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S/N Signal-to-noise ratio 
SOD-I Superoxide dismutase I 
SPE Solid-phase extraction 
SPE-CE On-line solid-phase extraction capillary electrophoresis 
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In recent years, an increased emphasis has been placed on the detection, characterization and 

quantification of proteins, peptides and other metabolites that may be able to act as disease 

biomarkers in biological fluids. This is particularly the case of biomarkers for amyloidotic 

neurodegenerative diseases, in which some organ functions are destroyed as a result of deposits 

of normally soluble proteins that form stable insoluble amyloid fibrils. The mechanism 

involving amyloid formation remains relatively unknown. Therefore, clarification of the 

mechanisms underlying aggregation of these biomarker proteins is crucial to further our 

understanding of the onset of amyloidotic neurodegenerative diseases. Similarly, biomarker 

discovery in cancer is also a challenge that currently requires a great deal of effort. Even though 

an increasing number of potentially curative treatments including surgical procedures, 

chemotherapy, and molecular targeting therapies have been developed for several types of 

cancer, in most cases, early diagnosis, disease mechanism elucidation and clinical prognosis still 

remain uncertain. In this regard, cancer biomarkers are being investigated for their potential in 

clinical use and their value in the development of future treatments.  

 

In this thesis, we have addressed the detection and characterization of amyloidotic 

neurodegenerative and cancer biomarkers from different proteomics and metabolomics 

perspectives, depending on the analytical and the sample preparation strategies employed: (i) 

targeted or untargeted strategies and (ii) top-down or bottom-up strategies (only in the case 

of proteomics analysis). 

 

Research progress on purification methods, as well as the introduction of highly sensitive and 

selective analytical methods, in particular high-performance separation techniques, such as 

liquid chromatography (LC) and capillary electrophoresis (CE), coupled on-line with mass 

spectrometry (LC-MS and CE-MS, respectively), are crucial for the reliable identification and 

characterization of disease biomarkers in complex biological samples. Specifically, CE-MS is 

widely used for the highly efficient separation and characterization of a wide range of analytes, 

from low molecular mass compounds (e.g. metabolites) to large biomolecules (e.g. proteins and 
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glycoproteins). In addition to the high resolution capabilities, CE has many other advantages. 

For instance, the separation mechanism based on electrophoretic mobility, which is related to 

the ion charge-to-radius ratio, is complementary to the separation mechanism based on 

hydrophobicity of reversed phase liquid chromatography (RP-LC). In the present thesis, CE-MS 

has been extensively applied for the study of amyloidotic neurodegenerative diseases, in 

particular, familial amyloidotic polyneuropathy type I (FAP-I) and Huntington’s disease (HD), 

as well as for the identification of colorectal cancer (CRC) and liver metastatic biomarkers. 

 

Transthyretin (TTR) is a homotetrameric protein known to misfold and aggregate causing 

different types of amyloidosis. FAP-I, which is the most common hereditary systemic 

amyloidosis, is associated with a TTR variant that presents a single amino acid substitution of 

valine for methionine at position 30 of the monomeric sequence (Met30). In this thesis, we have 

used a targeted top-down strategy for the analysis of TTR, hence allowing the detection of 

intact TTR proteoforms. In this regard, we first developed a novel CE-MS method for the 

detection and characterization of normal and variant monomeric proteoforms of TTR. In this 

case, we applied an off-line conventional immunoprecipitation (IP) in solution under denaturing 

conditions of serum samples from healthy controls and FAP-I patients. Later, a novel off-line 

sample pretreatment based on IP using magnetic beads (MBs) was also proposed in order to 

improve protein recovery, reproducibility and minimize unspecific binding of other proteins. 

The IP method based on MBs allowed detecting monomeric proteoforms found at lower 

concentrations that were not possible to analyze by conventional IP in solution. In addition, the 

performance of capillary liquid chromatography mass spectrometry (CapLC-MS) for the 

analysis of serum TTR was compared with CE-MS. Both techniques gave similar results and 

allowed detecting the mutant TTR(Met30) proteoforms in FAP-I patients and, in general, an 

increased amount of oxidized TTR proteoforms.  

 

Unfortunately, despite the usefulness of the proposed methodologies to screen for individuals 

with suspected TTR amyloidosis, CE-MS and CapLC-MS allowed only analyzing TTR under 
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denaturing conditions, and no information was obtained about the native tetrameric TTR or 

other oligomeric intermediates that may be involved in triggering protein aggregation. To 

overcome this major drawback, we developed a novel ion mobility mass spectrometry (IM-MS) 

method for the characterization of serum TTR after off-line IP under non-denaturing conditions. 

The proposed IM-MS methodology allowed the separation and characterization of tetrameric, 

trimeric and dimeric TTR gas ions due to their differential drift times. In addition, a comparison 

between tetramer (TE) and dimer (DI) ratios in serum samples from healthy controls and FAP-I 

patients demonstrated the presence of a higher abundance and stability of the TE in FAP-I 

patients.  

 

On-line solid-phase extraction capillary electrophoresis mass spectrometry (SPE-CE-MS) was 

also evaluated as a powerful approach to improve the performance of CE-MS for the analysis of 

TTR. The most typical configuration for SPE-CE includes a microcartridge placed near the inlet 

of the separation capillary, which contains an appropriate packed sorbent to selectively retain 

the target analytes. In this way, it is possible to introduce large volumes of sample and the 

retained analytes are eluted in a smaller volume of an appropriate solution, which results in 

sample clean-up and concentration enhancement with minimum sample handling. The major 

drawback of the typical chromatographic sorbents used in SPE (e.g. C8, C18, polymeric with 

hydrophilic-lipophilic balance, etc.) is their limited selectivity, which hinders the analysis of 

complex samples such as biological fluids. In this regard, immunoaffintiy (IA) sorbents are an 

interesting alternative with improved selectivity, which may also provide excellent extraction 

efficiency if the immunoreactivity and orientation of the antibody are optimum. In this thesis, 

we developed a method for purification, separation and characterization of TTR from serum 

samples by IA-SPE-CE-MS using an IA sorbent prepared by covalent attachment of antibody 

fragments (antigen binding fragment (Fab’)) against TTR to succinimidyl silica particles. Under 

optimized conditions with TTR standard solutions, repeatability and reproducibility were 

acceptable, microcartridges lifetime was good (>20 analyses in consecutive days), limits of 

detection (LODs) were around 0.5 µg/mL (50-fold lower than by CE-MS, ~25 µg/mL) and 
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different TTR conformers were detected (folded and unfolded). In addition, the proposed 

methodology was applied to the analysis of serum samples from healthy controls and FAP-I 

patients to demonstrate its potential for the diagnosis of FAP-I.  

 

HD was also subject of study in this thesis. It is an inherited neurodegenerative disorder, which 

is characterized by progressive motor and cognitive disturbances. HD is caused by an expansion 

of the cytosine-adenine-guanine (CAG) repeat in the exon 1 of the huntingtin gene (HTT), 

which encodes a stretch of glutamines in the huntingtin protein that make it prone to form 

amyloid fibrils. However, the mechanisms involving aggregation onset or progression are not 

fully understand yet. Therefore, studies targeting metabolism as an alternative to the huntingtin 

protein are regarded as necessary. Despite some potential low molecular mass biomarkers have 

been previously described in the brain of HD mice, attempts to find such metabolites in blood 

plasma have hitherto been unsuccessful. In the present thesis, we have used an untargeted 

metabolomics strategy for the identification of HD biomarkers in mice plasma. In this regard, 

different plasma pretreatments were evaluated to increase the recovery of low molecular mass 

compounds prior to SPE-CE-MS (with a C18 sorbent). The optimized sample pretreatment was 

then applied to plasma samples from wild-type (wt) and HD mice of different ages (8, 12 and 30 

weeks; early, middle and late disease stage, respectively). The proposed C18-SPE-CE-MS 

methodology demonstrated to be suitable to ensure a reliable metabolite profiling of plasma 

samples. In addition, advanced chemometric data analysis tools were also investigated for data 

exploration and classification of the complex and large data sets generated in the study. The 

combination of multivariate curve resolution alternating least squares (MCR-ALS) with other 

chemometric tools, such as partial least squares discriminant analysis (PLS-DA), allowed the 

comprehensive analysis of the C18-SPE-CE-MS metabolomics data, resolving electrophoretic 

peaks and mass spectra of a large number of low molecular mass compounds. The list of 

potential metabolites useful to distinguish between control and HD plasma samples were 

tentatively identified using on-line databases search, and the most affected metabolic pathways 

were discussed. In particular, the intracellular signaling pathway was found to be the most 
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altered pathway in HD, agreeing with dysfunction of specific neurons and changed expression 

of neurotransmitters. 

 

CRC and liver metastatic disease were also studied in the present thesis. Specifically, human 

carcinoembryonic antigen (CEA) is a highly N-glycosylated protein (60% m/m of glycans and 

28 N-linked glycosylation sites) found in normal human colonic epithelial cells, as well as in 

tumor forming CRC cell lines. Despite the demonstrated usefulness of CEA as a biomarker for 

monitoring CRC and liver metastatic disease patients’ therapy, elevated CEA levels can also be 

detected in other neoplasms and in inflammatory conditions. Therefore, improvement in the 

selectivity of CEA detection remains a challenge for clinical tumor diagnosis. In this case, we 

have used a targeted bottom-up strategy for the analysis of the N-glycopeptides of CEA, hence 

allowing an indirect characterization of the intact protein glycoforms through the glycopeptide 

fragments derived from proteolytic digestion. CEA samples purified from human colon 

carcinoma and liver metastatic disease were digested and the enzymatic hydrolysates 

subsequently analyzed by sheathless capillary electrophoresis tandem mass spectrometry 

(sheathless CE-MS/MS). The information obtained using a combination of specific enzymes, 

such as trypsin and endoproteinase Glu-C, and non-specific enzymes, such as pronase, allowed 

the detection of most of the potential N-glycosylation sites (20 out of 28), as well as their degree 

of occupancy and their site-specific dominant N-glycopeptide type (219 different N-

glycopeptide glycoforms were identified). Furthermore, a targeted multivariate data analysis 

approach using PLS-DA was also applied to easily differentiate the complex and characteristic 

glycopeptide maps of CEA samples purified from human colon carcinoma and liver metastatic 

disease, observing that samples obtained from liver metastases were, in general, more 

fucosylated and sialylated.  
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The present thesis is focused on the separation, detection and characterization of proteins, 

glycoproteins and metabolites in biological fluids that may be able to act as disease biomarkers. 

Specifically, it addresses the analysis of proteins such as transthyretin (TTR), an oligomeric 

protein related to familial amyloidotic polyneuropathy type-I (FAP-I), and human 

carcinoembryonic antigen (CEA), a tumor marker for colorectal cancer (CRC) and liver 

metastatic disease. The analysis of metabolite biomarkers is investigated in Huntington’s 

disease (HD), another inherited amyloidotic neurodegenerative disease. In order to purify the 

target analytes, different strategies are developed for serum and plasma pretreatment. 

Furthermore, different microscale separation techniques, such as capillary electrophoresis (CE), 

capillary liquid chromatography (CapLC) and ion mobility spectrometry (IMS), all of them 

hyphenated to mass spectrometry (CE-MS, CapLC-MS and IM-MS, respectively) are evaluated 

for the analysis of different proteins and metabolites of interest following targeted or untargeted 

analytical strategies. 

 

In order to achieve these main objectives, the work plan has been the following: 

 

- In FAP-I: 

 

 Optimization of off-line immunoprecipitation (IP) procedures (conventional IP in 

solution and IP with magnetic beads (MBs)) in order to purify TTR from human serum 

under denaturing and non-denaturing conditions. 

 

 Development, optimization and validation of targeted top-down methodologies based 

on CE-MS, CapLC-MS and IM-MS for the analysis of TTR in serum samples from 

healthy controls and FAP-I patients. Characterization of TTR isoforms and post-

translational modifications (PTMs) and TTR oligomers in order to distinguish between 

healthy controls and FAP-I patients. 
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 Preparation of an immunoaffinity (IA) sorbent using antibody fragments (antigen 

binding fragment (Fab’)) for the purification, preconcentration and characterization of 

human serum TTR by on-line immunoaffinity solid-phase extraction capillary 

electrophoresis mass spectrometry (IA-SPE-CE-MS). 

 

- In CRC and liver metastatic disease: 

 

 Optimization of digestion procedures with specific proteases (i.e. trypsin and 

endoproteinase Glu-C) and non-specific proteases (i.e. pronase) in order to 

enzymatically digest CEA samples purified from human colon carcinoma and liver 

metastatic disease. 

 

 Development of a targeted bottom-up strategy based on sheathless capillary 

electrophoresis tandem mass spectrometry (sheathless CE-MS/MS) for the analysis of 

CEA digests. Identification and characterization of CEA N-glycopeptide glycoforms. 

 

 Application of chemometric data analysis tools, such as principal component analysis 

(PCA) and partial least squares discriminant analysis (PLS-DA), for differentiation of 

CEA samples purified from human colon carcinoma and liver metastatic disease. 

 

- In HD: 

 

 Optimization of a human sample pretreatment for the analysis of low molecular mass 

compounds before solid-phase extraction coupled on-line to capillary electrophoresis 

mass spectrometry with a C18 sorbent (C18-SPE-CE-MS). 

 

 Development of an untargeted metabolomics strategy based on C18-SPE-CE-MS for the 

identification of HD metabolite biomarkers in mice plasma and for the tentative 

identification of metabolic pathways involved in HD early diagnosis and progression. 
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 Application of advanced chemometric data analysis tools, such as multivariate curve 

resolution alternating least squares (MCR-ALS) and PLS-DA, for a comprehensive 

analysis of the C18-SPE-CE-MS metabolomics data, as well as for differentiation 

between wild-type (wt) and HD mice of different ages (8, 12 and 30 weeks; early, 

middle and late disease stage, respectively). 
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1.1. Omics sciences

 

The term omics refers to any analytical study that provides collective information on a 

biological system. Conventional omics sciences include genomics, transcriptomics, proteomics 

and metabolomics (Figure 1.1), and new omics are constantly being added, such as lipidomics 

or glycomics [1,2]. Each omics science is crucial for understanding a certain biological system 

and complements the information provided by the other approaches. Furthermore, omics 

sciences can be applied not only for the greater knowledge of physiological processes, but also 

for screening, diagnosis and prognosis of disease pathogenesis [3–5].  

 

 

 

Figure 1.1. Conventional omics sciences. 

 

The first omics sciences to come to life were genomics and transcriptomics. Genomics involves 

the study of the structure, function and expression of all the genes in an organism. It is 

specifically aimed to understand the structure of the genome, including gene mapping and 

deoxyribonucleic acid (DNA) sequencing, as well as to explore the molecular mechanisms or 

the interplay of genetic and environmental factors in an organism [6,7]. In contrast, 

transcriptomics involves the study of transcriptomes, i.e., the complete set of ribonucleic acid 

(RNA) transcripts produced by the genome at any one time. It is focused on how transcript 
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patterns are affected by development, disease, or environmental factors such as hormones and 

drugs, among others [8,9].  

 

Together with the great advancement in analytical sciences and new instrumentation, there has 

been a considerable explosion of new omics sciences in the last two decades, being proteomics 

and metabolomics two of the most important ones, mainly due to their ability to provide 

integrative information on biological functions and define the phenotypes of biological systems 

in response to genetic or environmental changes. 

 

1.1.1. Proteomics  

 

Proteomics involves the study of proteoforms (isoforms, post-translational modifications 

(PTMs) and multiproteoform complexes), including their identification, characterization and 

quantification in a variety of contexts [10,11]. The proteomics nomenclature followed 

throughout this thesis is summarized in Figure 1.2 [11,12].  

 

 

 

Figure 1.2. Nomenclature accepted in proteomics: proteoform, isoform, post-translational modification 

(PTM) and multiproteoform complex. Abbreviations: Phos, phosphorylation.  
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Specifically, proteomics offers complementary information to genomics and transcriptomics 

essential for molecular level understanding of complex biological processes. Although changes 

in protein abundance and function can be attributed to altered gene expression, multiple post-

transcriptional, co-translational and post-translational mechanisms can also affect [13,14]. In 

particular, PTMs greatly contribute to the much larger diversity of proteins than genes. Protein 

PTMs increase the functional diversity of the proteome by the covalent addition of functional 

groups or proteins, proteolytic cleavage of regulatory subunits or degradation of entire proteins. 

These modifications basically include phosphorylation, glycosylation, ubiquitination, 

nitrosylation, methylation, acetylation, lipidation and proteolysis, and influence almost all 

aspects of normal cell biology and pathogenesis [13,14]. Therefore, identifying and 

understanding PTMs is critical in the study of cell biology and disease treatment and prevention. 

In this regard, mass spectrometry (MS) and hyphenated separation techniques (i.e. liquid 

chromatography mass spectrometry (LC-MS) and capillary electrophoresis mass spectrometry 

(CE-MS)) have emerged as the most important tools to identify and characterize proteins and 

their PTMs with high throughput and on a large scale [15,16]. However, the goal of profiling 

proteins represents an analytical challenge, mainly due to the extreme complexity typically 

present in proteomics samples and the wide range of relative abundances of the different 

proteins (i.e. dynamic range), which are also structurally very complex. 

 

There are two main approaches in proteomics analysis differentiated by the sample preparation 

methods (Figure 1.3) [10,17]. The most common approach is bottom-up proteomics, in which 

protein samples are enzymatically digested (most frequently with trypsin) into peptides prior to 

MS analysis, hence providing an indirect analysis of the intact proteins through peptides derived 

from proteolytic digestion. In a typical bottom-up experiment, the peptide mixture is 

fractionated, purified and subjected to LC or CE tandem mass spectrometry (LC-MS/MS or CE-

MS/MS) analysis. Peptide identification is achieved afterwards by comparing the MS/MS 

spectra derived from peptide fragmentation with theoretical MS/MS spectra generated from in 

silico digestion, which are stored in a protein database [18–20]. However, despite peptides are 
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easier to handle because they are readily solubilized and separated prior to MS, several 

disadvantages to this approach become clear. A peptide or even several peptides may not be 

specific to an individual protein. In addition, large regions of the protein may not be identified, 

which can leave behind important information regarding PTMs. In this regard, top-down 

proteomics seeks to overcome these major drawbacks by analyzing the intact protein and, if 

possible, its fragment ion masses by MS/MS. This approach theoretically allows for 100% 

sequence coverage and full characterization of PTMs and isoforms [11,21–24]. However, the 

difficulty in the ionization of large molecules such as intact proteins has caused top-down 

proteomics to lag behind bottom-up proteomics in terms of proteome coverage, sensitivity and 

throughput. Anyway, top-down proteomics is regarded as a powerful alternative to digestion-

based approaches and has been benefited from the recent advances in high-performance 

separation techniques, MS instrumentation and customized bioinformatic tools.  

 

 

 

Figure 1.3. Top-down and bottom-up proteomics based on MS/MS analysis. Abbreviations: Gly, 

glycosylation; Phos, phosphorylation.  
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1.1.2. Metabolomics 

 

Unlike proteomics analysis, which is commonly complicated by regulatory processes such as 

PTMs, metabolite profiles provide direct signatures of cellular activity and are, therefore, easier 

to correlate with the phenotype. In this regard, metabolomics has rapidly become a profiling 

technique of choice for biomarker elucidation and molecular diagnostics [1,25,26]. Metabolites 

are typically low molecular mass compounds (relative molecular mass (Mr)<1,500) and play 

key roles in biology as signaling molecules, energy sources and metabolic intermediates. The 

metabolome contains the smallest domain (~5,000 metabolites), but metabolites show broad 

variations in physicochemical properties (such as polarity, acidity, solubility, etc.), hence 

making difficult the simultaneous analysis of a wide range of them [27]. Recently, MS-based 

metabolomics has become the most popular metabolomics strategy. Specifically, metabolomics 

studies have been performed using various hyphenated analytical techniques such as gas 

chromatography mass spectrometry (GC-MS) [28,29], LC-MS [30,31] and CE-MS [32,33]. GC-

MS is usually the preferred technique for small and volatile metabolites, including steroids and 

fatty acids, and chemical derivatization is often necessary to increase their volatility. LC-MS is 

also commonly used as it allows the detection of a wider range of metabolites, regardless of 

their hydrophilic or hydrophobic nature. Finally, CE-MS can also be used for metabolomics 

studies and, as it presents a separation mechanism based on the molecular charge-to-radius ratio, 

it is the most appropriate for the analysis of charged metabolites. 

 

1.1.3. Targeted and untargeted analysis 

 

Both proteomics and metabolomics can be approached using targeted or untargeted analysis 

[34]. This thesis will present studies based on both analytical strategies for the analysis of 

protein and metabolite biomarkers in biological fluids. 
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Targeted analysis provides information for a predefined list of proteins or metabolites, and the 

selected analytical method can be established using commercially available standards or 

chemically synthesized compounds [35–37]. Targeted approaches offer better sensitivity than 

untargeted approaches, as well as reliable results. In this regard, targeted strategies are 

especially preferable for the analysis of proteins and metabolites found at low concentrations, 

which often play important roles in biological systems [38,39]. Different techniques can be 

applied for targeted analysis depending on the physicochemical properties of the proteins or 

metabolites being investigated.  

 

Untargeted analysis or global profiling measures simultaneously as many proteins or 

metabolites as possible in order to obtain a comprehensive profile or fingerprint of a biological 

sample. Untargeted approaches can implicate previously unrecognized proteins or metabolites 

and, therefore, they are a powerful strategy to elucidate novel biomarkers and gain insight into 

disease pathogenesis [40,41]. However, the most difficult tasks in untargeted approaches are the 

simultaneous analysis of a broad range of compounds with different properties and 

concentrations, as well as the identification of unknowns. Furthermore, it is practically 

impossible to detect all the proteins or metabolites present in a biological sample with a single 

analysis. In this regard, multiple analytical platforms such as LC-MS and CE-MS have been 

simultaneously used for global proteome and metabolome profiling [42–45]. The data acquired 

by untargeted analysis consists of a list of the mass-to-charge ratios (m/z) of the detected 

proteins, peptides or metabolites and their retention or migration times, for LC-MS and CE-MS, 

respectively. To identify the unknown compounds, the Mr provided by an accurate mass and 

high-resolution mass spectrometer can be used to find matches in proteomics and metabolomics 

databases, such as the Human Protein Reference Database [46] or the Human Metabolome 

Database (HMDB) [47], respectively. The identified proteins and metabolites can be subjected 

afterwards to biological pathway analysis to find relationships with specific disorders or 

physiological characteristics using web databases such as the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) [48], the MetaCyc and the BioCyc [49,50].  
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1.2. Biomarker discovery 

 

It is widely accepted that a biomarker is “a characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes or pharmacologic 

responses to a therapeutic intervention” [51,52]. Over the past decades, there has been a 

growing interest in applying proteomics and metabolomics strategies to search for novel 

biomarkers related to neurodegenerative diseases [53–55] and cancer [56–58]. The goal of 

current research is to identify biomarkers that could allow a non-invasive and cost-effective 

diagnosis, as well as to recognize the best prognostic panel and to define reliable predictive 

biomarkers for the available treatments. This thesis in particular will present the use of 

proteomics and metabolomics strategies for the identification of protein and metabolite 

biomarkers related to amyloidotic neurodegenerative diseases, colorectal cancer (CRC) and 

liver metastatic disease. 

 

1.2.1. Amyloidotic neurodegenerative diseases 

 

Neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 

Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS) and familial amyloidotic 

polyneuropathy (FAP), are disorders caused by the deterioration of certain nerve cells [59,60]. 

There are no specific cures for these diseases because the neurons of the central nervous system 

cannot regenerate after cell death or damage. Nowadays, diagnosis of amyloidotic 

neurodegenerative diseases is primarily made on clinical grounds including neuropsychological 

testing and brain imaging, which often lead to misdiagnosis or late diagnosis. Therefore, there is 

an urgent need to develop a reliable approach for early diagnosis of amyloidotic 

neurodegenerative disorders, as well as to find new therapeutical targets or to monitor responses 

of the patients to new therapies. Over the past decades, many investigations have revealed the 

existence of a common pathogenic mechanism associated with the above mentioned 
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amyloidotic neurodegenerative disorders, i.e., the aggregation of misfolded proteins and their 

deposition as insoluble amyloid aggregates in different regions of the brain, thus leading to 

amyloidosis of the central nervous system. Although the detailed mechanism for the formation 

of amyloid fibrils remains relatively unclear, the initiating event seems to be protein misfolding, 

which results in the formation of aggregation-prone structures that oligomerize and grow by an 

autocatalytic mechanism [59]. There are several proteins associated to amyloid processes 

leading to high social impact amyloidotic neurodegenerative diseases [61]. Table 1.1 shows the 

relationship between different biomarker proteins and the most important amyloidotic 

neurodegenerative diseases, as well as a few differential features. 

 

Table 1.1. Biomarker proteins and amyloidotic neurodegenerative diseases. Abbreviations: CJD, 

Creutzfeldt-Jakob disease; GSSD, Gerstmann-Straussler-Scheinker disease; FFI, fatal familial insomnia. 

Biomarker proteins and precursors 

Protein  Precursor Distribution Type Syndrome  

Aβ Amyloid β-protein 
precursor 

Localized Acquired Sporadic Alzheimer’s disease 

Localized Hereditary Hereditary cerebral amyloid 
angiopathy 

PrP Prion protein 
Localized Acquired Sporadic (iatrogenic) CJD 

Localized Hereditary Familial CJD, GSSD, FFI 

ABri Amyloid Bri protein 
precursor 

Localized or 
systemic Hereditary Familial dementia 

Cys Cystatin C Systemic Hereditary Hereditary cerebral amyloid 
angiopathy 

TTR Transthyretin 
Systemic Hereditary Hereditary TTR amyloidosis. Familial 

amyloidotic polyneuropathy 

Systemic Acquired Senile systemic amyloidosis 

Gel Gelsolin Systemic Hereditary Hereditary amyloidosis 

HTT Huntingtin Localized Hereditary Huntington’s disease 

SNCA α-Synuclein Localized Acquired Parkinson’s disease 

SOD-I Superoxide 
 dismutase I Localized Acquired Amyotrophic lateral sclerosis 
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1.2.1.1. Transthyretin (TTR). Hereditary TTR amyloidoses 

 

Native transthyretin (TTR) is a homotetramer composed of four identical, non-covalently 

associated subunits. Each monomer consists of 127 amino acid residues (Mr~14,000). TTR is 

predominantly expressed in the liver and in the choroid plexus of the brain. It binds to thyroid 

hormones and transports thyroxine and retinol (associated with the retinol-binding protein). This 

protein is highly abundant in serum (200-400 µg TTR/mL) and cerebrospinal fluid (CSF) (10-40 

µg TTR/mL) [62,63]. Today, about 100 point mutations are known in the TTR gene. Several of 

the resulting genetic TTR variants are harmless, but many of them play crucial roles in different 

types of hereditary TTR amyloidoses [64]. In addition to mutations at the protein sequence level 

(namely isoforms), this protein exists in several proteoforms with different PTMs. Specifically, 

each monomer contains a cysteine residue at position 10 (Cys10), which explains most of the 

microheterogeneity of TTR. The most common PTMs related to Cys10 are S-cysteinylation 

(TTR-Cys), S-sulfonation (TTR-Sulfonated), S-glycinylcysteinylation (TTR-CysGly), S-

glutamylcysteinylation (TTR-CysGlu) and S-glutathionylation (TTR-Glutathione) [65]. 

Furthermore, TTR Cys10 may additionally be oxidized to glycine ((10) C-G) or cysteine 

sulfinic acid (TTR-Sulfinic) (see Table 1.2). These Cys10 proteoforms are believed to reflect 

the redox balance of the in vivo environment, which may suggest that TTR participates in the 

defense against oxidative stress through thiol conjugation. In addition, it is thought that PTMs at 

Cys10 could play an important role in the onset and pathological processes of TTR related 

amyloidoses, although their implications are still relatively unknown [66,67]. Apart from the 

Cys10 residue, TTR features additional sites for PTMs, such as phosphorylation and 

dehydroxylation (TTR-Phosphorylated and TTR-Dehydroxylated, respectively). However, the 

role of these specific PTMs in the mechanisms underlying TTR amyloidoses has not been 

reported in the literature. 
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Table 1.2. TTR modifications on Cys10. Chemical structure, theoretical Mr and theoretical calculated Mr 

variation (∆Mr) taking as reference Free-TTR. 

 

Modifications on Cys10 

Modification  Chemical structure 
Theoretical 

Mr 
Theoretical 
∆Mr 

Free-TTR 
(none)  13,761.2640 0 

TTR-Cys 

 

13,880.4022 +119.1382 

TTR-
Sulfonated 

 

13,841.3283 +80.0643 

TTR-Sulfinic 

 

13,793.2628 +31.9988 

TTR-CysGly 

 

13,937.4590 +176.1950 

TTR-CysGlu 

 

14,009.5218 +248.2578 

TTR-
Glutathione 

 

14,066.5732 +305.3092 

(10) C-G  13,715.1713 -46.0927 
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There are several TTR amyloidoses namely familial amyloidotic polyneuropathy (FAP), 

familial amyloidotic cardiomyopathy (FAC), central nervous system selective amyloidosis 

(CNSA) and senile systemic amyloidosis (SSA). FAP, FAC and CNSA are hereditary [68], 

while SSA is related to the deposition of wild-type TTR and affects the myocardium of around 

25% of the population older than 80 years [69]. The present thesis is focused on FAP and a 

deeper insight into this disease is going to be addressed.  

 

FAP is an inherited severe systemic amyloidosis caused by a mutated TTR, and it is 

characterized by amyloid deposition mainly in the peripheral nervous system and the heart. The 

disease was first described by Andrade in 1952 [70], in the Portuguese city of Porto. However, 

other endemic areas have been described since then, mainly Sweden, Japan and Mallorca Island 

[71,72]. Among FAP, FAP type I Met30 (FAP-I, single amino acid substitution of valine for 

methionine at position 30 of the TTR monomeric sequence) is the most common [73,74]. The 

disease is characterized by a progressive painful peripheral neuropathy, although symptoms 

involving the gastrointestinal tract, heart, kidney, ocular tissues and autonomic nervous system 

are also present [73,74]. FAP-I is a fatal disease and liver transplantation is the most promising 

therapy today [75,76]. 

 

The mechanism by which TTR leads into fibril formation and aggregation remains still 

unknown. It is hypothesized that amyloid fibril formation might be triggered by tetramer 

dissociation into non-native monomers with low conformational stability [77]. These partially 

folded monomers would be highly prone to aggregate and form amyloid fibrils [68]. Figure 1.4 

shows a schematic representation of the proposed mechanism for TTR fibril formation.  

 

Nowadays, the analysis of normal and variant proteoforms of TTR is based on clinical genetic 

testing, including targeted mutation analysis, sequence analysis of exons, and 

deletion/duplication analysis [73]. In the last years, a special effort has been placed on the 

analysis of TTR as a biomarker for FAP-I in biological fluids (specifically in serum and CSF) to 
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confirm diagnosis and clarify the aggregation mechanism. In particular, this thesis will describe 

new strategies for the analysis of TTR in human serum from FAP-I patients. 

 

 

 
Figure 1.4. Schematic representation of the hypothetical pathway for fibril formation. 

 

1.2.1.2. Huntington’s disease 

 

Huntington’s disease (HD) is an inherited neurodegenerative disorder, which is characterized by 

progressive motor and cognitive disturbances [78,79]. HD is caused by an expansion of the 

cytosine-adenine-guanine (CAG) repeat in the exon 1 of the huntingtin gene (HTT). The 

presence of the CAG repeat in the HTT gene encodes an expanded polyglutamine (polyQ) 

domain in the N-terminal portion of the huntingtin protein, which induces conformational 

changes that result in inclusion formation [80]. Repeat lengths in the range between 36 and 39 

are referred to as “reduced penetrance” alleles and may or may not produce a clinical HD 

syndrome during an individual’s natural life [81]. In the expanded range (39 repeats and over), 

the length of the CAG repeat predicts about 50-70% of the age at clinical onset, with larger 

repeat lengths tending to result in earlier onset [82].  

 

Although the HTT gene is expressed as the huntingtin protein in many tissues, HD pathology 

has primarily been located to the basal ganglia and to the neocortex. The pathology involves 

atrophy and dysfunction of specific neurons, loss of several types of receptors and changed 

expression of neurotransmitters and key proteins [78,79]. HD is a fatal disease, and the median 

interval between clinical diagnosis and death is typically given as 15–20 years [83].  
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By use of predictive genetic testing, it is possible to identify individuals who carry the HTT 

gene defect before the onset of symptoms, providing a unique window of opportunity for 

intervention aimed at preventing or delaying the disease [78,84]. However, without robust and 

practical measures of disease progression, the efficacy of therapeutic interventions in this 

premanifest HD cannot be readily assessed.  

 

Neuroimaging and biochemical biomarkers are being investigated for their potential in clinical 

use and their value in the development of future treatments [78,84]. Modern neuroimaging 

techniques such as magnetic resonance imaging (MRI) enable obtaining high quality images of 

brain structure and function, while advanced image analysis techniques allow robust 

measurement of differences between subjects and change within individuals. As well as being 

relatively non-invasive, its clear relevance to neuropathology makes neuroimaging an appealing 

source of biomarkers [85,86]. However, sometimes they are not informative enough. Molecular 

biomarkers that can be quantified in biofluids such as blood or urine are appealing because of 

the minimal requirement for patient involvement and the availability of reliable and sensitive 

analytical methods. Approaches to the discovery of potential biomarkers have ranged from 

hypothesis-targeted approaches investigating pathways known to be altered in HD [87,88], to 

the application of untargeted strategies to find differences between healthy controls and HD 

patients [89,90].  

 

The ideal peripheral blood biomarker of HD would be a direct product of neuronal dysfunction 

(normally absent in blood) that leaked across the blood-brain barrier and became detectable in 

blood. However, attempts to find such biomarkers have hitherto been unsuccessful. Most of the 

potential biomarkers studied to date are largely produced by peripheral tissues as a result of 

effects of the expressed mutant huntingtin. This thesis will focus on the identification of novel 

plasma biomarker candidates that may be directly related to brain-striatal effects involved in HD 

progression.  
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1.2.2. Cancer. Colorectal cancer and liver metastatic disease 

 

Cancer is a leading cause of death, with estimations of mortality around 8 million worldwide in 

2012 [91]. In particular, colorectal cancer (CRC) is the second most commonly diagnosed 

cancer among females and third among males worldwide [92,93]. Even though an increasing 

number of potentially curative treatments including surgical procedures, chemotherapy, and 

molecular targeting therapies have been developed for CRC, the clinical prognosis still remains 

unsatisfactory. Furthermore, in patients with CRC, the liver is the most commonly involved site 

of distant metastasis, with over half of all patients with CRC experiencing liver metastasis 

during their disease course [94,95]. At present, the only potentially curative treatment option for 

colorectal cancer liver metastasis is hepatic surgical resection, with a reported overall survival 

probability after resection of 25%–58% [94].  

 

In the past few years, glycomics has been at the forefront of revolutionizing biological and 

medical sciences, holding out the promise of both fully understanding and effectively treating 

human diseases. Recent research in the glycomics field has given insight into the biological 

significance of the N-glycome in human health and disease. Special emphasis has been placed 

on exploring the connection between altered N-glycosylation and different diseases, particularly 

cancer [96–98]. Therefore, specific glycoforms of certain glycoproteins may serve as 

biomarkers for either the early diagnosis, prognosis or the evaluation of therapeutic efficacy for 

treatment diseases. Glycomics becomes, therefore, and emerging field that can make unique 

contributions to the discovery of cancer biomarkers. 

 

1.2.2.1. Glycosylation 

 

Glycosylation is defined as the enzymatic process that produces glycosidic linkages of 

carbohydrates (i.e. sugars) to other carbohydrates, proteins or lipids [99,100]. In particular, 

protein glycosylation is referred to the covalent attachment of carbohydrates, also known as 
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glycans, to the polypeptide chain of a protein [100,101]. Glycans can adopt several structures, 

from a simple monosaccharide unit to a branched polysaccharide. These glycan chains are 

composed of well-known monosaccharide units covalently attached to each other by glycosidic 

bonds [100,101]. Table 1.3 shows the most common monosaccharide units that can be found in 

glycan structures, with the standardized symbol nomenclature proposed by the Consortium for 

Functional Glycomics (CFG) [102]. 

 

Table 1.3. Monosaccharide units found in glycan structures. Symbol nomenclature proposed by the 

Consortium for Functional Glycomics (CFG) [102].  
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Depending on the glycan attachment sites in the polypeptide chain, protein glycosylation can be 

divided into O- and N-linkage type [103]. O-linked glycosylation consists of attaching the 

glycans to a serine (Ser) or a threonine (Thr) amino acid in the polypeptide chain of a protein 

[103]. In N-linked glycosylation, glycans are attached to asparagines (Asn) in the sequence 

containing Asn-X-Ser/Thr, where X corresponds to any amino acid except proline (Pro) [103]. 

All N-glycans share a common structure, commonly known as core (Figure 1.5). However, 

several monosaccharide units can be attached to this core fragment, thus giving rise to the three 

main types of N-glycans: high mannose, complex and hybrid [104,105]. Figure 1.5 shows the 

different types of N-glycans (following the symbols recommended by the CFG [102]).  

 

 

 

Figure 1.5. Types of N-glycans following the symbols nomenclature recommended by the Consortium 

for Functional Glycomics (CFG) [102]. 

Core structure
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 High mannose glycans: only mannose residues are attached to the core structure of the 

glycan. 

 Complex glycans: N-acetylglucosamine residues are bound to the mannoses of the 

core, resulting in further branched structures, commonly denominated antennae (bi-, tri- 

and tetraantennary structures). These antennae are formed by N-acetyllactosamine 

residues (LacNAc: N-acetylglucosamine plus galactose) that may end with a sialic acid 

residue.  

 Hybrid glycans: can be considered a combination of the other two types of N-glycans. 

 

Different techniques are currently used for the analysis of protein glycosylation, including 

matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) 

[106], or electrospray ionization mass spectrometry (ESI-MS), coupled on-line or not, with LC 

[107] and CE [108]. Unfortunately, despite the usefulness of these techniques for analyzing a 

wide range of glycoproteins, characterization of protein glycoforms becomes increasingly 

difficult when analyzing highly glycosylated proteins. In this regard, three approaches can be 

used for the study of protein glycosylation. In the top-down approach, the intact glycoprotein is 

analyzed, which is more direct and considerably faster than the other two alternatives, as barely 

any sample treatment is necessary. However, targeting the intact glycoprotein can be quite 

challenging due to different causes: the difficulty in the ionization of large molecules such as 

glycoproteins, and the limited resolving power of high-performance separation techniques and 

mass spectrometers to resolve complex mixtures of glycoforms. Moreover, information of 

glycosylation sites and their degree of occupancy cannot be obtained [109]. 

 

The other two approaches involve the use of enzymes or specific reagents to obtain glycans or 

glycopeptides of lower molecular mass. In one approach, glycans are enzymatically (with 

glycosidases) or chemically cleaved from the glycoprotein and subjected to purification prior 

analysis. However, the utility of this method is limited when more than one glycosylation site is 

present in the glycoprotein, because it fails to correlate glycan composition with the different 
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attachment sites [103]. This information can be obtained by following a typical bottom-up 

proteomics approach, which consists of analyzing glycopeptides after subjecting the 

glycoprotein to enzymatic proteolysis [110,111]. Proteases are enzymes that catabolize the 

hydrolysis of peptide bonds between amino acids in the polypeptide chain of a protein. There 

are several proteases, each one with their own efficiency and specificity, being trypsin widely 

employed in a multitude of studies [112,113]. Using glycopeptide analysis, the glycan 

composition can be correlated to the attachment site, due to the presence of the peptide portion 

on each glycopeptide. However, working with glycopeptides instead of glycans can be rather 

difficult, mainly due to the higher molecular mass of the glycopeptides, which often show worse 

ionization efficiencies, and the limited resolved power of the analytical techniques.  

 

In conclusion, the three approaches are complementary as they have their own advantages and 

drawbacks, and must be taken into account in order to obtain comprehensive information to put 

together the glycoprotein structural puzzle. 

 

1.2.2.2. Human carcinoembryonic antigen 

 

Human carcinoembryonic antigen (CEA) is a highly N-glycosylated protein (60% m/m of 

glycans) found in normal human colonic epithelial cells, as well as in tumor forming and 

colonic adenocarcinogenic cell lines [114,115]. CEA was discovered almost 50 years ago, in 

1965, and it still remains the only tumor marker of recognized efficacy in monitoring CRC 

patients’ therapy [93,116]. For patients with liver metastatic disease, changes in CEA 

concentration during treatment can also indicate response to therapy [93]. Despite the reported 

benefits of using CEA as a biomarker for recurrence and response to treatment, there are some 

significant limitations. Although CEA was first considered specific for CRC, elevated CEA 

levels can also be observed in other neoplasms, e.g. gastric and pancreatic cancers, or in 

inflammatory conditions [93]. Additionally, CEA does not allow differentiation between benign 
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and malignant tumors [93]. Therefore, improvement in the selectivity of CEA detection remains 

a scientific challenge.  

 

CEA (Mr~180,000) contains 28 potential N-linked glycosylation sites [117]. Figure 1.6 shows 

the amino acid sequence of CEA and its potential N-glycosylation sites marked in red. The 

carbohydrate fraction includes mannoses, galactoses, N-acetylglucosamines, N-

acetylgalactosamines, fucoses and sialic acids (see Table 1.3).  

 

 

 
Figure 1.6. Amino acid sequence of human carcinoembryonic antigen (CEA) and its potential 28 N-

linked glycosylation sites marked in red.  

 

The glycan composition of CEA displays a considerably heterogeneity in the sugar content, but 

detailed carbohydrate structures of the 28 N-glycosylation sites have so far not been reported. 

One earlier study (1983) identified the structures of CEA carbohydrates and proposed that it 
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contains approximately 40 different glycan compositions [118]. In a recent study (2015), 61 

CEA glycans were determined in tumor tissues, and high mannose and complex-type 

carbohydrate chains were identified [117]. 

 

In contrast to these studies based on targeting glycans, this thesis has been focused on the 

glycopeptide site-specific analysis of CEA and the modifications of the N-glycosylation patterns 

induced during CRC and liver metastatic disease.  
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1.3. Purification techniques 

 

In recent years, an increased emphasis has been placed on the separation, detection, 

characterization and quantification of normal and variant proteoforms of different proteins as 

predictive indicators of an ongoing disease state [119,120]. In this regard, research progress on 

protein isolation and purification has been crucial for an increase in the accuracy and 

reproducibility of protein profiling to identify PTMs and mutations at the protein sequence level 

[121,122]. Nowadays, affinity chromatography, size exclusion chromatography and ion 

exchange chromatography are very suitable techniques for the purification of a wide range of 

proteins from biological fluids and tissues [123–125]. However, these classical chromatographic 

procedures are often labor-intensive and time-consuming. In this regard, some authors have 

described several alternatives including liquid-liquid extraction, dialysis, centrifugal filtration 

and immunoprecipitation (IP) methods. Most of them have limited selectivity and provide low 

recoveries, with the exception of IP techniques, which take advantage of the high selectivity of 

the antibodies to isolate the antigenic target proteins out of complex samples. These IP methods 

can also be combined with the rest of purification techniques to get improved results.  

 

1.3.1. Antibodies 

 

Antibodies, also known as immunoglobulins (Ig), are glycosylated proteins exclusively 

synthesized by B cells whose main function is to defend the organism against external agents 

(referred to as antigens). There are different types of Ig, being IgG the most common one 

(approximately 70-75% of all the Ig in human serum are IgG). IgG share a common Y-shaped 

structure that consists of four polypeptide chains (Figure 1.7): two identical heavy (H) chains 

(Mr~50,000) and two identical light (L) chains (Mr~25,000). These four chains are joined 

together by disulfide bonds and non-covalent interactions, and can be divided into constant (C) 

and variable (V) domains. The C domains are located in the carboxyl terminal portion of the 
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antibody, whereas the V regions are located in the amino terminal portion [126,127]. There are 

also two distinguishable sides of the antibody: the upper arms, commonly referred to as the 

fragment antibody binding (Fab’) region; and the lower part of the molecule, known as fragment 

crystallizable (Fc) region. The Fab’ region can present several characteristic amino acid 

sequences depending on the target antigen that binds to the antibody. The Fc region only varies 

in its amino acid sequence if we consider a different Ig than IgG. 

 

 

 

Figure 1.7. Structure of an immunoglobulin G (IgG).  

 

Antibodies bind to a specific region of the antigen known as antigenic determinant or epitope. 

Depending on how the antibodies have been generated, they can be divided in two types, 

monoclonal or polyclonal. Monoclonal antibodies are those produced by a single line of clones 

of the same B cell and only recognize one epitope on an antigen [128]. In contrast, polyclonal 

antibodies are generated by multiple clones of different B cells, and recognize various epitopes 

on an antigen. The decision regarding whether to use a polyclonal or monoclonal antibody 
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depends on the intended use and the availability. Polyclonal antibodies can be generated much 

more rapidly, are less expensive and require less technical skills. In contrast, monoclonal 

antibodies are more selective, a useful characteristic while working with complex samples. 

However, this high selectivity may represent a drawback in some cases, e.g. when focused on 

the analysis of a family of structurally related compounds. For instance, some changes in the 

structure of an epitope, such as genetic polymorphism, glycosylation or denaturation, may lead 

to poor or no recognition by the antibody. In contrast, these changes do not affect polyclonal 

antibodies, since they are heterogeneous and recognize a set of antigenic epitopes [129].  

 

1.3.2. Conventional IP in solution and IP with magnetic beads 

 

Two different off-line IP approaches will be discussed in this thesis: conventional IP in solution 

and IP with magnetic beads (MBs). 

 

Conventional IP in solution consists of incubating a solution of the antibody with the sample 

containing the target protein (Figure 1.8 A). After centrifugation of the mixture, the supernatant 

is removed, hence allowing the collection of the immune complex (i.e. antigen-antibody 

complex) as a solid residue or precipitate. If necessary, this complex is later dissociated using an 

appropriate solution, in general, lowering the pH value, increasing the ionic strength and/or 

adding organic solvents. Conventional IP methods in solution require an optimum proportion 

between the molecules of the antigen and the antibody, commonly known as equivalence zone, 

in order to achieve maximum immunoprecipitation. The time course and recoveries vary 

dramatically depending on the affinity of the antigen, the size and number of epitopes and the 

medium conditions (e.g. the reaction temperature, ionic strength, pH), among other factors 

[130]. 
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Figure 1.8. Schematic representation of (A) conventional IP in solution, (B) pre-immobilized antibody 

approach and (C) free antibody approach. *If the antibody is not covalently coupled to the MBs, it will be 

eluted with the antigen. 

 

In recent years, the emergence and development of micro and nano MBs for analytical purposes 

have led to an evolution of the conventional IP methods in solution. Nowadays, modern IP 

techniques with MBs are widely applied to improve protein recovery, reproducibility and 

minimize unspecific binding of other proteins [131,132]. In general, antibodies are immobilized 

by strategies that bind the antibody to the beaded support through covalent bonds or non-
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covalent interactions. Immobilized Protein A or Protein G crosslinked agarose beads, which 

bind the antibody through non-covalent interactions, are easier to handle and cheaper than silica 

beads. The decision to use Protein A or Protein G depends upon the source and class of the 

antibody used and the overall cost. Immobilized Protein A is generally less expensive than 

Protein G, however, Protein G binds a wider variety of antibody classes [133]. Additionally, 

orientation of the antibodies on the solid support is of great concern because the performance of 

the IP depends on the availability of the binding sites for the antigen-antibody interaction. 

Specifically, Protein A or Protein G crosslinked agarose MBs allow an optimum orientation of 

the antibody to the MBs through its Fc region. There are two different IP approaches depending 

on when the immobilization of the antibody to the beaded support takes place, either before or 

after antigen-antibody recognition [133]. In the first case, an antibody against a specific protein 

is pre-immobilized onto a beaded support and then incubated with the sample containing the 

target protein (Figure 1.8 B). The immobilized immune complex is then collected from the 

sample, eluted from the support and subsequently analyzed. In the second case, the free 

antibody forms the immune complex in solution, which is then pulled down by the insoluble 

beaded support (Figure 1.8 C). 

 

In particular, this thesis will present the use of off-line conventional IP in solution and IP with 

Protein A crosslinked agarose MBs in order to purify TTR from human serum samples. 
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1.4. Analytical techniques  

 

Proteomics and metabolomics have dramatically increased the demand of sensitive and selective 

methods for the analysis of biological samples. In this context, mass spectrometry (MS) plays a 

key role due to its selectivity and potential with respect to the identification of unknown 

compounds. Additionally, due to the complexity of most biological samples, the use of high-

performance separation techniques is essential prior MS analysis. Capillary electrophoresis (CE) 

and liquid chromatography (LC) have gained much interest due to their high separation 

efficiency, sensitivity, reproducibility and possibility of on-line coupling and full automation. 

These features ensure high throughput, sensitive and reproducible qualitative and quantitative 

analysis and reliable identification by capillary electrophoresis mass spectrometry (CE-MS) and 

liquid chromatography mass spectrometry (LC-MS). 

 

1.4.1. Capillary electrophoresis (CE) 

 

Since its introduction in the ninetieth century, CE has become an increasingly important 

technique for the highly efficient separation and characterization of a wide range of molecules, 

from low molecular mass compounds (e.g. metabolites) to large biomolecules (e.g. proteins and 

glycoproteins) [33,134,135]. In addition to high resolution capabilities, CE has many other 

desirable characteristics, including a separation mechanism based on electrophoretic mobility 

(which is related to the ion charge-to-radius ratio), low consumption of sample and reagents, 

reduced analysis times, instrumental simplicity and full automation. Furthermore, if necessary, 

CE analyses can be carried out under mild conditions without the need of organic solvents or 

very high salt concentrations. This enables the study of proteins without causing conformational 

changes or protein degradation during analysis. Many PTMs like glycosylation or 

phosphorylation can potentially change the electrophoretic mobility of a protein, and the 

resulting proteoforms can therefore be separated with CE. The most common modes of 
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operation in CE are capillary zone electrophoresis (CZE, in general referred to as CE), capillary 

gel electrophoresis (CGE), micellar electrokinetic chromatography (MEKC), capillary 

electrochromatography (CEC), capillary isoelectric focusing (CIEF) and isotachophoresis (ITP) 

[136,137]. In particular, this thesis will present methods based on CZE (from now on it will be 

referred to as simply CE) for the analysis of a wide range of molecules, from low molecular 

mass compounds to proteins and glycoproteins. 

 

1.4.1.1. Separation principles in CE 

 

CE is a microscale analytical technique where charged species are separated on the basis of their 

electrophoretic mobility when an electric field is applied in a fused silica capillary of small 

internal diameter (id) (in general, between 25-75 μm), filled with an appropriate background 

electrolyte (BGE) [137]. Sample solution (typically between 1 and 20 nL) is then introduced at 

the inlet end of the capillary on the opposite side to the detector (which is the anode in normal 

polarity mode). Application of a high voltage (typically between 10 and 30 kV) causes 

electrophoretic and electroosmotic movements across the capillary, hence resulting in the 

movement along the capillary of the ionic species in the sample, which migrate through the 

detector at different times. The electrophoretic mobility (  ) of a target solute ion is largely 

governed by its size and charge, as deduced by the following equation [137]:  

 

   
 
    ⁄                                                                 Eq. 1 

 

where   is the total ion charge,   is the viscosity of the medium (BGE) and   is the solvated ion 

radius, which is related to its size. 

 

A basic fundament of CE separation is the so-called electroosmotic flow (EOF). When fused 

silica capillaries are used, the inner walls of the capillary contain silanol groups (SiOH) that 

ionize to the anionic form at pH above 2. Therefore, using an aqueous BGE at a specific pH 
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value, the inner walls always present a certain amount of negative charges that favor the 

formation of a diffuse double-layer near the surface where counterions, cations in this case, 

build up to maintain the charge balance. As soon as the voltage is applied across the capillary, 

the cations in the diffuse double-layer are attracted towards the cathode (which is at the end of 

the capillary in normal polarity mode), hence generating a cathodic EOF [137–139].  

 

The generation of the EOF provides several advantages. Since the electro-driven force of the 

flow is uniformly distributed along the capillary, the velocity is nearly uniform throughout. This 

flat flow velocity profile is beneficial since it does not contribute to the broadening of analyte 

zones. This is in contrast to the flow velocity profile generated by pressure in LC, which yields 

a laminar flow with a parabolic flow velocity profile. Another great advantage of the EOF is 

that it causes nearly all species to be dragged towards the outlet end in a fused silica capillary 

and normal polarity (cathodic EOF and cathode at the outlet end). Thus cations, neutrals, and 

most anions can be separated in a single run since they all migrate in the same direction (Figure 

1.9) [137–139]. 

 

 

 

Figure 1.9. Schematic representation of the migration behavior of cations, neutrals and anions in a fused 

silica capillary in normal polarity (cathode at the outlet end, close to the detector). 

 

As it is shown in Figure 1.9, cations migrate the fastest since the electrophoretic attraction 

towards the cathode and the EOF are in the same direction, neutrals migrate at the velocity of 
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the EOF but are not separated from each other, and anions migrate slower since they are 

attracted to the anode but are still pushed by the EOF towards the cathode if the EOF mobility is 

higher than their own electrophoretic mobility.  

 

1.4.2. Liquid chromatography (LC) 

 

Since its introduction in the ninetieth century, LC has become an increasingly important 

technique for the highly efficient separation and characterization of a number of molecules, 

including targeted studies in proteomics and metabolomics [31,140]. Nowadays, LC is 

considered the separation analytical technique par excellence and, in the last decades, it has 

experienced a worldwide expansion with thousands of applications.  

