation of 

monosaccharides yields mixtures of anomeric pyrmosides and furanosides. 

One part of this thesis discusses the influence of some of the permethylation 

reaction parameters on the proportions of isomeric products obtaùled. The 

ratios of three, five- and six- mernbered ring products obtahed fkom two 

permethylated monosaccharides, D-galactose and L-fucose, have been 

determineci as a function of reaction parameters. The method of Ciucanu and 

~erek" (methyl iodide in dimethyl sulfbxide @MSO) in the presence of 

sodium hydroxide (NaOH)) was used as a starting point. We have 

investigated the effect of mbchg DMSO, substrate, and NaOH for various 

tirnes prior the addition of methyI iodide on the proportion of products 

obtained. In sumrnary, higher temperatures and longer reaction t h e s  

favored the main pyranoside product. Gentler conditions (i.e., shorter 

reaction times and lower temperatures) significantly favored the formation 

of the main hanoside product. 

Another part of this thesis describes methods of preparuig, isolating 

characterizhg permethylated pyranoside and fiiranoside species of D-(+)- 

galactose and L-(-)-fucose. Pennethylated standards for analyses of this 



type are not readily available Erom chemical companies, more particularly 

the a and B f'uranoside foms. 

Preparation of the derivatives is accomplished using the Ciucanu and 

~erek*' permethylation procedure. This method, when applied to native 

monosaccharides, produces four isomers. Separation of these isomers was 

carefully optimized and successful using a combination of silica column 

chromatography (flash) and continuous-elution thin layer chromatography 

(TLC). Separations were monitored using conventional TLC techniques and 

GCMS. 

In the third portion of t thesis, two different sets of methods that involve 

methanolysis, permethylation, and acetylation, were developed to identi@ 

the components of GMl, a glycosphingolipid. Both methods are similar 

except for the order of the steps in the procedures, and identical products 

were obtained. 
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INTR0DI:JCTION 

1.0 Classification and Structure of Sphingolipids 

Sphingolipids are thermdy labile, nonvolatile, complex molecules that are 

present in cell membranes of animais, plants, and in some lower f o m  of 

life. Sphingoiipids contain three characteristic building block components; 

one molecule of sphingoid base, one molecule of fatty acid, and a polar head 

group. Each component has a difXerent biological fùnction. 

Sphingolipids are classified according to their polar head groups as 

ceramides, glycosphingolipids, sphingomyelins, and phosphosphingolipids 

(Figure 1.1). The hydrophobic portion of sphingolkpids contains a fatty acid 

(many possible types) that is amide-Iinked to a sphùigosine chain or any 

other long chain aliphatic amine (sphingoid base). When this hydrophobic 

chah is attached to hydrogen (R = H in Figure 1.1) the resulting compound 

is a ceramide. Gly cosphingoiipids contain carbohydrates as their 

hydrophilic portion (polar head group). Sphingomyelins contain 

phosphorylethanolamine (phosphoryi choline) esterified at the ceramide 1 - 
hydroxy group. Phosphosphingolipids have either aminoethyl phosphoric 

acid or N-methyl aminoethyl phosphotic acid as their water soluble polar 

heads. 



Glycosphingolipids thernselves are classified as neutrd glycosphingolipids, 

sulfatides, gangliosides, phosphoinositoI-sphuigolipids, depending on the 

substituent group of the carbohydrate (see Figure 1.2). Neutra1 

glycosphingolipids are sphingolipids that contain hexoses, N-acetyl 

hexosamines andor methyl pentoses as their carbohydrate ch&. If the 

carbohydrate chah is a simple sugar, the glycosphingolipid is described as a 

cerebroside. When there is N-acetylneurainiaic acid in the carbohydrate 

chain the sphingolipid is a ganglioside. Glycosphingolipids that contain 

sulfate esters are suKatides, and those, which contain inositol 

monophosphate, are phosphoinositol sphingolipids. 

The biological activities of sphingolipids Vary substantially with their 

structures, so an understanding of these biological processes is intimately 

Iinked to the howledge of structures involved. Detennining the exact 

structures of complex sphingolipids requires elucidating the composition of 

the polar head gmup and detennining the structure of both the sphingoid 

base and fatty acid chah in the cemhide unit. If the polar head group is a 

carbohydrate chain, its sequence and linkage positions dso need to be 

detennined. 



R ~ O U D  Name 

R = H  Ceramide 

R = Carbohydrate GlycosphingoIipid 

Phosphosphingolipid 

Figure 1.1: Basic structure of sphingolipids. R' cm be equal to 
CH=CH(CH2) &E& [for (45)-sphingenine], (CH2) &H3 [for sphinganine] , 
or other analogs. R' is an alkyl chain, and R is a polar head group. 



M = H M' = NeuAc Monosialosyl ganglioside 
M = M' = NeuAc Disidosy l ganghoside 

Figure 1.2: Structures of cerebrosides, sulfatides, gangliosides, and 
phosphoinositol-glycosphingolipids. 



1.1 Function and Occurrence of Ganghides 

The identification of gangliosides as sphingolipids and the determination of 

their constituents date back to the fiuidamental work of Klenk et al'. 

GangIiosides are found in human and animal brains. They are composed of 

sphingosine [(2S 3R)-2-amino trans-4-octadecene- I,3 diol], fatty acids, 

hexoses, and sialic acid i.e. N-acetylated or O-acetylated newaminic acid. 

Gangliosides were frst isolated and obta&ed in the pure fom by the use of 

chromatographie methods2. The differences between gangliosides lie m d y  

in îheir carbohydrate moiety, but the nature of the sphingosine bases and 

fatty acids may also v q .  Gangliosides are colorless crystalline substances 

which meIt with decomposition. They are insoluble in non-polar solvents 

and their solubiiity in polar solvents (water, alcohols, etc) increases with the 

size of their sugar residue and their sialic acid content. In aqueous solutions, 

gangliosides form micelles haWig a rnoIecular weights of about 200000- 

250000~~ 4. In dirnethyl formamide or tetrahydrofùran, on the other hand, 

they fom moIecuIar solutions characterized by molecular weights of 1000- 

3000" 6. Gangliosides occur in high concentration in the brain and spleen of 

an organism. Brain gangliosides are qualitatively the same in most of the 

species7, but spleen gangliosides show strong inter-specific variations, and 

so do the gangliosides of the viscerd systems in general. Gangliosides are 



also found in the eryihrocytes, leukocytes, se- kidneys, adrenal glands, 

placenta, m& blood vesse1 wall, intestines, lungs, and in ihe lenses of the 

human eye. 

The functional role of gangliosides is still speculative but they have been 

implicated in several neurological mechanisms8-' '. They act as toxin 

binding receptors l2 and intermediates in ceLL-cell intera~tion'~. 

Accumulation of gangliosides in the train,' due to genetic deficiency of 

enzymatic metabolism leads to severe neurologicd dysfunctionl 4. 

1.2 Review of analyticat methods for ganglioside analysis 

1.2.1 Gas chromatography 

Gas chromatography (GC) has been extensively used for the separation of 

carbohydrates and related polyhydroxyl compounds. Since these 

compounds are not sufficiently volatile for gas chromatography, many 

studies have been directed to preparing suitably volatile derivatives. 

A number of reports have been made regarding detemination of various 

sugars in the form of polymethyl ethers, polyacetyl esters, and 

polytrimethylsilyl ethers. Extensive reviews by ~ i s h o ~ l ' ,  ~ircher'~,  and 

WeUs et al.'' compare separations achieved with various derivatives, and 

describe usefuI conditions for the determination of these compounds. An 



important area of application of these techniques, in the biomedical field, is 

useful for the determination of various carbohydrates that occur in cornpIex 

glycolipids. The f h t  step consists of cleaving the glycosphingolipid into its 

18,19 sub-components. Wiegandt et al. pioneered the release of 

oligosaccharides fiom glycosphingolipids and gangliosides. According to 

their rnethod, oligosaccharides are released by ozonolysis of the double bond 

of sphingosine followed by hydrolysis in aqueous sodium carbonate. Ohasi 

and ~amakawa*' have been reported the GC analysis of the oligosaccharide 

portion of the glycosphingolipids, as trirnethyIsilyl derivatives of glycitols. 

Another method for releasing oligosaccharides fkom glycosphingolipids is 

based on the selective oxidation of the double bond of the sphingosine ushg 

periodate and osmium tetraoxide as a catalyst followed by a sequence of 

2i,22 reactioas catalyzed by sodium methoxide , which results in cleavage of 

the glycoside-lipid bond. Both methods produce an intact oligosaccharide, 

which might be diflticult to andyze by gas chromatography. However, the 

oligosaccharide portion of these glyc~s~hingoli pids can then be degraded to 

monomeric carbohydrates by hydrolysis or methanolysis and M e r  

derivatized to volatile forms of mono sac char ide^^^^ 24. The above 

degradation procedures break the ceramide portion of the ganglioside into 

different pieces, hence it is difficult to characterize the ceramide portion at 



the same the .  Enzymatic cleavage is also another possible method for 

degrading the carbohydrate portion of glycosphingolipids? 

It has been suggested thai methanolysis can be used for cornplete cleavage 

26,27 of glycosphingolipids into its sub-components . The products of 

methanolysis of glycosphingolipids are sphingoid bases and their methyl 

derivatives, fatty acid methyl esters, and methyl glycosides. These 

components cm be separated by solvent extraction and analyzed by gas 

chromaîography. 

23,28 Methyl glycosides c m  be analyzed directly by GC , or they c m  be 

converted into more volatile forms, which are even more suitable for GC 

analysis. Because of solvent equilibrhm mixtures of pyranosidic, 

furanosidic, and anomeric forms of the glycosides, upon methanolysis, each 

derivatized saccharide produces more than one peak on the chromatogrd2 

24,29 . Ody a single peak is observed if the saccharides are converted to 

alditol acetates3'. Fatîy acid methyl esters c m  easily be analyzed without 

M e r  treatment. Sphingosines are determined once they are converted to 

31,32 their trimethylsilyl forms . 

13.2 Mass spectrometry 

Mass spectrometry ( M S )  has made a significant contribution to solving 



structural problems in glycosphingolipid chemistry. Various researchers 

have been involved in developing derivatization procedures for MS and in 

employing soit ionization techniques33 and collision induced dissociation 

(CID) 34-37. 

S weele y and ~awson" pioneered the determination of neutral 

g1ycosphingoIipids and gangliosides as intact molecules by derivatization to 

their trimethylsilyl (TMS) ether f o m  foliowed by GC-electron ionization 

(ET) MS. Using their method, information about the masses of the 

monosaccharide units, the sphingoid base, and the N-acyl chah c m  be 

obtained. However, no intact molecular ions can be obsewed. ~eranen~' 

used methylation and acetolysis, followed by aqueous hydrolysis, to degrade 

the carbohydrate moiety into p h a l l y  methylated alditols and hexosaminitol 

acetates, and to cleave the glycosidic bonds. A successtiil determination of 

the composition and linkage of carbohydrates cm then performed by GC- 

EMS of the acetates. 

Freedman et aL4* were able to determine gangliosides as intact molecules by 

converthg them to their permethylated derivatives Their spectra provided 

fiagrnent ions, which arose fkom cleavages of glycosidic bonds and yielded 

information about the composition and the sequence of the carbohydrate 

ch&. Urdal and EIakornori4l used direct probe E M S  instead of GC-EMS 



of permethylated derivatives to characterize the tumor-associated 

gangliotnaosyl ceramide. The mass spectra of the permethylated 

gangliosides shows that the ciifferences in the tumor associated 

gangliotriaosyl ceramide result fbm the variation in N-acyl composition of 

the gangliosides. 

Wood et al." demonstrated the use of field desorption ionkation mass 

spectrometry (FDMS) to study a mixture of cerebrosides. Later Kushi et 

al. J3 and   an da^^ studied gangliosides using FDMS . The FD spectra showed 

weakly abundant (M+N~)+, (M+N~~-H~O)+ ions and several abundant 

nagrnent ions that arose fiom sequential cleavages of glycosidic Iinkages. 

The fiagrnent ions provided information about the carbohydrate sequence. 

The (M+H)+ ions, however, were not detected. M e r  permethy1ation, the 

(M+N~)+ ions became the base peaks but fiagrnent ions were not detected, 

except for those derived fkom the loss of the N-acetylnewaminic acid 

(NeuAc) group. 

Fast atom bombardment mass spectrometry (FABMS) has been extensively 

45,38 used for structural elucidation of glycosphingolipids . Egge and co- 

4648 workers have successtùlly studied the sequence and Mage  positions of 

carbohydrate groups in and (M+H)' ions of underivatized and 

derivatized glycosphingolipids. They investigated the composition of the 



(M-H)- ions of native monusialosyl lactosyl ceramide (GM3) and also 

measured the m/z values of molecular ions of gangiiosides fiom human 

Gaucher spleen. FABMS produced abundant of and (M-H)- ions, but 

no fragment ions arising h m  cleavage of ceramide were observed. Thus, 

direct characterization of the ceramide portions of the individual 

gangliosides by FABMS was not possible. In addition, the contents of 

49,50 FABMS spectra depend on the type of the matrix used in the analysis - 

Several groups have investigated the characterization of underivatized 

gangliosides by FABMS in conjmction with cID5'. CosteUo and co- 

workers3' developed a systematic nomenclature for fragments observed in 

the CID mass spectra of (M+H)" and (M-H)- ions of glycosphingolipids. 

They also reported thai @f-H)- ions of gangliosides decornposed by high 

energy CID predominantly yield sugar fragments that contain sialic acid 

units and other fragments that contain the ceramide moiety (C, B, and Y ion 

series)? The lower energy C D  spectra shidied by Kasma and k an da'^ 

show mainly fragments of the Y ion series. Consequently, high energy CID 

of gangliosides provides more structural information than low energy CID. 

