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ABSTRACT 

The field of metabolomics has become a hot spot of analytical investigations since 

the discovery of the encompassing significance of the metabolome in complex eukaryotic 

systems. Most notably, emphasis in this field is currently being placed in the discovery of 

potential biomarkers through development of highly sensitive methods that are capable of 

identifying and quantifying small metabolites of interest in complex samples.  

In this thesis, a concise review is described in chapter 1 over the field of 

metabolomics as it pertains to the analytical developments of sugar nucleotides and 

ganglioside analysis. In addition, targeted mass spectrometric approaches are presented in 

which analytical methodologies are developed for sugar nucleotide and ganglioside 

profiling for the analysis of diseased biological samples (such as cancer) , with interest 

focused on the establishment of metabolic profiles of diseased states. 

Chapter 2 details the analytical method for targeted mass spectrometric analysis 

of sugar nucleotides. The method described permitted the establishment of a sugar 

nucleotide linear dynamic range of quantification expanding over almost three orders of 

magnitude with an extremely reproducible chromatographic separation in less than six 

minutes. Viability of this method was then tested by successfully quantifying the sugar 

nucleotide content of human cells from 3 different cancer cell lines. The developed short 

chromatographic method potentially permits for high throughputs analysis for its 

integration into population studies for the search for potential biomarkers. 

Chapter 3 describes the developed methodology for targeted ganglioside analysis. 

A chromatographic method was developed based on the use of a mixture of bovine brain 

gangliosides that allowed for complete separation in less than 7.5 minutes. Quantification 
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of gangliosides was also achieved by the construction of a calibration curve from 

ganglioside standards. The established method was then successfully employed for the 

ganglioside profiling of 3 diseased samples of human blood serum along with one 

disease-free control. As a result, ganglioside profiles were quantitatively established at 

high sensitivity for the different ganglioside samples. 
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CHAPTER I 

INTRODUCTION 

1.1 Metabolomics 

The metabolome is a dynamic composition of small molecule metabolites such as 

hormones, metabolic intermediates, and other cell signaling molecules. It has become 

over the years the focus of a plethora of analytical investigations because of its important 

biological roles in organisms. Even though the metabolome can be readily defined, it is 

currently impossible to analyze the entire metabolite range based on one analytical  

method. 

1.1.1. The Challenges of Metabolomics 

Through the multiple decades of development, the field of metabolomics has been 

hindered by the challenges associated with the development of rapid and accurate tools 

for evaluation of metabolites [1]. Since small metabolites are present in a wide array of 

cells, which can be perturbed by an enumerate amount of metabolic processes, and 

generally represent just a small fraction of a complex metabolomic mechanism, 

determination of their biological roles has been challenging to deduce. However, the 

development of new analytically robust techniques with increased sensitivity and 

identification capabilities, including liquid chromatography (LC), gas chromatography 

(GC), mass spectrometry (MS), and nuclear magnetic resonance spectroscopy (NMR), 

has contributed in ushering in an era of unprecedented levels of detail regarding the 

small-molecule components of a sample [2]. Today metabolites are not only being 

considered as biological endpoints, but as a driving force in the pathophysiology of 

human disease as well [3,4].  

Texas Tech University, Aldo Garcia, May 2013 



2 
 

 

1.1.2. Targeted vs. Non-Targeted Metabolomics 

Most notably, technological advancements in metabolomics have deemed it as an 

attractive approach for biomarker discovery. Since there is no single analytical “catch 

all” technique capable of characterizing and quantifying all metabolites of interest, 

metabolic investigations usually abide by one of two approaches, namely targeted or 

non-targeted. A non-targeted approach typically consists of a comprehensive analysis of 

all measurable analytes in a sample, employing chemometric methods capable of 

compressing multiple signals into small signals in which the data can be processed by 

means of library or database searches. Following a non-targeted strategy potentially 

offers the benefit of de novo target discovery since the exploration of a metabolic profile 

is limited by sample preparation and analysis. The number of metabolites detected by 

these methods can usually range from hundreds to thousands [5,6]. Non-targeted 

metabolomics also provides unbiased data on the presence/absence, proportions, and 

uncharacterized features of a metabolite. On the other hand, targeted techniques use pre-

defined metabolite-specific signals that accurately and precisely measure analytical 

merits such as relative abundance or concentrations of a known analyte of interest 

(Figure 1.1). This approach overlooks changes associated with other metabolites that 

are not targeted.  Therefore, it offers a limited scope of the global change associated with 

the biological perturbation. However, the targeted approach allows the sensitive 

detection of low abundance molecules. In terms of throughput, targeted metabolomics is 

usually several fold higher than non-targeted approaches, but the amount of metabolites 

identified in a single assay is usually small [7] (Table 1.1).  

Texas Tech University, Aldo Garcia, May 2013 
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Figure 1.1: Targeted vs Non-Target metabolomic approaches. Targeted approaches 
quantify selected molecules or pathways while non-targeted metabolomics can analyze 
analytes in a comprehensive subset of the metabolome. Reprinted with permission from 
[1] 
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Table 1.1. Features of targeted vs. Non-targeted metabolomics. Reprinted with 
permission from [1] 

Feature Targeted Non-targeted 
Metabolite coverage 

in a single assay 
10–100 (depending on instrument 

setup) 
300–1200 (depending on 

matrix) 
Throughput Around 1000/week Around 100/week 

Technologies used FIA–MS/MS, LC–MS, GC–MS/MS NMR, LC–MS/MS, GC–
MS/MS 

Advantages Absolute quantification of 
metabolites 

Huge chemical diversity of 
distinct metabolites 

Disadvantages Many metabolites not covered 
Only semiquantitative 

determination of 
concentration 

Main use 
Pathway analysis, kinetics studies, 
quantitative estimation of challenge 

impact, diagnostics 

Unbiased search for 
differences, discovery 

Texas Tech University, Aldo Garcia, May 2013
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The main focus of this thesis is the development of rapid and sensitive methods 

enabling the detection of two classes of metabolites, namely sugar nucleotides and 

gangliosides. The work described also discusses the potential of using these methods in 

detecting these metabolites in biological samples in order to gain a better understanding 

of their biological roles in the development and progression of some diseases, such as 

cancer. Thus, it is appropriate here to follow with a concise review of what has been 

developed in this area over the past several years 

1.2. Sugar Nucleotides 

Glycosidic linkage formation along with the synthesis of protein and lipid 

linkedoligosaccharides is dependent upon the availability of sugar nucleotides. Sugar 

nucleotides function as high energy cosubstrates of glycosyltransferases for the 

biosynthesis of glycogen, starch, cellulose, and complex polysaccharide structures [8]. 

Current investigations into sugar nucleotide analysis aim at developing a better 

understanding of their metabolic role in glycosylation. 

1.2.1. Structural Features 

Sugar nucleotides are composed of any nucleotide in which the distal phosphoric 

residue of a nucleoside 5’-diphosphate is glycosidically linked with a monosaccharide or 

monosaccharide derivative [9]. Figure 1.2 depicts the typical structure of a sugar 

nucleotide. Classification of sugar nucleotides in eukaryotes is based on the type of 

nucleoside and are grouped accordingly; uridine diphosphate: UDP-glucose(glc), UDP-

galactose (gal), UDP-N-acetylgalactosamine (galNac), UDP-N-Acetylglucosamine 

(GlcNac), UDP-glucaronic acid (glucA), and UDP-xylose(xyl); guanisine diphosphate: 

GDP-manose (man), GDP-fucose (fuc); cytosine monophosphate: CMP-N-

Texas Tech University, Aldo Garcia, May 2013
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Figure 1.2. A typical structure of a sugar nucleotide. UDP-Gal is depicted here and is 
composed of a monossacharide moiety linked to a nucleotide activated donor.

Texas Tech University, Aldo Garcia, May 2013
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acetylneuraminic acid (Neu5Ac), which is the only sugar nucleotide in the form of a 

nucleotide monophosphate. 

1.2.2. Biosynthesis 

Sugar nucleotides are initially synthesized in the nucleus or cytosol and can be 

formed by the action of specific sugar nucleotide pyrophosphorylases. Formation occurs 

by the condensation of a nucleoside triphosphate with a hexose phosphate cleaving one 

high-energy bond and releasing PPi, which is further hydrolyzed by inorganic 

pyrophosphatase. Overall, there is a net cleavage of two high-energy bonds (Figure1.3). 

As a result, the large negative free-energy change is able to drive the synthetic reaction 

and closely mirrors a strategy seen in many biological polymerization reactions. The 

resulting product of this reaction is of an "activated" monosaccharide in a highly 

energetic form capable of acting as a glycosyl donor [10].  

1.2.3. Biological Roles 

Currently, it is well known that all cells are coated with complex polysaccharide 

networks emanating from the surface.  These networks are responsible for critical cellular 

functions such as cell-cell and receptor-ligand interactions, immune response, and 

apoptosis [9]. Glycosylation is responsible for the formation of these complex networks 

and is the most prevalent post-translational modification of proteins and lipids [11]. 

Regulation of glycosylation is influenced by numerous factors including gene expression, 

glycosyltransferases, and is heavily reliant upon the availability of sugar nucleotides [12]. 

Over the recent years, glycan analysis has become a topic of popular interest mainly 

stemming from the fact that altered glycosylation profiles of cell surface proteins are one 

of the hallmarks of malignant cells [13] .   

Texas Tech University, Aldo Garcia, May 2013
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Figure 1.3 Reaction scheme for sugar nucleotide synthesis. Formation of a sugar 
nucleotide by condensation of a nucleoside triphosphate (NTP) with a sugar phosphate. 
The negatively charged oxygen on the sugar phosphate serves as a nucleophile, attacking 
at a phosphate in the nucleoside triphosphate and displacing pyrophosphate. Reprinted 
with permission from [] [1].  

Texas Tech University, Aldo Garcia, May 2013
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1.2.4. The Glycosylation Pathway and Disease 

Consequently, aberrant glycosylation has been implicated in the development and 

progression of a variety of diseases such as diabetes, liver disease, and various cancers 

[14]. Current research in glycosylation involves the determination of the activities of 

glycosyltransferases as well as establishing glycomic profiles of diseased and non-

diseased samples with high sensitivity. For example, overexpression of β 1-6 GlcNac 

branched N-linked glycans was found in malignant cells and was associated with 

progression and metastasis of cancer Since the aforementioned glycan alterations can 

result from enhanced activities of glycosyltransferases (GnTs) as well as over-expression, 

previous studies have focused primarily on these glycosylation enzymes [15,16]. Lau et 

al. found that elevated levels of intracellular UDP-GlcNAc up-regulates the activities of 

GnT-IV and GnT-V, which have higher Km values thanother GnTs. This has the effect 

causing proliferation of highly branched N-glycans on growth factor receptors that are 

responsible for "turning on" the molecular switch promoting cell proliferation [17]. 

Conversely, Yoshimaru et al. found that low intracellular UDP-GlcNAc levels 

downregulated GnT-IV and GnT-V activities and lead to the activation of GnT-III, which 

has a low Km value, and subsequently the formation of highly branched N-glycans by 

GnT-IV with GnT-V being suppressed [18].  