 

Separations in LC rely on pumping a pressurized liquid solvent (known as mobile phase) 

containing the sample mixture through a column filled with a solid adsorbent material (known 

as stationary phase). Under optimum conditions, each component in the sample interacts 

slightly different with the stationary phase, thus leading to the separation of the components as 

they flow through the column [141]. The time at which a specific compound elutes (referred to 

as retention time) is governed by several factors including the type of stationary phase, the 

mobile phase used or the physicochemical properties of the compound (e.g. polarity, size, 

charge, among others).  

 

Nowadays, there are several LC separation modes depending on the column and type of 

interaction between the analyte and the stationary phase (e.g. reversed phase, normal phase, 

hydrophilic interaction, size exclusion, ion exchange and affinity LC) [142]. However, reversed 

phase liquid chromatography (RP-LC) has been the most extensively used mode for the analysis 

of a wide range of molecules, from low molecular mass compounds to large biomolecules such 

as proteins and glycoproteins. Typical reversed phase stationary phases are based on silica 

matrices functionalized by a high density of alkyl groups (e.g. C2, C8 and C18). In particular, the 
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most common columns for proteomics and metabolomics studies are C18 and C8, which have 

several advantages, such as their commercial availability in different sizes, their relative low 

cost compared to other type of columns and the fact that typical acidic hydroorganic volatile 

mobile phases can be used (in general, acetonitrile (ACN)-water or methanol (MeOH)-water 

mixtures with 0.1% (v/v) formic acid (HFor)), which favor the ionization by MS [143]. 

 

As pointed out above, apart from the type of stationary phase within the chromatographic 

column, several factors may influence the efficiency and resolution of the chromatographic 

separation in RP-LC (e.g. column dimensions, stationary phase particle diameter and porosity, 

type of mobile phase, presence of additives in the mobile phase). New significant advances in 

instrumentation and column technology have given rise to different types of LC where column 

dimensions, particle sizes, sample handling, pressure ranges and flow rates are considerably 

modified to meet with the new challenges and demands of users in different fields, including 

omics sciences. In this regard, ultra-high pressure liquid chromatography (UHPLC), capillary 

liquid chromatography (CapLC) and nano liquid chromatography (nanoLC) have been 

extensively used for biomarker discovery in proteomics and metabolomics studies [144–146]. 

 

 In particular, CapLC is used in this thesis for the analysis of intact proteins. In CapLC, the 

internal column diameter is greatly reduced when compared to conventional LC, hence allowing 

low flow rates (2-4 µL/min) and the use of minute sample volumes (0.5 µL), with the 

consequent reduction of the limits of detection (LODs). This advantage is due to the reduced 

dilution of the chromatographic peak during analysis and the improved ionization efficiency 

when columns with smaller internal diameter are used. Furthermore, this technique provides 

many other advantages including good separation efficiency, short analysis time, more 

robustness than nanoLC (0.1 µL/min<flow rate<0.5 µL/min) or microchip technologies, 

instrumental simplicity and full automation [145,147,148]. 
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1.4.3. Mass spectrometry (MS) 

 

In the last decade, MS detection for CE and LC has been extensively used, proving its 

suitability for the detection and characterization of metabolites and large biomolecules at the 

attomole and femtomole level [42,149]. MS is a more universal detector than ultraviolet-visible 

(UV-Vis), laser induced fluorescence (LIF) or electrochemical detectors, as it provides a second 

informative dimension (i.e. molecular mass) and, therefore, enables the characterization of 

comigrating or coeluting molecules in CE and LC, respectively. Additionally, structural 

elucidation and unequivocal identification can be carried out by interpreting the fragmentation 

patterns obtained by tandem MS (MS/MS or MSn) [150,151]. 

 

A mass spectrometer is a complex and sophisticated analytical instrument that consists of 

several parts, being the most important ones the ionization source, the analyzer and the detector 

[152]. Briefly, in the simplest design, the ionization source allows molecules in the liquid phase 

to be transferred directly into ions in the gas phase. Then, in the analyzer, ions are separated on 

the basis of their mass-to-charge ratios (m/z). The mechanism behind this separation is highly 

dependent on the type of analyzer, which could also affect the sensitivity and resolution of the 

mass spectra. Finally, the detector records either the charge induced or the current produced 

when an ion passes by or hits a surface.  

 

1.4.3.1. Ionization techniques. Electrospray ionization (ESI) 

 

Since the revolutionary introduction of electrospray ionization (ESI) in the late sixties [153], the 

use of ESI-MS hyphenated techniques, such as LC-MS, or, to a lesser extent, CE-MS, has given 

rise to numerous publications and advances in omics sciences [31,33]. The impact of ESI in 

modern chemistry was acknowledged in 2002 when John B. Fenn received the Novel Prize in 

Chemistry.  
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ESI is considered a soft ionization technique as relatively little energy is imparted to the analyte, 

hence, barely any in-source fragmentation occurs during the ionization process. The formation 

of gas-phase ions from ions or neutral molecules in solution by ESI can be explained in three 

different steps considering a typical ESI interface for LC-MS [152,154,155] (Figure 1.10). 

 

A) Spray formation is accomplished by the application of a potential difference between the 

inlet of the mass spectrometer and the end of a conductive capillary, which contains the analyte 

solution. As a result, charged droplets are formed at the end of the capillary. Spray formation 

and stability are quite often assisted with an auxiliary gas, being N2 the most commonly used. 

 

B) The solvent is evaporated, usually using an inert gas that flows in the opposite direction, 

being N2 the most used one. The charged droplets are desolvated until they reach the so-called 

Rayleigh limit, i.e., the state at which the surface tension that holds them together is equal to the 

Coulombic repulsion between the charges on their surface. 

 

C) In the Rayleigh limit, new, smaller and more stable droplets are formed from the initial 

charged droplet, which is often referred to as fission. Several successive rounds of desolvation 

and droplet fission occur to form the analyte gas ions. 

 

The principal advantage of ESI is that multiply charged ions are formed, and both small and 

large molecules can be measured using a mass analyzer with a limited range of m/z. Although 

ESI ionization is considered a soft ionization technique, special care has to be taken regarding 

the potential applied to form the spray when analyzing labile molecules. A middle ground has to 

be found between applying too much voltage, which may cause in-source fragmentation, or too 

low, which will considerably decrease the sensitivity. Several other parameters may affect spray 

efficiency and, consequently, alter the sensitivity of the method, being the composition and pH 

of the solution and the number of ionizable groups of the molecule the most important ones. 
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Furthermore, the elevated vacuum inside the mass spectrometer or the acidic pH of the solution 

may promote disruption of certain oligomeric proteins, such the native tetrameric form of TTR. 

 

 

 

Figure 1.10. Basic principles of electrospray ionization (ESI) considering a typical ESI interface for LC-

MS.  

 

In the last few years, the scientific community has applied a new variant of ESI called nano 

electrospray (nanoESI), which was already introduced by Wilm and Mann in the late nineties 

[156]. This interface is ideally suited for the ionization of analytes in low flow rate systems 

(between 0.1 and 0.5 µL/min), such as nanoLC or CE. In nanoESI, the initial diameter of the 

formed droplets is considerably reduced, which allows faster ionization, increased sensitivity 

and less adduct formation.  

 

In contrast to the relative simplicity of the on-line coupling of LC to MS through ESI interfaces 

(LC-ESI-MS or LC-MS), the on-line coupling of CE (CE-ESI-MS or CE-MS) is not so 

straightforward. Compared to LC-MS, two additional key requirements have to be considered 

when working with CE-MS: the CE separation circuit needs to be electrically closed, and very 

low BGE dependent flows through the separation capillary need to be handled. In order to 

Coulombic 

explosion

Solvent 

evaporation+

+

+ +
+

+
+

+
+

+

+ +

+
++

++
+
++ + +++

+
+

++++
-

-

Taylor cone
Spray needle tip

Analyte molecule

Multiply charged 

droplet

+
+ ++

++
+++ ++

+++
+ +

++
++

++
+

Rayleigh limit

+
+

+

+
+

+
+

+

+
+

+
+ +

+
+ +

Multiply charged 

droplet

Analyte ion

Power supply
+ve -ve

Counter electrode

MS

Nebulizer gas (N2)

Nebulizer gas (N2)

Drying gas (N2)

Drying gas (N2)



Introduction Chapter 1 
 

-50- 
 

accomplish the above mentioned requirements, three different CE-MS interfaces have been 

described: sheath flow, sheathless and liquid-junction interfaces (Figure 1.11) [136,138,157]. 

 

 

 

Figure 1.11. ESI interfaces for CE-MS: (A) sheath flow, (B) sheathless and (C) liquid-junction. 

 

Sheath flow interface (Figure 1.11 A) 

 

Firstly developed by Smith et al. [158], this robust design offers a great flexibility for BGE 

selection and, therefore, it can be used in a wide range of applications. Additionally, the supply 

of a coaxial sheath liquid enhances the reproducibility on delivering a stable spray and 

ionization [136,157,159]. The main drawback is that analytes are diluted in the outlet end of the 

separation capillary. In this regard, some authors have pointed out that this could decrease the 

sensitivity, while others did not find significant differences with similar microflow sheathless 

interfaces [160]. The first commercial sheath flow interface with nebulizer gas (N2) assistance 

was developed in 1995 by Agilent Technologies, Inc. (Waldbronn, Germany). Since then, 
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several attempts have been made to improve the sensitivity of the sheath flow interface 

[161,162]. In particular, two different designs were commercialized (Figure 1.12).  

 

 

 

Figure 1.12. Sheath flow CE-MS interfaces: (A) Jet Stream ESI interface (Agilent Technologies, Inc.) 

and (B) EMASS-II ESI interface (CMP Scientific, Corp.). 

 

The first commercial coaxial sheath flow interface adapted to Jet Stream technology was 

developed in 2011 by Agilent Technologies, Inc. to enhance the sensitivity by improving the 

desolvation and spatial focusing of the ions (Figure 1.12 A). A super-heated sheath gas (N2) 

confines the nebulizer spray to improve ion drying and concentrate the ions in a thermal 

confinement zone. In this case, the gain in sensitivity was at least equivalent or only up to two-

fold for the tested analytes [163]. CMP Scientific, Corp. (New York, United States) developed 

in 2014 a novel commercial coaxial sheath flow interface, namely EMASS II, which 

incorporates an EOF-driven sheath liquid electrospray emitter technology. In this interface, the 

separation capillary terminus makes contact with the electrospray emitter inside, forming a 

small dead volume to avoid loss of separation. Sheath liquid solution is introduced through a tee 

junction at a flow driven by a borosilicate glass surface EOF, hence minimizing dilution of the 

CE effluent in order to maximize sensitivity (Figure 1.12 B). Compared with the optimal 
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commercial sheath flow interface, the manufacturer declares that this design results in 50-100 

fold or higher increase in MS signal. Nowadays, the original commercial sheath flow interface 

with nebulizer gas (N2) assistance developed by Agilent Technologies, Inc. is the most used 

worldwide, mainly due to its robustness, appropriate sensitivity and versatility in BGE selection 

[159]. This is the interface that has been used in most of the CE-MS studies of this thesis. 

 

Sheathless interface (Figure 1.11 B) 

 

With sheathless interfaces no sheath liquid is necessary and, if the initial droplets formed during 

the electrospray process are smaller, the process leads to a more efficient ionization when 

compared to the sheath flow interface [157,164]. This effect is no significant with microflow 

sheathless interfaces [160], but optimized nanoflow sheathless interfaces may offer higher 

sensitivities by CE-MS. However, they have not been extensively used for CE-MS, most likely 

due to their limited robustness and lack of commercial availability [164,165]. Recently, some 

interesting new designs of CE-MS nanoflow interfaces have been described, and one of them 

commercialized, but at a very high price. The commercial high sensitivity porous sprayer 

(HSPS) nanoflow sheathless CE-MS interface (Applied Biosystems/MDS Sciex, Framingham, 

MA), which is based on the design of Moini [166], have gained in the last years quite some 

attention for several applications [135]. In this design, the last 3-4 cm of a fused silica capillary 

(30 µm id x 150 µm external diameter (od)) are etched with hydrofluoric acid producing a 

porous wall that is conductive when in contact with a conductive solution. The porous capillary 

outlet protrudes from a stainless steel ESI needle filled with a static electrolyte, hence allowing 

electrical contact and electrospray formation at the capillary tip. Haselberg et al. [167] showed 

that with this nanoflow sheathless CE-MS interface, LODs for four model proteins were 

improved by a factor of 50 to 140 compared to sheath flow CE-MS, hence leading to 

subnanomolar LODs. Likewise, Medina-Casanellas et al. [168] demonstrated the good 

performance of this nanoflow sheathless CE-MS interface, in combination with on-line solid-



Chapter 1 Introduction 
 

-53- 
 

phase extraction CE (SPE-CE), for the analysis of opioid peptides at the picomolar level. In this 

thesis, this interface has been used to analyze CEA samples. 

 

Liquid-junction interface (Figure 1.11 C) 

 

Firstly developed by Henion and co-workers [169], the liquid-junction interface provides the 

electrical connection for closing the CE circuit via a liquid reservoir. An ESI emitter capillary is 

positioned opposite to the end of the separation capillary with a gap of 10-25 µm between them, 

in such a way that the liquid and analytes from the separation capillary pass to the emitter tube 

and are sprayed afterwards. The main advantage of this setup is that CE and ESI-MS can be 

operated independently with any mass spectrometer due to the partial electrical and physical 

disconnection of the CE separation from the ESI emitter [136,157]. In contrast, the main 

disadvantages have been the difficulty of positioning the transfer capillary in a reproducible way 

and the potential loss of separation efficiency due to the dead volumes in passage through the 

ESI emitter. Although several new developments improving the original design have been 

reported, some of the original difficulties (e.g. peak broadening and loss of separation 

efficiency) frequently remain, and the construction of the junction between the CE capillary and 

the ESI emitter continues being a difficult task [136,157]. 

 

1.4.3.2. Mass analyzers 

 

The mass analyzer is the part of the mass spectrometer in which ions are separated based on 

their m/z values. Nowadays, five main analyzers are widely used, namely, quadrupole (Q), ion 

trap (IT), time-of-flight (TOF), Orbitrap and Fourier transform ion cyclotron resonance 

(FTICR). These analyzers vary in terms of size, price, resolution, scanning range, scanning 

speed, dynamic range and the ability to perform MS/MS experiments. Several high-end 

instruments combine the advantages of more than one analyzer to form complex hybrid 

instruments with increased sensitivity, resolution and MS/MS capabilities (e.g. Q-TOF, triple 
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quadrupole (QqQ)). The following sections will give a brief overview of the mass analyzers 

used throughout this thesis: TOF and Q-TOF analyzers, which are widely applied in proteomics 

and metabolomics, because of the ease of operation, simplicity, high mass resolution, high mass 

accuracy, good scanning speed and wide dynamic and scanning ranges. 

 

Time-of-flight mass analyzer (TOF) 

 

This ion separation methodology is one of the simplest and, although it was first described in 

the middle of the twentieth century [170], it was not rediscovered until the early nineties [171]. 

TOF simply relies on the free flight of the ionized molecules in a tube of 1-2 m length, before 

reaching the detector. The time ( ) taken for an ion to traverse this tube is dependent on its m/z 

ratio, as deduced by the following equation [172,173]: 

 

                                                                        Eq. 2 

 

where   is the calibration factor. In this regard, ions with greater charge and lower mass will 

cross the tube before those with higher mass and lower charge.  

 

The most recent and important advancement in TOF technology was the development of the 

orthogonal acceleration TOF (oa-TOF) in the late eighties, which considerably further improved 

mass accuracy and resolving power [173–175]. In brief, the main difference introduced with the 

oa-TOF is the use of a separated direction (for the TOF analysis), orthogonal to the continuous 

ion-beam of the ion source. This distribution provides several advantages, including better 

efficiency in gating ions from an external continuous source (e.g., ESI), reduction of velocity 

and spatial dispersion and, consequently, improved mass accuracy and resolving power 

[174,175]. As a result of the rediscovery and the recognition of the potential of oa-TOF, several 

commercial instruments are now available for a range of ionization methods amongst which ESI 

oa-TOF has been one of the areas of greatest activity. 
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Q-TOF mass analyzer 

 

Hybrid-type analyzers have aroused great interest in the analytical community, not only for their 

great performance and amplitude of benefits but, particularly, for the fact that more structural 

information can be obtained by performing MS/MS experiments [176]. MS/MS, in a very 

generic description, is a process in which an ion (formed in an ion source) is mass-selected in 

the first stage of the analysis, fragmented and, then, the charged products from the 

fragmentation are analyzed in the second stage of the analysis. The type, quantity and quality of 

the obtained data can vary greatly depending upon the type of analyzer used in the first and 

second stages of the analysis, and the type of fragmentation performed between them.  

 

The Q-TOF mass analyzer was first described in 1996 [177] as a means of combining the 

scanning capabilities of a quadruple (Q) and the resolving power of a TOF mass analyzer. The 

Q-TOF can provide high-quality, one-stage MS and MS/MS spectra. It is composed of two 

quadrupoles (Q1 and q2) linked to a TOF analyzer that is geometrically aligned in an orthogonal 

configuration with respect to the quadrupoles (referred to as Q-TOF orthogonal mass 

spectrometry). Q1 quadrupole is the ion filter portion of the instrument used during MS/MS 

analysis, while q2 is the collision cell where fragmentation occurs (typically, low-energy 

collision induced dissociation, CID). It is worth mentioning that Q-TOF instruments usually 

include an additional quadrupole (q0) as an ion focusing device to provide collisional cooling of 

the ions, hence improving the quality of the ion beam [178].  

 

1.4.4. Ion mobility mass spectrometry (IM-MS) 

 

Although a major contributor to the rapid advances in macromolecule characterization can be 

traced to advances in hyphenated MS techniques (such as LC-MS and CE-MS), these 

techniques are unable to distinguish between ions with identical m/z ratios, thus hindering the 
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interpretation of mass spectra from coeluting or comigrating mixtures of isomers, conformers or 

oligomers that are usually highly overlapped.  

 

Ion mobility spectrometry (IMS) has enabled the separation of gas ions on the basis of their 

shape, charge and size, hence resolving ions that would be otherwise indistinguishable solely by 

their m/z ratios in conventional MS [179–181]. With the development of ESI as an ion source 

for IMS [182], applications have expanded from those limited to vapor-phase samples with 

volatile analytes to include aqueous samples containing non-volatile analytes. Furthermore, 

when coupled with MS, IM-MS becomes a powerful analytical tool for investigating the 

molecular structure of analytes in complex samples, such as those found in proteomics 

[183,184] and metabolomics [185] research. 

 

Specifically, IMS measures the time (namely drift time) taken for an ion to cross a region 

containing a background inert gas (usually N2 or He) at a controlled pressure under the 

influence of a weak electric field (see Figure 1.13).  

 

 

Figure 1.13. Schematic representation of an IM-MS instrument. 

 

Drift time depends on ion-gas collisions; hence ions are separated on the basis of their ion-
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[186]. Therefore, small ions cross first as a result of their smaller Ω. Moreover, the higher the 

charge of the ion, the greater the strength of the separation field, and therefore the more quickly 

the ion will cross the chamber. Consequently, IMS is often described as being proportional to 

collision cross-section-to-charge ratio (Ω/z), and, when coupled on-line with MS, it provides 

three-dimensional analytical information, i.e., drift time, m/z and abundance, hence allowing 

reliable analyte identification [179–181,187,188]. 

 

Nowadays, there are several IMS modes, such as drift time ion mobility spectrometry (DTIMS), 

aspiration ion mobility spectrometry (AIMS), differential-mobility spectrometry (DMS), which 

is also called field asymmetric waveform ion mobility spectrometry (FAIMS), and traveling-

wave ion mobility spectrometry (TWIMS) [189]. DTIMS provides the highest IMS resolving 

power and is the only IMS method that can directly measure Ω. AIMS is a low resolution 

mobility separation method but can monitor ions in a continuous manner. DMS/FAIMS offers 

continuous-ion monitoring capability as well as orthogonal ion mobility separation in which 

high-separation selectivity can be achieved. Finally, this thesis will present studies with an IM-

MS instrument based on TWIMS, a novel method of IMS that has recently been developed and 

commercially introduced by Waters Corporation (Milford, United States) (see Figure 1.14).  

 

 

 

Figure 1.14. Schematic representation of a TWIMS instrument from Waters Corporation. 
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In TWIMS, ions are separated based on their mobility when they are propelled due to a 

sequence of symmetric potential waves continually propagating through a cell [189–191]. One 

of the main advantages of TWIMS is that it disperses ion mixtures, fact that allows the 

simultaneous measure of multiple species. This, in conjunction with the high sensitivity 

obtained when TWIMS is coupled to certain analyzers in MS, such as TOF or Q-TOF, has made 

this technique an appealing option for structural analysis and isomer separation [189–191].  
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1.5. On-line preconcentration in CE  

 

As introduced before, CE separations are very efficient and require only small amounts of 

reagents, solvents and samples. However, when compared to LC, concentration sensitivity is 

generally rather low, one of the reasons that explain its limited use for routine chemical analysis 

or bioanalytical studies. The low loadability (i.e. nL injection volumes) of CE is the main cause 

for this poor concentration sensitivity. In this regard, in addition to the use of improved 

detectors, the concentration sensitivity of CE can be enhanced by electrophoretic or 

chromatographic preconcentration [192–198]. Electrophoretic preconcentration based on 

stacking or isotachophoresis (ITP) has been widely used, in some cases, with preconcentration 

factors higher than 10,000 fold [192–194]. However, these methods are, in general, analyte and 

matrix dependent, and show limited reproducibility. Chromatographic preconcentration 

techniques using on-line solid-phase extraction capillary electrophoresis (SPE-CE) show a more 

general applicability and can be also very efficient yielding high concentration factors and better 

reproducibility [194,197,199–201]. Moreover, SPE-CE can be used for sample clean-up and 

purification, with minimum sample handling. In the typical on-line SPE-CE configuration 

applied in the studies of this thesis (Figure 1.15), a microcartridge placed near the inlet of the 

separation capillary contains a sorbent, which selectively retains the target analyte, hence 

enabling the introduction of large volumes of sample (~50-100 µL). After washing to remove 

non-retained molecules, the retained analyte is eluted in a small volume of an appropriate 

solution (~25-50 nL), resulting in sample clean-up and concentration enhancement before 

electrophoretic separation and detection [197,201].  

 

Despite the usefulness of SPE-CE for the analysis of a wide range of molecules, many 

drawbacks need to be addressed before it can be routinely used to analyze low-abundance 

analytes in complex samples. For instance, it is difficult to find sorbents for optimum 

performance in SPE-CE, due to the reduced dimensions of the microcartridges and the fact that 

the extraction is undertaken on-line with a voltage-driven separation. In SPE, selectivity is 
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mainly governed by the specific affinity of the sorbent to the target analyte, while sorbent 

capacity also depends on the number of active sites available for the extraction, which is related 

to the sorbent particle diameter and porosity [202]. Reversed phase, ionic exchange, size-

exclusion, molecular imprinted polymers, antibodies, aptamers or lectin-based sorbents that are 

commonly developed for off-line SPE or affinity chromatography can be applied to SPE-CE 

[197,200,201,203].  

 
 
Figure 1.15. On-line SPE-CE setup used in this thesis. 

 

 

The main disadvantage of the above mentioned design for SPE-CE is the fact that the sample is 

introduced in the direction of the separation, from the inlet end to the outlet end, hence making 

possible the adsorption of the matrix compounds in the inner walls of the separation capillary. 

In order to overcome this major drawback, some new designs have been developed, where the 

sample is introduced through a transport tube or passage, orthogonal to the separation 

(cruciform and staggered designs) (Figure 1.16). The new cruciform and staggered designs 

introduce a number of advantages when compared with the original design, including 

elimination of back-pressure, control of fluid flow by valves, no carry-over of substances into 

the separation capillary and extended useful life of the separation capillaries [197,198]. 
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However, they are more difficult to construct than the typical SPE microcartridges used in the 

studies of this thesis (Figure 1.15). 

 
 

Figure 1.16. Cruciform design for SPE-CE. Sample introduction is orthogonal to the separation. 

 

 

1.5.1. SPE-CE with conventional chromatographic sorbents 

 

Nowadays, conventional chromatographic sorbents, especially reversed phase and ionic 

exchange sorbents, are the most common ones for SPE-CE, as they fulfill most of the 

requirements for optimum performance. On the one hand, they provide a large active surface 

area, without interfering with the on-line electrophoretic separation [201,203]. On the other 

hand, they are commercially available, have been optimized and widely used for the analysis of 

a great variety of compounds and can be purchased at a reasonable price. In particular, silica-

based sorbents (e.g. C8 and C18) are widely recognized for their high efficiency and good 

extraction capacities, being C18 the most common chromatographic sorbent used for SPE-CE 

applications involving peptides [201,203,204]. 
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However, the major drawback of these conventional chromatographic sorbents is their limited 

selectivity, which precludes the direct analysis of complex samples such as biological fluids. In 

such cases, a previous clean-up pretreatment, which can be more or less laborious, is required to 

purify and enrich the target analytes in order to prevent microcartridge saturation [201,203]. 

SPE-CE performance can also be improved by exploring the use of sorbents with higher 

extraction selectivity, such as immobilized metal ion affinity chromatography (IMAC) sorbents, 

aptamers, lectin-based sorbents and, especially, immunoaffinity (IA) sorbents.  

 

1.5.2. SPE-CE with immunoaffinity sorbents (IA-SPE-CE) 

 

Since the introduction of immunoaffinity capillary electrophoresis (IACE) in the early nineties 

[205], several IACE applications have been developed employing conventional CE or 

microchip CE formats [197,198,206,207]. In particular, this thesis will present a study using on-

line immunoaffinity solid-phase extraction capillary electrophoresis mass spectrometry (IA-

SPE-CE-MS) for the targeted enrichment, clean-up and characterization of a large biomolecule, 

i.e. TTR, in serum. IA-SPE-CE is a variant of SPE-CE based on immunosorbents prepared by 

immobilization of antibodies or antibody fragments. Therefore, this hyphenated technology 

combines the high selectivity of immunocapture by IA-SPE with the high separation efficiency 

of CE, which can be also coupled on-line with MS detection for a reliable compound 

identification [208–211].  

 

IA-SPE-CE has been primarily described with laser induced fluorescence detection (LIF) for 

preconcentration of small molecules, mostly peptides, from biological samples 

[197,198,206,207]. In contrast, IA-SPE-CE-MS has been demonstrated to a much lesser extent 

due to the difficulties of making compatible the requirements of IA-SPE-CE with on-line MS 

detection. The IA-SPE-CE-MS applications described to date in the literature are shown in 

Table 1.4.  
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Table 1.4. IA-SPE-CE-MS applications described to date in the literature. Abbreviations: GnRH, gonadotropin releasing hormone; hEPO, human erythropoietin; NESP, 

novel erythropoiesis stimulating protein; End, endomorphin; Tf, transferrin; TTR, transthyretin. 

 

IA-SPE-CE-MS 

Analyte Sample SPE configuration IA sorbent 
Type of 

immobilization 
Mass analyzer LOD [Ref.] 

 GnRH Serum and urine Microcartridge with 
frits 

Polyclonal Fab’ antibody 
fragments coupled to glass beads 

Covalent Quadrupole (Q) 1 ng/mL [212] 

hEPO and NESP 
peptides 

Standards and 
tryptic digests 

Microcartridge without 
frits 

Polyclonal intact antibody 
coupled to a CNBr-Sepharose 

solid support 
Covalent Ion trap (IT)  25 mg/L [213] 

Opioid peptides: End 1 
and End 2 

Standards and 
human plasma 

Microcartridge with 
frits 

Polyclonal oxidized intact 
antibody coupled to hydrazide 

silica particles 
Covalent Time-of-flight 

(TOF) 

Standards: 1 ng/mL 
 

Plasma: 100 ng/mL 
[208] 

Opioid peptides: End 1 
and End 2 

Standards and 
human plasma 

Microcartridge with 
frits 

Polyclonal Fab’ antibody 
fragments coupled to 

succinimidyl silica particles 
Covalent Time-of-flight 

(TOF) 

Standards: 0.5-5 ng/mL 
 

Plasma: 1-50 ng/mL 
[209] 

Tf 
Standards and 
human serum 

Microcartridge with 
frits 

Polyclonal oxidized intact 
antibody coupled to hydrazide 

silica particles 
Covalent Time-of-flight 

(TOF) - [210] 

TTR 
Standards and 
human serum 

Microcartridge without 
frits 

Polyclonal intact antibody 
coupled to magnetic beads 
functionalized with amino 

reactive groups 

Covalent Time-of-flight 
(TOF)  1 µg/mL [211] 
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Reports on the analysis of large biomolecules by “fully on-line” IA-SPE-CE-MS are especially 

scarce due to the additional issues related to low extraction efficiency, poor ionization efficiency 

and adsorption onto the inner capillary walls. Our research group has recently described two 

different IA-SPE-CE-MS methods based on immunosorbents prepared with intact antibodies 

immobilized on conventional silica particles or magnetic beads for the analysis of transferrin 

(Tf) and TTR in serum samples, respectively [210,211]. 

 

Another important issue in IA-SPE-CE is the limited commercial availability of compatible IA 

sorbents. Generally, researchers develop their own IA sorbents with the most suitable features 

for IA-SPE-CE. There is a wide variety of methods for preparing IA sorbents, which 

immobilize intact antibodies or their active fragments (obtained after enzymatic digestion) onto 

different supports [214,215]. Silica-based supports (commonly functionalized with diol, amino 

or hydrazide groups, among others) are generally preferred as a solid support because they fulfil 

most of the desired requirements to avoid flow restriction, bubble formation and current 

instability during the on-line electrophoretic separation by IA-SPE-CE [215].  

 

Covalent immobilization is by far the most popular approach for attaching intact antibodies or 

their active fragments onto silica supports in IA-SPE-CE because of the improved stability of 

the supports, which can be then reused [215]. This process involves the activation of the solid 

support, as well as the activation of the antibody or its active fragments in order to generate the 

desired reactive groups so that the immobilization takes place through a specific region. 

Additionally, orientation of the antibodies or antibody fragments on the solid support is of great 

concern because the performance of the IA sorbent depends on the availability of the binding 

sites for the antigen-antibody interaction [215]. Several immobilization strategies have been 

used for covalent immobilization of intact antibodies onto silica supports (Figure 1.17). 

Reductive amination (commonly known as Schiff base), glutaraldehyde, carbonyldiimidazole 

(CDI), N-hydroxysuccinimide (NHS) and hydrazide methods are typically used [215]. 

However, only the hydrazide method ensures an appropriate orientation of the intact antibody, 



Chapter 1 Introduction 

-65- 
 

which is always immobilized onto the activated silica support (with hydrazide groups) via its Fc 

region. 

 

 

 

Figure 1.17. Immobilization procedures for the covalent attachment of intact antibodies to activated silica 

supports. 
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Additionally, the maleimide method, which has been used to prepare IA sorbents in the last 

decades, is commonly used for the covalent immobilization and appropriate orientation of 

antibody fragments (Figure 1.18). The preparation of the IA sorbent is based on the 

derivatization of aminopropyl silica particles with succinimidyl groups, and the fragmentation 

of the antibody (with pepsin) so as to obtain the Fab’ antibody fragments with sulfhydryl groups 

covalently attached to the succinimidyl solid support. Following this immobilization method, 

the antigen binding sites of the Fab’ fragments are supposed to be appropriately oriented, hence 

facilitating the immunocapture of the target analytes [215].  

 

 
 

Figure 1.18. Maleimide method for the covalent attachment of Fab’ antibody fragments to activated silica 

supports. 
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In particular, this thesis will present an IA-SPE-CE-MS method using a lab-made IA sorbent 

with Fab’ antibody fragments for the analysis of a large biomolecule, TTR, in a complex 

biological sample, i.e. human serum.  
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1.6. Data analysis. Chemometric methods 

 

Chemometric methods play a crucial role in data processing, exploration, and classification of 

the massive and complex datasets generated in proteomics and metabolomics studies, especially 

in untargeted analysis. Some of the studies presented in this thesis will show the benefits of 

using multivariate data analysis tools, in particular, multivariate curve resolution alternating 

least squares (MCR-ALS), principal component analysis (PCA) and partial least squares 

discriminant analysis (PLS-DA). 

 

1.6.1. MCR-ALS 

 

MCR-ALS has become a popular chemometric method for the resolution of multiple component 

responses in complex unresolved mixtures [216]. Specifically, this recognition is due to the 

great variety of data sets that can be analyzed by curve resolution methods; essentially, any 

multicomponent system that gives as a result data tables or data matrices that can be described 

by a bilinear model. This description includes all kind of processes and mixtures (e.g. chemical 

reactions, industrial processes, chromatographic separations, spectroscopic images) monitored 

by diverse multivariate responses, such as spectral information, electrochemical signals, 

composition profiles or others. Furthermore, other reasons for the great acceptance of MCR-

ALS are its ability to deal with multiple data matrices simultaneously (reducing factor analysis 

intrinsic ambiguities [216,217] and/or data rank deficiencies [216,218]), the diversity and 

flexible application of constraints to help and improve the resolution results, and the utility to 

deal with data lacking of reproducibility. In this thesis, MCR-ALS has been used for the 

analysis of multicomponent systems with strongly overlapping contributions, such as those 

present in metabolomics studies by CE-MS. MCR-ALS can resolve overlapped electrophoretic 

peaks from the collected data and provide the separation profiles and mass spectra of the 

constituents in the analyzed samples. This approach allows overcoming problems such as 
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migration time shifts, background noise contributions, and differences in signal-to-noise ratios 

(S/Ns) among different injections [219].  

 

MCR methods are based on a bilinear model, as deduced by the following equation: 

 

                                                                   Eq. 3 

 

The goal of MCR-ALS is the bilinear decomposition of the data matrix D (e.g. the migration 

time x m/z matrix obtained in a CE-MS analysis) into the pure response profiles associated with 

the variation of each contribution in the row and the column directions, represented by matrices 

C and ST, respectively, which are responsible for the observed data variance. Specifically, in 

CE-MS separations, C contains the electrophoretic profiles of the resolved contributions 

(components), matrix ST contains the corresponding mass spectra of the resolved contributions, 

and matrix E contains the residuals unexplained by the model. 

 

MCR-ALS solves iteratively Eq. 3 by an alternating least squares (ALS) algorithm which 

calculates concentration C and pure spectra ST matrices optimally fitting the experimental data 

matrix D. This optimization is carried out for a proposed number of components (selected by 

singular value decomposition, SVD) and using initial estimates of either C or ST. Initial 

estimates of C or ST can be obtained either using evolving factor analysis [220] or simple to use 

interactive self modeling mixture analysis (SIMPLISMA) [221]. During the ALS optimization, 

several constraints can be applied to model the shapes of the C and ST profiles, such as non-

negativity, unimodality, closure, selectivity or/and other shape or hard-modeling constraints 

[222,223]. Convergence is achieved when in two consecutive iterative cycles, relative 

differences in standard deviations of the residuals between experimental and ALS calculated 

data values are less than a previously selected value, usually chosen as 0.1%. Figure 1.19 

summarizes the processes involved in MCR-ALS. 
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Figure 1.19. MCR-ALS for experimental data resolution. 

 

Once MCR-ALS is performed, data analysis tools such as PCA and PLS-DA can be applied to 

the complex datasets in order to maximize class separation and identify the most important 

components to explain differences between groups, especially, in untargeted approaches. 
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1.6.2. PCA 

 

PCA is a widely applied mathematical tool for unsupervised data decomposition and 

dimensionality reduction, which helps to understand and interpret large and complex datasets 

[224–226]. PCA is a technique that condenses all the information into a few number of 

components (principal components, PCs). Once the decomposition is performed, each score 

vector can be refolded to show the relative distribution map for each component. Therefore, it 

gives an abstract decomposition of experimental data, which maximizes the explained variance 

under the constraint of orthonormality of the components [226,227]. PCA decomposes the 

measurement matrix X into the scores T and loadings PT factor matrices, as deduced by the 

following equation: 

 

                                                                     Eq. 4 

 

The aim of PCA is to maximize the explained variance in the data with a minimum number of 

components. T and PT factor matrices represent a concise summary of the original data that, in 

most cases, can aid in interpreting the underlying data variance sources. Specifically, scores 

plots are quite useful for revealing patterns, such as clusters, trends and outliers, in the data. 

Additionally, loadings plots are mainly used to check whether there is covariance among 

variables or to explain and interpret the patterns observed in the scores plot. However, due to the 

applied constraints during the PCA bilinear decomposition (orthonormality, normalization and 

maximum variance), T and PT profiles are not providing the profiles of the true variance 

sources, but a linear combination of them fulfilling the applied constraints [226,227]. 

 

1.6.3. PLS-DA 

 

Introduced approximately three decades ago [228–230], PLS-DA also reduces the 

dimensionality of a dataset matrix by means of decomposition into a set of components, in this 
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case referred to as latent variables (LVs) [228–231]. In contrast to PCA, which is an 

unsupervised data decomposition method, PLS-DA is used for the supervised identification of 

trends and clustering of the data. The method is in fact an extension of partial least squares 

(PLS). In PLS, a matrix is composed of normalized weight vectors (WT), which are calculated 

as the covariance between the response matrix Y (i.e. groups, class membership) and the data 

matrix X (i.e. raw data). Scores for the PLS components are calculated by projecting the spectral 

variables X on WT, whereas loadings are calculated by projecting X on the resulting scores 

vectors [229]. When PLS is used as a supervised classification method, the response variable is 

just a binary vector of zeros and ones (in contrast to PCA, where only the matrix X is present), 

which describes the class membership for each sample in the studied groups. In this case, the 

method is referred to as PLS-DA [232,233]. Figure 1.20 shows a representation of matrices X 

and Y for PLS-DA models including two and three classes. 

 

 

 

Figure 1.20. Representation of partial least squares discriminant analysis (PLS-DA) for models including 

(A) two classes and (B) three classes. 

 

The main advantage of the PLS-DA approach is the availability and handling of highly collinear 

and noisy data, which are very common outputs from proteomics and metabolomics 

experiments. Furthermore, it can be performed after MCR-ALS in order to maximize class 

separation, especially in untargeted approaches. This method provides several statistics such as 
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the loading weight, the regression coefficient and the variable importance in the projection 

(VIP), which can be used to identify the most important variables and their importance to 

explain differences between classes. As in PCA, this technique provides a visual interpretation 

of complex datasets through a low-dimensional, easily interpretable scores plot that illustrates 

the separation between different groups. Comparison of loadings and scores plots supports 

investigations in terms of the relationship between important variables that can be specific to the 

group of interest [232,233]. 

 

In particular, this thesis will present some PLS-DA studies after outlier and class exploration by 

PCA (in combination, or not, with MCR-ALS) for the identification of the most relevant 

compounds to differentiate between two groups of complex samples generated in proteomics 

and metabolomics experiments, for both targeted and untargeted approaches. 
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In recent years, an increased emphasis has been placed on the separation, detection, 

characterization and quantification of normal and variant proteoforms of different proteins as 

indicators of an ongoing disease state. Unfortunately, despite recent advances in separation 

techniques and mass spectrometry (MS) instrumentation, the goal of profiling proteins still 

remains a complex analytical problem, mainly due to the mixture of large proteoforms resulting 

from protein microheterogeneity, the extreme complexity typically present in proteomics 

samples and the wide dynamic range of protein concentrations. In this regard, the rise of top-

down strategies, which are focused on the characterization of intact proteins, has ushered in a 

new age of promise and challenge for the reliable identification and characterization of protein 

biomarkers in complex biological samples, without the inconvenience of performing enzymatic 

digestions (bottom-up strategies). The analysis of proteins by MS allows for a direct 

characterization of post-translational modifications (PTMs) and avoids several issues associated 

with bottom-up proteomics.  

 

The present chapter is focused on the targeted top-down analysis of transthyretin (TTR), a 

homotetrameric protein involved in familial amyloidotic polyneuropathy type I (FAP-I), which 

is the most common hereditary systemic amyloidosis. FAP-I is associated with a TTR variant 

that presents a single amino acid substitution of valine for methionine at position 30 of the 

sequence (Met30). FAP-I Met30 can be easily detected analyzing the monomeric proteoforms 

of the mutant protein. However, the mechanism of protein aggregation onset, which could be 

triggered by structural changes on the native tetrameric protein complex (e.g. conformational 

changes, protein complex dissociation, presence of certain proteoforms, etc.), remains relatively 

unknown.  

 

In this chapter, we describe different off-line and on-line immunoprecipitation (IP) procedures 

under denaturing and non-denaturing conditions for the isolation of TTR from healthy controls 

and FAP-I human serum samples. Moreover, several MS-hyphenated techniques, such as 

capillary electrophoresis mass spectrometry (CE-MS), capillary liquid chromatography mass 



Targeted analysis of protein biomarkers. Top-down proteomics Chapter 2 
 

-78- 
 

spectrometry (CapLC-MS) and ion mobility mass spectrometry (IM-MS), are evaluated for the 

detection and characterization of normal and variant TTR proteoforms and oligomers. The 

obtained results permit us to propose complementary and reliable methods to screen, diagnose, 

and follow-up patients with suspected TTR amyloidosis, as well as to gain a novel insight into 

the structural changes on TTR proteoforms to understand the mechanisms underlying FAP-I. 

 

This chapter includes the following publications: 

 

 Publication 2.1. Analysis of transthyretin in human serum by capillary zone 

electrophoresis electrospray ionization time-of-flight mass spectrometry. Application to 

familial amyloidotic polyneuropathy type I. L. Pont, F. Benavente, J. Barbosa, V. Sanz-

Nebot. Electrophoresis 36 (2015), 1265-1273.  

 

 Publication 2.2. Comparison of capillary electrophoresis and capillary liquid 

chromatography coupled to mass spectrometry for the analysis of transthyretin in 

human serum. L. Pont, K. Poturcu, F. Benavente, J. Barbosa, V. Sanz-Nebot. Journal of 

Chromatography A 1444 (2016), 145-153. 

 

 Publication 2.3. Characterisation of serum transthyretin by electrospray ionisation-ion 

mobility mass spectrometry: Application to familial amyloidotic polyneuropathy type I 

(FAP-I). L. Pont, F. Benavente, M. Vilaseca, E. Giménez, V. Sanz-Nebot. Talanta 144 

(2015), 1216-1224. 

 

 Publication 2.4. On-line immunoaffinity solid-phase extraction capillary 

electrophoresis mass spectrometry using Fab’ antibody fragments for the analysis of 

serum transthyretin. L. Pont, F. Benavente, J. Barbosa, V. Sanz-Nebot. Talanta 170 

(2017), 224-232. 
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Supplementary Figure S-1. Mass spectra (i, ii, v, vi) and deconvoluted mass spectra (iii, iv) of the peaks 

of Figure 2. 
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Supplementary Figure S-1. Preparation procedure of the Fab’-IA sorbent: (A) derivatization of 

aminopropyl silica particles with SSMCC, (B) generation of F(ab’)2 fragments from IgG by digestion 

with pepsin followed by reduction with 2-MEA to obtain Fab’ fragments and (C) immobilization of Fab’ 

to the activated silica particles. 
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Biomarker discovery in cancer is a scientific challenge that is currently requiring a great deal of 

effort. Cancer is a leading cause of death, being colorectal cancer (CRC) the second most 

commonly diagnosed cancer among females and third among males worldwide. Furthermore, in 

patients with CRC, the liver is the most commonly involved site of distant metastasis, with over 

half of all patients with CRC developing liver metastatic disease. Recent research in the 

glycomics field has given insight into the biological significance of the N-glycome in different 

diseases, particularly in cancer. More than half of the cancer biomarkers are glycosylated 

proteins, and specific glycoforms may serve as biomarkers for the early diagnosis, prognosis or 

the evaluation of therapeutic efficacy for treatment diseases. In this regard, human 

carcinoembryonic antigen (CEA) is an interesting model to study the modifications of N-

glycosylation patterns induced during cancer biogenesis. CEA is a highly N-glycosylated 

protein (60% m/m of glycans) found in normal human colonic epithelial cells, as well as in 

tumor forming and colonic adenocarcinogenic cell lines. CEA has been identified in several 

human cancer tissues and it still remains the only tumor marker of recognized efficacy in 

monitoring CRC and liver metastatic disease patients’ therapy. However, further investigation 

has revealed that the quantitation of the serum levels of this glycoprotein is not sufficiently 

specific for CRC diagnosis or prognosis.  

 

Despite the usefulness of top-down strategies for the analysis of intact proteins, the technical 

difficulty of proteome analysis at the intact level has caused top-down proteomics to lag behind 

bottom-up proteomics, in which protein samples are digested into peptides prior to mass 

spectrometry (MS) analysis. Targeted bottom-up proteomics provides, therefore, an indirect 

measurement of a certain protein through peptides derived from proteolytic digestion. 

 

In this chapter, we describe a multienzyme sheathless capillary electrophoresis tandem mass 

spectrometry (CE-MS/MS) bottom-up strategy for the N-glycosylation analysis of CEA 

samples purified from human colon carcinoma and human liver metastases. The obtained results 

permit us to propose novel potential N-glycopeptide markers, which could provide important 
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biologic information on how N-glycosylation may influence CEA structure in CRC and liver 

metastatic disease.  

 

This chapter includes the following publication: 

 

 Publication 3.1. N-glycosylation analysis of human carcinoembryonic antigen using 

glycopeptide maps obtained by sheathless capillary electrophoresis tandem mass 

spectrometry. L. Pont, G. Kammeijer, F. Benavente, V. Sanz-Nebot, O. Mayboroda, M. 

Wuhrer. Analytical Chemistry 2017 (Submitted for publication). 
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Abstract 

Human carcinoembryonic antigen (CEA) is a highly N-glycosylated protein (approx. 60% m/m glycans, 

with 28 potential N-linked glycosylation sites) found in normal human colonic epithelial cells, as well as 

in tumor forming and colon adenocarcinogenic cell lines. CEA displays a considerable heterogeneity in 

the sugar content, but detailed carbohydrate structures for the different N-glycosylation sites have so far 

not been reported. In the present study, CEA samples purified from human colon carcinoma and human 

liver metastases were digested and the enzymatic hydrolysates subsequently analyzed by sheathless 

capillary electrophoresis tandem mass spectrometry (sheathless CE-MS/MS). The information obtained 

using specific enzymes, such as trypsin and endoproteinase Glu-C, and a non-specific enzyme, namely 

pronase, allowed the characterization of 20 out of the 28 potential N-glycosylation sites with respect to 

their occupancy. In total, 219 different N-glycopeptide glycoforms were identified. The relative 

abundances of the CEA glycopeptides, obtained after integration of the extracted ion electropherograms, 

were investigated following a targeted multivariate data analysis approach. Partial least squares 

discriminant analysis (PLS-DA) was applied to easily differentiate the complex and characteristic 

glycopeptide maps of CEA samples purified from human colon carcinoma and human liver metastases. A 

hundred and twenty one N-glycopeptide glycoforms (out of the total of 219) were found to be the most 

significant to discriminate between the two CEA types. Overall, it seems that CEA samples purified from 

human liver metastases have more fucosylation and sialylation.  
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 1. Introduction 

 

Protein glycosylation is by far the most common 

and complex post-translational modification 

(PTM) with more than half of all secretory and 

cellular human proteins being glycosylated. 

Glycoproteins play a crucial role in recognition, 

signaling and adhesion processes on the cell 

surfaces. For instance, N-glycosylation patterns 

govern and regulate critical immune responses 

and play a major role in recognition of tumors 

and anti-tumor responses 1-3. An assembly error 

such as a misplacement of a single 

monosaccharide on a core glycan or branches 

may change the function of a glycoprotein and, 

in turn, the phenotype of a cell 4,5. Furthermore, 

dysregulation of the expression (over- or under 

expression) of naturally occurring N-linked 

glycans have been associated with cancer 

metastases 6.  

 

Human carcinoembryonic antigen (CEA) is an 

interesting model to study the modifications of 

N-glycosylation patterns induced during cancer 

biogenesis. CEA is a highly N-glycosylated 

protein (60% m/m glycans) with a relative 

molecular mass (Mr) of approximately 180,000 

that can be found in normal human colonic 

epithelial cells, as well as in tumor forming and 

colonic adenocarcinogenic cell lines 7,8. It has 

been identified in human cancer tissues, and its 

presence is known to be related to the 

progression of several tumors 9,10. However, 

further investigations revealed that the 

quantitation of the serum levels of this 

glycoprotein is not sufficiently specific for 

tumor diagnosis or prognosis 9. Therefore, 

improvement in the specificity of CEA 

detection remains a challenge in cancer 

research. CEA contains 28 potential N-linked 

glycosylation sites 11,12, and the N-glycosylation 

of CEA is known to display a considerable 

heterogeneity 12, but detailed carbohydrate 

structures of these N-glycosylation sites have so 

far not been reported. This is probably due to 

the diverse macro- and microheterogeniety of 

the glycoprotein, hence providing a wide variety 

in concentrations and a large number of 

different glycoforms that complicate the 

analysis.  

 

Different techniques are currently used for the 

analysis of glycoproteins, including matrix 

assisted laser desorption ionization time-of-

flight mass spectrometry (MALDI-TOF-MS) 13, 

or electrospray ionization mass spectrometry 

(ESI-MS) 14,15, coupled or not, with reversed 

phase high-performance liquid chromatography 

(HPLC) 14–17. Capillary electrophoresis (CE) is 

another miniaturized high-performance 
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separation technique with the applicability to 

analyze glycoproteins in top-down 18 and 

bottom-up 19,20 approaches. While sheath liquid 

interfaces are more commonly used, as they are 

readily available and have historically provided 

high robustness 21, sheathless CE-MS with a 

novel interface has recently been reported to 

feature significantly improved limits of 

detection (LODs) and increased analyte 

coverage when compared to sheath liquid CE-

MS and LC-MS 22,23. This sheathless CE-MS 

interface, which follows the design by Moini 24, 

has recently been commercialized. In this 

interface, the nanospray emitter is the porous 

end of the 30 µm ID separation capillary, which 

is inserted into a grounded needle filled with a 

conductive liquid, providing the necessary 

electrical contact through the pores.  

 

In this paper, we used sheathless capillary 

electrophoresis tandem mass spectrometry 

(sheathless CE-MS/MS) for the analysis of CEA 

N-glycopeptides obtained after enzymatic 

digestion. CEA samples retrieved from two 

different sources (purified from human colon 

carcinoma and human liver metastases) were 

digested with trypsin, endoproteinase Glu-C and 

pronase and the enzymatic hydrolysates 

subsequently analyzed by sheathless CE-

MS/MS. The information obtained using these 

enzymes allowed the detection of 20 out of the 

28 potential N-glycosylation sites, as well as 

their site-specific dominant N-glycan subtype. 

In addition, partial least squares discriminant 

analysis (PLS-DA) was applied to easily 

differentiate the complex and characteristic 

glycopeptide maps of CEA samples purified 

from human colon carcinoma and human liver 

metastases. The comparison between the 

different N-glycosylation profiles allowed us to 

propose novel potential N-glycopeptide markers 

to distinguish between both types of CEA. 

 

2. Materials and methods 

2.1. Chemicals, reagents and samples 

 

All the chemicals used in the preparation of 

solutions were of analytical reagent grade or 

higher. Isopropanol (iPrOH), methanol 

(MeOH), ammonium bicarbonate (ABC) and 

sodium hydroxide (NaOH) were purchased from 

Merck (Darmstadt, Germany). Water (LC-MS 

grade), acetonitrile (MeCN) (LC-MS grade), 

glacial acetic acid (HAc), hydrochloric acid 

(HCl), DL-dithiothreitol (DTT), iodoacetamide 

(IAA), ammonium acetate (AAC), formic acid 

(FA), TPCK-treated trypsin from bovine 

pancreas and pronase from Streptomyces griseus 

were provided by Sigma-Aldrich (Steinheim, 

Germany). Endoproteinase Glu-C from 
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Staphylococcus aureus V8 was supplied by 

Promega Corporation (Madison, WI, USA). 

CEA purified from human colon carcinoma was 

purchased from MyBioSource, Inc. (CEA1; San 

Diego, CA, USA) and Fitzgerald Industries 

International (CEA2; Acton, MA, USA). CEA 

purified from human liver metastases was 

obtained from Lee BioSolutions, Inc. (CEA3; 

Maryland Heights, MO, USA). 

 

2.2. Digestion of CEA 

2.2.1. Tryptic digestion 

 

Firstly, 10 µg of CEA were diluted with 25 mM 

ABC to reach a concentration of 1 µg/µL. 

Following the manufacturer’s instructions, one 

µL of 22 mM DTT was added for reduction of 

the disulfide bridges (30 min at 60°C) and 

cooled down at room temperature (rt). One µL 

of 72 mM IAA was then added to the samples 

for alkylation via incubation in the dark for 30 

min. One µL of 78 mM DTT was added to end 

the alkylation (30 min at rt). Overnight tryptic 

cleavage was carried out with 2 µL of 0.5 µg/µL 

TPCK-treated trypsin (enzyme:substrate 1:10 

m/m) at 37°C. Before CE-MS/MS analysis, 

CEA tryptic digests were diluted with 250 mM 

AAC at pH 4.0 (digest solution:leading 

electrolyte 3:2, v/v) to reach a digested protein 

concentration of 0.40 µg/µL. 

2.2.2. Digestion with Endoproteinase 

Glu-C or Pronase 

 

Ten µg of CEA were first diluted with 25 mM 

ABC to reach a concentration of 1 µg/µL. 

Following the manufacturer’s instructions, one 

µL of 55 mM DTT was added (30 min at 60°C) 

and cooled down at rt. One µL of 180 mM IAA 

was then added to the samples for alkylation 

and incubated in the dark for 30 min. CEA 

digestions were carried out with 2.5 µL of 0.2 

µg/µL of Glu-C or pronase (enzyme:substrate 

1:20 m/m) at 37°C. Before CE-MS/MS analysis, 

CEA digests were diluted with 250 mM AAC at 

pH 4.0 (digest solution:leading electrolyte 3:2, 

v/v) to reach a digested glycoprotein 

concentration of 0.40 µg/µL. 