It should be noted, however, that the fewer but more characteristic peaks that 

appear in the low energy CID spectra make interpretation of the spectral data 



Derivatkation of gangliosides prior to FAB and or C D M S  has been shown 

to be advantageous. Pahlsson and ~ i l s s o n ~ ~  and Levery et al." found that 

&er permethylation, the abundance of (M+H)+ ions signincantly increased, 

and high mass gangliosides (nu5 s 5700) could be desorbed. 

FABMS analyses of both derivatized5' and underivaîked gangliosides 

generally require micrognim qumtities of sample, and the mass m g e  is 

limited to several thousands of units deperdhg on the instrument used and 

on the information needed. Another disadvantage of FABMS is that 

fiament ions which are diagnostic of the structure in the low mass region 

are obscured by matrix ions, and the CJD technique c m  not be applied to 

low abundance ions in the molecular region. Electrospray ionkation mass 

spectrometry (ESIMS) overcomes these problems and has been show to be 

applicable to biological samples with high molecular weig@, includhg 

57-60 intact gangliosides . Ii et d6' reported on the characterization of 

gangliosides based on negative and positive ion ES1 and CID-MS. They 

were able to determine the positional isomers of glycoconjugates and 

distinguish the two isomeric disialogangliosides, GDI, and GDib by CID- 

MS/MS. In general, ES1 requires lower amounts of materials than FAB for 

mass spectral analysis. Su far, ES1 and matrix assisted laser 

desorptiodionization coupled with time of flight analyzers (MALDL 



TOFMS) have achieved the highest sensitivity for characterization of 

62-64 derivatized glycosphingolipids . Egge et demonstrated that MALDI 

is usefûl for the molecular weight detedation of native and permethylated 

neutral glycosphingolipids. Later, Iuhasz and ~ o s t e l l o ~ ~  found that the 

application of MALDI to gangIioside analysis depends on the ionization 

mode (positive or negative) and on the choice of matrix and derivatization. 

1.3 Derivatizatioa methods 

Gas chromatography and conventional ionization methods in mass 

spectrometry F I  and chemicd ionization (CI)] are not adequate for the 

analysis of carbohydrates and polyhydroxy compounds because of the low 

volatilities and thermal labilities of these compomds. These techniques 

therefore require derivatuation of these compounds or degradation to th& 

sub-components for analysis to be possible. 

Underivatized glycosphingolipids c m  be analyzed by soft ionization 

methods, such as, FAB, ESI, and MALDI. Intact derivatized 

glycosphingolipids are also more suitable for soft ionization methods and 

yield better signals. 

So far, a number of different derivatization methods such as trimethyl 

silylatiod6, permethylation67, peracetylation68, ben~ylation~~, and formation 
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of Zaminopyridine deri~atives'~ have been described. In this thesis, 

pemethylation has been used for derivatizing monosaccharides and a 

ganglioside, GMl. Hence, this method will be discussed in more detail. 

1.3.1 Permetbylation 

Perrnetihylation is a common procedine to derivatize carbohydrates and 

carbohydrate-containing compounds for d y s i s  by gas chromatography and 

mass spectrometry. The aim of permethyiation is to achieve etherification of 

al1 free hydroxyl groups. 

An earlier permethylation procedure suggested by Denham and 

~ o o d h o u s e ~ ~  and ~aworth'~ used dimethyl sutfoxide @MSO) and sodium 

hydroxide. Purdie and hineT3 reported the use of siiver oxide and methyl 

iodide. Both the Haworh and Purdie techniques require repetitive 

methylations to obtain complete etherification (pemethylation). 

Kuhn and coworker~'~ improved Purdie's technique, by ushg silver oxide 

and methyi iodide as methylating agents, and dimethyl formamide @MF) as 

a solvent. This procedure promoted complete methylation in a single step. 

75,76 Some modifications ushg barium hydroxide or sodium hydroxide77 were 

reported to be better than using silver oxide. With these bases, the reaction 



could be performed in DMSO, which is a betîer solvent than DMF for 

polysaccharides. 

A simple and convenient method for permethylation of carbohydrates and 

carbohydrate-containhg compounds is probably the Hakomori rneth~d'~. In 

this method, carbohydrates are treated with the strong base methyl- 

sulfinylmethyl sodium in DMSO. The hydroxyi functions are thus ionized 

to give the corresponding polyalkoxide ions, which then react readily with 

methyl iodide. These two step reactions are shom below: 

R-OH + CH3SO-CH2- ~ a +  + R-O- ~ a +  + CH3SOCH3 

R-O- ~ a "  + CH31 + R-@CH3 + Nd 

Complete methylation may be accomplished in one step. Isolation of the 

methylated carbohydrate is simple and the procedure is suitable for both 

macro and micro-seale preparations. In spite of low yields (0.3 mol of 

permethylated derivative per mol of sugar), the Hakomori method has been 

used extensively in structural investigation of carbohydrates. The use of 

potassium tert-butoxide instead of sodium hydride improved stability of the 

reagent but did not substantially increase the yield of the reaction7'. 

A procedure introduced by Ciucanu and lCerekg0 has a better pemethylation 

yield (98% + 2) upon a very short reaction tirne (6-7 min). This rnethod is 

experirnentally easier and yields cleaner products, and is therefore preferred 



to other methods for many applications. The method is based on the use of 

solid bases such as powdered sodium hydroxide (NaOH) in DMSO and 

methyl iodide. In this procedure, methylation of carbohydrates occurs 

through the successive, base-catalyzed ionization of hydroxyl groups 

followed by reaction with the methylating agent. The methylating technique 

described by Ciucanu and ~erek*' for carbuhydrates is well adapted to the 

analysis of glycosphingolipids67 and for other carbohydrate-containuig 

biological compounds. Because it is simple, fast, and reliable producing 

good yields. It completely methylates al l  hydroxyl, carboxyl groups and 

amido nitrogens and has few by-products. 

1.4 Methaaoiysis 

The k t  step in the analysis of carbohydrate-containhg biologicd 

compounds by GC/MS is cleavage into monosaccharide uaits. This is 

usuaily performed by hydrolysis with aqueous acid or by methanolysis. 

~ o m o l ~ s i s ~ '  (with 90% formic acid at 100~~) is another possible method. 

Carbohydrate chains can also be cleaved selectively, for example 1+6 

ùnkages of carbohydrates can be cIeaved using acetolysisg2. 

Methand ys is converts dl carbohydrates to rnethyl glycosides or methyl 

ketals (neuraminic acid) and converts all fiee carboxyl groups such as those 



in neuraminic acid and hexwonic acid to methyl esters. Methanolysis is 

24,27 performed with 0.5-IN methanolic HC1 at 8 0 - 1 0 0 ~ ~  . This reagent cm 

be prepared by bubbling gaseous HCI into methmol. Methanolysis is a 

satisfactory procedure for the determination of al1 monosaccharides, and it 

enables dl components to be analyzed together in a single procedure which 

is advantageous over other methods. Methanolic HCI can be removed by 

rotary evaporation. However, during Uiis procedure, extensive loss of 

monosaccharides can take place, so it is preferable to neutralize the acid by 

silver carbonate before rotary evaporation. It has been obsemed that 

methanolysis c m  cause de-N-acetylation of aceto amido sugars. This cm be 

overcome by re-N-acetylation using acetic anhydride. 

In general al1 monosaccharides are reasonably stable in 2 M metbanolic HCI 

at 85Oc and 1M methanolic HC1 at 100'~. However 3% of hexuronic acids 

cm be lost in 2M a d  at 85Oc, and 9% in IM acid at 100'~~~. At higher 

concentrations of methanolic acid (2-4 M), al1 monosaccharides undergo 

desiruction to various e~tents~~ .  

1.5 Goals of the present research 

Most methylation analysis procedures for oligosaccharides yield mixtures of 

monosaccharides mainly composed of permethylated p yranoside and 



furanoside species. Each of these species has a characteristic retention 

behavior in chromatography and a characteristic mass spectrum. Therefore, 

it is necessary to have permethylated monosaccharide standards to 

characterize those chromatographic and spectral behaviors. Hence, the 

objective of the fkst part of this research was to investigate the influence of 

some of the permethylation reaction parameters on the proportion of 

isomeric products obtained for monosaccharides. The ratios of three five- 

membered and six-membered ring products obtained for two permethylated 

monosaccharides, D-galactose and L-fucose, have been determined as a 

function of different reaction parameters such as temperature and time of 

reaction. In addition, column chrornatographic and thin layer 

chromatographic methods were developed to isolate individual isomers of 

permethylated D-galactose and L-ficose with separation monitored using 

gas chrornatography/mass spectrometry. This technique produced 

permethylated monosaccharide standards for M e r  identification of 

~ 0 ~ 1 1 s .  

The second part of this thesis focuses on developing a method for qualitative 

detemination of gangliosides. In this case, two methods have been used to 

characterize a monosialoganglioside, GMl. The fist method involves the 

anafysis of native and derivatized GMl by ESI-MS. In this method the 



molecdar weight of the ganglioside is determined. Due to fragmentation of 

GMI some peaks that indicate the nature of the carbohydrate and of the 

ceramide chah aiso appear in the spectnim. 

The other method used gas chromatography/mass spectrometry to determine 

the individual components which make up the ganglioside. Thus the goal of 

this research was to investigate the performance of the G C M  method for 

the analysis of ganghoside species and to develop G C M  conditions for 

analysis of ganglioside sub-components. A combination of both methods 

can give detailed infornation about the type of ganglioside, hence this 

research emphasizes a structural investigation of gangliosides by combining 

information obtained fiom these methods. 

1.6 Mass Spectrornetric Techniques Related to This Research 

1.6.1 Instnimeatation 

Al1 mass spectrometers consist of three basic cornponents: the ion source, 

the mass analyzer, and the detector. Ions cm be produced h m  the sample 

in the ion source by many ionization methods. The mass analyzer separates 

ions according to their mass to charge ratio (dz ) .  The ions strike the 

detector and produce signals proportional to their relative abundances. A 

plot of the relative abundance of ions versus m/z ratios is recorded ; this 



graph is known as a mass spectnun. A schematic representation of the 

components of a mass spectrometer is shown below. 

introduction 
system W 

Figure 1.3: Schematic representation of a m a s  spectrometer. 

1.6.2 Methods of ionization 

Since J. J. Thomson developed the k t  mass spectrometer in 19 ng3, the 

field of mass spectrometry has shown tremendous advances in 

instrumentation and applications. The formation of ions is an essential part 

of mass spectrometry. Typicdly, mass spectrometers have used electric and 

magnetic fields to separate ions according to their m h  ratios. Until recently, 

mass spectrometry was limited to relatively low molecular weight and 

volatile species that codd be anaIyzed as gases, by El 84 or CI 85. More 

recently, newer ionization techniques, such as FAB 86, secondary ionization 

mass spectrometry ( S M )  ", and plasma desorption ionization have been 

developed for the characterkation of various involatile compounds in the 

low kilo Dalton range (mas < 5 Da). Currently, MALDI and ESI have 

emerged as effective bioanalytical tools for ionizing large biological 



molecules. This chapter reviews only the ionization methods used in this 

research. 

Table 1.1: Methods for ionization of bioorganic compounds 

l Ionizationtecbnique Acronym l 1 Meaos of ioniZPtiou 

Electron beam/electron transfer l 
1 MatrUr assisted laser 1 MALDI 1 Photon adsorption/proton transfer 

I 

Fast atodion 
bombardment 

1.6.2.1 Electron Impact Ioaization 

The electron Mpact ionization source was fkst used by Dernpster in 1918~' 

and subsequently developed by in 1947. A schematic diagram of the 

electron ionization source is shown in Figure 1.4. 

A Stream of electrons, emitted fiom a heated tuneten or rheniurn filment 

are accelerated (usually 70 keV) towards the ionization region, where a 

srnall Eraction of Vlem interact with the gaseous sample molecules, and the 

remainder itnpinge on the trap electrode. UsuaUy, a constant ionizing 

FAB, SIMS 

desorption/ionization 
Electrospray ionization 

Ion desorption/proton transfer 

ES1 Evaporation of charged drop lets 



Source 
magne ts 

Filament 

1 Repeller 

Figure 1.4: Schematic diagram of an electron impact source. 



electnc current is maintained by a feedback circuit to the nIament power 

supply to maintain a constant trap cment. The samples to be analyzed must 

be in îhe gas phase at a pressure of less than 104 torr in the ion source. 

Higher pressures will lead to ion/moiecule interactions between the primary 

ions and the neutral molecules. Such reactions c m  distort the mass spectnim 

by producing new species such as the protonated molecde (M+H)+. Gaseous 

sample molecules entering the ionization region uiteract with the beam of 

electrons to fom positive and negative ions. It is estimated uiat only I in 

93,94 100 molecules in the ion source is ionized . Usually more positive ions, 

which are in the form of radical cations, 

ions. 

The production of ions can be classified 

Ionizat ion 

ABC + e + ABC++ 

Dissociation ionization 

are formed rather than negative 

under the following schemes; 

2e (1) 

A B C + ~ + A B + + C + ~ ~  

A B C + ~ - + A C + + B + ~ ~  

Ion pair formation 

ABC+~+AB'+C-+e 



Electron capture 

ABC + e + ABC- 

Dissociative electron capture 

ABC +e +AB-+ C (5)  

Reaction (1) occurs when the energy of bombarding electrons exceeds the 

ionkation energy of the molecde ABC. Greater electron energy is required 

for Reactions 2a and 2b because such reactions involve a chernicd bond 

rupture. Under normal operating conditions (20-70 eV) Reactions 1,2a, and 

2b are dominant processes with a minor connibution fiom Reaction 3. The 

electron capture reactions (Reactions 4 and 5 )  are usudly resonance 

processes, which have significant cross sections oniy over a very narrow 

range of energies usuaUy, in the range 0-10 eV. 