Nevertheless, even with so much focus placed on the various components of the 

glycosylation pathway machinery, little emphasis has been placed on the equally and 

critically important component of sugar nucleotides and their role in disease progression. 

The stoichiometric relationship of sugar nucleotides and its biological impact is still not 

fully understood and considering the detrimental effects that over-expression/under-

Texas Tech University, Aldo Garcia, May 2013
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expression has on glycosyltransferases, glycosidases, and specific glycan branching 

types, it can be hypothesized that sugar nucleotides might play a significant role as well. 

1.2.1. Extraction Methods and Purification  

Development of a successful analytical assay capable of providing reliable sugar 

nucleotide profiles depends on the devising of a reproducible extraction protocol of sugar 

nucleotides from cells in high yield. The different extraction procedures employed in 

efficiently purifying sugar nucleotides from biological samples are described and 

discussed below. 

1.2.1.1. Cell Lysis 

The first step in the extraction method begins with cell lysis of which common 

methods, include (i) adding ice-cold 80mM sodium fluoride [19] , (ii) using a lysis buffer 

consisting of 50 mM MOPS-NaOH (pH 7.5), 1% Triton X-100, and 10% glycerol [20], 

(iii) using 50mM ammonium bicarbonate buffer [21](pH 8.0) , and (iv) using a CHAPS 

based buffer. After the addition of the lysis buffer most of these techniques require 

mechanical disruption of the cell membrane by either vortexing or sonication, with 

removal of cellular debris requiring centrifugation at high speed [19-21].  

1.2.1.2. Deproteinization 

Several methods have also been employed for deproteinization of the resulting 

cell lysate.  Adding perchloric acid [22] to the sample as well as boiling the sample in 

aqueous ethanol [23] have both been used to not only precipitate proteins, but to also 

inactivate phosphatases. Fry et al. also used potassium fluoride to inhibit phosphatase and 

used an additional liquid/liquid extraction of chloroform/methanol/water to purify 

extracted sugar nucleotides [24].  

Texas Tech University, Aldo Garcia, May 2013

10



1.2.1.3. Solid Phase Extraction 

After cell lysis and deproteinization of the sample, solid-phase extraction (SPE) 

has been established as the most facile, efficient, and reproducible method of purification 

of sugar nucleotides that is capable of removing salts, detergent, and proteins from 

extracted cell lysates.  Activated charcoal was initially used for sugar nucleotide 

purification for many decades until the introduction of porous graphitic carbon (PGC) 

[25]. The structural properties of PGC that makes it the leading choice for sugar 

nucleotide solid phase extraction, include a graphitized surface composed of flat sheets of 

hexagonally arranged carbon atoms. The flat homogenous surface enables for its unique 

affinity for highly polar compounds and is capable of isolating analytes that are highly 

soluble in water. Pabst et al. used PGC SPE for purification of sugar nucleotides 

extracted from Chinese Hamster ovary (CHO) cells (1x106 cells) [19]. The PGC 

cartridges were pre-condition with acetonitrile in formate buffer, followed by water. 

After the sugar nucleotide extract was added, the bound analyte was washed with water, 

and eventually eluted with 60% acetonitrile spiked with formate buffer. After elution and 

drying, the samples were ready for mass spectrometric analysis. On the other hand, 

Rabbina et al. incoporated use of an ion-pairing reagent to sugar nucleotide extraction 

using PGC SPE [20]. One of the set-backs associated with the previously utilized 

ammonium formate and acetonitrile protocol was the inability to recover sugar 

nucleotides in high yields (Table 1.2) [19]. Structurally, sugar nucleotides attain their 

high level of polarity due to the increased levels of hydroxylation originating from the 

monosaccharide moiety.  As a result, the sugar nucleotides tend to bind with high degrees 

of affinity, thus prompting low recoveries when using organic solvents.  This effect was  

Texas Tech University, Aldo Garcia, May 2013
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Table 1.2 Recovery of nucleotide sugars after sample preparation with PGC SPE 
columns. Standard mixtures of nucleotid sugars were subjected to purification protocol 
with Envi-Car columns and quantitated then by HPLC. The amounts of nucleotide sugars 
were calculated from peak areas by reference to standard samples. The mean of three 
independent experiment is presented. This figure was reprinted with permission from [20] 

Texas Tech University, Aldo Garcia, May 2013
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mitigated with the introduction of the ion-pairing reagent triethylammoniumacetate 

(TEAA) buffer [20]. The high volatility of TEAA also permitted for its evaporation 

under vacuum, making it compatible for subsequent mass spectrometric analysis.  

1.2.2. Separation, Identification, and Quantification of Sugar Nucleotides 

Several chromatographic and electrophoretic methods with various detection 

techniques have been employed for the unambiguous structural determination of sugar 

nucleotides. The following described methodologies provide unique advantages as well 

as disadvantages, with success ultimately depending on the goals set by the investigator. 

Even so, the common resonating theme in these techniques is the establishment of a 

robust analytical assay capable of analyzing a biological sample at high sensitivity.  

1.2.2.1. HPAEC-UV 

HPAEC has been the traditional technique for sugar nucleotide separation after 

extraction and purification from a biological sample. Ion exchange chromatography is 

suitable for sugar nucleotide analysis because the stationary phase is functionalized with 

ionic groups that interact with analyte ions of opposite charge through coulombic 

interactions. For example, cytidine-5-monophospho-N-acetyl-D-neuraminic acid 

(CMPNeuAc) and CMP-NeuGc in the liver and Chinese hamster ovary (CHO) cells 

wereseparated by ion-exchange HPLC [26]. By using a similar method, Robinson et al. 

was able to separate Uridine-5′-diphospho-D-galactose (UDP-Gal)/uridine-5-diphospho-

D-glucose (UDP-Glc) and uridine-5-diphospho-N-acetyl-D-galactosamine (UDP-

GalNAc)/UDP-GlcNAc [27]. In 2001, successful separation of a series of sugar 

nucleotides was attained by anion-exchange HPLC on a CarboPac PA-1 column. 

Texas Tech University, Aldo Garcia, May 2013
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Unfortunately, UDP-GalNac and adenosine monophosphate (AMP) co-elution was not 

preventable and was observed in all cell sample analyses [28].  

1.2.2.2. HPAEC-PAD 

A technique that was briefly visited was HPAEC coupled with pulsed 

amperometric detection (PAD). Historically, PAD has been extensively used for 

carbohydrate analysis, and given the structural similarities between carbohydrates and 

sugar nucleotides, the technique was also applied for quantitative purposes. At a high pH, 

the analyte is electrocatalytically oxidized at the surface of a gold electrode by the 

application of a positive potential. The generated current is thus proportional to the 

analyte concentration, and sugar nucleotides can be detected and quantified. However, 

oxidation products can eventually poison the electrode surface. If only a single potential 

is applied to the electrode, and is known as "electrode surface poisoning" which causes a 

loss of analyte signal. To prevent this effect, the electrode surface is cleaned by applying 

a series of potentials for fixed time intervals after the detection potential (known as a 

waveform). The remaining potentials clean and restore the electrode for subsequent 

detection. In practice, this technique was applied for simultaneous determination of 

cytidine 5′-monophospho-N-acetylneuraminic acid (CMP-Neu5Ac) and its metabolic 

products, cytidine, CMP and Neu5Ac. The method was found to be quantitatively 

suitable for determination of the cellular concentration of CMP-Neu5Ac in Madin Darby 

canine kidney (MDCK) cells [30]. 

1.2.2.3. PGC 

Also, with the relative success of PGC media in SPE, it has also been 

implemented in HILIC interfaced with MS. As aforementioned, PGC allows for 

Texas Tech University, Aldo Garcia, May 2013
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hydrophilic interaction between the stationary phase and the highly polar sugar 

nucleotides. Another advantage of PGC originating from its graphite surface is the ability 

to resolve closely related structures as well as provides significant stability over the entire 

pH range. Because of the robust nature of the media, implementation into high 

throughput studies is possible [30]. For instance, Pabst et al. were able to devise a 

chromatographic method with PGC that allowed for successful baseline separation of 5 

sugar nucleotides along with ATP over the course of 24 minutes [19]. It was also noted 

that new PGC columns had to be treated with sodium sulfite in order to decrease 

retention time and to improve peak shape and retention time reproducibility (Figure1.4).  

1.2.2.4 IP-RP-HPLC-UV 

IP-RP-HPLC-UV was also investigated for sugar nucleotide separation. IP-RP-

HPLC typically involves the use of a non-polar hydrophobic silica based stationary phase 

with a polar mobile phase. The ion-pairing reagent selected is usually a large ionic 

molecule that has an opposite charge to that of the analyte of interest as well as a 

hydrophobic region that is able to interact with the stationary phase. Because the counter-

ion is able to combine with the ions of interest, ion-pairs are formed in the mobile phase. 

In effect, different retention is attained and separation of the analytes of interest is 

facilitated [31]. Rabina et al. also investigated the use of this technique for baseline 

separation of 10 nucleotide sugars on a C18 column [20]. A TEAA buffer was 

implemented as an ion-pairing reagent that was able to bind to the sugar nucleotides and 

Texas Tech University, Aldo Garcia, May 2013
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Figure 1.4 Effect of reduction and oxidation on a new column. (Panel A) A mixture 
of commercial analytes was subjected to chromatography on a newly purchased PGC 
column. Note the very broad and tailing peaks for UTP and ATP. (Panels B, C, and D) 
Chromatography of the same mixture after the column had been rinsed with 100 M 
sodium thiosulfate for 6 h, an additional 12 h, and an additional 24 h, respectively. 
(Panel E) Performance of the over-reduced column after 2 h of flushing with hydrogen 
peroxide. Detection was performed by negative mode ESI-MS. Selected ion 
chromatograms (SICs) for the annotate compounds are shown. The arrows indicate 
reductive (Red) or oxidative (Ox) states of the column. Reprinted with permission from 
[19]. 

Texas Tech University, Aldo Garcia, May 2013
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allowed them to be successfully retained on the column. The sugar nucleotides were 

eventually eluted with an increasing gradient of acetonitrile. It was noted that only 8 out 

of the ten sugar nucleotides were able to attain baseline separation whereas the two 

isomers UDP-GlcNAc and UDP-GalNAc were irresolvable (Figure 1.5). Interestingly, it 

was highlighted that the ion pairing reagent works in opposite ways in reversed-phase 

HPLC and carbon SPE by either decreasing or increasing retention, respectively. 

1.2.2.5. CE-UV 

UV detection at 260nm coupled with either capillary electrophoresis (CE) has also been 

explored for sugar nucleotide analysis as well. In 2008 Feng et al. was the first to report 

of highly efficient electrokinetic separation for simultaneous intracellular nucleotide and 

sugar nucleotide analysis [32]. A variety of CE operating conditions were evaluated 

including buffer pH value, ion strength, capillary temperature, polymer additive and the 

cell extraction method. The established CE separation method allowed for successful 

identification and quantification of 12 common nucleotides and seven sugar nucleotides 

in Chinese Hamster ovary cells (Figure 1.6). 