 

2.3. Sheathless CE-MS/MS 

 

CE experiments were carried out on a 

Sciex/Beckman Coulter CESI 8000 system 

(Sciex, Framingham, USA) equipped with a 

temperature controlled sample tray and a power 

supply able to deliver up to 30 kV. A 90 cm 

long (LT) × 30 μm ID × 150 μm OD bare fused-

silica capillary with the high sensitivity porous 

sprayer (HSPS; Sciex/Beckman Coulter) in the 

outlet tip was used for all the separations. The 

background electrolyte (BGE) was composed of 
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a solution of 10% HAc v/v (pH 2.3). Prior to 

each sample injection, the capillary was rinsed 

with 0.1 M NaOH (2.5 min), water (4 min), 0.1 

M HCl (2.5 min), water (4 min), and BGE (4 

min). The 250 mM AAC at pH 4.0 added to the 

samples (3:2 v/v), acted as the leading 

electrolyte (LE) for the on-line preconcentration 

by transient isotachophoresis (t-ITP) 25. Samples 

were hydrodynamically injected at 8 psi for 60 s 

(corresponding to 70 nL). In all the experiments, 

sample injection was followed by a post-plug of 

BGE by applying a pressure of 0.5 psi for 25 s 

(corresponding to 2 nL). A separation voltage of 

20 kV (normal polarity, anode at the injection 

capillary end) was applied for the 

electrophoretic separations at 25°C. Multiple 

injections (n=6) were carried out for every 

digested CEA sample (S1-6 for CEA1 samples, 

S7-12 for CEA2 samples, and S13-18 for CEA3 

samples). 

 

The CE apparatus was hyphenated to a UHR-

QqTOF mass spectrometer (maXisImpact HD; 

Bruker Daltonics, Bremen, Germany) via the 

sheathless CE-MS interface, which was hold on 

a custom-made platform (Sciex/Beckman 

Coulter) to allow an optimal position of the 

capillary porous tip in front of the mass 

spectrometer nanospray shield. All the 

experiments were carried out using dopant 

enriched nitrogen gas (DEN-gas), as it showed 

improved sensitivities for the analysis of 

glycopeptides when compared to the 

conventional nanospray sheathless CE-MS 

setup 26. For this purpose, an in-house made 

polymer cone was slid onto the housing of the 

porous tip, allowing for a coaxial sheath flow of 

the DEN-gas around the nanoESI emitter, using 

MeCN as dopant. Under optimized conditions, 

CE-MS/MS experiments were carried out in ESI 

positive mode using the following parameters: 

capillary voltage 1200 V, drying gas 

temperature 150°C, drying gas flow rate 1.2 

L/min, nebulizer gas pressure 0.2 bar, 

quadrupole ion energy 3.0 eV and collision cell 

energy 7.0 eV. MS data were acquired between 

m/z 200 and 2000 with a spectral acquisition 

rate of 1 Hz. MS/MS data were acquired in data 

dependent mode with an absolute threshold of 

4548 counts and active exclusion. Specific m/z 

values that were already acquired three times 

were excluded and released after 0.8 min, unless 

the precursor had a 5 times higher intensity than 

the previous observed intensity. 

 

2.4. Data Analysis 

 

CE-MS/MS data were analyzed with 

DataAnalysis 4.2 (Build 387, Bruker Daltonics). 

Mass spectra were recalibrated using sodium 
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acetate clusters detected at the beginning of the 

electrophoretic runs. From the automatically 

acquired MS/MS spectra of the precursor ions, 

the glycan moieties of the N-glycopeptides were 

deduced by manual assignment on the basis of 

general glycan fragmentation rules. Mass errors 

(Er) were below 10 ppm throughout (see 

Supplementary Tables S-1, S-2 and S-3 for 

digestion of CEA samples with trypsin, Glu-C 

and pronase, respectively). Glycoforms were 

labeled taking into account the glycan 

compositions in terms of number of hexoses 

(H), N-acetylglucosamines (N), fucoses (F) and 

sialic acids (S) and these abbreviations will be 

further used throughout this manuscript. 

 

Once CEA N-glycopeptide glycoforms were 

identified, extracted ion electropherograms 

(EIEs, smoothed with a Gaussian fit) were 

generated for the first three isotopic peaks of the 

doubly, triply and quadruply charged analytes 

with a width of m/z ± 0.02 units. N-glycopeptide 

peak areas were then measured from the 

different EIEs and normalized with the peak 

area of a CEA reference peptide 

(S127DLVNEEATGQFR139, S40TPFNVAE47 and 

A89TPGP93/T90PGPA94 for digestion with 

trypsin, Glu-C and pronase, respectively). The 

reference peptides showed peak areas and 

migration times within the ranges of the 

detected N-glycopeptides. Relative peak areas 

of the N-glycopeptides were autoscaled (mean 

centered and scaled to unit standard deviation) 

before multivariate data analysis was applied to 

the data obtained for CEA samples from colon 

carcinoma and liver metastases with the three 

different enzymes. First, principal component 

analysis (PCA) was applied to explore the 

different data classes and the presence of 

outliers 17,27. Second, partial least squares 

discriminant analysis (PLS-DA) was performed 

to maximize classes separation and rapidly 

differentiate the colon carcinoma and liver 

metastases CEA samples, as well as to identify 

which N-glycopeptides were the most 

significant to discriminate between the two 

types of CEA 17,28. In this regard, there are 

numerous methods for feature selection when 

considering PLS-DA models. The variable 

importance in the projection (VIP) method was 

used 17,29, because it is one of the preferred 

methods due to its ability for handling 

multicollinear data 30. For each model, VIP 

scores estimate the importance of each feature 

in the projection. Only features with a VIP score 

over a particular threshold (usually VIP=1) are 

considered important and selected for further 

analysis. In all cases, leave-one-out cross-

validation was used to assess the performance of 

the built models 17,31. SOLO (Version 8.1, 
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student edition, Eigenvector, Research Inc., 

Wenatchee, WA, USA) was used for PCA and 

PLS-DA analysis. 

 

3. Results and discussion 

3.1. Analysis of CEA N-glycopeptides by 

sheathless CE-MS/MS 

 

Figure 1 shows the amino acid sequence of 

CEA, its potential 28 N-glycosylation sites 

(marked in red), and the percentage of 

glycosylation (60% m/m glycans). In addition to 

the numerous N-glycosylation sites, CEA 

displays a considerable heterogeneity in the 

sugar content of the protein, therefore the 

analysis and structure elucidation of 

glycopeptides from CEA enzymatic digests is 

not straightforward. In this study, CEA samples 

purified from human colon carcinoma (CEA1 

and CEA2) and human liver metastases (CEA3) 

were digested with trypsin, Glu-C and pronase 

and the enzymatic hydrolysates subsequently 

analyzed by sheathless CE-MS/MS. The 

analysis of individual N-glycopeptides allowed 

a detailed characterization of CEA carbohydrate 

structures by collision induced dissociation 

(CID) MS/MS. Moreover, data of the three 

different proteolytic enzymes were combined in 

order to maximize the coverage of N-

glycosylation sites and to obtain a more 

comprehensive characterization. Several authors 

have pointed out that using several proteases or 

mixtures of proteases could benefit the sequence 

coverage and improve the characterization of 

PTMs 32–34. Trypsin and Glu-C are specific 

serine proteases that selectively cleave peptide 

bonds C-terminal to lysine (K) and arginine (R) 

residues (in the case of trypsin) and aspartic (D) 

and glutamic acid (E) residues (in the case of 

Glu-C). Although MS/MS analysis of trypsin 

and Glu-C digests often provides enough 

information for an appropriate characterization 

of carbohydrate moieties in glycoproteins 34, in 

some cases these proteases may fail to cleave in 

highly PTM regions of proteins. Moreover, in 

many MS analyses, large non-glycosylated 

peptides can suppress the ionization of 

glycopeptides, which often show worse 

detection sensitivity 34. Alternatively, pronase is 

a non-specific mixture of proteolytic enzymes 

that can be employed in order to overcome 

some of the limitations found with trypsin and 

Glu-C. In this regard, pronase digests result in a 

final glycopeptide hydrolysate with significantly 

smaller average size of peptide moieties (often 

from 1 to 8 amino acids) 35,36. In addition, non-

glycosylated peptide stretches are usually 

cleaved to the level of single amino acids, hence 

avoiding interferences on the MS analysis of N-

glycopeptides 35,36. However, the main 
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disadvantage of using pronase is that the 

interpretation of peptides and N-glycopeptides 

found in the hydrolysates is more complex than 

when specific enzymes are used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 2 (i) show the base peak 

electropherograms (BPEs) obtained for a CEA2 

sample after enzymatic digestion with trypsin 

(A), Glu-C (B) and pronase (C) and analysis by 

sheathless CE-MS/MS. In all cases, the obtained 

MS/MS data were screened for the presence of 

N-glycopeptides by inspecting the EIE 

(MS/MS) of 366.1401 m/z (corresponding to the 

oxonium ion of a single-charged HN unit 

fragmented from N-glycopeptides). The pattern 

of these electropherograms indicated that 

glycopeptides migrated between 25-32 min 

(trypsin), 25-49 min (Glu-C) and 28-45 min 

(pronase) (see Figure 2 (ii)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The MS/MS data were then inspected for 

neutral losses of one H (162.0528 Mr), one N 

(203.0794 Mr), one F (146.0579 Mr) or 

combination of them (i.e. a neutral loss of 

365.1322 Mr would indicate the HN unit). 

Furthermore, the presence of sialic acid 

fragment ions at 292.1033 m/z (corresponding to 

the single-charged S unit) or sialylated 

structures at 657.2355 m/z (corresponding to the 

single-charged HNS unit) were also screened. In 

MESPSAPPHR WCIPWQRLLL TASLLTFWNP PTTAKLTIES TPFNVAEGKE VLLLVHNLPQ

HLFGYSWYKG ERVDGNRQII GYVIGTQQAT PGPAYSGREI IYPNASLLIQ NIIQNDTGFY

TLHVIKSDLV NEEATGQFRV YPELPKPSIS SNNSKPVEDK DAVAFTCEPE TQDATYLWWV

NNQSLPVSPR LQLSNGNRTL TLFNVTRNDT ASYKCETQNP VSARRSDSVI LNVLYGPDAP

TISPLNTSYR SGENLNLSCH AASNPPAQYS WFVNGTFQQS TQELFIPNIT VNNSGSYTCQ

AHNSDTGLNR TTVTTITVYA EPPKPFITSN NSNPVEDEDA VALTCEPEIQ NTTYLWWVNN

QSLPVSPRLQ LSNDNRTLTL LSVTRNDVGP YECGIQNKLS VDHSDPVILN VLYGPDDPTI

SPSYTYYRPG VNLSLSCHAA SNPPAQYSWL IDGNIQQHTQ ELFISNITEK NSGLYTCQAN

NSASGHSRTT VKTITVSAEL PKPSISSNNS KPVEDKDAVA FTCEPEAQNT TYLWWVNGQS

LPVSPRLQLS NGNRTLTLFN VTRNDARAYV CGIQNSVSAN RSDPVTLDVL YGPDTPIISP

PDSSYLSGAN LNLSCHSASN PSPQYSWRIN GIPQQHTQVL FIAKITPNNN GTYACFVSNL

ATGRNNSIVK SITVSASGTS PGLSAGATVG IMIGVLVGVA

1
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541

601

661

N N-glycosylation site

Human CEA peptide sequence and N-glycosylation sites

Mr,glycoprotein = 180,000    Mr,peptide = 71,328    Mr, carbohydrate= 108,671 (60% m/m of glycans)

Figure 1. Amino acid sequence of CEA and its 28 potential N-linked glycosylation sites marked in red. 

Mr,glycoprotein and Mr,peptide were found using the Expasy tool. Percentage of N-glycosylation was calculated by 

difference between the Mr,glycoprotein and the Mr,peptide. 
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the case of pronase, the list of deduced peptide 

Mr was used for matching to theoretical Mr of 

randomly cleaved peptides from CEA using the 

FindPept tool with Er≤10 ppm 37. Peptide 

sequences, which were indicated by this tool, 

were then compared with the peptide sequence 

information obtained from the MS/MS spectra 

of the N-glycopeptide species. As an example, 

the interpretation of the fragmentation spectra of 

some of the N-glycopeptides that, as it will be 

discussed later on, allowed differentiating 

between CEA samples from human colon 

carcinoma and human liver metastases, are 

shown in Supplementary Figure S-1 for 

digestion of CEA samples with trypsin, Glu-C 

and pronase. 

 

Tables 1-A-B-C show the N-glycosylation sites 

(and their corresponding number of N-

glycopeptides) detected by sheathless CE-

MS/MS after digestion with trypsin (A), Glu-C 

(B) and pronase (C) for the two samples 

purified from human colon carcinoma (CEA1 

and CEA2) and the sample purified from human 

liver metastases (CEA3). Supplementary Tables 

S-1, S-2 and S-3 also show the observed 

average m/z (n=6), the relative m/z error and the 

%relative abundances (normalizing the 

integrated peak areas by the total integrated 

peak areas for the N-glycosylation site) of the 

detected N-glycopeptides for the analyzed CEA 

samples using the three enzymes. As can be 

observed in Table 1-A, the tryptic digestion 

allowed the identification of a total number of 

128 different N-glycopeptides (considering the 

three CEA sample types) corresponding to 9 N-

glycosylation sites (N-197/N-553, N-204/N-560, 

N-375, N-580, N-612, N-650 and N-665). 

However, it was not possible to differentiate 

between N-glycopeptides belonging to N-197 

and N-553 or N-204 and N-560, as they 

presented the same peptide sequences after 

digestion with trypsin (LQLSNGN197/553R and 

TLTLFN204/560VTR, respectively). With regard 

to the non-detected N-glycosylation sites, this 

was probably due to the fact that, for most of the 

peptides, tryptic digestion resulted in large 

peptide moieties (number of amino acids (aa) ≥ 

20). Furthermore, certain peptide sequences 

carried several potential N-glycosylation sites. If 

all of these sites were occupied, the complexity 

of the resulting glycopeptides would increase, 

hence complicating the detection and 

identification of these sites (see Table 1 for the 

peptide sequence length in the N-

glycopeptides). In general, the same glycan 

compositions could be identified on the same N-

glycosylation site for CEA1 and CEA2 purified 

from colon carcinoma, whereas some 

differences were found with CEA3 from
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Figure 2. (i) Base peak electropherograms (BPEs) and (ii) extracted ion electropherograms (EIEs) (MS/MS) for the 

nominal m/z 366 obtained for a colon carcinoma CEA sample (CEA2) after enzymatic digestion with (A) trypsin, (B) 

Glu-C and (C) pronase and analysis by sheathless CE-MS/MS.  
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liver metastases, thus suggesting that the two 

sources might reveal a different N-glycopeptide 

profile.  

 

The higher number of N-glycopeptides was 

observed for the N-197/N-553 (52 identified N-

glycopeptides if we consider the N-197/N-553 

deamidated) followed by the N-204/N-560 (40 

identified N-glycopeptides) and the N-665 (18 

identified N-glycopeptides). For the N-650, N-

375, N-612 and N-580, a smaller number of N-

glycopeptides could be identified namely, 11, 4, 

2 and 1, respectively. Throughout the identified 

N-glycosylation sites, different types of N-

glycans could be observed on the same site, 

including some high mannose and hybrid types 

but mainly complex (bi-, tri- and tetraantennary 

structures) were detected (Supplementary Table 

S-1). Furthermore, highly fucosylated 

(including terminal and core fucosylation) and 

sialylated N-glycopeptides were predominantly 

observed for the N-204/N-560, N-580, N-612, 

N-650 and N-665, especially for the CEA3 

sample purified from human liver metastases 

(Supplementary Table S-1). 

 

The digestion with Glu-C allowed the 

identification of a total number of 50 N-

glycopeptides corresponding to 4 N-

glycosylation sites (N-152/N-508, N-466 and N-

580) (Table 1-B). Most of these N-glycosylation 

sites were exclusively detected after digestion 

with Glu-C, with the exception of the N-580, 

which was also observed after digestion with 

trypsin. However, a higher degree of micro-

heterogeneity was found with Glu-C (9 vs. 1 N-

glycopeptides were detected), hence suggesting 

the importance of the selection of the enzyme 

and its ability to generate different peptide 

moieties. As Glu-C generated identical peptide 

sequences for the potential N-152 and N-508 

sites (LPKPSISSN152/508NSKPVE), the 

identified N-glycopeptides could not be 

differentiated. Similar to the tryptic digestion, 

the same glycan compositions could be 

identified on the same N-glycosylation site for 

the two colon carcinoma samples CEA1 and 

CEA2, whereas some differences were found 

for the liver metastasis sample CEA3. In 

general, as can be deduced from our results, 

tryptic digestion was found to provide a higher 

degree of N-glycopeptide coverage compared to 

the Glu-C digestion. The observed differences 

in the effect of both proteolytic enzymes on the 

CEA samples could be explained by their 

different specificity and stability. On the basis 

of the manufacturer’s specifications, the trypsin 

used in this study was chemically modified, 

yielding a highly active and stable enzyme that 

was extremely resistant to autolytic digestion in 
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solution. Such modifications were not reported 

for Glu-C and up to three missed cleavage sites 

(MCs) in the neighborhood of the N-

glycosylation sites were observed after 

digestion, hence suggesting a lower efficiency 

of the enzyme. It is worth mentioning that zero 

MCs were observed for the identified N-

glycopeptides of N-466 and N-580 sites, 

whereas between zero and three MCs were 

found for the glycosylation sites N-152/N-508. 

In this regard, all the MCs (from zero up to 

three) were used for the structural interpretation 

(Supplementary Table S-2). In this case, the 

higher number of N-glycopeptides was observed 

for the N-466 site (21 N-glycopeptides) 

followed by the N-152/N-580 sites (20 N-

glycopeptides) and the N-580 site (9 N-

glycopeptides). Complex N-glycopeptides (bi-, 

tri- and tetraantennary structures) were 

identified for the N-466 and the N-580 sites (see 

Supplementary Table S-2), whereas only high 

mannose N-glycopeptides were observed for the 

N-152/N-508 sites (Supplementary Table S-2). 

In contrast to the results obtained with tryptic 

digestion, sialylated N-glycopeptides were not 

detected after digestion with Glu-C, probably 

due the larger peptide moieties bonded to the N-

glycosylated amino acids (see Table 1 for the 

peptide sequence length in the N-

glycopeptides).  

As it is shown in Table 1-C, the digestion with 

pronase allowed the identification of a total 

number of 41 different N-glycopeptides 

corresponding to 11 N-glycosylation sites (N-

104, N-208, N-256, N-274, N-330, N-351, N-

375, N-432, N-529, N-612 and N-665). Most of 

these N-glycosylation sites were not yet 

identified with the previous enzymes, with the 

exception of the N-375, the N-612 and the N-

665 sites, which were also observed after 

digestion with trypsin. Except for the N-612 site 

(6 (pronase) vs 2 (trypsin) N-glycopeptides were 

detected), a higher number of N-glycopeptides 

was found for these sites using trypsin. It is 

worth mentioning that more N-glycopeptides 

than those reported in Table 1-C were identified 

after digestion with pronase (see Supplementary 

Table S-3-B). However, these N-glycopeptides 

were discarded for further discussion, as 

multiple overlaps between N-glycosylation sites 

were observed, hence making the interpretation 

of the data extremely difficult. The digestion 

with pronase allowed the identification of a 

higher number of N-glycosylation sites, 

probably because digestion resulted in N-

glycopeptides with smaller peptide backbones 

bonded to the N-glycosylated amino acids. 

However, predicting the peptide sequences that 

were produced after digestion was quite 

challenging, as non-specific enzymes cleave the
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Table 1. N-glycosylation sites (and total number of N-glycopeptides) detected by sheathless CE-MS/MS (n=6) after digestion with trypsin (A), Glu-C (B) and pronase (C) for the CEA samples 

purified from human colon carcinoma (CEA1 and CEA2) and human liver metastases (CEA3). The structures of the detected N-glycopeptides are summarized in Supplementary Tables S-1, S-2 

and S-3. (aa = aminoacid). 

 

 Number of N-glycopeptides=128 

A) Trypsin 

N-glycosylation sites Peptide length 
(number of aa) 

CEA1 
Human Colon Carcinoma 

CEA2 
Human Colon Carcinoma 

CEA3 
 Human Liver Metastases Total 

N-104+N-115a 28 - - - - 

N-152 21 - - - - 
N-182 30 - - - - 

N-197/N-553b 8 25 25 23 26 
N-197/N-553-Dec 8 26 26 21 26 

N-204/N-560b 9 35 34 16 40 
N-208 7 - - - - 

N-246 25 - - - - 

N-256+N-274+N-288+ 
N-292+N-309a 60 - - - - 

N-330+N-351+N-360a 58 - - - - 

N-375 8 4 4 2 4 
N-432+N-466a 72 - - - - 

N-480 18 - - - - 

N-508 24 - - - - 
N-529 30 - - - - 

N-580 14 - - 1 1 
N-612 47 - - 2 2 

N-650 20 - - 11 11 
N-665 6 11 4 18 18 
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 Number of N-glycopeptides=50 

B) Glu-Cd 

N-glycosylation sites Peptide length 
(number of aa) 

CEA1 
Human Colon Carcinoma 

CEA2 
Human Colon Carcinoma 

CEA3 
 Human Liver Metastases Total 

N-104+N-115a 17 - - - - 

N-152/N-508b 15 20 19 18 20 
N-182+N-197+N-204+ 

N-208a 36 - - - - 

N-246 15 - - - - 
N-256+N-274a 30 - - - - 

N-288+N-292a 22 - - - - 
N-309+N-330a 31 - - - - 
N-351+N-360a 26 - - - - 

N-375 13 - - - - 
N-432 36 - - - - 

N-466 8 21 21 9 21 
N-480 30 - - - - 

N-529+N-553+N-560a 39 - - - - 

N-580 23 9 9 - 9 
N-612/N-650/N-665a 83 - - - - 

 Number of N-glycopeptides=41 

C) Pronase 

N-glycosylation sites Peptide length 
(number of aa) 

CEA1 
Human Colon Carcinoma 

CEA2 
Human Colon Carcinoma 

CEA3 
 Human Liver Metastases Total 

N-104 4 1 1 - 1 

N-115 - - - - - 
N-152 - - - - - 
N-182 - - - - - 

N-197 - - - - - 
N-204 - - - - - 

N-208 4 - - 1 1 
N-246 - - - - - 
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 Number of N-glycopeptides=41 

C) Pronase 

N-glycosylation sites Peptide length 
(number of aa)e 

CEA1 
Human Colon Carcinoma 

CEA2 
Human Colon Carcinoma 

CEA3 
 Human Liver Metastases Total 

N-256 7 3 3 4 5 

N-274 2-4f 5 5 7 7 
N-288 - - - - - 

N-292 - - - - - 
N-309 - - - - - 

N-330 5 1 1 1 1 
N-351 7 5 5 5 5 
N-360 - - - - - 

N-375 4 1 1 1 1 
N-432 5 1 1 - 1 

N-466 - - - - - 
N-480 - - - - - 
N-508 - - - - - 

N-529 4 7 7 8 10 
N-553 - - - - - 

N-560 - - - - - 
N-580 - - - - - 

N-612 6 3 3 4 6 
N-650 - - - - - 
N-665 3 2 2 3 3 

 

aMultiple N-glycosylation sites are present in the same sequence. bThey cannot be differentiated as they share the same sequence. cN-197/N-553 also exist as deamidated. dN-

glycopeptides with missed cleavage sites (MCs) from zero to three were used for the structural interpretation. eAs pronase is a non-specific enzyme, peptide length can only be 

reported for the identified N-glycosylation sites. fTwo different peptide sequences were observed for this N-glycosylation site (NG and NGTF). 
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glycoprotein in an undefined manner to produce 

these shorter glycopeptides and peptides. Again, 

as it occurred with the rest of enzymes, the same 

glycan compositions could be identified on the 

same N-glycosylation site for the colon 

carcinoma samples CEA1 and CEA2, which 

were different to some extent from the liver 

metastasis sample CEA3. In this case, the higher 

number of N-glycopeptides was observed for 

the N-529 (10 identified N-glycopeptides) 

followed by the N-274 (7 identified N-

glycopeptides) and the N-612 (6 identified N-

glycopeptides). For the rest of N-glycosylation 

sites, a lower number could be identified, which 

varied between 1 and 5 N-glycopeptides (Table 

1-C and Supplementary Table S-3-A). A variety 

of high mannose and complex N-glycopeptides 

(bi- and triantennary structures) were identified 

for many of the N-glycosylation sites 

(Supplementary Table S-3-A). Furthermore, 

highly fucosylated (including terminal and core 

fucosylation) and sialylated N-glycopeptides 

were predominantly observed for the N-274 

(H6N5F3S1 and H5N4S2) and the N-612 

(H6N5F4S1, H6N5F2S2 and H6N5F3S2), 

especially for the liver metastases sample CEA3 

(Supplementary Table S-3-A).  

 

In order to increase the reliability of the 

identification, the migration behavior of the 

identified N-glycopeptides, which is related to 

their charge-to-size ratio, was also investigated. 

In this regard, while the number and type of 

glycans attached to the carbohydrate chains 

affect the size of the glycopeptides, and hence 

Mr, the specific presence of sialic acids strongly 

contributes to their charge and vastly influences 

their migration times 38. As an example, Figure 

3 shows the EIEs of the eleven N-650 

glycopeptides identified by sheathless CE-

MS/MS after digestion with trypsin for the liver 

metastases CEA3 sample. As it is shown, N-

glycopeptides without sialic acids (global 

charge was positive at pH~2.3 (BGE)) appeared 

at the shorter migration times (Figure 3). In 

contrast, N-glycopeptides with sialic acids were 

detected at longer migration times, because 

sialic acids carry a negative charge at pH~2.3 

(BGE) and decreased the global positive 

molecular charge. Moreover, as illustrated in 

Figure 3, the higher the number of sialic acids, 

the lower the global molecular charge and, 

therefore, the sialylated N-glycopeptides 

migrated in two small time windows 

corresponding to the N-glycopeptides with one 

sialic acid and two sialic acids. Several authors 

have explored the use of different semiempirical 

approaches which relate the Mr, the charge (q) 

and the electrophoretic mobility (µe) in order to 

predict the electrophoretic migration behavior, 
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study structural modifications, charge 

characteristics and conformations of peptides. 

Barroso et al. recently shown that the classical 

polymer model (µe α q/Mr
1/2) can be applied to 

predict the electrophoretic migration behavior of  

 

 

 

 

 

 

 

 

N-glycopeptides 39. Figure 3 shows as an 

example the theoretical Mr, q and q/Mr
1/2 for the 

eleven identified N-650 glycopeptides. As can 

be observed, the linear correlation between the 

experimental migration times of the N-

t (min)
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Figure 3. Extracted ion electropherograms (EIEs) of the identified N-650 glycopeptides of a liver metastases CEA 

sample (CEA3) obtained by sheathless CE-MS/MS after digestion with trypsin (1: H4N3F2, 2: H6N5F4, 3: 

H4N3F1S1, 4: H5N3F1S1, 5: H5N4F2S1, 6: H6N5F2S1, 7: H6N5F3S1, 8: H6N5F4S1, 9: H5N4F1S2, 10: 

H6N5F2S2, 11: H6N5F3S2). Mr, q and q/Mr
1/2 (n=6) values are also shown for the identified N-glycopeptides. 

Experimental migration times of the N-glycopeptides in the electropherogram were fitted to a linear regression line 

with the classical polymer model (q/Mr
1/2) 39. 
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glycopeptides in the electropherogram and their 

theoretical q/Mr
1/2 was excellent, hence 

supporting the structural interpretation obtained 

from MS/MS spectra.  

 

3.2. Multivariate data analysis 

 

First, we used principal component analysis 

(PCA) for the unsupervised identification of 

trends and clustering of the data, as well as 

outliers 27. Three separate PCA models, for 

CEA samples digested with trypsin, Glu-C and 

pronase, and a unique PCA model, for CEA 

samples digested with the three enzymes were 

built. Results were similar in both cases, but the 

first strategy based on three separate PCA 

models was preferred because it allowed an 

easier interpretation of the data. The three 

separate PCA models (scores and loadings plots 

are not shown) allowed discrimination between 

colon carcinoma and liver metastases CEA 

samples. Two principal components (PCs) 

explained a total variance of 90%, 87% and 

82% (by the sum of PC 1 and PC 2) for the 

samples digested with trypsin, Glu-C and 

pronase, respectively. In the case of the 

digestion with pronase, sample 9 (S9) was 

detected as an outlier (probably due to the lower 

signal-to-noise ratio in this specific run) and, 

therefore, it was discarded for further analysis 

(see Supplementary Figure S-2). In all cases, the 

first component helped to differentiate between 

samples purified from colon carcinoma and 

liver metastases. However, PCA did not reveal 

the importance of the N-glycopeptides for 

differentiation between both types of CEA. In 

this regard, partial least squares discriminant 

analysis (PLS-DA) 28 was used to build a 

refined classification model with improved class 

separation that would also facilitate data 

interpretation and identification of potential N-

glycopeptide markers to distinguish between 

both groups of samples.  

 

PLS-DA models were built considering the two 

classes of samples observed by PCA and 

excluding the outlier sample (S9) for pronase 

digestion. Figures 4-A-B-C (i) show the scores 

plots for the CEA samples taking into account 

the three PLS-DA models. Two latent variables 

(LVs) explained 90, 84 and 68% of X-variance 

and 99, 89 and 90% of Y-variance for the 

samples digested with trypsin, Glu-C and 

pronase, respectively. All the PLS-DA models 

allowed perfect discrimination between colon 

carcinoma and liver metastases samples along 

the x-axis, which corresponds to the first LV. 

The loadings plots (Supplementary Figure S-3) 

showed the contribution of the N-glycopeptides 

(variables) to the different LVs. As can be seen 
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for the digestion with trypsin (Supplementary 

Figure S-3-A), N-glycopeptides with the highest 

content of sialic acids and fucoses, which were 

in the positive side of the x-axis (especially 

those corresponding to N-204/N-560, N-580, N-

612, N-650 and N-665, Supplementary Table S-

1), were increased in the liver metastases CEA 

sample when compared to colon carcinoma 

CEA samples, thus suggesting the important 

role of sialylation and fucosylation for 

differentiation of both types of CEA. In the case 

of the digestion with Glu-C (Supplementary 

Figure S-3-B), N-glycopeptides presenting 

fucoses (ranging from 1 to 3), which were 

mostly in the negative side of the x-axis (N-

glycopeptides corresponding to N-466 and N-

580, Supplementary Table S-2), were increased 

in CEA samples purified from human colon 

carcinoma. With regard to the results obtained 

after digestion with pronase (Supplementary 

Figure S-3-C), N-glycopeptides with the highest 

number of sialic acids and fucoses, which were 

in the positive side of the x-axis (especially 

those corresponding to N-274, N-612 and N-

665, Supplementary Table S-3-B), were 

increased in the liver metastases CEA sample 

when compared to colon carcinoma CEA 

samples. In addition to this qualitative 

information, the VIP scores allowed now to 

quantify the influence of the different N-

glycopeptides on the separation between the two 

types of CEA. In this regard, VIP scores values 

higher than 1 29,30 were used as a feature 

selection tool in order to choose only the most 

relevant candidate N-glycopeptides for each 

PLS-DA model (71 out of 128 for tryptic 

digestion, 26 out of 50 for Glu-C digestion and 

24 out of 41 for pronase digestion). VIP scores 

values are shown in Supplementary Figures S-4-

A-B-C for digestion with trypsin, Glu-C and 

pronase, respectively. The bar graphs in Figures 

4-A-B-C (ii) show the relative peak areas for the 

identified N-glycopeptides (grouped by N-

glycosylation sites) that were useful (VIP˃1) to 

distinguish between the CEA1 and CEA2 

samples purified from colon carcinoma (red 

bars) and the CEA3 sample purified from 

human liver metastases (green bars) after 

digestion with trypsin, Glu-C and pronase, 

respectively.  

 

As can be observed in Figure 4-A (ii) for tryptic 

digestion, in general, relative peak areas of the 

N-glycopeptides presenting fucoses (ranging 

from 1 to 7) and sialic acids (ranging from 1 to 

2), were found to increase in the CEA3 liver 

metastases sample when compared to colon 

carcinoma CEA1 and CEA2 samples. This trend 

was observed for all the N-glycosylation sites, 

with the exception of the N-204/N-560, where 
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some N-glycopeptides with the above 

mentioned characteristics were found to be 

upregulated in colon carcinoma CEA1 and 

CEA2 samples (see the red bars in the graphic 

for N-204 and N-560 in Figure 4-A (ii)). In 

contrast, as it is shown in Figure 4-B (ii) for the  

 

digestion with Glu-C, relative peak areas of the 

N-glycopeptides presenting fucoses (ranging 

from 1 to 3) were found to decrease in the 

CEA3 liver metastases sample when compared 

to colon carcinoma CEA1 and CEA2 samples. 
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Figure 4. (i) PLS-DA scores plots for the model of the CEA samples and (ii) relative peak areas for the identified N-

glycopeptides that are significant (VIP>1) to distinguish between colon carcinoma CEA1 and CEA2 samples and the 

liver metastases CEA3 sample after digestion with (A) trypsin. *N-197/N-553 also exist as deamidated. 
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With regard to the results obtained after 

digestion with pronase (Figure 4-C (ii)), 

different trends were observed for high mannose 

and complex N-glycopeptides. As an example, 

relative peak area of the H6N2 N-256 

glycopeptide was found to increase in colon 

carcinoma CEA samples, whereas the opposite 

trend was observed for the H8N2 and H9N2 N-

256 glycopeptides. With regard to the complex 

N-glycopeptides presenting only 1 fucose, 

relative peak areas of H3N2F1 (N-432) and 

H3N3F1 (N-612) were found to decrease in the 

liver metastases CEA sample. In contrast, 

relative peak areas of the N-glycopeptides 

presenting fucoses (ranging from 2 to 4) and 

sialic acids (ranging from 1 to 2), were found to 

be upregulated in the liver metastases CEA3 

sample when compared to colon carcinoma 

CEA1 and CEA2 samples. In this regard, 

several authors have shown that sialylated and 

fucosylated carbohydrates have an important 

role in a variety of biological
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Figure 4 (continue). (i) PLS-DA scores plots for the model of the CEA samples and (ii) relative peak areas for the 

identified N-glycopeptides that are significant (VIP>1) to distinguish between colon carcinoma CEA1 and CEA2 

samples and the liver metastases CEA3 sample after digestion with (B) Glu-C. 
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processes such as cellular recognition, cell 

adhesion and cell signaling 40,41. Moreover, an 

increase in global sialylation and fucosylation 

(due to the altered expression of 

glycosyltransferases and fucosyltransferases) 

has been closely associated with cancer 40,41. 

Particularly, increased sialylation has been often 

associated with cancer invasiveness, and 

elevated serum total sialic acid (TSA) levels 

have been reported in several
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Figure 4 (continue). (i) PLS-DA scores plots for the model of the CEA samples and (ii) relative peak areas for the 

identified N-glycopeptides that are significant (VIP>1) to distinguish between colon carcinoma CEA1 and CEA2 

samples and the liver metastases CEA3 sample after digestion with (C) pronase. 
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malignancies based on their degree of metastatic 

involvement, with the highest values 

corresponding to samples purified from liver or 

other metastases 42,43. Similarly, global 

fucosylation (including terminal and core 

fucosylation) has also been found to increase in 

several cancers with highly malignant or 

metastatic tumors 44,45. This explanation agreed 

and reinforced to a large extent the results 

obtained in the present work, as, in general, the 

highest levels of fucosylation (between 3 and 7 

fucoses) and, especially, sialylation (between 1 

and 2 sialic acids), were observed for the liver 

metastases CEA sample, which presented a 

higher degree of metastatic involvement. 

Furthermore, a multivariate strategy based on 

advanced chemometric tools allowed the 

discrimination between specific N-glycosylation 

sites, which could be useful in order to explain 

the metastasis process in patients with colon 

carcinoma. Particularly, for the N-glycosylation 

sites N-204/N-560 (identified with trypsin) and 

N-466 and N-580 (identified with Glu-C), 

relative peak areas of the N-glycopeptides 

presenting fucoses (in general, ranging from 1 

to 3), were found to be upregulated in the colon 

carcinoma CEA1 and CEA2 samples, opposite 

trend to the observed for the N-glycopeptides 

with the highest content of fucoses (between 3 

and 7). However, this is a preliminary study and 

further analyses of a larger set of samples would 

be necessary to determine whether the proposed 

method is useful to reliably discriminate 

between CEA samples purified from human 

colon carcinoma and human liver metastases. 

 

4. Concluding remarks 

 

In this work, CEA N-glycosylation sites were 

characterized using N-glycopeptide profiles 

obtained after enzymatic digestion with trypsin, 

Glu-C and pronase and analysis by sheathless 

CE-MS/MS. Complementary information was 

obtained through the use of the three above 

mentioned enzymes, hence allowing an 

improved N-glycosylation site coverage and the 

identification of most of the potential N-

glycosylation sites (20 out of 28), as well as 

their site-specific dominant N-glycan subtype 

(219 different N-glycopeptide glycoforms were 

identified). We have also demonstrated that 

CEA N-glycopeptide profiling combined with 

multivariate data analysis is a rapid, simple and 

excellent approach to identify differences on 

glycosylation between CEA samples purified 

from human colon carcinoma and human liver 

metastases. A hundred and twenty one N-

glycopeptide glycoforms (out of the total of 

219) were found to be the most significant to 

discriminate between the two CEA types, being 
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CEA samples purified from human liver 

metastases more fucosylated and sialylated. The 

present multienzyme multivariate sheathless 

CE-MS/MS bottom-up strategy shows a great 

potential to provide important biologic 

information on how N-glycosylation may 

influence CEA processing in cancer biogenesis. 

Furthermore, it may be applied to the 

characterization of other complex glycoproteins. 
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Supplementary Figure S-1-A. MS/MS fragmentation spectra (with experimental m/z) of some of the 

CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma and liver 

metastases after digestion with trypsin (a: H5N3S1 (CEA3), b: H5N7F1 (CEA1), c: H3N7 (CEA1)). 
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Supplementary Figure S-1-A (continue). MS/MS fragmentation spectra (with experimental m/z) of 

some of the CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma 

and liver metastases after digestion with trypsin (d: H7N6F4S1 (CEA3), e: H6N5F4S1 (CEA3), f: 

H4N3F1S1 (CEA3). 
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Supplementary Figure S-1-A (continue). MS/MS fragmentation spectra (with experimental m/z) of 

some of the CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma 

and liver metastases after digestion with trypsin (g: H5N5F3 (CEA3)). 
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Supplementary Figure S-1-B. MS/MS fragmentation spectra (with experimental m/z) of some of the 

CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma and liver 

metastases after digestion with Glu-C (a: H3N3F1 (CEA1), b: H3N4F1 (CEA1)). 

 

 

 

 

 

 

 

Glu-C Digestion

0.25

0.50

0.75

1.00

1.25

200 400 600 800 1000 1200 1400 1600 1800 m/z

In
te

ns
ity

 (x
10

4 )

1.50

P
EP

N-580 ARAYVCGIQNSVSANRSDPVTLD

b)

12
47

.1
07

5
(+

2)

13
48

.6
44

7
(+

2)

14
21

.6
73

6
(+

2)

15
23

.2
13

5
(+

2)

16
04

.2
39

7(
+2

)

16
85

.2
66

1
(+

2)

17
66

.2
92

5
(+

2)

18
67

.8
32

2
(+

2)

19
69

.3
71

9
(+

2)

1.00

2.00

3.00

4.00

5.00

200 400 600 800 1000 1200 1400 1600 1800 m/z

6.00

In
te

ns
ity

 (x
10

4 )

11
39

.5
85

7
(+

1)

12
85

.6
43

6
(+

1)

14
88

.7
23

0
(+

1)

16
50

.7
75

8
(+

1)

18
12

.8
28

6
(+

1)

19
74

.8
81

4
(+

1)

N-466 LFISNITE

57
0.

29
82

 (+
2)

64
3.

27
15

 (+
2)

74
4.

86
68

(+
2)

82
5.

89
32

(+
2)

90
6.

91
96

(+
2)

98
7.

94
60

(+
2)

10
89

.4
85

8
(+

2)

P
EPa)

93
6.

50
63

(+
1)

H3N3F1

H3N4F1



Chapter 3 Targeted analysis of protein biomarkers. Bottom-up proteomics 

-163- 
 

 

 

Supplementary Figure S-1-C. MS/MS fragmentation spectra (with experimental m/z) of some of the 

CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma and liver 

metastases after digestion with pronase (a: H3N5 (CEA3), b: H7N2 (CEA1), c: H5N4S2 (CEA3)). 
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Supplementary Figure S-1-C (continue). MS/MS fragmentation spectra (with experimental m/z) of 

some of the CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma 

and liver metastases after digestion with pronase (d: H5N2 (CEA3), e: H3N2F1 (CEA2), f: H4N5 

(CEA2)). 
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Supplementary Figure S-1-C (continue). MS/MS fragmentation spectra (with experimental m/z) of 

some of the CEA N-glycopeptides that show differentiation between CEA samples from colon carcinoma 

and liver metastases after digestion with pronase (g: H6N5F2S2 (CEA3), h: H4N3S1 (CEA3)). 
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Supplementary Figure S-2. PCA scores plot for the model of the CEA samples after digestion with 

pronase. Sample 9 (S9) was detected as an outlier and, therefore, it was discarded for further analysis. 
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Supplementary Figure S-3. PLS-DA loadings plots for the classification of the CEA samples after 

digestion with (A) trypsin, (B) Glu-C and (C) pronase. Variable numbers are referred to the list of 

identified N-glycopeptides (Num) reported in Supplementary Tables S-1 (trypsin), S-2 (Glu-C) and S-3-A 

(pronase). 
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Supplementary Figure S-4. PLS-DA model VIP scores values for the N-glycopeptides identified after 

digestion with (A) trypsin, (B) Glu-C and (C) pronase. VIP scores values higher than 1 were used as a 

feature selection tool to choose only the most relevant candidate N-glycopeptides for each PLS-DA model 

(71 out of 128 for trypsin digestion, 26 out of 50 for Glu-C digestion and 24 out of 41 for pronase 

digestion). Bar numbers are referred to the list of identified N-glycopeptides (Num) reported in 

Supplementary Tables S-1 (trypsin), S-2 (Glu-C) and S-3-A (pronase). 

A) Tryptic digestion

23 24
26

49 50 52 84 85 86 87
88

89 90
91

92

96 97 98 10
0

11
2

10
1

10
2

10
3

10
4

10
5

10
7

10
6

10
8

10
9

11
0

11
3

11
4

11
5

11
6

11
7 11

8 11
9

12
1

12
0

12
2

12
3

12
5

12
6

12
8

12
7

0.2

0.4

0.6

0.8

1.0

1.2

1.4
13

16

25

40
42

51

55
56

58
59

60 61

64
65

66
67

70
71

73

79

82
83

93
94

99

12
4

N-glycopeptides

VI
P 

Sc
or

es

31

21

24

38

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

23

25
26

28
30

32
33

34
35

37

39
40

41
42

43 44
45

46
47

48
49

50

N-glycopeptides

VI
P 

Sc
or

es

B) Glu-C digestion

2

6
7

11
12 17

25
26

36
37 38

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1

4 8

16 18

21
22

24

29

31
32

33

39

41

N-glycopeptides

VI
P 

Sc
or

es

C) Pronase digestion



 

 

-169- 

C
hapter 3 

T
argeted analysis of protein biom

arkers. B
ottom

-up proteom
ics 

 

Supplementary Table S-1. Observed average m/z (n=6), relative error and %relative abundances (normalizing the integrated peak areas by the total integrated peak areas for 

the N-glycosylation site) for the CEA N-glycopeptides identified by sheathless CE-MS/MS after digestion with trypsin. 

 

 

Numa Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

1 H3N2 [M+2H]2+ 897.4060 1.0 0.9 Yes [M+2H]2+ 897.3996 6.1 1.3 No

2 H4N2 [M+2H]2+ 978.4297 1.8 1.5 Yes [M+2H]2+ 978.4227 9.0 2.1 Yes [M+2H]2+ 978.4280 3.6 2.5 Yes

3 H3N3 [M+2H]2+ 998.9424 2.4 2.2 Yes [M+2H]2+ 998.9362 8.6 3.1 Yes

4 H5N2 [M+2H]2+ 1059.4553 2.5 41.4 Yes [M+2H]2+ 1059.4491 8.3 59.8 Yes [M+2H]2+ 1059.4537 4.0 42.1 Yes

5 H4N3 [M+2H]2+ 1079.9694 1.6 1.8 Yes [M+2H]2+ 1079.9612 9.2 2.3 No [M+2H]2+ 1079.9748 3.4 1.1 No

6 H6N2 [M+2H]2+ 1140.4822 1.9 4.3 Yes [M+2H]2+ 1140.4730 9.9 4.2 No [M+2H]2+ 1140.4783 5.3 2.3 Yes

7 H3N5 [M+3H]3+ 801.6901 5.9 3.2 Yes [M+3H]3+ 801.6810 5.5 3.0 No [M+3H]3+ 801.6835 2.4 1.1 No

8 H5N3 [M+2H]2+ 1160.9953 2.0 3.0 Yes [M+2H]2+ 1160.9872 8.9 3.3 No

9 H4N4 [M+3H]3+ 788.0081 2.3 3.0 No [M+3H]3+ 788.0060 4.9 2.5 No [M+3H]3+ 788.0070 3.7 3.6 Yes

10 H5N4 [M+3H]3+ 842.0263 1.4 6.1 Yes [M+3H]3+ 842.0227 5.7 5.1 No [M+3H]3+ 842.0243 3.8 6.6 Yes

11 H4N5 [M+3H]3+ 855.7021 1.1 4.3 Yes [M+3H]3+ 855.6976 6.3 4.1 Yes [M+3H]3+ 855.7028 0.2 1.2 No

12 H7N2 [M+2H]2+ 1221.5117 0.8 1.0 No [M+2H]2+ 1221.5011 7.9 0.2 No [M+2H]2+ 1221.5046 5.0 1.1 No

13 H5N4F1 [M+3H]3+ 890.7136 1.3 1.5 Yes [M+3H]3+ 890.7062 8.2 0.1 No [M+3H]3+ 890.7104 3.4 2.9 No

14 H6N4 [M+3H]3+ 896.0438 1.5 3.4 Yes [M+3H]3+ 896.0381 7.8 2.6 No [M+3H]3+ 896.0417 3.8 5.8 Yes

15 H4N6 [M+3H]3+ 923.3949 0.2 3.8 Yes [M+3H]3+ 923.3879 8.9 0.6 No [M+3H]3+ 923.3893 7.4 1.3 No

16 H6N3F1 [M+3H]3+ 877.0378 0.2 1.2 No [M+3H]3+ 877.0377 0.3 0.1 No [M+3H]3+ 877.0350 3.4 3.9 Yes

17 H5N5 [M+3H]3+ 909.7192 1.6 2.0 No [M+3H]3+ 909.7124 9.0 0.4 No [M+3H]3+ 909.7176 3.3 1.5 No

18 H5N6 [M+3H]3+ 977.4088 5.1 2.6 Yes [M+3H]3+ 977.4048 9.2 2.0 No [M+3H]3+ 977.4104 3.4 0.8 No

19 H5N5F2 [M+3H]3+ 1007.0906 1.9 2.7 No [M+3H]3+ 1007.0841 8.4 0.3 No [M+3H]3+ 1007.0873 5.2 2.9 No
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20 H5N6F2 [M+3H]3+ 1074.7827 2.8 2.4 No [M+3H]3+ 1074.7807 4.6 0.2 No [M+3H]3+ 1074.7809 4.5 1.8 No

21 H4N7F2 [M+3H]3+ 1088.4570 3.9 1.3 No [M+3H]3+ 1088.4514 9.0 0.2 No [M+3H]3+ 1088.4567 4.1 0.6 No

22 H5N7F2 [M+3H]3+ 1142.4729 5.2 2.7 Yes [M+3H]3+ 1142.4691 8.5 2.1 No [M+3H]3+ 1142.4691 8.5 0.7 No

23 H4N3S1 [M+3H]3+ 817.3416 8.5 1.1 No [M+3H]3+ 817.3498 1.5 0.1 No [M+3H]3+ 817.3433 6.4 5.7 No

24 H5N3S1 [M+3H]3+ 871.3652 1.1 0.8 No [M+3H]3+ 871.3608 6.5 0.1 No [M+3H]3+ 871.3625 4.2 3.7 Yes

25 H6N3S1 [M+3H]3+ 925.3827 1.2 1.8 No [M+3H]3+ 925.3755 8.9 0.2 No [M+3H]3+ 925.3790 5.2 4.5 No

26 H6N3F1S1 [M+3H]3+ 974.0643 5.6 2.4 No
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Numa Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

27 H3N2 [M+2H]2+ 897.9084 0.7 1.0 Yes [M+2H]2+ 897.9050 4.5 1.1 Yes [M+2H]2+ 897.9019 8.0 1.3 No

28 H4N2 [M+2H]2+ 978.9323 3.2 1.8 Yes [M+2H]2+ 978.9260 9.7 1.8 Yes [M+2H]2+ 978.9300 5.6 4.4 Yes

29 H3N3 [M+2H]2+ 999.4455 3.2 2.2 Yes [M+2H]2+ 999.4397 9.0 2.6 Yes [M+2H]2+ 999.4458 2.9 0.3 No

30 H5N2 [M+2H]2+ 1059.9687 6.4 47.2 Yes [M+2H]2+ 1059.9552 6.3 54.0 Yes [M+2H]2+ 1059.9571 4.5 47.2 Yes

31 H4N3 [M+2H]2+ 1080.4643 10.0 1.7 Yes [M+2H]2+ 1080.4654 9.0 1.8 Yes [M+2H]2+ 1080.4652 9.2 0.6 No

32 H6N2 [M+2H]2+ 1140.9990 9.4 3.6 Yes [M+2H]2+ 1140.9781 8.9 3.8 Yes [M+2H]2+ 1140.9780 9.0 2.0 No

33 H3N5 [M+3H]3+ 802.0154 7.5 3.2 Yes [M+3H]3+ 802.0136 9.7 2.6 Yes

34 H5N3 [M+2H]2+ 1161.5032 1.4 2.8 Yes [M+2H]2+ 1161.4902 9.8 2.5 Yes [M+2H]2+ 1161.4990 2.2 0.3 No

35 H4N4 [M+3H]3+ 788.3395 8.1 3.1 No [M+3H]3+ 788.3444 1.9 2.1 No [M+3H]3+ 788.3402 7.2 2.9 Yes

36 H5N4 [M+3H]3+ 842.3550 10.0 5.9 Yes [M+3H]3+ 842.3559 9.0 4.8 Yes [M+3H]3+ 842.3608 3.2 6.4 Yes

37 H4N5 [M+3H]3+ 856.0320 8.2 4.1 Yes [M+3H]3+ 856.0353 4.3 3.7 Yes [M+3H]3+ 856.0321 8.1 1.1 No

38 H7N2 [M+2H]2+ 1222.0032 9.4 0.6 No [M+2H]2+ 1222.0052 7.8 0.2 No [M+2H]2+ 1222.0057 7.4 0.6 No

39 H5N4F1 [M+3H]3+ 891.0450 5.0 0.8 No [M+3H]3+ 891.0469 2.9 1.0 No [M+3H]3+ 891.0467 3.1 0.9 Yes

CEA2 Human Colon CarcinomaCEA1 Human Colon Carcinoma

N -197/N -553 Deamidated       Peptide: LQLSNGNR

CEA3 Human Liver Metastases
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40 H6N4 [M+3H]3+ 896.3785 2.9 3.1 Yes [M+3H]3+ 896.3760 5.7 1.9 Yes [M+3H]3+ 896.3735 8.5 6.0 Yes

41 H4N6 [M+3H]3+ 923.7259 6.7 2.9 Yes [M+3H]3+ 923.7265 6.1 3.3 Yes

42 H6N3F1 [M+3H]3+ 877.3665 8.5 0.9 No [M+3H]3+ 877.3703 4.1 1.0 No [M+3H]3+ 877.3631 6.7 3.4 Yes

43 H5N5 [M+3H]3+ 910.0490 8.4 2.0 No [M+3H]3+ 910.0521 4.9 0.5 Yes [M+3H]3+ 910.0475 10.0 1.4 No

44 H5N6 [M+3H]3+ 977.7460 3.8 2.4 Yes [M+3H]3+ 977.7426 7.3 1.8 Yes

45 H5N5F2 [M+3H]3+ 1007.4186 9.9 2.1 Yes [M+3H]3+ 1007.4216 6.9 2.1 No [M+3H]3+ 1007.4190 9.5 3.2 Yes

46 H5N6F2 [M+3H]3+ 1075.1116 9.4 1.8 No [M+3H]3+ 1075.1138 7.3 2.0 No [M+3H]3+ 1075.1199 1.6 1.8 Yes

47 H4N7F2 [M+3H]3+ 1088.7871 9.3 1.5 Yes [M+3H]3+ 1088.7883 8.2 0.8 No

48 H5N7F2 [M+3H]3+ 1142.8032 10.0 2.0 Yes [M+3H]3+ 1142.8050 8.6 1.7 No

49 H4N3S1 [M+3H]3+ 817.6804 5.1 1.1 No [M+3H]3+ 817.6807 4.7 1.0 No [M+3H]3+ 817.6795 6.2 6.7 Yes

50 H5N3S1 [M+3H]3+ 871.6951 8.1 0.6 No [M+3H]3+ 871.6978 5.0 0.5 No [M+3H]3+ 871.6962 6.8 3.6 Yes

51 H6N3S1 [M+3H]3+ 925.7108 9.7 1.6 No [M+3H]3+ 925.7133 7.0 1.3 Yes [M+3H]3+ 925.7111 9.4 3.8 Yes

52 H6N3F1S1 [M+3H]3+ 974.4039 1.9 0.05 No [M+3H]3+ 974.3998 6.1 0.1 No [M+3H]3+ 974.3932 6.7 2.2 Yes
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53 H3N2F1 [M+2H]2+ 1052.0051 8.2 1.2 Yes [M+2H]2+ 1051.9891 7.0 2.2 Yes