1.6.2.2 Electrospray Ionization 

~ o l e ~ ~  proposed the use of electrospray as a source of gas phase ions and for 

their analysis by mass spectrometry in 1968. Despite the promising early 

evidence of Dole, application of ES1 to mass spectrometry waited until 

Yamashita and ~ e n n %  introduced modem ESI-MS in 1984. ~leksandro?~ 

and co-workers independentfy reported the couphg of an ES1 source to 

magnetic sector mass spectrometers at approximately the same the .  The 



characteristic feature of ES1 which distinguishes it fkom other ionkation 

methods is that it is performed under atmospheric pressure and it generally 

imparts multiple charges to larger molecules. The formation of multiply 

charged ions Ieads to substantially lower m/r ratios. This allows the analysis 

of larger molecules by conventional m a s  spectrometers with a limited m a s  

range, 

ES1 is an excellent way of ionizing samples in solution and has been used to 

study a wide range of cornpounds including proteins98, glycoconjugatesg9, 

nucleotides'O0 (including DNA, RNA and oligonucleotides), fiillerenes'O', 

s ynthetic polymers 'O2, and inorganic transition metal complexes'03. 

The process of ES1 involves three major steps: (1) formation of charged 

droplets at the eiectrospray capillary tip; (2) shrinkage of charged droplets 

by solvent evaporation and (3) production of gas phase ions fbm the very 

small and highIy charged droplets. 

In this process, a fme aerosol of highly charged droplets are created by 

applying a voltage of +2 to +4 kV to&e metal capillary tip (Figure 1.5). 

The charged droplets produced shrink by solvent evaporation until they 

reach the Rayleigh stability lunitW while the charge temains constant At the 

Rayleigh limif the electrostatic repulsion becomes just sufficient to 

overcome the surface tension that holds the droplets together, and fission of 



Figure 1.5: Schematic representation of charged droplet formation. 



the droplets occurs. Such fbpentation is generally referred to as 

couZombicfission. It is unclear whether ions escape fiom droplets (i.e. field 

ionkation) or solvent evaporates to leave ions (i. e., droplet evaporation), and 

the two mechanisms are likely be experimentally undistinguishablel? 

1.6.3 Mass AnaIyzers 

Mass analyzers distinguish ions over a p&icular mass range by making use 

of appropriate electric fields, sometimes in combination with magnetic fields 

or field-fkee regions. The f b t  mass analyzers, made in the early 1900s, used 

magnetic fields to separate ions according to theîr m/z ratios. Modem 

analyzers whose designs include variations on the early magnetic methods 

now offer high accuracy, high sensitivity, high mass range and an ability to 

give structural information. 

The choice of mass smalyzers depends on a number of interrelated factors 

such as mass range, resolving power, accuracy of mass measurements, ion 

transmission, sensitivity, scanning speed, and ease of use with anc i l fq  

equipment (such as chromatographie equipment). No one mass analyzer is 

suitable for all applications and the choice of instrument is deterded by 

the type of problem under investigation. 



Several types of m a s  analyzers exist. These include magnetic sectors, 

quadrupole mass filters, ion traps, ion cyclotron resonance devices, and time 

of  flight analyzers. This chapter reviews double focusùig, quadrupole mass 

Nter, and ion trap mass analyzers, which were used in this research. 

1.63.1 Double Focushg Mass Analyzer 

The separation of ions accordmg to their mass to charge Tafios cm be 

achieved with electnc and magnetic fields alone or ~rnbined'~'. A single 

magnet cm be used tu deflect a beam of ions based on their m/z ratios. This 

type of instrument is known as single focusing mass analyzer. The resolution 

of this instrument is low, because it focuses ions of the same mass with 

different kinetic energies at different mass values. The resolution of the 

instrument cm be improved by placing an electric sector before the magnetic 

analyzer. This combination is known as double focusing mass analyzer, as 

represented schematically in Figure 1.6. The combined use of electric and 

magnetic sectors gives a double focusing property. The ion beam is focused 

fmt for translational energy using the electric sector and then the mass-to- 

charge ratio is analyzed by the magnetic sector. 
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Figure 1.6: Schematic representation of a double focusing mass analyzer. 



Velocity selection is achieved by passing ions through a radial electric field 

of radius R and strength E. The force on the ion is zE and to foUow a path of 

radius R the necessary condition is: 

zE = m d R  

Where m is the mm,  v is the velociîy and z is the charge of the ion. 

Ions produced in the ion source are accelerated by a potential V, then the 

kinetic energy of the ions is given by 

KE= 1/2m$=zv 

A combination of these two eqriations give 

R = 2V/E (3 

Equation (3) shows that dl ions of the same energy, regardless of mass wili 

be focused for a given value of E. Therefore, ifthe field E is kept constant, 

the electric sector focuses the ions according to translational energies. 

Accelerated ions which possess a translational energy, zV pass through a 

magnetic field of strength, B, experience a force given by 

F = Bzv (4) 

This force causes the ions to follow an arc of a circle o f  radius r, thus the 

ions possess a centnfugal force that can be expressed as 

F = mS/r (5)  

Combination of equations (2), (4), and (5)  give 



m/z = B ~ ? / ~ v  

Since, for a given instnmient, r is constant then 

d z  = k (g2N) (7) 

Thus as shown in in equation 7 it is possible to focus ions of different d z  by 

varying either B or V. There are certain advantages and disadvmtages to 

both meth~ds'~ ,  but usually V is kept constant and magnetic scannuig is 

employed. 

1.6.3.2 Quadrupole Mass Analyzers 

A quadrupole mass analyzer contains four equidistant rod electrodes 

manged syrnrnetrically relative to the z-axis, as shown in Figure 1.7. The 

rods are electrically cunnected in opposite pairs to radio fiequency RF and 

DC potentiais, which fom a hyperbolic electrostatic field 107-109 . Opposite 

electrodes have identical charges. DC voltages which are opposite in sign 

and AC voltages which are 180* out of phase of each other are applied to 

each electrode pair. For example in Figure 1.7 the potential applied to the 

horizontal pair of electrodes is: 

V+=U+ACosot  (1) 

Where U is the applied DC voltage and A and ot are the amplitude and 

eequency (a = 2scn of the AC voltage, respectively. Similarly the 



Figure 1.7: Schematic representation of a typical quadrupole mass analyzer. 
a time varying electric potential consisting of a DC component (U) and an 
AC component (A cosat) is applied to oppositely paired elements. 



potentiai applied to the vertical pair 

V- = -U + A COS (attn) 

of electrodes is: 

(2) 

The superpositions of these potentials in space resdts in a quadrupolar 

electric field which c m  be expressed as: 

v,=v(J+J)/r,2 (3) 

Where x, y, and r, are the x-coordinate, the y-coordinate, and the 

radius of cmature of the cpadrupole elements, respectively. 

Differentiating Equation 3 with respect to tune and making a number 

of substiMions give a series of equations hown as Mathieu 

equations 110, I I I  that describe the conditions of stable trajectory. 

An accelerated particle that enters the mass analyzer osciuates in a 

cornplex marner, according to its m/s and the applied ratios. 

For every value of these ratios, ions of only one nu2 are able to pass 

completely through the filter and reach the detector. The others, 

having trajectories of greater amplitude, collide on one of the charged 

rods and discharged themselves. A fwed RF/DC ratio will allow ions 

of only one m/= value to pass through the filter. If the RF/DC ratio is 

gradually varied, (scanned) it is possible to obtain a full mass 

spectnim. 



1.6.3.3 Quadrupok ion trap mass analyzers 

In the early 1950s, Wolfgang Paul and his CO-workers developed the 

quadrupole mass flter and the quadrupole ion trap, which both could be 

used to determine the d z  ratios of ions Il2. A quadrupole ion trap is a 

three dimensional analogue of the quadrupole mass filter. This device is 

roughly tbe size of a tennis bail and comists of three hyperbolic shaped 

electrodes (Figure 1.8): two end-cap eleciodes that are nomally at ground 

potential and a ring electrode between them to which a radio fiequency (RF) 

voltage, often in the MHz range, is applied to generate a qyadmpola. electnc 

field' 14,115 

Ions are trapped due to a RF fieid created by applyhg a RF voltage to the 

ring electrode. Trapping of ions is assisted by the presence of helium gas at 

a pressure of approximately 0.001 torr. This gas coliisionally cools ions and 

forces them into the center of the ion trap1I6. Ions above a certain minimum 

m/z ratio are trapped and cycle in a predomllidy sinusoïdal motion. The 

magnitude of the RF voltage determines the amplitude and the fiequency of 

the motion and the minimum m/- ratios of ions. This is described by the 

Mathieu parameterl 16, q, which is expressed by q=4~/(m/z~2r:, where, V is 

the RF amplitude, d z  is the mass to charge ratio, o is the RF angular 

fiequency and r, is the radius of the ring electrode. 



Ion trajectories become unstabie when q = 0.908. This creates a welI- 

defined low mass cut-off value for a given value the amplitude of the RF 

voltage, V. Thus ions above the cut-off value will be trapped and ions 

below the cut off d z  value w i U  be ejected. 

Mass analysis of ions with quadruple ion traps were originally 

accomplished by using either one of two techniques " mass selective 

371 17 stability detection" or "mass selective storage . Due to limited mass range 

and resolution, these methods of mass measurement were not practical for 

many analytical purposes. George Stafford and co-workersl ' developed a 

better technique hown as "mass selective instability mode of operation". In 

this procedure, a change in operating voltages (additional RF voltage) is 

used to cause trapped ions of a particular m/z to adopt unstable trajectories. 

To record the mass spectrum, th& RF voltage is increased with time so that 

ions of successively greater d z  ratios develop unstable trajectories and exit 

through perforations in an end cup, and become detected with an electron 

multiplier. 

A variant of the mass selective instability mode is resonant ejection rt4t,116 In 

this mode, ions are brought into resonance by applying a fixed fiequency 

auxiliary field across the two end-cap electrodes. The ions may then absorb 

sufficient power to exit the ion trap and be detected at the extemal detector. 



This mode of mass instability enhances the resolution and sensitivity of the 

ion trap mass spectrometer. The other significrmt advantage of this method 

is that it increases the mass range of the instrument. 

1 -6.3 Collision Indueed Dissociation Mnss Spectrometry (CID-MS) 

Collision induced dissociation (CID) is a widely employed mass 

spectrometric technique for probuig a d y t e  str~ctures"~. CID involves 

inelastic collisions of translationally excited ions with neutral inert gaseous 

atoms or molecules to generate kagrnent ions. The following generalized 

equation describes the fiapentation process by CID. 

W + N - + ~ * + X + + Y + + Z + .  

Where W represents the "parent ion7', N is the ioert gaseous a t m  or 

rnolecule, (M+)* is the activated ion with excess intemal energy and X', Y+, 

Z+ are "product ions" or "fragment ions" or "daughter ions". ES1 typicdy 

uses a triple quadrupole mass spectrometer with CID to perform structura1 

analysis of sample molecules. The triple quadrupole mass spectrometer 

(QQQ) is composed of a series of three quadrupoles, each with different 

functions. A schematic representation of a îriple quadrupole mas 

spectrometer is shown in Figure 1.9. 
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Figure 1.8: Schematic diagrarn of ion trap electrode. 
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Figure 1.9 : Simplified schematic diagrarn of a triple quadrupole mass 
spectrometer. 



The h t  quadrupole, QI, is used to select ions with one m/z value of interest 

and introduce those ions into 42. QI is operated by application of the 

appropriate RF and DC voltages. The second quadrupole, 42, does not 

fiuiction as a mass analyzer. Instead it semes as a collision cell and is 

operated with a RF field only. Daughter ions, or fragment ions, are 

generated in this ceU by colliding the parent ions with molecules of an inert 

gas (e.g. argon, helium). The emerging daughter ions are then accelerated to 

the third quadrupole, 4 3 ,  that serves to analyze them according to their m/z 

values. Ions exiting 4 3  are then detected. 



EXPERIMENTAL 

2.0 Introduction 

The experimental section of this thesis is divided into three parts. The fmt 

part describes permethylation of monosaccharides to produce fiilly 

methylated sugars. These methylated sugars are then analyzed by GC/MS, to 

determine the proportions of different glycoside isomers produced by 

permethylation. 

En the second part, chromatographie methods were developed and adapted for 

isolating isomers of rnethylated monosaccharides (P and a ppanosides and 

furanosides). The isorners are then characterized by GC/MS. 

The third part of this thesis describes the characterization of 

glycosphingolipids. Here, glycosphingolipid samples are permethylated, and 

their molecular weights are determined by ESVMS to ensure complete 

methylation. The permethylated samples are then subjected to methmolysis 

and analyzed by GC/MS and ESWS. 

2.1 Reagents 

Monosaccharide samples D-galactose (99.9%) and L-fucose (99%) were 

obtained fiom Sigma Chernicals (St. Louis, MO) and used without M e r  

purification. Dimethylsulfoxide (DMSO), methyl iodide and solvents such as 



heptane, cyclohexane, methanol, & dichloromethane were purchased fkom 

Fisher Scientific (Anachernia Fairlawn, NJ). Isopropanol, s o h  hydroxide 

and chloroform were obtained fiom Mallinckrodt (Paris, KY). Deuterated 

chloroform was purchased fkom Cambridge Isotope Laboratmies (Andover, 

MA)- 

Methyi-D-galactopyranoside (a and B) and methyl-L-fircopyranoside (a and 

p) were obtained £kom Sigma Chemicals. Methyl-D-gdactof'uranoside (a 

and p) and p-methyl-l-fucohanoside were purchased from Color Your 

Enzyme (Kmgston, ON, Canada). 

AIuminum sheet TLC plates coated with 0.25 mm of silica gel 60 Fm were 

purchased fiom E. Merck (Darmstadt, Gemany). Silica gel 60,230400 

rnesh, 40-63 microns, used for column chromatography was obtained h m  

Malrinckrodt . 

Monosialoganglioside (GMl) was obtained f?om Sigma and, 3N methanolic 

HCl was purchased £hm Supelco (Bellefonte, PA). 