1.2.2.6. CE-MS 

Mass spectrometry interfaced techniques generally provide higher capability for 

structural elucidation granted by differential scanning techniques, with increased 

sensitivity, and as such are now becoming the standard for analysis. For instance, a novel 

method was employed by Soo et al. using a multiple reaction monitoring (MRM) 

approach utilizing a triple quadrupole mass spectrometer to quantify sugar nucleotides of 

interest using CE-ESI-MS. MRM is characterized by two stages of filtering. 
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Figure 1.5 Ion-pair reversed-phase HPLC of nucleotide sugar standard mixture. 500 
pmol of each sugar nucleotide was loaded onto the column. Reprinted with permission 
from [20].
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Figure 1.6 Separation of 19 target compounds. Peaks from left to right in 
eletropherogram (A: 1, CMP-NeuAc; 2, UDP-GlcNAc; 3, GDP-Man; 4, GDP-Fuc; 5, 
UDP-Glc; 6, UDP-GalNAc; 7, UDP-Gal; 8, AMP; 9, CMP, 10, GMP; 11, ATP; 12, 
ADP; 13, GTP; 14,CTP; 15, CDP; 16, GDP; 17, UMP; 18, UTP; 19, UDP. Reprinted 
with permission from [32] 
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In the first stage the analyte of interest is selected in Q1 and is induced to fragment by a 

collision gas (in Q2) into unique characteristic fragment ions. These selected fragment 

ions are then analyzed in Q3, allowing for significant reduction of chemical and electrical 

noise. The targeted approach by Soo et al. allowed for successful selective detection of 

sugar nucleotides from intracellular pools of in wild type and isogenic mutants from the 

bacterial pathogen Campylobacter jejuni (Figure 1.7) [33]. 

As noted from the previously mentioned techniques, sugar nucleotide profiling of 

diseases is non-existent. Today, it is still not fully understood the function that sugar 

nucleotides play in disease progression (if at all), since no studies exist in which sugar 

nucleotides have been profiled from diseased tissues. As a result, the practical use of 

sugar nucleotides as potential biomarkers is still unknown and development of unilateral 

analytical assay capable of establishing a quantitative relationship has yet to be 

discovered.  

1.3 Gangliosides 

Gangliosides are complex membrane glycosphingolipids of eukaryotic cells that are 

widely distributed in tissues and fluids. Today, ganglioside research is at the forefront of 

glycolipid analysis due to their critical role as structural and functional lipids. Since it 

was initially found that ganglioside profiles vary from tissue to tissue, researchers began 

to speculate that specific gangliosides portray specific functions. Therefore, reliable 

profiling techniques capable of characterizing the major functions of specific 

gangliosides is in demand 

. 
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.  

Figure 1.7 Product ion mass spectrum (negative mode) of (a) CMP-Neu5Ac. 
Fragment ion characteristic of CMP observed as [CMP- H]- at m/z 322. (b) UDP-R-D-
Glc and (c) UDP-R-D-GalNAc. Fragment ions characteristic of UDP at m/z 323, 385. 
and 403. Reprinted with permission from [33]. 
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1.3.1. Structural Features 

Structurally, gangliosides are composed of a polar monosaccharide moiety containing 

at least one sialic acid (Neu5Ac) residue that is covalently linked to a non-polar ceramide 

chain. The ceramide is classified as a sphingosine with fatty acids which tend to vary in 

chain length as well as the degrees of saturation [9]. With its polar sugar moiety, and non-

polar fatty acid tail, gangliosides are amphipathic in nature. Figure 1.8 depicts the typical 

structure of a ganglioside  

1.3.2. Biosynthesis 

Biosynthesis of Gangliosides is a complex process involving multiple metabolic 

pathways and glycosyltransferases. Synthesis begins with ceramide leading the synthesis 

of sphingomyelin and the glycosphingolipids, including the gangliosides. Sphingomyelin 

synthesis occurs by the transfer of phosphorycholine from the phospholipid, 

phosphatidylcholine, to the 1-hydroxyl group of ceramide [35]. The first step in 

glycosphingolipid synthesis involves the glucosylation of ceramide, which forms 

glucosylceramide by the enzyme glucosylceramide synthase. This reaction catalyzes the 

transfer of the glucose moiety from UDP-glucose onto ceramide [36]. Consequently, 

glucosylceramide is converted to lactosylceramide by β-(1, 4) transfer of galactose from 

UDP-galactose by galactosyltransferase I [37]. Lactosylceramide is the basic building 

block of more complex sphingolipids; the gangliosides (Figure 1.9). The only known 

exception to this pathway is GM4 which is a major component of myelin. GM4 synthesis 

occurs with the action of three highly specific sialyltransferases (I, II and III) that are 

responsible for the stepwise conversion of lactosylceramide to the mono-, di- and trisialo-

gangliosides (GM3, GD3 and GT3, respectively) [38]. Together with lactosylceramide, 
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Figure 1.8 The structure of Ganglioside GM1. GM1 is a member of the ganglio series 

of gangliosides which contain one sialic acid residue. 
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Figure 1.9 The metabolic pathway of gangliosides synthesis Reprinted with 
permission from [33]. 
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these three gangliosides are precursors for the synthesis of the o-, a-, b- and c-series with 

none, one, two or three sialic residues attached to the 3-position of the galactose residue. 

1.3.3. Biological Roles 

As noted, gangliosides consist of a large number of structurally diverse molecular 

species, enabling them to play many critical roles and are highly concentrated in the 

nervous system. It is known that gangliosides are cell type-specific as well as 

development-dependent and their quantities and species can undergo drastic changes 

during cell differentiation. In addition, gangliosides are able to participate in numerous 

intermolecular interactions by the extension of the sialoglycan moiety out from the cell 

surface. This ability allows for specific molecule recognition at the cell surface and aids 

in regulating the activities of proteins in the plasma membrane [39,40]. It is also believed 

that gangliosides have a structural role and are segregated together with other 

sphingolipids and cholesterol into raft micro-domains [41]. In effect, the very large 

surface area occupied by the oligosaccharide chain imparts a strong positive curvature to 

the membrane. Specific localization of gangliosides also allows for interaction with a 

variety of bioeffectors, including glycoproteins, antibodies, peptide hormones, and 

growth factors. Gangliosides also play a critical role in the pathogenic mechanisms of 

many immune-mediated neurological disorders, such as Guillain-Barré syndrome [42]. 

GM1 ganglioside has also been found in endocytic organelles as well as in the trans-

Golgi network [43]. Notably, it has also been found that GM1 ganglioside is present in 

nuclear membranes [44].  
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1.3.4. Gangliosides as Potential Biomarkers 

Because of their biological significance, gangliosides have become an attractive 

target in biomarker discovery studies. For example, GM1 is an important component 

involved in the physiology of the brain. It has been observed that abnormal accumulation 

of GM1 along with glycoconjugates with terminal β-galactose in the neuronal lysosomes 

causes a condition known as GM1 gangliosidosis [45]. This condition is characterized by 

progressive neurodegeneration and brain dysfunction.  

Moreover, GM2 ganglioside is present in low concentrations under most normal 

conditions. However, it has been found to be present at high concentrations under 

pathological circumstances. A condition known as GM2 gangliosidoses originates from 

excessive accumulation of GM2 in the central nervous system [46]. It is an autosomal 

recessive neurodegenerative disease. There are three types of GM2 gangliosidoses, 

namely Tay-Sachs disease, Sandhoff disease, and the AB variant of GM2 gangliosidosis. 

Tay-Sachs results from a mutation at the HEXA gene which causes a β-hexoaminidase A 

[47]. Sandhoff disease originates from a mutation in the HEXB gene resulting in a 

deficiency of both β-hexosaminidases A and B [48]. Finally, a mutation in the GM2A 

gene imparts a deficiency of the non-catalytic GM2 activator causing the AB variant of 

GM2 gangliosidosis [49]. To this day, there is no cure for Tay-Sachs or Sandhoff disease 

or the AB variant. Monitoring of disease progression as well as well as the efficiency of 

therapeutic intervention is not possible because the biochemical markers for these 

conditions simply do not exist.  

Glycoconjugates have also been associated with tumor development since the mid 

1980s when it was discovered that they are often expressed as onco-developmental 
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antigens [50]. Even though there is growing evidence suggesting that glycosphingolipids 

(GSLs) play an important role in tumor biology, there is yet to be any reliable 

biomarkers. In terms of qualitative and quantitative routine methodologies, GSL analysis 

severely lags behind other types of glycoconjugate or biomolecule analysis. Accordingly, 

a lot of research has been invested into the development of analytically robust and 

reliable GSL analysis assays. The use of serum or plasma has become the preferential 

disease monitoring medium of choice due to its ease of availability. For example, 

multiple studies have discovered increased levels of GSL-bound sialic acid in the serum 

of patients with mammary carcinoma [51], as well as colorectal cancer [52] and 

melanoma [53]. Increased levels of GM3 and GD3 in the presence of melanoma and 

elevated levels of GD2 in retinoblastoma patients has also been found through targeted 

monitoring studies. Most noticeably, these studies so far have only focused on the total 

ganglioside amount and typically do not reveal any information about specifically 

overexpressed ganglioside species.  

1.3.1 Isolation and Purification  

In order to develop a reliable qualitative and quantitative assay for ganglioside 

analysis, multiple extraction techniques have been developed for the high recovery of 

gangliosides from lipid extracts. Since gangliosides are extracted from variety of tissues, 

samples usually have to be delipidated as well as deproteinated in order to perform a 

reliable analysis. 

1.3.1.1. Liquid/Liquid Extraction 

The most commonly used method today is based on the Folch method in which lipid 

extracts are purified by dissolution in a 2:1 ratio of methanol to chloroform [54]. A 
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typical ganglioside extraction using this method consists of suspending a lypholized 

sample of interest in 2:1 mixture of methanol to chloroform and is sonicated for 15 

minutes followed by centrifugation at high speed. After centrifugation, a pellet is formed 

and the top supernatent is collected (containing the gangliosides) and set aside. The pellet 

is then exposed to the same methanol/chloroform extraction again, followed by 

sonication and centrifugation at high speed. Both collected supernatant aliquots are then 

reconstituted and dried under vacuum. 

Other liquid/liquid extraction techniques have also been explored as well. Ladisch et 

al. used a three-component solvent system consisiting of diisopropyl ether, 1-butanol, and 

50mM aqueous NaCl (6/4/5, v/v/v) to purify gangliosides from the total lipid extract of 

plasma, cells, and tissue [55]. It was found that gangliosides are nearly quantitatively 

separated from the other lipids in the total lipid extract. The extracted gangliosides were 

thus found in the lower aqueous phase from this solvent partition system due to their 

amphipathic properties.  