54 H3N3F1 [M+2H]2+ 1153.5334 2.4 3.5 Yes [M+2H]2+ 1153.5293 5.9 6.6 Yes

55 H3N4F1 [M+2H]2+ 1255.0698 4.8 5.3 Yes [M+2H]2+ 1255.0671 6.9 6.2 No

56 H3N5F1 [M+3H]3+ 904.7419 4.9 6.1 Yes [M+3H]3+ 904.7396 7.4 5.3 Yes

57 H4N4F1 [M+3H]3+ 891.0648 7.0 3.6 Yes [M+3H]3+ 891.0647 6.8 3.5 No [M+3H]3+ 891.0698 1.1 4.6 No

58 H4N5F1 [M+3H]3+ 958.7605 3.6 6.2 Yes [M+3H]3+ 958.7592 4.9 7.5 Yes

59 H3N6F1 [M+3H]3+ 972.4341 5.5 3.2 Yes [M+3H]3+ 972.4299 9.8 3.0 No

CEA3 Human Liver MetastasesCEA2 Human Colon Carcinoma

N -204/N -560       Peptide: TLTLFNVTR

CEA1 Human Colon Carcinoma

Glycan Speciesb
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60 H5N5F1 [M+3H]3+ 1012.7804 1.1 4.9 Yes [M+3H]3+ 1012.7734 8.0 5.2 No

61 H4N6F1 [M+3H]3+ 1026.4506 6.2 3.6 Yes [M+3H]3+ 1026.4474 9.4 3.2 No

62 H5N5F2 [M+3H]3+ 1061.4622 5.0 4.0 Yes [M+3H]3+ 1061.4648 2.5 3.7 No

63 H5N5F3 [M+3H]3+ 1110.1481 4.8 3.0 Yes [M+3H]3+ 1110.1509 2.3 2.5 No [M+3H]3+ 1110.1488 4.2 4.1 Yes

64 H5N7F1 [M+3H]3+ 1148.1610 5.9 2.1 Yes [M+3H]3+ 1148.1635 3.7 2.2 No

65 H5N6F2 [M+3H]3+ 1129.1515 8.1 3.8 Yes [M+3H]3+ 1129.1514 8.2 3.1 No

66 H5N6F3 [M+3H]3+ 1177.8355 9.4 3.1 Yes [M+3H]3+ 1177.8362 8.8 2.4 No

67 H5N7F2 [M+3H]3+ 1196.8467 5.9 2.6 Yes [M+3H]3+ 1196.8471 5.5 2.1 No

68 H6N6F2 [M+3H]3+ 1183.1720 5.3 2.7 Yes [M+3H]3+ 1183.1718 5.4 3.1 No

69 H6N6F3 [M+3H]3+ 1231.8596 3.7 3.3 Yes [M+3H]3+ 1231.8683 3.3 3.7 No

70 H5N7F3 [M+3H]3+ 1245.5333 5.1 2.6 Yes [M+3H]3+ 1245.5330 5.4 2.4 No

71 H6N7F2 [M+3H]3+ 1250.8635 6.3 3.1 Yes [M+3H]3+ 1250.8619 7.6 2.9 No

72 H6N7F3 [M+3H]3+ 1299.5497 5.9 3.9 Yes [M+3H]3+ 1299.5457 8.9 3.9 Yes

73 H6N6F5

 

[M+3H]3+ 1329.2308 4.0 1.7 No [M+3H]3+ 1329.2289 5.4 1.4 No [M+3H]3+ 1329.2284 5.8 4.5 Yes

74 H6N7F4 [M+3H]3+ 1348.2359 5.5 3.6 Yes [M+3H]3+ 1348.2339 7.0 2.6 No

75 H7N7F3 [M+3H]3+ 1353.5711 2.8 2.9 Yes [M+3H]3+ 1353.5672 5.7 3.2 Yes [M+3H]3+ 1353.5699 3.7 3.2 Yes

76 H6N7F5 [M+3H]3+ 1396.9250 3.0 2.4 Yes [M+3H]3+ 1396.9200 6.6 1.7 No

77 H7N7F4 [M+3H]3+ 1402.2572 2.6 2.8 Yes [M+3H]3+ 1402.2535 5.3 2.9 No [M+3H]3+ 1402.2567 3.0 4.4 Yes

78 H7N7F5 [M+3H]3+ 1450.9426 2.9 2.5 Yes [M+3H]3+ 1450.9411 4.0 2.4 No

79 H7N7F6

 

[M+3H]3+ 1499.6263 4.4 1.6 No [M+3H]3+ 1499.6215 7.6 1.3 No [M+3H]3+ 1499.6270 3.9 4.5 Yes
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80 H6N8F5 [M+3H]3+ 1464.6118 7.2 1.7 Yes [M+3H]3+ 1464.6114 7.5 1.0 No

81 H7N8F5 [M+3H]3+ 1518.6335 4.3 1.7 Yes [M+3H]3+ 1518.6270 8.6 1.5 No

82 H4N4F1S1 [M+3H]3+ 988.0987 3.9 2.6 Yes [M+3H]3+ 988.1011 1.5 2.7 No

83 H5N5F2S1 [M+3H]3+ 1158.4935 5.0 1.7 No [M+3H]3+ 1158.4941 4.5 2.4 Yes [M+3H]3+ 1158.4943 4.3 6.5 Yes

84 H7N6F3S1 [M+3H]3+ 1382.9111 1.8 0.9 No [M+3H]3+ 1382.9025 8.0 1.0 No [M+3H]3+ 1382.9077 4.2 8.1 Yes

[M+3H]3+ 1431.5932 4.5 0.9 No [M+3H]3+ 1431.5903 6.5 0.6 No [M+3H]3+ 1431.5914 5.7 Yes

[M+4H]4+ 1073.9449 6.3 Yes

86 H7N6F5S1 [M+3H]3+ 1480.2820 2.4 0.7 No [M+3H]3+ 1480.2724 8.9 0.5 No [M+3H]3+ 1480.2779 5.2 8.8 Yes

[M+3H]3+ 1553.3057 3.0 0.4 No [M+3H]3+ 1553.3062 2.6 Yes

[M+4H]4+ 1165.2292 4.7 Yes

88 H8N8F4S1 [M+4H]4+ 1215.9976 5.7 5.0 Yes

89 H8N7F5S1 [M+4H]4+ 1201.7426 5.5 8.8 Yes

90 H8N7F6S1 [M+4H]4+ 1238.2597 3.2 6.0 Yes

91 H9N8F6S1 [M+4H]4+ 1329.5385 6.2 8.6 Yes

92 H9N8F7S1 [M+4H]4+ 1366.0530 6.0 4.1 Yes

10.5

8.3

85 H7N6F4S1

87 H8N7F4S1
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93 H3N3 [M+2H]2+ 1027.9444 3.0 20.4 Yes [M+2H]2+ 1027.9387 8.6 19.4 No

94 H3N7 [M+3H]3+ 956.4025 4.5 41.7 Yes [M+3H]3+ 956.3975 9.7 30.5 No

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma CEA3 Human Liver Metastases

N -375       Peptide: LQLSNDNR

Glycan Speciesb
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95 H7N6F1 [M+3H]3+ 1153.4688 1.1 24.4 No [M+3H]3+ 1153.4589 9.7 39.5 No [M+3H]3+ 1153.4790 7.7 26.9 Yes

96 H8N7F4S1 [M+4H]4+ 1138.9643 8.3 13.5 No [M+4H]4+ 1138.9626 6.8 10.6 No [M+4H]4+ 1138.9501 4.2 73.1 Yes
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Numa Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

97 H7N6F4S1 [M+4H]4+ 1192.4792 3.8 100 Yes

CEA2 Human Colon Carcinoma CEA3 Human Liver Metastases

N -580     Peptide: AYVCGIQNSVSANR

Glycan Speciesb

CEA1 Human Colon Carcinoma

P
EP

x3

Numa Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

[M+4H]4+ 1948.8437 4.1 Yes

[M+5H]5+ 1559.2852 1.4 Yes

99 H6N5F4S1 [M+5H]5+ 1588.4939 0.4 31.5 Yes

98 H6N5F3S1

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma CEA3 Human Liver Metastases

68.5

N -612     Peptide: SDPVTLDVLYGPDTPIISPPDSSYLSGANLNLSCHSASNPSPQYSWR

Glycan Speciesb
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Numa Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

100 H4N3F2 [M+3H]3+ 1240.5323 5.0 4.7 Yes

101 H6N5F4 [M+3H]3+ 1581.3278 2.6 5.3 Yes

102 H4N3F1S1 [M+3H]3+ 1288.8777 5.2 8.2 Yes

103 H5N3F1S1 [M+3H]3+ 1342.8935 6.3 10.0 Yes

N -650       Peptide: ITPNNNGTYACFVSNLATGR

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma CEA3 Human Liver Metastases

Glycan Speciesb
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104 H5N4F2S1 [M+4H]4+ 1094.7081 4.3 10.9 Yes

105 H6N5F2S1 [M+4H]4+ 1185.9855 8.7 5.3 Yes

106 H6N5F3S1 [M+4H]4+ 1222.5031 5.9 16.6 Yes

107 H6N5F4S1 [M+4H]4+ 1259.0174 5.9 11.4 Yes

108 H5N4F1S2 [M+4H]4+ 1130.9635 7.7 4.6 Yes

109 H6N5F2S2 [M+4H]4+ 1258.7646 4.0 14.6 Yes

110 H6N5F3S2 [M+4H]4+ 1295.2774 5.2 8.3 Yes
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111 H5N2 [M+2H]2+ 945.9042 2.9 23.9 Yes [M+2H]2+ 945.8977 9.8 37.5 No [M+2H]2+ 945.9024 4.8 1.3 No

112 H5N5F2 [M+3H]3+ 931.3930 1.2 15.8 No [M+3H]3+ 931.3850 7.4 26.7 No [M+3H]3+ 931.3889 3.2 5.1 Yes

113 H5N5F3 [M+3H]3+ 980.0778 0.1 12.0 No [M+3H]3+ 980.0719 6.1 19.9 No [M+3H]3+ 980.0742 3.8 10.7 Yes

114 H5N5F4 [M+3H]3+ 1028.7642 0.3 3.9 No [M+3H]3+ 1028.7598 4.0 3.5 Yes

115 H6N6F2 [M+3H]3+ 1053.1054 2.6 7.5 No [M+3H]3+ 1053.0983 4.1 3.0 Yes

116 H6N6F3 [M+3H]3+ 1101.7902 1.4 7.9 No [M+3H]3+ 1101.7839 4.3 4.1 Yes

117 H6N6F4 [M+3H]3+ 1150.4799 4.6 7.7 No [M+3H]3+ 1150.4724 1.9 3.8 Yes

118 H7N7F2 [M+3H]3+ 1174.8160 2.2 4.4 No [M+3H]3+ 1174.8096 3.2 3.3 Yes

119 H7N7F4 [M+3H]3+ 1272.1855 0.1 4.0 No [M+3H]3+ 1272.1801 4.1 5.0 Yes

N -665       Peptide: NNSIVK

CEA3 Human Liver MetastasesCEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma

Glycan Speciesb
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aNum is referred to the N-glycopeptide number. 

bGlycan compositions are given in terms of number of hexoses (H), N-acetylglucosamines and N-acetylgalactosamines (N), fucoses (F) and sialic acids (S). 

cRelative error was calculated in ppm as: |m/z exp – m/z theo|/m/z theo × 106 (exp=experimental and theo=theoretical). 

dN-glycopeptide structures confirmed by MS/MS (Yes) (At least 3 observed fragments). 

 

 

120 H7N7F5 [M+3H]3+ 1320.8733 1.5 4.6 No [M+3H]3+ 1320.8644 5.2 5.1 Yes

121 H5N5F2S1 [M+3H]3+ 1028.4223 1.4 8.2 No [M+3H]3+ 1028.4290 5.1 16.0 No [M+3H]3+ 1028.4197 3.9 8.2 Yes

122 H6N5F2S1 [M+3H]3+ 1082.4354 5.5 4.5 Yes

123 H6N5F3S1 [M+3H]3+ 1131.1235 3.4 5.2 Yes

124 H7N6F2S1 [M+3H]3+ 1204.1469 4.3 2.7 Yes

[M+3H]3+ 1252.8318 5.0 Yes

[M+4H]4+ 939.8775 3.2 Yes

[M+3H]3+ 1301.5175 5.0 Yes

[M+4H]4+ 976.3905 4.6 Yes

[M+3H]3+ 1350.2041 4.4 Yes

[M+4H]4+ 1012.9059 3.5 Yes

[M+3H]3+ 1398.8870 6.4 Yes

[M+4H]4+ 1049.4187 5.0 Yes

H7N6F6S1

126

128

7.5125

127 H7N6F5S1

H7N6F4S1

5.6

9.2

12.0

H7N6F3S1
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Supplementary Table S-2. Observed average m/z (n=6), relative error and %relative abundances (normalizing the integrated peak areas by the total integrated peak areas for 

the N-glycosylation site) for the CEA N-glycopeptides identified by sheathless CE-MS/MS after digestion with Glu-C. 

 

 

 

 

Numa MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/Mse MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe

0 [M+3H]3+ 938.4234 9.8 0.2 No 0 [M+3H]3+ 938.4260 7.0 0.6 No

1 [M+3H]3+ 976.7675 7.6 1.0 No 1 [M+3H]3+ 976.7666 8.5 1.5 No

2 [M+4H]4+ 793.6081 7.0 7.4 Yes 2 [M+4H]4+ 793.6070 8.4 7.4 Yes 2 [M+4H]4+ 793.6094 5.4 5.5 Yes

3 [M+4H]4+ 1044.7106 9.5 6.4 Yes 3 [M+4H]4+ 1044.7165 3.8 4.0 Yes 3 [M+4H]4+ 1044.7116 8.5 5.0 Yes

0 [M+3H]3+ 992.4462 4.1 0.5 No 0 [M+3H]3+ 992.4414 8.9 0.7 No 0 [M+3H]3+ 992.4470 3.2 0.3 No

1 [M+3H]3+ 1030.7845 7.8 0.6 No 1 [M+3H]3+ 1030.7876 4.8 0.8 No

2 [M+4H]4+ 834.1202 8.0 4.7 Yes 2 [M+4H]4+ 834.1186 9.9 5.2 Yes 2 [M+4H]4+ 834.1211 6.9 4.4 Yes

3 [M+4H]4+ 1085.2258 7.3 3.8 Yes 3 [M+4H]4+ 1085.2287 4.6 2.6 Yes 3 [M+4H]4+ 1085.2232 9.7 3.5 Yes

0 [M+3H]3+ 1046.4602 7.3 0.4 No 0 [M+3H]3+ 1046.4594 8.1 1.5 Yes 0 [M+3H]3+ 1046.4618 5.8 0.4 No

1 [M+3H]3+ 1084.8002 9.2 1.1 No 1 [M+3H]3+ 1084.8077 2.3 1.9 No 1 [M+3H]3+ 1084.8026 7.0 1.0 No

2 [M+4H]4+ 874.6319 9.4 11.6 Yes 2 [M+4H]4+ 874.6314 9.9 14.3 Yes 2 [M+4H]4+ 874.6330 8.1 12.7 Yes

3 [M+4H]4+ 1125.7357 10.0 8.8 Yes 3 [M+4H]4+ 1125.7390 7.0 6.0 Yes 3 [M+4H]4+ 1125.7395 6.6 9.1 Yes

0 [M+3H]3+ 1100.4775 7.2 0.5 No 0 [M+3H]3+ 1100.4790 5.8 2.3 No 0 [M+3H]3+ 1100.4785 6.3 0.5 No

1 [M+3H]3+ 1138.8173 9.2 1.7 Yes 1 [M+3H]3+ 1138.8191 7.6 3.1 Yes 1 [M+3H]3+ 1138.8194 7.4 1.7 Yes

2 [M+4H]4+ 915.1443 9.8 16.7 Yes 2 [M+4H]4+ 915.1467 7.2 19.8 Yes 2 [M+4H]4+ 915.1460 8.0 19.0 Yes

3 [M+4H]4+ 1166.2498 8.8 13.9 Yes 3 [M+4H]4+ 1166.2556 3.9 8.6 Yes 3 [M+4H]4+ 1166.2558 3.7 14.6 Yes

0 [M+3H]3+ 1154.5074 3.8 0.4 No 0 [M+3H]3+ 1154.4953 6.7 1.6 No 0 [M+3H]3+ 1154.4930 8.7 0.6 No

1 [M+3H]3+ 1192.8364 7.5 1.1 No 1 [M+3H]3+ 1192.8394 5.0 1.7 No 1 [M+3H]3+ 1192.8379 6.3 1.1 No

2 [M+4H]4+ 955.6573 9.6 10.5 Yes 2 [M+4H]4+ 955.6597 7.1 11.8 Yes 2 [M+4H]4+ 955.6594 7.4 10.9 Yes

3 [M+4H]4+ 1206.7617 9.6 8.5 Yes 3 [M+4H]4+ 1206.7681 4.3 5.1 Yes 3 [M+4H]4+ 1206.7719 1.2 9.0 Yes

H5N21-4

Glycan Speciesb

H6N25-8

13-16

H9N217-20

H8N2

H7N29-12

N -152/N -508     Peptide: LPKPSISSNNSKPVE (MC 0)/LPKPSISSNNSKPVED (MC 1)/LPKPSISSNNSKPVEDKD (MC 2)/LPKPSISSNNSKPVEDKDAVAFTCEPE (MC 3)

 CEA1 Human Colon Carcinoma  CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases
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Numa MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe

21 H3N3F1 0 [M+2H]2+ 1089.4786 4.1 5.8 Yes 0 [M+2H]2+ 1089.4735 8.7 7.1 Yes 0 [M+2H]2+ 1089.4725 9.7 7.4 No

22 H4N3F1 0 [M+2H]2+ 1170.5024 6.0 1.2 No 0 [M+2H]2+ 1170.4988 9.1 1.2 No 0 [M+2H]2+ 1170.4988 9.1 12.7 No

23 H3N4F1 0 [M+2H]2+ 1191.0168 5.0 7.3 No 0 [M+2H]2+ 1191.0134 7.8 6.8 No

24 H3N5F1 0 [M+3H]3+ 862.0427 1.8 11.0 Yes 0 [M+3H]3+ 862.0383 6.9 11.1 No

25 H4N4F1 0 [M+2H]2+ 1272.0440 4.0 3.3 No 0 [M+3H]3+ 848.3665 2.6 3.0 No

26 H4N5F1 0 [M+3H]3+ 916.0592 2.9 7.6 No 0 [M+3H]3+ 916.0542 8.3 7.6 No

Glycan Speciesb

N -466       Peptide: LFISNITE

 CEA1 Human Colon Carcinoma  CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases
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27 H5N4F1 0 [M+2H]2+ 1353.0734 1.6 2.3 No 0 [M+3H]3+ 902.3795 7.6 1.8 No

28 H3N6F1 0 [M+3H]3+ 929.7337 3.9 7.5 Yes 0 [M+3H]3+ 929.7296 8.4 7.2 No

29 H4N4F2 0 [M+3H]3+ 897.0516 3.4 2.2 No 0 [M+3H]3+ 897.0460 9.7 1.6 No

30 H4N5F2 0 [M+3H]3+ 964.7441 3.9 4.9 No 0 [M+3H]3+ 964.7382 10.0 5.1 No 0 [M+3H]3+ 964.7402 7.9 10.4 No

31 H4N6F1 0 [M+3H]3+ 983.7511 3.9 4.9 Yes 0 [M+3H]3+ 983.7465 8.6 7.2 Yes

32 H5N5F1 0 [M+3H]3+ 970.0751 4.5 4.3 No 0 [M+3H]3+ 970.0828 3.4 4.7 No 0 [M+3H]3+ 970.0741 5.5 9.9 No

33 H5N5F2 0 [M+3H]3+ 1018.7612 4.1 3.5 No 0 [M+3H]3+ 1018.7560 9.3 4.2 No 0 [M+3H]3+ 1018.7573 8.0 10.7 No

34 H5N6F1 0 [M+3H]3+ 1037.7686 3.8 4.5 No 0 [M+3H]3+ 1037.7629 9.3 4.4 No

35 H4N6F3 0 [M+3H]3+ 1081.1161 10.0 2.1 No 0 [M+3H]3+ 1081.1195 6.9 1.8 No 0 [M+3H]3+ 1081.1173 8.9 5.4 No

36 H5N5F3 0 [M+3H]3+ 1067.4406 10.0 4.1 No 0 [M+3H]3+ 1067.4446 6.4 3.1 No 0 [M+3H]3+ 1067.4420 8.8 18.8 No

37 H5N6F2 0 [M+3H]3+ 1086.4540 4.2 4.6 No 0 [M+3H]3+ 1086.4478 9.9 4.0 No 0 [M+3H]3+ 1086.4486 9.2 12.6 No

38 H5N7F1 0 [M+3H]3+ 1105.4613 4.0 4.8 Yes 0 [M+3H]3+ 1105.4561 8.7 5.6 Yes

39 H5N6F3 0 [M+3H]3+ 1135.1376 6.1 3.8 No 0 [M+3H]3+ 1135.1334 9.8 4.0 No 0 [M+3H]3+ 1135.1375 6.2 12.0 No

40 H5N7F2 0 [M+3H]3+ 1154.1483 2.9 5.7 Yes 0 [M+3H]3+ 1154.1418 8.6 4.6 No

41 H5N7F3 0 [M+3H]3+ 1202.8315 5.1 4.7 Yes 0 [M+3H]3+ 1202.8263 9.4 3.9 No
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Numa MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe MCc Molecular ion Observed m/z Error (ppm)d %Relative Abundance MS/MSe

42 H3N3F1 0 [M+4H]4+ 934.4188 4.8 11.8 No 0 [M+4H]4+ 934.4190 4.6 14.1 No

43 H3N4F1 0 [M+4H]4+ 985.1851 8.2 17.3 Yes 0 [M+4H]4+ 985.1858 7.5 16.1 No

N -580     Peptide: ARAYVCGIQNSVSANRSDPVTLD

 CEA1 Human Colon Carcinoma  CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb
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aNum is referred to the N-glycopeptide number. 

bGlycan compositions are given in terms of number of hexoses (H), N-acetylglucosamines and N-acetylgalactosamines (N), fucoses (F) and sialic acids (S). 

cMC=missed cleavage. 

dRelative error was calculated in ppm as: |m/z exp – m/z theo|/m/z theo × 106 (exp=experimental and theo=theoretical). 

eN-glycopeptide structures confirmed by MS/MS (Yes) (At least 3 observed fragments). 

 

 

 

 

44 H4N3F1 0 [M+4H]4+ 974.9353 1.3 4.3 No 0 [M+4H]4+ 974.9273 9.5 4.1 No

45 H3N5F1 0 [M+4H]4+ 1035.9526 10.0 13.6 No 0 [M+4H]4+ 1035.9584 4.5 15.5 No

46 H4N4F1 0 [M+4H]4+ 1025.6987 7.5 10.3 No 0 [M+4H]4+ 1025.6991 7.1 9.4 No

47 H3N6F1 0 [M+4H]4+ 1086.7230 9.1 6.1 No 0 [M+4H]4+ 1086.7232 8.9 4.4 No

48 H4N5F1 0 [M+4H]4+ 1076.4666 8.9 16.7 No 0 [M+4H]4+ 1076.4664 9.1 18.7 No

49 H4N6F1 0 [M+4H]4+ 1127.2381 7.1 6.9 No 0 [M+4H]4+ 1127.2357 9.2 7.1 No

50 H5N5F1 0 [M+4H]4+ 1116.9785 9.8 13.0 No 0 [M+4H]4+ 1116.9790 9.3 10.7 No
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Supplementary Table S-3-A. Observed average m/z (n=6), relative error and %relative abundances (normalizing the integrated peak areas by the total integrated peak areas 

for the N-glycosylation site) for the CEA N-glycopeptides identified by sheathless CE-MS/MS after digestion with pronase. 

 

 

 

 

 

 

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSdGlycan Speciesb

N -104     Peptide: IYPN

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

902.8667 6.7 Yes[M+2H]2+ [M+2H]2+1 H3N4 IYPN 902.8665 6.9 Yes100 100P
EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

[M+2H]2+ 961.3677 0.5 Yes

[M+3H]3+ 641.2541 9.3 No

Glycan Speciesb

2 H3N5 NDTA 100

N -208     Peptide: NDTA

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

P
EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

3 H5N2 GENLNLS / SGENLNL [M+2H]2+ 981.8979 1.8 31.7 No [M+2H]2+ 981.8967 3.0 29.8 No [M+2H]2+ 981.9034 3.8 50.2 Yes

4 H6N2 GENLNLS / SGENLNL [M+2H]2+ 1062.9223 3.6 44.7 No [M+2H]2+ 1062.9208 5.0 45.0 No

5 H7N2 GENLNLS / SGENLNL [M+2H]2+ 1143.9418 9.3 23.6 Yes [M+2H]2+ 1143.9429 8.4 25.2 No [M+2H]2+ 1143.9501 2.1 6.8 Yes

6 H8N2 GENLNLS / SGENLNL [M+2H]2+ 1224.9787 0.2 29.7 Yes

7 H9N2 GENLNLS / SGENLNL [M+2H]2+ 1306.0044 0.7 13.3 No

Glycan Speciesb

N -256     Peptide(s): GENLNLS / SGENLNL

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

8 H4N2 NG [M+2H]2+ 622.7287 2.7 13.1 No [M+2H]2+ 622.7293 1.8 21.3 Yes [M+2H]2+ 622.7311 1.1 10.6 Yes

9 H5N2 NG [M+2H]2+ 703.7540 4.0 52.1 Yes [M+2H]2+ 703.7545 3.3 52.2 Yes [M+2H]2+ 703.7578 1.4 35.8 Yes 

10 H6N2 NG [M+2H]2+ 784.7823 1.2 2.6 No [M+2H]2+ 784.7813 2.5 3.6 No [M+2H]2+ 784.7864 4.0 1.8 No

11 H6N5F3S1 NG [M+3H]3+ 969.6922 1.7 20.0 Yes

12 H5N4S2 NG [M+3H]3+ 798.9556 1.8 17.8 Yes

13 H5N2 NGTF [M+2H]2+ 827.8117 3.8 24.9 No [M+2H]2+ 827.8117 3.8 17.7 No [M+2H]2+ 827.8158 1.1 11.2 Yes

14 H6N2 NGTF [M+2H]2+ 908.8350 6.9 7.2 No [M+2H]2+ 908.8361 5.7 5.3 No [M+2H]2+ 908.8421 0.9 2.8 No

Glycan Speciesb

N -274     Peptide(s): NG / NGTF

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

P
EP

P
EP
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x2
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

15 H5N2 ITSNN [M+2H]2+ 882.8350 16.4 100 Yes [M+2H]2+ 882.8349 16.5 100 Yes [M+2H]2+ 882.8410 9.6 100 Yes

Glycan Speciesb

N -330     Peptide: ITSNN

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA2 Human Liver Metastases

P
E

P

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

16 H5N2 PEIQNTT [M+2H]2+ 1009.9130 0.2 8.7 No [M+2H]2+ 1009.9138 1.0 10.5 No [M+2H]2+ 1009.9189 6.1 20.5 Yes

17 H6N2 PEIQNTT [M+2H]2+ 1090.9377 1.4 5.7 No [M+2H]2+ 1090.9381 1.0 7.9 No [M+2H]2+ 1090.9455 5.8 14.3 No

18 H7N2 PEIQNTT [M+2H]2+ 1171.9660 0.3 10.6 No [M+2H]2+ 1171.9624 2.7 15.0 No [M+2H]2+ 1171.9738 7.0 21.9 Yes

[M+2H]2+ 1252.9913 0.6 No [M+2H]2+ 1252.9899 1.7 No [M+2H]2+ 1253.0006 6.9 Yes

[M+3H]3+ 835.6667 3.2 No [M+3H]3+ 835.6657 2.1 No [M+3H]3+ 835.6716 9.1 No

[M+2H]2+ 1334.0118 5.0 No [M+2H]2+ 1334.0112 5.4 No [M+2H]2+ 1334.0277 7.0 No

[M+3H]3+ 889.6806 1.1 Yes [M+3H]3+ 889.6802 1.6 Yes [M+3H]3+ 889.6872 6.3 No

Glycan Speciesb

50.8

24.9

41.9

18.3

24.920 H9N2 PEIQNTT

N -351     Peptide: PEIQNTT

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

19 H8N2 PEIQNTT 24.2
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

21 H5N2 NDNR [M+2H]2+ 867.8250 7.6 100 No [M+2H]2+ 867.8262 6.2 100 Yes [M+2H]2+ 867.8316 0.02 100 Yes

Glycan Speciesb

N -375     Peptide: NDNR

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

P
E

P

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

22 H3N2F1 RPGVN [M+2H]2+ 790.8429 1.5 100 No [M+2H]2+ 790.8432 1.1 100 Yes

Glycan Speciesb

N -432     Peptide: RPGVN

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

P
EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

23 H5N2 EAQN [M+2H]2+ 839.3210 6.8 70.9 Yes [M+2H]2+ 839.3201 5.8 56.8 Yes [M+2H]2+ 839.3228 9.0 65.7 No

24 H6N2 EAQN [M+2H]2+ 920.3479 6.8 4.1 No

25 H7N2 EAQN [M+2H]2+ 1001.3743 6.2 1.0 No

26 H8N2 EAQN [M+2H]2+ 1082.4022 7.1 1.5 No

[M+2H]2+ 1042.3937 0.9 No [M+2H]2+ 1042.3945 0.1 No [M+2H]2+ 1042.4003 5.4 No

[M+3H]3+ 695.2666 1.2 Yes [M+3H]3+ 695.2656 0.2 Yes [M+3H]3+ 695.2677 2.8 No

[M+2H]2+ 1062.9056 2.2 No [M+2H]2+ 1062.9029 4.7 No [M+2H]2+ 1062.9130 4.8 No

[M+3H]3+ 708.9416 0.5 Yes [M+3H]3+ 708.9406 0.9 Yes [M+3H]3+ 708.9443 4.3 No

[M+2H]2+ 1083.4117 8.8 No

[M+3H]3+ 722.6165 0.4 Yes [M+3H]3+ 722.6158 1.3 4.7 Yes

[M+2H]2+ 1123.4164 4.1 No [M+2H]2+ 1123.4167 3.9 No [M+2H]2+ 1123.4244 3.0 No 

[M+3H]3+ 749.2795 5.1 Yes [M+3H]3+ 749.2833 0.1 No [M+3H]3+ 749.2848 1.9 Yes

Glycan Speciesb

10.7

8.7

5.930 H6N4

7.9

5.4

2.8

4.2

12.1

1.8

10.2

N -529    Peptide: EAQN

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

EAQN

27 H5N4 EAQN

28 H4N5 EAQN

29 H3N6 EAQN
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[M+2H]2+ 1135.9293 6.7 No [M+2H]2+ 1135.9307 5.4 No [M+2H]2+ 1135.9363 0.5 No

[M+3H]3+ 757.6253 2.5 Yes [M+3H]3+ 757.6265 1.0 No [M+3H]3+ 757.6305 4.3 No

[M+2H]2+ 1164.4407 5.9 No [M+2H]2+ 1164.4427 4.2 No

[M+3H]3+ 776.6328 2.0 Yes [M+3H]3+ 776.6329 1.9 No

3.65.0

3.8

6.5

6.6

31 H4N5F1 EAQN

32 H4N6 EAQN

P
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P
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P

EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

33 H3N3F1 NLSCHS [M+2H]2+ 979.8783 2.5 45.7 No [M+2H]2+ 979.8791 1.7 48.6 Yes

34 H4N3F1 NLSCHS [M+2H]2+ 1060.9061 1.0 29.2 No [M+2H]2+ 1060.9059 1.2 22.4 Yes

35 H3N4F1 NLSCHS [M+2H]2+ 1081.4175 2.8 25.1 No [M+2H]2+ 1081.4173 2.9 29.0 Yes [M+2H]2+ 1081.4134 6.5 10.8 No

36 H6N5F4S1 NLSCHS [M+3H]3+ 1194.1247 5.1 9.5 No

37 H6N5F2S2 NLSCHS [M+3H]3+ 1193.7834 4.1 51.0 Yes

38 H6N5F3S2 NLSCHS [M+3H]3+ 1242.4688 3.5 28.7 Yes

Glycan Speciesb

N -612    Peptide: NLSCHS

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd Molecular ion Observed m/z Error (ppm)c %Relative Abundance MS/MSd

39 H5N2 RNN [M+2H]2+ 810.3149 4.0 43.8 Yes [M+2H]2+ 810.3168 1.6 66.8 Yes [M+2H]2+ 810.3192 1.3 78.5 Yes

[M+2H]2+ 1005.3992 0.8 No [M+2H]2+ 1005.3987 1.3 No [M+2H]2+ 1005.4011 1.1 Yes

[M+3H]3+ 670.6015 1.7 Yes [M+3H]3+ 670.6019 1.1 Yes [M+3H]3+ 670.6025 0.3 Yes

41 H4N3S1 RNN [M+3H]3+ 651.2534 3.0 9.5 Yes

Glycan Speciesb

56.2 33.2 12.0

N -665    Peptide: RNN

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

40 H4N4F1 RNN

P
E

P
P

EP
P

EP



 

 
 

-184- 

T
argeted analysis of protein biom

arkers. B
ottom

-up proteom
ics 

C
hapter 3 

 

Supplementary Table S-3-B. Observed average m/z (n=6) and relative error for the CEA N-glycopeptides (grouped by N-glycosylation sites) identified by sheathless CE-

MS/MS after digestion with pronase. These N-glycopeptides were discarded for the Results and Discussion Section, as multiple overlaps between N-glycosylation sites were 

observed. 

 

 

 

 

 

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H5N2 NAS / NGT / SAN [M+2H]2+ 754.2787 2.6 Yes [M+2H]2+ 754.2782 3.3 Yes [M+2H]2+ 754.2813 0.8 Yes

2 H6N2 NAS / NGT / SAN [M+2H]2+ 835.3044 3.2 No [M+2H]2+ 835.3043 3.3 Yes [M+2H]2+ 835.3082 1.3 Yes

3 H7N2 NAS / NGT / SAN [M+2H]2+ 916.3289 5.0 No [M+2H]2+ 916.3283 5.7 No [M+2H]2+ 916.3345 1.1 Yes

4 H4N3F1 NAS / NGT / SAN [M+2H]2+ 847.8192 4.4 No [M+2H]2+ 847.8199 3.5 No [M+2H]2+ 847.8234 0.6 Yes

5 H5N3 NAS / NGT / SAN [M+2H]2+ 855.8179 2.9 No [M+2H]2+ 855.8172 3.7 Yes [M+2H]2+ 855.8222 2.2 No

6 H4N3F2 NAS / NGT / SAN [M+2H]2+ 920.8476 4.6 No [M+2H]2+ 920.8467 5.6 No [M+2H]2+ 920.8517 0.2 Yes

7 H5N3F1 NAS / NGT / SAN [M+2H]2+ 928.8445 5.2 No [M+2H]2+ 928.8441 5.6 No [M+2H]2+ 928.8497 0.4 Yes

8 H6N3 NAS / NGT / SAN [M+2H]2+ 936.8428 4.2 No [M+2H]2+ 936.8421 5.0 No [M+2H]2+ 936.8472 0.5 Yes

9 H4N5 NAS / NGT / SAN [M+2H]2+ 977.8686 4.8 No [M+2H]2+ 977.8696 3.8 No [M+2H]2+ 977.8738 0.5 Yes

10 H6N3F1 NAS / NGT / SAN [M+2H]2+ 1009.8710 4.7 No [M+2H]2+ 1009.8712 4.5 No [M+2H]2+ 1009.8765 0.8 Yes

11 H5N4F1S2 NAS / NGT / SAN [M+3H]3+ 881.3239 1.9 Yes

NAS (N -104) / NGT (N -274/N -650) / SAN (N -580) 

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

937.8875

Yes

NNSKPVED

N -152/N -508     Peptide(s): NNSKPV / SNNSKPV / NNSKPVED / SNNSKPVED / SNNSKPVEDK / SNNSKPVEDKDA 

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

No

981.4015 6.3 Yes

[M+2H]2+ 937.8886 1.4 Yes

SNNSKPV [M+2H]2+ 981.4011 6.7 Yes [M+2H]2+

4.4 No [M+2H]2+ 937.8889 3.0 YesNNSKPV [M+2H]2+

[M+2H]2+ 981.4100 2.4

[M+2H]2+ 1059.9300 3.4 Yes

 SNNSKPVED [M+2H]2+ 1103.4371 4.4 No [M+2H]2+ 1103.4352 6.2 No 2.1 Yes

[M+2H]2+ 1059.9214 4.7

SNNSKPVEDK [M+3H]3+ 778.6559 8.6 Yes [M+3H]3+ 778.6576 6.4 Yes

SNNSKPVEDKDA [M+3H]3+ 840.6794 5.4 Yes [M+3H]3+ 840.6828 1.3 No

7-12 H6N2

NNSKPV [M+2H]2+ 1018.9122 5.8 No [M+2H]2+

NNSKPVED [M+2H]2+

SNNSKPVEDK [M+3H]3+ 832.6756 5.5 Yes [M+3H]3+

1-6 H5N2

No

SNNSKPV [M+2H]2+ 1062.4269 6.8 Yes [M+2H]2+ 1062.4269 6.8 Yes

1018.9132 4.8 No [M+2H]2+ 1018.9185 0.4

[M+2H]2+ 1062.4351 1.0 Yes

1103.4443

1140.9482 4.1 No

 SNNSKPVED [M+2H]2+ 1184.4588 8.6 No [M+2H]2+ 1184.4583 9.0 No

832.6778 2.9 No

SNNSKPVEDKDA [M+3H]3+ 894.6974 4.6 No [M+3H]3+ 894.7000 1.7 No

NNSKPV [M+2H]2+ 1099.9366

Yes

886.6964

[M+2H]2+

SNNSKPV [M+2H]2+ 1143.4541 5.6 Yes [M+2H]2+

7.2 No

No

[M+2H]2+ 1221.9687

1265.4853

[M+2H]2+ 1099.9375 6.4 Yes

 SNNSKPVED [M+2H]2+ 1265.4812 10.9 Yes [M+2H]2+

1143.4530 6.6 Yes

1265.4830 9.5 Yes

1099.9398 0.9 Yes

NNSKPVED 8.6 No

[M+3H]3+

2.3

886.6983 0.6

SNNSKPVEDKDA [M+3H]3+ 948.7169 2.4 No [M+3H]3+ 948.7181 1.1

SNNSKPVEDK [M+3H]3+ 886.6918 6.8 Yes [M+3H]3+ 1.6

No [M+3H]3+ 948.7225

NNSKPV [M+2H]2+ Yes [M+2H]2+ 1180.9671 2.5

SNNSKPV
[M+2H]2+ 1224.4780 7.3 Yes

1180.9646 5.3 No [M+2H]2+ 1180.9624 7.2

[M+2H]2+ 1224.4773 7.8 Yes

[M+3H]3+ 816.6585 2.6 Yes [M+3H]3+ 816.6576 3.7 Yes

NNSKPVED
[M+2H]2+ 1302.9945 8.6 No [M+2H]2+ 1302.9930 9.7 No

[M+3H]3+ 869.0036 3.2 No [M+3H]3+ 869.0034 3.5 No

[M+3H]3+ 898.0130 4.5 Yes [M+3H]3+ 898.0112 6.5

[M+2H]2+ 1346.5117 7.6 Yes [M+2H]2+

6.0 Yes [M+3H]3+ 940.7071 8.8 Yes

1346.5089 9.7 Yes

No
 SNNSKPVED

[M+3H]3+ 940.7201 5.0 No

SNNSKPVEDKDA [M+3H]3+ 1002.7296 7.1 No [M+3H]3+ No1002.7266 10.1 No [M+3H]3+ 1002.7356 1.1

898.0172 0.2 Yes

SNNSKPVEDK [M+3H]3+ 940.7098

[M+2H]2+

[M+3H]3+

[M+3H]3+

[M+2H]2+

[M+3H]3+

[M+2H]2+

[M+2H]2+

[M+3H]3+

[M+2H]2+

[M+3H]3+

[M+2H]2+

[M+3H]3+

[M+2H]2+

[M+3H]3+

1184.4749 5.0 No

832.6780 0.7 Yes

1143.4610 0.4 Yes

894.7052 4.1 No

778.6609 0.4 Yes

840.6859 2.3 No

No

1224.4862 0.6 Yes

816.6621 1.9 Yes

1303.0039 1.3 Yes

3.5 No

Yes

869.0070 0.7 No

1346.5122 1.0 Yes

Glycan Speciesb

19-24 H8N2

13-18 H7N2

P
E

P
P

EP
P

EP
P

E
P
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NNSKPVED [M+2H]2+ 1384.0245 5.5 No [M+2H]2+

[M+2H]2+

[M+3H]3+

SNNSKPV
[M+2H]2+ 1305.5023 8.4

NNSKPV [M+2H]2+ 1261.9912 4.8 No [M+2H]2+

[M+3H]3+ 870.6734 5.5 Yes [M+3H]3+

1261.9898 6.0 No [M+2H]2+ 1261.9999 2.0

6.1 Yes

9.21427.5349

[M+3H]3+

[M+2H]2+ 1384.0319 0.1

Yes [M+2H]2+ 1305.5013 9.2 Yes

952.0302 5.0 No [M+3H]3+ 952.0278

870.6729

1384.0203 8.5 No

Yes

7.6 No

SNNSKPVEDKDA [M+3H]3+ 1056.7460 7.9 No [M+3H]3+ 1056.7500

SNNSKPVEDK [M+3H]3+ 994.7303 2.7 Yes [M+3H]3+

[M+2H]2+

 SNNSKPVED

Yes

[M+2H]2+ 1.3 Yes

952.0340 1.1 Yes

No

1305.5165 2.4 Yes

870.6809 3.1 No

4.1 No [M+3H]3+ 1056.7544 0.04 No

1427.5384 6.7 No

994.7330 0.03 No

1427.5379[M+2H]2+

[M+3H]3+

[M+3H]3+994.7301 2.9 No

25-30 H9N2 P
E

P

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H5N2 SN [M+2H]2+ 718.7636 2.1 Yes

2 H6N2 SN [M+2H]2+ 799.7899 1.7 No

N -152/N -330/N -466/N -508     Peptide(s): SN

 CEA3 Human Liver MetastasesCEA2 Human Colon CarcinomaCEA1 Human Colon Carcinoma

Glycan Speciesb

P
E

P
P

EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H7N6F4S1 NR / RN [M+3H]3+ 1173.1175 0.3 Yes

NR (N -197/N -309/N -375/N -553/N -580) / RN (N -208/N -665)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb

P
EP

x3

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H3N2 GNR / GRN [M+2H]2+ 619.7533 2.1 Yes [M+2H]2+ 619.7582 5.8 No [M+2H]2+ 619.7560 2.3 No

GNR / NGNR (N -197/N -553) / GRN / GRNN (N -665)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb

P
EP



 

 

-187- 

C
hapter 3 

T
argeted analysis of protein biom

arkers. B
ottom

-up proteom
ics 

 

 

2 H4N2 GNR / GRN [M+2H]2+ 700.7822 1.7 Yes [M+2H]2+ 700.7858 6.8 Yes [M+2H]2+ 700.7857 6.7 No

GNR / GRN [M+2H]2+ 781.8040 4.4 Yes [M+2H]2+ 781.8056 2.3 Yes [M+2H]2+ 781.8068 0.8 Yes

NGNR / GRNN [M+2H]2+ 838.8250 4.6 Yes [M+2H]2+ 838.8238 6.0 No [M+2H]2+ 838.8316 3.3 Yes

5 H6N2 GNR / GRN [M+2H]2+ 862.8310 3.3 Yes [M+2H]2+ 862.8335 0.4 Yes [M+2H]2+ 862.8355 1.9 Yes

6 H7N2 GNR / GRN [M+2H]2+ 943.8557 4.8 No [M+2H]2+ 943.8584 2.0 No [M+2H]2+ 943.8609 0.7 No

7 H8N2 GNR / GRN [M+2H]2+ 1024.8841 2.5 No [M+2H]2+ 1024.8872 0.5 No

8 H3N3 GNR / GRN [M+2H]2+ 721.2919 3.3 Yes [M+2H]2+ 721.2915 3.9 Yes

9 H4N3 GNR / GRN [M+2H]2+ 802.3205 0.2 Yes [M+2H]2+ 802.3225 2.2 Yes [M+2H]2+ 802.3217 1.3 No

10 H5N3 GNR / GRN [M+2H]2+ 883.3445 3.0 Yes [M+2H]2+ 883.3455 1.8 Yes

[M+2H]2+ 903.8619 1.7 No [M+2H]2+ 903.8612 0.9 Yes [M+2H]2+ 903.8627 2.6 Yes

[M+3H]3+ 602.9090 0.9 No

[M+2H]2+ 984.8813 5.6 No [M+2H]2+ 984.8829 4.0 Yes [M+2H]2+ 984.8887 1.9 Yes

[M+3H]3+ 656.9245 4.1 Yes

13 H4N5 GNR / GRN [M+3H]3+ 670.6013 2.1 Yes [M+3H]3+ 670.6019 1.2 Yes [M+3H]3+ 670.6025 0.3 No

[M+2H]2+ 1037.3960 6.2 No [M+2H]2+ 1037.3980 4.3 No [M+2H]2+ 1037.4046 2.0 Yes

[M+3H]3+ 691.9332 6.4 No [M+3H]3+ 691.9379 0.4 No

[M+2H]2+ 1065.9076 5.3 No [M+2H]2+ 1065.9090 3.9 No [M+2H]2+ 1065.9170 3.6 No

[M+3H]3+ 710.9416 4.5 No [M+3H]3+ 710.9422 3.6 Yes [M+3H]3+ 710.9459 1.6 No

[M+2H]2+ 1106.9364 3.0 Yes [M+2H]2+ 1106.9358 3.6 No [M+2H]2+ 1106.9448 4.6 No

[M+3H]3+ 738.2940 2.5 Yes [M+3H]3+ 738.2934 3.3 Yes [M+3H]3+ 738.2974 2.1 No

[M+2H]2+ 1354.5248 9.3 No [M+2H]2+ 1354.5280 6.9 No

[M+3H]3+ 903.3520 9.8 No [M+3H]3+ 903.3535 8.2 No

[M+2H]2+ 1435.5548 6.2 Yes [M+2H]2+ 1435.5540 6.8 No

[M+3H]3+ 957.3724 6.4 Yes [M+3H]3+ 957.3714 7.4 Yes

[M+2H]2+ 1597.6169 0.2 No [M+2H]2+ 1597.6185 1.2 No

[M+3H]3+ 1065.4111 2.4 Yes [M+3H]3+ 1065.4094 4.0 No [M+3H]3+ 1065.4124 1.2 No

H7N7F219 GNR / GRN

GNR / GRN

17 H4N7F2 GNR / GRN

18 H5N7F2 GNR / GRN

16

H5N23-4

GNR / GRN

11

GNR / GRN

GNR / GRNH4N4

H5N412 GNR / GRN

14

15 H6N4

H6N3F1

H4N6

P
EP

P
EP

P
EP

P
E

P
P

E
P

P
EP

P
EP

P
EP

PE
P

P
E

P
P

E
P

P
EP

P
EP

P
E

P
P

EP
P

EP

x2

P
EP

x2

x2
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[M+2H]2+ 947.8610 7.8 No [M+2H]2+ 947.8598 9.1 No [M+2H]2+ 947.8665 2.0 Yes

[M+3H]3+ 632.2459 3.7 No [M+3H]3+ 632.2470 2.0 No [M+3H]3+ 632.2476 1.0 Yes

21 H5N3S1 GNR / GRN [M+2H]2+ 1028.8872 7.4 No [M+2H]2+ 1028.8878 6.8 No [M+2H]2+ 1028.8940 0.8 Yes

22 H6N3S1 GNR / GRN [M+3H]3+ 740.2783 7.0 Yes [M+3H]3+ 740.2809 3.5 Yes [M+3H]3+ 740.2835 0.1 No

20 H4N3S1 GNR / GRNP
EP

P
EP

P
EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H5N2 GNRT / SANR / ANRS / TGRN [M+2H]2+ 832.3288 2.9 Yes [M+2H]2+ 832.3300 1.5 Yes [M+2H]2+ 832.3331 2.3 No

GNRT (N -197/N -553) / SANR / ANRS (N -579) / TGRN (N -665)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb

P
E

P

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H3N5 RND / DNR [M+2H]2+ 953.3688 7.9 No [M+2H]2+ 953.3705 6.1 Yes

2 H7N6F3S1 RND / DNR [M+3H]3+ 1162.7711 2.0 Yes

RND (N -208) / DNR (N -375)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb

P
EP

P
EP

x2

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H5N2 NT [M+2H]2+ 725.7675 3.4 No [M+2H]2+ 725.7678 3.0 Yes [M+2H]2+ 725.7714 2.0 Yes

N -246/N -351/N -529     Peptide(s): NT 

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb

P
E

P
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H3N2F1 NLN / ANR [M+2H]2+ 699.7898 5.8 Yes [M+2H]2+ 699.7893 5.1 Yes

2 H3N3F1 NLN / ANR [M+2H]2+ 801.3280 3.2 Yes [M+2H]2+ 801.3298 5.4 Yes

3 H3N4F1 NLN / ANR [M+2H]2+ 902.8666 1.6 Yes [M+2H]2+ 902.8667 1.7 Yes

[M+2H]2+ 1414.0489 4.5 No [M+2H]2+ 1414.0492 4.3 No

[M+3H]3+ 943.0353 4.4 Yes [M+3H]3+ 943.0353 4.4 No

NLN (N -256/N -612) / ANR (N -580)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

4 H5N6F3 NLN / ANR

Glycan Speciesb

P
EP

P
EP

P
EP

x2
x2

P
EP

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H4N2 NTT [M+2H]2+ 695.2637 5.3 Yes [M+2H]2+ 695.2646 4.0 No [M+2H]2+ 695.2680 0.9 Yes

NTT [M+2H]2+ 776.2901 4.7 Yes [M+2H]2+ 776.2899 5.0 Yes [M+2H]2+ 776.2930 1.0 Yes

QNT [M+2H]2+ 789.7987 0.7 Yes [M+2H]2+ 789.7982 1.3 Yes [M+2H]2+ 789.8005 1.6 Yes

QNTT [M+2H]2+ 840.3197 4.0 Yes [M+2H]2+ 840.3196 4.1 Yes [M+2H]2+ 840.3244 1.6 Yes

NTT [M+2H]2+ 857.3166 4.2 No [M+2H]2+ 857.3166 4.2 No [M+2H]2+ 857.3209 0.8 No

QNT [M+2H]2+ 870.8288 3.6 Yes

QNTT [M+2H]2+ 921.3454 4.4 No [M+2H]2+ 921.3461 3.7 No

NTT [M+2H]2+ 938.3421 4.8 No [M+2H]2+ 938.3415 5.4 No [M+2H]2+ 938.3472 0.6 No

QNT [M+2H]2+ 951.8570 5.2 Yes

QNTT [M+2H]2+ 1002.3816 5.7 No [M+2H]2+ 1002.3814 5.5 No

11 H8N2 NTT [M+2H]2+ 1019.3686 4.3 No [M+2H]2+ 1019.3690 3.9 No

12 H3N2F1 QNTT [M+2H]2+ 751.2950 5.6 Yes [M+2H]2+ 751.2961 4.1 Yes [M+2H]2+ 751.3002 1.3 No

13 H3N3F1 QNTT [M+2H]2+ 852.8350 4.6 Yes [M+2H]2+ 852.8352 4.3 Yes

14 H4N3F1 QNTT [M+2H]2+ 933.8588 7.0 Yes [M+2H]2+ 933.8589 6.9 No [M+2H]2+ 933.8640 1.4 No

15 H5N3 NTT [M+2H]2+ 877.8292 4.8 Yes

N -351/N -529    Peptide(s): NTT / QNT / QNTT 

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

2-4 H5N2

5-7 H6N2

8-10 H7N2

Glycan Speciesb

P
EP

P
E

P
P

E
P

P
E

P
P

E
P

P
EP

P
EP

P
EP

P
EP
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16 H4N3F2 NTT [M+2H]2+ 942.8644 0.6 Yes

17 H4N3F3 NTT [M+2H]2+ 1015.8939 0.01 No

18 H6N3F1 NTT [M+2H]2+ 1031.8835 5.2 No [M+2H]2+ 1031.8899 1.0 Yes

NTT [M+2H]2+ 1052.3972 4.7 Yes [M+2H]2+ 1052.3954 6.4 No [M+2H]2+ 1052.4027 0.6 No

QNTT [M+2H]2+ 1116.4241 6.5 No [M+2H]2+ 1116.4231 7.4 No [M+2H]2+ 1116.4317 0.3 Yes

[M+2H]2+ 1415.0444 0.3 No [M+2H]2+ 1415.0425 1.6 No

[M+3H]3+ 943.6994 0.2 No [M+3H]3+ 943.6994 0.2 Yes

22 H4N3F1S1 NTT [M+2H]2+ 1015.3847 1.0 Yes

23 H5N4S2 QNT [M+3H]3+ 856.3181 0.6 Yes

QNT

19-20

21 H5N6F3

H5N4F1
P

E
P

P
EP

P
EP

P
EP

P
EP

P
EP

X
2

P
EP

X
2

X
2

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H5N2 ANNS / NNSA / NNGT [M+2H]2+ 811.3002 2.4 Yes [M+2H]2+ 811.3009 1.6 Yes [M+2H]2+ 811.3044 2.7 Yes