2.2 Permethyllition 

Permethylation is a cornmon procedure to derivatize carbohydrates for 

andysis by gas chromatography and mas  spectrometry. Two procedures are 

considered to be most suitable for permethylating carbohydrates and 



carbohydrate containing compounds. The k t ,  which was originally 

described by ~akornori~', uses the anion of DMSO (dùnsyl anion DMSO-) 

to remove hydroxyl protons fiom the sampie prior to their replacement with 

methyl groups. The second procedure, which was uitroduced by Ciucanu & 

ICerekBo, uses solid sodium hydmxide base in DMSO and methyl iodide. The 

latter procediire is experllnentally easier and yieIds a cleaner product and has 

therefore been used in this research. 

2.2.1 Pemethylation of Hexoses 

Permethylation of D-galactose and L-fucose was perfiormed according to the 

method used by Larson et da6', which is adapted from Ciucanu and ~erek's" 

method. Briefly, 4-5 m g  samples of sugars were placed in screw-cap culture 

tubes and 450-1000 J.& of DMSO and 32-82 mg of powdered sodium 

hydroxide were added to each sample. The mixtures were sonicated at room 

temperature for 0-60 min. Methyl iodide (1 00-200 $) W ~ S  then added and 

the mixtures were sonicated for 15-180 min at 15-50 O C .  

The permethylated products were then recovered with chlorofoxm (2 rnL) 

extraction. The organic layers were washed four times with 2 mL of distilled 

deionized water. Chlorofom was evaporated in vanro and the permethylated 

products were dissolved in dichloromethane for M e r  analysis by GC/MS. 



2.2.2 Permethylation of reference standards 

Pemethylation of methyl-galactopyranosides and furanosides ( and p), and 

of p-methyl-L-fucofiuanoside &O followed the same procedure, however the 

mixtures were sonicated for a fked time of 30 minutes after the addition of 

DMSO, powdered sodium hydroxide and methyf iodide. 

2.23 Permethyktion of giymsphingoüpids67 

A solution of glycosphingolipid, monosialoganghoside (GMi) (1 mg/mL) 

was evaporated to m e s s  in a screw-cap culture tube. DMSO (1.5 mL), 

powdered sodium hydroxide (30-80 mg), and methyl iodide (1 mL) were 

added and the mixture was sonicated for about 2-3 hours at room 

temperature. The product was then extracted using two 2 mL portions of 

chloroform and washed 4-5 times with distilled deionized water. The solvent 

was evaporated in vacuo. The dried sample was dissolved in 1 mL of 

acetonitrile and aaalyzed by ESI/PVIS. 

2.3 Methanolysis of glycosphingoüpids 

A camplete release of sugars firom many biological materials cm be effected 

by methanolysis with 1-2 N anhydrous methanolic HCl at 85-100 OC for 3 

24.27 hours or more . Methanolysis appears to be as efficient as hydrolysis at 



cleaving glycosidic bonds and dso causes less destruction of carbohydraîe 

than does aqueous acid hydrolysis. 

To a methylated glycosphingolipid (OS- 1 mg) dned in vacuo, methanolic 

HCI (1.5 mL) was added, and the sample was heated at 90 OC for 6-14 hours. 

Powdered silver carbonate (ca 100 mg) was added to neutrdize the sample. 

The sampIe was cenmfbged, and the supernatant was transferred to another 

tube and dried in vacuo. Chlorofom (ca 2 mL) was added and the sample 

was washed four times with deionized water. The solvent was evaporated Ni 

vacuo and the fhaI product was analyzed by GC/MS, using dichloromethane 

as the solvent. 

2.4 Instrumentatioa 

2.4.1 Gas chromatogmphylmass spectrometry ( G C W )  

Analyses were performed on a Varian 3400 gas chromatograph (Varian 

Chromatographic Systems, Wainut creek CA) coupled to a Finnigan Mai 

800 ion trap detector (ITD) (Finnigan Corp., San Jose, CA) equipped with a 

ITD 4.10 data system. The second system used was a HP 5890 gas 

chromatograph (Kewlett Packard Canada, Calgary, Alberta) coupled to a 

HP5988 single quadrupole mass analyzer. The third system used was a HP 

5890 gas chromatogram (Hewlett Packard ) coupled to a VG 7070E-HF 



double focusing mass spectrometer (VG Analytical Ltd, now Micromass, 

Manchester, England). For both GC/MS systems, scans were effected on a 

range of 50-650 Da Each gas chromatograph was equipped with a 30 m x 

0.25 mm i .d DB-5 column (J&W Scientific Inc., Folsom, CA) with a 0.25 

mm frlm thickness. 

The tramfer lines ta the three mass spectrometers were maintained at 275 O C .  

AU samples were injected as solutions in dichlorornethane. In each case, the 

injection port temperature was 260 OC and the helium canier gas flow rate 

was 20 rnl/mxn. 

The temperature program used for permethylated sugars was as follows: the 

initial temperature of 80 OC was held for 10 min, then the temperature was 

increased to 260 OC at the rate of 20 Oc/min, held at 260 OC for 10 min, 

increased to 265 OC at the rate of 2  min and finally held for 2 min. 

The monosaccharide standard mixtme and methmolysis products obtained 

f?om glycosphuigolipids were analyzed using the third G C M  system 

desmbed above. The column temperature program was, as follows: the 

initial temperame of 200 OC was held for 2 min, then the temperature was 

increased to 280 OC at the rate of 10  min, and finally held at 280 OC for 2 

min. 



2.4.2 Thin Iayer chromatography 

Experiments to characterize permethyfated galactose and ficose were c d d  

out with 0.25 mm. silica-coated aluminium plates with 8-12 successive 

elutions. Each elution took 25-30 minutes and the plates were dried at room 

temperature for 10- 15 minutes. The plates were developed in isopropanot 

ethyl acetate-hexanes (1 :9:40). Visualization of plates was pedormed by 

spraying 5% H2S04 in ethan01 and heating the plates for 10-20 min. at 80- 

110 0cL207 12! 

Preparative separations of pemethylated galactose and fucose isomers were 

performed ushg continuous TLC elution and a mixture of isopropanol-ethyl 

acetate-heptane (1 :9:40). Sepmation of the permethylated galactose isomers 

required 14-1 8 hours of continuous development, whereas in the case of 

fucose, ody 7-9 h m .  Samples of pemethyIated sugars (5-1 0 mg) were 

loaded onto Imm thick 20 x 10 cm silica coated glass piates. A type of 

continttous elution chromatography, as described by   ru ter'^ and ~ i j n d e n ' ~ ~  

was used. In this method, a few centimeters of the top of the plate are 

exposed to the outside of the TLC chamber, thus causing the solvent to 

evaporate. The charnber is sealed with a cuver, which has a narrow space at 

the center ta let the plate out at the top. Development was carried out in a 

circular glas jar (16 x 1 1.5 cm id.). 



Bands were scraped off the plates and dichlonnethane was added to the 

powder to dissolve the product. The resulting solution was then fiftered and 

processed for GC/MS. A small part of the plate on one side was sprayed by 

5% HzSOj solution and heated for 20-30 min at 80-200 OC, to locate the 

positions of the products. 

2.4.3 Column chromatography 

A 0.7 x 20 cm glas  column, packed with 100 g of silica which resulted 13 

cm length of packhg was used for column chromatographie separation. The 

best solvent found after optimization was a mixture of 3: 1 cyclohexane ethyl 

acetate. The flow rate was 0.3-0.5 mL/min. The amount of sample 

(pennethylated sugar) loaded onto the column for one separation was on the 

order of 5-7 mg. 

2.4.4 Eleetrospray ionization mass spectrometry 

Solutions of native GMI and pennethylated GMi (20 $) were injected into 

the mass spectrometer. The instrument used for these analyses was a 

Quattro-LC from Micromass (Manchester, W) equipped with a 2-SprayN 

electrospray source. Solutions were injected using a 20 pL loop, and the 

c m y h g  solvent was at a £low rate of 10-1 2 &/min (600-800 @). A 



syringe pump (KD scientific Inc, Boston, MA) was used to provide the 

ca-g solvent (acetonitrile-water 5050). The smples were sprayed with 

3.50 kV electrospray needle voltage, and the cone-voltage (declustering 

voltage) was set at 60 V. The source block temperature was set at 110 OC and 

the desolvation temperature, at 1 3 0 O C .  

Mass spectrometric rneasurements were taken in the positive ion mode for 

methylated samples and the negative ion mode was used for native GMl. 

The scan rate was set at 300 ds. 



DISCUSSION 

3.0 Discussion of the influence of reaetiou conditions on 
monosaccharide perrnethylation products 

3.0.1 Perme thylation products of D(+)-galactose 

Reducing sugars are usudy stable in their crystalline state, but in aqueous 

solution, the hemiacetal M a g e  opens and reforms to give products with 

diffêrent ring sizes and anomeric config~rations'~~. As a result, sugar 

solutions may be very complex and their composition c m  vary with the type 

of solvent, temperature, pH, and concentration'? 

~ e r l i n ' ~ ~  and ~acKie'*' published two articles that describe the influence of 

solvents on solution equiiibra of sugars. These articles showed that in 

solvents other than water, the a$ pyranose ratio is higher (if the a-anomeric 

hydroxyl group is axial) and that there is a greater proportion of fùranose 

forms than in water. Maple and ~ ~ e r h a n d ' ~ *  and Frank and co~orkers '~~  

determined the composition of glucose solutions over a wide range of 

temperatures. ~ n ~ ~ a l ~ ~ ~  reported that an equilibrated DzO solution of 

glucose contains 64% P-D-glucopyranose and 36% cc-D-glucopyranose, at 

20O~. He also reported the proportions of a and fi glucopyranosides 

observed when D-glucose is dissolved in DMSO, without a base. The 

relative amounts reported were 45% a-glucopyranose and 55% 



B-glucopyranose, with no mention of other two possible isomers (a- and fl- 

fiiranoses). Similar proporîions were found when D-glucose was dissolved 

in pyridine. In this solvent, the amount of B-glucopyranose decreased by 2% 

and both a- and B-gluco~anosides make up for that 2%. These 

proportions, dthough measured in a non-basic environment, refl ect the 

numbers reported by Ciucanu and ECerekSQ and our laboratory for 

permethylated de ri vat ive^'^'. In the same publication, ~ n ~ ~ a l ~ ~ ~  reported 

the following proportions for the fomis of D-galactose in pyridine: 3 1% a- 

galactopyranose, 46% P-galactopyranose, 5% a-galactof'uranose, and 18% 

B-galactofiiranose in cornparison to 30%, 64%, 2.5%, and 3.5% respectively 

in water12'. Unfortunately, no such data were given for galactose in DMSO. 

According to Femer and ~ o l l i n s ' ~ ~ ,  aprotic solvents [e.g. N,N-dimethyI 

formamide @MF) and DMSO] do not solvate sugars as well as water does, 

and as a consequence they enhance the anomeric effect and yieId a higher 

proportion of five-membered ring cornpounds. The figures given above for 

galactose in pyridine vs. water agree with this statement. 

It has been suggested that a basic environment w i U  influence the rate of 

mutarotation in aqueous solutions. Hence, it will affect the proportions of 

sugar forms in solution. It is difficult to evaluate the pH values of a basic 

solution in DMSO but typically, DMSO solutions of NaOH are more basic 



than the corresponding aqueous solutions. In assinning that the 

permethylation method of Ciucanu and ~ e r e k ~  was performed in a more 

basic environment, substrates such as D-glucose @Ka=12.28) and D- 

galactose (pKa=12.30) should be in their monoanionic form7*, if not 

diani~nic'~~. The proportions of anomeric species as opposed to electricalfy 

neufrd species have not been discussed in detail in the fiterature. The ability 

of hydroxide ions vs. silver, barium and strontium oxides to act as acid 

receptors has been discussed as a possible factor influencing the proportions 

of ionic/nonio~c substrate molecules in methylation reacti~ns'~~. 

Walker et al.75 reported complete methylation of reducing sugars using silver 

oxide and methyl iodide in DMF solvent. ui their procedure, a mixture of at 

least two and sometimes four completely methylated giycosides (pyranose 

and fùranose f o m )  were obtained. According to their report, galactose 

yielded 80% methyl-2,3,5,6-tetra-O-methyl-a-D-gdactoanosde (agf), 

i 0% methyi-2,3,4,6-tetra-O-rnethyI-~-D-gdacte (Bgf), and 1 0% 

of (a- and B-) methyl-2,3,4,6-tetra-O-methyI-D-galactopsde ( a g p  and 

Bgp). ~ e e ~ ~ ~  reported the separation of M y  methylated galactosides by thin 

layer chromatography. She observed three spots in order of decreasing Rf 

values, corresponding to Bgf, agf overlappùig with pgp, and agp. 



According to our permethylation procedure Il(+)-galactose yielded two 

major products and two minor components. A composition of(7f2)% f3gf 

(Product l), (6 le)% of Bgp (Product 2), and (32&.2)% of agf (Product 4) 

was found when using Method 2 in Table 3.1. A very s m d  proportion of 

agp (Product 3) was obtained, and this compound CO-eluted with 4. 

Figure 3. la shows the G C M  total ion cment (TIC) obtained fiom 

permethyl ation using Method 2 as a bench mark for starting the present 

investigation. A similar trace was obtained fiom Method 1, which involves 

a longer sonication time than Method 2, bath before and after addition of 

methyl iodide. The sonication of DMS O, galactose, and NaOH mixture was 

aimed at making the solution as homogeneous and base saturateci possible. 

Interes tingly, a shorter sonication time (Method 3, Table 3.1) was found to 

have an important impact on the proportions of Products 2 and 4. 

Previous reports demonstrated the importance of temperature i25' 136 and W 8 O  

on mutarotation and anomerization of sugars. Smirnyagin and ~ i s h o ~  "' 
studied the kinetics of glycosylation of D-galactose, and their results 

confirmed an earlier observation for pentosesL3*. According to their results 

when D-galactose is subjected to methmolysis in methanolic HC1, 

galactofuranosides are pr eferentidy fomed first and theY relative 

concentrations decay as they isomerize h t o  galactopyranoses or anomerize. 