1.3.1.2. Sephadex Filtration  

Typically after the aforementioned ganglioside extraction techniques, a high protein 

to ganglioside ratio still exists and thus requires an additional enrichment step to 

deproteinate the sample or to remove any still existing unwanted lipids. Sephadex gel 

filtration is a common approach for additional ganglioside purification. The lipid extract 

is passed through the column and the molecules are separated according to size. In 

contrast to ion exchange or affinity chromatography, the analyte does not bind to the 

column media so buffer composition does not directly affect resolution.  The benefit 
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provided by this technique is the ability to vary the conditions according to the sample 

needs.  

1.3.1.3. Solid Phase Extraction 

As an alternative to sephadex gel filtration, SPE has also been explored for 

ganglioside purification. Since SPE is a facile, rapid, and reproducible enrichment 

technique, researchers have been able to attain high yields of purified gangliosides. 

Kirsch et al. recently used reversed phase SPE with Sep-Pak C18 cartridges to purify 

lipid extracts from serum aliquots [56].  The cartridges were activated with 3 column 

volumes (CV) of methanol and washed with 2 CV of 60% methanol. After the sample 

extracts were loaded onto the column, the bound gangliosides were desalted with 60% 

methanol and eventually eluted with neat methanol. Sorensen et al. also purified 

ganglioside extracts with C8 end-capped SPE cartridges successfully with a protocol 

similar to Kirsch et al [57]. 

1.3.2. Separation, Identification, and Quantification 

 Glycolipid analysis has inherently been challenging due to their structural 

complexity. However, mass spectrometry (MS), with its recent technological 

advancements, has progressively become the analytical standard due to unambiguous 

structural elucidation of the complex lipid moiety at high sensitivity. Separation 

technologies like GC, CE, and LC have also aided in structural analysis by providing in-

line structural separation of closely related glycolipids.  

1.3.2.1. GC-MS 

GC and GC-MS are useful technologies in ganglioside analysis due to their ability to 

analyze the sphingosine base and fatty acid chains as derivatization products; specifically 
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the cis/trans isomers and regioisomers. With GC-MS Sanchez et al. devised a method to 

determine the glycosphingolipid content of milk fat globule membranes (MFGMs) and 

their interaction with pathogens [58]. Several components of MFGMs have been 

demonstrated to contain beneficial properties good for overall health with some of them 

found to be associated with the development of immunity in newborns against potential 

pathogens [59]. With this in mind, the GSL content of MFGMs and that of the raw milk 

of Holstein–Friesian cows was investigated [58]. Even though GSL fractions that were 

isolated from milk were evaluated by TLC and densitometric analysis, the lipid contents 

of GSLs were analyzed by GC-MS. The resulting fatty acid methyl esters were analyzed 

by GC-MS in EI ionization mode. Distribution of gangliosides and neutral GSLs with 

degrees of saturation and chain length of their fatty acids were found for MFGMs and 

whole milk. Both showed similar ganglioside and neutral GSL profiles, with whole milk 

containing more GM3 and glucosylceramide and less GD3, O-acetyl GT3, O-acetyl GD3, 

and lactosylceramide. The fatty acid profiles of gangliosides from both sources depicted a 

similar content. Neutral GSL fatty acid content on the other hand, seemed to be quite 

different. Whole milk had less very long-chain fatty acids and more medium chain and 

unsaturated C18:1 and C18:2 fatty acids [58].  

1.3.2.2. LC-MS 

Moreover, most lipids are not innately volatile with some even being thermolabile 

and typically require time consuming derivatization protocols for efficient analysis [60]. 

Consequently, GC-MS is not always the best method for the analysis of intact 

gangliosides components. Today, LC interfaced to electrospray MS is becoming the 
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standard of analysis due to its improved sensitivity and selectivity while also permitting 

the potential for high through-put strategies.   

According to an investigation by Ikeda et al. [61], the analysis of ganglioside 

molecular species by LC/ESI tandem MS (MS/MS) in combination with MRM is capable 

of detecting gangliosides species such as GM1, GM2, GM3, GD1, and GT1at picomolar 

to femtomolar levels. It was found that by employing a theoretically expanded MRM 

experiment other gangliosides, such as GalNAcβ4(Neu5Acα8Neu5Acα3)-Galβ4GlcCer 

(GD2), GD3, GT2, GT3, and GQ1, could also be detected in GSL standard mixtures 

derived from porcine brain and acidic glycolipid extracts from mouse brain. The 

transitions used originated from the parent sialic acid ions or sialic acid-containing sugar 

chains. Analysis was performed with a 4000Q TRAP hybrid quadrupole-linear ion-trap 

MS interfaced to an UltiMate 3000 nano/ cap/micro LC system. Gangliosides and 

sulfatides were separated and classified according to their  cermides (Cer) types with the 

use of an octadecyl silane RPLC column (particle size, 3 mm) were employed and under 

these conditions, were separated in order from the most hydrophilic to the most 

hydrophobic molecules. It was found that in the negative ion mode, fine structural 

information on the lipid part could not be elucidated. In order to overcome this limitation, 

positive ion mode was employed and the ion spray voltage was increased to induce 

increased in-source decay. This approach made it possible to detect cleaved-off Cer 

residues. Thus, in the positive ion mode, individual molecular species differing in their 

Cer constitutions could be detected by using LCB diagnostic ions produced by in-source 

fragmentation. Figure 1.10 demonstrates the effects of using high ESI voltages. With 
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Figure 1.10 Detection and identification of ganglioside and sulfatide molecular 
species by MS and MS/MS. Conditions: ESI voltage, 5.5 kV; declustering potential, 80 
V. Collision energy, 10 V in the positive ion mode, and 5 V in the negative ion mode. 
Reprinted with permission from [61]. 
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these conditions gangliosides like other glycoconjugates undergo in-source fragmentation 

with the loss of either labile Neu5Ac and/or Cer moiety [61].  

1.3.2.3. CE-MS 

CE separates species according to their electrophoretic and allows for the 

application of a high electric field providing advantages such as high analysis speed, 

unsurpassed separation efficiency and resolution, reproducibility, facile automation, and 

miniaturization. For example, Hsuey's group [62] introduced in 2010 novel experimental 

protocols based on 2 sheath liquid CE/ESI LTQMS configurations of low flow. The use 

of low-flow interfaces was selected because of its higher tolerance to salts and lower 

dilution factor as compared with the regular sheath liquid designs. The first interface 

(Figure 1.11A) was constructed on a polymethylmethacrylate (PMMA) base to which a 

low-flow sprayer was attached. With these conditions, GM1, GD1a, GD1b, and GT1b 

were fairly separated and detected by ESI MS (Figure 1.12). The lack of separation 

based on differences in ceramide chain length can be attributed to the limited efficiency 

of isopropyl alcohol along with ion suppression cause by borate ions infiltrating the low-

flow interface. An alternative of the low-flow setup was also proposed in the same 

study. The so-called low-flow liquid junction interface, conceived to prevent 

borate/phosphate from entering the ESI source, was designed by connecting to the 

PMMA base of the low-flow setup, a liquid junction made of polydimethylsiloxane 

(PDMS) (Figure 1.11B). A new capillary coating technique was also applied to the 

connecting capillary based on the method developed by Monton et al. consisting of 

solution of potassium silicate, deionized water, formamide, and aqueous polybrene. It 

was found that with this technique, shown in Figure 1.13, ion suppression by the borate 
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Figure 1.11 Schematic representation of (A) the low-flow interface; (B) the liquid-
junction/low-flow interface. Reprinted with permission from [62]
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Figure 1.12 CE/ESI MS analysis of a standard ganglioside mixture from bovine 
brain using the low-flow interface shown in Figure 2.0A. Extracted ion 
electropherogram (XIE) for GM1, GD1a/b, GT1b, and the sum of XIE are presented. 
Reprinted with permission from [62].
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Figure 1.13 CE/ESI MS analysis of the standard ganglioside mixture from bovine 
brain using liquid junction/low-flow interface. (A) XIE of GM1, GD1a/b, GT1b, and 
the sum of XIE; (B) mass spectrum of GM1. Reprinted with permission from [62]
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buffer was minimized without affecting CE separation, leading to a 27-fold gain in 

sensitivity [62]. 

1.3.2.4. TLC 

TLC has been the conventional method of ganglioside profiling for many decades. 

TLC is typically the easiest way to analyze the total glycosphingolipid mixtures 

extracted, as well as in some cases the extracts of partially purified tissues and cultured 

cells. A variety of solvents have been employed to separate the complex mixtures as a 

function of their composition, presence of contaminants and, in some cases, of their 

quantity [63]. In addition, colorimetric, enzymatic, immunological and radiochemical 

detection procedures are available for their recognition. TLC does not allow the ability to 

determine the exact chemical structure of separated molecules, but generally gives very 

fast, economical, and easily accessible preliminary data. For example, the possible 

structure of a ganglioside may be deduced based on chromatographic mobility when 

compared with standards, along with their reactivity according to staining procedures. 

As can be observed from these techniques, very limited research has been 

employed in the areas of ganglioside profiling in relation to its direct stoicheometric 

involvement in the progression of various diseases. Most notably is the fact that 

gangliosides are known to be critical constituents of the central nervous system and as a 

result have prompted the outpouring of a significant amount of research investigations. 

Yet, to this day no reliable analytical assays exists with which gangliosides can be 

reliably quantified. As a result, the first step towards the possibility of finding potential 

biomarkers begins with the establishment of a reliable analytical assay for ganglioside 

profiling in different tissues.  
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1.4 Summary of Projects 

For this thesis, two methodologies were developed for the analysis of the two 

metabolites, sugar nucleotides and gangliosides. Firstly, a series of sugar nucleotide 

standards were used in order to create a rapid chromatographic separation method using a 

rapid separation liquid chromatography (RSLC) system interfaced to a triple quadrupole 

mass spectrometer. In order to quantify these sugar nucleotides, a series of dilutions was 

created spanning nearly three orders of magnitude with which a linear concentration 

dynamic range was established based on instrumental response and analyte concentration. 

Once the effective baseline chromatographic separation was attained of the sugar 

nucleotides, this protocol was used to profile the sugar nucleotide content from 3 

different cancer cell lines. In order to extract the sugar nucleotides from the cancer cells, 

the cells were lysed, deproteinated, and the cytosol extract was purified with PGC SPE. 

Under this method, sugar nucleotides profiles were successfully established for the 3 

different cancer cells lines using the aforementioned sugar nucleotide extraction protocol 

at high sensitivity. Using this quantitative method, nucleotides can be quantified with a 

linear dynamic range spanning nearly 3 orders of magnitude. Successful baseline 

separation of the sugar nucleotides is attained in under 7 minutes, potentially permitting 

the use of this technique for high through-put investigations.  