2 H3N2F1 ANNS / NNSA / NNGT [M+2H]2+ 722.2749 4.7 Yes [M+2H]2+ 722.2759 3.3 No [M+2H]2+ 722.2828 6.2 No

3 H3N3F1 ANNS / NNSA / NNGT [M+2H]2+ 823.8151 3.5 Yes [M+2H]2+ 823.8154 3.1 Yes [M+2H]2+ 823.8188 1.0 Yes

4 H4N3F1 ANNS / NNSA / NNGT [M+2H]2+ 904.8394 5.5 Yes [M+2H]2+ 904.8396 5.3 No [M+2H]2+ 904.8453 1.0 Yes

5 H3N4F1 ANNS / NNSA / NNGT [M+2H]2+ 925.3521 6.0 Yes [M+2H]2+ 925.3521 6.0 Yes [M+2H]2+ 925.3561 1.7 Yes

6 H5N3F1 ANNS / NNSA / NNGT [M+2H]2+ 985.8659 5.0 Yes [M+2H]2+ 985.8665 4.4 No

[M+2H]2+ 1444.5463 0.7 No [M+2H]2+ 1444.5496 3.0 No

[M+3H]3+ 963.3651 1.1 No [M+3H]3+ 963.3681 2.0 No [M+3H]3+ 963.3641 2.1 Yes

[M+2H]2+ 1517.5676 4.3 No [M+2H]2+ 1517.5782 2.6 No

[M+3H]3+ 1012.0470 5.0 No [M+3H]3+ 1012.0494 2.7 No [M+3H]3+ 1012.0507 1.4 Yes

ANNS / NNSA (N -480) / NNGT (N -650)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

Glycan Speciesb

7 H6N6F2 ANNS / NNSA / NNGT

8 H6N6F3 ANNS / NNSA / NNGT

P
E

P
P

EP
P

EP
P

EP
P

EP
P

EP
P

EP

x3
x3

x2

P
EP
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9 H6N5F2S2 ANNS / NNSA / NNGT [M+3H]3+ 1089.7356 0.9 Yes

10 H6N5F3S2 ANNS / NNSA / NNGT [M+3H]3+ 1138.4222 0.3 Yes

P
EP

x2

P
EP

x2
x2

Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H3N2F1 SNN / NNS [M+2H]2+ 686.7586 1.6 Yes [M+2H]2+ 686.7585 1.8 Yes

2 H3N3 SNN / NNS [M+2H]2+ 715.2730 3.6 No [M+2H]2+ 715.2707 0.4 No

3 H3N4F1 SNN / NNS [M+2H]2+ 889.8442 5.8 Yes [M+2H]2+ 889.8430 4.4 Yes

[M+2H]2+ 970.8681 2.7 Yes [M+2H]2+ 970.8664 0.9 Yes

[M+3H]3+ 647.5812 2.4 No

[M+2H]2+ 991.3832 4.5 Yes [M+2H]2+ 991.3821 3.4 Yes

[M+3H]3+ 661.2579 4.2 No

[M+2H]2+ 1072.4077 2.4 Yes [M+2H]2+ 1072.4059 0.7 Yes [M+2H]2+ 1072.4071 1.8 No

[M+3H]3+ 715.2753 3.5 Yes [M+3H]3+ 715.2836 15.2 Yes

[M+2H]2+ 1145.4339 0.2 No [M+2H]2+ 1145.4346 0.4 No [M+2H]2+ 1145.4411 6.1 No

[M+3H]3+ 763.9598 1.4 Yes [M+3H]3+ 763.9593 0.7 Yes [M+3H]3+ 763.9605 2.3 Yes

[M+2H]2+ 1153.4334 1.6 No [M+2H]2+ 1153.4316 0.01 No [M+2H]2+ 1153.4380 5.6 No

[M+3H]3+ 769.2922 2.4 Yes [M+3H]3+ 769.2907 0.4 Yes [M+3H]3+ 769.2915 1.5 No

[M+2H]2+ 1173.9478 2.5 No [M+2H]2+ 1173.9468 1.7 No

[M+3H]3+ 782.9699 5.1 Yes [M+3H]3+ 782.9668 1.2 Yes

[M+2H]2+ 1226.4600 0.4 No [M+2H]2+ 1226.4596 0.8 No [M+2H]2+ 1226.4632 2.2 No

[M+3H]3+ 817.9769 0.7 Yes [M+3H]3+ 817.9760 0.4 Yes [M+3H]3+ 817.9775 1.4 Yes

[M+2H]2+ 1254.9740 2.2 No [M+2H]2+ 1254.9733 1.6 No

[M+3H]3+ 836.9870 4.2 Yes [M+3H]3+ 836.9855 2.4 Yes [M+3H]3+ 836.9875 4.8 No

[M+2H]2+ 1299.4872 1.8 No [M+2H]2+ 1299.4872 1.8 No [M+2H]2+ 1299.4912 1.3 No

[M+3H]3+ 866.6613 1.2 Yes [M+3H]3+ 866.6609 1.6 Yes [M+3H]3+ 866.6630 0.8 Yes

Glycan Speciesb

12 H5N5F3

11 H5N6F1 SNN / NNS

H4N6F1

SNN / NNS

SNN / NNS

10 H5N5F2 SNN / NNS

 CEA3 Human Liver Metastases

SNN (N -152/N -330/N -466/N -508) / NNS (N -292/N -480/N -665)

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma

4 H4N4F1 SNN / NNS

5 H3N5F1 SNN / NNS

6 H4N5F1 SNN / NNS

7 H4N5F2 SNN / NNS

8 H5N5F1 SNN / NNS
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[M+2H]2+ 1328.0036 2.5 No [M+2H]2+ 1328.0017 1.1 No

[M+3H]3+ 885.6716 2.4 Yes [M+3H]3+ 885.6704 1.1 Yes [M+3H]3+ 885.6704 1.1 No

[M+2H]2+ 1336.0045 5.1 No [M+2H]2+ 1336.0015 2.9 No

[M+3H]3+ 891.0048 4.2 No [M+3H]3+ 891.0033 2.5 No [M+3H]3+ 891.0034 2.6 Yes

[M+2H]2+ 1372.5191 0.5 No [M+2H]2+ 1372.5182 0.2 No [M+2H]2+ 1372.5218 2.4 No

[M+3H]3+ 915.3475 0.9 No [M+3H]3+ 915.3469 1.5 No [M+3H]3+ 915.3477 0.6 Yes

16 H5N6F3 SNN / NNS [M+3H]3+ 934.3579 2.6 Yes [M+3H]3+ 934.3560 0.6 Yes [M+3H]3+ 934.3574 2.1 No

17 H6N6F2 SNN / NNS [M+3H]3+ 939.6905 3.6 Yes [M+3H]3+ 939.6887 1.7 Yes [M+3H]3+ 939.6880 1.0 Yes

18 H6N6F3 SNN / NNS [M+3H]3+ 988.3745 1.5 Yes [M+3H]3+ 988.3727 0.3 Yes [M+3H]3+ 988.3741 1.1 Yes

19 H5N7F3 SNN / NNS [M+3H]3+ 1002.0514 2.8 No [M+3H]3+ 1002.0484 0.2 Yes [M+3H]3+ 1002.0507 2.1 No

20 H6N6F4 SNN / NNS [M+3H]3+ 1037.0595 0.5 Yes [M+3H]3+ 1037.0606 1.5 Yes [M+3H]3+ 1037.0636 4.4 Yes

21 H6N7F3 SNN / NNS [M+3H]3+ 1056.0685 2.2 Yes [M+3H]3+ 1056.0694 3.1 Yes [M+3H]3+ 1056.0698 3.4 No

22 H7N7F2 SNN / NNS [M+3H]3+ 1061.4004 2.4 No [M+3H]3+ 1061.4020 4.0 No [M+3H]3+ 1061.3998 1.9 Yes

23 H6N6F5 SNN / NNS [M+3H]3+ 1085.7442 0.7 No [M+3H]3+ 1085.7460 0.9 No [M+3H]3+ 1085.7494 4.1 Yes

24 H7N6F4 SNN / NNS [M+3H]3+ 1091.0783 1.5 No [M+3H]3+ 1091.0814 4.4 No [M+3H]3+ 1091.0798 2.9 Yes

25 H6N7F4 SNN / NNS [M+3H]3+ 1104.7525 0.3 Yes [M+3H]3+ 1104.7538 1.5 Yes [M+3H]3+ 1104.7521 0.03 No

26 H7N7F3 SNN / NNS [M+3H]3+ 1110.0863 2.3 Yes [M+3H]3+ 1110.0881 3.9 Yes [M+3H]3+ 1110.0863 2.3 Yes

15 H5N5F4

14 H6N6F1 SNN / NNS

SNN / NNS

13 H5N6F2 SNN / NNSx2
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27 H7N6F5 SNN / NNS [M+3H]3+ 1139.7646 1.8 No [M+3H]3+ 1139.7671 4.0 No [M+3H]3+ 1139.7646 1.8 Yes

28 H6N7F5 SNN / NNS [M+3H]3+ 1153.4371 0.9 Yes [M+3H]3+ 1153.4374 0.6 Yes [M+3H]3+ 1153.4421 3.5 No

29 H7N7F4 SNN / NNS [M+3H]3+ 1158.7725 2.4 Yes [M+3H]3+ 1158.7731 2.9 Yes [M+3H]3+ 1158.7719 1.9 Yes

30 H7N6F6 SNN / NNS [M+3H]3+ 1188.4507 1.8 No [M+3H]3+ 1188.4548 5.3 No [M+3H]3+ 1188.4490 0.4 Yes

31 H7N7F5 SNN / NNS [M+3H]3+ 1207.4591 2.8 Yes [M+3H]3+ 1207.4593 3.0 No [M+3H]3+ 1207.4584 2.2 Yes

32 H7N7F6 SNN / NNS [M+3H]3+ 1256.1449 2.6 No [M+3H]3+ 1256.1401 1.3 No [M+3H]3+ 1256.1444 2.2 Yes

33 H8N7F5 SNN / NNS [M+3H]3+ 1261.4778 3.6 No [M+3H]3+ 1261.4745 0.9 No [M+3H]3+ 1261.4778 3.6 Yes

34 H7N8F5 SNN / NNS [M+3H]3+ 1275.1523 2.7 Yes [M+3H]3+ 1275.1482 0.5 Yes [M+3H]3+ 1275.1568 6.2 No

35 H8N7F6 SNN / NNS [M+3H]3+ 1310.1654 4.7 Yes

36 H7N8F6 SNN / NNS [M+3H]3+ 1323.8372 1.8 Yes [M+3H]3+ 1323.8323 1.9 Yes [M+3H]3+ 1323.8413 4.9 No

37 H8N8F5 SNN / NNS [M+3H]3+ 1329.1738 5.5 Yes

38 H8N8F6 SNN / NNS [M+3H]3+ 1377.8589 4.7 Yes

39 H9N8F6 SNN / NNS [M+3H]3+ 1431.8784 5.9 Yes

40 H4N4F1S1 SNN / NNS [M+3H]3+ 744.6126 1.6 No [M+3H]3+ 744.6119 0.6 No

41 H5N5F1S1 SNN / NNS [M+3H]3+ 866.3230 1.0 Yes [M+3H]3+ 866.3211 1.2 No

42 H5N5F2S1 SNN / NNS [M+3H]3+ 915.0086 0.5 Yes [M+3H]3+ 915.0070 1.2 No [M+3H]3+ 915.0112 3.3 Yes
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43 H7N6F3S1 SNN / NNS [M+3H]3+ 1139.4170 4.8 No [M+3H]3+ 1139.4259 3.0 Yes

44 H7N6F4S1 SNN / NNS [M+3H]3+ 1188.1088 0.3 No [M+3H]3+ 1188.1121 3.1 No

45 H7N6F5S1 SNN / NNS [M+3H]3+ 1236.7970 2.1 Yes

46 H5N4F1S2 SNN / NNS [M+3H]3+ 895.6599 1.1 Yes

47 H5N4F2S2 SNN / NNS [M+3H]3+ 944.3448 2.1 Yes

48 H7N6F4S2 SNN / NNS [M+3H]3+ 1285.1449 3.6 Yes
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H3N2F1 NVT / NLS / TVN / ISN [M+2H]2+ 686.2697 15.4 Yes [M+2H]2+ 686.2743 8.7 Yes

2 H3N3 NVT / NLS / TVN / ISN [M+2H]2+ 714.7862 6.8 No [M+2H]2+ 714.7847 8.9 No

3 H3N4F1 NVT / NLS / TVN / ISN [M+2H]2+ 889.3534 7.1 Yes [M+2H]2+ 889.3535 6.9 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 970.3775 8.8 Yes [M+2H]2+ 970.3766 9.8 Yes

NVT / NLS / TVN / ISN [M+3H]3+ 647.2551 7.6 No

NVT / NLS / TVN / ISN [M+2H]2+ 990.8918 7.6 Yes [M+2H]2+ 990.8914 8.0 Yes

NVT / NLS / TVN / ISN [M+3H]3+ 660.9312 6.6 No

NVT / NLS / TVN / ISN [M+2H]2+ 1071.9178 7.4 Yes [M+2H]2+ 1071.9173 7.9 Yes

NVT / NLS / TVN / ISN [M+3H]3+ 714.9491 5.7 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1144.9450 8.5 No [M+2H]2+ 1144.9444 9.0 No [M+2H]2+ 1144.9428 10.4 No

NVT / NLS / TVN / ISN [M+3H]3+ 763.6371 2.7 Yes [M+3H]3+ 763.6320 9.3 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1152.9416 9.2 No [M+2H]2+ 1152.9412 9.5 No [M+2H]2+ 1152.9474 4.1 No

NVT / NLS / TVN / ISN [M+3H]3+ 768.9667 5.3 Yes [M+3H]3+ 768.9626 10.6 Yes [M+3H]3+ 768.9634 9.6 No

Glycan Speciesb

8 H5N5F1

NVT (N -204/N -560) / NLS (N -432/N -612) / TVN (N -292) / ISN (N -466)

7 H4N5F2

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases

4 H4N4F1

5 H3N5F1

6 H4N5F1
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NVT / NLS / TVN / ISN [M+2H]2+ 1173.4536 10.1 No [M+2H]2+ 1173.4541 9.7 No

NVT / NLS / TVN / ISN [M+3H]3+ 782.6416 6.0 Yes [M+3H]3+ 782.6356 13.7 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1225.9711 8.2 No [M+2H]2+ 1225.9714 7.9 No [M+2H]2+ 1225.9768 3.5 No

NVT / NLS / TVN / ISN [M+3H]3+ 817.6527 4.9 Yes [M+3H]3+ 817.6523 5.4 Yes [M+3H]3+ 817.6551 2.0 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1254.4781 11.0 No [M+2H]2+ 1254.4800 9.5 No

NVT / NLS / TVN / ISN [M+3H]3+ 836.6596 5.1 Yes [M+3H]3+ 836.6585 6.4 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1298.9984 9.0 No [M+2H]2+ 1298.9977 9.5 No [M+2H]2+ 1299.0065 2.8 Yes

NVT / NLS / TVN / ISN [M+3H]3+ 866.3363 7.4 Yes [M+3H]3+ 866.3365 7.2 Yes [M+3H]3+ 866.3403 2.8 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1327.5097 8.4 No [M+2H]2+ 1327.5090 8.9 No

NVT / NLS / TVN / ISN [M+3H]3+ 885.3434 7.3 Yes [M+3H]3+ 885.3438 6.8 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1335.5055 9.6 No [M+2H]2+ 1335.5048 10.1 No [M+2H]2+ 1335.5135 3.6 No

NVT / NLS / TVN / ISN [M+3H]3+ 890.6720 10.7 No [M+3H]3+ 890.6739 8.5 No [M+3H]3+ 890.6747 7.6 Yes

NVT / NLS / TVN / ISN [M+2H]2+ 1372.0243 10.7 No [M+2H]2+ 1372.0298 6.7 No

NVT / NLS / TVN / ISN [M+3H]3+ 915.0192 10.4 No [M+3H]3+ 915.0191 10.5 No [M+3H]3+ 915.0257 3.3 Yes

16 H5N6F3 NVT / NLS / TVN / ISN [M+3H]3+ 934.0285 7.9 Yes [M+3H]3+ 934.0274 9.0 Yes [M+3H]3+ 934.0297 6.6 No

17 H6N6F2 NVT / NLS / TVN / ISN [M+3H]3+ 939.3624 5.4 Yes [M+3H]3+ 939.3604 7.5 Yes [M+3H]3+ 939.3619 5.9 Yes

18 H6N6F3 NVT / NLS / TVN / ISN [M+3H]3+ 988.0478 5.7 Yes [M+3H]3+ 988.0457 7.8 Yes [M+3H]3+ 988.0508 2.7 Yes

19 H5N7F3 NVT / NLS / TVN / ISN [M+3H]3+ 1001.7198 9.1 No [M+3H]3+ 1001.7178 11.1 Yes

20 H6N6F4 NVT / NLS / TVN / ISN [M+3H]3+ 1036.7285 10.5 Yes [M+3H]3+ 1036.7298 9.3 Yes [M+3H]3+ 1036.7331 6.1 Yes

21 H6N7F3 NVT / NLS / TVN / ISN [M+3H]3+ 1055.7372 8.9 Yes [M+3H]3+ 1055.7372 8.9 Yes [M+3H]3+ 1055.7351 10.9 No

22 H7N7F2 NVT / NLS / TVN / ISN [M+3H]3+ 1061.0680 9.6 No [M+3H]3+ 1061.0711 6.7 No [M+3H]3+ 1061.0725 5.4 Yes

23 H6N6F5 NVT / NLS / TVN / ISN [M+3H]3+ 1085.4117 12.6 No [M+3H]3+ 1085.4141 10.4 No [M+3H]3+ 1085.4207 4.3 Yes

12 H5N5F3

13 H5N6F2

9 H4N6F1

10 H5N5F2

14 H6N6F1

15 H5N5F4
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24 H7N6F4 NVT / NLS / TVN / ISN [M+3H]3+ 1090.7486 7.7 No [M+3H]3+ 1090.7521 4.5 No [M+3H]3+ 1090.7495 6.9 Yes

25 H6N7F4 NVT / NLS / TVN / ISN [M+3H]3+ 1104.4219 9.6 Yes [M+3H]3+ 1104.4225 9.1 Yes [M+3H]3+ 1104.4251 6.7 No

26 H7N7F3 NVT / NLS / TVN / ISN [M+3H]3+ 1109.7536 9.5 Yes [M+3H]3+ 1109.7544 8.8 Yes [M+3H]3+ 1109.7572 6.3 Yes

27 H7N6F5 NVT / NLS / TVN / ISN [M+3H]3+ 1139.4345 7.4 No [M+3H]3+ 1139.4345 7.4 No [M+3H]3+ 1139.4378 4.6 Yes

28 H6N7F5 NVT / NLS / TVN / ISN [M+3H]3+ 1153.1062 10.7 Yes [M+3H]3+ 1153.1065 10.4 Yes [M+3H]3+ 1153.1129 4.9 No

29 H7N7F4 NVT / NLS / TVN / ISN [M+3H]3+ 1158.4410 7.9 Yes [M+3H]3+ 1158.4420 7.0 Yes [M+3H]3+ 1158.4459 3.7 Yes

30 H7N6F6 NVT / NLS / TVN / ISN [M+3H]3+ 1188.1205 7.1 No [M+3H]3+ 1188.1258 2.7 Yes

31 H7N7F5 NVT / NLS / TVN / ISN [M+3H]3+ 1207.1279 6.8 Yes [M+3H]3+ 1207.1276 7.1 No [M+3H]3+ 1207.1335 2.2 Yes

32 H7N7F6 NVT / NLS / TVN / ISN [M+3H]3+ 1255.8120 8.0 No [M+3H]3+ 1255.8067 12.2 No [M+3H]3+ 1255.8126 7.5 Yes

33 H8N7F5 NVT / NLS / TVN / ISN [M+3H]3+ 1261.1465 5.7 No [M+3H]3+ 1261.1500 2.9 Yes

34 H7N8F5 NVT / NLS / TVN / ISN [M+3H]3+ 1274.8200 7.2 Yes [M+3H]3+ 1274.8149 11.2 Yes

35 H8N7F6 NVT / NLS / TVN / ISN [M+3H]3+ 1309.8336 4.6 Yes

36 H7N8F6 NVT / NLS / TVN / ISN [M+3H]3+ 1323.5054 7.4 Yes [M+3H]3+ 1323.5008 10.9 Yes [M+3H]3+ 1323.5061 6.9 No

37 H8N8F5 NVT / NLS / TVN / ISN [M+3H]3+ 1328.8404 4.8 Yes

38 H8N8F6 NVT / NLS / TVN / ISN [M+3H]3+ 1377.5295 2.4 Yes
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39 H9N8F6 NVT / NLS / TVN / ISN [M+3H]3+ 1431.5474 2.1 Yes

40 H4N4F1S1 NVT / NLS / TVN / ISN [M+3H]3+ 744.2860 7.8 No [M+3H]3+ 744.2870 6.5 No

41 H5N5F1S1 NVT / NLS / TVN / ISN [M+3H]3+ 865.9979 5.4 Yes [M+3H]3+ 865.9970 6.4 No

42 H5N5F2S1 NVT / NLS / TVN / ISN [M+3H]3+ 914.6816 7.6 Yes [M+3H]3+ 914.6808 8.5 No [M+3H]3+ 914.6873 1.4 Yes

43 H7N6F3S1 NVT / NLS / TVN / ISN [M+3H]3+ 1139.0956 6.4 No [M+3H]3+ 1139.0999 2.6 Yes

44 H7N6F4S1 NVT / NLS / TVN / ISN [M+3H]3+ 1187.7711 14.9 No [M+3H]3+ 1187.7844 3.7 Yes

45 H7N6F5S1 NVT / NLS / TVN / ISN [M+3H]3+ 1236.4713 2.8 Yes

46 H5N4F1S2 NVT / NLS / TVN / ISN [M+3H]3+ 895.3288 13.9 Yes

47 H5N4F2S2 NVT / NLS / TVN / ISN [M+3H]3+ 944.01800 9.8 Yes

48 H7N6F4S2 NVT / NLS / TVN / ISN [M+3H]3+ 1284.8105 7.9 Yes
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Numa Peptide Sequence(s): Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd Molecular ion Observed m/z Error (ppm)c MS/MSd

1 H4N2 N [M+2H]2+ 594.2210 2.2 Yes

2 H5N2 N [M+2H]2+ 675.2472 1.6 Yes

3 H6N2 N [M+2H]2+ 756.2740 1.9 No

4 H7N2 N [M+2H]2+ 837.3009 2.3 Yes

5 H8N2 N [M+2H]2+ 918.326 0.7 Yes

Glycan Speciesb

All N -Glycosylation sites     Peptide(s): N

CEA1 Human Colon Carcinoma CEA2 Human Colon Carcinoma  CEA3 Human Liver Metastases
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6 H9N2 N [M+2H]2+ 999.3524 0.6 Yes

7 H3N3F1 N [M+2H]2+ 687.7606 1.9 Yes [M+2H]2+ 687.7605 2.1 Yes [M+2H]2+ 687.7628 1.3 No

8 H4N3F1 N [M+2H]2+ 768.7862 2.8 Yes [M+2H]2+ 768.7853 4.0 Yes [M+2H]2+ 768.7897 1.8 Yes

[M+2H]2+ 789.2997 2.4 Yes [M+2H]2+ 789.2989 3.5 Yes [M+2H]2+ 789.3039 2.9 No

[M+3H]3+ 526.5338 6.2 No

10 H5N3F1 N [M+2H]2+ 849.8115 3.8 Yes [M+2H]2+ 849.8110 4.4 Yes [M+2H]2+ 849.8148 0.05 No

[M+2H]2+ 870.3241 4.5 Yes [M+2H]2+ 870.3232 5.6 Yes [M+2H]2+ 870.3295 1.7 No

[M+3H]3+ 580.5527 3.4 No

[M+2H]2+ 890.8374 4.4 Yes [M+2H]2+ 890.8359 6.1 Yes [M+2H]2+ 890.8427 1.6 No

[M+3H]3+ 594.2257 7.6 No

[M+2H]2+ 943.3513 6.0 Yes [M+2H]2+ 943.3504 7.0 Yes [M+2H]2+ 943.3579 1.0 No

[M+3H]3+ 629.2392 2.3 No [M+3H]3+ 629.2379 4.4 No

[M+2H]2+ 971.8616 6.3 Yes [M+2H]2+ 971.8606 7.3 Yes [M+2H]2+ 971.8686 0.9 No

[M+3H]3+ 648.2452 4.0 No [M+3H]3+ 648.2450 4.3 Yes

[M+2H]2+ 1044.8896 6.8 Yes [M+2H]2+ 1044.8884 7.9 Yes [M+2H]2+ 1044.8972 0.5 No

[M+3H]3+ 696.9307 4.4 No [M+3H]3+ 696.9302 5.1 No

[M+2H]2+ 1125.9147 7.5 Yes [M+2H]2+ 1125.9133 8.7 Yes [M+2H]2+ 1125.9220 1.0 No

[M+3H]3+ 750.9482 4.2 No [M+3H]3+ 750.9476 5.0 No [M+3H]3+ 750.9516 0.3 Yes

[M+2H]2+ 1198.9426 7.9 No [M+2H]2+ 1198.9406 9.5 No [M+2H]2+ 1198.9507 1.1 Yes

[M+3H]3+ 799.6341 4.1 No [M+3H]3+ 799.6326 5.9 No [M+3H]3+ 799.6377 0.4 Yes

[M+2H]2+ 1227.4529 8.0 No [M+2H]2+ 1227.4508 9.8 No [M+2H]2+ 1227.4621 0.5 No

[M+3H]3+ 818.6410 4.3 Yes [M+3H]3+ 818.6397 5.9 Yes [M+3H]3+ 818.6449 0.5 No

[M+2H]2+ 1235.4524 6.3 No [M+2H]2+ 1235.4492 8.9 No [M+2H]2+ 1235.4605 0.2 No

[M+3H]3+ 823.9734 3.3 No [M+3H]3+ 823.9716 5.5 No [M+3H]3+ 823.9770 1.1 Yes

[M+2H]2+ 1300.4811 8.2 No [M+2H]2+ 1300.4786 10.1 No [M+2H]2+ 1300.4917 0.02 No

[M+3H]3+ 867.3253 6.0 Yes [M+3H]3+ 867.3238 7.7 Yes

[M+2H]2+ 1308.4794 7.5 No [M+2H]2+ 1308.4765 9.7 No [M+2H]2+ 1308.4890 0.1 No

[M+3H]3+ 872.6576 5.2 Yes [M+3H]3+ 872.6555 7.6 Yes [M+3H]3+ 872.6620 0.1 Yes

[M+2H]2+ 1381.5075 7.7 No [M+2H]2+ 1381.5038 10.4 No [M+2H]2+ 1381.5171 0.8 No

[M+3H]3+ 921.3423 6.3 Yes [M+3H]3+ 921.3400 8.8 Yes [M+3H]3+ 921.3470 1.2 Yes

9 H3N4F1 N

11 H4N4F1 N

12 H3N5F1 N

13 H4N4F2 N

14 H4N5F1 N

15 H4N5F2

N

N

N

N

16 H5N5F2

17 H5N5F3

18 H5N6F2

N

N

N

22 H6N6F3 N

19 H6N6F1

20 H5N6F3

21 H6N6F2
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[M+2H]2+ 1426.0252 7.8 No [M+2H]2+ 1426.0223 9.9 No [M+2H]2+ 1426.0344 1.4 No

[M+3H]3+ 951.0237 3.4 No [M+3H]3+ 951.0192 8.1 No [M+3H]3+ 951.0254 1.6 No

[M+2H]2+ 1454.5350 8.3 No [M+2H]2+ 1454.5319 10.4 No [M+2H]2+ 1454.5453 1.2 No

[M+3H]3+ 970.0275 6.7 Yes [M+3H]3+ 970.0249 9.4 Yes [M+3H]3+ 970.0327 1.4 No

[M+2H]2+ 1483.0454 8.4 No [M+2H]2+ 1483.0427 10.2 No [M+2H]2+ 1483.0578 0.02 No

[M+3H]3+ 989.0341 7.2 No [M+3H]3+ 989.0319 9.4 Yes [M+3H]3+ 989.0397 1.5 No

[M+2H]2+ 1527.5645 7.6 No [M+2H]2+ 1527.5590 11.2 No [M+2H]2+ 1527.5745 1.0 Yes

[M+3H]3+ 1018.7125 7.4 Yes [M+3H]3+ 1018.7102 9.6 Yes [M+3H]3+ 1018.7185 1.5 Yes

[M+2H]2+ 1535.5626 7.1 No [M+2H]2+ 1535.5581 10.0 No [M+2H]2+ 1535.5737 0.1 No

[M+3H]3+ 1024.0450 6.5 Yes [M+3H]3+ 1024.0419 9.5 Yes [M+3H]3+ 1024.0510 0.6 No

[M+2H]2+ 1556.0734 8.6 No [M+2H]2+ 1556.0707 10.3 No [M+2H]2+ 1556.0853 1.0 No

[M+3H]3+ 1037.7188 8.1 Yes [M+3H]3+ 1037.7167 10.1 Yes [M+3H]3+ 1037.7248 2.3 No

[M+2H]2+ 1600.5931 7.4 No [M+2H]2+ 1600.5891 9.9 No [M+2H]2+ 1600.6029 1.3 No

[M+3H]3+ 1067.3975 7.9 No [M+3H]3+ 1067.3947 10.6 No [M+3H]3+ 1067.4039 2.0 Yes

[M+2H]2+ 1629.1021 8.4 No [M+2H]2+ 1629.0996 9.9 No [M+2H]2+ 1629.1135 1.4 No

[M+3H]3+ 1086.4039 8.5 No [M+3H]3+ 1086.4017 10.5 No [M+3H]3+ 1086.4108 2.2 No

[M+2H]2+ 1637.0975 9.6 No [M+2H]2+ 1637.0971 9.8 No [M+2H]2+ 1637.1117 0.9 No

[M+3H]3+ 1091.7358 8.2 No [M+3H]3+ 1091.7335 10.3 Yes [M+3H]3+ 1091.7422 2.4 No

33 H5N4F2S1 N [M+2H]2+ 1169.9216 8.1 No [M+2H]2+ 1169.9334 2.0 No

34 H6N5F3S1 N [M+3H]3+ 950.6784 8.8 No [M+3H]3+ 950.6878 1.1 Yes

35 H6N5F4S1 N [M+3H]3+ 999.3595 13.2 No [M+3H]3+ 999.3741 1.4 Yes

[M+2H]2+ 1527.0541 7.7 No [M+2H]2+ 1527.0695 2.4 No

[M+3H]3+ 1018.3711 8.6 No [M+3H]3+ 1018.3813 1.4 Yes

37 H5N4S2 N [M+3H]3+ 779.9481 2.3 Yes

23 H6N5F5 N

24 H6N6F4 N

25 H6N7F3 N
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36 H6N6F3S1 N
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aNum is referred to the N-glycopeptide number. 

bGlycan compositions are given in terms of number of hexoses (H), N-acetylglucosamines and N-acetylgalactosamines (N), fucoses (F) and sialic acids (S). 

cRelative error was calculated in ppm as: |m/z exp – m/z theo|/m/z theo × 106 (exp=experimental and theo=theoretical). Observed m/z with error˃10.0 ppm are marked in red. 

dN-glycopeptide structures confirmed by MS/MS (Yes) (At least 3 observed fragments). 

 

 

 

38 H6N5F1S2 N [M+3H]3+ 950.3447 2.0 Yes

39 H6N5F2S2 N [M+3H]3+ 999.0294 3.2 Yes

40 H6N5F3S2 N [M+3H]3+ 1047.7153 3.1 Yes

41 H6N6F2S2 N [M+3H]3+ 1066.7223 3.2 Yes

42 H6N6F3S2 N [M+3H]3+ 1115.4087 2.7 Yes

43 H7N6F2S2 N [M+3H]3+ 1120.7398 3.1 Yes

44 H7N6F3S2 N [M+3H]3+ 1169.4254 3.3 Yes

45 H7N6F4S2 N [M+3H]3+ 1218.1141 0.9 Yes
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The separation, detection, identification and quantification of low molecular mass compounds in 

biological fluids (e.g. blood plasma) continues generating a great interest in many fields, 

especially in metabolomics studies for biomarker discovery. However, due to the complexity of 

the blood plasma matrix, especially with regard to the high concentration of salts and proteins, 

untreated plasma is inconvenient for direct analysis of low molecular mass compounds using 

MS-hyphenated techniques, such as liquid chromatography mass spectrometry (LC-MS) and 

capillary electrophoresis mass spectrometry (CE-MS). There are different strategies to remove 

salts and proteins before the analysis of the compounds in the low molecular mass fraction, 

being solvent precipitation and centrifugal filtration one of the best alternatives due to their 

good efficiency, simplicity, high throughput, and low cost. 

 

Despite targeted strategies are widely applied for the analysis of low abundant metabolites, 

which are often bioactive and play important roles in biological systems, untargeted strategies 

can implicate previously unrecognized metabolites and, therefore, are powerful platforms to 

elucidate novel biomarkers and gain insight into disease pathogenesis. The present chapter is 

focused on the untargeted identification of biomarkers of Huntington’s disease (HD), an 

inherited amyloidotic neurodegenerative disorder characterized by progressive motor and 

cognitive disturbances. HD is caused by an expansion of the cytosine-adenine-guanine (CAG) 

repeat in the exon 1 of the huntingtin gene (HTT), which encodes a stretch of glutamines in the 

huntingtin protein. It seems that the onset of the disease is related to the length of the CAG 

repeat, which defines the extent on huntingtin mutation. However, without robust and practical 

measures of other biochemical biomarkers of disease progression, the efficacy of therapeutic 

interventions in this premanifest HD cannot be readily assessed. 

 

This chapter describes the optimization of a plasma pretreatment for optimized recovery of low 

molecular mass compounds prior to on-line solid-phase extraction capillary electrophoresis 

mass spectrometry with a C18 chromatographic sorbent (C18-SPE-CE-MS). C18-SPE-CE-MS is 

presented as a novel alternative sensitive method for on-line sample clean-up and concentration 
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enhancement in metabolomics studies with human plasma samples. Moreover, this chapter 

presents the capacity of the above mentioned C18-SPE-CE-MS methodology to analyze low 

molecular mass compounds in plasma samples from wild-type (wt) and HD mice in 

combination with advanced chemometric data analysis tools, such as multivariate curve 

resolution alternating least squares (MCR-ALS), principal component analysis (PCA) and 

partial least squares discriminant analysis (PLS-DA), for the identification of potential 

metabolite biomarker candidates involved in HD progression. These metabolite biomarkers 

could provide a window of opportunity for prediction of disease onset, evaluation of HD early 

progression and response to treatment. 

 

This chapter includes the following publications: 

 

 Publication 4.1. An update for human blood plasma pretreatment for optimized 

recovery of low-molecular-mass peptides prior to CE-MS and SPE-CE-MS. L. Pont, F. 

Benavente, J. Barbosa, V. Sanz-Nebot. Journal of Separation Science 36 (2013), 3896-

3902. 

 

 Publication 4.2. Metabolic profiling for the identification of Huntington biomarkers by 

on-line solid-phase extraction capillary electrophoresis mass spectrometry combined 

with advanced data analysis tools. L. Pont, F. Benavente, J. Jaumot, R. Tauler, J. 

Alberch, S. Ginés, J. Barbosa, V. Sanz-Nebot. Electrophoresis 37 (2016), 795-808. 
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5.1. Análisis dirigido de biomarcadores proteicos. La transtiretina en la 

polineuropatía amiloidótica familiar tipo I 

 

Este capítulo se centra en el estudio de la transtiretina (TTR), una proteína homotetramérica 

compuesta por cuatro subunidades enlazadas mediante interacciones no covalentes y 

responsable del transporte de tiroxina y retinol en sangre. Algunas modificaciones en la 

secuencia aminoacídica de la TTR (isoformas) están asociadas a variantes genéticas causantes 

de diferentes tipos de polineuropatías amiloidóticas familiares (FAP), las cuales se caracterizan 

por la formación de agregados de tipo amiloide en ciertos tejidos. Esta tesis en concreto se 

centra en el estudio de la TTR(Met30), que implica la sustitución de una valina por una 

metionina en la posición 30 del monómero de la TTR, como biomarcadora de la polineuropatía 

amiloidótica familiar tipo I (FAP-I). Este capítulo trata la separación, identificación y 

caracterización de las diferentes proteoformas de la TTR, las cuales juegan un papel importante 

en el diagnóstico de la enfermedad y podrían ser relevantes en el estudio de los mecanismos 

involucrados en su agregación. 

 

La TTR es una proteína que se encuentra en el suero y en el líquido cefalorraquídeo (CSF). En 

suero, sus concentraciones varían entre individuos y oscilan entre 200 y 400 µg/mL. 

Actualmente, el análisis de TTR en muestras de suero está basado en la utilización de técnicas 

de inmunoprecipitación (IP) y espectrometría de masas (MS) con ionización por desorción 

mediante láser asistido por matriz, MALDI, y electrospray, ESI. En esta tesis doctoral se han 

optimizado diferentes métodos de IP off-line y on-line (en condiciones desnaturalizantes y no 

desnaturalizantes) para aislar la TTR (el monómero o sus oligómeros) del resto de componentes 

del suero, y se han desarrollado y validado nuevas metodologías analíticas para la separación, 

detección y caracterización de las isoformas y modificaciones post-traduccionales (PTMs) de la 

TTR mediante electroforesis capilar, cromatografía de líquidos capilar y espectrometría de 
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movilidad iónica, todas ellas acopladas on-line a la espectrometría de masas (CE-MS, CapLC-

MS e IM-MS, respectivamente). 

 

5.1.1. Análisis de patrones de TTR por CE-MS y CapLC-MS 

 

En el primer trabajo de esta tesis doctoral (artículo 2.1), se evaluó la capacidad de la CE-MS 

para analizar la TTR con dos electrolitos de separación (BGEs): ácido acético (HAc) 1,0 M (pH 

2,30) y acetato de amonio (NH4Ac) 10 mM (pH 7,00). En estudios anteriores de nuestro grupo 

de investigación con la enzima homodimérica superóxido dismutasa I (SOD-I) [234], se 

demostró que el BGE ácido proporcionaba una mayor sensibilidad que el BGE neutro, 

probablemente debido a su mayor volatilidad y a la protonación de los grupos básicos de los 

aminoácidos ionizables presentes en la proteína. Sin embargo, la estructura dimérica nativa de la 

SOD-I se veía alterada como consecuencia del BGE ácido utilizado para la separación por CE, 

permitiendo únicamente el estudio de su estructura monomérica. A continuación se presenta lo 

que ocurrió con la TTR. 

 

En la Figura 5.1 se muestran los electroferogramas totales de iones (TIEs) (i), los espectros de 

masas (ii) y los espectros de masas deconvolucionados (iii) obtenidos por CE-MS para un 

patrón de TTR de 1000 µg/mL usando (A) HAc 1,0 M y (B) NH4Ac 10 mM como BGEs. Tal y 

como se puede observar en esta figura, la utilización del BGE ácido, a pesar de la disminución 

del flujo electroosmótico (EOF), permitió detectar la TTR a un tiempo de migración inferior (6-

8 min vs. 12-18 min para los BGEs ácido y neutro, respectivamente), probablemente debido a 

su mayor movilidad electroforética hacia el cátodo a pH ácido (punto isoeléctrico (pI) de la 

TTR=5,4). Un análisis exhaustivo del clúster de iones multicargados obtenidos en el espectro de 

masas de ambos picos electroforéticos, demostró la presencia de monómero (MO) con el BGE 

ácido (los iones moleculares más abundantes corresponden a las cargas +16, +15 y +14), y la 

presencia de MO, y de una pequeña cantidad de dímero (DI), con el BGE neutro. Tal y como se 

puede observar en el espectro de masas de la Figura 5.1 B-ii y en la Tabla 5.1, los iones 
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moleculares con m/z nominales de 2314 y 2777 corresponderían a la suma de la contribución del 

MO (cargas +6 y +5, respectivamente) y del DI (cargas +12 y +10, respectivamente), mientras 

que el ión molecular con m/z nominal de 2525 se detectaría exclusivamente para el DI (carga 

+11).  

 

 

 

Figura 5.1. TIEs (i), espectros de masas (ii) y espectros de masas deconvolucionados (iii) obtenidos por 

CE-MS para un patrón de TTR de 1000 µg/mL usando BGEs de (A) HAc 1,0 M (pH=2,30) y (B) NH4Ac 

10 mM (pH=7,00). Las proteoformas del monómero (MO) en los espectros de masas deconvolucionados 

corresponden a (1): TTR-Cys, (2): TTR-Libre, (3): TTR-Fosforilada o TTR-Sulfonada, (4): TTR-

Dihidroxilada o TTR-Sulfínico, (5): (10) C-G. 
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 Tabla 5.1. Solapamientos de m/z nominal (teórica) entre los iones moleculares del monómero (MO), dímero (DI), trímero (TRI) y tetrámero (TE) de la TTR en la región 

comprendida entre 1730 y 3100 m/z (zona en la que se suelen observar los iones moleculares de la TTR por CE-MS) para la TTR-Cys (proteoforma más abundante). Rojo: 

solapamientos MO-DI-TRI-TE. Verde: solapamientos DI-TE. 

 

MO DI TRI TE 

Ión molecular m/z teórica Ión molecular m/z teórica Ión molecular m/z teórica Ión molecular m/z teórica 

+8 1736 +16 1736 +24 1736 +32 1736 

- 

- - +31 1792 
+23 1811 - 

+15 1852 - +30 1852 

- 
+22 1894 - 

- +29 1916 
+7 1984 +14 1984 +21 1984 +28 1984 

- 

- 
- +27 2057 

+20 2083 - 
+13 2136 - +26 2136 

- 
+19 2193 - 

- +25 2222 
+6 2314 +12 2314 +18 2314 +24 2314 

- 

- - +23 2415 
+17 2450 - 

+11 2525 - +22 2525 

- +16 2604 - 
- +21 2645 

+5 2777 +10 2777 +15 2777 +20 2777 

- - - +19 2923 
+14 2975 - 

+9 3085 - +18 3085 
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Desafortunadamente, con el BGE neutro, no se pudieron detectar los iones moleculares 

correspondientes a la estructura tetramérica de la TTR, probablemente debido a la utilización en 

CE-MS de un líquido auxiliar coaxial ácido (sheath liquid) (0,05% (v/v) y 0,25% (v/v) de ácido 

fórmico (HFor) en el caso de utilizar el BGE ácido o el neutro, respectivamente) y al elevado 

vacío presente en el primer tramo recorrido por los iones en el interior del espectrómetro de 

masas que, en el modelo de instrumento empleado, no se podía manipular. En general, el uso de 

un BGE neutro es recomendable cuando se pretende trabajar con proteínas lábiles en 

condiciones menos desnaturalizantes. Sin embargo, en el caso de la TTR, debido a la mayor 

sensibilidad obtenida a pH ácido (comparar la magnitud de la señal en los ejes de ordenadas, 

tanto para los TIEs como para los espectros de masas), y al no ser posible la detección de los 

iones moleculares correspondientes a la proteína nativa en forma de tetrámero (TE), se utilizó el 

BGE de HAc para el resto de estudios. En estas condiciones, se detectaron hasta cinco 

proteoformas de la TTR: la TTR que forma un puente disulfuro con una cisteína libre en la 

posición 10 de la secuencia monomérica (TTR-Cys), la TTR libre (TTR-Libre), la TTR 

fosforilada o sulfonada (TTR-Fosforilada o TTR-Sulfonada), la TTR dihidroxilada o la TTR 

conjugada con el ácido sulfínico (TTR-Dihidroxilada o TTR-Sulfínico,) y la isoforma causada 

por la sustitución de una cisteína por una glicina en la posición 10 de la secuencia monomérica 

((10) C-G). La exactitud y resolución del espectrómetro de masas no permitieron diferenciar 

entre la TTR-Fosoforilada y la TTR-Sulfonada. Tampoco fue posible distinguir entre la TTR-

Dihidroxilada y la TTR-Sulfínico, dos proteoformas con la misma masa molecular relativa (Mr). 

 

En el segundo trabajo de esta tesis doctoral (artículo 2.2), se compararon los resultados de CE-

MS y los obtenidos mediante cromatografía de líquidos capilar de fase reversa (C18) acoplada a 

la espectrometría de masas (CapLC-MS), con el fin de evaluar la capacidad de ambas técnicas 

para proporcionar información relevante sobre las proteoformas de la TTR. Para ello, en 

CapLC-MS se utilizaron fases móviles de acetonitrilo (ACN):agua con un 0,1% (v/v) de HFor.  
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En la Figura 5.2 se muestran los electroferogramas/cromatogramas totales de iones (TIEs/TICs) 

(i), los espectros de masas (ii) y los espectros de masas deconvolucionados (iii) obtenidos por 

(A) CE-MS (con el BGE ácido) y (B) CapLC-MS para un patrón de TTR de 1000 µg/mL. Tal y 

como se puede observar en esta figura, ambas técnicas proporcionaron una sensibilidad similar 

(comparar los ejes de ordenadas de los TIEs/TICs y de los espectros de masas). Sin embargo, la 

CE permitió detectar la TTR a un tiempo de migración inferior (7-9 min vs. 9-14 min para CE-

MS y CapLC-MS, respectivamente).  

 

De nuevo, un análisis exhaustivo del clúster de iones multicargados obtenidos en el espectro de 

masas de ambos picos electroforéticos, demostró la presencia de MO con CE-MS (los iones 

moleculares más abundantes corresponden a las cargas +16, +15 y +14), y la presencia de MO, 

y de una pequeña cantidad de DI, con CapLC-MS. En este caso, tal y como se puede observar 

en el espectro de masas de la Figura 5.2 B-ii y en la Tabla 5.1, los iones moleculares con m/z 

nominales de 1736, 1984, 2314 y 2777 corresponderían a la suma de la contribución del MO 

(cargas +8, +7, +6 y +5, respectivamente) y del DI (cargas +16, +14, +12 y +10, 

respectivamente), mientras que los iones moleculares con m/z nominal de 1852, 2136 y 2525 se 

detectarían exclusivamente para el DI (cargas +15, +13 y +11, respectivamente). La detección 

de esta pequeña cantidad de DI por CapLC-MS podría ser debida a la menor concentración de 

ácido en la fase móvil (0,1% (v/v) de HFor) si comparamos con el BGE utilizado en CE-MS 

(HAc 1,0 M, que equivale aproximadamente a un 6% (v/v)). 

 

Es conveniente destacar que en este segundo trabajo (artículo 2.2) se consiguieron detectar más 

proteoformas monoméricas de la TTR que en el primer trabajo (artículo 2.1) (TTR-CysGly, 

TTR-Glutatión y TTR-CysGlu, Figura 5.2 A-iii) bajo las mismas condiciones experimentales 

por CE-MS (1000 µg/mL de concentración de TTR y HAc 1,0 M como BGE), probablemente 

debido a una mejora en las condiciones del espectrómetro de masas después de la sustitución de 

diversas piezas, entre ellas, el detector. 
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Figura 5.2. TIEs/TICs (i), espectros de masas (ii) y espectros de masas deconvolucionados (iii) para un 

patrón de TTR de 1000 µg/mL usando (A) CE-MS y (B) CapLC-MS. Las proteoformas del monómero 

(MO) en los espectros de masas deconvolucionados corresponden a (1): TTR-Cys, (2): TTR-Libre, (3): 

TTR-Fosforilada o TTR-Sulfonada, (4): TTR-Dihidroxilada o TTR-Sulfínico, (5): (10) C-G, (6): TTR-

CysGly, (7): TTR-Glutatión, (8): TTR-CysGlu. BGE CE-MS: HAc 1,0 M (pH=2,30). Fase móvil CapLC-

MS: ACN:agua con un 0,1% (v/v) de HFor. 
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La Tabla 5.2 muestra las masas moleculares relativas (Mr) teóricas y experimentales, los errores 

de masas (Er, en ppm) y las abundancias relativas (%A) para las proteoformas monoméricas de 

la TTR (1000 µg/mL) detectadas por (A) CE-MS y (B) CapLC-MS (BGE para CE-MS: HAc 

1,0 M (pH=2,30). Fase móvil para CapLC-MS: ACN:agua con un 0,1% (v/v) de HFor). Ambas 

técnicas permitieron detectar las mismas isoformas y PTMs de la TTR con Er y %A similares 

(por ejemplo, para la TTR-Libre, se calcularon unas %A del 91% y 88% por CE-MS y CapLC-

MS, respectivamente).  

 

Tabla 5.2. Masas moleculares relativas (Mr) teóricas y experimentales, errores de masas (Er, en ppm) y 

abundancias relativas (%A) para las proteoformas del monómero (MO) de la TTR (1000 µg/mL) 

detectadas por (A) CE-MS y (B) CapLC-MS. Las %A se calcularon normalizando respecto a la 

proteoforma más abundante (TTR-Cys). 

 

aEl Er (en ppm) se calcula en valor absoluto como: (Mr experimental - Mr teórica) / Mr teórica * 106. 

Patrón de TTR  (A) CE-MS  (B) CapLC-MS  

N Proteoformas 
MO Mr teórica Mr 

experimental 
Er

a 
(ppm) %A Mr 

experimental 
Er

a 

(ppm) %A 

1 TTR-Cys 13880,4022 13880,9300 38 100 13880,7500 25 100 

2 TTR-Libre 13761,2640 13761,7600 36 91 13761,4500 14 88 

3 

TTR-
Fosforilada 13841,2439 

13841,6400 
29 

67 13841,5700 
24 

67 
TTR-

Sulfonada 13841,3283 23 17 

4 

TTR-
Dihidroxilada 

13793,2628 13793,5000 17 27 13793,9300 48 25 
TTR-Sulfínico 

5 (10) C-G 13715,1713 13715,6400 34 24 13715,3300 12 21 

6 TTR-CysGly 13937,4590 13937,5000 3 11 13937,8900 31 12 

7 TTR-Glutatión 14066,5732 14066,9600 27 10 14066,6700 7 10 

8 TTR-CysGlu 14009,5218 14009,3700 11 9 14009,3500 12 7 
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Tal y como se observa en esta tabla, la principal PTM detectada correspondió a la TTR-Cys (Mr 

teórica=13880,4022). El resto de proteoformas correspondieron (en orden de %A) a la TTR-

Libre (Mr teórica=13761,2640), la TTR-Fosforilada o TTR-Sulfonada (Mr teórica=13841,2439 

y Mr teórica=13841,3283, respectivamente), la TTR-Dihidroxilada o TTR-Sulfínico (Mr 

teórica=13793,2628), la isoforma (10) C-G (Mr teórica=13715,1713) y las PTMs originadas 

cuando la cisteína de la posición 10 forma un puente disulfuro con el péptido cisteinil glicina 

(TTR-CysGly, Mr teórica=13937,4590), el péptido glutatión (TTR-Glutatión, Mr 

teórica=14066,5732) y el péptido cisteinil ácido glutámico (TTR-CysGlu, Mr 

teórica=14009,5218). En esta tabla es posible apreciar como la exactitud y resolución del 

espectrómetro de masas no fueron suficientes para diferenciar entre la TTR-Fosforilada y la 

TTR-Sulfonada (29 ppm y 23 ppm de Er por CE-MS, y 24 ppm y 17 ppm de Er por CapLC-MS, 

respectivamente). Además, tal y como se apuntó anteriormente, las proteoformas TTR-

Dihidroxilada y la TTR-Sulfínico tienen la misma Mr, por lo que tampoco fue posible 

distinguirlas.  

 

Por lo que hace referencia a los parámetros de calidad de ambos métodos, la Tabla 5.3 muestra 

los valores de repetitividad (%RSD, n=10) para las áreas de pico (Ap) y los tiempos de 

migración/ retención (tm/tr), los intervalos de linealidad y los límites de detección (LODs) para 

cada una de las proteoformas monoméricas de la TTR detectadas por (A) CE-MS y (B) CapLC-

MS. Tal y como se puede observar en esta tabla, ambas técnicas proporcionaron una 

repetitividad adecuada para las Ap (entre 0,2% y 7,1% para CE-MS, y entre 0,6% y 2,9% para 

CapLC-MS) y los tm/tr (entre 0,1% y 0,9% para CE-MS, y entre 0,1% y 0,3% para CapLC–MS). 

En CE-MS el método era lineal entre 50 y 1000 µg/mL (concentración máxima a la que se ha 

trabajado) para todas las proteoformas, mientras que por CapLC-MS se observó un 

comportamiento lineal entre 100 y 1000 µg/mL (con excepción de las PTMs TTR-CysGly, 

TTR-Glutatión y TTR-CysGlu, para las cuales se observó entre 250 y 1000 µg/mL). 

Finalmente, es importante destacar que, pese a la capacidad de ambas técnicas para 

proporcionar información relevante sobre las diferentes isoformas y PTMs de la TTR, la CE-
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MS permitió detectar las diferentes proteoformas monoméricas de la TTR con LODs entre 2 y 

2,5 veces más bajos que los obtenidos por CapLC-MS, aunque esta última técnica proporcionó 

cierta información sobre el DI en el caso de analizar patrones de TTR. 
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Tabla 5.3. Repetitividad (%RSD, n=10) para las áreas de pico (Ap) y los tiempos de migración/retención (tm/tr) (patrón de TTR de 250 µg/mL), intervalos de linealidad y 

límites de detección (LODs) para las proteoformas del monómero (MO) de la TTR detectadas por (A) CE-MS y (B) CapLC-MS. (S/N=relación señal ruido). 

 

aLa linealidad en CapLC-MS para las proteoformas TTR-CysGly, TTR-Glutatión y TTR-CysGlu se observó entre 250 y 1000 µg/mL. 