These authors also showed the effect of temperature on the relative 

concentrations of galactosides (fbranose and pyranose forms) for periods of 

time of more than 200 h. 

Collins and ~errier'~' reported that when galactose is heated under reflux in 

metliano1 containhg 2% HCI, 12 h or more are necessary to reach 

equilibrium between the different glycoside forms. It seems reasonable to 

assume that a similar situation exists for &onk galactose in basic solution, 

in which case the first sonication tirne involved in Methods I to 3 would be 

too short for an equilibrium to be reached. If the addition of CH31 

ccinterrupts" the progression towards evilibn~111, a systematic variation in 

the proportions of permethylated galactosides should be observed, which 

appears to be the case fiom Method 3 to Method 1. The proportions of 

Product 1 and 2 increases, while Product 4 becomes less abundant. 

In methanolic HCI solution, glycosides would be far fkom equilibrium after 

45 min or 1 h of reflwc, which corfesponds more with the times used by us 

for the first sonication. Even if our experirnentd conditions are fa. different 

£kom the methanolysis experiment used by the above researchers 137,138 , this 

rationakation helps in understanding that our starting material (galactose) in 

DMSO is changing with time and temperature. Thus Method 3 yields 

different proportions of products relative to Method 2, and 1, which involve 
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Figure 3.1: GC-MS total ion chromatograms obtained for the permethylation 
products of D-galactose. Referrhg to Table 3.1, (a) Method 2, (b) Method 3, 
(c) Method 5, and (d) Method 7. The three tirne-labelled peaks on each 
chromatograrn correspond to Products 1, 2, and 4, in retention tirne order. 



longer pre-reaction sonication times. The sonication îime was m e r  

reduced to zero with yet another increase in the proportion of agf(Product 

4) to 71% of the total (see Method 4, Table 3.1). 

In the nfth experiment (Method 5, Table 3.1) the reaction time with CH31 

was reduced to 15 minutes. The results were very simila. to diose of method 

4, indicating that the reaction was complete after 15 minutes. Figure 3. l c 

illustrate these results. Collins and ~ e r r i e r ' ~ ~  indicated the possibility that 

pemethylated hexosides may mutarotate in pyridine, but no mention was 

made of DMSO. The similarity in proportion of products obtained with 

Method 4 (85 min reaction time) and Meuiod 5 (15 min) suggests that no 

mutarotation takes place once permethylation is cornplete. 

As pointed out by Ciucanu and ICerekso, there is a strong relationship 

between pH of the starting solution (mixture of monosacchruide, DMSO, 

and NaOH) and equilibrium between anomeric species in solutions. The 

effects of bases on hexoses in aqueous solutions are well do~umented'~~. In 

our experiment when the amount of NaOH was increased (see Method 6, 

Table 3.1), there was a smail increase in the amount of f3gp (r.t. 2050 min), 

at the expense of Products 1 and 4. Our results seem to indicate that high pH 

values (longer pre reaction sonication, NaOH saturation) favors formation of 

pemethylated P-galactopyranoside. In the opposite situation, a lower NaOH 



concentration (no pre-reaction sonication) seems to favor production of 

permethylated galactofurrmoside (a or P) and yield anorner proportions that 

are in a better agreement with those reported by Walker et al.''. 

Epimerization, which is one of the common effects of basic environments, 

did not seem to occur in our experiments. The permethylated products 

obtained with Methods 1-7 had GC retention times and mass spectra that 

characterized fully methylaîed galactosides. 

En aqueous solutions where the concentration of the base exceeds 1%, sugars 

may be converted into isomeric deoxyddonic acids (saccharhic acid, 

isosaccharinic acids) 13'. h o ,  prolonged treatment of hexoses with bases 

may yield 3-carbon fkagments such as 2-hydroxypropionddehyde, pynivic 

acid, methylglyoxal, and lactic acidI3'. No such information could be found 

for solutions of sugars in DMSO. However, these facts may explain the 

presence of side products after long fmt sonication and reaction times. We 

made no m e r  attempts to ÏdentiQ the side products, present at low Ievel 

relative to the fully methylated galactosides (Figures 3.1 a and 3. l b). 

In previous experiments (Methods 1-6, Table 3.1), the reactions were started 

at room temperature (ca. 20-25O~); however the temperature of sonication 

bath gradually increased, reachuig 5 0 O ~  d e r  1 h of reaction. Holding the 

temperature of this reaction constant at 50,30,20, 15, and IOOC showed that 



iow temperature (IOOC and 1 5 ' ~ )  favored formation of agf (Product 4) and 

almost eliminated the six membered ring species, f3gp (Product 2) (Figure 

3. ld). Temperatures above 20O~ (Methods 4 and 5) all yielded 

approximately the same proportion of products. Although the reaction 

appeared to be complete after 15 minutes at the lower temperatures, we felt 

that it was safer to allow 1 h for permethylation. We beiieve that a lower 

starting temperature wiil modiQ the initial proportions of galactosides, as 

observed by Smirnyagin and ~ i s h o ~ ' ~ '  for methyl giycosides at 2 5 O ~  and 

44Oc. Conducting permethylation at low temperature such as 10- 1  OC is aiso 

likely to slow down by-product formation. 

Method 7 (Table 3.1) provided a 8 1% relative yield of a g f  (Fkoduct 4) (Fig 

3. ld), indicalhg that this method might be preparatively useful. Vain 

attempts were made to prepare Bgp (Product 2) exclusively. Large 

concentrations of NaOH and long sonication times before addition of methyl 

iodide were investigated, however very similar results to those obtained with 

Method 1 were obtained. The only effect associated with excess NaOH and 

long sonication permethylation-times was the appearance of s m d  arnounts 

of unidentifiéd side products, possibly saccharic-type acids and srnder 

h p e n t s  as discussed above. 



The effect of altering the amounts of DMSO and methyl iodide relative to 

other reagents was dso investigated. No significant changes in the 

proportions of the products were observed. 

Standard permethylated a and P gaiactopyranosides and gdactofuranosides 

were prepared as described above (see experimentai) and characterized by 

GC/MS. Permethylated a-galactopyranosiae (agp) had a retention hime of 

21 min, the same as pemethylated a-galactofiirmoside, (agf )  thus it was 

diflicdt to identim each of them using GC. However, the mass spectra of 

these compounds were very different in the m/7 80-120 region (see Figures 

3.2a-3.2d). Permethylated a-gaiactof'uranoside produces an abundant ion at 

m/z 101 and pemethylated a-galactopyranoside, at m/z 88. Based on these 

dflerences and by comparing their spectra with NIST library ~ ~ e c t r a ' ~ ~ ,  

Product 4 was identified as agf. A mixture of the four pamethylated 

standards was nin, and three peaks appeared on the GC-chromatogram, with 

agfand a g p  appearing at the same retention tirne (Figure 3.3). nie mass 

spectnim of this peak showed alrnost equdy intense peaks at m/z 88 and m/z 

101. This can be an evidence for the presence of the two compounds, and it 

cm be used as an indicator to detect the presence of agp in our sample. The 

standard permethylated B-galactopyranoside came out at 2050 min. and 

therefore it was possible to positively identie Product 2 as permethylated 
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Figure 3.3: GC-MS total ion chrornatogram obtained for the permethylated 
galactose standards mixture (a and permethylated galactopymosides and 
furanosides). 



B-galactopyranosde ( Bgp ). The pgf standard had a retention time of 2O:43 

min, which connmied the identity of Product 1 as permethylated P- 

galactofbrmoside ( pgf ). The mass spectra of the standard pemethylated 

compounds are similar to those of our sample. A cornparison of the mass 

spectra with NIST library data is also a supporthg evidence for our 

characterization 

3.03 Permethylation products of L-fucose 

It has been reported that partial methyIation of L-fùcose using Fischer's 

procedure''' yields 6% of methyl-a-L-fucofuranoside, 23% of methyl-B-l- 

fucof'uranoside, 54% of methyl-a-L-fucopyranoside and 27% of methyl-P- 

L-fucopyranoside. Similady, using our permethylation procedure, a mixture 

of four isomers was obtained, two pyranosides and two fbranosides. Figure 

3.4 show the G C M  TIC trace obtained for permethylated L-(-)fùcose. As 

shown, a minor peak, which appears first in the chromatogram, corresponds 

to methyl-2,3,4-tn-O-methy1-~-L-6-deo~ygala~to~ano~ide (BR Product 5). 

This product has not been taken into acwunt in the following discussion 

since it constitutes less than 3% of the total product mixture. The percentage 

figures presented in Table 3.2 do not include this minor product. As 

reported in Table 3.2, three major products with Merent proportions were 



Retention tirne, rnin:sec 

Figure 3.4: GC-MS total ion chromatograrns obtained for permethylation 
products of L-fucose. Referring to Table 2, a) Method 9, b) Method 10, c) 

. Method 15, and d) Method 16. The time-labeled peaks on the chromatogram 
correspond to Products 6, 7, 8. 



Meth. No. 1 1'' Sonic. 1 2""onnic. 1 Temp. 1 Prod. 6 1 Prod. 7 1 Prod. 8 
1 (min) 1 (React'n time, 1 ( O C )  1 (Hel. Conc., %) 1 (Rd Conc., %) 1 (Re!. Conc., %) 

min) 
8 60 60 20-50 100 O O 

Table 3.2: Experinicntul conditions of permetliylation of L-(-)fucose, based on the rnetliod of Ciucanu and ~erek"; 
proportions of products relative to the most abundait one (+ 2%) 

Fucose: 4.5-4.8 mg. DMSO: 450 PL. Na0.H: 50 mg. CIj31: 100 PL. 

Produçt 6: Methyl-2,3,4-tri-0-methyl~-6&oxygalactopyranoside (p fp) 
Product 7: Methyl -2 ,3 ,4 - tr i -0 -methyl -a -L-6-deoxyg~de  (afp) 
Product 8: Mc~iyI-2,3,5-bi-0-met11y1-a-L-6-deoxygalaoside (aff) 



obtahed by perrnethylation of L-fucose. These are: methyl-2,3,4-tri-0- 

meth yf-P-L4-deoxy-P-gaiactopyranoside (BQ, Product 6), methyl-2,3,4-tri- 

O-methyla-Ld-deoxygdactopyranoside (a@, Product 7), and methyl- 

2,3,4-tn-O-rnethyl-a-Ld-deo~galactofiiranoside (aff ,  Product 8). 

The permethylated fùcopyranosides, Products 6 and 7 were identified by 

comparing the spectra obtained on the HP system with those fiom the NIST 

libraryiJO. No library spectra were available for permethylated 

fucofûranosides, and these compounds were tentatively identified due to the 

similarity of features fiom galactose to fiicose. Pemethylated galacto or 

fucofiiranosides each yield a main peak at m/z 10 1. The systematic 

identification of the fucosides by cornparison with standard compounds will 

be discussed below. 

Permethylation of our standards methyld-deoxy-p and a-L- 

galactopyranosides yielded products with retention times of 19: 17 and 1 W O  

respectively. Product 6 was therefore identified as pemethylated BOL- 

fucopyranoside @@) and Product 7 as permethylated a-L-ficopyranoside 

(oc@). The mass spectra obtained for these standards matched those of 

samples perfectly. Permethylation of an impure methyl-B-L-fucofuranoside 

standard produced a mixture of 80% pff, and 10% of each of Product 7 and 

8. The permethylated P-L-fucohanoside anomer had a retention tirne of 



19:04 min and produced the minor peak appearing in the chromatograms 

(Figure 3.4, c and d) and wiU therefore not be discussed as part of the major 

products. 

No standard was obtained for methyld-deoxy-a-galactofuranoside. 

However, Product 8 was identified as permethylated a-fucofiiranoside (a@, 

by default and by cornparison of the rnass spectra of the furanose forms of 

pemethylated galactose and fucose. 

Varying the reaction parameters for the permethylation of L(-)-fucose was 

based on the results obtained for D(+)-galactose. Hence, the relative 

amounts of DMSO, CH31, NaOH and fùcose used remained constant in all 

experiments. These quantities are indicated below Table 3.2. Parameters 

subjected to variations were: time of f h t  sonication, reaction the,  and 

temperature. Table 3.2 lis& nine dBerent methods, dong with the 

corresponding proportions of products (Products 6, 7, and 8) obtained. 

In Methods 8 to 1 1 fucose, NaOH, and DMSO were sonicated prior to the 

addition of CH& The general trend shows increasing proportions of 

Products 7 and 8 relative to 6 with shorter pre-reaction sonication tirne. In 

Methods 13-15, the fmt sonication step was omitted and the reaction t h e  

was increased. Longer reaction times (25 min, Method 14 and 60 min, 

Method 15) had the effect of increasing the proportions of Product 6 vs. 7 



and 8 i.e. the effect was similar to that of the longer first sonication time. 

This result suggests that longer sonication tirnes produce strongly basic 

solutions, which favor die formation of Product 6. 

Lowering the reaction temperature (Metbod 16) favored the formation of 

Product 8 and decreased the relative concentration of Product 6 fiom that 

observed using Method 15. The relative proportions of Product 7 were not 

significantly changed with Methods 1 1 to -16. 

The results obtained from Methods 8 and 9 (e.g Figure 3.4a) suggest that 

longer mbhg times of the (fucoseMaOWDMS0) solution yielded almost 

100% of permethylated P-fucopyranoside. These methods are therefore 

advisable to use if preparation of B f p  as a single isomer is desired. Shorter 

mixing times of the temary solution (fucose/NaOII/DMSO), as in Methods 

IO- L 3 showed, a change in the proportion of fucosides, with a tendency 

towards more a@ (Product 7) and aff (Product 8) relative to the previousiy 

predominant pfp. Figure 3.4b illustrates this trend, here Product 7 is a minor 

constituent and has not be resoIved fiom Product 6.  The slight shouIder at 

the right of the peak assigned to Product 6 led us to assign a proportion of 

4% to Product 7. 