In addition, for the analysis of gangliosides, a similar targeted approach was 

employed. Using a mixture of bovine gangliosides, a chromatographic method was 

established using the RSLC system that permitted for baseline separation of the 

gangliosides in under less than 7.5 minutes. In order to quantify the gangliosides, 3 

different gangliosides were selected representing each sialylation class (monosialylated, 
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disialylated, and trisialylated) in order to construct a calibration curve. A series of 

dilutions were performed and analyzed with an Exactive mass spectrometer, followed by 

successful establishment of a linear dynamic range of nearly 3 orders of magnitude. Thus, 

in order to analyze the ganglioside content of a biological sample, it was first necessary to 

establish an appropriate extraction protocol. Eventually, it was found that successfully 

extraction entailed performing liquid/liquid extraction of a normalized amount of human 

blood serum (HBS) followed by C8 SPE. Using this methodology, gangliosides were 

profiled from HBS from patients suffering from Barrett’s Syndrome, High Grade 

Dysplasia, and cancer. Profiles were also compared to disease free HBS. Gangliosides 

were successfully quantified from HBS using this approach with previously unattained 

speed, providing potential from high through-put analysis as well. 
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CHAPTER 2 

                             SUGAR NUCLEOTIDE QUANTIFICATION USING MULTIPLE REACTION
MONITORING (MRM) LC-MS/MS 

2.1 Introduction 

Glycosylation involves the formation of glycosidic linkages between 

oligosaccharide moieties and proteins or lipid.  This process is reliant on the availability 

of monosaccharide activated donors known as nucleotide sugars. The consumption of 

these sugar nucleotides in the glycosylation process is dependent on the activity of 

glycosyltransferases as well as the gene expression of these enzymes. Sugar nucleotides 

are ultimately used in the endoplasmic reticulum/Golgi apparatus as the "building block" 

of glycan structures attached to proteins or lipids. Carbohydrate containing molecules are 

known to form a wide array of structurally diverse patterns on the outer surface of 

microbial, plant, and animal cells [64]. These highly complex structures take part in a 

variety of cellular processes such as cell signal transduction, protein targeting, 

intercellular communication, and recognition of pathogens [65].  The biological activity 

of proteins can also be modulated through alterations in glycosylation whether it is 

through specific changes in site occupancy on the polypeptide chain, or through changes 

in individual monosaccharide patterns on an oligosaccharide chain that occupies a 

particular site on a protein [66].  

Current research in glycosylation involves the determination of the activities of 

glycosyltransferases as well as glycan intracellular differences when comparing a 

diseased and non-diseased samples [67, 68]. For instance, increased β1-6 branching of N-

glycans as a result of over-expression of GlcNAcT-V, a glycosyltransferase responsible 

for such branching, was found to play an important role in lymph node metastasis in 
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breast carcinoma [69]. Aberrant glycosylation has been implicated with a variety of 

diseases such as diabetes, liver disease, and cancer; however, it is not fully understood 

which of the glycosylation steps is (are) responsible for the progression of disease if at all 

[70,71]. Most of these studies have mainly focused on the role of glycosylation enzymes 

and their impact on disease progression, yet there are still relatively few investigations 

aimed at determining the metabolic significance of sugar nucleotides. 

Furthermore, regulation of glycosylation has been shown to be dependent on the 

availability of sugar nucleotides. Oguri et al. found that intracellular uridine-5’-dipospho-

N-acetyl-D-glucoseamine (UDP-GlcNAc) levels affected branching patterns due to an 

enhancement of the activities of glycosyltransferases GnT-IV and GnT-V[72]. 

Contrariwise, lowered intracellular levels of UDP-GlcNAc resulted in decreased 

activities of GnT-IV and GnT-V, thus effectively suppressing the formation of highly 

branched N-Glycans. Development of an efficient method to reliably quantify sugar 

nucleotides would provide a means to detract accurate information on the cellular content 

of these metabolites, thus permitting a better understanding of their role in disease at the 

molecular level.  

In order to better understand these metabolites, several methods have previously 

been pursued, aiming towards the development of a rapid, reproducible and robust 

analytical assay. The basic components of such an assay include qualities such as good 

separation, unambiguous structural characterization, and reliable quantification. For 

instance, capillary electrophoresis paired with mass spectrometry [73] or UV detection 

[74] has been pursued yet for the most part chromatographic protocols have been the 

method of choice paired with mass spectrometric detection due to its superior selectivity 
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when compared to UV detection [75]. Ion-exchange high performance liquid 

chromatography (HPLC) has also been used to determine the presence of cytidine-5’-

monophospho-N-acetyl-D-neuraminic acid (CMP-NeuAc) and CMP-NeuGc in the 

human liver as well as Chinese hamster ovary cells [76,77]. Recently, ion-pair reversed-

phaseHPLC in conjunction with UV detection has been used for simultaneous 

determination of a mixture of eight sugar nucleotides with good separation on both 

Intersil ODS-4 and ODS-3 columns [78]. Unfortunately, the “sticky” nature of using a 

pairing reagent is a limiting factor when a mass spectrometer is used for detection. 

Analysis of hydrophilic metabolites, such as sugar nucleotides, through the use of 

hydrophilic interaction chromatography has also shown great promise but the separation 

of isobaric compounds is difficult to achieve [79-81].  

Here the separation and quantification of nucleotide sugars was attained using a 

surface-conditioned porous graphitic carbon (PCG) column in conjunction with rapid 

separation liquid chromatography (RSLC) and mass spectrometry (MS). Previous studies 

on the ionic strength and pH of carbon have demonstrated the successful use of PGC 

column for the separation of nucleotide related structures [82,83]. The benefit of using a 

PGC column is that no ion-pairing reagent is required to achieve appropriate retention 

times especially for polar analytes such as nucleotide sugars. This was especially 

important since the RSLC was coupled to an MS which is not suited to handle non-

volatile solvents. Seven nucleotide sugar standards (namely, UDP-Glc, UDP-Gal, GDP-

Man, GDP-Fuc, CMP-NeuAc, UDP-GlcNAc, and UDP-GalNAc) were effectively 

separated and quantified using the developed LC-MSMS method. This method was also 

effective in quantifying sugar nucleotides extracted from 3 different cancer cell lines 
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(MDA-MB-231, MDA-MB-231-BR, and MDA-MB-361). The developed method 

allowed sensitive, reproducible, and rapid separation of sugar nucleotides in less than 10 

minutes.  

2.2 Materials and Methods 

2.2.1. Materials  

Standard sugar nucleotides in their disodium salt form, including Uridine 5′-

diphosphoglucose (UDP-Glc), Uridine 5′-diphosphogalactose (UDP-Gal), Guanosine 5′-

diphospho-D-mannose (GDP-Man), Guanosine 5′-diphospho-β-L-fucose (GDP-Fuc) , 

Cytidine-5′-monophospho-N-acetylneuraminic acid (CMP-NeuAc), Uridine 5′-

diphospho-N-acetylglucosamine (UDP- GlcNAc), Uridine 5′-diphospho-N-

acetylgalactosamine (UDP-GalNAc), triethylammonium acetate (TEAA), and 

trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (St. Louis, MO). Sodium 

chloride (NaCl), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate 

(CHAPS), sodium pyrophosphate, Tris(hydroxymethyl)aminomethane (pH 7.5), ethylene 

glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), and 

ethylenediaminetetraacetic acid (EDTA) were also purchased from Sigma-Aldrich.  

HPLC grade acetonitrile was purchased from JT Baker (Phillipsburg, NJ). HPLC grade 

water was purchased from Mallinckrodt Chemicals (Phillipsburg, NJ). The Hypercab 

Hypersep porous graphitic carbon (PGC) solid phase extraction (SPE) columns were 

obtained from Fisher Scientific (Pittsburgh, PA). MS grade formic acid, ammonium 

hydroxide, and a micro BCA protein assay kit were also purchased from Fisher Scientific 

(Pittsburg, PA).   
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2.2.2. Extraction of Sugar Nucleotides 

 Breast cancer cell lines for the phenotypes MDA-MB231, MDA231BR, and 

MDA361 (106 cells) were lysed by using a 400-μl aliquot of a CHAPS-based buffer 

consisting of 150mM NaCl, 0.5% CHAPS, 2.5mM sodium pyrophosphate, 20mM Tris-

HCl (pH 7.5), 1mM EGTA, and 1mM EDTA. The cells were sonicated in this buffer at 

4⁰ C for 1 hr. The sample was then centrifuged for 20 minutes with a pellet forming in 

the bottom of the sample tube. The protein containing cytosolic supernatant was collected 

and protein concentration per microliter of solution was determined using a multiskan FC 

microplate photometer from Thermo Scientific (Pittsburg, PA). A series of dilutions was 

performed using bovine serum albumin (BSA) standard with the calibration curve being 

constructing spanning 0.5μg/ml to 200μg/ml, and pipetted to a microwell plate. A small 

aliquot of the extracted proteinwas then was added to the same plate as the standards and 

the protein concentration was determined based on the standard BSA calibration curve. 

The protein was then precipitated out of solution by adjusting the final sample solution to 

90% acetonitrile through the addition of neat acetonitrile.  Next, the sample was 

incubated in the freezer at -20⁰ C for 30 minutes. Afterward the sample was centrifuged 

for 20 minutes to form a protein pellet at the bottom of the vial. The supernatant 

containing the sugar nucleotides was then collected. Prior to SPE, a supernatant 

equivalent of 150μg of protein was diluted to 400 μl total volume using HPLC grade 

water. 

2.2.3. PGC SPE Purification of Sugar Nucleotides 

 The sugar nucleotides were then purified using a Hypercarb Hypersep PGC column 

which was first conditioned using 3 ml of 80%(v/v) acetonitrile in 0.1% trifluoroacetic 
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acid followed by 2 ml of water.  The 400-μl aliquot of the breast cancer cell protein 

extract was then applied to the cartridge and washed with 2 ml of water, 2 ml of 25%(v/v) 

acetonitrile, and 2 ml of 50 mM TEAA buffer at pH 7. Elution of the bound sugar 

nucleotides was achieved by applying 1.6 ml of 25%(v/v) acetonitrile containing 50mM 

TEAA buffer (pH 7). Finally, the eluent was dried under vacuum using a Labconco 

concentrator (Kansas City, MO).  

2.2.4. LC-MSMS Analysis  

Seven sugar nucleotide standards commonly associated with protein glycosylation (GDP-

Man, GDP-Fuc, UDP-Gal, UDP-Glc, UDP-GalNAc, UDP-GlcNAc, and CMP-Neu5Ac) 

were subjected to chromatographic separation utilizing a Hypercarb PGC column (2.1 

mm x 100 mm).  In order to enhance separation, several parameters were optimized 

including the mobile phase (consisting of water with 0.75% ammonium hydroxide and 

0.2% formic acid) and the organic phase (consisting of 95% acetonitrile with 0.07% 

ammonium hydroxide and 0.1% formic acid) additives along with the establishment of an 

efficient flow rate of 0.5 μl/min and a separation temperature of 70⁰ C. Separation was 

attained using the Ultimate 3000 rapid separation liquid chromatography instrument 

(RSLC).  The effluent of this instrument was interfaced to triple-quadrupole mass 

spectrometer equipped with a heated electropsray ionization (HESI-II) probe.  The spray 

voltage was set to -2.6 kV, while the vaporizer and capillary temperatures were set to 100 

and 270oC, respectively. The sheath and auxiliary gas pressures were set to 35 and 5 psi, 

respectively. The transitions utilized in setting the MRM experiment of the seven sugar 

nucleotides analyzed here were deduced from the tandem MS spectra acquired at 

different normalized collision energies. Each scan event consisted of the analytes specific 
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transitions along with customized segmentation pertaining to the analytes retention time. 