Patrón de TTR (A) CE-MS (B) CapLC-MS 

N Proteoformas 
MO 

Ap tm Linealidad 
50-1000 µg/mL 

r2>0,998 

LODs 
(µg/mL) 

Ap tr Linealidada 
100-1000 µg/mL 

r2>0,998 

LODs 
(µg/mL) %RSD 

(n=10) 
Media 
(n=10) 

%RSD 
(n=10) 

%RSD 
(n=10) 

Media 
(n=10) 

%RSD 
(n=10) 

1 TTR-Cys 0,2 7,9 0,5 A=1×104C-2×104 10 (S/N=457) 1,8 10,3 0,1 A=2×104C+9×104 25 (S/N=46) 

2 TTR-Libre 1,7 8,0 0,2 A=1×104C-2×104 10 (S/N=430) 2,0 10,1 0,1 A=1×104C+6×104 25 (S/N=31) 

3 
TTR-Fosforilada 

1,0 8,1 0,3 A=7×103C-2×104 10 (S/N=301) 1,7 10,3 0,2 A=1×104C+4×104 25 (S/N=14) 
TTR-Sulfonada 

4 

TTR-
Dihidroxilada 

2,5 8,1 0,3 A=3×103C-1×104 25 (S/N=264) 2,2 10,2 0,3 A=5×103C+2×104 50 (S/N=18) 
TTR-Sulfínico 

5 (10) C-G 0,6 7,9 0,6 A=2×103C-4×104 25 (S/N=181) 2,6 10,0 0,1 A=4×103C+2×104 50 (S/N=13) 

6 TTR-CysGly 4,7 7,9 0,9 A=2×103C-8×104 100 (S/N=780) 2,2 10,0 0,1 A=4×103C+3×104 250 (S/N=220) 

7 TTR-Glutatión 1,5 8,0 0,1 A=1×103C-2×104 100 (S/N=758) 0,6 10,2 0,2 A=2×103C+1×104 250 (S/N=184) 

8 TTR-CysGlu 7,1 8,0 0,1 A=9×102C-2×104 100 (S/N=447) 2,9 10,2 0,3 A=1×103C+8×104 250 (S/N=118) 
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5.1.2. Análisis de TTR en muestras de suero humano por CE-MS y CapLC-MS 

 

Una vez optimizados y validados los métodos de CE-MS y CapLC-MS con patrones, se 

procedió a analizar la TTR en diferentes muestras de suero humano proporcionadas por el 

Hospital Universitari de Bellvitge (HUB, Hospitalet de Llobregat, España): 

 

-Tres controles sanos. 

-Tres pacientes de FAP-I en diferentes estadios de evolución:  

 Asintomático: sin síntomas de FAP-I. 

 Sintomático: con síntomas de FAP-I durante 4 años. 

 Yatrogénico: paciente originalmente sin la mutación al que le trasplantaron el hígado de 

un paciente con FAP-I. Con síntomas de FAP-I durante 6 años. 

-Un paciente de FAP-I trasplantado de hígado, estrategia terapéutica más prometedora 

actualmente para prevenir la enfermedad. Sin síntomas de FAP-I. 

 

Para ello, fue necesario optimizar diferentes métodos de purificación de la TTR por 

inmunoprecipitación (IP) off-line (IP convencional en solución e IP con partículas magnéticas) 

para aislar la proteína del resto de componentes del suero previo al análisis por CE-MS y 

CapLC-MS. A continuación, se discuten en detalle los resultados obtenidos con los diferentes 

métodos de IP empleados. 

 

5.1.2.1. IP convencional en solución 

 

La IP convencional en solución consiste en incubar una solución del anticuerpo, específico 

contra un determinado antígeno, con la muestra que contiene la proteína de interés. Tras la 

incubación, se centrifuga la muestra y se elimina el sobrenadante, permitiendo de esta manera la 

recuperación del complejo antígeno-anticuerpo. Para los estudios de esta tesis, se utilizó un 

anticuerpo policlonal específico contra la TTR con el objetivo de aislar esta proteína del resto de 
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componentes del suero. Es importante destacar que, en estudios preliminares no recopilados en 

los artículos de esta tesis, la optimización de la IP convencional en solución se intentó llevar a 

cabo con patrones de TTR (disueltos en agua o en tampón fosfato salino (PBS)). Sin embargo, 

no se consiguieron recuperaciones adecuadas de la TTR, mientras que en presencia de la matriz 

compleja del suero, la IP proporcionó mejores resultados. Se evaluaron diferentes proporciones 

de suero:solución de anticuerpo, desde 50:20 hasta 50:100 µL, observándose una precipitación 

cuantitativa del complejo a relaciones de volumen igual o superiores a 50:20 µL. Primero, se 

analizó por CE-MS la mezcla de TTR y anticuerpo obtenida después de disociar el complejo 

antígeno-anticuerpo con HAc 1,0 M (pH 2,30), seguido de una etapa de ultrafiltración con 

filtros de corte molecular de Mr 10000 para eliminar sales y otros compuestos. Dichos filtros se 

pasivaron con una solución acuosa al 5% (v/v) de polietilenglicol (PEG, Mr 8000) con el 

objetivo de bloquear sus principales sitios activos, evitando de esta manera la adsorción de la 

proteína en las paredes (el efecto de la pasivación con PEG se discute en detalle en la sección 

5.3.1 de esta tesis doctoral). En condiciones óptimas, tal y como se puede observar en la Figura 

5.3 para una muestra de suero control, los tres picos obtenidos por CE-MS correspondieron al 

gel polimérico utilizado en los tubos de recolección de sangre como activador de la coagulación 

(i), al anticuerpo policlonal contra la TTR (ii) y a la TTR monomérica (iii).  

 

 

 

Figura 5.3. TIE (i) y espectro de masas deconvolucionado de la TTR (ii) obtenidos por CE-MS para una 

muestra de suero control después de llevar a cabo la IP y la ultrafiltración con filtros de corte molecular 

de Mr 10000 pasivados con PEG. BGE: HAc 1,0 M (pH=2,30). 
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Desafortunadamente, la presencia del anticuerpo y del gel polimérico producía caídas de 

corriente al inicio de la separación por CE. Por este motivo, fue necesario llevar a cabo una 

etapa de ultrafiltración con filtros de corte molecular de Mr 100000 con el fin de separar la TTR 

de éstos, que presentan unas Mr mucho mayores. Para ello, primero se evaluó por CE-MS la 

recuperación de la proteína en los filtrados, filtrando un patrón de TTR de 250 µg/mL (similar a 

la concentración típica de TTR en el suero) con filtros de corte molecular de Mr 50000 y 100000 

sin pasivar y pasivados con un 1% (m/v) de albúmina de suero bovino (BSA) en PBS y con una 

solución acuosa al 5% (v/v) de PEG. En el caso de los filtros de Mr 50000 sin pasivar, pasivados 

con PEG y pasivados con BSA, se obtuvieron recuperaciones de TTR (en los filtrados) del 43% 

(n=3, %RSD=5), 55% (n=3, %RSD=1) y 61% (n=3, %RSD=4), respectivamente. En el caso de 

los filtros de Mr 100000, se obtuvieron valores de recuperación más elevados, probablemente 

debido a una menor retención de la TTR en los filtros de mayor tamaño de poro (55% (n=3, 

%RSD=2), 76% (n=3, %RSD=3) y 62% (n=3, %RSD=5), para los filtros sin pasivar, pasivados 

con PEG y pasivados con BSA, respectivamente). Los filtros de corte molecular de Mr 100000 

pasivados con PEG fueron escogidos para el resto de estudios, ya que fueron los que 

proporcionaron una mayor recuperación de TTR en los filtrados (76%). 

 

La Figura 5.4 muestra los TIEs (i) y los espectros de masas deconvolucionados (ii) obtenidos 

por CE-MS para la TTR procedente de una muestra de suero control y de un paciente de FAP-I 

asintomático después de llevar a cabo la IP convencional en solución seguida de una etapa de 

ultrafiltración con filtros de corte molecular de Mr 100000 pasivados con PEG. Si se comparan 

los espectros de masas deconvolucionados de la TTR para un control sano y para un paciente de 

FAP-I asintomático, se puede observar que sólo fue posible detectar las proteoformas normales 

más abundantes de la TTR para el control sano (TTR-Cys y TTR-Libre). En el caso del paciente 

asintomático de FAP-I, se detectaron, además de éstas, las mismas proteoformas mutantes: la 

TTR(Met30)-Cys y la TTR(Met30)-Libre. Sin embargo, en ninguno de los casos se pudieron 

detectar todas las proteoformas observadas en el patrón de TTR (TTR-Fosforilada o TTR-

Sulfonada, TTR-Dihidroxilada o TTR-Sulfínico, TTR-CysGly, TTR-Glutatión y TTR-CysGlu, 



Capítulo 5 Resultados y Discusión 
 

-243- 
 

discutidas en la sección anterior), probablemente debido a la baja concentración de TTR en las 

muestras de suero tratadas y a las recuperaciones globales del tratamiento al que se las sometió. 

Aun así, el método desarrollado proporcionó una repetitividad (%RSD, n=10) adecuada para 

todas las proteoformas monoméricas detectadas. Así, para el paciente de FAP-I asintomático, se 

obtuvieron para las proteoformas normales y mutantes, valores de entre 1,0-1,4% y 7-11% para 

los tm y las Ap, respectivamente. La reproducibilidad en este caso (%RSD, n=3 muestras 

independientes) también fue buena, con valores de entre 3,6% y 3,7% para los tm, y de entre 3% 

y 11% para las Ap. 

 

 

 

Figura 5.4. TIEs (i) y espectros de masas deconvolucionados (ii) de la TTR obtenidos por CE-MS para 

(A) una muestra de suero control y (B) una muestra de suero de un paciente de FAP-I asintomático 

después de llevar a cabo la IP y la ultrafiltración con filtros de corte molecular de Mr 100000 pasivados 

con PEG. BGE: HAc 1,0 M (pH=2,30). 
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Una vez optimizado el tratamiento de muestra para purificar la TTR del suero, se procedió a 

analizar por CE-MS todas las muestras de suero disponibles. El gráfico de la Figura 5.5 

muestra los valores medios (n=3) de las relaciones entre las Ap para las proteoformas mutantes y 

normales de la TTR (TTR(Met30)-Cys/TTR-Cys y TTR(Met30)-Libre/TTR-Libre), así como 

las relaciones entre las Ap para las proteoformas oxidadas y sin oxidar (TTR-Cys/TTR-Libre y 

TTR(Met30)-Cys/TTR(Met30)-Libre). A partir de este gráfico se pudieron extraer varias 

conclusiones: 

 

 En el paciente de FAP-I trasplantado de hígado no se encontraron las proteoformas 

mutantes de la TTR(Met30), lo que confirmaría la efectividad de este tratamiento 

terapéutico. 

 Las relaciones de Ap entre las proteoformas mutantes y normales de la TTR 

(TTR(Met30)-Cys/TTR-Cys y TTR(Met30)-Libre/TTR-Libre) eran similares en todos 

los pacientes (sintomáticos y asintomáticos), lo que indica que estas relaciones se 

mantendrían durante la progresión de la enfermedad. 

 Las relaciones de Ap entre las proteoformas oxidadas y sin oxidar (TTR-Cys/TTR-Libre 

y, especialmente, TTR(Met30)-Cys/TTR(Met30)-Libre) podrían estar relacionadas con 

el inicio de los síntomas, ya que eran más bajas para el paciente asintomático, medias 

para el sintomático (con síntomas desde hace 4 años) y más altas para el paciente 

yatrogénico (con síntomas desde hace 6 años). Este hecho sugeriría una mayor cantidad 

de proteoformas oxidadas (TTR-Cys y, especialmente, TTR(Met30)-Cys) a medida que 

progresa la enfermedad. 

 

Actualmente se cree que las PTMs asociadas a la cisteína de la posición 10 (Cys10), 

especialmente la TTR-Cys, juegan un papel importante en el inicio y proceso patológico de las 

diferentes amiloidosis ligadas a la TTR [67,74,235–237]. En esta tesis doctoral (artículo 2.1) se 

proponen las proteoformas oxidadas TTR-Cys y, especialmente, la TTR(Met30)-Cys, como 

biomarcadoras del inicio y progreso de la FAP-I. Sin embargo, se deberían analizar un mayor 
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número de muestras para poder confirmar la información proporcionada por el método 

propuesto, así como para profundizar en la relación entre las diferentes proteoformas y los 

mecanismos involucrados en la agregación de la TTR en FAP-I. 

 

 

Figura 5.5. Relaciones medias (n=3) entre las Ap obtenidas por CE-MS para las proteoformas mutantes y 

normales de la TTR (TTR(Met30)-Cys/TTR-Cys y TTR(Met30)-Libre/TTR-Libre) y entre las Ap para las 

proteoformas oxidadas y sin oxidar (TTR-Cys/TTR-Libre y TTR(Met30)-Cys/TTR(Met30)-Libre). En el 

eje de las x se muestran también las concentraciones totales de la TTR cuantificadas en el artículo 2.1 de 

esta tesis doctoral. 

 

5.1.2.2. IP con partículas magnéticas 

 

Actualmente, el uso de partículas magnéticas tiene un papel destacado en el desarrollo de 

metodologías de pretratamiento de muestra en diversos campos, hecho que ha llevado a una 

sustitución progresiva de los métodos de IP convencionales en solución. Las técnicas de IP con 

partículas magnéticas son ampliamente recomendadas para mejorar la reproducibilidad y 

sensibilidad de dichos métodos convencionales, así como para minimizar la unión no específica 

de otras proteínas. Tal y como se ha discutido anteriormente, en el artículo 2.1 se propuso un 
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método off-line de IP convencional en solución para purificar la TTR del suero previo al análisis 

por CE-MS. Sin embargo, no se pudieron detectar todas las proteoformas observadas en los 

patrones de TTR (sólo se detectaron la TTR-Cys y la TTR-Libre, así como la TTR(Met30)-Cys 

y la TTR(Met30)-Libre, en el caso de pacientes de FAP-I), probablemente debido a la baja 

concentración de TTR en las muestras de suero tratadas y a las recuperaciones globales del 

tratamiento al que se las sometió. 

 

En el segundo trabajo de esta tesis doctoral (artículo 2.2), se desarrolló un nuevo método off-

line de IP con partículas magnéticas funcionalizadas con Proteína A (Protein A Ultrarapid 

Agarose™, UAPA) para la purificación de TTR del suero previo al análisis por CE-MS y 

CapLC-MS. Es importante destacar que, en estudios preliminares, se evaluaron otros tipos de 

partículas magnéticas funcionalizadas con Proteína A con diferentes tamaños de partícula y 

afinidades por el anticuerpo (Dynabeads® Protein A (DyPA) y SiMAG-Protein A (SiPA)) 

[211]. Sin embargo, pese a la capacidad de éstas para aislar la TTR del resto de componentes 

del suero, las mejores recuperaciones se obtuvieron con las partículas UAPA, por lo que fueron 

seleccionadas para el resto de estudios. Con estas partículas magnéticas, la orientación del 

anticuerpo es óptima para la interacción con la TTR, ya que el anticuerpo se une a ellas a través 

de la región Fc. Sin embargo, dicha unión se produce mediante interacciones no covalentes, por 

lo que el anticuerpo se eluye junto a la TTR y puede ser detectado en el análisis por CE-MS y 

CapLC-MS. 

 

Una vez optimizado el tratamiento de muestra con partículas magnéticas UAPA para la 

purificación de la TTR del suero, se procedió a analizar por CE-MS y CapLC-MS todas las 

muestras de suero disponibles. Cabe destacar que inmediatamente después de la IP con las 

partículas UAPA, fue necesario llevar a cabo una etapa de ultrafiltración con filtros de corte 

molecular de Mr 10000 pasivados con PEG, con el objetivo de cambiar el BGE de elución (que 

contenía glicina, que es poco volátil y, por tanto, poco recomendable para ESI-MS), por HAc 

1,0 M antes de los análisis por CE-MS y CapLC-MS. En esto caso, no fue necesaria la 
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ultrafiltración para separar el gel polimérico activador de la coagulación o el anticuerpo, tal y 

como sucedía anteriormente (artículo 2.1). 

 

En la Figura 5.6 se muestran los TIEs/TICs (i) y los espectros de masas deconvolucionados (ii) 

obtenidos por (A) CE-MS y (B) CapLC-MS para la TTR de una muestra de suero control y de 

un paciente de FAP-I sintomático después de llevar a cabo la IP con partículas magnéticas 

UAPA seguida de una etapa de ultrafiltración con filtros de corte molecular de Mr 10000 

pasivados con PEG. Tal y como se puede observar en esta figura, los dos picos principales 

correspondieron a la TTR monomérica y al anticuerpo. Sin embargo, en el caso de la CE-MS, la 

TTR apareció a un tm superior al del anticuerpo, mientras que por CapLC-MS, el anticuerpo 

quedó mucho más retenido en la fase estacionaria (C18) y se eluyó con un porcentaje de fase 

móvil del 100% (v/v) de ACN. El espectro de masas deconvolucionado de la TTR para el suero 

control (Figura 5.6) muestra que las principales proteoformas monoméricas detectadas con 

ambas técnicas correspondieron (en orden de abundancia relativa) a la TTR-Cys, TTR-Libre, 

TTR-Fosforilada o TTR-Sulfonada, TTR-Dihidroxilada o TTR-Sulfínico, (10) C-G y TTR-

CysGly. En este sentido, el método de IP con partículas magnéticas desarrollado en el segundo 

trabajo de esta tesis doctoral (artículo 2.2), permitió mejorar los LODs y detectar diferentes 

proteoformas de la TTR que se encuentran a baja concentración y que no habían podido ser 

estudiadas con el tratamiento anterior de IP convencional en solución (artículo 2.1). Sólo dos 

de las proteoformas detectadas en los patrones (TTR-Glutatión y TTR-CysGlu) no pudieron ser 

detectadas con esta metodología. En el caso del paciente sintomático de FAP-I, las principales 

proteoformas mutantes detectadas con ambas técnicas correspondieron a la TTR(Met30)-Cys y 

a la TTR(Met30)-Libre. Sin embargo, el Er no permitió diferenciar entre la TTR(Met30)-Libre y 

la TTR-Dihidroxilada o TTR-Sulfínico (Mr similares), por lo que sólo la detección de la 

proteoforma TTR(Met30)-Cys permitiría confirmar de manera inequívoca la presencia de la 

TTR(Met30) en pacientes de FAP-I. Es importante destacar que este problema no existía con el 

método off-line de IP convencional en solución, ya que no era posible detectar las proteoformas 

TTR-Dihidroxilada o TTR-Sulfínico (sección 5.1.2.1). En condiciones óptimas, el método de IP 
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con partículas magnéticas proporcionó una reproducibilidad (%RSD, n=3 muestras 

independientes) adecuada para todas las proteoformas monoméricas detectadas usando ambas 

técnicas. Por ejemplo, en el caso del paciente sintomático de FAP-I, se obtuvieron unos valores 

de reproducibilidad para las Ap de entre 3,6-10,4% para CE-MS, y de entre 2,7-11,4% para 

CapLC–MS, y unos valores de reproducibilidad para los tm/tr de entre 0,1-1,0% para CE-MS, y 

de entre 0,2-0,7% para CapLC–MS. 

 

 

 

Figura 5.6. TIEs/TICs (i) y espectros de masas deconvolucionados de la TTR (ii) obtenidos por (A) CE-

MS y (B) CapLC-MS para una muestra de suero control y de un paciente de FAP-I sintomático después 

de llevar a cabo la IP con partículas magnéticas UAPA seguida de una etapa de ultrafiltración con filtros 

de corte molecular de Mr 10000 pasivados con PEG. Las proteoformas del monómero (MO) corresponden 

a (1): TTR-Cys, (1’): TTR(Met30)-Cys, (2): TTR-Libre, (2’): TTR(Met30)-Libre, (3): TTR-Fosforilada o 

TTR-Sulfonada, (4): TTR-Dihidroxilada o TTR-Sulfínico, (5): (10) C-G, (6): TTR-CysGly). BGE CE-

MS: HAc 1,0 M (pH=2,30). Fase móvil CapLC-MS: ACN:agua con un 0,1% (v/v) de HFor. 

B) CapLC-MS
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En el artículo 2.1 se mostró, entre otras cosas, que las relaciones entre las proteoformas 

oxidadas y sin oxidar de la TTR podrían estar relacionadas con el inicio de los síntomas de la 

FAP-I, sugiriendo una mayor cantidad de proteoformas oxidadas a medida que progresa la 

enfermedad. Con el objetivo de estudiar la relación entre las diferentes proteoformas de la TTR 

y la FAP-I, la Figura 5.7 A y B-i muestra las relaciones medias (n=3) entre las Ap para la TTR-

Cys/TTR-Libre y la TTR(Met30)-Cys/TTR(Met30)-Libre para todas las muestras de suero de 

controles sanos y de pacientes de FAP-I usando (A) CE-MS y (B) CapLC-MS. Tal y como se 

puede observar en este gráfico, ambas técnicas permitieron obtener la misma información, 

poniendo de manifiesto que, en pacientes de FAP-I, la proteoforma TTR(Met30)-Cys es mucho 

más abundante que la TTR(Met30)-Libre, tal y como se observó en el artículo descrito 

anteriormente (artículo 2.1). Respecto al resto de PTMs asociadas a la Cys10 (TTR-Sulfonada, 

TTR-Sulfínico y TTR-CysGly, Figura 5.7 A y B-ii), sólo la proteoforma TTR-CysGly 

incrementó ligeramente su abundancia respecto a la TTR-Libre en pacientes de FAP-I, 

confirmando, de esta manera, la importancia de las proteoformas oxidadas de la TTR 

(especialmente la TTR(Met30)-Cys) como biomarcadoras del estrés oxidativo implicado en la 

formación de agregados amiloides en FAP-I.  

 

A pesar de que la IP con partículas magnéticas permite obtener más información sobre las 

diferentes proteoformas de la TTR que el método de IP convencional en solución, el hecho de 

que no exista enlace covalente entre el anticuerpo y las partículas magnéticas impide la 

reutilización de éstas y obliga a la separación del anticuerpo y la TTR por CE-MS o CapLC-

MS. Para evitar estos inconvenientes, en un trabajo reciente no incluido en esta tesis doctoral, se 

exploró el uso de partículas magnéticas derivatizadas con grupos amino reactivos (AffiAmino 

Ultrarapid Agarose™, UAAF) para purificar la TTR, las cuales permitieron enlazar 

covalentemente el anticuerpo y las partículas magnéticas a través de los grupos amino [211]. 

Como alternativa, en el artículo 2.4 de esta tesis doctoral se utilizó un sorbente de base sílice 

con fragmentos Fab’ (antibody binding region) de anticuerpo enlazados covalentemente a las 

partículas de sílice (previamente derivatizadas) a través de los grupos tiol. 
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Figura 5.7. Relaciones medias (n=3) entre las Ap obtenidas por (A) CE-MS y (B) CapLC-MS para las 

proteoformas normales y mutantes de la TTR con respecto a la TTR-Libre y a la TTR(Met30)-Libre. (i: 

Proteoformas mayoritarias, ii: proteoformas minoritarias). En el eje de las x se muestran también las 

concentraciones totales de la TTR cuantificadas en el artículo 2.2 de esta tesis doctoral por CE-MS y 

CapLC-MS. 

 

5.1.3. Estudio de la estructura nativa de la TTR por IM-MS 

 

El principal inconveniente que presentan las metodologías analíticas descritas anteriormente 

para el análisis de TTR en muestras de suero humano radica en que la estructura nativa 
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tetramérica de la proteína se ve alterada como consecuencia de la utilización de disoluciones 

ácidas para la disociación del complejo antígeno-anticuerpo durante la IP off-line, y al elevado 

vacío presente en el interior del espectrómetro de masas, lo que permite únicamente el estudio 

de su estructura monomérica. Con el objetivo de superar estas limitaciones y profundizar en el 

estudio de su estructura nativa, en el tercer trabajo de esta tesis doctoral (artículo 2.3), se 

desarrolló un método de IP off-line para la purificación de TTR en condiciones no 

desnaturalizantes, y se optimizó una metodología analítica para el análisis de TTR en suero 

mediante espectrometría de movilidad iónica acoplada a la espectrometría de masas con 

ionización por nanoelectrospray (nanoESI-IM-MS). Esta técnica permite la separación de iones 

gaseosos en función de su forma y tamaño, por lo que es capaz de distinguir entre iones con la 

misma m/z (si tienen diferente forma o tamaño) e interpretar el espectro de masas de mezclas de 

MO, DI y otros oligómeros que, tal y como se ha descrito anteriormente, se encuentran 

altamente solapados. 

 

5.1.3.1. Análisis de patrones de TTR por IM-MS 

 

Tal y como se ha comentado en la sección 1.4.4 de la introducción, la espectrometría de 

movilidad iónica (IMS) es una técnica que mide el tiempo (tiempo de deriva o drift time) que 

tarda un ion en fase gas en cruzar una región que contiene un gas inerte (normalmente N2 o He) 

bajo la influencia de un pequeño campo eléctrico. El drift time depende de las colisiones de los 

iones en fase gas. Por consiguiente, los iones se separan en función de su sección transversal de 

colisión (Ω), la cual está relacionada con la forma y tamaño de dichos iones. Los iones 

pequeños cruzan antes la celda de IM debido a su menor Ω. Además, a medida que aumenta la 

carga del ión, aumenta la fuerza del campo eléctrico y, por tanto, los iones cruzan la celda de IM 

más rápidamente. Es por todo esto que se considera que el drift time de un ión es proporcional a 

su relación Ω/z (drift time α Ω/z). Esta técnica ofrece una serie de ventajas que la hacen ideal 

para el estudio de la TTR, tales como la posibilidad de trabajar en condiciones experimentales 

suaves (BGEs acuosos volátiles con fuerzas iónicas bajas y pH neutro) y la capacidad de 
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distinguir entre iones con la misma m/z (si tienen diferentes Ω) e interpretar el espectro de 

masas de mezclas de MO, DI, trímero (TRI) y TE. Además, acoplada con la espectrometría de 

masas, la IM-MS permite obtener información analítica tridimensional: drift time, m/z e 

intensidad. La Figura 5.8 muestra un ejemplo de la información obtenida por IM-MS para un 

patrón de TTR de 2000 µg/mL (se muestra sólo la zona correspondiente al TE). Tal y como se 

observa en esta figura, los extracted ion mobility profiles (EIMs) muestran la separación e 

intensidad de los diferentes iones de la proteína tetramérica (iones con cargas +16, +15, +14 y 

+13). El drift time de los iones moleculares en cuestión decrece a medida que aumenta la carga, 

tal y como se deduce a partir de la aproximación drift time α Ω/z. Además, el espectro de masas 

muestra las m/z y las intensidades correspondientes a dichos iones. 

 

 

 

Figura 5.8. Información tridimensional (drift time, m/z e intensidad) obtenida por IM-MS para un patrón 

de TTR de 2000 µg/mL (se muestra sólo la zona correspondiente al TE). 

 

En el tercer trabajo de esta tesis doctoral (artículo 2.3), se desarrolló una metodología analítica 

para analizar la TTR mediante IM-MS empleando una interfase de nanoESI y experimentos de 
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infusión. Para ello, fue necesario optimizar diferentes condiciones experimentales y parámetros 

relacionados con la IM-MS. Primero, se estudió la influencia de la concentración del NH4Ac (10 

mM, 20 mM y 100 mM) a pH=7,00 en la calidad de los espectros de masas obtenidos para los 

patrones de TTR. En este sentido, se escogió una concentración 10 mM de NH4Ac a pH=7,00 

para el resto de estudios, ya que proporcionó una mayor estabilidad del espray y unas relaciones 

señal ruido (S/N) más elevadas. Una vez seleccionada la concentración de NH4Ac más 

adecuada, se evaluó la influencia de algunos de los parámetros más importantes de la IM-MS, 

tales como el voltaje de cono, la energía de colisión de la trampa y la presión de vacío. Como 

ejemplo de la influencia del voltaje de cono, la Figura 5.9 muestra (A) el espectro de masas y 

(B) los EIMs obtenidos por IM-MS para un patrón de TTR (2000 µg/mL) usando un voltaje de 

cono de 80 V. Tal y como se puede observar en esta figura, los espectros de masas muestran los 

clústeres de iones multicargados correspondientes al MO (iones con carga +7 y +6), al TE 

(iones con carga +16, +15, +14 y +13) y al octámero (OCT) (iones con carga +23, +22, +21 y 

+20). Estos iones se asignaron considerando las m/z experimentales de los iones moleculares del 

MO, TE y OCT, que coincidieron con las calculadas a partir de las Mr teóricas de la TTR 

teniendo en cuenta las proteoformas más abundantes descritas en el artículo 2.1 para el patrón: 

TTR-Cys (52%) y TTR-Libre (48%). Tal y como se puede observar, el espectrómetro de masas 

empleado no permitió resolver las diferentes proteoformas de la TTR, probablemente debido a 

la dificultad para tener resoluciones adecuadas a valores de m/z tan elevados. Esta es una de las 

grandes limitaciones actuales para el análisis de oligómeros proteicos u otros complejos 

proteicos de elevada Mr mediante IM-MS, ya que se pierde información sobre las diferentes 

proteoformas, que debe ser obtenida mediante técnicas complementarias, como las que se han 

presentado en los artículos 2.1 y 2.2. 

 

Es importante destacar que el OCT sólo sería estable en fase gas y que, en solución, está 

ampliamente demostrado que la TTR nativa es una proteína tetramérica que puede disociarse 

para producir MO, DI o TRI. Si comparamos con el espectro de masas de la Figura 5.9 C para 

un patrón de TTR de 2000 µg/mL usando un voltaje de cono de 150 V, se puede observar que 
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los clústeres de iones multicargados correspondientes al OCT y al TE persistieron (aunque en 

menor proporción), mientras que la abundancia de los iones multicargados correspondientes al 

MO y al DI aumentó, sugiriendo la disociación del TE a este voltaje de cono tan elevado. Por 

este motivo, se seleccionó un voltaje de cono de 80 V para el resto de estudios con los patrones 

de TTR y las muestras de suero humano.  

 

 

 

Figura 5.9. (A) Espectro de masas y (B) EIMs obtenidos por IM-MS para un patrón de TTR (2000 

µg/mL) usando un voltaje de cono de 80 V. (C) Espectro de masas obtenido por IM-MS para un patrón de 

TTR de 2000 µg/mL usando un voltaje de cono de 150 V. 
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En estas condiciones, la reproducibilidad (%RSD, n=3 muestras independientes) fue adecuada 

para los drift times de los iones moleculares más abundantes del MO (+7), del TE (+15) y del 

OCT (+22), con valores de 3,9%, 4,9% y 3,2%, respectivamente. Por lo que hace referencia a 

las Ap obtenidas de los diferentes EIMs, y con el objetivo de minimizar la variabilidad debida a 

las condiciones experimentales, se optó por evaluar la reproducibilidad, no de las Ap, sino de las 

relaciones entre ellas. Se obtuvieron, de esta manera, unos valores de reproducibilidad del 5,3%, 

8,1% y 8,2% para las relaciones de las Ap de los iones +22OCT/+7MO, +22OCT/+15TE y 

+15TE/+7MO, respectivamente.  

 

5.1.3.2. Optimización de un método de IP off-line en condiciones no desnaturalizantes 

 

Los métodos de IP off-line de TTR que se describen en los artículos 2.1 y 2.2 de esta tesis 

doctoral se basan, como muchos otros descritos en la bibliografía, en la utilización de 

disoluciones ácidas para disociar el complejo antígeno-anticuerpo, alterando de esta manera la 

estructura nativa tetramérica de la proteína. En el tercer trabajo de esta tesis doctoral (artículo 

2.3), se optimizó un método de IP off-line (con muestras de suero control) con el objetivo de 

prevenir la desnaturalización y la disociación del complejo tetramérico de la TTR.  

 

En primer lugar, se comprobó la reversibilidad del proceso de disociación del TE de la TTR 

después de disociar el complejo antígeno-anticuerpo con HAc 1,0 M. Para ello, antes del 

análisis por IM-MS, fue necesario cambiar el medio ácido por NH4Ac 10 mM pH=7,00 

mediante ultrafiltración con filtros de corte molecular de Mr 10000 pasivados con PEG. La 

Figura 5.10 muestra el espectro de masas y los EIMs de la TTR para una muestra de suero 

control después de llevar a cabo la IP off-line en solución utilizando HAc 1,0 M (para disociar el 

complejo TTR-anticuerpo) y cambiándolo posteriormente por una solución NH4Ac 10 mM 

pH=7,00. Tal y como se puede observar en esta figura, los espectros de masas muestran los 

clústeres de iones multicargados correspondientes al MO (iones con carga +9, +8 y +7), al TE 

(iones con carga +16, +15, +14 y +13) y al OCT (iones con carga +22, +21, +20 y +19). De 
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nuevo, tal y como ocurría con el patrón de TTR, los iones moleculares se asignaron 

considerando las Mr teóricas de las proteoformas más abundantes descritas en el artículo 2.1: 

TTR-Cys (52%) y TTR-Libre (48%). Tal y como se observa en esta figura, aunque el proceso 

pareció ser reversible en cierta medida (se pudo detectar cierta cantidad de TE), los iones 

correspondientes al TE y al OCT presentaban una abundancia baja si la comparamos con la 

intensidad del MO (mirar las intensidades máximas en las etiquetas de los EIMs para cada una 

de las estructuras, Figura 5.10 B), sugiriendo una reversibilidad parcial del TE después de 

disociar el complejo TTR-anticuerpo con HAc.  

 

 

 

Figura 5.10. (A) Espectro de masas y (B) EIMs obtenidos por IM-MS para una muestra de suero control 

después de llevar a cabo la IP off-line en solución utilizando HAc 1,0 M para disociar el complejo TTR-

anticuerpo y cambiándolo por una solución NH4Ac 10 mM pH=7,00.  

 

Con el objetivo de superar esta limitación, se desarrolló un método de IP off-line en solución en 

condiciones no desnaturalizantes. En condiciones óptimas, este procedimiento consistió en 

utilizar NH3 100 mM pH=11,30 para disociar el complejo TTR-anticuerpo, lo que permitió 
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conservar la estructura nativa tetramérica de la TTR. Con el objetivo de obtener una sensibilidad 

óptima, también fue necesario cambiar el NH3 por NH4Ac 10 mM pH=7,00 mediante 

ultrafiltración con filtros de corte molecular de Mr 10000 pasivados con PEG. A diferencia de lo 

que sucedía en el caso de la IP convencional en solución en condiciones desnaturalizantes 

(artículo 2.1), en este caso tampoco fue necesaria la ultrafiltración para separar el gel 

polimérico activador de la coagulación o el anticuerpo. 

  

5.1.3.3. Análisis de TTR en muestras de suero humano por IM-MS 

 

Una vez optimizado el tratamiento de muestra para la purificación de la TTR del suero, se 

procedió a analizar por IM-MS todas las muestras de suero disponibles. La Figura 5.11 muestra 

los espectros de masas y los EIMs de la TTR obtenidos para muestras de suero de un control 

sano y de un paciente de FAP-I sintomático después de llevar a cabo el procedimiento de IP off-

line en condiciones no desnaturalizantes. Tal y como se muestra en las Figuras 5.11 A y C, en 

ambos casos se pudo observar la presencia de los clústeres de iones multicargados 

correspondientes al DI (iones con carga +13, +12, +11 y +10), al TRI (iones con carga +18, 

+17, +16, +15 y +14) y al TE (iones con carga +16, +15, +14 y +13). Por el contrario, no se 

observaron iones moleculares correspondientes al MO, lo que indicó la efectividad del método 

de IP optimizado para preservar la estructura nativa de la TTR. Cabe destacar que los iones 

moleculares +12DI y +18TRI, así como los iones +10DI y +15TRI presentan las mismas m/z 

pero distintos drift times debido a sus diferencias en Ω/z, tal y como se puede observar en los 

EIMS de la Figura 5.11 B. 

 

A diferencia de lo que ocurría en el suero de un paciente control, donde se tenían en cuenta las 

proteoformas más abundantes de la TTR normal (TTR-Cys (52%) y TTR-Libre (48%)), para un 

paciente sintomático de FAP-I, las m/z experimentales coincidieron con las calculadas 

considerando las proteoformas oxidadas y no oxidadas más abundantes de la TTR mutante, 
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TTR(Met30)-Cys (36%) y TTR(Met30)-Libre (12%) y de la TTR normal, TTR-Cys (33%) y 

TTR-Libre (19%) (artículo 2.1).  

 

 

 

Figura 5.11. (A y C) Espectros de masas y (B) EIMs obtenidos por IM-MS para una muestra de suero 

control y de un paciente de FAP-I sintomático después de llevar a cabo la IP off-line en solución 

utilizando NH3 100 mM pH=11,30 para disociar el complejo antígeno anticuerpo y cambiándolo por una 

solución NH4Ac 10 mM pH=7,00. 
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El método desarrollado en el artículo 2.3 para el análisis de TTR en muestras de suero por IM-

MS proporcionó una reproducibilidad (%RSD, n=3 muestras independientes) adecuada para los 

drift times de los iones moleculares más abundantes del DI (+11), del TRI (+16) y del TE 

(+14), con valores de entre 0,8-1,2% y 1,6-4,9% para las muestras de suero de un control sano y 

de un paciente sintomático de FAP-I, respectivamente. Por lo que hace referencia a las 

relaciones entre las Ap de los iones moleculares más abundantes del TE, TRI y DI 

(+14TE/+11DI, +16TRI/+11DI, +14TE/+16TRI), se obtuvieron unos valores de 

reproducibilidad de entre 3,3-7,6% y 3,1-12,3% para las muestras de suero de un control sano y 

de un paciente sintomático de FAP-I, respectivamente. 

 

Con el objetivo de profundizar en la comprensión de los mecanismos de agregación de la TTR 

en FAP-I, los cuales podrían estar iniciados por cambios en la estructura nativa tetramérica de la 

TTR (tales como cambios estructurales y conformacionales, disociación del complejo 

oligomérico, presencia de intermedios, etc.), el gráfico de la Figura 5.12 muestra las relaciones 

medias (n=3 muestras independientes) para las Ap de los iones moleculares +14TE/+11DI, 

+16TRI/+11DI y +14TE/+16TRI para todas las muestras de suero disponibles. A partir de este 

gráfico se pudieron extraer las siguientes conclusiones: 

 

 Las relaciones entre la Ap de los iones +14TE/+11DI y +14TE/+16TRI eran más altas 

en los pacientes de FAP-I (asintomático, sintomático y yatrogénico). Este hecho 

sugeriría una mayor estabilidad del TE en pacientes de FAP-I, lo que podría estar 

relacionado con la mayor abundancia de las proteoformas oxidadas TTR-Cys y 

TTR(Met30)-Cys descrita en los trabajos anteriores (artículos 2.1 y 2.2). Esto indicaría 

que la estabilización de TE, y no su disociación, sería un factor importante en la 

oligomerización y en la formación de agregados amiloides. Por el contrario, las 

relaciones entre las Ap de los iones+16TRI/+11DI se mantuvieron constantes en todos 

los casos. 
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 En el paciente de FAP-I trasplantado de hígado, las relaciones entre las Ap de los iones 

+14TE/+11DI y +14TE/+16TRI eran similares a las relaciones obtenidas en muestras 

de suero control, lo que confirmaría de nuevo la efectividad del tratamiento terapéutico. 

La ausencia de las proteoformas mutantes se confirmó con los valores de m/z obtenidos 

para los iones moleculares, que eran próximos a los valores observados en los controles 

sanos. 

 

 

 

Figura 5.12. Relaciones medias (n=3) entre las Ap obtenidas por IM-MS para los iones moleculares 

+14TE/+11DI, +16TRI/+11DI y +14TE/+16TRI de la TTR en todas las muestras de suero disponibles. 

Las Ap se calcularon a partir de los EIMs obtenidos por IM-MS para los iones +11DI, +16TRI y +14TE 

que eran específicos del DI, TRI y TE. 
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proteoformas más abundantes del MO para la TTR normal (TTR-Cys y TTR-Libre) y la TTR 

mutante (TTR(Met30)-Cys y TTR(Met30)-Libre). Por el contrario, la IP con partículas 

magnéticas en condiciones desnaturalizantes (usando glicina 50 mM pH=2,80 para eluir y 

disociar el complejo TTR-anticuerpo) previo al análisis por CE-MS y CapLC-MS, permitió 

detectar tres proteoformas monoméricas adicionales de la TTR normal (TTR-Fosforilada o TTR 

Sulfonada, TTR-Dihidroxilada o TTR-Sulfínico y TTR-CysGly). Finalmente, la IP 

convencional en solución en condiciones no desnaturalizantes (usando NH3 100 mM pH=11,30 

para disociar el complejo TTR-anticuerpo) antes del análisis por IM-MS, permitió la detección 

de diferentes oligómeros de la TTR (DI, TRI y TE). Sin embargo, el espectrómetro de masas 

empleado no permitió resolver las diferentes proteoformas de la TTR, probablemente debido a 

la dificultad para tener resoluciones adecuadas a valores de m/z tan elevados (>2000 m/z). Esta 

es una de las grandes limitaciones actuales para el análisis de oligómeros proteicos u otros 

complejos proteicos de elevada Mr mediante IM-MS, ya que se pierde información sobre las 

diferentes proteoformas, que debe ser obtenida mediante técnicas complementarias, tales como 

CE-MS y CapLC-MS. 
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Tabla 5.4. Características principales de los métodos de IP off-line desarrollados en esta tesis doctoral para el análisis de TTR en muestras de suero mediante CE-MS, CapLC-

MS y IM-MS.  

 

aLa resolución del espectrómetro de masas no permitió resolver las diferentes proteoformas porque los iones moleculares detectados tienen m/z muy elevadas (>2000 m/z). 

IP off-line IP convencional en solución IP con partículas magnéticas 

Condiciones Desnaturalizantes No desnaturalizantes Desnaturalizantes 

Volumen (µL)/cantidad (µg) de anticuerpo 50/120 20/48 50/120 

Volumen de suero (µL) 50 50 75 

Volumen de partículas magnéticas (µL) - - 50 

Tiempo de incubación suero:anticuerpo 18 h 18 h 20 min 

Temperatura de incubación (ºC) 4 4 Temperatura ambiente 

Disociación/elución HAc 1,0 M pH=2,30 NH3 100 mM pH=11,30 Glicina 50 mM pH=2,80 

Volumen de disociación/elución (µL) 50 50 50 

Pretratamiento de muestra 

Ultrafiltración con filtros de corte molecular de 
Mr 100000 pasivados con 5% PEG en agua para 

separar la TTR del anticuerpo y del gel 
polimérico 

Ultrafiltración con filtros de corte 
molecular de Mr 10000 pasivados 
con 5% PEG en agua para cambiar 

el NH3 por NH4Ac 10 mM pH=7,00 

Ultrafiltración con filtros de corte molecular de 
Mr 10000 pasivados con 5% PEG en agua para 

cambiar el eluyente por HAc 
1,0 M pH=2,30 

Análisis realizado CE-MS IM-MS CE-MS/CapLC-MS 

BGEs/Fases móviles recomendadas HAc 1,0 M pH=2,30 NH4Ac 10 mM pH=7,00 HAc 1,0 M pH=2,30/ACN:agua 0,1% (v/v) HFor 

Oligómeros detectados MO DI, TRI y TE MO 

Proteoformas detectadas 
Normales: TTR-Cys, TTR-Libre 

 
Mutantes: TTR(Met30)-Cys, TTR(Met30)-Libre 

No se pueden resolvera 

 
Normales: TTR-Cys, TTR-Libre, 
TTR-Fosforilada/TTR-Sulfonada, 

TTR-Dihidroxilada/TTR-Sulfínico, 
(10) C-G, TTR-CysGly 

 
Mutantes: TTR(Met30)-Cys, TTR(Met30)-Libre 
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5.1.4. Análisis de TTR por IA-SPE-CE-MS 

 

A pesar de los buenos resultados obtenidos en los trabajos anteriores (artículos 2.1, 2.2 y 2.3) 

para el análisis de TTR en muestras de suero humano, el tratamiento de muestra por IP off-line 

es laborioso y dificulta el análisis de un gran número de muestras por unidad de tiempo. Por 

otro lado, el principal inconveniente de la CE es la baja sensibilidad en unidades de 

concentración. Esto es debido principalmente a que las reducidas dimensiones de los capilares 

de separación limitan el volumen de muestra inyectado y el camino óptico en el caso de utilizar 

detectores de espectrofotometría ultravioleta (UV). Tal y como ya se ha comentado en la 

introducción de esta tesis doctoral (sección 1.5), existen diferentes alternativas para disminuir 

los LODs de la CE. Una de las mejores consiste en acoplar la extracción en fase sólida en línea 

a la CE (SPE-CE). La preconcentración por SPE-CE se basa en la interacción reversible de los 

analitos de la muestra con una fase estacionaria. La fase estacionaria se inmoviliza en un soporte 

sólido y se coloca el sorbente en un dispositivo, conocido como microcartucho de extracción o 

preconcentrador, lo más próximo posible al extremo de entrada del capilar de separación. Esta 

fase estacionaria permite retener los analitos presentes en un gran volumen de muestra (~100 

µL), que posteriormente se eluyen directamente dentro del capilar de separación con un 

pequeño volumen de una disolución adecuada (~50 nL). De esta manera, se consigue purificar 

el analito de interés, un aumento de su concentración y, globalmente, una disminución de los 

LODs. Las fases estacionarias utilizadas en SPE-CE pueden ser muy diversas: fases 

estacionarias hidrocarbonadas de base sílice (C18, C8, C2, etc), poliméricas, de intercambio 

iónico, de inmunoafinidad (IA), etc. En esta tesis doctoral se evaluó el uso de sorbentes de IA 

con fragmentos Fab’ de un anticuerpo para el análisis de TTR en muestras de suero mediante 

extracción en fase sólida de inmunoafinidad en línea a la electroforesis capilar acoplada a la 

espectrometría de masas (IA-SPE-CE-MS). Para ello, se optimizó y validó una metodología 

analítica mediante el uso de patrones de TTR y se aplicó al análisis de muestras de suero control 

y de pacientes sintomáticos de FAP-I. Además, esta metodología se comparó con una 
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previamente optimizada en nuestro grupo de investigación para el análisis de TTR mediante IA-

SPE-CE-MS con un sorbente de IA con anticuerpo intacto [211]. 

 

5.1.4.1. Construcción del preconcentrador 

 

A continuación se describe el procedimiento empleado para la construcción de los 

preconcentradores empleados en los artículos 2.4 (IA-SPE-CE-MS), 4.1 y 4.2 (C18-SPE-CE-

MS). El cuerpo del preconcentrador consiste en un pequeño fragmento de capilar de sílice 

fundida de 7 mm de longitud (LT), 250 µm (id) y 365 µm (od), relleno de sorbente. Para evitar 

la pérdida de las partículas empaquetadas, se colocan unas fritas en cada extremo del 

microcartucho. Estas fritas se extraen de cartuchos convencionales para SPE off-line (Sep-Pack, 

Waters Corporation) y se cortan de una medida adecuada para adaptarlos al diámetro interno 

del microcartucho. El proceso de construcción del microcartucho, el cual se supervisa a través 

de una lupa binocular, es el siguiente (Figura 5.13): 

 

 El primer paso a realizar es la activación del capilar (20 min de NaOH 1,0 M y 20 min 

de agua) donde se conectará en línea el microcartucho. De esta manera se evita la 

exposición del sorbente del microcartucho a las condiciones extremas de la disolución 

de NaOH. 

 Este capilar se corta en dos fragmentos. Para SPE-CE-MS, el fragmento del capilar de 

entrada medirá 7,5 cm, y el fragmento de salida, 64,5 cm. El corte del capilar se realiza 

con un cortador de capilar específico para que sea lo más limpio posible, y así 

minimizar los volúmenes muertos y pérdidas a través de las juntas. 

 Se introduce una frita en uno de los extremos del capilar de 7 mm LT que será el cuerpo 

del microcartucho (Figura 5.13 A). 

 Se une el microcartucho al fragmento de entrada del capilar de separación con un tubo 

de tygon™ de diámetro adecuado (Figura 5.13 B). 



Capítulo 5 Resultados y Discusión 

-265- 
 

 Se aspiran las partículas de fase estacionaria al interior del microcartucho mediante la 

aplicación de vacío (Figura 5.13 B-C). 

 Se introduce una frita en el otro extremo del microcartucho (Figura 5.13 D). 

 Se une el microcartucho al fragmento de salida del capilar de separación mediante otro 

tubo de tygon™ (Figura 5.13 E). 

 Por último, antes de comenzar los análisis, se comprueba manualmente con una jeringa 

que el microcartucho empaquetado no ofrece demasiada restricción al flujo, ni 

inestabilidad en la corriente eléctrica durante un experimento de CE. 

 

 

 

Figura 5.13. Proceso de construcción del microcartucho para SPE-CE-MS. 

Vacío

Capilar de entrada

(7,5 cm LT x 75 µm id x 365 µm od) 

Preconcentrador

Vacío

Capilar de entrada Preconcentrador

Capilar de entrada Preconcentrador

Frita de salida 

Capilar de entrada

Preconcentrador

Capilar de salida

(64,5 cm LT x 75 µm id x 365 µm od) 

Preconcentrador

(7 mm LT x 250 µm id x 365 µm od) 

Frita de entradaA)

B)

C)

D)

E)

Tubo de tygon™ Partículas

Preconcentrador
Tubo de tygon™

MS



Resultados y Discusión Capítulo 5 

-266- 
 

Una vez preparada la columna de SPE-CE-MS con el sorbente de IA adecuado, se debe 

desarrollar y optimizar la metodología analítica, lo que constituye todo un reto, pues, en este 

caso, se han de compatibilizar las particularidades de la inmunoextracción, la separación 

electroforética y la detección por MS.  

 

En un trabajo anterior de nuestro grupo de investigación [211], se estudió la preparación de un 

sorbente de IA con un anticuerpo intacto contra la TTR usando, como soporte, partículas 

magnéticas derivatizadas con grupos amino reactivos (AffiAmino Ultrarapid Agarose™, 

UAAF), las cuales permiten enlazar covalentemente el anticuerpo intacto a través de sus propios 

grupos amino. Sin embargo, este tipo de enlace no garantiza la orientación adecuada de los 

anticuerpos enlazados (Figura 5.14). Aun así, en este caso, los resultados para el análisis de 

TTR resultaron excelentes [211]. 

 

 

 

Figura 5.14. Posibles orientaciones del anticuerpo intacto inmovilizado en el soporte de partículas 

magnéticas UAAF cuando el anticuerpo se enlaza a través de los grupos amino disponibles. 

 

Como alternativa al procedimiento anterior, en el artículo 2.4 de esta tesis doctoral se evaluó la 

preparación de un sorbente de IA contra la TTR a partir de fragmentos Fab’ del mismo 

anticuerpo que el utilizado en el artículo de Peró-Gascón et al. [211]. En este caso, se emplearon 

como soporte, partículas de sílice con grupos aminopropil derivatizados convenientemente para 

obtener grupos succinimidil. La metodología escogida, previamente optimizada en nuestro 

grupo de investigación para el análisis de neuropéptidos mediante IA-SPE-CE-MS [209], 

NH2 NH2 NH2NH NH2

UAAF UAAF UAAFUAAF UAAF
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consiste en enlazar covalentemente los fragmentos Fab’ de anticuerpo a través de los grupos 

tiol. Previamente, se generan los fragmentos Fab’ de anticuerpo mediante fragmentaciones 

controladas y sucesivas del anticuerpo intacto. Como los grupos tiol están distantes a los sitios 

activos antígeno-anticuerpo, la orientación de los fragmentos Fab' inmovilizados es siempre 

adecuada para la captura de los analitos y permiten ampliar la superficie activa del sorbente. El 

procedimiento experimental para la preparación de este sorbente de IA se detalla en la 

introducción de esta tesis doctoral (sección 1.5.2).  

 

5.1.4.2. Análisis de patrones de TTR por IA-SPE-CE-MS 

 

En el cuarto trabajo de esta tesis doctoral (artículo 2.4), se evaluó primero la capacidad de la 

IA-SPE-CE-MS con fragmentos Fab’ de anticuerpo para analizar patrones de TTR. Las 

condiciones establecidas en el trabajo previo de nuestro grupo de investigación con anticuerpo 

intacto [211], fueron el punto de partida para optimizar la nueva metodología. De esta manera, 

se empleó un BGE de NH4Ac 10 mM pH 7,00, ya que el uso de un BGE ácido provocaría la 

desnaturalización de los fragmentos Fab’, así como la elución de la TTR durante los métodos de 

limpieza y acondicionamiento del capilar de separación. Así mismo, fue necesario disolver los 

patrones de TTR en PBS, ya que la proteína no se retenía una vez disuelta en agua o en el BGE 

neutro. El PBS facilitaría la interacción entre la TTR y los fragmentos Fab’ de anticuerpo, 

probablemente debido a que presenta una osmolaridad y fuerza iónica similares a las de los 

fluidos biológicos. 

 

Con el objetivo de obtener un método reproducible para el análisis de TTR, se evaluaron 

diferentes eluyentes ácidos y básicos: glicina 100 mM/HCl 50 mM (pH=2,50), ácido fosfórico 

100 mM (pH=1,50), NH3 100 mM (pH=11,30) y NH3 100 mM (pH=11,30) con un 10% (v/v) de 

metanol (MeOH) o ACN. Sin embargo, ninguno de estos eluyentes permitió obtener resultados 

reproducibles, probablemente debido a la poca estabilidad de los fragmentos Fab’ y las 

partículas con grupos succinimidil a pHs ácidos y fuertemente básicos [238]. Finalmente, para 
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el resto de estudios, se escogió un eluyente básico a un pH inferior que los anteriores consistente 

en glicina 100 mM/NH3 100 mM pH=9,50, ya que permitió eluir la TTR de una manera 

reproducible, así como realizar múltiples análisis en un mismo preconcentrador.  

 

Una vez optimizada la composición del eluyente, se procedió a evaluar el efecto del tiempo de 

introducción de muestra (10, 20, 30 y 45 min) a 930 mbar y a 50 mbar. La Figura 5.15 muestra 

el volumen (en µL) y la cantidad (en µg de proteína) de TTR introducida a cada presión y 

tiempo.  

 

 

 

Figura 5.15. Estudio del efecto del tiempo de introducción de muestra (10, 20, 30 y 45 min) a 930 mbar y 

a 50 mbar por Fab’-IA-SPE-CE-MS (patrón de TTR de 10 µg/mL de concentración). Las Ap 

corresponden a una media de tres análisis (n=3). 