The results obtained for fucose are in agreement with the general trend 

observed for the galactose perme thylation reactions. However, much Iess 



information is available about the chemistry of fucose in solution than for 

galactose and interpretation of the results is more difFcuIt. 

In Methods 9 to 13, it is shown that a 15-min reaction time was used for 

complete methylation of the sugar. In such circumstances, we assumed that 

no M e r  isomerization took place once the products were fomed. In 

Methods 14 and 15, the reaction tirnes were deliberately pushed above 15 

minutes. In these cases isomeruaion seemed to occur, either during 

permethyl ation itself, or after the reaction was completed. 

It could also be possible that one (or more) of the isomers was selectively 

being degraded. This would have changed the ratio of isomers and give the 

impression that equilibration between isomers was occurring. This process 

overail favored Product 6, to the detriment of 7 and 8 (Figure 3 .4~) .  

Lowering the reaction temperature as in Method 16 seemed to slow down 

the process and the proportions were pushed in favor of Product 8. Figure 

3.4d shows the corresponding chromatogram. 

3.0.3 Cornparison of mass spectra of galactose and fucose products 

In our publication '31p ') we discussed the GC/MS data for permethylated 

monosaccharides and observed the presence of two or more isomeric 

products. Sùnilar results have been reported earlier 135,143 - We obsewed that 



D-galactose and L-fucose each yielded two major products and one minor 

product based on the set of reaction conditions. Pymnoside-type products 

yielded EI mass spectra that correspond quite well to the spectra found in the 

NTST ~ibrary'~, while fiiranoside type products could not be readily 

identined fiom the same collection of reference spectra 

nie EZ spectra taken at the apex of pyranoside type product peaks were 

somewhat different fkom those obtained for furanoside-type products. The 

main difference is the occurrence of abundant ions at m/z 88 (Figure 3.6 and 

3.9) in the case of pyranosides and the occurrence of m/z 10 I in the case of 

fiuanosides (Figures 3.5, 3.7,3.8, and 3.10). The possible structures of m/= 

10 1 and m/z 88 ions are shown in Figure 3.1 1 and 3.12, respectively. 

A cornparison of mass spectra of permethylated monosaccharides obtained 

using the Finaigan Mat 800 ion trap GC/MS system with those obtained 

using the HP 5988A GC/MS instrument disclosed that the former in general 

produced less fiagrnentation than the HP instrument, even though s imi la r  

ionization conditions (Er, 70 eV) were used. The nature of the fiagment ions 

was difFerent fkom one instrument to the other. These differences agree well 

with the fact that some EI-formed ions produced in the trap undergo CI or 

cooling while sî i l l  in the trap, thus producing dBerent extents and patterns 

of Eragrnentation relative to EI-formed ions travelling through a magnetic 



Figure 3.5: Mass spectra of Product 1, identified as permethylated B-D- 
galactofuranoside (pgf). a) Obtained using the Finnigan MAT ion trap 
system, b) obtained with the Hewlett Packard system, and c) from the 
spectral iibrqMO. 



Figure 3.6: Mass spectra of Product 2, identified as permethylated P-D- 
galactopyranoside(pgp). a) Obtained using the Finnigan MAT ion trap 
system, b) obtained with the Hewlett Packard system, and c) fiom the 
spectral libraryi". 



Figure 3.7: Mass spectra of Product 4, tentatively identified as pemethylated 
a-D-galactofuranoside ( ~ g f ) .  a) Obtained using the Fuinigan MAT ion trap 
system, b) obtained with the Hewlett Packard system, and c) fkom the 
spectral libra#*. 



Figure 3.8: Mass spectra of Product 6, identified as pemethylated p-L- 
fucopyranoside (BQ). a) Obtained using the Fùuiigan MAT ion trap system, 
b) obtained with the Hewlett Packard system, and c) From the spectral 
libraryl". 



Figure 3.9: Mass spectra of Product 7, identified as permethylated a-L- 
fucopyranoside (am). a) Obtained using the Finnigan MAT ion trap system, - - 

6) obtained with the Hewlett Packard system, and c) h m  the spectral 
library lJ0. 



Figure 3.10: Mass spectra of Product 8, identified as permethylated a-L- 
fucopfkanoside (&). a) Obtained ushg the Fuinigan MAT ion trap system, 
b) obtained with the Hewlett Packard system. 
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Figure 3.11: Suggested structures for the m/z 101 ions observed in the case 
of permethylated (a) D-(+)-galactose and @) L-(-)-fucose. 
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Figure 3.12: Suggested structures for the m/z 88 ions obsewed in the case of 
permethylated (a) D-(+)-galactose and (b) L-(-)-fucose. 



sector or a quadrupole mass analyzer. The HP spectra matched the MST 

library ~~ectra'~'  much better and more reliably than the Finnigan MAT 

spectra (see Figures 3.5 - 3.10). In general, we found that the EI spectra 

obtained with the ion trap system were not always reliable for identification 

of uriknowns, using libraries and this for diverse classes of compounds. 

From the HP data obtaïned with a quadmpoie analyzer, we assigned the 

permethylation products of D-galactose &d L-fùcose as pyranosides and 

furanosides. Figures 3.5 - 3.10 Shows comparative spectra for pyranoside 

and fiiranoside products h m  methylation of D-galactose and L-fucose. 

3.1 Discussion on the isolation and characterization of permethylated 
ga tactosides and fucosides 

In the previous part of this thesis, we discussed, based on GC/MS data, the 

relative abundance of permethylated galactoside and fucoside isomers 

formed with different set of reaction conditions. The results showed that for 

either galactosides or fucosides, four isomers were produced although ody 

three peaks were resolved in the case of galactosides. The galactoside 

isomers observed by G C M  were, by increasing retention time order: pgf 

Compounds 3 and 4 CO-eluted. In the case of the fucosides, the GC retention 



order was similar: $ff (Product 5), pfp (Product 6), a@ (Product 7), and aff 

(Product 8). The four compounds were resolved. 

For the purpose of the work discussed here, permethyiation reaction 

conditions were chosen so as to produce selective isomers, as descriied 

previously in this chapter (Tables 3.1 and 3.2). However, a vanation of the 

conditions did not have a significant influence on the amounts of Products 1, 

3, and 5 obtained. These three compounds were produced in very low 

amounts and thus it was difficult to isolate as pure substances at the mg 

level. 

The isolation of individual compounds was performed by continuous or 

repeated TLC with prior optimization of solvent conditions using small TLC 

plates. The type of separation sought was equivalent to or better than earlier 

published b y Her work showed that the separation of the four 

permethylated isomers of galactose was limited by CO-elution of Products 2 

and 4. Although a number of report. mention the use of  TLC and column 

chromatography for the separation of monosaccharide permethylation 

mi,vtures 'el-i47, no details were given about elution order, chromatographie 

behavior, or resolution. The best solvents in our hands were a 1 :9:4O 

isopropanol-ethylacetate-heptane mixture and a 1:9:40 isopropanol- 
k 

ethylacetate-hexanes mixture. Hexanes is a distillation fkaction like 



petroleum ether and contains many hydrocarbons. A 3: 1 cyclohexane- 

ethylacetate system nearly produced the same resuits. Using the 

isopropanol-ethylacetate-heptane solvent mixture the compounds were 

eluted as follows: B g f  (Product 1, Rf = 0.280), agf Product 4, Rf = 0.1 9 9 ,  

pgp (Product 2, Rr = 0.190), and a g p  (Product 3, R d .  145), for the 

gdactosides, and p ff (Product 5, Rr = 0.565), a f f  (Product 8, RE = 0.3 1 O), 

Bfp  (Product 6, RF 0.245) and afp (Product 7, Rr = 0.1 SO), for the 

fucosides. The main challenge encountered during optimization, as reported 

previously'3s, was the separation of Compounds 2 and 4. The conditions 

found to perform the best separation for permethylated galactoside isomers 

were applied even more successfully to separation of pemethylated fucoside 

isomers, and no M e r  optimization was required. 

The 1 :3 ethyl acetate-heptane solvent mixture yielded similar results with 

slight variation in the Rf values. Figure 3.13 shows the TLC elution patterns 

obtained for a) pemethylated gdactoside isomers and b) for permethylated 

fucoside isomers using the 1 :9:40 isopropanol-e thyl acetate-hexanes solvent 

mixture. Both elution patterns were obtained by repeated development, and 

12 successive developments were perfomed for permethylated galactoside 

isomers and 8 successive developments for permethylated fucoside isomers. 

Less than eight successive developments might have been enough in the 



Figure 3.13: Thin-layer chromatographie patterns for the elution of a) a mixture of permethylated galactoside 
isomers (12 consecutive elutions) and b) a mixture of permethylated fucoside isomers (8 consecutive elution). 
Etuent : 1 :9:40 isopropanol-ethyl acetate-hexanes 



latter case, since the Rf values of pemethylated fiicosides are quite different 

fiom each other, 

Column chromatographie separation was attempted using 1:3 ethyl acetate- 

heptane. On a 10 cm silica columq 0.7 cm id., the elution volumes for 

galactosides and fucosides were between 85 and 105 d. The elution order 

was the same as obsewed by TLC. From the pemethylated galactoside 

mixture, it was possible to isolate Bgf (Product l), and agp Product 3). The 

isolation of Bgp (Product 2), and agf (Product 4) was however not 

satisfactory when 5-7 mg of the total mixture were applied onto the column. 

GC/MS of the correspondhg collected fiactions showed a slight overlap 

between the peaks of the two compounds. The separation was cornplete 

when Img of total sampfe was applied onto the coImm, which however 

defeated the practical purpose of this application. On the other han& 

fucoside isomers could be separated using the same conditions, whether 1 or 

7 mg of the mixture were appiied onto the column. Since column 

chrornatography was not completeIy appropriate for the separation of 

glycoside isomers, the use of continuous elution TLC on glass-coated plates 

was investigated, and found to be the most efficient method for separating 

galactoside and ficoside isomers. Development for 14-1 8 h using 1 : M O  

isopropanol-ethyl acetate-heptane as the eluent yielded a reasonably good 



separation of2 and 4, with quantities of material ranging f b m  5 to 30 mg. 

AAer 18 h, compound 1 had moved to very top of the plate, dong with 

hpurities, and was unrecoverable as a pure component. This loss, i.e. 

migration of 1 al1 the way to the top, was necessary in order to allow the 

separiition of 2 and 4. 

In the case of fucoside isomers, less time was required, i-e. only 7-9 hr. The 

time of development may vary depending on the dimension of the tank and 

the amount of solvent used. With a large tank, it was possible to effect the 

separation within a shorter time. Successive developments using 1 :9:40 

isopropanol-ethyl acetate-hexanes also aliow the separation of 2 and 4 in a 

shorter period of time. This way, 8-12 h were required fm separating 

pennethylated galactosides and 4-6 h for permethylated fùcosides. This 

solvent cannot be used for contiuuous development. Since hexanes are 

highly volatile the proportion of the solvent changed after a short period of 

time and the solvent only moved up to half of the glass plate. Table 3.3 Iists 

each of the 8 compounds discussed in the study, dong with the method, 

which is most efficient for their isolation. 

Figure 3.14 shows G C M  TIC traces obtained for each of the individual 

permethylated galactoside standards. Out of the four, only pgf(Product 1) 



Table 3.3: Best isolation method found for individual permethylated 
galactosides and ficosides. 

1 a-galactopyranoside 

a-galacto furanoside 

Compound better isolated byama 

Column chromatography 
- 

Continuous-elution TLC 

Either of the above 

Continuous-elution TLC 

Column chromatography 

Continuous-elution TLC 

Either of the above 



contained a significart impmity of 4 (Figure 3. Ma). These standards were 

mixed and an injection of the mixture produced the TIC trace shown in 

Figure 3.1%. This trace showed the coelution of Products 3 and 4 . In the 

same figure, traces b) to e) show the elution each standard, once isolated 

using the continuous TLC method. Since these four compounds have 

similar chromatographic behaviors, it was not possible to perfonn isolation 

with 100% efficiency. Compound 1 was isolated with the highest punty 

level. Cornpounds 2,3, and 4 contained very low levels of other 

components due to band broadening on the plate because of long hours of 

development. Successive developments using 1 :9:40 isopropanol-ethyl 

acetate-hexanes showed a better sepration efficiency. 

The same experiment was repeated with a mixture of permethylated 

galactosides obtained £rom pemethylation of D(+) galactose under 

conditions described previously in Method 3.1 . In this particular case 

permethylation favored formation of compounds 2 and 4 as major products, 

while 1 and 3 were produced in minima1 quantities. Figure 3.16a shows the 

GC/MS TIC trace obtained for the permethylation products, and traces b) to 

e) correspond to the products isolated using the same methods as the 

standards. Compounds 1,2, and 4 show reasonable levels of purity but 

Compound 3, the l east abundant product in the mixture, contained 







considerable amounts of 1 and 2 . Unfortuacately, Compound 3 was the least 

abundant with each set of permethylation conditions used, and thus it was 

impossible to perfectly isolate this product from the rest of the 

permethylated mixture. Its preparation is however easily achieved by 

perfonning permethylation on commercialiy purchased 1 -methyl-a- 

galctopyranoside. Both galactofinanosides were successfiilIy isolated, 

which constituted an important step in our study since these compounûs are 

not readily available commercially, or otherwise are very expensive. 

The use of reversed phase high performance liquid chromatography (HPLC) 

as a preparafive rnethod for the separation of the isomers was also 

investigated. Detection based on ultraviolet absorption was made difficul t 

by the absence of suitable chromophores on the glycosides, and refkactive 

index detection became possible only when mg quantifies of samples were 

loaded onto the column, at which point no separation was obtained. The 

ody way to monitor the separation of the four isomers was by on line- 

HPLC-electmspray mass spectrometry, and injections of less than one 

picornole of each component were necessary to baseline resolve the isomers. 