The transitions chosen for the two isomers UDP-Gal/Glc (m/z 565) were 323 and 385.  

The transitions of CMP-NeuAc (m/z 613) were 279, 322, and 569.  For the two structural 

isomers of UDP-GalNAc/GlcNAc (m/z 606) the transitions selected were 273, 282 and 

385.  The transitions selected for GDP-Man (m/z 604) and GDP-Fuc (m/z 588) were 344 

and 442, and 150, 344 and 424, respectively.   

2.3. Results and Discussion 

In order to develop a greater understanding of the role of sugar nucleotides for the 

comparative studies of disease progression in cells, it was first necessary to establish an 

analytically reproducible and quantitative method. Successful structural elucidation of the 

metabolites of interest relied on the ability to perform unambiguous chromatographic 

separation of a mixture of model sugar nucleotides. Seven sugar nucleotides standards 

were chosen that are commonly associated with the process of glycosylation (Fig. 2.1). 

Since nucleotide sugars are inherently similar in structure, with some even being 

structural isomers, one goal was to enhance the chromatographic methodology so as to be 

selective enough to resolve the closest of related structures such as the isomers of UDP-

Glc/Gal and UDP-GlcNAc/GalNAc.Previous chromatographic studies have also explored 

the complexities of resolving these UDP-hexosamines with a HILIC column [81] as well 

as ion exchange HPLC [84-86], with the results being coelution of these isomers. 

However, successful separation has been attained using IP-RP and UV-detection [76,87]. 

Unfortunately, the use of an ion pairing reagent was not a viable option due to the 

incompatibilities associated with the non-volatile nature of most of these reagents and the 

mass spectrometer.   
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m/z= 588.075
Transitions (m/z):
→322, 384

Guanosine 5′-diphospho-β-L-fucose (G)

Guanosine 5′-diphospho-D-mannose (F) 

Uridine 5′-diphosphoglucose (C)

Uridine 5′-diphospho-N-acetylglucosamine (E)CMP-N-acetylneuraminic acid (A)

m/z= 613.140
transitions (m/z):
→279, 321, 569 

m/z= 565.048
Transitions (m/z):
→240, 322, 384

m/z= 606.080
Transitions (m/z):
→273,281,384

Uridine 5′-diphosphogalactose (B)

m/z= 565.048
Transitions (m/z):
→240, 322, 384

m/z= 604.070\
Transitions (m/z):
→343,442

Uridine 5′-diphospho-N-acetylgalactosamine (D)

m/z= 606.080
Transitions (m/z):
→273,281,384

[CE: 30,21,19]

[CE: 33,23,26]

[CE: 33,23,26] [CE: 25,28]

[CE: 30,29]

[CE: 34,30,27]

[CE: 34,30,27]

Figure 2.1 Sugar nucleotide structures that are commonly associated with 

glycosylation of lipids and proteins. Respective MRM transitions and collision energies 

utilized are included as well. 
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The use of a PGC column allowed for successful analysis of a mixture of sugar 

nucleotides in this study through the use of MS compatible solvents, such as formic acid, 

that increased sensitivity as well as selectivity (data not shown). The unique properties 

associated with the surface of the PGC column provides excellent analyte-surface 

interaction allowing for separation of these polarcompounds. Most importantly, no time 

consuming derivitizations were required in order to attain sufficient interaction between 

the analyte on the surface of the column, a process commonly associated with polar 

analytes. The overall mechanism of interaction is believed to be based on two factors. 

One, being dispersive interactions between the analyte and mobile phase and the analyte 

and graphite surface, and the other pertaining to charge induced interactions of the polar 

analyte with the polarizable surface of the graphite. Another important aspect of the 

surface of the PGC column relates to the fact there are no surface modifiers used, in 

effect allowing for increased stability with varying mobile phases. As a result, phase 

bleeding issues are eliminated and a chromatographic gradient was successfully 

implemented.  

Furthermore, it was found that efficiency of the column and peak asymmetry was 

most prominent at a temperature of 70⁰ C.  As expected, increased column temperatures 

resulted in reduced mobile phase viscosity allowing for the use of 0.500-μl/min flow rate 

without having to exceed the backpressure limits of the RSLC system and the column.  

As shown in the extracted ion chromatogram in Fig. 2.2, successful separation of six out 

of seven sugar nucleotides was attained, with the only exception being the inability to 

resolve the UDP-GlcNAc/GalNAc structural isomers. The principle of separation is 
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Figure 2.2 Extracted ion chromatograms displaying several dilutions spanning 
almost three orders of magnitude, thus depicting the limit of detection, and limit of 
quantification of the seven nucleotides sugars.  
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believed to be hydrophilic interaction.  Accordingly, the order of elution of the different 

analytes was CMP-NeuAc, UDP-Gal, UDP-Glc, UDP-GalNAc/GlcNAc, GDP-Man and 

GDP-Fuc.  This retention was prompted by the hydrophilicity of both components of 

these analytes (i.e., monosaccharide and nucleotide).  

Furthermore, a reliable quantification method was established based on the 

creation of a calibration curve constructed from sugar nucleotide standards. Since 

separation of UDP-GlcNAc/GalNAc was ineffective, it can be assumed that instrumental 

response associated with these isomers is based on double the concentration in relation to 

the other 5 sugar nucleotides. A series of dilutions was made spanning almost three 

orders of magnitude (20pg to 1ng) with UDP-GlcNAc/GalNAc spanning (40pg-2ng) due 

to the aforementioned factors (Figure 2.2).  The limit of detection (LOD) of GDP-Man 

and GDP-Fuc was 20pg, while the Limit of Quantification (LOQ) for those analytes was 

70 pg.  Furthermore, UDP-Gal/Glc LOD was determined to be 30pg while the LOQ of 

UDP-Gal/Glc was 100pg. The LOD of CMP-NeuAc was determined at 75pg, with the 

LOQ determined at 250 pg. For the UDP-GlcNAc/GalNAc, the LOD was 60pg and the 

LOQ was determined to be at 200pg. Overall; the linear dynamic range was established 

over the course of 20pg to 1ng of sugar nucleotide standard, with the exception of UDP-

GlcNAc/GalNAc being established over 40pg to 2ng (Table 2.1). The peak shape 

obtained from the ammonium formate buffer was satisfactory and no significant peak 

tailing was observed over the course of each experimental run.  

In addition, because of the highly selective power of the MRM platform 

technology, utilization of a triple quadrupole mass spectrometer was selected as the 

detection method of choice because of its potential to provide absolute structural 
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Table 2.1 Retention time, and peak area and heights reproducibility data (N=10). 

 

 

 

Retention Time 
Reproducibility  

Peak Area 
Reproducibility 

Peak Height 
Reproducibility 

Analyte 
Average 
tR (min) %RSD Average  %RSD Average %RSD 

Neu5Ac 1.9 3 4226 4.5 621 3.4 

UDP-Glc 2.3 3.4 8461 3.8 1128 3.2 

UDP-Gal 2.6 3.4 12370 2.9 1542 4.1 

GDP-Fuc 5.9 2.6 28430 4.8 3429 4.6 

GDP-Man 4.8 3.1 37953 4.6 4273 3.7 

UDP-GalNAc/UDP-
GlcNAc 2.3 3.8 35533 3.8 4209 4.3 
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specificity. First, each individual sugar nucleotide standard was infused directly into the 

triple quadrupole in order to select an appropriate representative precursor ion.  For each 

analyte, its unique transitions were then determined by selective reaction monitoring 

(SRM) by varying the collision energy within the second quadrupole (collision cell). 

Each individual analytes representative precursor m/z and transitions were then tabulated 

with their respective collision energies (Table 2.2). Construction of an MRM assay then 

simply involved taking the desired precursor ion m/z with the consequent addition of the 

analytes specific transitions into a single scan event. In order to increase sensitivity of the 

MRM analysis, segmentation was implemented for each scan event allowing the mass 

spectrometer to utilize a longer dwell time, effectively reducing the cycle time for each 

MRM scan. This lead to acquisition of more data points across the intended peaks. 

Reliability of the two stage mass selection MRM approach was also tested with the 

analysis of a mixture of seven sugar nucleotides (Fig. 2.2) resulting in successful 

monitoring and elucidation of all of the analytes of interest.  

Moreover, PGC columns are known to suffer from inconsistencies in retention 

times and overall general performance. In fact, performance of the column was found to 

be terribly inconsistent when comparing peak shapes and retention times of the same 

analytes but with different columns at different stages of their working life [75]. Taking 

heed to the warning, column performance was tested with the developed chromatographic 

method in terms of reproducibility over the course of ten consecutive experimental runs 

with the resulting data being tabulated (Table 2.1). Overall, the performance of the PGC 

column was acceptable with retention times varying by less than 4.5% between 

experimental runs. The peak area however was slightly less reproducible with RSD  
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Table 2.2  Analytical merits of calibration curve, including linear equation, 
correlation coefficients, LODs, and LOQs.  Average recovery from the PGC SPE is 
also included here (N=3). 

 

 

Linear  Concentration Dynamic Range 40pg-10000pg 

Analyte Calibration Curve R² Value LOD (pg) LOQ (pg) % Recovery 

UDP-
GlcNAc/GalNAc 

y = 2.497x - 50.01 0.994 27 82 103 

Neu5Ac y = 2.404x – 22.63 0.995 23 75 104 

UDP-Glc y = 5.971x – 90.87 0.998 13 40 95 

UDP-Gal Y=3.722x – 12.94 0.995 13 40 96 

GDP-Man y = 3.658x – 86.16 0.997 18 55 107 

GDP-Fuc y = 9.817x – 174.5 0.998 15 45 100 
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values ranging from 3.9% to 14.9%, while peak height values were more reproducible 

with RSD values ranging from 3% to 11%. Overall, baseline separation was achieved in 

six minutes. Herein lies the benefit of using an ultrahigh pressure LC system; 

previouschromatographic methods for the separation of sugar nucleotides have attained 

baseline separations spanning significantly longer time frames. Moreover, the 

chromatographic methodology designed for this investigation not only achieves a 

baseline separation in six minutes, but also attains column re-equilibration in four 

minutes after the elution of the last analyte. Although inconsistencies in the retention time 

reproducibility of PGC columns have been reported, in this investigation it was found 

that consecutive experimental runs are a practical approach (RSD < 5%), making high 

through put sample analysis feasible. 

The potential of using the described method for the analysis of sugar nucleotides 

present in a biological system was explored.  Since a CHAPS based buffer, considered an 

ionization suppressor, was used for the lysis of cells, the percent recovery of the SPE 

protocol was investigated in order to examine the efficiency of analyte recovery when 

using this buffer.  The main concern was to make sure that the CHAPS was being 

efficiently washed away in the charcoal SPE protocol. To test whether CHAPS had any 

effect on the recovery of sugar nucleotides from the charcoal cartridge, a mixture of the 7 

sugar nucleotide standards was created at known concentrations, and was processed 

through the standard cell lysis and solid phase purification protocol.  Another mixture of 

7 sugar nucleotides was then processed through the purification protocol with the 

exception being that the mixture was not suspended in CHAPS lysis buffer. Analysis of 

both processed samples by LC-MSMS revealed peak intensities that were comparable 
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between the samples with CHAPS and those without (data not shown).  It was deduced 

that the CHAPS did not cause significant sample loss and thus allowed subsequent 

application to a biological sample.  