 

Tal y como se puede observar en esta figura, en todos los casos, las Ap fueron mayores a 930 

mbar. A esta presión, los valores máximos de Ap se obtuvieron a los 20 min, aunque con poca 
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diferencia respecto a los obtenidos a los 10 min. En este caso, y debido a que los picos de TTR 

se ensanchaban a tiempos de introducción de muestra superiores a 10 min (llevando a 

inestabilidad en la corriente), se decidió introducir la muestra a 930 mbar durante 10 min.  

 

Las Figuras 5.16 A y B muestran los EIEs (i) y los espectros de masas (ii e iii) obtenidos para 

un patrón de TTR empleando un BGE de NH4Ac 10 mM pH=7,00 en (A) CE-MS (50 µg/mL) y 

(B) Fab’-IA-SPE-CE-MS (25 µg/mL). A diferencia de lo ocurrido en CE-MS, la TTR eluyó 

como dos picos con formas y espectros de masas diferentes en el caso de Fab’-IA-SPE-CE-MS. 

Esto es probablemente debido a la presencia de dos confórmeros de la TTR, correspondientes a 

estructuras plegadas (folded) y desplegadas (unfolded) de la proteína. Está ampliamente 

reconocido que las estructuras plegadas y desplegadas de las proteínas producen espectros de 

masas con diferentes distribuciones de carga [239]. Así, tal y como se puede observar en el 

espectro de masas del confórmero plegado (Figura 5.16 B-ii), éstos tienden a presentar 

distribuciones con pocos iones y de cargas pequeñas (+7, +8 y +9), mientras que los 

confórmeros desplegados (Figura 5.16 B-iii) producen distribuciones con un mayor número de 

iones y centradas en cargas mucho mayores (+13, +14 y +15). Estas diferencias estarían 

relacionadas con la accesibilidad de los grupos ionizables básicos de la secuencia aminoacídica, 

los cuales tenderían a cargarse más fácilmente en los confórmeros desplegados [239].  

 

Así mismo, un análisis exhaustivo del clúster de iones multicargados obtenidos en el espectro de 

masas del confórmero desplegado, demostró también la presencia de una pequeña cantidad de 

DI. Tal y como se puede observar en el espectro de masas, los iones moleculares con m/z 

nominales de 1984, 2314, y 2777 corresponderían a la suma de la contribución del MO (cargas 

+7, +6 y +5, respectivamente) y del DI (cargas +14, +12 y +10, respectivamente), mientras 

que los iones moleculares con m/z nominales de 2136 y 2525 se detectarían exclusivamente para 

el DI (cargas +13 y +11, respectivamente) (Tabla 5.1, sección 5.1.1 de esta tesis doctoral). 
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Figura 5.16. EIEs (i) y espectros de masas (ii e iii) obtenidos para un patrón de TTR por (A) CE-MS (50 

µg/mL) y (B) Fab’-IA-SPE-CE-MS (25 µg/mL) con un BGE de NH4Ac 10 mM pH=7,00. 

 

Muchos autores han demostrado la capacidad de la CE para separar confórmeros proteicos 

[240–243]. En este trabajo, el hecho de que los dos confórmeros se observen por Fab’-IA-SPE-

CE-MS y no por CE-MS empleando el mismo BGE (Figura 5.16), podría ser debido a que los 
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dos confórmeros de la TTR interaccionan de manera diferente con el sorbente de IA con 

fragmentos Fab’ de anticuerpo. De esta manera, el primer pico correspondiente al confórmero    

plegado de la TTR, presentaría una menor afinidad por la fase estacionaria y, por consiguiente, 

se eluiría antes. Por contra, el segundo pico correspondiente al confórmero desplegado de la 

TTR, interaccionaría más con el sorbente de IA y, por tanto, se eluiría más tarde. Es importante 

destacar que en el anterior trabajo de nuestro grupo de investigación para el análisis de TTR por 

IA-SPE-CE-MS con un sorbente de IA con anticuerpo intacto [211], la TTR eluía como un 

único pico correspondiente, por su espectro de masas, con un confórmero desplegado (Figura 

5.17). Esto podría estar relacionado con el uso de diferentes eluyentes, NH3 100 mM pH=11,30 

[211] vs. glicina 100 mM/NH3 100 mM pH=9,50 (artículo 2.4). Sin embargo, tal y como se ha 

comentado anteriormente, el eluyente consistente en NH3 100 mM pH=11,30 no pudo ser 

utilizado en este trabajo debido a la poca estabilidad del sorbente de IA con los fragmentos Fab’ 

de anticuerpo a pHs tan básicos. 

 

 

 

Figura 5.17. EIE (i) y espectro de masas (ii) obtenidos para un patrón de TTR de 25 µg/mL por IA-SPE-

CE-MS con un sorbente de IA con anticuerpo intacto (partículas magnéticas UAAF [211]). 

 

La Tabla 5.5 muestra las Mr teóricas y experimentales, los Er (en ppm) y las %A para las 

proteoformas monoméricas de la TTR detectadas con CE-MS (50 µg/mL), IA-SPE-CE-MS con 

anticuerpo intacto (25 µg/mL) [211] y Fab’-IA-SPE-CE-MS (25 µg/mL). Tal y como se 

observa, los dos métodos de IA-SPE-CE-MS permitieron detectar tres proteoformas adicionales 
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que no pudieron ser detectadas por CE-MS para un patrón de TTR de 50 µg/mL (estas 

proteoformas sí fueron detectadas a 1000 µg/mL empleando un BGE de NH4Ac 10 mM 

pH=7,00, artículo 2.1), lo que pone de manifiesto la capacidad de preconcentración de ambas 

técnicas. Las proteoformas detectadas correspondieron a la TTR-Cys, la TTR-Libre, la TTR-

Fosforilada o TTR Sulfonada, la TTR- Dihidroxilada o TTR-Sulfínico, la isoforma (10) C-G y 

las PTMs originadas cuando la cisteína de la posición 10 forma un puente disulfuro con el 

péptido cisteinil glicina (TTR-CysGly), el péptido glutatión (TTR-Glutatión) y el péptido 

cisteinil ácido glutámico (TTR-CysGlu). Además de no existir diferencias significativas entre 

los resultados obtenidos con ambos sorbentes de IA, las %A calculadas para todas las 

proteoformas monoméricas de la TTR fueron, en general, mayores con IA-SPE-CE-MS 

(anticuerpo intacto y Fab’), probablemente porque la recuperación de la TTR-Cys, tomada como 

referencia para calcular las %A, fue más baja que para el resto de proteoformas.  

 

Por lo que hace referencia a los parámetros de calidad, el método de Fab’-IA-SPE-CE-MS 

proporcionó una repetitividad (%RSD, n=6) y reproducibilidad (%RSD, n=9) adecuadas para 

las Ap (entre 8-13% y 9-12%, respectivamente) y los tm (entre 7-13% y 6-12%, 

respectivamente). Es importante destacar que, por lo que hace referencia a las Ap, se llevó a 

cabo una única integración teniendo en cuenta la contribución de los dos confórmeros de la TTR 

(plegado y desplegado). Por lo que respecta a los LODs, se consiguieron unos valores del orden 

de los 0.5 µg/mL, 50 y 2 veces inferiores a los obtenidos con CE-MS (~25 µg/mL) y con IA-

SPE-CE-MS utilizando un sorbente de IA con anticuerpo intacto (~1 µg/mL) [211], 

respectivamente. El tiempo de vida de los preconcentradores, en todos los casos, fue superior a 

20 análisis sin problemas de extracción o inestabilidad en la corriente. Además, a diferencia de 

lo que ocurría con los microcartuchos preparados con sorbentes de IA con anticuerpo intacto 

[211], los cuales tenían que ser reemplazados cada día, los preconcentradores con fragmentos 

Fab’ de anticuerpo pudieron ser utilizados durante días consecutivos sin disminuir sus 

prestaciones (guardados en agua o en BGE durante la noche). 
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Tabla 5.5. Mr teóricas y experimentales, Er (en ppm) y %A para las proteoformas del monómero (MO) de la TTR detectadas por (A) CE-MS (50 µg/mL), IA-SPE-CE-MS 

con anticuerpo intacto (25 µg/mL) [211] y Fab’-IA-SPE-CE-MS (25 µg/mL). Las %A se calcularon normalizando respecto a la proteoforma más abundante (TTR-Cys). En el 

caso de Fab’-IA-SPE-CE-MS, se llevó a cabo una única integración teniendo en cuenta los dos confórmeros de la TTR (plegado y desplegado). 

Patrón de TTR (A) CE-MS (50 µg/mL) (B) IA-SPE-CE-MS (25 µg/mL) 
Anticuerpo intacto 

(C) Fab’-IA-SPE-CE-MS  
(25 µg/mL) 

N Proteoformas MO Mr teórica Mr experimental Er (ppm) %A Mr experimental Er (ppm) %A Mr experimental Er (ppm) %A 

1 TTR-Cys 13880,4022 13880,7000 21 100 13881,0508 47 100  13880,7900 28 100 

2 TTR-Libre 13761,2640 13761,1500 8 40 13761,7772 37 62  13761,7500 35 44 

3 
TTR-Fosforilada 13841,2439 

13841,7100 
34 

39 13841,0479 
14 

60 13841,6200 
27 

63 
TTR-Sulfonada 13841,3283 28 20 21 

4 
TTR-Dihidroxilada 

13793,2628 13793,7000 32 39 13793,6805 30 53 13793,7500 35 45 
TTR-Sulfínico 

5 (10) C-G 13715,1713 13715,3000 9 33 13715,5892 30 62 13715,6000 31 41 

6 TTR-CysGly 13937,4590 - - - 13937,7082 18 35  13937,9000 32 59 

7 TTR-Glutatión 14066,5732 - - - 14067,2015 45 48  14066,9500 27 42 

8 TTR-CysGlu 14009,5218 - - - 14009,3011 16 27  14010,0300 36 36 
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5.1.4.3. Análisis de TTR en muestras de suero humano por IA-SPE-CE-MS 

 

Una vez optimizada y validada la metodología analítica para el análisis de patrones de TTR 

mediante Fab’-IA-SPE-CE-MS, se procedió a analizar la TTR en muestras de suero procedentes 

de controles sanos y de un paciente sintomático de FAP-I. Tal y como ya había pasado en el 

trabajo de Peró-Gascón et al. con el sorbente de IA con anticuerpo intacto [211], el análisis 

directo de muestras de suero por Fab’-IA-SPE-CE-MS no fue posible, principalmente debido a 

la retención no específica en el sorbente y a la precipitación de algunas proteínas mayoritarias 

del suero (por ejemplo, albúmina) en el capilar de separación. Por este motivo, y con el objetivo 

de prevenir la saturación de los microcartuchos, se llevó a cabo un sencillo pretratamiento off-

line consistente en una doble precipitación con un 5% (v/v) de fenol (siguiendo el método 

optimizado previamente para IA-SPE-CE-MS con anticuerpo intacto [211]). Además, también 

fue necesario incrementar la fuerza iónica del eluyente pasándose a emplear glicina 200 

mM/NH3 200 mM (pH=9,50) para conseguir eluir la TTR de una manera reproducible.  

 

Las Figuras 5.18 A y B muestran los EIEs (i) y los espectros de masas (ii e iii) obtenidos por 

Fab’-IA-SPE-CE-MS para muestras de suero procedentes de (A) un paciente sintomático de 

FAP-I y (B) un control sano. A diferencia de lo ocurrido con el sorbente de IA con anticuerpo 

intacto [211] (Figura 5.19), en ambos casos la TTR eluyó como varios picos con formas 

diferentes, aunque los espectros de masas solo mostraron diferencias significativas entre el 

primero y los restantes picos. Tal y como se muestra en los espectros de masas de la TTR para 

las dos muestras de suero, la presencia de distribuciones de iones amplias centradas en cargas 

elevadas confirmó únicamente la presencia de confórmeros de la TTR con estructuras 

desplegadas (a diferencia de lo que se observó para muestras patrón de TTR, mirar Figura 5.16 

B), cada una de ellos interaccionando de manera diferente con el sorbente de IA con fragmentos 

Fab’ de anticuerpo. Es importante tener en cuenta que, una vez desplegada la estructura, la 

proteína puede agregarse de manera reversible llevando, por consiguiente, a nuevos estados 

conformacionales desplegados e, incluso, a la oligomerización [240–242]. Este hecho es 



Capítulo 5 Resultados y Discusión 

-275- 
 

especialmente relevante para la TTR, una proteína con una gran tendencia a oligomerizar y a 

agregarse en ciertos tejidos.  

 

 

 

Figura 5.18. EIEs (i) y espectros de masas (ii e iii) obtenidos por Fab’-IA-SPE-CE-MS para (A) una 

muestra de suero de un paciente sintomático de FAP-I y (B) una muestra de suero control. 
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Igual que en caso de los patrones de TTR, se llevó a cabo un análisis exhaustivo del clúster de 

iones multicargados obtenidos en el espectro de masas de los diferentes confórmeros para cada 

una de las muestras, lo que demostró la presencia de MO y DI en el primer confórmero, y la 

presencia de MO, DI y TRI en los restantes. En el caso del primer confórmero, los iones 

moleculares con m/z nominales de 2314 y 2777 corresponderían a la suma de la contribución del 

MO (cargas +6 y +5, respectivamente) y del DI (cargas +12 y +10, respectivamente), mientras 

que el ión molecular con m/z nominal de 2525 se detectaría exclusivamente para el DI (carga 

+11) (Tabla 5.1, sección 5.1.1 de esta tesis doctoral). En el caso del otro confórmero, el ión 

molecular con m/z nominal de 2314 correspondería a la suma de la contribución del MO (carga 

+6), DI (carga +12) y TRI (carga +18), mientras que los iones moleculares con m/z nominales 

de 2083, 2193 y 2450 se detectarían exclusivamente para el TRI (cargas +20, +19 y +17, 

respectivamente) (Tabla 5.1, sección 5.1.1 de esta tesis doctoral). En las Figuras 5.18 A y B-i 

también se puede observar que la abundancia de uno de los picos del segundo confórmero era 

mucho menor para la muestra de suero procedente del control sano respecto a la del paciente de 

FAP-I, sugiriendo, de esta manera, que los perfiles electroforéticos podrían estar relacionados 

con las diferencias en las proteoformas de la TTR.  

 

En condiciones óptimas para el análisis de muestras de suero, la repetitividad (%RSD, n=6) fue 

adecuada para las Ap (entre 15% y 12%) y los tm (entre 12 y 14%) para todas las proteoformas 

monoméricas de la TTR detectadas en muestras de suero control y de pacientes de FAP-I. De 

nuevo, por lo que hace referencia a las Ap, se llevó a cabo una única integración teniendo en 

cuenta la contribución de todos los confórmeros desplegados de la TTR. El tiempo de vida de 

los preconcentradores, en todos los casos, fue inferior a los 20 análisis conseguidos con los 

patrones de TTR, resultados similares a los obtenidos por IA-SPE-CE-MS con anticuerpo 

intacto [211]. 
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Figura 5.19. EIE (i) y espectros de masas (ii) obtenidos por IA-SPE-CE-MS con un sorbente de IA con 

anticuerpo intacto (partículas magnéticas UAAF [211]) para una muestra de suero control. 

 

La Tabla 5.6 muestra las Mr teóricas y experimentales, los Er (en ppm) y las %A para las 

proteoformas monoméricas de la TTR detectadas por (A) IA-SPE-CE-MS con anticuerpo 

intacto y (B) Fab’-IA-SPE-CE-MS para muestras de suero procedentes de un control sano y de 

un paciente sintomático de FAP-I. A diferencia de lo observado en el anterior trabajo de nuestro 

grupo de investigación con el sorbente de IA con anticuerpo intacto [211], en el cual sólo se 

pudieron detectar cinco de las proteoformas monoméricas más abundantes de la TTR normal 

(TTR-Cys, TTR-Libre, TTR-Fosforilada o TTR-Sulfonada, TTR-Dihidroxilada o TTR-

Sulfínico y (10) C-G), el método de Fab’-IA-SPE-CE-MS desarrollado en el cuarto trabajo de 

esta tesis doctoral (artículo 2.4), permitió detectar tres proteoformas adicionales, 

correspondientes a la TTR-CysGly, la TTR-Glutatión y la TTR-CysGlu. En este sentido, es 

importante resaltar que de todos los métodos de purificación de TTR descritos hasta ahora (IP 

off-line convencional en solución (artículo 2.1), IP off-line con partículas magnéticas (artículo 

2.2), IA-SPE-CE-MS con un sorbente de IA con anticuerpo intacto [211] y Fab’-IA-SPCE-CE-

MS (artículo 2.4)), el método de Fab’-IA-SPE-CE-MS es el único que permitió detectar, en 

suero humano, las mismas proteoformas monoméricas de la TTR que en un patrón de 1000 

µg/mL, poniendo de manifiesto su gran capacidad de purificación y preconcentración. En esta 

tabla también se puede observar que ambos métodos de IA-SPE-CE-MS permitieron detectar 
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las proteoformas asociadas a la TTR mutante (TTR(Met30)-Cys y TTR(Met30)-Libre) en los 

pacientes sintomáticos de FAP-I. Sin embargo, tal y como se apuntó para el método off-line de 

IP con partículas magnéticas (artículo 2.2 de esta tesis doctoral), el Er no permitió diferenciar 

entre la TTR(Met30)-Libre y la TTR-Dihidroxilada o TTR-Sulfínico (Mr similares). Por este 

motivo, sólo la detección de la proteoforma TTR(Met30)-Cys permitiría confirmar de manera 

inequívoca la presencia de la TTR(Met30) en pacientes de FAP-I. La exactitud y resolución del 

espectrómetro de masas empleado tampoco fueron suficientes para identificar inequívocamente 

las proteoformas relacionadas con los diferentes confórmeros. Así, para poder interpretar las 

diferencias asociadas a los perfiles electroforéticos obtenidos por Fab’-IA-SPE-CE-MS para los 

controles y los pacientes de FAP-I, sería necesario analizar un mayor número de muestras y con 

un instrumento de mejores prestaciones, que permitiera incluso realizar experimentos de masas 

en tándem (MS/MS) para caracterizar en profundidad e inequívocamente las diferentes 

proteoformas.  
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Tabla 5.6. Mr teóricas y experimentales, Er (en ppm) y %A para las proteoformas del monómero (MO) de la TTR detectadas por (A) IA-SPE-CE-MS con anticuerpo intacto 

[211] y (B) Fab’-IA-SPE-CE-MS para una muestra de suero control y de un paciente sintomático de FAP-I. Las %A se calcularon normalizando respecto a la proteoforma 

más abundante (TTR-Cys). En el caso de Fab’-IA-SPE-CE-MS, se llevó a cabo una única integración teniendo en cuenta los diferentes confórmeros desplegados de la TTR. 

Muestras de suero 
(A) IA-SPE-CE-MS Anticuerpo intacto (B) Fab’-IA-SPE-CE-MS 

Control sano Paciente sintomático FAP-I Control sano Paciente sintomático FAP-I 

N Proteoformas 
MO Mr teórica Mr 

experimental 
Er 

(ppm) %A Mr 
experimental 

Er 
(ppm) %A Mr 

experimental 
Er 

(ppm) %A Mr 
experimental 

Er 
(ppm) %A 

1 TTR-Cys 13880,4022 13880,9511 40 100 13881,1016 50 100 13880,6600 19 100 13880,8800 34 100 

1’ TTR(Met30)-Cys 13912,4683 - - - 13912,9765 37 44 - - - 13912,6500 13 74 

2 TTR-Libre 13761,2640 13761,9247 48 64 13761,7566 36 61 13760,8300 32 36 13760,9300 24 70 

3 
TTR-Fosforilada 13841,2439 

13841,7207 
34 

69  13841,0863 
11 

67  13841,8000 
40 

42 13841,3500 
8 

74 
TTR-Sulfonada 13841,3283 28 17 34 2 

4 

TTR-
Dihidroxilada 13793,2628 13793,9606 51 51 

13793,6805 
30 

64 
13794,0100 54 32 

13793,7500 
35 

48 TTR-Sulfínico 

2’ TTR(Met30)-
Libre 13793,3301 - - - 25 - - - 30 

5 (10) C-G 13715,1713 13715,4042 17 53  13715,4228 18 47 13714,7800 29 37 13715,2000 2 50 

6 TTR-CysGly 13937,4590 - - - - - - 13936,9500 37 52 13937,6000 10 65 

7 TTR-Glutatión 14066,5732 - - - - -  14067,1000 37 40 14067,0500 34 56 

8 TTR-CysGlu 14009,5218 - - - - - - 14010,0500 38 35 14010,0100 35 49 
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5.2. Análisis dirigido de biomarcadores proteicos. Análisis Bottom-up del 

antígeno carcinoembrionario humano 

 

El análisis de proteínas intactas (top-down) por CE-MS, tal y como se muestra en el capítulo 

anterior para la TTR, es una buena alternativa para la detección de un gran número de proteínas, 

así como para la caracterización de sus diferentes isoformas y PTMs. Sin embargo, esta 

estrategia presenta algunas limitaciones debidas, principalmente, a la dificultad en la ionización 

de las proteínas de elevada masa molecular, tales como glicoproteínas con un alto grado de 

glicosilación, y a la complejidad estructural intrínseca que genera una mezcla tan compleja de 

proteoformas. En este sentido, el análisis bottom-up permite simplificar el problema obteniendo 

información estructural a partir de los péptidos resultantes de digerir enzimáticamente la 

proteína intacta. Paralelamente, otra alternativa para mejorar la sensibilidad de los análisis por 

CE-MS consiste en utilizar una interfase sin líquido auxiliar (sheahtless), en contraposición a la 

interfase con líquido auxiliar (sheath flow) utilizada en el capítulo anterior. Esta interfase, tal y 

como se describe en la sección 1.4.3.1 de la introducción, permite mejorar la sensibilidad y los 

LODs por CE-MS, ya que evita la dilución de los compuestos de interés a la salida del capilar 

de separación, antes de la ionización por ESI. 

 

Este capítulo se centra en la identificación y caracterización de los N-glicopéptidos del antígeno 

carcinoembrionario humano (CEA) mediante electroforesis capilar acoplada a la espectrometría 

de masas en tándem con interfase sheathless (sheathless CE-MS/MS). CEA es una glicoproteína 

que se produce durante el desarrollo fetal y generalmente no es detectable en la sangre de 

personas sanas adultas. Sin embargo, la elevación de sus niveles en sangre se ha relacionado con 

procesos tumorales, especialmente con el cáncer de colon y la metástasis de hígado (procedente 

de cáncer de colon). Cabe resaltar que, más allá de su abundancia en sangre, hoy en día, no se 

obtiene otra información estructural de esta glicoproteína que permita relacionarla con los 
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diferentes estados de evolución del cáncer, sus tipos, su pronóstico o la eficacia de los 

tratamientos. 

 

Con el objetivo de profundizar en el estudio de esta proteína como biomarcadora de cáncer, en 

el quinto trabajo de esta tesis doctoral (artículo 3.1), se ha desarrollado una metodología 

analítica mediante sheathless CE-MS/MS para la identificación de sus diferentes N-

glicopéptidos, obtenidos tras digestión enzimática. Cabe destacar que se han descrito 28 puntos 

de N-glicosilación en esta glicoproteína, por lo que en este estudio se ha pretendido la 

identificación del mayor número posible de éstos, así como la determinación de su grado de 

ocupación. Para ello, ha sido necesario optimizar la digestión enzimática empleando diferentes 

tipos de enzimas, tanto específicas (tripsina y endoproteinasa Glu-C) como no específicas 

(pronasa). Finalmente, se ha aplicado la metodología óptima al análisis de tres muestras 

comerciales de CEA, dos de ellas procedentes de pacientes con cáncer de colon y una con 

metástasis de hígado. El posterior tratamiento de los datos ha permitido la identificación de 219 

glicoformas de N-glicopéptidos (que a partir de ahora se referirán simplemente como N-

glicopéptidos) de CEA correspondientes a 20 puntos de N-glicosilación diferentes. Además, se 

ha podido observar que los perfiles de N-glicosilación de esta proteína son diferentes en el 

cáncer de colon y la metástasis de hígado (procedente de cáncer de colon), por lo que la 

metodología desarrollada podría ser de utilidad para explicar el proceso de metástasis en 

pacientes con cáncer de colon. 

 

5.2.1. Análisis de los N-glicopéptidos de CEA mediante sheathless CE-MS/MS 

 

Existen diferentes tipos de enzimas para la hidrólisis in vitro de los enlaces peptídicos de las 

proteínas con el objetivo de generar péptidos de menor tamaño, y la combinación de enzimas 

específicas y no específicas puede ayudar a maximizar la cobertura (coverage) de los puntos de 

N-glicosilación y mejorar la caracterización de las diferentes proteoformas [112,113,244]. La 

tripsina y la endoproteinasa Glu-C son las enzimas más utilizadas. La tripsina corta 
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específicamente en el extremo carboxilo terminal de los residuos de lisina (K) y arginina (R), 

mientras que la Glu-C corta en el extremo terminal de los residuos de ácido glutámico (E) y 

ácido aspártico (D). Aunque estas enzimas proporcionan información suficiente para 

caracterizar un gran número de carbohidratos, glicanos y puntos de glicosilación en diferentes 

glicoproteínas, en algunos casos, su eficacia a la hora de cubrir toda la secuencia aminoacídica 

es limitada, especialmente debido a la generación de péptidos con un gran número de 

aminoácidos, lo que puede resultar en la supresión de la ionización de los N-glicopéptidos de 

interés [244]. En este sentido, la pronasa es una mezcla de enzimas proteolíticas no específicas 

que permite superar algunos de los inconvenientes descritos anteriormente para la tripsina y la 

Glu-C. La pronasa permite obtener péptidos con un número pequeño de aminoácidos 

(generalmente entre 1 y 8), evitando de esta manera la supresión de la ionización de los N-

glicopéptidos en estudio. Sin embargo, la dificultad en la caracterización de los digestos 

aumenta a medida que se reduce el número de aminoácidos en los péptidos resultantes, a la que 

se añade la ambigüedad de los cortes realizados [245,246].  

 

El artículo 3.1 muestra como resulta conveniente combinar la información obtenida tras digerir 

las diferentes muestras comerciales de CEA con tripsina, Glu-C y pronasa para conseguir la 

máxima cobertura de la secuencia de la glicoproteína. De esta manera es posible identificar el 

mayor número posible de puntos de N-glicosilación, así como determinar su grado de 

ocupación.  

 

5.2.1.1. Interpretación de los electroferogramas y los espectros de MS/MS 

 

Tal y como se ha comentado anteriormente, las muestras de CEA digeridas se analizaron 

mediante sheathless CE-MS/MS. Es importante destacar que la utilización de la espectrometría 

de MS/MS, a diferencia de lo ocurrido en el capítulo anterior para el análisis de TTR, permitió 

obtener información estructural a partir de los fragmentos característicos de los diferentes 

glicopéptidos generados tras la digestión enzimática. Los espectros de MS/MS se adquirieron en 
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modo data dependent, donde se fragmentaron todos los iones con intensidades por encima de un 

determinado umbral (threshold). Con el objetivo de encontrar la región de los electroferogramas 

de MS/MS en la que migraban los N-glicopéptidos, se inspeccionó cuidadosamente la presencia 

de éstos mediante la obtención del EIE (MS/MS) de m/z 366,14, correspondiente a la liberación 

del fragmento HN de los diferentes N-glicopéptidos (H, manosa y N, N-acetilglucosamina, 

Tabla 1.3 de la introducción) (mirar Figura 5.20 A, B y C-ii).  

 

 

 

Figura 5.20. Electroferogramas de pico base (BPEs) (i) y EIEs (MS/MS) de m/z nominal 366 (ii) 

obtenidos por sheathless CE-MS/MS después de digerir una muestra de CEA de cáncer de colon (CEA2) 

con (A) tripsina, (B) Glu-C y (C) pronasa. 
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Tal y como se puede observar en la Figura 5.20 A, B y C-ii, el perfil de los electroferogramas 

de MS/MS indicó la presencia de N-glicopéptidos entre 25-32 min (tripsina), 25-49 min (Glu-C) 

y 28-45 min (pronasa). Una vez obtenido este perfil, se inspeccionaron los espectros de MS/MS 

con el objetivo de encontrar pérdidas neutras correspondientes a una H (manosa, 

ΔMr=162,0528), una N (N-acetilglucosamina, ΔMr=203,0794), una F (fucosa, ΔMr=146,0579), 

un S (ácido siálico, ΔMr=291,0954) o combinaciones de estas estructuras. La estructura de los 

diferentes N-glicopéptidos se determinó teniendo en cuenta las adiciones sucesivas de diferentes 

unidades de H, N, F o S a la m/z experimental correspondiente a los péptidos generados tras la 

digestión enzimática (Figura 5.21). Es conveniente destacar que, en todos los casos, se 

consideró que la m/z experimental correspondía a la del péptido en cuestión si la exactitud de 

masas (en términos de error relativo, Er) era igual o inferior a 10 ppm. Como ejemplo, la Figura 

5.21 muestra la fragmentación obtenida por MS/MS para el N580-glicopéptido H3N4F1 después 

de digerir una muestra de CEA de cáncer de colon (CEA1) con Glu-C. 

 

 

 

Figura 5.21. Fragmentación obtenida por MS/MS para el N580-glicopéptido H3N4F1 después de digerir 

con Glu-C una muestra de CEA de cáncer de colon (CEA1). La estructura de este N-glicopéptido se 

determinó por adiciones sucesivas de unidades de H, N, F o S a la m/z experimental correspondiente al 

péptido generado (ARAYVCGIQNSVSANRSDPVTLD, m/z 1247,1075 (carga +2)). 
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En el caso de la pronasa y, debido a la ambigüedad en la generación de digestos con un número 

pequeño de aminoácidos, fue necesario utilizar el programa Findpept tool 

(www.expasy.org/tools/findpept.html) con el objetivo de encontrar las m/z teóricas (de los 

péptidos generados) correspondientes a las m/z experimentales deducidas a partir de los 

espectros de MS/MS. 

 

 5.2.1.2. Identificación de los N-glicopéptidos de CEA  

 

La Tabla 5.7 muestra los puntos de N-glicosilación (y sus correspondientes N-glicopéptidos) 

detectados por sheathless CE-MS/MS después de digerir diferentes muestras comerciales de 

CEA, dos de ellas procedentes de pacientes con cáncer de colon (CEA1 y CEA2) y una de 

pacientes con metástasis de hígado (CEA3), con (A) tripsina, (B) Glu-C y (C) pronasa. 

 

Tripsina 

 

Tal y como se puede observar en la Tabla 5.7 A para la digestión con tripsina, esta enzima 

permitió detectar un total de 128 N-glicopéptidos correspondientes a 9 puntos de N-glicosilación 

(N-197/N-553, N-204/N-560, N-375, N-580, N-612, N-650 y N-665) para los tres tipos de 

muestras de CEA analizadas. Es importante destacar que no se pudo diferenciar entre los N-

glicopéptidos pertenecientes a los puntos de glicosilación N-197 y N-553, y N-240 y N-560, ya 

que se obtuvieron las mismas secuencias peptídicas tras digerir las muestras con tripsina 

(LQLSNGN197/553R y TLTLFN204/560VTR, respectivamente). En general, se observaron 

similitudes en la composición de los glicanos para las dos muestras de cáncer de colon (CEA1 y 

CEA2), mientras que se hicieron evidentes algunas diferencias para la muestra de metástasis de 

hígado (CEA3). El mayor número de N-glicopéptidos fue detectado en el punto de glicosilación 

N-197/N-553 (52 glicopéptidos, si tenemos en cuenta que este punto de N-glicosilación puede 

estar deamidado), seguido del N-204/N-560 (40 glicopéptidos), y el N-665 (18 glicopéptidos). 

Para el resto de puntos de glicosilación, N-650, N-375, N-612 y N-580, se detectaron 11, 4, 2 y 1 
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glicopéptidos, respectivamente. Se caracterizaron los diferentes tipos de glicanos para cada 

punto de N-glicosilación, incluyendo glicanos ricos en manosa, híbridos y, especialmente, 

complejos (con 2, 3 y 4 antenas). Los glicanos altamente fucosilados (entre 3 y 7 fucosas) y 

sialilados (entre 1 y 2 ácidos siálicos) se encontraron predominantemente en los puntos de 

glicosilación N-204/N-560, N-580, N-612, N-650 y N-665, especialmente para la muestra de 

CEA de metástasis de hígado (CEA3). Por lo que hace referencia a los puntos de N-

glicosilación no detectados, este hecho puede ser debido a la generación de péptidos con un gran 

número de aminoácidos, por lo general superior a 20 (mirar la longitud de las secuencias 

peptídicas generadas en los diferentes N-glicopépidos tras digerir las muestras con tripsina en la 

Tabla 5.7), lo que podría dificultar la ionización de los N-glicopéptidos en estudio.  

 

Endoproteinasa Glu-C 

 

Tal y como se puede observar en la Tabla 5.7 B, la digestión con Glu-C permitió detectar un 

total de 50 N-glicopéptidos correspondientes a 4 puntos de N-glicosilación (N-152/N-508, N-

466 y N-580) para los tres tipos de muestras de CEA analizadas. Ninguno de estos puntos de N-

glicosilación fue identificado tras digerir las muestras de CEA con tripsina, con excepción del 

punto de glicosilación N-580 (9 vs. 1 N-glicopéptidos identificados con Glu-C y tripsina, 

respectivamente). En este caso, no se pudo diferenciar entre los N-glicopéptidos pertenecientes a 

los puntos de glicosilación N-152 y N-508, ya que se obtuvo la misma secuencia peptídica tras 

digerir las muestras de CEA con Glu-C (LPKPSISSN152/508NSKPVE). De nuevo, en general, se 

observaron similitudes en la composición de los glicanos para las dos muestras de CEA de 

cáncer de colon (CEA1 y CEA2), mientras que la muestra de metástasis de hígado (CEA3) 

presentó algunas diferencias notables por lo que hace referencia a la estructura de los N-

glicopéptidos identificados. El mayor número de N-glicopéptidos fue detectado en el punto de 

glicosilación N-466 (21 glicopéptidos), seguido del N-152/N-508 (20 glicopéptidos), y el N-580 

(9 glicopéptidos). Se caracterizaron diferentes tipos de glicanos para cada punto de N-

glicosilación, incluyendo glicanos ricos en manosa en el punto de glicosilación N-152/N-508, y 
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glicanos complejos (con 2, 3 y 4 antenas) en los puntos de glicosilación N-466 y N-580. Tal y 

como se puede observar en esta tabla, la Glu-C permitió identificar un menor número de puntos 

de N-glicosilación y N-glicopéptidos que la tripsina, aunque la información obtenida con ambas 

enzimas es complementaria. Este hecho es debido a su diferente especificidad y a la generación, 

con Glu-C, de digestos con un mayor número de aminoácidos (comparar la longitud de las 

secuencias peptídicas generadas tras digerir las muestras con tripsina y Glu-C en la Tabla 5.7 A 

y B). En este sentido, a diferencia de lo que ocurría con tripsina, conviene resaltar que la 

digestión enzimática con Glu-C generó secuencias peptídicas correspondientes a la ausencia de 

algunos de los cortes esperados (missed cleavages, MCs), generando, de esta manera, 

secuencias peptídicas más largas. Todos los péptidos correspondientes a 0, 1, 2 y 3 MCs se 

consideraron, tanto para la caracterización estructural como para la interpretación y 

comparación de los datos obtenidos (Tabla 5.7 B). 

 

Pronasa 

 

Tal y como se puede observar en la Tabla 5.7 C para la digestión con pronasa, esta enzima 

permitió detectar un total de 41 N-glicopéptidos correspondientes a 11 puntos de N-glicosilación 

(N-104, N-208, N-256, N-274, N-330, N-351, N-375, N-432, N-29, N-612 y N-665) para los tres 

tipos de muestras de CEA analizadas. Ninguno de estos puntos de N-glicosilación fue 

identificado tras digerir las muestras de CEA con tripsina y Glu-C, con excepción de los puntos 

de glicosilación N-375 (1 vs. 4 N-glicopéptidos identificados con pronasa y tripsina, 

respectivamente), N-612 (6 (pronasa) vs. 2 N-glicopéptidos (tripsina)) y N-665 (3 (pronasa) vs. 

18 N-glicopéptidos (tripsina)). Como en los casos anteriores, en general, se observaron 

similitudes en la composición de los glicanos para las dos muestras de cáncer de colon (CEA1 y 

CEA2), mientras que se hicieron evidentes algunas diferencias para la muestra de metástasis de 

hígado (CEA3). El mayor número de N-glicopéptidos fue detectado en el punto de glicosilación 

N-529 (10 glicopéptidos), seguido del N-274 (7 glicopéptidos) y el N-612 (6 glicopéptidos). 

Para el resto de puntos de N-glicosilación, se detectaron entre 1 y 5 glicopéptidos. Es importante 
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destacar que la digestión con pronasa permitió identificar un mayor número de puntos de N-

glicosilación, probablemente debido a la generación de digestos con un menor número de 

aminoácidos (entre 1 y 8), evitando, de esta manera, la supresión de la ionización de los N-

glicopéptidos en estudio. Sin embargo, tal y como se ha comentado anteriormente, la dificultad 

en la caracterización de los digestos aumenta a medida que se reduce el tamaño de los péptidos 

generados y la especificidad de la enzima. Se caracterizaron diferentes tipos de glicanos para 

cada punto de N-glicosilación, incluyendo glicanos ricos en manosa, híbridos y, especialmente, 

complejos (con 2, 3 y 4 antenas). Los glicanos altamente fucosilados (entre 3 y 7 fucosas) y 

sialilados (entre 1 y 2 ácidos siálicos) se identificaron predominantemente en los puntos de 

glicosilación N-274 y N-665, especialmente para la muestra de CEA de metástasis de hígado 

(CEA3).  



 

 

C
apítulo 5 

R
esultados y D

iscusión 
 

-289- 

Tabla 5.7. Puntos de N-glicosilación (y sus correspondientes N-glicopéptidos) identificados por sheathless CE-MS/MS (n=6) tras digerir las muestras de CEA de pacientes 

con cáncer de colon (CEA1 y CEA2) y metástasis de hígado (CEA3) con (A) tripsina, (B) endoproteinasa Glu-C y (C) pronasa. BGE empleado: HAc 10% (v/v) pH=2,30. 

(aa=aminoácido). 

 

 Número total de N-glicopéptidos=128 

A) Tripsina 

Puntos de N-glicosilación Número de aa CEA1 
Cáncer de colon  

CEA2 
Cáncer de colon  

CEA3 
Metástasis de hígado  Total 

N-104+N-115a 28 - - - - 

N-152 21 - - - - 

N-182 30 - - - - 
N-197/N-553b 8 25 25 23 26 

N-197/N-553-Dec 8 26 26 21 26 
N-204/N-560b 9 35 34 16 40 

N-208 7 - - - - 

N-246 25 - - - - 

N-256+N-274+N-288+ 
N-292+N-309a 60 - - - - 

N-330+N-351+N-360a 58 - - - - 
N-375 8 4 4 2 4 

N-432+N-466a 72 - - - - 

N-480 18 - - - - 
N-508 24 - - - - 

N-529 30 - - - - 
N-580 14 - - 1 1 
N-612 47 - - 2 2 

N-650 20 - - 11 11 
N-665 6 11 4 18 18 
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 Número total de N-glicopéptidos=50 

B) Glu-Cd 

Puntos de N-glicosilación Número de aa CEA1 
Cáncer de colon  

CEA2 
Cáncer de colon  

CEA3 
Metástasis de hígado  Total 

N-104+N-115a 17 - - - - 

N-152/N-508b 15 20 19 18 20 
N-182+N-197+N-204+ 

N-208a 36 - - - - 

N-246 15 - - - - 
N-256+N-274a 30 - - - - 
N-288+N-292a 22 - - - - 

N-309+N-330a 31 - - - - 
N-351+N-360a 26 - - - - 

N-375 13 - - - - 
N-432 36 - - - - 
N-466 8 21 21 9 21 

N-480 30 - - - - 
N-529+N-553+N-560a 39 - - - - 

N-580 23 9 9 - 9 
N-612/N-650/N-665a 83 - - - - 

 Número total de N-glicopéptidos=41 

C) Pronasae 

Puntos de N-glicosilación Número de aa CEA1 
Cáncer de colon  

CEA2 
Cáncer de colon  

CEA3 
Metástasis de hígado  Total 

N-104 4 1 1 - 1 
N-115 - - - - - 

N-152 - - - - - 
N-182 - - - - - 

N-197 - - - - - 
N-204 - - - - - 

N-208 4 - - 1 1 
N-246 - - - - - 
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 Número total de N-glicopéptidos=41 

C) Pronasae 

Puntos de N-glicosilación Número de aa CEA1 
Cáncer de colon  

CEA2 
Cáncer de colon  

CEA3 
Metástasis de hígado  Total 

N-256 7 3 3 4 5 

N-274 2-4f 5 5 7 7 
N-288 - - - - - 

N-292 - - - - - 
N-309 - - - - - 
N-330 5 1 1 1 1 

N-351 7 5 5 5 5 
N-360 - - - - - 

N-375 4 1 1 1 1 
N-432 5 1 1 - 1 
N-466 - - - - - 

N-480 - - - - - 
N-508 - - - - - 

N-529 4 7 7 8 10 
N-553 - - - - - 

N-560 - - - - - 
N-580 - - - - - 
N-612 6 3 3 4 6 

N-650 - - - - - 
N-665 3 2 2 3 3 

 

aExisten diferentes puntos de N-glicosilación en la misma secuencia peptídica. bNo se pueden diferenciar debido a que presentan la misma secuencia peptídica. cEl punto de 

glicosilación N-197/N-553 también se encuentra deamidado. dSe utilizan todos los missed cleavages (de 0 a 3) para la interpretación estructural. eComo la pronasa es una 

enzima no específica, sólo se puede indicar el número de aa para los puntos de N-glicosilación identificados. fSe identifican dos secuencias peptídicas para este punto de N-

glicosilación (NG y NGTF). 
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5.2.1.3. Modelos semiempíricos de predicción de la migración electroforética 

 

El uso de modelos semiempíricos de predicción de la migración electroforética es una buena 

herramienta complementaria para confirmar la interpretación estructural llevada a cabo a partir 

de los espectros de MS/MS. Estos modelos han sido investigados por diversos autores para 

predecir la migración electroforética de diferentes péptidos y glicopéptidos teniendo en cuenta 

su Mr, su carga (q) y su movilidad electroforética (µe). En particular, en un trabajo previo de 

nuestro grupo de investigación [247], se demostró que el modelo clásico de los polímeros (µe α 

q/Mr
1/2) es el más adecuado para predecir la migración electroforética de péptidos y N-

glicopéptidos. Es importante destacar que, mientras que el número y tipo de glicanos unidos a la 

cadena peptídica afecta al tamaño de los glicopéptidos y, por consiguiente, a su Mr, la presencia 

de ácidos siálicos, los cuales están cargados negativamente al pH de trabajo (BGE de HAc 10% 

(v/v), pH=2,30), influye significativamente en su carga.  

 

La Figura 5.22 muestra los EIEs, la Mr, la q y q/Mr
1/2 para los 11 N-glicopéptidos identificados 

en el punto de glicosilación N-650 tras digerir una muestra de CEA de metástasis de hígado 

(CEA3) con tripsina. Tal y como se puede observar en esta figura y en la tabla que le acompaña, 

los N-glicopéptidos sin ácidos siálicos migraron a un tiempo inferior (33-35 min). Sin embargo, 

lo N-glicopéptidos con ácidos siálicos aparecieron a tiempos de migración superiores ya que 

éstos presentan carga negativa a pH=2,30 y, por consiguiente, la carga molecular global positiva 

disminuye. En este sentido, los N-glicopéptidos con ácidos siálicos migraron en dos ventanas de 

tiempo correspondientes a los N-glicopéptidos con uno y dos ácidos siálicos (37-39 min y 42-44 

min, respectivamente). La correlación lineal entre los tiempos de migración experimentales y su 

q/Mr
1/2 teórica fue excelente (R2>0,97 en este caso), lo que permitió obtener una confirmación 

adicional de la interpretación estructural llevada a cabo a partir de los espectros de MS/MS.  
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Figura 5.22. EIEs, Mr, q y q/Mr
1/2 para los 11 N-glicopéptidos identificados por sheathless CE-MS/MS en 

el punto de glicosilación N-650 tras digerir una muestra de CEA de metástasis de hígado (CEA3) con 

tripsina. (1: H4N3F2, 2: H6N5F4, 3: H4N3F1S1, 4: H5N3F1S1, 5: H5N4F2S1, 6: H6N5F2S1, 7: 

H6N5F3S1, 8: H6N5F4S1, 9: H5N4F1S2, 10: H6N5F2S2, 11: H6N5F3S2). 

 

5.2.2. Análisis multivariante 

 

Con el objetivo de comparar de manera rigurosa los resultados obtenidos con las muestras de 

CEA de cáncer de colon (CEA1 y CEA2) y de metástasis de hígado (CEA3) analizadas (seis 

replicados de cada una, S1-6 para CEA1, S7-12 para CEA2, y S13-18 para CEA3), e identificar 

qué glicopéptidos permitían diferenciar entre ellas, se estudiaron los mapas glicopeptídicos 
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obtenidos con herramientas quimiométricas tales como el análisis por componentes principales 

(PCA) y el análisis discriminante por mínimos cuadrados parciales (PLS-DA). Para evitar 

diferencias debidas a la variabilidad en las condiciones experimentales, fue necesario llevar a 

cabo un pretratamiento de los datos que consistió en normalizar las Ap de los glicopéptidos 

respecto a un péptido de referencia que se comportase de manera similar a los N-glicopéptidos 

identificados por lo que respecta a los tm y a las Ap (S127DLVNEEATGQFR139, S40TPFNVAE47 

y A89TPGP93/T90PGPA94 para la digestión con tripsina, Glu-C y pronasa, respectivamente). Tras 

la normalización, la repetitividad (%RSD, n=6) fue adecuada para todos los N-glicopéptidos 

identificados con las tres enzimas. Por ejemplo, en el caso de la tripsina, se obtuvieron unos 

valores de repetitividad de entre 0,5% y 7,9% para los tm y de entre 2,6% y 10,0% para las áreas 

normalizadas (Anorm). 

 

5.2.2.1. PCA 

 

Una vez construida la matriz con las Anorm para los diferentes glicopéptidos, se construyeron tres 

modelos de PCA (para las muestras de CEA digeridas con tripsina, Glu-C y pronasa) con el 

objetivo de explorar las clases presentes en las muestras analizadas, así como para detectar la 

presencia de aberrantes (outliers). En todos los casos, se escogieron 2 componentes principales 

(PCs) ya que permitieron explicar un 90%, 87% y 82% de la varianza para las muestras de CEA 

digeridas con tripsina, Glu-C y pronasa, respectivamente. Es importante destacar que en el caso 

de la digestión enzimática con pronasa, la muestra S9 (de cáncer de colon, CEA2) fue detectada 

como un outlier (Figura 5.23), probablemente debido a las bajas relaciones S/N en esta muestra 

en concreto. Los tres modelos de PCA permitieron discriminar entre muestras de cáncer de 

colon (CEA1 y CEA2) y de metástasis de hígado (CEA3), siendo el PC1 el responsable de dicha 

discriminación. Una vez confirmada la separación de los dos grupos o clases de muestras en los 

datos analizados, se llevó a cabo un análisis por PLS-DA con el objetivo de identificar qué 

glicopéptidos permitían diferenciar entre estos dos grupos. 
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Figura 5.23. Gráfico de scores del PCA para las muestras de CEA analizadas por sheathless CE-MS/MS 

después de llevar a cabo la digestión con pronasa. La muestra S9 (de cáncer de colon, CEA2) fue 

detectada como un outlier y descartada para el resto de estudios. 

 

5.2.2.2. PLS-DA 

 

Se construyeron tres modelos de PLS-DA (considerando los dos grupos de muestras observados 

por PCA) para las muestras de CEA digeridas con tripsina, Glu-C y pronasa. En todos los casos 

se escogieron 2 variables latentes (LVs), ya que permitieron explicar un 90%, 84% y 68% de la 

varianza en X, y un 99%, 89% y 90% de la varianza en Y para las muestras de CEA digeridas 

con tripsina, Glu-C y pronasa, respectivamente. Los tres modelos de PLS-DA permitieron 

discriminar entre las muestras de CEA de cáncer de colon (CEA1 y CEA2) y de metástasis de 

hígado (CEA3), siendo la LV1 la responsable de dicha discriminación. La Figura 5.24 muestra 

los gráficos de scores para las muestras de CEA digeridas con (A) tripsina, (B) Glu-C y (C) 

pronasa. Una vez construidos los tres modelos de PLS-DA, se estimó la contribución de cada 

variable (N-glicopéptido) en las LVs mediante los gráficos de loadings correspondientes. Sin 

embargo, estos gráficos sólo nos permiten obtener información cualitativa sobre los N-

glicopéptidos que influyen. Con el objetivo de cuantificar la influencia de las diferentes 

variables en la separación de las muestras de CEA, se seleccionaron todas las variables 
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importantes en la proyección (VIPs) con un valor superior a 1. Cabe resaltar que el método de 

los VIPs es uno de los más utilizados para cuantificar la importancia de las diferentes variables 

en los modelos de PLS-DA, principalmente debido a su capacidad para trabajar con datos 

multicolineales [229,248]. En este caso, un total de 121 N-glicopéptidos fueron seleccionados 

por su relevancia para diferenciar entre los dos grupos de muestras (71 de 128 para la tripsina, 

26 de 50 para la Glu-C y 24 de 41 para la pronasa). 

 

Con el objetivo de encontrar alguna tendencia que permitiese explicar las diferencias observadas 

entre las muestras de CEA de cáncer de colon y de metástasis de hígado, los gráficos de barras 

de la Figura 5.24 muestran las Anorm de los N-glicopéptidos con VIPs superiores a 1 para las 

muestras de CEA digeridas con (A) tripsina, (B) Glu-C y (C) pronasa. Tal y como se observa en 

la Figura 5.24 A para la digestión con tripsina, las Anorm para los N-glicopéptidos fucosilados 

(entre 1 y 7 fucosas) y sialilados (entre 1 y 2 ácidos siálicos) aumentaron en la muestra de CEA 

de metástasis de hígado (CEA3). Esta tendencia se observó para todos los puntos de N-

glicosilación, excepto para el punto N-204/N-560, en el que algunos N-glicopéptidos fucosilados 

y sialilados presentaron una tendencia claramente opuesta. Esta tendencia opuesta también se 

observó en el caso de la digestión con Glu-C (Figura 5.24 B), para la que las Anorm de los N-

glicopéptidos fucosilados (entre 1 y 3 fucosas) aumentaron en las muestras de CEA de cáncer de 

colon (CEA y CEA2). En el caso de la digestión con pronasa (Figura 5.24 C), se observaron 

tendencias diferentes en los N-glicopéptidos complejos y ricos en manosa para las muestras de 

cáncer de colon (CEA1 y CEA2) y de metástasis de hígado (CEA3). Por ejemplo, el Anorm para 

el N256-glicopéptido H6N2 aumentó en muestras de CEA de cáncer de colon, mientras que se 

observó una tendencia opuesta para los N256-glicopéptidos H8N2 y H9N2. Por el contrario, tal y 

como se observó tras digerir las muestras de CEA con tripsina, las Anorm para los N-

glicopéptidos fucosilados (entre 2 y 4 fucosas) y sialilados (entre 1 y 2 ácidos siálicos) 

aumentaron en la muestra de CEA procedente de metástasis de hígado (CEA3).  
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Figura 5.24 A. Gráfico de scores (i) y áreas normalizadas (Anorm) (ii) del PLS-DA para los N-

glicopéptidos relevantes (VIP>1) para diferenciar entre muestras de cáncer de colon (CEA1 y CEA2) y de 

metástasis de hígado (CEA3) después de la digestión con tripsina. *El punto de glicosilación N-197/N-

553 puede estar deamidado. 

i) Gráfico de scores del PLS-DA
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Figura 5.24 B (continúa). Gráfico de scores (i) y áreas normalizadas (Anorm) (ii) del PLS-DA para los N-

glicopéptidos relevantes (VIP>1) para diferenciar entre muestras de cáncer de colon (CEA1 y CEA2) y de 

metástasis de hígado (CEA3) después de llevar a cabo la digestión con Glu-C.  
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Figura 5.24 C (continúa). Gráfico de scores (i) y áreas normalizadas (Anorm) (ii) del PLS-DA para los N-

glicopéptidos relevantes (VIP>1) para diferenciar entre muestras de cáncer de colon (CEA1 y CEA2) y de 

metástasis de hígado (CEA3) después de llevar a cabo la digestión con pronasa.  
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En este sentido, algunos autores han descrito la importancia de la fucosilación y, en especial, de 

la sialilación, en una multitud de procesos biológicos relacionados con el reconocimiento y 

señalización celulares [249,250]. En concreto, se han descrito valores elevados de fucosilación y 

sialilación en procesos tumorales, observándose un aumento en el número de fucosas y ácidos 

siálicos a medida que aumenta la gravedad y la invasión del tumor en cuestión [251–254]. En 

general, este hecho concuerda con los resultados obtenidos en este trabajo (artículo 3.1), en el 

que se observa un mayor grado de fucosilación (por lo general, entre 3 y 7 fucosas) y sialilación 

(entre 1 y 2 ácidos siálicos) en la muestra de CEA procedente de metástasis de hígado (CEA3). 

Sin embargo, un análisis multivariante de datos sistemático y detallado mediante herramientas 

quimiométricas avanzadas, permitió poner de manifiesto diferencias entre algunos puntos de 

glicosilación en concreto, los cuales podrían ser de utilidad para explicar el proceso de 

metástasis en pacientes con cáncer de colon. Así mismo, se pudo observar que para los puntos 

de glicosilación N-204/N-560 (identificados con tripsina) y los puntos de glicosilación N-466 y 

N-580 (identificados con Glu-C), la abundancia de los N-glicopéptidos poco fucosilados (en 

general, entre 1 y 3 fucosas) era superior en las muestras de CEA de cáncer de colon, tendencia 

claramente opuesta a la observada para los N-glicopéptidos altamente fucosilados (entre 3 y 7 

fucosas). 