The practicability of this approach was questioned, and fhally the method 

was abandoned, 



The conditions used for column chromatography and continuous elution 

TLC, as aIready optimized for the galactosides, were directiy applied to the 

separation of hanosides. Figure 3.17a shows the elution (GC/MS) of the 

four permethylated fucoside standards. Figure 3.17d shows the GC/MS 

trace obtained for the permethylation products of fucose, in one specinc set 

of permethylation conditions listed in Table 3.2. The isolation o f  the four 

main components Erom this product mixture resulted in the ion 

chromatograms presented in Figure 3.1 7,bcef. Simila. chromatograms were 

obtained for the products isolated fiom the mixture of standards (not shown). 

Separation of permethylated fbcosides by TLC or column chromatography 

was easier accomplished than in the case of galactosides, as shown by Figure 

3.1 7. As shown in the chromatograms of 3.17bcef, Compounds 5 and 7 

were weil isolated (Traces b and e). However, Traces 3 . 1 7 ~  and 3.17f, 

corresponding to Compounds 6 and 8, show the presence of a very low 

amount of the other isomer, due to a close elution and a slight overlap of 

these two components on TLC plates. 

It was possible to prepare both permethylated fucopyranoside isomers nom 

the 1 -methyl fucopyranoside standards (a and P), but our method dlows 

preparation of mg quantities of B f p  fiom L-fucose, which is readily available 

and cheaper than I -methyl-B -fiicop yranoside. Preparation of permethylated 





IL- 



fùcof'uranosides f?om 1-methyl fûcofbranosides seems diff~cdt or otherwise 

very expensive because these standards are not available fiom generic 

companies. However, we successfully isolated the two permethylated 

fucofbranoside isomers prepared by permethyiating L-fùcose. The 

permethylation procedure suggested in Table 3.2 and the separation 

discussed is simple and inexpensive for preparing permethyIated a- 

fuco fiiranose. 

method 



3.2 Resu lts and discussion on the analysis of CMI 

The release of oligosaccharides for structural determination of the 

carbohydrate moieties of glycosphingolipids (GSL), was fïrst reported by 

I8, lg  Wiegandt and Baschang . Their method involved ozonolysis of the 

double bond of the sphingolipid base foliowed by hydrolysis in aqueous 

sodium carbonate. The degradation was perfiormed on aniomts of GSL 

varying fkom twenty to several himdred milligrams. Later, ~akomori~'  

introduced another method based on a selective oxidation of the double bond 

through osmium cataiyzed periodate oxidation followed by sodium 

methoxide treatment. The oligosaccharides released using the above 

rnethods were anaiyzed by GC as the trimethylsilyl (TMS) derivatives of 

23,148 their monosaccharide hydrolysis products . 

The high sensitivity and resolwig power of GC make it a .  ideal technique 

for the separation and analysis of GSL components. Two methods have been 

widely used to cleave GSL into their components. In one, the GSL are 

26,227 hydrolyzed with methanolic HCI tu cleave glycosidic and amide bonds . 

This results in the production of sphingoid bases and their methyl 

derivatives, fatty acid methyl esters, and methyl glycosides. Fatty acid 

methyl esters are extracted by hexane and analyzed by GC. Sphingosine 

bases and their methyl derivatives, and methyl glycosides are treated with 



TEIIS prior to GC analysis 31,32, 148 . During methanolysis, methyl glycosides 

are produced fkom the various anomeric foms of hexoses, so several peaks 

, 149 are obtained in the GC trace of each componenp . However, the 

methmolysis-silylation treatment of N-acetylaeurarninic acid produces only 

one peak on the GC recorder trace due to the formation of the 2-O-methyl 

ketal derivative of methyl nemaminate*. 

The second method involves the hydrolysis of GSL with aqueous acid The 

hexoses produced are then reduced to their corresponding alditols and 

converted to acetate derivatives for GC analysis'50. D d g  the reduction 

step, the anomeric center is destroyed so that each component 

chromatographs as a single peak. Aqyeous acid can bring about dismption of 

some hexoses so care is necessary during the hydrolysis step to keep such 

effects to a minimum, 

In our attempt to analyze GMI, we modified the fmt method and developed 

two different sets of methods. These involve methanolysis, pmethylation 

and re-N-acetylation procedures. 

In our f k t  method, GMI was pemethylated using the method developed by 

Ciucanu and ~erek" and later adapted for GSLs by Larson et The 

pemethylated GM1 was then methanolyzed by 0.75 N methanolic HCI. 



Methanolysis products were re-N-acetylated using acetic anhydride and 

analyzed by G U ' .  Our second method involves methanolysis of GMl 

folfowed by re-N-acetylation and permethylation procedures. Both methods 

are similar except for the order of the steps in the procedures, and identical 

products were expected. A surnmary of the procedures used in both methods 

is given in Tables 3.4 and 3 S. 

3.2.1 Discussion on permethytation of GMl 

The ES1 mass spectrum of underivatized GMl can be obtained better in the 

negative ion mode than in the positive ion mode. The GM1 ganglioside 

usually occurs in nature as a mixture of two species differing fkom each 

other in mass by 28 Da This difference resides in the long chain basea. 

Thus, a pair of w+K]' ion peaks, which contain the long chah base and 

separated by 28 y was obtained in the ES1 mass spectnim of native GMl, 

shown in Figure 3.18. 

Permethylated GMl also yielded a pair of w+HJ+ ion peaks, with a 

difference of 28 u. The m/z difference between the permethylated GMl 

molecular ion peaks and the native GMl molecular ion peak clearly indicates 

complete rnethylation of the hydroxyl groups, amide nitrogens of amino 

sugars and long ch& bases (i.e. 20 sites). 



Table 3.4: Surnrnary of permethylation and methmolysis procedures used 
for Method 1. 

1 - (1) Permethylation 
@MSO, NaOH, CH31) 

Permethylated GMI 

(2)Methanolysis 
(0.75 N methanolic HCl, 16 h) 

Permethylated sugars, sphingosines, fatty acid methyl ester 

1 (3) Ag2C03 
(4) Acetylation 1 (acetic anhydride, 8h) 

1 ( 5 )  Centrifuge 

Discard precipitate S upematant 
Permethy lated sugars, sphingosines, 

fatty acid methyl ester 

GC/MS analysis 



Table 3.5: Surnrnary of methmolysis and permethylation procedures used 
for Method 2. 

(1) Methmolysis 
(0.75 methanolic HCl, 16h) 

(2) Hexane extraction 

I 
Methano1 

Methyl glycosides, sphingosines 
I 

Hexane 
Fatty acid rnethyl esters 

I 
1 (4) Acetylation (acetic anhydride, 8h) GC/MS analysis 

(5) Centrifuge 

Discard precipitate Supernatant 
Methyl glycosides, sphingosines 

(6) Permethyiation 
(DMSO, NaOH, CH31) 

Permethylated sugars, sphingosines 

GC/MS analysis 





Permethylation of GMI should be perfomed at room temperature (20 - 30 

OC) because at higher temperature (> 30 OC), a pair of species (mk 1954.1 

and 1982.1) differing fiom the rnethylated GMI mixture by 126 u was 

obtained. These products seem to be a mixture of two pemethylated GMl 

species, adducted with iodine. Figure 3.19 shows the result of 

pemethylation of GMl at higher temperature. The two peaks at m/z 1828.3 

and 1 856.3 indicate the mass of pemethy~ated GMI obtauied at lower 

temperature (20 - 30 OC). The spectnun of permethylated GMI shows clearer 

fragmentation patterns than that of native GMI. It shows a pair of peaks 

separated by 28 mass mits, corresponding to fiagrnent ions, which contain 

the long chah bases ( d z  576 and 604). Other fragments such as m/L= 464, 

which indicate hexoses c o ~ e c t e d  to GalNAc, and m/z 376, th& corresponds 

tu permethylated sialic acid were also obtained. 

3.2.2 Diseussion on the standard mixture of permethylated 
Monosaccharides 

Our preparation of a standard mixture by pemethylation of galactose, 

glucose, N-actylgalactosamine, and N - a c e t y h e u r ~ c  acid produced a 

mixture of various anomeric forms of pyranosides and h o s i d e s  of 



liiguiac 3.19: Positivc ion ES1 tiiass spectrum of pcrmcthylatcd GM ,. Permctliy latioii is perforiiicd nt Iiiglier 
Iciiipcraturc (30-40 OC). I>caks at nt/= 1954.2, 1982.2, 1983.2 arc absent froni low temperature (25-30 OC) producis. 



permethylated sugars. The totai G C M  ion chromatogram of the standard 

mixture of permethylated sugars is show in Figure 3.20. 

Galactose produced three different pemethylated isomers. These 

permethylated furanoside and pyranoside forrns of galactose were identified 

based on ou. previous work'" and Erom their mass spectral data The 

pemethylated galactoside isomers observed by GC/MS were, by increasing 

retention time order: P-gaiactofiuanoside ( B g f  17: 13 min), B- 

gdactopyranoside (Pgp 17:27 min), and a-galactofuranoside (agf l7:46 

min). 

Three well-separated peaks were found in the TTC trace of permethylated 

standard mixture and correspond to permethylated glucose isomers. The 

mass spectra at the maxima of the fint (16:44 min) and the third peak 

(1 7:20) showed abundant m/z 88 ions. These spectra corresponded well with 

the N E T  library spectralq0 of methyl-2,3,4,6-tetra-O-methyl (a and B)-D- 

giucopyranose. The spectrum corresponding to the second TIC peak at 1795 

min showed the predominant d z  101 species and no m/z 88 ions. It is also 

very similar to the NIST library spectralw of a and P galactofuranose. This 

suggests the presence of a permethylated product that is diffixeat firom the 

pyranoside anomers. This spectnun correspond to the library ~ ~ e c t r a ' ~  of 

methyl-2,3,5,6-tetra-O-methyl (either a- or B)-D-gtuco furanose. Further 
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characterization was not performed to ident* the a and fi pyranoside and 

furanoside f o m  of permethylated glucose. 

Permethylatioa of N-acetylgaiactosamine produced two isomers. The rnass 

spectrum of the first peak (22: 10 min) is quite different fYom that of the 

second peak (22:43 min). This suggests the presence of two tautomers of 

permethylated N-acetylgalactosamine that are different in structure. The 

spectrum of the f k t  peak is very sirnilx t& the NlST Lïbrary ~~ectnun'~'  of 

rnethyl2-(acetylmethyiamino)-3,4,6-tri-O-methylir-D-galactopyranoside. 

Both spectra showed abundant mh 87 ions. The second spectrum showed a 

predominant peak at m/z 100. The spectra of these isomers show patterns 

sïmilar to those of the pyranose and hanose f o m  of galactose, glucose and 

fucose. The most intense peak in the spectnim of the pyranosyl form of N- 

acetylgalactoseamine appears at one mass unit l e s  than in the spectra of the 

correspondhg foms of glucopyranose or gdactopyranose. The second form 

of N-acetylgalactosamine also yielded an intense peak at one mass unit Iess 

than produced by glucofiiranose or gdactofbranose. This suggests that the 

second peak of permethylated N-acetylgalactosamine might correspond to 

one of its fiiranosyl products. The mass spectra of the standard 

pemethy lated N-acetylgalactosamine products and the library ~ ~ e c t n u n ' ~ '  

are shown in Figures 3.2 1 (a), (b) and 3.22 respectively. 
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Figure 3.21: Electron impact mass spectra of permethylated N- 
acetylgalactosamine obtained from the GC/MS total ion chromatogram 
shown in Figure 3.20. (a) Peak at 22: 10 min (b) peak at 22:43 min. Data 
obtained with the HP 3890 GCNG 7070E-HF MS system. 



t O-! 

Figure 3.22: Electron impact mass spectrum of methyl2- 
(ace~lmethylamino)-2-deoxy-3,4,6,-tri-O-methyl-a-D-galactopyranoside 
obtained from the NIST spectral libraryLS1. 



Permethylation of N-acetylneufaminic acid yielded two isomeric forms. The 

mass spectrum taken at the apex of the most abundant peak (29: 16 min) and 

the other spectnim (28: 1 1 min) were quite similar to each other in spite of 

variations in the relative ionic abundance. No major structural differences 

cm be deduced f?om cornparison of these spectra; however, îhey can be used 

qualitatively to ver@ the presence of a sialic acid related residue upon 

methanolysis of an unhown glycosphingolipid. 

3 3 3  Discussion on methanolysis and re-N-acetylation reactions of GMl 

3.2.3.1 Method 1 

The ES1 mass spectnim of methanolyzed GMl did not yield the w+H]' ion 

peak for permethylated GM1. However, pairs of peaks at m/z 766.6 and 

794.7, 784.6 and 8 12.8, 8 18.7 and 842.8, 924.7 and 952.8 were obsewed. 

These peaks, all related to base containing fragments, are higher in mas  

than the predicted individual sub uni& of GMI. Thus complete methanolysis 

of each of the glycosidic bonds did not occur. Based on the h t  method, we 

expected the following products: permethylated sugars (permethylated N- 

acetylgalactosamuie, N-acetylneuraminic acid, galactose, and glucose), 

methyl derivatives of sphingosine bases, and fw acid methyl ester. One 

important aspect of Method 1, which distinguishes it ftom Method 2, is its 



p0tentia.I to yield al1 the products in one single GC/MS chromatogram. We 

med to accomplish this, however, our results show pemiethylated fi- 

galactose (1657 min), permethylated a-galactose, (17:06 min) fatty acid 

methyl ester (24:44 min) and very small amount of permethylated N- 

ace tylgalactosamine (22 :5 9 min). Thus permethyIated glucose, N- 

acetyheuramùiic acid and sphingosine base are missing. The total ion 

GC/' chromatogram obtained for permethylated-methanoIyzed GMI is 

shown in Figure 3.23. A better yield was obtained when a hexane extraction 

was performed after methmolysis, prior to evaporating the solvent mixture 

in vacuo. Permethylation-methmolysis treatment of GMl yielded two peaks 

thatmmespond to the a and P pyranoside fonns of permethylated galactose. 