Once optimal chromatographic conditions which allowed for the quantification of 

sugar nucleotides were established, the method was applied for the determination of 

sugar nucleotideprofiles of 3 breast cancer cells of differing phenotypes. The cell lines 

employed for this study were MB-231, a breast cancer cell line capable of metastasizing 

anywhere in the body, its brain seeking clone MB-231-BR, and finally MB-361 which 

are cancer cells harvested from the brain of a female suffering from breast cancer 

adenocarcinoma. MB-231 and MB-231-BR are characterized as triple negative while 

MB-361 is triple positive, where the three receptors are estrogen, progesterone, and 

HER2 (human epidermal growth factor receptor 2).  Triplicates of each of these cell lines 

were subjected to the previously developed extraction and purification protocol prior to 

MSMS analysis.  With the use of the aforementioned methodology, sugar nucleotide 

profiles for each of the cancer cell lines were successfully attained revealing the presence 

of all seven targeted sugar nucleotides at quantitative levels (Figure 2.3). Since the 

molecular mechanism of extravasion of cancer cells past the blood brain barrier (BBB) is 

relatively undefined, the sugar nucleotide profiling of cancer cells capable of passing the 

BBB is an area that has not been pursued. As a result, utilizing the triplicate data for each 

cancer cell line, the differing sugar nucleotide profiles of MB-361 and MB-231 were 

statistically compared to that of MB-231-BR by single factor ANOVA. Statistical 

analysis revealed a significant difference in UDP-Gal/Glc levels in both MB-361(P<0.05)  
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Figure 2.3 Typical extracted ion chromatograms of each cancer cell line (a. MDA-
MB-231-BR, b. MDA-MB-231, c. MDA-MB-361) 
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and MB-231(P<0.05), as well as in UMP-NeuAc levels in MB-361 (P<0.05) and MB-231 

(P<0.005) (Figure 2.4). This method demonstrates the analysis of sugar nucleotide 

profiles in diseased cells can be successfully quantified and the relationship between 

sugar nucleotides levels in different cells can be formulated to establish a relationship. 

2.4. Concluding Remarks 

The established procedure permitted a linear dynamic range expanding over almost three 

orders of magnitude with an extremely reproducible chromatographic separation in less 

than six  minutes. This short separation times permits high throughputs. Analysis of a 

biological sample with the developed protocol was successful, thus permitting its 

practical use for assessing changes in the level of sugar nucleotides in systems subjected 

to biological perturbation. 
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CHAPTER 3 

RAPID AND SENSITIVE LC-ESI-MS OF A MIXTURE OF GANGLIOSIDES 

3.1 Introduction 

Gangliosides are a class of sphingolipids characterized by a ceramide lipid chain 

attached to an anionic oligossacharide moiety that varies in complexity based on the level 

of sialylation (N-acetylneuraminic acid or Neu5Ac). Heterogeneity in the oligosaccharide 

chain of gangliosides is a direct result of the monosaccharide structure, content, 

sequence, and connections [89]. When taking the variability of the lipid moiety into 

account, this makes gangliosides a very large family of compounds. Gangliosides are 

integral constituents of cells and are especially abundant in neuronal membranes. Most 

importantly, gangliosides are known to serve a wide array of biological functions, 

including cellular recognition, adhesion, and cellular signaling [90]. They have even been 

reported to play critical structural roles as well. Recently, theoretical considerations and 

experimental data suggest that gangliosides actively participate in the organization and 

maintenance of membrane lipid domains/zones [91]. 

Moreover, ganglioside expression is developmentally regulated and is not only 

cell type specific, but also goes hand in hand with the differentiation state of the cell [92, 

93]. Multiple investigations have also postulated that changes of ganglioside profiles 

during cellular differentiation is closely related to their metabolism, and in particular their 

biosynthesis [94]. Interestingly, gangliosides may even have neuroprotective effects to 

the cell [95-97]. Many studies have also highlighted the neuroprotective effects of GM1 

in diseases such as Alzheimer's' disease [98], Parkinson disease [99], stroke, and 

Guillain-Barré syndrome [100]. 

Texas Tech University, Aldo Garcia, May 2013

59



Recently, gangliosides have also become an attractive target of biomarker 

discovery because of their biological significance. Even though gangliosides have 

neuroprotective effects, unusual gangliosde proliferation can also signify diseases, such 

as Tay-Sachs, Sandhoff disease, and the AB variant of GM2 gangliosidosis [101-105]. 

Glycoconjugates have also been associated with tumor development. In the mid 1980s, it 

was discovered that glycoconjugates are often expressed as onco-developmental antigens 

[106]. Today, there is growing evidence to suggest that glycosphingolipids (GSLs) play 

an important role in tumor biology. For instance, multiple studies have discovered 

increased levels of GSL-bound sialic acid found in the serum of patients with mammary 

carcinoma [107], as well as colorectal cancer [108] and melanoma [109]. Abnormally 

high levels of GM3 and GD3 in the presence of melanoma and elevated levels of GD2 in 

retinoblastoma patients have also been found through targeted monitoring studies [110].  

Establishment of reliable cancer biomarkers is still severely lacking as there is yet no 

streamlined, facile, rapid, and sensitive assay capable of being applied in a clinical 

setting.  

Accordingly, significant research efforts have been invested for the development 

of more robust and reliable ganglioside analytical assays. A conventional method for 

ganglioside analysis has been thin-layer chromatography (TLC) [111] but has been 

recently outpaced by other technologies due to its low resolutions that are simply 

inadequate for detecting subtleties in the heterogeneity of the gangliosides. The coupling 

of TLC with densitometric or immunochemical detection [101, 112], HPLC, supercritical 

fluid chromatography, and enzyme-linked immunosorbent assay (ELISA) techniques 

have also been explored [113]. Most of these techniques require extensive sample 
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preparations with multiple steps that only offer limited resolution and sensitivity.  

Recently, mass spectrometry based techniques have been explored due to its high 

resolution, sensitivity, and accuracy. For instance, Vukelic et al. developed  multiple MS 

methods using nano-electrospray ionization (ESI), Fourier-transform ion cyclotron 

resonance (FT-ICR), and chip nano-ESI quadrupole time-of-flight (QTOF) for successful 

ganglioside profiling of human gliosarcoma tissue in which 73 distinct ganglioside 

species were observed [114]. Matrix-assisted laser desorption/ionization (MALDI) has 

also offered promising results for ganglioside analysis. Specifically, numerous MALDI-

TOF studies have been performed with limitations being observed in resolving structures 

with similar mass [115-118]. As a result, mass analyzers with high resolution are 

becoming a necessity for reliable structural elucidation of complex polar lipids.  

In order to overcome some of the aforementioned limitations, we developed a 

facile extraction and purification protocol for reliable ganglioside profiling using LC-

ESI-MS. Since blood, serum, or plasma are noninvasively acquired and are slowly 

becoming the media of choice for disease biomarker screen testing, the newly developed 

methodology was applied for ganglioside profiling of human blood serum (HBS) 

collected from patients suffering from cancer, high grad dysplasia (HGD), Barrett's 

Syndrome, and their matching control. Herein is described a previously unachieved rapid 

chromatographic method that allows for ganglioside analysis of HBS at microliter 

amounts with high sensitivity. 
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3.2 Materials and Methods 

3.2.1. Materials.  

A Standard mixture of bovine brain gangliosides was attained from Santa Cruz 

Biotechnology (Dallas,TX). HPLC grade methanol was purchased from JT Baker 

(Phillipsburg, NJ). HPLC grade water was purchased from Mallinckrodt Chemicals 

(Phillipsburg, NJ). The Imtakt Unison UK amino column was purchased from Imtakt 

USA (Philadelphia, PA). The Isoelute C8 end-capped SPE cartridges were obtained from 

Fisher Scientific (Pittsburgh, PA). MS grade formic acid and ammonium hydroxide were 

purchased from Fisher Scientific (Pittsburg, PA).   

3.2.2. LiquidLiquid Extraction. 

 First, liquid/liquid extraction was optimized using triplicates of 10 ng of the 

mixture of bovine brain gangliosides. The ganglioside standard was spiked into 1.3 ml of 

a mixture of chloroform/methanol/water (30/60/8, v/v/v), vortexed briefly, and sonicated 

for 15 minutes. The solution was then centrifuged at high speed for 15 minutes.  After 

sonication, the solution was collected and dried under vacuum and was analyzed by LC-

MS. The establishment of a successful extraction protocol allowed for the subsequent 

analysis of a biological samples, such as 10µl of HBS that was pooled from patients 

suffering from cancer, HGD, BS, and their matching pooled disease free counterpart. The 

four samples were dried using a Labconco concentrator (Kansas City, MO). Next, each 

sample was reconstituted in 1.3 ml of chloroform/methanol/water (30/60/8, v/v/v), 

vortexed briefly, and sonicated for 15 minutes. After sonication, the supernatant was 

collected and set aside. The pellet was then subjected to the same extraction procedure 

again.. The supernatants from the first and second extractions were combined and dried 
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under vacuum. Once dry, the lipids extracts were re-suspended in 60% aqueous methanol 

and 0.8% disodium hydrogen phosphate (pH 9.2) and set aside for subsequent SPE 

purification.  

3.2.3. C8 SPE Purification. 

The lipid extracts were then purified using Isoelucte C8 SPE columns. The C8 

SPE cartridges were first washed with 3 ml of methanol, and conditioned with a 2ml of 

60% aqueous methanol solution. The lipid extract was then loaded onto the column and 

allowed to pass through using gravitational forces.. The pass through was then re-applied 

to the same column in order to ensure appropriate binding of the analyte to the media. 

The bound analyte was then de-salted with 3 ml of 60% aqueous methanol solution and 

was eluted withwith neat methanol, 1.5 ml (twice), for a total elution volume of 3.0 ml. 

The eluents were then dried under vacuum and prepared for LC-MS analysis by 

reconstituting the samples in the starting buffer composition of the LC system at 10%A 

and 90%B (buffer composition is discussed in depth in the next section). 

3.2.4. LC-MS Analysis.  

Gangliosides from bovine brain (GM1, GM2, GM3, GD1a,b, GD2, GD3, and 

GT1a,b) were separated utilizing a Unison UK-Amino column (2.0 mm x 200 mm).  In 

order to enhance separation, several parameters were optimized including the mobile 

phase "A" composition (consisting of water with 0.75% ammonium hydroxide and 0.2% 

formic acid) and the organic phase "B" additives (consisting of 95% acetonitrile with 

0.07% ammonium hydroxide and 0.1% formic acid) . Optimum separation conditions 

were attained ata flow rate of 0.5 ml/min and a separation temperature of 60⁰ C. 