 

A pesar de los buenos resultados obtenidos con la metodología desarrollada, deberían analizarse 

un mayor número de muestras de CEA para poder confirmar la eficacia del método propuesto y, 

por consiguiente, profundizar en el estudio de los mecanismos de fucosilación y sialilación que 

tienen lugar en diferentes procesos tumorales. Para estos estudios, sería necesario desarrollar 

métodos de purificación adecuados similares a los descritos en los artículos 2.1, 2.2, 2.3 y 2.4 

de esta tesis doctoral para aislar la CEA de los fluidos y tejidos biológicos donde se encuentra.  
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5.3. Análisis no dirigido para la identificación de biomarcadores metabólicos 

(untargeted analysis). Aplicación a la enfermedad del Huntington 

 

A veces no es suficiente con estudiar una proteína biomarcadora relevante para una determinada 

enfermedad, sino que es necesario integrar con la información proteómica la conseguida con 

otras ciencias ómicas: genómica, transcriptómica y metabolómica. En este capítulo de tesis se 

ha hecho especial énfasis en el estudio de la metabolómica ya que permite obtener, de forma 

directa, información relacionada con la actividad celular y, por consiguiente, es más fácil de 

correlacionar con el fenotipo. 

 

En este sentido, la detección e identificación de compuestos de baja masa molecular en fluidos 

biológicos, tales como el plasma, tiene un papel fundamental en la investigación metabolómica 

para la determinación de nuevos biomarcadores. En esta tesis doctoral se ha establecido una 

metodología adecuada para el análisis de compuestos de baja masa molecular en plasma 

mediante extracción en fase sólida en línea a la electroforesis capilar acoplada a la 

espectrometría de masas (SPE-CE-MS). Para ello, se ha utilizado un sorbente C18, ya que este 

tipo de fases estacionarias hidrofóbicas tienen una selectividad adecuada para un gran número 

de compuestos de baja masa molecular. Así mismo, nuestro grupo de investigación ya ha 

demostrado previamente que estos sorbentes son los más apropiados para el análisis de 

neuropéptidos de baja masa molecular en muestras de plasma humano por C18-SPE-CE-MS 

[201].  

 

Una vez optimizada la metodología de C18-SPE-CE-MS con neuropéptidos modelo, ésta se ha 

aplicado al análisis de muestras de plasma de ratones con el fin de identificar biomarcadores de 

baja masa molecular que puedan resultar de utilidad en el diagnóstico precoz y el seguimiento 

de la enfermedad del Huntington (HD), una enfermedad neurodegenerativa hereditaria. Para 

ello, se han analizado muestras de plasma de ratones sanos (wild-type, wt) y de ratones 
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modificados genéticamente para desarrollar esta enfermedad mediante C18-SPE-CE-MS y se 

han comparado los resultados obtenidos con el fin de encontrar diferencias significativas entre 

ambos grupos. El tratamiento de los datos obtenidos se ha abordado siguiendo una estrategia de 

análisis no dirigido (untargeted analysis), la cual consiste en evaluar los resultados desde un 

punto de vista global (global profiling), a fin de identificar compuestos que puedan discriminar 

entre plasma de ratones wt y HD y dar lugar a nuevos biomarcadores de esta enfermedad. En 

este caso, ha sido necesario emplear herramientas quimiométricas tales como la resolución 

multivariante de curvas por mínimos cuadrados alternados (MCR-ALS) y el análisis 

discriminante por mínimos cuadrados parciales (PLS-DA). El método empleado ha permitido la 

identificación de posibles biomarcadores metabólicos del HD, así como la interpretación de las 

diferentes rutas metabólicas que podrían verse alteradas durante la progresión de la enfermedad. 

 

5.3.1. Optimización de un tratamiento de muestra de plasma humano previo al 

análisis por C18-SPE-CE-MS 

 

El análisis de muestras complejas por SPE-CE-MS, especialmente si se utilizan fases 

estacionarias de selectividad limitada, como el C18, requiere de un tratamiento previo de las 

muestras con el objetivo de prevenir la saturación del preconcentrador, el cual contiene una 

cantidad limitada de fase estacionaria.  

 

En un estudio anterior de nuestro grupo de investigación, se propuso un tratamiento de muestra 

previo al análisis de neuropéptidos en muestras de plasma humano por CE-MS y C18-SPE-CE-

MS [201]. Éste consistía en llevar a cabo una precipitación con ACN (proporción 6:1 (v/v), 

ACN:plasma) seguida de una etapa de ultrafiltración con filtros Microcon Amicon, con 

membrana de acetato de celulosa y de corte molecular de Mr 10000 (también llamados YM-10). 

Sin embargo, estos filtros YM-10 con la membrana en posición horizontal para la filtración 

directa fueron sustituidos por el fabricante por otros con la membrana en posición vertical para 
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la filtración tangencial (Amicon Ultra-0.5). Estos nuevos filtros proporcionaron peores 

resultados utilizando las condiciones previas óptimas, por lo que en esta tesis doctoral (artículo 

4.1) se revisó el tratamiento propuesto para poder utilizar los nuevos filtros y obtener buenas 

recuperaciones. Para ello, como en el trabajo anterior de nuestro grupo de investigación [201], 

se emplearon los tres neuropéptidos modelo que se muestran en la Tabla 5.8. 

 

Tabla 5.8. Secuencia, Mr y m/z para los neuropéptidos dinorfina A (fragmento 1-7) (Dyn A), 

endomorfina 1 (End 1) y met-encefalina (Met) estudiados por CE-MS y C18-SPE-CE-MS. 

 

En la Figura 5.25 se muestra la separación obtenida por CE-MS para una mezcla patrón de Dyn 

A, End 1 y Met de 100 µg/mL de concentración.  

 

 

 

Figura 5.25. Suma de EIEs obtenidos por CE-MS para una mezcla patrón de Dyn A, End 1 y Met de 100 

µg/mL de concentración. BGE: 50 mM HAc:50 mM HFor, ajustado a pH=3,50 con NH3. 
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La Figura 5.26 muestra el tratamiento que se propuso en nuestro trabajo previo para el análisis 

de estos neuropéptidos en muestras de plasma humano [201] y que se siguió en el artículo 4.2 

de esta tesis doctoral, haciéndose especial énfasis en la optimización de la etapa de 

ultrafiltración. 

 

 

 

Figura 5.26. Tratamiento de muestras de plasma humano previo al análisis por CE-MS y C18-SPE-CE-

MS: (A) Precipitación y (B) ultrafiltración. 
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recuperaciones más bajas correspondieron a la Dyn A, probablemente porque, de los tres 

neuropéptidos estudiados, es el que presenta una Mr superior. 

 

En esta tesis se estudiaron, en primer lugar por CE-MS, las recuperaciones para la Dyn A, la 

End 1 y la Met después de aplicar un tratamiento de precipitación seguido de una etapa de 

ultrafiltración a muestras de plasma humano fortificadas con 10 μg/mL de cada péptido usando 

los siguientes filtros: filtros Amicon Ultra-0.5 (Millipore) de corte molecular de Mr 3000, 10000 

y 30000 con membrana de acetato de celulosa (3-CA, 10-CA y 30-CA, respectivamente) y 

filtros Vivaspin (GE Healthcare) de corte molecular de Mr 10000 con membrana de 

polietersulfona (10-PES).  

 

Como los neuropéptidos de interés se encontraban en el filtrado, en primer lugar, se evaluó la 

influencia del tamaño de poro de los filtros 3-CA, 10-CA, 30-CA y 10-PES para poder descartar 

la retención debida a mecanismos de exclusión por tamaño. Es conveniente recordar que los 

filtros de corte molecular están pensados fundamentalmente para concentrar sustancias de Mr 

superior a la indicada y no para aislar las de Mr inferior. Así mismo, dependiendo de la Mr de 

los neuropéptidos, éstos quedarán más o menos retenidos en el filtro durante la filtración. Por 

eso, en todos los experimentos, el menor porcentaje de recuperación correspondió a la Dyn A, 

que además de tener una recuperación limitada en la primera etapa de precipitación, presenta 

una Mr superior. Tal y como se muestra en la Figura 5.27, en ningún caso se consiguieron 

recuperar los tres péptidos con filtros 3-CA, 10-CA y 10-PES. Por ejemplo, utilizando filtros 

10-CA y 10-PES sólo se pudo detectar la Met con porcentajes de recuperación del 43% y 41%, 

respectivamente. Las mejores recuperaciones se obtuvieron con filtros 30-CA, pero en 

contrapartida, los filtrados contenían mayor cantidad de interferencias de la matriz de plasma 

debido a su mayor tamaño de poro, lo que es poco recomendable para obtener buenas 

reproducibilidades y alargar la vida de los microcartuchos en SPE-CE-MS. 
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A continuación, se estudió la posible adsorción de los analitos en la superficie de plástico del 

recipiente de los filtros pasivándolos con un 1% (m/v) de BSA en PBS y con una solución 

acuosa al 5% (v/v) de PEG. El uso de estas disoluciones tiene como objetivo principal bloquear 

los principales sitios activos de los filtros, evitando de esta manera, la adsorción de los 

compuestos de interés en sus paredes. Tal y como se muestra en la Figura 5.27, en todos los 

casos las recuperaciones mejoraron después de la pasivación de los filtros 3-CA y 10-CA con 

BSA y con PEG. Sin embargo, ninguna de las dos soluciones empleadas para pasivar pudo ser 

propuesta como estándar de pasivación, ya que los resultados obtenidos para los diferentes 

filtros mostraron tendencias contrapuestas. Las mejores recuperaciones para los 3-CA se 

obtuvieron pasivando los filtros con BSA, mientras que para los 10-CA, las mejores 

recuperaciones se consiguieron con PEG. En ambos casos se obtuvo una reproducibilidad 

similar (%RSD media del 10% y 9%, respectivamente), pero las recuperaciones fueron 

ligeramente mejores con los filtros 10-CA pasivados con PEG. 

 

Todavía se intentó evaluar el efecto de la temperatura antes de la ultrafiltración, ya que un 

aumento de ésta puede ayudar a romper las interacciones hidrofóbicas e iónicas que mantienen 

los péptidos en la superficie de un gran número de proteínas del plasma, lo que podría provocar 

una menor concentración en los filtrados [255]. El tratamiento consistió en incubar las muestras 

a 85°C durante 15 min antes de la etapa de ultrafiltración con filtros 10-CA pasivados con PEG. 

Tal y como se observa en la Figura 5.27, se obtuvieron recuperaciones significativamente más 

bajas empleando este tratamiento. Finalmente, fue posible concluir que los resultados para los 

filtros 10-CA pasivados con PEG fueron similares a los obtenidos con los filtros YM-10 en 

trabajos anteriores de nuestro grupo de investigación [201] y que ya no se encontraban 

comercialmente disponibles. 
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Figura 5.27. Evaluación de la recuperación de los péptidos por CE-MS utilizando, tras la precipitación 

con ACN: filtros 3-CA, 10-CA, 30-CA y 10-PES en diferentes condiciones (la temperatura es 25°C si no 

se indica lo contrario). Las muestras de plasma humano se fortificaron antes y después del tratamiento de 

muestra completo con 10 μg/mL de cada péptido. YM-10 hace referencia a los filtros utilizados en el 

trabajo previo de nuestro grupo de investigación [201]. 

 

La Figura 5.28 muestra los EIEs obtenidos por CE-MS para blancos y muestras de plasma 

humano fortificadas con 10 μg/mL de cada péptido después de llevar a cabo el tratamiento de 

precipitación seguido de la ultrafiltración con filtros 10-CA (A) sin pasivar y (B) pasivados con 
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PEG. Tal y como se puede observar, utilizando los filtros 10-CA sin pasivar sólo se pudo 

detectar la Met, mientras que pasivando los filtros con PEG, se consiguieron detectar los tres 

péptidos. 

 

 

 

Figura 5.28. Suma de EIEs (Dyn A, End 1 y Met) obtenidos por CE-MS para blancos y muestras 

fortificadas con 10 µg/ml de cada péptido utilizando filtros 10-CA (A) sin pasivar y (B) pasivados con 

PEG tras la precipitación con ACN. 

 

Una vez establecido el tratamiento de plasma óptimo por CE-MS, se estudió la validez de este 

tratamiento para el análisis de los neuropéptidos modelo en muestras de plasma humano por 

C18-SPE-CE-MS. Para llevar a cabo los análisis, se fortificaron muestras de plasma humano con 

100 ng/mL de cada uno de los péptidos y se sometieron al tratamiento de precipitación con 

ACN seguido de la ultrafiltración utilizando filtros 10-CA pasivados con PEG y sin pasivar. Tal 

y como se observa en la Figura 5.29, utilizando los filtros 10-CA sin pasivar, no fue posible 

detectar la Dyn A (péptido con recuperaciones más bajas, Figura 5.27) y la altura del pico 

correspondiente a la End 1 decreció considerablemente respecto a la altura del pico obtenido 

después de pasivar los filtros. No se observó ninguna diferencia significativa para los picos de la 

Met obtenidos pasivando y sin pasivar los filtros. Utilizando los filtros 10-CA pasivados, fue 

posible detectar los neuropéptidos en muestras de plasma a 10 ng/ml para la Dyn A y 1 ng/ml 

para la End 1 y la Met, tal y como sucedía en los estudios anteriores de nuestro grupo de 
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investigación utilizando los filtros YM-10 sin pasivar. Es por ello que, este tratamiento de 

plasma utilizando los filtros 10-CA pasivados con PEG, se aplicó a la detección e identificación 

de compuestos de baja masa molecular en plasma de ratones para identificar biomarcadores 

metabólicos del HD mediante C18-SPE-CE-MS. 

 

 

 
Figura 5.29. EIEs obtenidos por C18-SPE-CE-MS para muestras de plasma fortificadas con 100 ng/ml de 

(A) Dyn A, (B) End 1 y (C) Met utilizando filtros 10-CA (i) pasivados con PEG y (ii) sin pasivar. 

 

5.3.2. Análisis de compuestos de baja masa molecular en plasma de ratones wt y 

HD por C18-SPE-CE-MS 

 

La enfermedad del Huntington (HD) afecta a una proteína expresada en numerosos tejidos, 

llamada huntingtina. El defecto se debe a la expansión, en la secuencia del gen que codifica esta 

proteína, de una cantidad variable de tripletes CAG (citosina, adenina y guanina, 
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más de 39. En la actualidad, el análisis de la huntingtina no es suficientemente eficaz para poder 

diagnosticar y predecir un debut temprano de esta enfermedad. Por ello, el análisis de esta 

proteína se complementa con otros estudios, entre los cuales la metabolómica juega un papel 

muy importante. Uno de los objetivos de esta tesis doctoral es la identificación de compuestos 

de baja masa molecular en muestras de plasma, que puedan resultar de utilidad en el diagnóstico 

y el seguimiento del HD. Por este motivo, se analizaron muestras de plasma de ratones sanos 

(wt) y de ratones modificados genéticamente para desarrollar esta enfermedad (R6/1 o HD) 

mediante el método de C18-SPE-CE-MS optimizado previamente (artículo 4.1) y se compararon 

los resultados obtenidos con el fin de encontrar las diferencias más significativas entre ambos 

grupos. Además, para poder extraer conclusiones sobre el inicio y la progresión de la 

enfermedad, se analizaron muestras de ambos grupos a 8, 12 y 30 semanas de edad. En los 

ratones HD estas muestras se corresponderían con individuos asintomáticos, presintomáticos y 

sintomáticos terminales, respectivamente (aunque esta clasificación se basa únicamente en los 

déficits de coordinación motora). Es conveniente destacar que, dada la limitada cantidad de 

sangre que se puede extraer de un único ratón (entre 1 y 2 mL en ratones wt, y este volumen es 

menor en ratones HD de edades avanzadas), cada grupo de muestras corresponde a plasma 

obtenido de la combinación de la sangre de varios ratones a cada una de las edades (entre 4 y 5 

por genotipo y edad). 

 

El procedimiento experimental consistió en preparar los seis tipos de muestras de plasma (por 

triplicado, a excepción de 12wt, 12HD y 30 HD, para los cuales se analizaron dos replicados 

debido a la limitada cantidad de muestra) con el tratamiento de precipitación con ACN (6:1 

(v/v), ACN:plasma) seguido de la ultrafiltración utilizando filtros 10-CA pasivados con PEG, 

con los que se obtuvieron mejores recuperaciones para los neuropéptidos (artículo 4.1), 

asumiendo que esto era extrapolable en general a otros compuestos de baja masa molecular. 

Una vez preparadas, se analizaron todas las muestras en orden aleatorio mediante C18-SPE-CE-

MS. Para el análisis de cada seis muestras (8, 12 y 30 semanas wt y 8, 12 y 30 semanas HD) se 

empleó un preconcentrador diferente, ya que con muestras de plasma, los preconcentradores 
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tienen una vida media de 10 análisis. Al principio y al final de cada secuencia de análisis, y con 

el objetivo de comprobar el buen estado y funcionamiento de los preconcentradores, se analizó 

una mezcla patrón de Dyn A, End 1 y Met de 10 ng/mL. 

 

En la Figura 5.30 se muestran los TIEs obtenidos por C18-SPE-CE-MS para cada uno de los 

seis tipos de muestras de plasma. 

 

 

 

Figura 5.30. TIEs entre 40 y 3200 m/z obtenidos por C18-SPE-CE-MS para muestras de plasma a (A) 8 

semanas, (B) 12 semanas y (C) 30 semanas de edad para ratones (i) wt y (ii) HD. 
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Tal y como se puede observar, el perfil de los electroferogramas a simple vista es bastante 

similar. Por este motivo, y con el objetivo de evaluar si existían diferencias significativas entre 

ambos grupos y en función de la edad, el tratamiento de los datos obtenidos se abordó siguiendo 

una estrategia de análisis no dirigido (untargeted analysis), la cual consistió en evaluar los 

resultados desde un punto de vista global (global profiling) a fin de detectar los compuestos que 

discriminaban entre los diferentes grupos e identificar aquellos metabolitos que podían dar lugar 

a nuevos biomarcadores del HD. Para extraer automática y sistemáticamente la información 

sobre los compuestos detectados, fue necesario utilizar una herramienta quimiométrica 

denominada resolución multivariante de curvas por mínimos cuadrados alternados (MCR-ALS), 

la cual permitió obtener los perfiles electroforéticos de los diferentes componentes de las 

muestras analizadas y sus correspondientes espectros de masas. Esta información fue 

posteriormente analizada empleando los métodos de análisis multivariante de datos descritos en 

la sección anterior (artículo 3.1): PCA y PLS-DA. 

 

5.3.3. Herramientas quimiométricas para la detección e identificación de 

biomarcadores metabólicos del Huntington  

 

5.3.3.1. MCR-ALS 

 

En la Figura 5.31 se muestra la estrategia utilizada para el pretratamiento de los datos y la 

aplicación de MCR-ALS a las matrices obtenidas previamente por C18-SPE-CE-MS (8wt, 12wt, 

30wt, 8HD, 12HD y 30HD). Este pretratamiento de los datos consistió en una reducción del 

modo de resolución del MS (de 0,0001 Da/e a 0,01 Da/e), una reducción del modo de tiempo 

seleccionando únicamente las regiones del electroferograma con picos más intensos (2 ventanas 

de tiempo, aproximadamente entre 10-25 min y entre 30-40 min, Figura 5.30) y, finalmente, 

una reducción del intervalo de m/z en intervalos más pequeños (30 intervalos de m/z). En total, 
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resultaron 60 matrices aumentadas (2 ventanas de tiempo x 30 intervalos de m/z) que se 

analizaron por separado con MCR-ALS.  

 

 

 

Figura 5.31. Estrategia empleada para el pretratamiento de los datos y el análisis por MCR-ALS. 

 

El método de MCR-ALS se aplicó a cada una de las matrices obtenidas con el objetivo de 

resolver los perfiles electroforéticos (Caug) y sus espectros de masas (ST) correspondientes 

(mirar sección 1.6.1 de la introducción). El número de componentes se escogió visualmente de 

acuerdo al número de picos electroforéticos resueltos, a pesar de que algunos de los 

componentes fueron descartados por ser debidos a contribuciones tales como el ruido 

instrumental. Los espectros de masas (ST) de los componentes seleccionados se usaron para 
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identificar las m/z de los iones moleculares de los compuestos mayoritarios detectados en los 

diferentes componentes. Un total de 74 compuestos (features) fueron detectados después de 

resolver y analizar las 60 matrices aumentadas. Finalmente, y con el objetivo de confirmar la 

presencia de los 74 features en los datos originales, se generaron los EIEs a partir de los datos 

originales y las m/z candidatas y se llevó a cabo una revisión cuidadosa de los electroferogramas 

obtenidos. 

 

5.3.3.2. Análisis multivariante. PCA y PLS-DA 

 

Una vez integrados los EIEs obtenidos a partir de los datos originales para los 74 features y 

normalizadas las Ap respecto a un compuesto presente en todas las muestras y que no era 

importante para discriminar entre plasma de ratones wt y HD (m/z 72,9858), se llevó a cabo un 

análisis exploratorio por PCA con el objetivo de determinar las clases presentes en las muestras, 

así como la presencia de outliers. Una vez observados por PCA los diferentes grupos, se 

construyeron diferentes modelos de PLS-DA (con resultados similares a los obtenidos por PCA) 

con el objetivo de diferenciar entre muestras wt y HD (primer modelo), muestras wt a diferentes 

semanas de edad (segundo modelo) y muestras HD a diferentes semanas de edad (tercer 

modelo). Es importante destacar que en el caso del segundo y del tercer modelo, a pesar de 

disponer de muestras de plasma de ratones wt y HD a 8, 12 y 30 semanas de edad, sólo dos 

clases (8 y 12-30 semanas) fueron seleccionadas para construir los modelos de PLS-DA, 

principalmente debido a la cantidad limitada de muestras analizadas (sólo 2 muestras wt a 12 

semanas de edad y 2 muestras HD a 12 y 30 semanas de edad). La Figura 5.32 muestra los 

gráficos de scores para las diferentes muestras de plasma de ratones teniendo en cuenta los tres 

modelos comentados anteriormente, para los que se seleccionaron dos LVs en cada caso (34% y 

89%, 47% y 99%, 52% y 88% de varianzas explicadas en X e Y para el primer, segundo y tercer 

modelo, respectivamente). Tal y como se puede observar, los tres modelos de PLS-DA 

permitieron discriminar entre los diferentes grupos de muestras, lo que permitió posteriormente 

determinar las diferencias debidas a la enfermedad (Figura 5.32 A), al envejecimiento en 
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ratones wt (Figura 5.32 B) y a la progresión del HD a diferentes semanas de edad (Figura 5.32 

C). 

 

 

 

Figura 5.32. Gráficos de scores del PLS-DA para las diferentes muestras de plasma de ratones analizadas 

por C18-SPE-CE-MS con el fin de diferenciar entre (A) muestras wt y HD, (B) muestras wt a diferentes 

semanas de edad y (C) muestras HD a diferentes semanas de edad. 
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significativos se seleccionaron teniendo en cuenta las variables importantes en la proyección 

(VIPs) superiores a 1 para cada uno de los modelos comentados anteriormente [229,248]. Un 

total de 33 features fueron seleccionados por su relevancia para discriminar entre los diferentes 
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grupos de muestras y para determinar las diferencias debidas a la enfermedad (comparación 

wt/HD), al envejecimiento en ratones wt y a la progresión del HD a diferentes semanas de edad. 

 

5.3.4. Identificación de biomarcadores metabólicos y rutas metabólicas asociadas 

al Huntington 

 

Una vez seleccionados los 33 features capaces de distinguir entre los diferentes grupos de 

muestras (VIP˃1), se procedió a su identificación empleando bases de datos en línea para la 

investigación metabolómica, tales como la METLIN Metabolite Database [256] y la Human 

Metabolome Database [47]. Esta búsqueda permitió proponer una identidad para 29 de los 33 

features anteriores. Es conveniente destacar que se consideró que la m/z experimental 

correspondía a la del metabolito en cuestión si la exactitud de masas (en términos de error 

relativo, Er) era igual o inferior a 20 ppm. Tal y como se puede observar en la Tabla 5.9, se 

produjeron ciertas ambigüedades por lo que respecta a la identificación de los compuestos. Por 

ejemplo, en algunos casos, diferentes metabolitos fueron propuestos para una misma fórmula 

molecular y Mr teórica (mirar metabolitos con ID 2, 3, 4, 6, 7, 9, 13, 15, 16, 17, 18, 19 y 29). En 

otros casos, no fue posible diferenciar entre metabolitos con Mr teóricas muy similares (mirar 

metabolitos con ID 6 (Er=7 y 14 ppm), ID 8 (Er=16 y 18 ppm), ID 9 (Er=2 y 15 ppm), ID 10 

(Er=13 y 17 ppm) e ID 25 (Er=7 y 16 ppm)). Por ello, en un futuro, tal y como se mostró para la 

glicoproteína CEA en el artículo 3.1 de esta tesis doctoral, se podría confirmar la identidad de 

dichos metabolitos mediante el uso de patrones adecuados, experimentos de masas en tándem 

(MS/MS con un analizador híbrido cuadrupolo-tiempo de vuelo (Q-TOF), o de resonancia 

ciclotrónica de iones con transformada de Fourier (FTICR)) o utilizando modelos 

semiempíricos de predicción de la migración electroforética. 
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Tabla 5.9. Ventana de tiempo (min), fórmula molecular, Mr teórica, ión molecular, m/z teórica y experimental y Er (en ppm) para los metabolitos identificados mediante la 

combinación de C18-SPE-CE-MS, MCR-ALS, PLS-DA (VIP˃1) y búsqueda en bases de datos (Er≤20 ppm). 

ID Metabolito Ventana de 
tiempo (min) 

Fórmula 
molecular Mr teórica Ión molecular m/z experimental m/z teórica Er 

(ppm) 

1 3-(Methylthio)-1-propene 10-25 C4H8S 88,0347 [M+H]+ 89,0401 89,0419 20 

2 
m-Cresol 

30-40 
C7H8O 108,0575 [M+H]+ 109,0653 109,0648 5 

p-Cresol C7H8O 108,0575 [M+H]+ 109,0653 109,0648 5 

3 

3-Methyl-1,2-cyclopentanedione 

30-40 

C6H8O2 112,0524 [M+H]+ 113,0602 113,0597 4 

2,5-Dimethyl-3(2H)-furanone C6H8O2 112,0524 [M+H]+ 113,0602 113,0597 4 

(2E,4E)-2,4-Hexadienoic acid C6H8O2 112,0524 [M+H]+ 113,0602 113,0597 4 

(E)-4-Oxo-2-hexen-1-al C6H8O2 112,0524 [M+H]+ 113,0602 113,0597 4 

1,2-Cyclohexanedione C6H8O2 112,0524 [M+H]+ 113,0602 113,0597 4 

trans-1,2-Dihydrobenzene-1,2-diol C6H8O2 112,0524 [M+H]+ 113,0602 113,0597 4 

4 

2-Hepten-4-one 

30-40 

C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

(Z)-4-Heptenal C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

3-Hepten-2-one C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

2-Methylcyclohexanone C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

trans-2-trans-4-Heptadien-1-ol C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

5-Methyl-5-hexen-2-one C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

4-Methylcyclohexanone C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

5-Methyl-3-hexen-2-one C7H12O 112,0888 [M+H]+ 113,0968 113,0961 6 

5 Dimethylbenzimidazole 30-40 C9H10N2 146,0844 [M+H]+ 147,0919 147,0917 2 

6 

Hydantoin-5-propionic acid 

30-40 

C6H8N2O4 172,0484 [M+Na]+ 195,0389 195,0376 7 

Menadione C11H8O2 172,0524 [M+Na]+ 195,0389 195,0416 14 

Methyl (Z)-2-decene-4,6,8-triynoate C11H8O2 172,0524 [M+Na]+ 195,0389 195,0416 14 
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ID Metabolito Ventana de 
tiempo (min) 

Fórmula 
molecular Mr teórica Ión molecular m/z experimental m/z teórica Er 

(ppm) 

7 
(-)-Epinephrine 

10-25 
C9H13NO3 183,0895 [M+Na]+ 206,0747 206,0788 20 

Normetanephrine C9H13NO3 183,0895 [M+Na]+ 206,0747 206,0788 20 

8 
Vanylglycol 

10-25 
C9H12O4 184,0736 [M+Na]+ 207,0594 207,0628 16 

Phosphorylcholine C5H15NO4P 184,0739 [M+Na]+ 207,0594 207,0631 18 

9 

3-Indolebutyric acid 

10-25 

C12H13NO2 203,0946 [M+Na]+ 226,0833 226,0838 2 

Glycyl-glutamine C7H13N3O4 203,0906 [M+Na]+ 226,0833 226,0798 15 

Glycyl-gamma-glutamate C7H13N3O4 203,0906 [M+Na]+ 226,0833 226,0798 15 

Asparaginyl-alanine C7H13N3O4 203,0906 [M+Na]+ 226,0833 226,0798 15 

Glutaminyl-glycine C7H13N3O4 203,0906 [M+Na]+ 226,0833 226,0798 15 

Alanyl-asparagine C7H13N3O4 203,0906 [M+Na]+ 226,0833 226,0798 15 

Gamma-glutamyl-glycine C7H13N3O4 203,0906 [M+Na]+ 226,0833 226,0798 15 

10 
Propyl propane thiosulfonate 

30-40 
C11H16O5 228,0998 [M+Na]+ 251,0857 251,0890 13 

5-Methoxycanthin-6-one C15H10N2O2 250,0742 [M+H]+ 251,0857 251,0815 17 

11 L-Hexanoylcarnitine 30-40 C13H25NO4 259,1784 [M+H]+ 260,1858 260,1858 0 

12 Histidinyl-histidine 30-40 C12H16N6O3 292,1284 [M+H]+ 293,1327 293,1357 10 

13 
Phenylalanyl-arginine 

10-25 
C15H23N5O3 321,1801 [M+H]+ 322,1920 322,1873 14 

Arginyl-phenylalanine C15H23N5O3 321,1801 [M+H]+ 322,1920 322,1873 14 

14 2-[Octahydro-4,7-dimethyl-1-
oxocyclopenta[c]pyran-3-yl]nepetalactam 30-40 C20H29NO3 331,2147 [M+H]+ 332,2186 332,2220 10 

15 

Prostaglandin D2 

10-25 

C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

Prostaglandin E2 C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

Prostaglandin H2 C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

Prostaglandin I2 C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

Thromboxane A2 C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

Lipoxin A4 C22H28N2O2 352,2250 [M+Na]+ 375,2097 375,2142 12 
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ID Metabolito Ventana de 
tiempo (min) 

Fórmula 
molecular Mr teórica Ión molecular m/z experimental m/z teórica Er 

(ppm) 

15 

Lipoxin B4 

10-25 

C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

1520-Hydroxy-leukotriene B4 C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

15-Keto-prostaglandin F2a C20H32O5 352,2250 [M+Na]+ 375,2097 375,2142 12 

16 
18-Hydroxycorticosterone 

10-25 
C21H30O5 362,2093 [M+H]+ 363,2100 363,2166 18 

Cortisol C21H30O5 362,2093 [M+H]+ 363,2100 363,2166 18 

 
17 

 

alpha-Peroxyachifolide 

10-25 

C20H24O7 376,1522 [M+H]+ 377,1531 377,1595 17 

Diosbulbin F C20H24O7 376,1522 [M+H]+ 377,1531 377,1595 17 

Diosbulbin A C20H24O7 376,1522 [M+H]+ 377,1531 377,1595 17 

Carissanol C20H24O7 376,1522 [M+H]+ 377,1531 377,1595 17 

18 
PGD2-Dihydroxypropanylamine 

10-25 
C23H39NO6 425,2778 [M+Na]+ 448,2600 448,2670 16 

PGE2-Dihydroxypropanylamine C23H39NO6 425,2778 [M+Na]+ 448,2600 448,2670 16 

19 
Artonol E 

10-25 
C26H24O7 448,1522 [M+H]+ 449,1605 449,1595 2 

Cycloartomunoxanthone C26H24O7 448,1522 [M+H]+ 449,1605 449,1595 2 

20 6-Deoxohomodolichosterone 10-25 C29H50O4 462,3709 [M+Na]+ 485,3584 485,3601 4 

21 Limocitrin 3-glucoside 10-25 C23H24O13 508,1217 [M+Na]+ 531,1156 531,1109 9 

22 Biochanin A 7-(6-malonylglucoside) 10-25 C25H24O13 532,1217 [M+H]+ 533,1183 533,1290 20 

23 Maclurin 3-C-(6''-p-hydroxybenzoyl-glucoside) 10-25 C26H24O13 544,1217  [M+H]+ 545,1295 545,1289 1 

24 L-Urobilinogen 10-25 C33H48N4O6 596,3574 [M+H]+ 597,3724 597,3647 13 

25 
Tsugarioside B 

30-40 
C37H60O7 616,4339 [M+2Na]2+ 331,2084 331,2062 7 

Oryzanol C C41H60O4 616,4492 [M+2Na]2+ 331,2084 331,2138 16 

26 PC(14:1(9Z)/14:1(9Z)) 10-25 C36H68NO8P 673,4683 [M+2Na]2+ 359,7223 359,7233 3 

27 Nostoxanthin sulfate 10-25 C40H55NaO7S 702,3566 [M+H]+ 703,3700 703,3639 10 

28 PI(13:0/12:0) 10-25 C34H65O13P 712,4164 [M+2Na]2+ 379,1987 379,1974 3 

29 
Ganglioside GD1b (d18:1/12:0) 

30-40 
C79H137N3O39 1751,8829 [M+2Na]2+ 898,9184 898,9307 14 

Ganglioside GD1a (d18:1/12:0) C79H137N3O39 1751,8829 [M+2Na]2+ 898,9184 898,9307 14 
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Una vez identificados los metabolitos responsables de la diferenciación entre los diferentes 

grupos de muestras (wt/HD, envejecimiento wt y progresión HD), se procedió a investigar las 

posibles rutas metabólicas asociadas a dichos metabolitos. Para ello, se llevó a cabo una 

búsqueda exhaustiva en la Kyoto Encyclopedia of Genes and Genomes (KEGG Database) [48], 

pudiéndose encontrar rutas metabólicas asociadas a 13 de los 29 metabolitos identificados 

(Tabla 5.10). Es importante destacar que la mayoría de rutas metabólicas del HD encontradas 

en este trabajo están asociadas a mecanismos de señalización celular, lo que pone de manifiesto 

la implicación de estos mecanismos en los diferentes procesos patológicos que tienen lugar, 

tales como disfunciones neuronales, pérdida de diferentes tipos de receptores y alteraciones en 

la expresión de neurotransmisores y proteínas [78,79].  
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Tabla 5.10. Rutas metabólicas asociadas a 13 de los metabolitos identificados mediante la combinación de C18-SPE-CE-MS, MCR-ALS, PLS-DA (VIP˃1) y búsqueda en 

bases de datos. (cAMP, adenosín monofosfato cíclico; TRP, receptores de potencial transitorio; VEGF, factor de crecimiento endotelial vascular). 

ID Metabolito Rutas metabólicas 

2 
m-Cresol Degradación de compuestos aromáticos 

p-Cresol Degradación de compuestos aromáticos / Digestión y absorción de proteínas 

5 Dimethylbenzimidazole Metabolismo de la riboflavina / Metabolismo de la porfirina 

7 
(-)-Epinephrine Señalización del cAMP* / Señalización adrenérgica de los cardiomiocitos* / Interacción ligando-receptor* / Metabolismo de la tirosina 

Normetanephrine Metabolismo de la tirosina 

8 
Vanylglycol Metabolismo de la tirosina 

Phosphorylcholine Metabolismo de los glicerofosfolípidos 

9 

3-Indolebutyric acid Metabolismo del triptófano 

Glycyl-glutamine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

Glycyl-gamma-glutamate Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

Asparaginyl-alanine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

Glutaminyl-glycine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

Alanyl-asparagine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

Gamma-glutamyl-glycine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

11 L-Hexanoylcarnitine Producción de energía 

12 Histidinyl-histidine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

13 
Phenylalanyl-arginine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

Arginyl-phenylalanine Producto incompleto del catabolismo y de la digestión de las proteínas con efectos de señalización celular * 

 
15 

Prostaglandin D2 Metabolismo del ácido araquidónico* / Interacción ligando-receptor* / Sinapsis serotoninérgica* / Señalización del Fc epsilon* 

Prostaglandin E2 Metabolismo del ácido araquidónico* / Interacción ligando-receptor* / Sinapsis serotoninérgica* / Señalización del cAMP* / Señalización de la oxitocina* / Regulación 
de los canales TRP* 

Prostaglandin H2 Metabolismo del ácido araquidónico* / Sinapsis serotoninérgica* / Señalización retrógrada endocannabinoide* / Señalización de la oxitocina* 

Prostaglandin I2 Metabolismo del ácido araquidónico* / Interacción ligando-receptor* / Señalización del cAMP* / Señalización VEGF* 

Thromboxane A2 Metabolismo del ácido araquidónico* / Interacción ligando-receptor* / Sinapsis serotoninérgica* 
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*Rutas metabólicas relacionadas con mecanismos de señalización celular. 

 

 

 

ID Metabolito Rutas metabólicas 

15 

Lipoxin A4 Metabolismo del ácido araquidónico* / Interacción ligando-receptor* 

Lipoxin B4 Metabolismo del ácido araquidónico* 

20-Hydroxy-leukotriene B4 Metabolismo del ácido araquidónico* 

15-Keto-prostaglandin F2a Metabolismo del ácido araquidónico* 

16 
18-Hydroxycorticosterone Biosíntesis de las hormonas esteroides 

Cortisol Biosíntesis de las hormonas esteroides 

24 L-Urobilinogen Metabolismo de la porfirina 

26 PC(14:1(9Z)/14:1(9Z)) Metabolismo del ácido araquidónico* / Señalización retrógrada endocannabinoide* / Metabolismo de los glicerofosfolípidos / Metabolismo del ácido linoleico 

29 
Ganglioside GD1b (d18:1/12:0) Transducción celular* 

Ganglioside GD1a (d18:1/12:0) Transducción celular* 
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La Figura 5.33 muestra las relaciones entre las abundancias relativas de los diferentes 

metabolitos identificados (VIP˃1) con el objetivo de interpretar las diferencias entre las 

muestras de ratones HD a diferentes semanas de edad (progresión HD), muestras de ratones wt a 

diferentes semanas de edad (envejecimiento wt) y, en general, entre muestras wt y HD sin tener 

en cuenta la progresión de la edad (wt/HD).  

 

Progresión del HD (Figura 5.33 A) 

 

El diagrama de Venn que aparece en la Figura 5.33 A muestra que siete (3+4) de los 29 

metabolitos identificados en este trabajo con VIP˃1 son específicos para explicar la progresión 

del HD (progresión HD, metabolitos con ID 1, 10, 28, 3, 13, 15 y 24). Tal y como se observa en 

la figura, la concentración de fenilalanil-arginina y arginil-fenilalanina (ID 13) aumentó en 

ratones HD después de 12 semanas de edad. Estos metabolitos, los cuales presentan efectos de 

señalización celular, son productos incompletos del catabolismo y de la digestión de las 

proteínas (Tabla 5.10) [257]. De manera similar, la concentración de prostaglandinas, 

tromboxanos, lipoxinas y leucotrienos (ID 15) aumentó en ratones HD a 12 semanas de edad. 

Estos metabolitos están relacionados con la regulación de procesos inflamatorios, la interacción 

ligando-receptor, la sinapsis serotoninérgica, la señalización del adenosín monofosfato cíclico 

(cAMP) y la señalización de la oxitocina (Tabla 5.10). Finalmente, los niveles de L-

urobilinógeno (ID 24), metabolito relacionado con el metabolismo de la porfirina (Tabla 5.10), 

también aumentaron en ratones HD después de 12 semanas de edad. Todos estos cambios a 12 

semanas de edad sugieren un punto de inflexión para la aparición de síntomas de disfunción 

neuronal, así como de alteración en la expresión de receptores y neurotransmisores.  

 

Progresión HD + Envejecimiento wt (Figura 5.33 A-B) 

 

Los diagramas de Venn que aparecen en la Figura 5.33 A y B muestran que 8 (1+7) de los 29 

metabolitos identificados en este trabajo con VIP˃1 sirven para explicar, tanto la progresión del 
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HD como el envejecimiento en muestras de ratones wt (metabolitos con ID 29, 4, 11, 26, 7, 8, 9 

y 19). Cuatro de estos metabolitos presentaron tendencias de concentración diferentes entre 

muestras de ratones HD y wt a diferentes semanas de edad (metabolitos con ID 29, 4, 11 y 26), 

mientras que los otros cuatro mostraron tendencias similares (metabolitos con ID 7, 8, 9 y 19). 

 

Tendencias de concentración diferentes 

 

Tal y como se observa en la Figura 5.33 A y B, los gangliósidos (ID 29), componentes del 

plasma celular encargados de modular señales de transducción celular (Tabla 5.10), mostraron 

una tendencia claramente diferente entre muestras de ratones HD y wt a diferentes semanas de 

edad. Específicamente, la concentración de gangliósidos se redujo después de 12 semanas en 

ratones HD, mientras que sus niveles aumentaron en ratones wt. De manera similar, la 

concentración de L-hexanoilcarnitina (ID 11) se redujo en ratones wt, mientras que su 

concentración aumentó después de 12 semanas en ratones HD. Este hecho sugiere que HD 

conlleva alteraciones en la producción de energía, las cuales se caracterizan por la producción y 

excreción inusual de acilcarnitinas (Tabla 5.10) [258]. Finalmente, la concentración de 

PC(14:1(9Z)/14:1(9Z)) (ID 26), metabolito relacionado con el metabolismo de los 

glicerofosfolípidos y del ácido linoleico, así como con rutas metabólicas de señalización celular 

(Tabla 5.10), aumentó en ratones HD después de 12 semanas de edad, mientras que se redujo 

en ratones wt.  

 

Tendencias de concentración similares 

 

La concentración de epinefrina y normetanefrina (ID 7), metabolitos relacionados con el 

metabolismo de la tirosina y con rutas metabólicas de señalización celular (Tabla 5.10), se 

redujo a las 12 semanas de edad, tanto en ratones HD como en ratones wt. Se observó la misma 

tendencia para el vanilglicol y la fosforilcolina (ID 8), metabolitos relacionados con el 

metabolismo de la tirosina y de los glicerofosfolípidos (Tabla 5.10), y los metabolitos con ID 9. 
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En este caso, el ácido 3-indolbutírico está relacionado con el metabolismo del triptófano, 

mientras que los otros metabolitos son productos incompletos del catabolismo y de la digestión 

de proteínas relacionados con efectos de señalización celular (Tabla 5.10) [259].  

 

Envejecimiento wt (Figura 5.33 B) 

 

El diagrama de Venn que aparece en la Figura 5.33 B muestra que ocho (0+8) de los 29 

metabolitos identificados en este trabajo con VIP˃1 son específicos para explicar el 

envejecimiento en ratones wt a diferentes semanas de edad (mirar metabolitos con ID 5, 6, 14, 

16, 20, 21, 22, y 23). Tal y como se puede observar en la figura, la concentración de 

dimetilbenzimidazol (ID 5), metabolito relacionado con el metabolismo de la riboflavina y de la 

porfirina (Tabla 5.10), se redujo después de 12 semanas de edad. La misma tendencia fue 

observada para la 18-hidroxicorticosterona y el cortisol (ID 16), metabolitos relacionados con la 

biosíntesis de las hormonas esteroides (Tabla 5.10).  

 

wt/HD (Figura 5.33 C) 

 

El diagrama de Venn que aparece en la Figura 5.33 C muestra que diez (6+3+1+0) de los 29 

metabolitos identificados en este trabajo con VIP˃1 sirven para diferenciar entre ratones wt y 

HD, sin tener en cuenta la progresión de la edad (mirar metabolitos con ID 2, 12, 18, 25, 17, 27, 

10, 15, 1 y 11). Tal y como se puede observar en esta figura, la concentración de m-cresol y p-

cresol (ID 2), metabolitos relacionados con la absorción y digestión de las proteínas, así como 

con la degradación de compuestos aromáticos (Tabla 5.10), se redujo en muestras de ratones 

HD. La misma tendencia fue observada para la histidinil-histidina (ID 12), producto incompleto 

del catabolismo y de la digestión de las proteínas (Tabla 5.10) [260,261], y para las 

prostaglandinas, tromboxanos, lipoxinas y leucotrienos (ID 15). En el caso de la L-

hexanoilcarnitina (ID 11), su concentración aumentó en muestras de ratones HD ya que, tal y 
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como se ha comentado anteriormente, el HD conlleva alteraciones en la producción de energía 

caracterizadas por la producción y excreción inusual de acilcarnitinas (Tabla 5.10) [258]. 

 

 

 

Figura 5.33 A y B. Relaciones entre los diferentes metabolitos identificados (VIP˃1) para diferenciar 

entre (A) progresión del HD y (B) envejecimiento wt. La abundancia para cada metabolito se calculó 

normalizando respecto al mayor valor de área medio obtenido entre las muestras a 8 y 12-30 semanas de 

edad. *Metabolitos para los que se han identificado rutas metabólicas (Tabla 5.10). 
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Figura 5.33 C (continúa). Relaciones entre los diferentes metabolitos identificados (VIP˃1) para 

diferenciar entre (C) muestras wt y HD (wt/HD). La abundancia para cada metabolito se calculó 

normalizando respecto al mayor valor de área medio obtenido entre las muestras wt y HD. *Metabolitos 

para los que se han identificado rutas metabólicas (Tabla 5.10). 

 

Es importante destacar que algunos metabolitos identificados en este trabajo (artículo 4.2) ya 

habían sido previamente descritos en el cerebro de algunos modelos de ratones, especialmente 

las prostaglandinas, tromboxanos, lipoxinas y leucotrienos (ID 15, Tabla 5.9 y 5.10) [262–265]. 

Sin embargo, la presencia de estos metabolitos relacionados con mecanismos de señalización 

celular no había sido demostrada en el plasma de ratones modificados genéticamente para 

desarrollar el HD. Este trabajo basado en una estrategia de análisis no dirigido (untargeted 

analysis) ha permitido proponer nuevos biomarcadores de HD directamente relacionados con 

productos de disfunción neuronal, los cuales podrían ser de gran utilidad para diagnosticar y 

predecir un debut temprano de esta enfermedad, así como para proponer nuevas dianas 

terapéuticas que detengan su progresión. La información obtenida con esta metodología podría 

integrarse con la proporcionada por estudios proteómicos basados en estrategias de análisis 

dirigido (targeted analysis), por ejemplo aquéllos enfocados al análisis de la huntingtina, con el 

objetivo de profundizar en el estudio de las relaciones entre las proteínas y el metabolismo para 

entender y detener la progresión del HD.  
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- A novel CE-MS methodology was developed to analyze TTR in standard solutions with 

several PTMs, and an extra minor isoform ((10) C-G) using acidic and neutral BGEs. With both 

BGEs, the native tetrameric structure of TTR was disrupted because of the acidic sheath liquid 

used with the sheath flow CE-MS interface and the high vacuum inside the mass spectrometer.  

 

- A novel CapLC-MS methodology was also developed for the analysis of TTR in standard 

solutions. Under optimized conditions, CE-MS and CapLC-MS showed a similar performance. 

However, CE-MS was proposed as the best alternative, mainly because of the slightly lower 

LODs, the use of an organic solvent-free BGE and the lower cost of the analyses. 

 

- Two different off-line IP procedures were developed for the purification of TTR from serum 

samples under denaturing conditions (acidic pHs) before the analysis by CE-MS and CapLC-

MS: conventional IP in solution and IP with UAPA magnetic beads. 

 The conventional IP in solution allowed detecting the main normal (TTR-Cys and 

Free-TTR) and mutant (TTR(Met30)-Cys and Free-TTR(Met30)) monomeric TTR 

proteoforms.  

 The IP with UAPA magnetic beads enhanced the previous method based on 

conventional IP in solution and allowed the detection of normal monomeric TTR 

proteoforms found at lower concentrations (TTR-Phosphorylated or TTR-

Sulfonated, TTR-Dehydroxylated or TTR-Sulfinic, (10) C-G and TTR-CysGly). 

 With both IP procedures, no mutant TTR proteoforms were detected in the control 

samples and in the liver transplanted patient, hence suggesting the treatment 

effectiveness.  

 The levels of TTR-Cys and especially, TTR(Met30)-Cys, in serum samples from 

FAP-I symptomatic patients were found elevated when compared to the normal and 

mutant Free-TTR proteoforms. This fact pointed out the importance of TTR 

oxidized proteoforms as biomarkers of the oxidative stress involved in amyloid 

deposit formation in FAP-I. 
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- A novel IM-MS methodology was developed for the analysis of TTR in standard solutions and 

serum samples under non-denaturing conditions.  

 The proposed IM-MS methodology allowed detecting MO and TE ions in TTR 

standard solutions. However, the resolution of the mass spectrometer at the 

measured m/z was not enough to resolve the TTR proteoforms. 

 For the analysis of TTR from serum samples, a sample pretreatment based on acid-

free IP (pH=11.30) in solution was firstly developed. Under optimized conditions, 

the IM-MS methodology allowed the detection of DI, TRI and TE ions.  

 A comparison between TE/DI and TE/TRI abundance ratios in serum samples from 

healthy controls and FAP-I patients demonstrated the presence of a higher 

abundance and stability of the TE in the FAP-I patients, probably due to the 

presence in patients of a higher amount of the oxidized TTR-Cys and TTR(Met30)-

Cys proteoforms. 

 The TE/DI and TE/TRI abundance ratios in the liver transplanted patient were 

similar to those found in healthy controls, hence confirming the treatment 

effectiveness. 

 

- An IA-SPE-CE-MS methodology with an IA sorbent with Fab’ antibody fragments was 

developed for the analysis of TTR in standard solutions and serum samples.  

 Due to the poor recoveries at acidic pHs and the limited stability of the Fab’ 

fragments and the succinimidyl silica particles at alkaline pHs, TTR elution was 

only possible at certain conditions (pH=9.50) where TTR was detected as different 

conformers. 

 For TTR standard solutions, repeatability and reproducibility were acceptable, 

microcartridges lifetime was good (>20 analyses in consecutive days), LODs were 

50 and 2-fold lower compared to the LODs obtained using CE-MS (~25 µg/mL) 
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and the intact antibody IA sorbent method developed in a previous work (~1 

µg/mL) and different TTR conformers were detected (folded and unfolded).  

 A simple off-line pretreatment based on protein precipitation with 5% (v/v) of 

phenol was necessary before the Fab’-IA-SPE-CE-MS analysis of TTR in serum 

samples to avoid microcartridge saturation. 

 The proposed Fab’-IA-SPE-CE-MS methodology enhanced our previous results for 

the analysis of sera TTR using intact antibodies. It allowed the detection of MO 

proteoforms found at lower concentrations (TTR-CysGly, TTR-Glutathione and 

TTR-CysGlu) and the detection of different unfolded TTR conformations. 

 A differential TTR conformer profile was observed between FAP-I patients and 

control sera, which could be related to differences in TTR proteoforms.  

 

- A novel sheathless CE-MS/MS methodology was developed for the N-glycopeptide analysis 

of CEA samples retrieved from different sources: human colon carcinoma and human liver 

metastases. 

 The information obtained using specific proteases (such as trypsin and 

endoproteinase Glu-C) and non-specific proteases (such as pronase) was combined 

in order to maximize the N-glycosylation site coverage. 

 The proposed methodology allowed the characterization of 20 out of the 28 

potential N-glycosylation sites. In total, 219 different N-glycopeptide glycoforms 

were identified. 

 A targeted multivariate data analysis approach based on PCA and PLS-DA was 

applied to differentiate the characteristic glycopeptide maps of CEA samples from 

human colon carcinoma and human liver metastases. A hundred and twenty one N-

glycopeptide glycoforms were found to be the most significant to discriminate 

between the two CEA types, being CEA samples from human liver metastases more 

fucosylated and sialylated. 
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- A sample pretreatment was optimized for the analysis of low molecular mass compounds in 

human plasma samples before C18-SPE-CE-MS. The best recoveries for three model 

neuropeptides (Dyn A, End 1 and Met) were obtained after applying a precipitation step with 

ACN (6:1 (v/v), ACN:plasma) followed by ultrafiltration with Amicon Ultra-0.5 10,000 Mr cut-

off cellulose acetate filters passivated with 5% (v/v) PEG in water. Under the optimized 

conditions, LODs for the studied peptides by C18-SPE-CE-MS in plasma samples decreased 

down to 10 ng/mL for Dyn A and 1 ng/mL for End 1 and Met (100- and 1000-fold the LODs 

obtained using CE-MS). 

 

- The optimized C18-SPE-CE-MS methodology described in the previous study was combined 

with multivariate data analysis tools (MCR-ALS, PCA and PLS-DA) for the identification of 

biomarkers of Huntington’s disease progression in mice plasma.  

 The optimized sample pretreatment was applied to plasma samples from wt and HD 

mice of different ages (8, 12 and 30 weeks) prior analysis by C18-SPE-CE-MS. 

 The application of MCR-ALS to the data matrices generated by C18-SPE-CE-MS 

allowed the resolution of electrophoretic peaks and mass spectra of a large number 

of low molecular mass compounds (74 features). 

 A multivariate data analysis approach based on PCA and PLS-DA was applied to 

easily differentiate between wt and HD samples, as well as to follow-up the HD 

progression. Using the VIP method, 33 compounds were found to be the most 

significant to discriminate between the groups of samples. 

 A list of potential metabolites useful to discriminate between control and HD 

plasma samples, as well as to follow up the HD progression, were tentatively 

identified using different on-line databases (such as METLIN and HMD). A total 

number of 29 metabolites were identified, and the most affected metabolic 

pathways were also searched against the KEGG Database, being the intracellular 

signaling the most affected metabolic pathway in HD mice after 12 weeks of birth. 
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