These products were identified by cornparison of their retention times with 

those of the standard mixture and fiom their mass spectral data using MST 

library spectralq0. A very small peak was obsewed for the permethylated N- 

acetylgalactosamine product that was identified using the standard mixhire 

and NIST library data15'. The fatty acid methyl ester was identified as 

methyI ester octadecanoic acid by comparing its mass spectnun with NIST 

library dataL5'. Since there are many isomers which have similar spectra, it 

would be difficult to identiQ the exact compound present in an unkflown 





The mass spectrum of the fatty acid methyl ester peak (24:44 min) show in 

Figure 3.24 (b) is quite similar to that of îhe peak observed at 22:19 min, 

shown in Figure 3.24 (a). This suggests the presence of another fatty acid 

methyl ester which is probably an isomer of methyi ester octadecanoic acid 

without the molecular ion peak The NIST library spectrumL5' of methyl 

ester octadecanoic acid is shown in Figure 3.25. We were not able to iden- 

peaks in the permethylated galactose region (16:48 min and 17:20 min) and 

those observed at 2354 min and 24:33 min. We suspect that peaks at 23.54 

min and 24.33 min are intemal fiagrnents of GMI contaïning two or more 

sub units, however, there are no library spectra to support our assurnptions. 

The ES1 m a s  spectnim of the methmolysis product mixture of GMI showed 

pairs of peaks of higher masses (m/z 766.6 and 794.7, 784.6 and 812.8, 

818.7 and 842.8,942.7 and 952.8) than those of the expected products. The 

mass difference within each pair indicated that the sphingosine base was 

contained in these ions. Peaks with m/z 924.7 and 952.8 describe the 

presence of non-volatile products which contain permethylated 

galactosamine, galactose, glucose and sphingosine bases [see Figure 3 -27 

(b)]. Since these products were not cleaved into their monosaccha.rîde units, 

it was not possible to obtain peaks for permethylated glucose, permethylated 

galactosamine, and sphingosine bases on the GC chromatogram. In addition, 



Figure 3.24: Electron impact mass spectra obtained from the GCMS total 
ion chromatopm shown in Figure 3 -23. (a) peak at 22.1 9 min; (b) peak at 
24:44 min. Data obtained with the HP 5890 GCNG 7070E-HF MS system. 



Figure 3.25: Electron impact mass spectmm of methyl ester octadecanoic 
acid obtained from NIST spectral libraryl". 
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the nonvolatile products could not be detected by GC/MS. Peaks obsewed at 

m/z 784.6 and 8 12.3 in Figure 3.26 indicate the presence of a fiagrnent 

molecule containhg galactose , glucose and sphhgosine bases (see Figure 

3.27a). This is additional evidence for the incomplete methanolysis and for 

the srnall amount of pemethylated N-acetylgalactosamine obtallied. The ES1 

mass specbum shown in Figure 3.26 indicates the presence of pemethylated 

N-acetylneuramhic acid (fragments at mk 430.2), however, we were not 

able to detect this in the GC/MS chromatogram. Like N- 

acetylgalactosamuie, this moIecule rnay a i s ~  attached in some higher mass 

fiagrnent molecules that codd not be analyzed by GC/MS. A B(1+3) 

glycosidic cleavage and an amide cleavage are together responsible for the 

formation of pemethylated galactose rnethyl ester octadecanoic acid. Thus 

the B(1-+4) linkage that connects N-acetylgalactosamine to galactose and 

glucose, and the glucose-ceramide linkage seem to be more resistant to 

methanolysis than the other linkages. The ES1 mass spectnun of the 

methanolysis product mixture and the possible structure of products obtained 

by incomplete methanolysis are show in Figures 3.26,3 -27 (a), and @), 

respectively. 

Various researchers have suggested the importance of the re-N-acetylation 

procedure of amino sugars to recover the aceîylated sugars. We thus iried re- 



N-acetylating using dry acetic anhydride. However, no permethylated N- 

acetylneuraminic acid was obtained and there was no irnprovement in the 

recovery of N-acetyigalactosamine. As discussed above, galactosamine may 

have stayed Iinked B(1+4) to galactose. Thus re-N-acetylation could not 

possibiy produce permethylated N-acetylgdactosamine, but rather the N- 

acetylated product h m  incomplete methanolysis. Oin G C M  

chromatograms show the same peaks befm and afler re-N-acetylation and 

there is no significant change in the recovery of permethylated amino sugars. 

In this procedure, the mixture of pennethylated and methanolyzed products 

was kept in acetic anhydride for 6-8 h at room temperature. This reaction 

time might not have been sufncient for re-N-acetylation of amho sugars. 

Thus it might be better to use a longer time ( > 8 hours) for re-N-acetylation. 

Our resuIts indicated that the treatrnent of GMI using 0.75 N methanolic HCI 

for 16-1 8 h at a temperature of 80- I O O O C  did not yield a complete cleavage 

as desired Thus modified conditions such as higher methnolic HCI 

concentration may be required for complete methanolysis. Our GCfMS 

resufts from the methanoIysis products obtained ushg IN methanolic HCI 

seem promising. AU the permethylated sugar peaks are observed, dong with 

some peaks which might cornespond to the sphingosine bases. However, the 

intensity of the amino sugar peaks is very low and M e r  work is required 



to obtain a better recovery. In general , it seems better to use higher 

concentrations of methanolic HCI (1 I 1.5 N) for complete cleavage of 

GSLs into their components and more thm 8 h of re-N-acetylation is 

required to increase the yield of recuvery of amino sugars. Table 3.6 gives a 

cornpaison between expected and observed products from Method 1. 

3.2.3.2 Method 2 

According to Esselman et al.) methmolysis of native GMI yields methyl 

galactoside, methyl glucoside, methyl N-acetylamiflogalactoside, methyl 

neuraminate, sphingosine bases and the faîty acid methyl ester. In Method 2, 

the first step is methanolysis of GMl using methanolic HCI. However, 

G C M  analysis was not perfonned to rnonitor the formation of 

methanolysis products. Instead, we extracted the fatty acid rnethyl ester 

using hexane and analyzed it by G C M .  The G C M  total ion 

chromatogram of this andysis is shown in Figure 3.28. One very intense 

peak (24:44 min) that corresponds to fatty acid methyl ester and a very smail 

peak at 22: 19 min. are observed. Both these compounds are also obtained 

using Method 1 and show the same retention tirne with both methods. The 

mass spectrum of the most abundant peak is quite similar with the NIST 



Table 3.6: Expected products and products obtained using Method 1 .  

(a) Procedures applied and 
expected products 

Intact GMI 

Permethylated GM 

Permethylation 

Perrnethylated galactose and glucose 
Permethylated N-acetylgalactosamine 
and its de-acety lated analog 
Permethy lated N-acety lneuraminic 
acid and its de-acetylated analog 
Permethy lated Sphingosines 
Methyl ester octadecanoic acid 

Permethylated galactose and glucose 
Permethylated N-acetylgalactosamine 
pemethyIated N-acetylneuraminic acid 
Methyl ester octadecanoic acid 
Permethylated sphingosines 

(b) Procedures applied and 
products obtained 

Intact GM 

Permethylated GMI 

Perrnethylated galactose 
Pemethylated 
N-acetyl galactosarnine 
Methyl ester 
octadecanoic acid 
Higher mass products 

Permethylated galactose 
Permethylated 
N- acetylgalactosarnine 
Methyl ester 
octadecanoic acid 





library ~~ectrum'~' of methyl ester octadecanoic acid The other peak was 

identified as mentioned in the section on Method 1. 

The methmolysis products of native GMI left after hexane extraction were 

then analyzed by GC/MS after acetylation and permethylation procedures. 

The GC/MS total ion chromatogram obtained after acetylation- 

permethylation treatment is show in Figure 3.29. Method 2 yielded 

permethylated (P and a) glucopyranose (16: 15 and 16.52 min), 

permethy lated B-galactop yranoside (1 6:57 min), permethylated a- 

galactopyranoside (17:06 min), and a very small p t i t y  of permethylated 

N-acetylgalactosamine (23:UO min). These products were identified as 

described in the section on Method 1. Permethylated N-acetyineuratninic 

acid and the sphingosine bases are missing. However, other peaks in the 

permethylated glucose and galactose region of the chromatogram (16~47 

min, 1 7: 12 min, and 17: 1 9 min), and one at 23 : 53 min were ob tained. AU 

these peaks are also obtained using Method 1 and we were not able to 

characterize them. 

A summary list of the products obtained using Method 2 in cornparison with 

the expected products is given in Table 3.7. 

A much better yieId of permethylated N-gdactosamine is obtained with 

Method 2 than Method 1. In addition, Method 2 yields pemethylated 





Table 3.7: Expected products and products obtained using Method 2. 

(a) Procedures applied and 
expected products 

(b) Procedures applied and 
products obtained 

lntact GMI Intact GMi 

1 Methanolysis 

Methyl glycosides and sphingosines 
1 

Not analyzed 
Methyl ester octadecanoic acid Methyl ester 

I octadecanoic acid 

1 N-acetylation 

Methyl glycosides and sphingosines 
1 

Not analyzed 

Pennethylation 

Permethylated galactose and glucose Permethylated galactose 
Permethylated N-acetylgalactosamine and glucose 
Permethy lated N-acety lneurarninic acid Permethylated N- 

a Permetliylated sphingosines acetylgalactosamine 



glucose, which is not obtained using Method 1. Thus it seems that more 

fragmentation occurred with Method 2 than Method 1. This suggests that 

methanolysis of permethylated GMl is more difficult than methmolysis of 

native GMI. More concentrated methanolic HCI migbt be required for 

methandysis of permethylated GMI. Both methods f d e d  to give the 

permethylated derivatives of sphingosine bases and N-acetylneuraminic 

acid In fact in another tnd with more concentrated methanolic HCI we were 

able to obtain permethylated N-acetyineuraminic acid. In m y  case the 

arnount of permethylated N-acetylgalactosamine recovered is very low. 

Even though we performed re-N-acetylation to enhance the recovery of 

amho sugars, our resdts show no improvement in the yield of recovery of 

these sugars. A cornparison of the products obtained using both methods are 

shown in Table 3.8. 



Table 3.8: Products of GMi obtained after permethyiation and methanolysis 
treatment. 

Permethylated N-acetylneu~amhic acid No l I 

Methanotysis products of GMl 

Permethylated galactose 

Permethylated glucose 

PermethyIated N-acetylgdactosamine 

Method 1' 

Yes 

No 

No 

Fatty acid methyl ester 

7 Method 1: A mixture of O S  mg of GMI, 1 mL of DMSO, 40 mg of NaOH, 

' Method 2: 

Yes 

YeS 

YeS 

Sphingosine bases 

and 0.5 mL of CH3E was sonicated for 2 h at 20-30 OC. The permethylated 

Yes 

GMI was then treated with 0.75 methrmolic HCl for 16- 18 h at 80- 100 OC. 

Yes 

No 

Re-N-ace~lation was performed with 1 mL acetic anhydride at room 

1 

No 

temperature for 6-8 h. 

$ The same amount of reagents and the same procedures were used for 

Method 2. However, methanolysis was perfomed prier to permethyiation, 

and sonication of a mixture of methanolyzed sample, DMSO, NaOH and 

-1 was performed for 30 min. 



CONCLUSION 

It has been shown that permeîhylation conditions, based on the method of 

Ciucanu and ~erek*', have a profomd influence on the composition of the 

products obtained h m  permethylation of D-galactose and L-ficose. For 

both monosaccharides, permethylation produced a mixture of four isomers: 

two pyranoside and two fiiranoside a and B anomers. In each case, three 

compounds out of the four were predomhkt and well separated on the 

GCfMS chromatograrns. The fourth component in each case is very minor 

and its proportions did not appear to vary fkom one set of conditions to 

another. Changes in the relative proportions of the three main compounds 

were reported as different reaction parameters were varied. The most 

influentid parameter appeared to be the tirne the DMSO solution and NaOH 

were mked by sonication before reaction with methyi iodide. The initial 

temperature of reaction also had an important effect. These two parameters 

influenced the initial proportion of the four possible isomers, or isomeric 

anions, of the monosaccharides in solution prior to permethylation. 

It has been show that care has to be taken when perfonning permethylation 

of sugars as a routine operation. The reaction conditions must be very 

carefulty controlled in order to obtain reproducible meaningful results. 

We have developed a practical and inexpensive method for the preparation 



of a single isomers of permethylated D-(+)-galactosides and L-fim fiusides, 

to be used as standards in GC experiments as part of permethylation 

andysis. The products cm be separated in mg qumtities by silica flash 

column chromatography or continuous elution thin layer chromatography. 

Two of the galactosides, P-galactopyranoside and a-galactoforanoside, were 

diEcuit to separate and were not recoverable as pure species on a column. 

They were isolated h s t  as pure compounds, however, using concinuous 

elution TLC. The fucoside isomers lent themselves better to separation, 

although there was still a slight overIap between P-fucopyranoside and a- 

fûcoforanoside, although much less than the for the galactoside isomers. 

We prepared permethylated hexoside isorners of gIucose , N- 

acetylgalactosamine, sialic acid using the Ciucanu and ~ e r e k ~ '  method and 

we used these cornpounds as standards in the methanolysis-permethylation 

analysis of glycolipids. 

The scope of t h i s  study was to develop a method to characterize the 

components of a gIycosphingoIipid. At this point in ow study, GC/MS and 

ESVMS have been used to characterize methmolysis products of native and 

pemethylated glycosphingolipids. The cornparison of retention times, peak 

pattern, and mass spectra provides sufficient information to identiQ the 

components of the glycosphingolipid. As shown, we have developed two 



rnethods to identw the components of GMI. These meîhods involve 

methmolysis, acetylation and pemethylation procedures. Both methods 

yield afmost identical products. Both methods failed to give amino sugars 

and sphingosine bases, so f.urther studies are needed to improve the recovery 

of these compounds. 
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