Separation was achieved using the Ultimate 3000 rapid separation liquid chromatography 
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instrument (RSLC) from Dionex; the effluent of which is interfaced to an Exactive mass 

spectrometer equipped with a heated electropsray ionization (HESI-II) probe from 

Thermo Scientific.  The spray voltage was set to -4.5 kV, while the vaporizer and 

capillary temperatures were set to 250 and 300oC, respectively. The sheath and auxiliary 

gas pressures were set to 40 and 5 psi, respectively. In order to quantify the different 

ganglioside species, 3 ganglioside standards of GM1, GD1a, and GT1b were selected to 

represent each different degree of sialylation (monsialylated, disialylated, and 

trisialylated) and were used to create a calibration curve. A series of dilutions were 

created for each standard for the following concentrations, 50pg, 100pg, 300pg, 500pg, 

700pg, and 1ng. 

3.3. Results and Discussion 

 For this investigation, priority was set on establishment of a rapid, reproducible, 

and quantitative ganglioside assay with minimal sample usage. First, unequivocal 

structural elucidation of the complex lipid moiety of gangliosides required the 

development of a rapid chromatographic method compatible with mass spectrometric 

analysis. Previous studies have successfully attained chromatographic separation of the 

different ganglioside classes along with structural isomers using an amino column. 

However, the mobile phase employed in these studies consists of a mixture of acetonitrile 

with aqueous phosphate or ammonium acetate buffer for appropriate hydrophilic 

interaction [119-122]. The non-volatile nature of the phosphate buffer renders it 

incompatible for MS analysis while ammonium acetate has previously been found to be 

ill suited for instant elution of multiple gangliosides [35]. Ikeda and Taguchi were the 

first to use HILIC-MS for ganglioside separation using an amino column [35]. For our 
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investigation, we implemented a modified rapid separation liquid chromatography 

(RSLC) version of the aforementioned study’s chromatographic method. 

 Consequently, efficient chromatographic separation was optimized using a 

mixture of bovine brain gangliosides. The chemical structure of each ganglioside of 

interest is depicted in Figure 3.1 with their respective m/z values. The aqueous phase (A) 

of the elution buffer consisted of acetonitrile/water (50:50) with 50mM ammonium 

formate and an organic phase (B) of acetonitrile/water (83:17) with 1mM ammonium 

formate. The amino column employed for this investigation permitted baseline separation 

of 7 gangliosides along with their varying lipid moiety counterparts in under 7.5 minutes. 

This was followed by 2.5 minutes of column re-equilibration, allowing for consecutive 

sample analysis with no observed carryover between runs. Enabling this previously 

unattained elution time was the use of the RSLC system at a temperature of 60ºC with a 

flow of 0.5 ml/min interfaced to an Exactive mass spectrometer. The optimal temperature 

for analysis was found based on a temperature study performed between 40-80ºC, with 

temperature increments of 10ºC increased for each experimental run (data not shown). At 

lower temperatures, the analyte peak shape was asymmetrical and the column 

backpressure operated above the specified pressure limit. Thus, increasing experimental 

temperature was necessary for efficient analyte/stationary phase interaction as well as for 

sufficient lowering of the mobile phase viscosity. Operating above 60ºC offered no 

chromatographic benefits.  

Accordingly, the observed order of elution was GM3, GM2, GM1, GD3, GD2, 

GD1a,b , and GTa,b. The observed chromatogram for the bovine gangliosides mixture is 

presented in Figure 3.2. Elution order is based on hydrophilic interaction of the highly 
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Figure 3.1 Ganglioside Structures from the bovine brain mixture. 7 gangliosides 
namely GM1, GM2, GM3, GD1a,b, GD2, GD3 , GT1a,b are represented here with their 
respective m/z values. 
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Figure 3.2 Chromatographic Separation of Bovine Brain Gangliosides. 
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polar oligosaccharide moiety with the amino stationary phase of the column. This idea is 

reflected as well with the observed levels of hydroxylation in the gangliosides. The 

multiple carboxylic functional groups of the trisialylated gangliosides are able to interact 

with greater affinity to the amino stationary, prompting longer retention as compared to 

the monosialylated gangliosides with limited carboxylic groups. It was also noted that 

highly sialylated gangliosides interacted with the column with such high affinity that 

higher levels of ammonium formate were necessary for efficient elution of late eluting 

gangliosides. In addition, the established method also permitted for chromatographic 

differentiation between the multiple lipid forms of each gangliosides in terms of ceramide 

length. This is an important aspect in this method that offers an additional dimension for 

ganglioside profiling. Figure 3.3 depicts the two most abundant ceramide lengths for 

each specific ganglioside. 

The next step of the investigation involved the establishment of a quantitative 

method for precise ganglioside profiling. This was achieved with the implementation of a 

calibration curve. The calibration curve was constructed by selecting 3 individual 

gangliosides, namely GM1, GD1a, and GDT1b, that would represent each ganglioside 

class. It was assumed that due to the inherent structural similarities between each 

ganglioside class, differences in ionization efficiency would be negligible. As a result, 

one of each class would suffice. Another aspect of establishing a quantitative assay 

involved the formulation of a reliable ganglioside extraction protocol at high yield.  

Consequently, the Fochel method of liquid/liquid extraction using a 2:1 ratio of methanol 

to chloroform was explored. Extraction efficiency of this protocol was tested using the 

mixture of bovine brain gangliosides. 10ng of the ganglioside mixture was processed 
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Figure 3.3 Ceramide Composition Profiles of each Ganglioside. The two most 
abundant ceramide profiles are depicted with their respective compositions. 
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with the aforementioned protocol. After subsequent mass spectrometric analysis, 

recoveries for all gangliosides were established to be greater than 95% (data not shown). 

Furthermore, in order to reliably quantify the gangliosides from a biological sample, the 3 

gangliosides standards selected for the calibration curve were processed through the same 

methanol/chloroform extraction protocol so as to mimic the biological sample’s 

experimental conditions. Figure 3.4 depicts the chromatogram for the series of dilutions 

(50pg, 100pg, 300pg, 500pg 700pg, and 1ng) that underwent the extraction protocol. 

Thus a quantitative linear dynamic range spanning nearly three orders of magnitude was 

established at high sensitivity which can be attributed to the use of the high resultion, 

high mass accuracy Exactive mass spectrometer. Additional analytical figures of merit 

are also presented in Figure 3.5.With this information it was established that the limit of 

detection (LOD) for GM1 was 10pg with a limit of quantification (LOQ) of 35pg. For 

GD1a the established LOQ was of 20pg with a limit of quantification of 60pg. For the 

GT1b the LOD was found at 50pg while the LOQ was 150pg. Column reproducibility 

was also tested based on 10 experimental runs, with reproducibility varying by less than 

3% for each run.  

Next, the extraction protocol was tested with a biological sample. Triplicates of 

10 µl of pooled disease free HBS were subjected to the methanol/chloroform extraction 

protocol and analyzed according the established LC-MS method. Only 2 gangliosides 

were detected at low intensity (data not shown). This indicated that there was a 

significant amount of unwanted lipids along with a high protein to lipid ratio, both of 

which cause ionization suppression due to competitive ionization. As a result, further 

enrichment of the extracted lipids was necessary in order to properly ascertain the to
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Figure 3.4 Chromatographic Separation of 3 Ganglioside Standards. Three 

standards were chosen with which to create a calibration curve. The order of elution is 
GM1, GD1a, and GT1b respectively. 
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Figure 3.5 Additional Analytical Figures of Merit. LODs along with LOQs are listed 
here with their respective trendline equations on linearity factors. 
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ganglioside profiles. Based on previously explored ganglioside enrichment techniques 

[123-126], C8 SPE was selected as the most appropriate for this investigation according 

reproducibility, high yield, and ease of use. Thus triplicates of 10 µl of pooled disease 

free HBS were again tested with the methanol/chloroform extraction protocol and were 

further purified with C8 SPE. After subsequent LC-MS analysis it was found that 5 

gangliosides (GM1, GM2, GM3, GD1a,b , and GD3) could be identified at quantitative 

levels (data not shown). After the extraction and purification protocols were optimized, 

10 µl of pooled HBS were collected from each cohort for analysis from patients suffering 

from cancer, HGD, BS and their matching disease free counterpart using the previously 

established methodology. It was found that all five targeted gangliosides were 

successfully detected at quantitative levels with GM3 commonly the most abundant in all 

samples (Figure 3.6). The second most abundant ganglioside observed was GM2, with 

cancer displaying significantly lower GM2 levels as compared to the others. GM3 was 

the third most abundant with comparable results observed amongst DF, BS, and cancer. 

However, HGD displayed near half levels of GD3. Interestingly, cancer displayed the 

highest level of GD1 as compared to all the HBS samples with the next most abundant 

sample being DF. With this targeted method it was successfully demonstrated that 

gangliosides profiles can be established quantitatively with high sensitivity from 

microliter amounts of sample. At the moment, only one other study has successfully 

established ganglioside profiles at microliter amounts of blood serum [126]. Moreover, 

the established RSLC-MS method permits for previously unattainable rapid 

chromatographic analysis, potentially permitting its use in the future for high through-put 

population studies.  
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Figure 3.6 Ganglioside Profiles of 4 HBS samples.
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3.4 Concluding Remarks 

 In this investigation, the developed methodology permitted a linear dynamic 

range expanding over almost three orders of magnitude with rapid chromatographic 

analysis in less than 7.5 minutes, providing the potential for high through-put analysis. 

Moreover, the established ganglioside profiling method requires only a minimal amount 

of blood serum (on the micro liter scale) for quantitative ganglioside analysis.
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CHAPTER 4 

FUTURE WORK 

 The overall goal of these studies was to provide a starting point from which to 

investigate potential metabolic biomarkers as it pertains to sugar nucleotides and 

gangliosides. As demonstrated in this thesis, the developed methodology for sugar 

nucleotide analysis is adequate for a large scale population study due to its facile sample 

prep and rapid analysis. The presented real world application was limited to laboratory 

grown cell lines. However, further investigations need to assess the methods viability 

when attempting to profile sugar nucleotides from actual diseased tissue samples which 

will require additional steps to attain appropriate cellular extracts. In addition, if reliable 

sugar nucleotide profiles are going to be successfully established, this will require 

hundreds of biological samples in which data processing will need to be streamlined.  

 In addition, for ganglioside biomarker discovery the preliminary data shown here 

portrayed promising results. The chromatographic separation attained is highly efficient 

at an unprecedented level but the extraction protocol needs improvement in terms of the 

number of gangliosides that can be reliably detected using this method.  As previously 

mentioned only 5 out of the 7 targeted analytes were observed and as a result additional 

investigations need to assess reasons for the observed trends. Furthermore, the mass 

spectrometer used for the previously discussed ganglioside experiment is able to attain 

high sensitivity along with mass accuracy which significantly reduced the necessary 

amount of sample needed for effective analysis. This makes this technique extremely 

attractive for a high throughput clinical setting if the extraction protocol can be 

effectively streamlined.  
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